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The decohesion model in which hydrogen segregating at grain boundaries reduces cohesive energy is considered to
explain hydrogen embrittlement. Although there are several experimental and theoretical supports of this model, its to-
tal process is still unclear. In order to understand hydrogen embrittlement in terms of the decohesion model, therefore,
it is necessary to evaluate stress and hydrogen concentration at grain boundaries under experimental conditions and to
verify the grain boundary decohesion process. Under this consideration, we calculated the stress and the hydrogen con-
centration at grain boundaries in the three-dimensional polycrystalline model which was generated by the random
Voronoi tessellation. The crystallographic anisotropy was given to each grain as a characteristic. As the boundary con-
ditions of the calculations, data extracted from the results calculated in the notched round-bar specimen model under
the tensile test condition in which fracture of the steel specimen is observed was given to the polycrystalline model. As
a result, it was found that the evaluated stress does not reach the fracture stress estimated under the condition of the
evaluated hydrogen concentration by first-principles calculations. Therefore, it was considered that the initiation of
grain boundary fracture needs some factors except the stress concentration due to the crystallographic anisotropy.

KEYWORDS: hydrogen embrittlement, grain boundary, polycrystalline model, tensile test, notched round-bar
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l. Introduction

Hydrogen embrittlement is one cause of cracking in steels
which is observed as delayed fracture of high strength steels
and cold cracking at the heat affected zone of welds. Among
several models that can explain hydrogen embrittlement,*®
the decohesion model*® is one of plausible candidates. In
this model, the embrittlement results from the reduction of
cohesive energy at grain boundaries due to hydrogen segre-
gation. In the tensile test of high strength steels, the
intergranular fracture mode is observed in specimens
charged hydrogen, and it is reported that the stress and the
hydrogen concentration in the vicinity of the crack initiation
dominate the fracture process.? According to the
first-principles calculation, it is confirmed that hydrogen is
one of the elements which can reduce the cohesive energy of
grain boundaries and the cohesive energy reduction by hy-
drogen is almost similar to phosphorous.” Although these
supports of the decohesion model for hydrogen embrittle-
ment are reported, its total process is still unclear. In order to
fully understand the mechanism of hydrogen grain boundary
embrittlement in terms of the decohesion model, it is neces-
sary to evaluate stress and hydrogen concentration at grain
boundaries under experimental conditions and to verify the
decohesion process of the grain boundary. In addition, the
quantitative comparison with experiments is necessary.

According to the recent development of the experimental
method and the numerical analysis method for thermal de-
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sorption spectrometry (TDS),# it is possible to evaluate the
hydrogen concentration at grain boundaries in steels experi-
mentally. However, it is difficult in the realistic condition
that the specimen is thick and strained because the influence
of the hydrogen diffusion and the stress inside the specimen
on the TDS measurement becomes remarkable. The experi-
mental evaluation of the stress at grain boundaries is also
difficult. Therefore the numerical evaluation of the stress and
the hydrogen concentration at grain boundaries is necessary.
In order to evaluate the stress and the hydrogen concen-
tration at grain boundaries under the tensile test condition, in
this paper, we calculated the stress and the hydrogen con-
centration in the model of the notched round-bar specimen
under the tensile test condition reported previously® first.
Next we extracted the distributions of the displacement and
of the hydrogen concentration around the stress concentra-
tion region, which was near the notch root, and used the
extracted data as the boundary condition of the calculation in
the polycrystalline model, which was generated by the ran-
dom Voronoi tessellation as reported in the paper.”® The
Voronoi cell and the interface between the Voronoi cells
were regarded as the grain and the grain boundary of the
polycrystalline model, respectively, and the crystallographic
orientation was given to each grain (cell) randomly as a cha-
racteristic. From the calculation result of the polycrystalline
model, we evaluated the stress and the hydrogen concentra-
tion at the grain boundaries of the notched round-bar
specimen under the tensile test condition. The data flow of
the calculations is summarized in Fig. 1. Furthermore, in
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Fig. 1 Data flow of the evaluation of the stress and the hydro-
gen concentration at grain boundaries of the polycrystalline
model

order to examine the possibility of the grain boundary deco-
hesion by the stress concentration due to the crystallographic
anisotropy, we compared the evaluated stress with the frac-
ture stress which was estimated under the condition of the
evaluated hydrogen concentration by first-principles calcula-
tions.

