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Abstract

Tensile tests and simple shear tests have been performed on Armco iron sheets before
hydrogen cathodic charging, in order to study the effect of loading mode on blistering of
plastically prestrained samples. The experimental results from surfometry and image analysis
show the decrease of the blisters size with prestrain increase, and quantitative differences
between tensile or shear prestrain are exhibited. Phenomenological modeling of blister
initiation is proposed, based on void expansion increase under internal pressure, and
considering both plastic strain and pores as traps during hydrogen transport. Finite element
simulations of material expansion due to hydrogen induced void growth lead to qualitative
agreement with experimental tendencies.
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1. Introduction

Hydrogen embrittlement (HE) is a severe risk of failure for metallic materials and is studied
from decades, especially in iron and steel, as can be found in classical reviews [1, 2]. For
industrial purposes, the selection and the design of materials insensitive to hydrogen is an
important challenge for safety of applications linked to transport and hydrogen storage [3].
For academic research, the understanding of the role of hydrogen in materials is particularly
stimulating and many questions remain open due to the complexity of hydrogen-material
interactions and to the different involved scales from the electronic configuration at the
atomic scale [4, 5] to the failure of macroscopic structures [6]. Between the two, the
microstructural defects such as solutes, precipitates [7], vacancies [4, 8], dislocations [9],
grain boundaries [10] are evocated in hydrogen induced cracking, and efforts have been
performed to model hydrogen-material interactions and cracking at different scales [11, 12].
In case of local hydrogen or vacancies supersaturation, without achievement of hydride
formation, hydrogen assisted growth of cavities may lead to bubbles or blister formation, as
reviewed by Condon and Schober [13]. These authors defined blisters as a void or a bubble
close to the sample surface, usually observable by SEM or optical microscopy. Hydrogen
induced blistering can be seen as a special case of the plane pressure mechanism of hydrogen
embrittlement, where high pressure hydrogen forms in microvoids near the material’s surface
[14]. It is encountered in various materials, such as Al and Mo [15], Ni-P amorphous alloys



[16] and pipelines steels in sour environment [17]. Blistering is also encountered in ferritic-
martensitic steels after exposition to hydrogen plasma, where both irradiation and cold work
influence the occurrence and distribution of blisters [18]. Owing to the variety of
microstructures and of conditions leading to blisters, focus on single phase materials is
necessary to more precisely investigate the phenomena. Detailed investigation of blisters were
performed in pure iron [14, 19, 20], which is used as a reference material to focus on for HE
analysis in steels. Optical or SEM microscopy were used for characterization of blisters and
related subsurface associated cracks. Recent observations [14] by 3D neutron tomography on
an Armco®© iron has clearly established the presence of hydrogen inside or around the formed
cracks, which was consistent with the blistering mechanism proposed by Ren et al [20]. These
authors suggested superabundant vacancies and hydrogen aggregation into a hydrogen-
vacancy cluster to be responsible for the blister nucleus, followed by blister growth up to a
critical size leading to crack initiation from the wall of the cavity. Crack and blister initiation
and growth in purified iron was recently investigated, at the SEM and TEM scale, pointing
out the importance of local plasticity [21]. Escobar et al [19], furthermore, showed pure iron
was more prone to blistering than high strength steels in which the so-called internal cracking
at mid-thickness of the sheet was the salient feature. Cracking and blistering was also found
microstructure-dependent in a X70 steel [22]. Strengthening mechanisms appear then to
influence hydrogen induced cracking and blistering, but further analysis from these works is
limited due to the differences in materials composition and microstructure. Plastic strain is
known to affect the hydrogen diffusivity in iron [10] because of trapping [23] and/or
dislocations transport [24] but reported works on blisters in pure iron mainly concern
annealed material [14, 19-21]. Then the effect of strain-hardening on these phenomena
remains an open question.

In this context, the present study aims at investigating hydrogen induced cracking and
blistering in pure iron, with a special attention on the effect of plastic strain before hydrogen
charging. Cathodic charging is performed on Armco© iron sheet samples, and resulting
hydrogen-induced damage is compared for non-deformed and prestrained samples. To
analyze the influence of the deformation mode and of the strain range, tensile tests and simple
shear tests are considered, as a first step towards complex loading modes encountered in sheet
metal forming. Quantitative data on blisters size are obtained, and the experimental tendencies
are discussed with the help of finite element simulations using a phenomenological model for
blistering initiation based on void expansion increase under internal pressure, and considering
both plastic strain and pores as traps during hydrogen transport.

