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Abstract

Characteristics of void coalescence process due to hydrogen load effects in the
multiple void array are simulated using the finite element method. The goals of this
paper are to characterize the effects of hydrogen on the void coalescence process
within the multiple void array, and to determine the void array and void volume
fraction configuration in which hydrogen has the strongest effect on the occurrence
of void coalescence. We use the couple analyses between the large deformation
elastic-plastic analysis in the presence of hydrogen for structural analysis and
hydrogen diffusion analysis using the hydrogen enhanced localized plasticity
(HELP) theory. These coupled analyses are applied to the five different models with
the different void volume fraction and void array. The numerical results show that
both hydrogen and the void characteristics — void array and void volume fraction —
affect metallic material failure. The internal necking void coalescence occurs in the
square void array while the void sheet mode of coalescence occurs in the diagonal
void array. Hydrogen has the strongest effect on the occurrence of void coalescence
when the void volume fraction is large and the void array is square, induces a
pronounced localized plastic deformation at the ligament between voids, and is
present in high concentrations in regions with high values of the equivalent plastic
strain.

Key words: Void Coalescence, Void Volume Fraction, Void Array, Hydrogen
Embrittlement, Coupled Analysis, Plastic Deformation

1. Introduction

Ductile fracture is a fracture which is characterized by plastic deformation in the vicinity
of advancing crack. This plastic deformation can be recognized in the macro-scale by
necking phenomena while in the micro-scale by void coalescence. Therefore, void
coalescence is the critical stage of ductile fracture.

\Void coalescence is reversed for the part of the void enlargement evolution after the
transition to the mode of plasticity and an initiation process of the micro-crack deformation.
Modes of void coalescence are (1) the internal necking mode of coalescence; (2) the void
sheet mode of coalescence; and (3) the necklace coalescence™. Detail explanation of each
mode can be seen in Appendix.

Many factors, such as initial void porosity, void volume fraction and void array,
influence void coalescence. To evaluate these factors, many researchers studied the void
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model using a cell model containing a single spherical void®™. An assumption of these
studies is that the void is in the same initial radius in a square array. Therefore, the void can
be simplified to a single spherical void in one cell. A disadvantage of this method is that the
interaction between voids can not be observed directly. To solve this, the void coalescence
simulation using multiple voids is developed.

Some researchers have developed void coalescence using the multiple void model.
Melander® investigated the fracture path on a random two-dimensional plane strain model
under tension. Ohno and Hutchinson® developed a model to study the effect of void cluster
on plastic flow localization. Dubensky and Koss™ experimentally modeled the dependence
of ductile, micro-void fracture, on the size and distribution of voids or pores. Magnusen et
al.™ developed a model to simulate the low temperature ductile fracture of metals which
contained arrays of holes or voids. Bandstra et al.**** experimentally and computationally
modeled the void coalescence process using a void-sheet mechanism. Magnusen et al.
found that the void arrays, diameter of void, and distance between voids all affected ductile
fracture. Hosokawa et al.*® observed by X-ray tomography the effect of stress triaxiality on
void growth and coalescence. However, most of them developed and simulated the void
coalescence model of different geometric factors using structural boundary conditions only.

Other factors, such as temperature, pressure, and the presence of some gases e.g.
hydrogen also influence void coalescence. Hydrogen-material interaction has been a
particular concerning due to the effects of hydrogen on the metallic materials such as
reducing yield stress, decreasing fracture toughness, and accelerating crack growth. This
undesirable interaction — one of hydrogen embrittlement phenomena — is still a mysterious
phenomenon. To date, some researchers investigated the effects of hydrogen on void
coalescence’™. All of these investigations simulated using a cell model containing a
spherical void.