This paper is organized as follows. The next section de-
scribes the calculation conditions of the notched round-bar
specimen model and the polycrystalline model. The calcula-
tion results of both models are described in the third section.
In the fourth section, we discuss the calculation results and
the possibility of the grain boundary decohesion. The paper
is summarized in the final section.

Il Calculation Conditions

1. Calculation Methods

We used the finite element method (FEM) for the stress
calculation and the finite volume method (FVM) for the hy-
drogen diffusion calculation. Our FEM code is the improved
one of the Adventure Solid code developed under the
ADVENTURE project,”” and has two additional functions;
one is the option of nonlinear hardening law, and the other is
a capability of analyzing orthotropic materials. The FVM
code is our developing code which solves numerically the
following equation,**?

oc =D,VC- DV, V(CVa,) . (1)
ot RT

This equation describes hydrogen diffusion under the hy-
drostatic stress, oy=(ox+0y,+02,)/3, with diffusion constant,
Dy. The hydrogen concentration, temperature, the gas con-
stant, and the molar volume are C, T, R=8.314 J/mol/K, and
Vy, respectively. The effect of stress is incorporated as the
force term acting hydrogen into the equation by considering
the change of the volume of hydrogen diffusion sites which
is caused by the hydrostatic stress. The Adams-Bashforth
method is utilized as the time integration. Both codes are
parallelized by the parallel processing computer library MPI.

2. Notched Round-Bar Specimen Model

We modeled a half of the notched round-bar specimen,
which is used in the tensile test of the paper® and is shown in
Fig. 2, due to its symmetry. The stress concentration factor
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Fig. 2 Dimension of the notched round-bar specimen®
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Fig. 3 Calculation mesh of the notched round-bar specimen and
the definition of the coordinate system

of this specimen is K=4.9. The 3-dimensional calculation
mesh of the model, which was generated by the code
GAMBIT 2.4.6 of Fluent Inc., is shown in Fig. 3. In this
figure, the notch root cross section means the xz cross sec-
tion with the minimum area. The mesh consisted of linear
tetrahedral elements. The numbers of element and of node
are 502823 and 93641, respectively. Since we were interest-
ed in the region around the cross section of the notch root,
we modeled the part of the notched round-bar specimen in
Fig. 2 within a distance of less than 20 mm from the notch
root section.

We used the experimental condition which is reported in
the paper® as the condition for calculating the stress and the
hydrogen concentration in the notched round-bar specimen
model. In the paper,” after charging hydrogen into the
notched round-bar specimen in Fig. 2, the slow strain rate
test (SSRT) is carried out, and the relation between the dif-
fusible hydrogen content and the maximum tensile stress
shown in Fig. 4 is obtained. In this figure, the data which we
used as the calculation condition is indicated by Case A and
Case B. The diffusible hydrogen means hydrogen which is
not trapped strongly by defects at experimental temperature,
and is measured by the TDS analysis. The maximum tensile
stress is the fracture strength and is given by the maximum
tensile load divided by the minimum area of the initial cross
section around notch; that is nominal stress. According to the
paper,? furthermore, in the range in which the hydrogen
content is more than 0.5 mass ppm in Fig. 4, the intergranu-
lar fracture is observed in the SEM fractography. On the
basis of the experimental result in the paper,® we calculated
the stress and the hydrogen concentration of two cases which
are labeled Case A and Case B in Fig. 4. The hydrogen con-
tent and the maximum tensile stress of each case are 0.5
mass ppm and 1650 MPa for Case A and 1.95 mass ppm and
650 MPa for Case B, respectively.

In the stress calculation by the elastoplastic analysis of
the improved Adventure_Solid code, we used the following
material properties:*® the Young modulus, E=190.3 GPa, the
yield stress, ov=1010 MPa, the Poisson ratio, v=0.3, and the
hardening law, s[MPa] = 1251.7¢"%" + 0.23471. We applied
the tensile stress of 594 MPa for Case A and of 234 MPa for
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Fig. 4 Relation between the diffusible hydrogen content and the
maximum tensile stress®

Case B on the top and the bottom surfaces of the notched
round-bar specimen model in order to estimate the stress of
grain boundaries at the moment when the fracture is ob-
served. The value of the applied tensile stress was calculated
from the maximum tensile stress in Fig. 4.