2. Experimental procedure

Armco iron supplied as annealed rolled plates of 1 mm thickness, considered as the initial
reference (IR) is used for the study. The chemical composition of the material is given on
Table 1.

Table 1. Chemical composition of the iron material (in wt. %).



Fe C Mn P S N Cu Sn

>99.8 0.010 0.100 0.010 0.008 0.006 0.030 0.010

Samples for cathodic charging and for mechanical tests along the rolling direction (RD) of the
sheet were cut off from the sheet by spark-machining.

Uniaxial tensile tests and simple shear tests were performed with a conventional
electromechanical tensile machine, using an equivalent strain rate &=10"s".

Von Mises equivalent strain € was used to compare tensile and shear strain values. Assuming
isotropic rigid-plastic material behavior (the elastic strain being negligible compared to the
plastic strain in the considered strain range) and von Mises plastic potential with isotropic
hardening, the equivalent cumulated plastic strain for a proportional loading up to final strain
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tensor € is g = |Z E gggg . For tensile tests with axial strain € and transverse strains —¢/2 (as
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plastic volumetric strain is zero), € = €. For shear tests (say in plane (1,2), the only non-zero

components are ¢f, = ¢?, =7y /2, therefore € =y /~/3 where y is the shear strain.

The samples geometries are shown in Fig. 1.

Simple shear tests were made with a house-made device mounted on the tensile machine [25].
Parallelepiped samples 30 mm long, 18 mm width and 1 mm thick were used, the dimensions
of the shear zone being 30x2x1 mm’. This geometry choice ensures a good strain
homogeneity in the sheared zone, as resulting from previous studies using finite element
simulations of the test [25, 26] to minimize inherent strain inhomogeneity due to the sample
free ends effects. The simple shear test is controlled by video-extensometry with a CDD
camera: the sample surface is first painted in white, and then a black line is drawn
perpendicularly to the shearing direction. The optical device determines on-line the slope of
the black line, by best fit of the white-to-black transitions determined on the pixel lines
parallel to the shearing direction. The evolution of this slope is used both for computing the
amount of shear y and to monitor the shear strain rate during the test.

The present tests were conducted up to y=20 %, 30 %, 50 % or 90 %, (y=tan(0) in Fig. 1b),

leading to €=11.5%, 17.3 %, 28.8 % and 52 % respectively. The corresponding samples
were hereafter referred as S11, S17, S28, S52 respectively.

Tensile tests were performed on dog-bone samples (ensuring overall strain homogeneity in
the gauge length) with 80 mm gauge length and 12.2 mm width up to final true strain values
e=11 % and €=26 %, hereafter referred as T11 and T26 samples respectively. The true strain
¢ was computed from the measurement of a clip-on extensometer with Lo=10mm gauge
length: from the displacement AL measured by the extensometer, the true strain was
In(1+AL/Ly).

The € values are similar for T11 and S11 samples, and very close for S28 and T26 (¢=28 %
was not attainable because of necking initiation).
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Fig. 1. Samples geometry for (a) tensile test and (b) simple shear test (the sheared zone is grey-colored,
and y=tan(0)). The dimensions are in mm. The blue dashes indicate the zones submitted to cathodic
charging after the mechanical tests (in (a) the area hatched in black corresponds to sample holding).
Inside these zones, the red dashes indicate the zones for blisters investigation by surfometry and SEM, and
the xx’ lines indicate the sections for through thickness investigations.

The Fig. 2 shows the true stress-strain curves for tensile and shear tests. The stress variations
at the beginning of the curves are due to the Liiders band phenomenon. The homogenous
strain values obtained by shear test are about twice larger compared with tensile test.
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Fig. 2. Stress-strain curves of Armco iron during (a) uniaxial tensile tests and (b) simple shear tests. The
dots indicate the strain values considered before cathodic charging.