In the present research, the effects of hydrogen on void coalescence process are
characterized in the multiple void array. With this characterization, we show a clearer
understanding of the effects of hydrogen on the void coalescence process within the multiple
void array in the several void volume fractions, and predict the void array and void volume
fraction in which hydrogen has the greatest effect on the occurrence of void coalescence.
Structure of this paper is as follows: Section 2 and Section 3 review the hydrogen transport
equation and the constitutive law for the large elastoplastic analysis in the presence,
respectively. Section 4 presents the coupled analysis specification between structural
analysis and hydrogen diffusion analysis in materials, and material properties. Section 5
describes the modeling and boundary conditions and Section 6 discusses the numerical
results. Section 7 concludes this work.

2. The hydrogen transport equation

In this section, we explain the hydrogen diffusion equation which refers to Krom et
al.?9. This formulation is rewritten in order to describe how structural load affects the
hydrogen concentration. The hydrogen diffusion equation with the suitable initial and
boundary conditions in this research is defined by:

c +C;(1-0,)ac,
c, at

C_DVH
RT

dN; O¢
Vo, |[+6, ———2=0, (1)
dsp ot

—V-(DLVCL)+V-(

where C, and C; are the main unknown hydrogen concentration in the lattice and the
auxiliary hydrogen concentration in trap sites, respectively, O is the occupancy of lattice

(or trap) sites which is defined by ratio of occupied sites to the total available, N, isthe
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number of lattice (or trap) sites per unit volume, \7H is the partial molar volume of
hydrogen, R is the gas constant [J/((mol K)], and T is the absolute temperature (K).
D, =M RT isthe concentration independent lattice diffusivity, where M, is the mobility of
hydrogen in lattice sites. We only need the value of D, in our computation, and in this case D,
is the lattice diffusion constant (1.27><10ﬂ8 m? / s) @Y. All of constant parameter values in
Eq. (1) refers to Sofronis et al.? which can be seen in Table 1. The reason because the
material in this research is alpha iron. o, is the hydrostatic stress which is defined by

oy =L, where o;; is the stress components, and g, ls the equivalent plastic strain.
3

These two quantities are obtained from the structural analysis which is explained in the
coming section. The final equation of the hydrogen transport equation may refer to
Kanayama et al.??. The properties of material and hydrogen diffusion parameters are
summarized in Table 1.

Table 1. Material properties and hydrogen diffusion parameters®®

Young’s modulus, E 207 Gpa

Poisson ration, v 0.3

Initial yield stress, oy 250 MPa

The work hardening exponent, n 0.2

Gas constant, R 8.3144 J/ mol K
Partial molar volume of hydrogen, Vg 2 X 107 m3/mol
Lattice sites per unit volume N, 51 x 10** m™3
Trap binding energy, AE 1 —6 x 10%] / mol

3. The constitutive equation for large deformation elastoplastic analysis in the
presence of hydrogen

To simulate the hydrogen effects on the structural analysis, we consider a non-linear
finite element analysis for the large deformation elastoplastic analysis. The non-linearity
mainly comes from the nonlinear relationship between stresses and strains. In the non-linear
analysis, we use the equilibrium of the body considered in the current configuration. With
this, we adopt the updated Lagrangian (UL) formulation to solve the equilibrium equation.
The constitutive formulation for the large deformation elastoplastic analysis in the presence
of hydrogen in this study refers to Liu et al.®® which is defined by:

RO (C*: t+AtO_‘)®(C*: I+Ato_')

t+At L[~ ALY 4 t+At, t+At 2
o .(C : 0')+7;/ h "o
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e,
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where o and e are stress and strain tensors corresponding to time t+At, o isthe

deviatoric part of the Cauchy stress tensor defined through o =P:ic.P=1-1Jis the
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deviatoric part of the fourth order identity tensor | whose Cartesian components are
lija = (a]kﬁ +5jk5“)/2 .J =0®06/3 is the hydrostatic part of the identity tensor, and

t+At oAt
t+At Oy Oy
h= TAp T AtiAt TrAL_p
0'e 0 %c 0 e

at+At
o is the second order identity tensor.