For the hydrogen diffusion calculation on the basis of
Eq. (1), we used the following parameters'?: Dy =
4.0x10™ m?/s, V= 2.1x10° m*mol, T=293 K. The hydros-
tatic stress o was obtained from the result of the stress
calculation. As the initial hydrogen concentration in the
whole calculation region, we set 1.0 which is the value nor-
malized by the initial hydrogen concentration, Cy, which was
extracted from Fig. 4, at all the nodes because the hydrogen
distribution in the specimen is homogenized by keeping at
ambient temperature sufficiently before SSRT in the expe-
riment.? As the boundary condition, we gave the Neumann
condition with zero flux to all boundaries of the calculation
region because the specimen is coated with cadmium to pre-
vent hydrogen desorption after hydrogen is charged.”? The
calculation was carried out until the hydrogen concentration
became steady.

3. Polycrystalline Model

The polycrystalline model was a box region of the dimen-
sion size 0.06 mm x 0.12 mm x 0.06 mm which was divided
using the random Voronoi tessellation as done in the pa-
per.” The grain and the grain boundary of polycrystalline
materials were modeled by the Voronoi cell and the interface
between the Voronoi cells, respectively. Each grain had the
different crystallographic orientation as its characteristic.
Such a modeling of polycrystalline materials is used in the
paper* to evaluate stress at grain boundaries of a nickel
polycrystal. In this paper, we considered the polycrystalline
model as an inside part of the notched round-bar specimen.

In the calculation of the stress at the grain boundary, we
assumed that the polycrystalline model was an elastic
material as reported in the paper.¥ Since in this assumption
the stress concentration at the grain boundary easily occurs
by small strain, this can be considered as the most severe
situation in the intergranular facture. As the parameters for
the elastic analysis, we gave to each grain the following
material properties of iron:'® the Young modulus
Epoiy=131.8 GPa, the Poisson ratio vpe,=0.373, the shear

Ken-ichi EBIHARA et al.

NN
LS
[= -]

180 190.3GPa
160
140
120

100

)
o
o
T
et
N

0 50 100 150 200 250
Number of grains

Measured Young modulus (GPa)

Fig. 5 The dependence of the measured Young modulus on the
number of grains in the polycrystalline model

modulus Gp,=116.0 GPa. The crystallographic orientation
of each grain was specified by the Euler angle generated
randomly. As the boundary condition, in order to obtain the
stress at the grain boundaries under the tensile test condition,
we gave the displacement distribution which was extracted
from the calculation result of the notched round-bar
specimen model described in the previous section.

Since the crystallographic orientation was given to each
grain randomly, it was considered that the number of grains
influences the evaluation of stress at grain boundaries.
Therefore, we determined the number of grains by measur-
ing the Young modulus of the whole polycrystalline model
and by observing its fluctuation. The Young modulus was
measured by numerically carrying out the tensile test of the
polycrystalline model. In this numerical test, we increased
the applied uniaxial tensile load in the y direction gradually
and measured the stress and the strain of the upper cross
section of the model. The Young modulus was obtained as
the gradient of the measured relation between the stress and
the strain. This test was carried out by increasing the number
of grains of the polycrystalline model. Furthermore, in order
to observe the statistical fluctuation of the Young modulus in
each case of the number of grains, we measured the Young
modulus of five polycrystalline models which have the dif-
ferent configuration of the grain orientation. The result is
shown in Fig. 5. In the figure, the fluctuation of the meas-
ured Young modulus is represented by the vertical error bar
of the standard deviation. According to the figure, it is found
that when the number of grains is larger than 100, the meas-
ured Young modulus is almost constant though it is slightly
different from the Young modulus of the notched round-bar
specimen. The fluctuation becomes small and also almost
constant. Hence we used the polycrystalline model with 100
grains. The mesh of the polycrystalline model consisting of
100 grains is shown in Fig. 6. The mesh was generated by
the code GAMBIT 2.4.6 of Fluent Inc. and consisted of li-
near tetrahedral elements as well as the mesh of the notched
round-bar specimen model. The numbers of element and of
node are 1,051,429 and 187,534, respectively.