All deformed samples were submitted to cathodic charging, as well as a non-deformed sample
(I-H). 40 mm long, 10 mm wide parallelepiped samples were cut in the initial sheet and in the
tensile samples after deformation, whereas the full samples were used after shear tests (see
Fig. 1). Owing to the samples holding, the dimensions of the zone submitted to the electrolyte
was 30x10x1 mm’® for the initial and tensile samples, and 20x18x1 mm’ for the sheared
samples. The samples were carefully polished before hydrogen charging. Mechanical
polishing with 1200 to 4000 grit paper then electropolished with A2 electrolyte from Struers
at 40 V for 12 s. Finally the samples were cleaned into an ultrasound bath, washed with
ethanol and dried with hot air.

Hydrogen was introduced in the samples by cathodic charging at room temperature in an
aqueous solution of 1M H,SO4 electrolyte with 0.5 g/l of As,Os. As used by several authors
[14, 19] As;O3 was added to the electrolyte in order to promote hydrogen atom absorption into
the metal (instead of hydrogen molecular recombination).



In the electrochemical cell the sample was parallel to a platinum electrode Pt, at a distance of
20 mm, the length of the immersed area was 30 mm for initial and tensile samples, and 20
mm for shear samples. The samples were charged during 24 h at a current density of
10 mA/cm®. After charging, samples were cleaned with acetone and ethanol to eliminate
possible surface layer.

After hydrogen charging, macroscopic characterization of blistering was made by mechanical
surfometry with SOMICRONIC Surfascan 3S. Surface scans with 8§ um step were performed
on surfaces with typical size 64 mm® for tensile samples and 16 mm* for shear samples.
Surface topographies were analyzed using Mountains Maps software. The scan step was
chosen for compromise between precise measurement on large areas and time consumption.
Observations on a FEG-SEM were made on the sample surface (RD, TD) and on longitudinal
(RD,ND) sections. Systematic observation of (RD,ND) sections with 20x1 mm® size was
performed for quantitative image analysis of cracked areas with ImageJ software. Manual
adjustment of image contrast was made before binarisation, then the crack features were
automatically deduced from the software for subsequent analysis.

3. Results

3.1.Quantitative analysis of blisters on the samples surface

To distinct blister topography from natural roughness features, a threshold altitude was
defined on surfaces prior to hydrogenation. The selected threshold value (measured from the
deepest valley) was the standard roughness parameter Sz, defined as the vertical distance
between the highest asperity and the deepest valley of a surface [27]. As a result, only the
blisters exceeding the threshold were detected and analyzed.

The remaining blisters were quantitatively analyzed. Each blister is considered as a single
asperity and classical grain-count tools were used, giving heights, equivalent diameters and
cumulative surfaces statistics.

Fig. 3 shows typical relief mappings extracted from the contact surfometry of the samples
surfaces. Initial Sz roughness parameter of the non-charged and non-deformed sample (I-0)
was 3.8 um +0.7 um (Fig. 3a). As seen with the naked eye, huge blistering is evidenced after
cathodic charging and is more important in non-deformed sample (Fig. 3b) than in deformed
samples, as illustrated in Fig. 3¢ for sample T26.
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Fig. 3. Height maps from surfometry measurements on (a) IR, (b) I-H and (c) T26 samples.
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Fig. 4. Evolution of (a) mean diameter, (b) maximum height and (c) surface fraction of blisters with plastic
strain.

The main quantitative features of blisters and their evolution with plastic prestrain are given
in Fig. 4. For all samples, surfaces topographies after hydrogen charging are strongly different
compared to the initial surfaces, due to the apparition of blisters.

As shown in Fig. 4, the average diameter, the maximum height of blisters and their surface
fraction significantly decrease with plastic strain whether with tensile or shear solicitations. In
the reference I-H sample, the blister diameter (1300 um), maximum height (58 pm) and
surface fraction (21 %) are clearly higher than in deformed samples. When plastic strain is
applied, the mean diameter and the maximum height for the most deformed sample (S52) are
roughly ten times lower than the non-deformed sample (I-H). The decrease of all the three
parameters, however, is non-linear. A strong effect of plastic strain on the dimensions of the
blisters is then exhibited, especially at low plastic strain. It is worth noting that despite
somewhat less good statistic due to the smaller gauge length size in shear, the blisters size
after shear is significantly smaller than after tension. In particular, for the same equivalent
plastic strain e=11 %, the mean blister diameter (Fig. 4a) and the maximum blister height
(Fig. 4b) are more than three times larger after tension than shear. The deformation mode,
leading to different dislocation patterning, seems then to influence the blistering phenomenon.
More detailed observations of blisters and cracks on a finer scale by SEM are reported below.