is the slope of

A A
at+ to_Y at+ tC

t+At t+At
0%c 0

the yield function ( =0y (ép,c)) curve, ”At,u=—

is the pressure
Ok

. . t+At -1 * e Y1 . .
sensitivity of yield, and ;/=(1—2 hA/I/S) .C = (C ) +AAP |  with the superscript
-1 denoting the tensor inverse. C° is the fourth order tensor of the elastic modulus. & is the
von-Mises equivalent stress which is defined by

3/ . .
_2 .
o =E(O' o ) ?3)
The differential formulation of a kinematic parameter (A1) with respect to time
t+At is

LRAL . tRAL 2 teAt teAt—  teAt
o.d u od o

o+—y
d(a1)= 3 ke @)
4 I+Ath t+At —2
o’ “
The equivalent plastic strain at time t + At (“Atép) is decomposed as:
2
HAEP =P AeP = e 1 S AT (5)
3
where ‘&” is the equivalent plastic strain attime t, A" is the increment of the equivalent

plastic strain. &”

).

According to the von-Mises yield criteria, where the yield criterion is the form of Eq (3)

is the equivalent plastic strain which is the same quantity with ¢, in Eq.

1
and F, =§(52 —af ) the material yields if K, =0. Then, we have

F=0y (ép,c), (6)
where o is the yield stress. In this research, the yield stress refers to the local softening

model of flow stress in the presence of hydrogen proposed by Sofronis et al.®Y. The main
reason for the use of this consideration is that the material in this research is alpha iron. Even
though a new model to describe hydrogen effects on materials by considering softening and
hardening phenomena proposed by Miresmaeli et al.®” has been presented, this model is
suitable only for stainless steel. Miresmaeli et al.®” report that hydrogen causes softening in
pure iron. The local softening model by Sofronis et al. is defined by"

oy =0y (C{1+ i—pj , (7)
0

G+

C . . L
where c= is the normalized total hydrogen concentration in traps and normal

NL

interstitial lattice sites (NILS), &, :GO/E is the initial yield strain which corresponds to the
initial yield stress in the absence of hydrogen, and n is the work hardening exponent. o, (c)
is the yield stress in the presence of hydrogen, as suggested by Kotake et al.®® and is given in
a linear form ao(c)=(§c+1)oo , Where ¢ is a coupled effect parameter to represent the
behavior of yield stress due to hydrogen absorption.

C® in Eqg. (2) is the fourth-order elastoplastic constitutive tensor with the backward
Euler integration process accounting for the hydrogen-induced material softening, defined as
the first part of Eq. (2).
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4. Coupled analysis specification, modeling, and boundary conditions

We implement a full coupled analysis between hydrogen diffusion and large deformation
elastoplastic analyses, as shown in a flowchart in Fig. 1. In the first step, we analyze the large
deformation elastoplastic analysis by considering the initial hydrogen concentration. In this
step, the initial hydrogen concentration in trap sites is assumed negligible. Due to this
assumption, the initial hydrogen concentration in NILS is equal to the normalized total
hydrogen concentration. This is indicated by the upper red arrow. The calculation can not be
done if there is no hydrogen concentration input. From this analysis, we obtain the nodal
values of displacement, hydrostatic stress, and equivalent plastic strain in the presence of
hydrogen. These results are transferred to the diffusion analysis to calculate the new
hydrogen concentration by considering the structural load. These processes are indicated by
the lower red arrow. The new hydrogen concentration calculation can not be done if there are
no structural analysis results as an input. At the end of each increment of diffusion analysis,
the new hydrogen concentration is updated. This new hydrogen concentration is taken as the
new input for hydrogen diffusion analysis as long as the process is not over. This value is
transferred to the structural analysis to calculate the nodal values of displacement,
hydrostatic stress, and equivalent plastic strain in the presence of hydrogen at the next step of
analysis. We apply this flowchart throughout analyses for all models and explain details in
the upcoming paragraphs.

Start structural analysis

Input:
External load
(Forces)

Compute:

The equivalent plastic strain, the internal stress, and the
hydrostatic stress using the large deformation elastoplastic
analysis in the presence of hydrogen by the updated
lagrangian formulation

Output:
Equivalent plastic strain
Hydrostatic stress

Check time of
loading, is it over?