We also used the mesh in Fig. 6 for the hydrogen diffu-
sion calculation in the polycrystalline model. The calculation
parameter was same as that described in the previous section.
We set the hydrostatic stress which was obtained from the
stress distribution calculated in the polycrystalline model.
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Fig. 6 Mesh of the polycrystalline model

We also set the normalized value 1.0 as the initial concentra-
tion condition at all the nodes except the boundary nodes,
and used the hydrogen concentration distribution extracted
from the calculation result in the notched round-bar speci-
men model as the boundary condition. The calculation was
carried out until the hydrogen concentration became steady.

I11. Calculation Results

1. Notched Round-Bar Specimen Model

Figure 7 shows the hydrostatic stress distribution and the
maximum principal stress distribution in the radial direction
as a function of the distance from the notch root. The distri-
bution was obtained by averaging in the angular direction on
the notch root cross section. In the figure, the stress peak is
observed near the notch root. This is the stress concentration
caused by the plastic constraint due to the multiaxial stress
condition around the notch root. The peak position depends
on the stress concentration factor calculated from the shape
of the notch root, and also depends on the applied load. Fig-
ure 8 shows the hydrogen concentration distribution in the
radial direction as well as Fig. 7. The figure shows the dis-
tribution obtained after the hydrogen concentration became
almost steady, that is after 1,000 min diffusion. It is observed
in the figure that hydrogen gathers around the stress peak in
Fig. 7. The same tendency as both figures is also seen in the
2-dimensional calculation of the paper.*? Since it is reported
that the hydrogen embrittlement of steels is controlled by the
maximum principal stress and the hydrogen concentration at
the peak location,'® in the next section, we evaluated the
stress and the hydrogen concentration of grain boundaries at
the peak position using the polycrystalline model.

2. Polycrystalline Model

In the calculations of stress and hydrogen concentration in
the polycrystalline model, we used data extracted from the
calculation results of the notched round-bar specimen model
as the boundary condition. For the stress calculation, the
displacement distribution on the surface of a box region
which was placed inside the notched round-bar specimen
model was given to the surface of the polycrystalline model
as the boundary condition. The box region had the same di-
mension as the polycrystalline model, and was placed at the
stress concentration part on the notch root cross section. To
be exact, using the coordinate system of the notched
round-bar specimen model, the position of the center of the
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Fig. 8 Calculated hydrogen concentration distribution on the
notch root cross section

inside box region was (2.81 mm, 0.0 mm, 0.0 mm) for Case
A, and (2.93 mm, 0.0 mm, 0.0 mm) for Case B. These posi-
tions were determined from the result in Fig. 7. Note the
origin of the x coordinate is at the center of the notch root
cross section as shown in Fig. 3. For the hydrogen diffusion
calculation, the hydrogen concentration distribution on the
surface of the box region was given to the surface of the po-
lycrystalline model as well as the boundary condition of the
stress calculation. The hydrostatic stress distribution ob-
tained by the stress calculation in the polycrystalline model
was also used for the hydrogen diffusion calculation. The
calculation was carried out until the hydrogen concentration
became steady.

By defining the orientation of the grain boundary as the
inclination of the grain boundary against the load axis as
shown in Fig. 9, we obtained the relation between the aver-
aging normal stress of the grain boundary and the orientation
of the grain boundary from the result of the stress calculation
as shown in Fig. 10. In Fig. 10(a), the error bar means the
fluctuation due to the different crystallographic orientation.

The normal grain boundary stress was averaged in the re-
sults obtained from five statistically different configurations
of the grain orientation. In Fig. 10, the result of the case that
the crystallographic orientation is isotropic is also shown for
comparison. Figure 11 shows the relation between the hy-
drogen concentration and the grain boundary orientation.
This figure shows for the one case of the crystallographic
orientation.
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Fig. 10 Relation between the normal grain boundary stress and
the grain boundary orientation: (a)The case of anisotropic crys-
tallographic  orientation, (b)The case of isotropic
crystallographic orientation.