3.2.SEM analysis of blisters and cracks

3.2.1 Observations of blisters on (RD, TD) surface

Fig. 5. (a) General aspect on blisters on the I-H sample, and (b) of a large flat blister on S52 sample.

Fig. 5a shows the typical aspect of blisters seen by SEM at moderate magnification. In
addition to large blisters extending upon several tens microns already evidenced by
surfometry (Fig. 3b), which are flatter in sheared samples (Fig. 5b), many small blisters are
also present, some of them superimposed on the larger ones. Slip lines accompanying plastic
strain during the blistering formation are seen at higher magnification (Fig. 6a). Some blisters
are cracked, the cracks being preferentially located on the blister slopes. A detailed view of a
cracked blister is shown on Fig. 6b, with magnification of the brittle like fracture surface,
denoting hydrogen embrittlement process. Several pores are seen on this surface, as already
noticed by other authors [14]. The main blister features are common for non-deformed and
deformed samples. In particular, slip lines evoking plastic expansion during bulging formation
are visible at the blister surface in both cases at the micron scale. Small blister may be inside
one grain or concern several grains, as illustrated by Fig. 6a, where slip lines on the blister are
partly stopped on a grain boundary.

(@) (b)

Fig. 6. (a) Slip lines on blisters on T26 sample. The arrow indicates slip lines stopping at a grain boundary;
(b) cracked surface of a blister.



3.2.2 Cracks analysis in (RD,ND) section

Fig. 7. SEM images of cracks in the (RD, ND) section of (a) I-H and (b) S52 samples.

Fig. 7 shows typical aspects of hydrogen-induced cracks in (RD, ND) sections of the samples.
In non-deformed sample (Fig. 7a), large curvilinear cracks with high opening displacement
are seen below the blisters observed on the surface. In tensile deformed samples, these type of
cracks are less numerous and smaller. The through thickness extent of the damage due to
these cracks tends to decrease with increasing strain. Meanwhile, some rare grain-size cracks
are found at mid-thickness. In the samples prestrained by shear, both types of cracks are found
after moderate plastic strain, but for highly strained samples, internal cracks at mid-thickness
are predominant and may be significantly longer than the grain size (Fig. 7b). These cracks
appear straighter than those found under prominent blisters at the sample surface.

The Fig. 8 shows the results of the quantitative analysis of SEM pictures with Imagel
software on sections with dimensions 20x1 mm? for the different samples. For each crack, the
width was measured (manually, with the help of standard tools for image analysis)
perpendicularly to the crack lips, at the point of maximum opening. The surface crack density
(Fig. 8a) and the mean crack opening (Fig. 8b) are presented as function of the equivalent
plastic strain before hydrogen charging. The surface density occupied by cracks under the
blisters clearly decreases with plastic strain (Fig. 8a), mainly due to smaller crack-opening for
deformed samples (Fig. 8b) and to lower blister size, this evolution being similar for either
tensile or shear prestrain. Mid-thickness internal cracks are significant on shear samples after
large strain, and are less open than the blister cracks. It can be noticed that the presence of
these cracks (Fig. 8b) cannot been inferred from the small height of blisters as measured on
the sample surface (Fig. 4b).
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displacement of hydrogen induced cracks observed in (RD, ND) sections after cathodic charging of tensile
(T) or shear (S) prestrained samples. Full symbols refer to cracks under blisters and open ones to internal

cracks. Green points refer to initial state (I-H).

4. Discussion

4.1. Hydrogen induced cracking and blistering on the initial state

From the above reported results, the hydrogen induced damage on the Armco iron in the
initial state consists in blisters emerging from the sample surface, and which are in most cases
correlated with cracks observed in perpendicular sections. Variations in crack size and crack
path are observed at the grain scale, however from a global point of view, the cracks sets
roughly follows curvilinear path under blisters, and often ending at the sample surface. In
other words, the hydrogen induced damage is mainly linked to the surface or subsurface



damage, contrary to the so-called “internal cracking” as found in various steels sheets, with
cracks along the rolling direction at mid-thickness [19] without any evidence of surface
emergence. This suggests on annealed single phase material a tendency for hydrogen
concentration once blister nucleus begins to form (for example by void coalescence such as in
Ren mechanism) since no other traps are present, leading to large open cracks whereas for
stronger materials, both trap sites and local hardening avoid crack opening. In some cases
residual stresses gradients through the material thickness due to previous processing could
help crack initiation at mid-thickness, especially if theses gradients are symmetric with
respect to the mid-plane.