Check time of
loading, is it over?

Print output:
Displacement, equivalent plastic
strain, and hydrostatic stress
at the end of loading

End of structural analysis

Fig. 1. A flow chart showing the coupled analysis specification

We simulate a tensile model containing voids with a notch. Basically, we construct
two models with the different void array, square and diagonal, as shown in Fig. 2.
However, to create difference void volume fraction in each void array, we create five
models based on the void array and void volume fraction differences. Two of these
models, A and B, have square void arrays with the same initial void volume fraction (f,)
=0.14 and uniform initial radius (R) of 27 um and 20 pum respectively. The third model,
C, also has square void arrays with f, = 0.08 and uniform Ry = 20 um. The distance
between voids for these three models in the x- and y-direction is the same, 80 um. The
last two models, D and E, have diagonal void arrays with uniform initial radius (Rg) 27
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pum and 20 pm for fy = 0.14 and fy = 0.08, respectively. For models D and E, the same
distance in the diagonal direction in the x- and y- axis is given, 113.137 pm. The length,
width and notch radius for all models are 3.92x10°m , 64x10™*m , and
20x10°° m, respectively. All models are summarized in Table 2.

We apply the displacement controlled load to attain 12 % strain in 100 seconds with
time step 0.5 second at one end of the model in the y-direction while the other end is
constrained in the same direction. We constraint one node at the bottom center of the
specimen in the x-direction (at the point A in Fig. 2). To simulate plane strain behavior,
we implement a very thin 3D mesh with full constraints in the z-direction throughout the
analysis. We set the constant hydrogen concentration C, on the outer boundaries |,
denoted by the red lines, at C o where C,y is set to 0 (hydrogen free) and 1 ppm. We
assume that the void and notch faces are impermeable to hydrogen. We apply the initial
hydrogen concentration uniformly throughout the domain Q before straining and is
equal to Co. We apply these boundary conditions to all models. We use the
general-purpose finite element program MSC Marc® for the structural analyses with a
user subroutine that incorporates a softening model using the 8-node hexahedral element.
To analyze the hydrogen diffusion, we use our in-house hydrogen diffusion code using
the 4-node tetrahedral element. These boundary conditions are shown in Fig. 2.

g =0.12
2 0 00
®» ¢ 00
s 00 ~ _
se v e C 0 C Lo
0 08 :
. ane in
® 0 00
> e 00
2 0 00 .
seee C1o=0 (Hydrogenfree),
: : il | ppm (Hydrogen charge)
2 0 00
- ®» e 00
= a0 00
2} ®» ¢ 00 —
Z s b — C,=C; onl;
— ® o 00
€ NN = Jn=0onT,=0Q-T;
o 2 0 08 -
a seo o
(“‘; ®» 8 00
H e e 00
X ® 8 00
o Void faces are unconstrained
s in the x- and y- directions and
® 8 00
»an set as the natural boundary
9.9 conditions
e 0 00
® 8 00
* 0 00
®» ¢ 00
0 08
®» e 00
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® ¢ 00
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X

Fig. 2 Model and boundary conditions
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Table 2 Summary of all models

\oid array Initial void volume Initial void | Number

fraction (fy) radius (Ro) | of holes
Model A Square 0.14 20 pm 288
Model B Square 0.14 27 um 156
Model C Square 0.08 20 pm 156
Model D | Diagonal 0.14 27 um 158
Model E Diagonal 0.08 20 um 158

5. Numerical Results

The first parameter to characterize the hydrogen effects on several void coalescence
models is the stress-strain graph. Figure 3 shows the stress in the y-direction against the strain
in the same direction for all models in the absence of hydrogen and in the presence of
hydrogen with initial hydrogen concentrations. The stress-strain relationship is obtained by
measuring these quantities at the center of the specimen (at the point O in Fig. 3) because we

set the constant elongation data. For all analyses, the total axial strain (3) is defined as

g=|n(1+(AI/I0)) where Al is the incremental displacement in the y-direction and |, is

the initial length. This figure shows that hydrogen reduces the stress in all models. This result
is consistent with the experimental result ",