V. Discussion

According to Fig. 10, it is seen that the averaged normal
grain boundary stress of the anisotropic case (a) scatters in
the broader range than the isotropic case (b). Thus, it is seen
that the crystallographic anisotropy influences the grain
boundary stress remarkably. Since the normal grain boun-
dary stress increases in proportion to cos’p if a uniaxial load
is applied to an isotropic polycrystalline model, the broadly
scattering of the normal grain boundary stress in Fig. 10(b)
indicates the effect of the multiaxial stress condition of the
stress concentration part of the notched round-bar specimen.
Therefore it is considered that the calculation result in
Fig. 10(a) shows the proper tendency of the grain boundary
stress in the notched round-bar specimen strained in SSRT.
In Fig. 11, it is not observed that hydrogen gathers around
the grain boundary which has the large normal stress as the
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case of hydrogen in the notched round-bar specimen model.
As seen in Eg. (1), this is because the driving force of hy-
drogen migration is in proportion to the gradient of
hydrostatic stress. It is also found that the maximum hydro-
gen concentration at the grain boundary becomes at most
four times larger than the peak value in the notched
round-bar specimen model.

Next we consider the crack initiation in the grain boun-
dary hydrogen embrittlement. In the decohesion model, since
hydrogen which is trapped by grain boundaries weakens
their strength, the fracture strength of steels decreases. The
strength of the grain boundary depends on the hydrogen oc-
cupation ratio of the trap site of the grain boundary. The
hydrogen occupation ratio is determined by the hydrogen
concentration around the trap site and the binding energy
between the trap site and hydrogen. In the papers,'’*® the
fracture strength and the binding energy for the bcc Fe
S3(111) symmetrical tilt grain boundary, which is simple but
has high grain boundary energy,1.52 J/m? are evaluated us-
ing the first-principles calculation code, the Vienna Ab initio
Simulation Package (VASP)™. The grain boundary is mod-
eled using 36 iron atoms and its tilt angle is 70.5 deg.
According to the papers, the binding energy depends on the
number of the hydrogen atoms trapped by the grain boun-
dary, and the maximum and the average value are 0.45 eV
and 0.33 eV, respectively. When no hydrogen atoms are
trapped at the grain boundary, the fracture strength is about
22 GPa, and it becomes about 13 GPa in the case that the
grain boundary is fully occupied by hydrogen atoms.
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Using the binding energy evaluated by the first-principles
calculation, we obtained the relation between the occupation
ratio and the hydrogen concentration from the consideration
of the local equilibrium? as shown in Fig. 12.

From Fig. 11 and Fig. 12, it is found that the more than
80% trap sites of the most grain boundary were occupied by
hydrogen. Furthermore, according to the first-principles cal-
culations, the fracture stress decreases to about 13 GPa in the
case that the trap sites of the grain boundary are filled with
hydrogen. In Fig. 10(a), however, the maximum of the nor-
mal grain boundary stress is about 6 GPa for Case A and
about 2 GPa for Case B. The evaluation in the atomic level

was at least 2.2 times larger than the calculation in this paper.

Therefore, even though the elastic analysis was applied to
the stress calculation, the grain boundary stress did not reach
the fracture stress evaluated in the atomic level. According
to this result, it is considered that the crack at the grain
boundary cannot be initiated only by the stress concentration
due to the crystallographic anisotropy. Hence we can think
that the stress concentration for the crack initiation at the
grain boundary needs other factors such as the dislocation
accumulation at inclusions like carbides.

V. Summary

We calculated the stress and the hydrogen concentration
using the notched round-bar specimen model under the ten-
sile test condition. Furthermore, using the calculation results
of the notched round-bar specimen model, we evaluated the
stress and the hydrogen concentration at the grain boundary
using the polycrystalline model which has the crystallo-
graphic anisotropy. As a result, the crystallographic
anisotropy and the multiaxial condition at the stress concen-
tration part of the notched round-bar specimen influenced
remarkably the normal grain boundary stress. It was found
that the stress concentration which can initiate the intergra-
nular fracture does not occur by the crystallographic
anisotropy.
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