The general aspect of the blisters observed in the present study are qualitatively consistent
with available studies in the literature for non-deformed pure iron [14, 19-21], despite the
limitations of precise comparisons due to the differences in charging conditions. The nature of
electrolyte, the charging time and the current density influence the blister occurrence, as
showed in Escobar study [19]. Blister size of around 50 um is suggested from Ren
observations [20] in iron charged for 12 h with a 1 mA/cm?® current density. For an arsenic-
poisoned electrolyte, the average size of blisters analyzed from SEM images by Escobar [19]
is ranging from 200 to 560 pm after 1h with a 10 mA/cm® current density, and for the same
current density mean blister size of 115 pm was found by Tiegel et al. [21] on a large grained
high purity iron. These values are consistent with the present SEM observations (Fig. 5a) even
if at a more macroscopic scale, the average size is considerably higher (Fig. 4a) and larger
than the grain size.

It is noticed that the available picture of a cracked blister in Escobar work [19] shows cracks
on the blister apex, whereas in the present observations cracks are mainly found on the
blisters slopes, or at the interface between the surrounded surface (Fig. 5-6). If significant, this
fact is not straightforward explainable and may be linked to the local stress state. The surface
roughness may also contribute to local differences, and polished surface was shown to favor
blister density [19]. In the present case, as electopolishing was performed before cathodic
charging, the observed blisters exhibit marked slip lines evoking plastic straining due to the
material bulging during the blister formation, which is consistent with the steps - associated to
the underneath crack advance - and corresponding TEM observations of plasticity features in
a recent study [21]. These authors also pointed out the very flat top of the blisters, observed
after mechanical polishing with high grit paper grade, which seems less marked in the present
observations. The local morphology of blisters is then expected to depend both on the material
and on the surface conditions.

4.2 Effect of plastic strain on the hydrogen induced cracking and blistering

The present results clearly show the decrease of the blister density, of the size of the blisters
and of the related cracks with increasing plastic strain (Fig. 3, 4, 8) in tensile or shear mode up
to 50 % equivalent strain. Meanwhile, some evidence of internal damage disconnected from
blister formation is progressively seen, and is predominant in the highest deformed samples. It
can be noticed that some quantitative results differ from tensile or shear deformation mode for
the same equivalent prestrain values, as noticed by surfometry (see Fig. 4) and by quantitative
SEM pictures analysis of cracks (see Fig. 8). This suggests the influence of the local



deformation mechanisms and of the subsequent dislocation patterning, especially for high
prestrain, on the hydrogen induced cracks.