Figure 3 shows that the stress in the model with a square void array with fo = 0.14 is
larger than the model with f, = 0.08. The different phenomena occur in the model of the
diagonal void array. The stress on the model with a diagonal void array and void volume
fraction f, = 0.14 is smaller than the stress on the model with the void volume fraction fo, =
0.08. However, the percentage decrease of the stress due to the hydrogen load are the same, in
which the hydrogen has the greatest effect on the stress decrease which occurs in the large
void volume fraction as can be seen in Table 3. These phenomena show that the stress and the
void coalescence are affected by the void volume fraction. The onset of void coalescence is
also observed at a certain level of strain when the initial void volume fraction (f,) is equal to
0.14 in the presence of hydrogen, while it is not observed at fo = 0.08. These results show that
hydrogen has the greatest effect on the occurrence of void coalescence when the void volume
fraction is large. This conclusion shows good agreement with the previous study%.

Figure 3 also shows that the stresses on the square void array are larger than the stresses
on the diagonal void array in the absence and presence of hydrogen. To determine the effects
of void arrays on void coalescence in the presence of hydrogen, decreasing the stress in the
y-direction is observed, as shown in Table 3. From this table, it can be seen that the greatest
decreasing of the stress in the y-direction occur in the square void array (in Model B). From
these results, it can be concluded that hydrogen has the strongest effect on the occurrence of
void coalescence when the void array is square.

To determine in which model the hydrogen has the greatest effect to decrease the stress,
we show the highest stress value at the point O in Fig 3. These values are summarized in
Table 3. This percentage decrease in this table represent decreasing the stress in the presence

values A —values B
of hydrogen which is defined by (%)= e A x100% . From this table it can be
values

concluded that hydrogen has the greatest effect to reduce the stress in Model B, which is
about 9.90 % lower than the stress in the absence of hydrogen.
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1.00E+02 - .
Square void array Model A: 0 PPM
Model A; 1 PPM
8.00E+01 - Model B; 0 PPM
Model B: 1 PPM
= Model C; 0 PPM
gy 6.00E+01 - Model C; 1 PPM
eg ——Madel D; 0 PPM
o Madel D; 1 PPM
4.00E+01 -
ModelE; 0 PPM
——Madel E; 1 PPM
2 00E+01 - v a o) 3
Diagonal void array L "
0.00E+00 \ \ v \
0 0.04 0.08 0.12
Strain, & =In (1 + (Al/ly)

Fig. 3 Stress strain graph for all models

Table 3. The highest stress value measured at the center of the specimen (point O in Fig. 3) in
the absence and presence of hydrogen

Stress measured (O'W) (MPa)
Model In the absence of In the presence of The percentage
decrease (%)

hydrogen hydrogen

(Values A) (Values B)
Model A 9.42e+02 8.73e+02 7.32
Model B 1.04e+03 9.40e+02 9.90
Model C 8.66e+02 7.98e+02 7.85
Model D 6.83e+02 6.29e+02 7.91
Model E 7.22e+02 6.65e+02 7.89

The second parameter to characterize the hydrogen effects on void coalescence on
several models is the equivalent plastic strain. Contour plots of the equivalent plastic strain
for Model Aand Model D are shown in Figs. 4 and 5, respectively. We define that the contour
plot of the equivalent plastic strain is a tendency for void coalescene which is in turn fracture
path. From these figures we can see that void array and hydrogen affect the fracture. Figure 4
shows that the fracture path is perpendicular to the main loading direction in both cases, in
the absence and presence of hydrogen. However, the fracture path in the presence of
hydrogen is more visible than in the absence of hydrogen. The different fracture path occurs
in the diagonal void array as shown in Fig. 5. In this figure, hydrogen induces a pronounced
localized plastic deformation at the ligament between voids. It is at 45° to the main loading
direction. In both square and diagonal void array cases, hydrogen induces plastic
deformation at the ligament between voids. This result is consistent with the previous
study® The values of the equivalent plastic strain are much higher in the presence of
hydrogen than that in the hydrogen free environment, which shows a tendency for the
fracture path formation in the path of void coalescence. The maximum equivalent plastic
strain appears close to the surface of the imperfection in all cases. However, the highest value
of increasing the equivalent plastic strain value due to the hydrogen load occurs in Model A,
which is about 36% greater than that in the absence of hydrogen. The equivalent plastic strain
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values for all models are summarized in Table 4. The percentage increase in this table
represent increasing the equivalent plastic strain value due to hydrogen load effects which is