Hydrogen trapping by dislocations is an important mechanism in hydrogen transport [23, 28,
29]. Kumnick and Johnson [30] reported from permeation tests a great increase of the trap
density on Armco iron with plastic deformation at room temperature, from 10°° m™ for the
annealing iron up to 10” m> for the strongly deformed iron up to 60 % cold-working.
Meanwhile, trapping is expected to reduce the apparent hydrogen diffusion coefficient [28,
29]. From the results of Kiuchi [28], the diffusivity ratio between cold-worked and annealed
iron may be estimated to around 10, Accounting for this value in a rough estimation of the
diffusion length by (Dt)"2, as used by other authors [31], where D is the diffusion coefficient
(with value 1.27x10® m%*/s for non-deformed iron [32]) and t the diffusion time (t=24 h),
leads to length value about 3 mm, which is far larger than the sample thickness. Hydrogen is
then expected to be able to cross the whole sample thickness, permitting the development of
internal cracking in the deformed samples. Results on the effect of prestraining on HIC on
iron are scarce, and no study concern shear loading. Hydrogen-induced cracking of plastically
twisted iron was investigated by [33] and trans or intragranular cracking was observed, but as
cathodic charging and twist testing was simultaneous, the results were not comparable with
the present results despite the achievement of high shear strain values. From TDS of cold
drawn iron wires the importance of desorption from dislocations with increasing strain was
evidenced by [34] on ferritic steels, which suggests possible difference in hydrogen crack
initiation mechanisms in deformed material, but results may be controversial. A study on a
pipeline steel in sour environments [35] suggests the change of hydrogen induced cracks
mechanisms with cold-work around 30 % strain. Another study on different pipe steels [31]
show no significant effect of moderate tensile prestrain on HIC results. As pointed out by
Escobar et al [19] extensive internal cracking is more common in high strength steels such as
dual-phase, ferrite-bainite or TRIP steels than in pure iron. Concomitantly with material
strengthening, variations in composition and microstructure affect the hydrogen-material
interactions, and especially the density of trap sites. As a result, the effective diffusivity is
reduced, and the increase of trap sites, if sufficiently spatially dispersed, is expected to
prevent or delay crack or blister formation due to less probable hydrogen accumulation and
recombination. In the present case, the increase of dislocation density through plastic strain
provokes both the increase of strain hardening and of the probability of hydrogen trapping on
dislocations. Even if dislocations may locally contribute to lattice disorder and vacancies
formation favorable to blister nuclei, the hydrogen pressure threshold for blister growth,
accompanied by extra plastic strain, should be higher to overcome the effect of strain-
hardening in the prestrained samples. This may explain the present results showing that higher
plastic strain before cathodic charging contributes to reduce blistering and crack opening (as
seen in Fig. 8b) of the hydrogen induced cracks, for the same hydrogen entry amount in the
samples.

4.3.Simulation of the effect of loading mode on blistering initiation

In section 3 was reported the observed differences of blistering with mechanical loading. For
the same equivalent plastic strain, the equivalent stress is the same whatever the loading mode



under the assumptions of isotropic hardening. However, the local stress state is clearly
different and may differ from the mean global stress tensor, which influences the initiation
and propagation of cracks and therefore the way the blister develops. This local stress state is
not available experimentally, which has motivated FE simulations to account for the effect of
loading mode on the void growth under internal pressure. Phenomenological approach was
chosen here, with simple assumptions on material behavior and blister initiation mechanism.

Within the frameworks of continuum mechanics, blister initiation is assumed to result from
voids growth due to hydrogen internal pressure. Numerical simulations are conducted to get
(1) the evolution of a void size with increasing internal pressure and (ii) the material expansion
due to voids growth, controlled by hydrogen diffusion and trapping by plasticity. The
objective is to analyze the effect of the loading mode (either by tensile or shear, for the same
equivalent plastic strain €=11 %) on this process and to compare with the experimental
tendencies.

4.3.1. Accounting of hydrogen trapping by dislocations and voids in transport equation

To model hydrogen transport in a prestrained medium in which blistering is about to occur,
the total hydrogen concentration C is considered as the sum of three parts, namely due to
lattice diffusion C, to dislocation traps C" and to trapping by voids Cr".

The basis of the transport equation is adapted from literature, i.e, assuming a stress assisted
hydrogen flux ¢ [36]

V,
¢=DLVCL_DLCLR_I,;VPH (1)

where Dy is the diffusion coefficient of hydrogen, Py the hydrostatic stress, Vy the partial
hydrogen molar volume. The total hydrogen concentration C=C+Cr+Cr® obeys the equation
‘Z_(t: +div =0 @)

Assuming equilibrium between diffusive and dislocation-trapped hydrogen Cr evolution is
given by [23, 32, 37]

L= L+0 Lg 3
at C ot Tdg, ™ ©)

01 (C1r=01 Nry) is the trapped site occupancy and N, the trap density [32].

Void trapping is supposed to be directly linked to the recombination of diffusive hydrogen
into hydrogen gas; this process is described under equilibrium by a Sievert law between Cp
and the internal pressure P in the void [38]

aVP = C, 4



o being a material constant, identified based on the literature for o iron: for P=I atm,
C=C=2.084x10*' atom/m’=0.0034 mol H/m3 [32],[39], P is linked to the number n of H,
molecules through the perfect gas law

pv="LRT, (5)
N

A
Na being the Avogadro number and V the considered pore volume, leading to
C'y=2nN;" (6)

N1° is here the void density. It is last assumed that void growth is only driven by internal
pressure, so that

P<P(r)=V=0

, (7
P=P(r)and P>0=V>0

r being the equivalent radius of the void. P.(r) is characteristic function for void growth, to be
identified.

From relations (4), (5), (6), one can obtain the evolution of C'y, :
- for P<P(r) the differentiation of under constant volume leads to

ack nCy b 0CL
—1 = 4——N
at T ot (8)

- for P=P(r) the variation of n in the inflating void may be written

dnzn(”’c(” )dr 2n—CL (P’C(” )ch 9)

Pc(T) a?Pro(r) \ Pc(r)

Considering Ny voids with the same internal pressure in a volume V) (NT°=Ny/ Vo),

the trap density change during volume increase N,,dV is (assuming than Nj, remains
unchanged with time)

dNE = —(N2)2dv (10)
The trapped concentration evolution is consequently
dC} =2dnN! +2ndN’ (11)

which leads to

6_ pr (T‘) 3 bV CL BCL
L = 4n NT( C()+ 3NE )azPlc()at (12)

Last, the volumetric strain induced by the voids growth is



€ = ”;:V = NEdv (13)

The hydrogen transport equation (2) accounting for (3), (7), (8), (12) has been implemented in
Abaqus software adapting several user subroutines used in previous works [40] [41]. The
material expansion due to void growth has been added using an UEXPAN subroutine.

Hydrogen related parameters for iron in equations (1) and (3) have been taken from literature
[37], including the evolution of Nt with plastic strain. The only extra function P.(r) has been
obtained by mechanical cell computations as explained below.

4.3.2. Evolution of void size with internal pressure

To numerically create a void in a prestrained material, the mechanical loading is applied to a
computational cell composed of an inclusion embedded in an elastic-plastic matrix. The cell is
first prestrained up to a given macroscopic strain, then unloaded. The inclusion is then
removed, and an increasing pressure (normal stress) is applied on the newly created surfaces.
The evolution of the void volume (assuming an ellipsoidal shape) with internal pressure is
extracted from the finite element results.

By symmetry one half of the cubic cell was modeled, with dimensions 20x20x10 pm’.
Periodic boundary conditions were applied on the lateral cell faces [42]. Prestrain was
controlled by displacement conditions on top and bottom faces, for the overall plastic strain
values of Fig. 4a.

The radius of the initial inclusion was 1.5 pm, which is consistent with the typical pore size
observed on blister fracture surface (as in Fig. 6b). The computations were made with an
elastic inclusion with 100 GPa as Young’s modulus and 0.3 as Poisson ratio, values for
classical inclusions in iron such as manganese sulfides [43].

The iron matrix is isotropic elastic-plastic, with 200 GPa Young’s modulus. Plasticity is
described with von Mises yield potential and isotropic hardening. From the stress-strain
curves obtained in uniaxial tension, a Voce-type hardening law was identified for iron:

oy =A+B(1—e€€) (14

with A=209 MPa, B=181.5 MPa , C=5.7, 0y is the von Mises stress and & the equivalent
plastic strain.

The Fig. 9 shows the plastic strain field around the void for =11 % prestrain, by tension or
by shear, for the maximum applied internal pressure. It can be noticed the effect of prestrain
loading mode on the plastic strain distribution around the void.
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Fig. 9. Plastic strain field around the void for the maximum applied internal pressure (corresponding to
saturation values in Fig. 14) after prestrain € =11 % by (a) tensile and (b) shear loading.

The evolution of the volume void with the applied internal pressure is plotted on Fig. 10 for
all considered configurations.
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Fig. 10. Effect of the prestraining mode on the internal pressure evolution in a void with its relative
volume change.

These results show that to reach a given void volume increase, the larger the prestrain, the
higher the internal pressure. Furthermore, for a given volume change and a given prestrain, a



higher pressure is needed for shear loading than for tension. It has been checked that the same
conclusions are obtained for similar computations using initially an iron-made inclusion or a
void, with negligible variations on the internal pressure values.

The curves of Fig. 10 permit to relate the internal pressure P to the void volume V and
therefore to the radius r of a sphere with same volume. The relation between P and r is
postulated as P(r)=a+b(1-exp(-c(r-rp)). The a, b, ¢ parameters were identified for the non-
prestrained material (¢=0), and for plastic prestrain €=11 % by uniaxial tension and €=11 %
by simple shear.

P(r) may be considered as the critical pressure P.(r) for growth of a spherical void of radius r,
and was therefore used for the characteristic function (equation (7) in the application of the
model proposed in the above section. Table 2 gives the retained values for a, b and c.

Table 2. Parameters identified from computations for the P, function.

Plastic prestrain a (MPa) b (MPa) ¢ (mm™)
e=0 400 540 13000
g=11 % (tension) 600 550 13500
g=11 % (shear) 600 590 13000

4.3.3. Material expansion due to hydrogen induced voids growth

To model pre-blistering on a surface, a continuous distribution of void nuclei is applied in a
hemi-spherical zone of radius 12.25 um of a parallelepipedic iron sample of dimensions

50x50x25 ym’. The distribution is defined as NZ(r) = Ny, (1 + cos (anL)/Z for

10<r<rmax With 1p=1.5 pm and rm.=25 pm ensuring blister development from the center of the
hemi-sphere.

Each nucleus leads to a void which growth is controlled by hydrogen transport in the sample
through the model presented in 4.3.1, provided the P (r) function identified in 4.3.2.
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Fig. 11. Material expansion (a-c) and maximal principal stress field (d-f) at the end of computations for
the studied configurations.

First mechanical prestraining is applied in the same way than for the computational cell in 4.2.
Then hydrogen concentration is applied on the top surface, with value 0.38 mol Hy/m’. This
value was chosen to correspond to internal pressure value close to saturation (ie permitting
void maximal expansion) according to results of section 4.3.2. The computation is controlled
by the applied internal hydrogen pressure P increase in voids.

The overall result of the voids growth is material expansion, computed as &g, and
development of stresses, which are shown in Fig. 11.

After hydrogen exposure, whether prestrained or not, the material inflates due to multiple
voids growth, leading to a pre-blister configuration (the whole blister appears after a crack
development bellow the inflating volume). At the center of the void nuclei area, the
computation shows that the ratio of the pre-blister height for 11 % prestrained material to the
height for non-deformed material is 0.12 for tensile prestrain and 0.10 for shear one. These
differences arise from the variation in the P.(r) function for the three studied cases. As a
consequence, void growth and material expansion are reduced in case of plastic prestrain,
especially in the case of shear. This tendency, furthermore, is emphasized by the hydrogen
transport process, which is affected (slowed) by the trapping by dislocations. Qualitatively,
the simulated pre-blister heights order correlate with the experimental ones (Fig. 4), while
being far in term of quantitative values.



The final blister height, however, is mainly due to the crack development and crack opening,
as it can be observed through Fig. 4 and 8 comparison. The conditions for a crack initiation
and development around the inflating area appear consequently to be the key feature for the
final blister topology analysis. Hydrogen embrittlement is related to brittle cracking, then the
mechanical conditions of crack initiation are expected to be sensitive to the maximal principal
stress field. The comparison of Fig. 11 d-f suggests, at the attainment of maximum pressure in
voids, higher stresses in non-deformed material compared to prestrained material, and then
earlier cracking and more open cracks.

Finally these computations have shown plastic prestrain mode may have an important
influence on the blistering process, through the pre-blistering formation and the void
nucleation process. The present model is a first step for the description of blister formation,
Modeling the complete process of blistering involves to account both for crack propagation
and for microstructural features, which needs further developements.

5. Conclusions

Cathodic charging on prestrained Armco iron has been performed to investigate the effect of
plastic strain on the hydrogen-induced cracks and blisters. The main results are:

- Plastic straining before cathodic charging leads to decrease the size and the surface density
of blisters at the samples surface. Meanwhile the underneath cracks opening is less important.
The corresponding geometric features measured by surfometry and image analysis are useful
data in view of finite element simulations of blistering from phenomenological approach
(work in progress). For the same equivalent plastic strain, blistering is less important after
shear test compared with tensile test;

- The effect of prestrain loading on pre-blistering formation has been modeled by finite
element simulations of hydrogen transport accounting for both stress-assisted diffusion and
trapping by dislocations and by voids, provided a phenomenological void growth law under
internal pressure. Results show consistent tendencies with experimental measurements,
underlying the importance of the plastic strain development around voids and its influence of
void growth in the blister formation process.
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