values D - valuesC
defined by (%): x100% . From these results, we can conclude that

valuesC

hydrogen has the strongest effect on the occurrence of void coalescence when the void
volume fraction is large and the void array is square. To validate these two conclusions, we
refer to previous studies. The first conclusion is consistent with the previous study®®
However, due to the limitation of the experimental data and the previous study, the second
part of this conclusion is validate in the absence of hydrogen only. The conclusion in the
second part show good agreement with the experimental study™ where fracture mainly
occurs in the square void array in the absence of hydrogen.

&y
0.73
000000 000000 oo
000000 000000 33?
d
000000 l)(. .)"”I 2o 0.44
l.....‘ ppaten 0.36
e1ofele 0.29
.‘ . . ' . . '.‘.N.‘ .”.w ¥ o 0.22
0.14
000000 000000 esee 0.07
v .
000000 000000 seee 0.03
sl
8800
e:0.0%0

In the absence of hydrogen In the presence of hydrogen
(Crp= lppm)

Fig. 4 The equivalent plastic strain contour plot on Model A in the absence and presence of
hydrogen (square void array; f, = 0.14; and Ry = 27 pum)

Table 4. The equivalent plastic strain values for different void array and initial void volume
fraction (fy) in the absence and presence of hydrogen

Model Equivalent plastic Equivalent plastic strain Percentage
strain value in the value in the presence of increase (%)
absence of hydrogen hydrogen (%) = {([D-C]/C) x
(Values C) (\Values D) 100%}
Model A 0.5324 0.7259 36.34
Model B 0.4835 0.5198 7.51
Model C 0.4622 0.4822 4.33
Model D 0.8024 0.9746 21.46
Model E 0.514 0.623 21.20
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&,
0.98
0.88
0.78
0.68
0.59
0.49
0.39
0.29
0.19
0.10
0.04

In the absence of hydrogen In the presence of hydrogen

(Crp= lppm)

(a) (b)

Fig. 5 The equivalent plastic strain contour plot on Model D in the absence and presence of
hydrogen (Diagonal void array; fo = 0.14; and Ry =27 um)

Figure 6 shows the contour of equivalent plastic strain for the different initial void
volume fraction models (Model A and Model C). From this figure, we can see that the
fracture path depends on the void volume fraction and distance between holes. When the
diameter of the holes is different (and therefore the void volume fraction is also different), the
contour of equivalent plastic strain is slightly different. Strain band is more obvious at fy =
0.14 than at f, = 0.08 for all models. Furthermore, the highest value of equivalent plastic
strain occurs in Model D in which the initial void volume fraction f, = 0.14, while the lowest
values of this quantitiy occurs in Model C in which f, = 0.08, as can be seen in the Table 4. In
the case where hydrogen is present, similar results occur in all cases. However, in order to
determine the effects of void volume fraction in the presence of hydrogen accurately, the
increasing percentages of equivalent plastic strain are observed as shown in Table 4. This
table shows that the largest percentage increase of the equivalent plastic strain occurs in
Model A. The equivalent plastic strain values in Model B and Model D are larger than the
equivalent plastic strain in Model C and Model E. These results show that hydrogen has the
strongest effect on the occurrence of void coalescence when the initial void volume fraction
is large as observed in the present result. This result is consistent with the previous study™® .

Model A; square void array Model C; square void array
with initial void volume fraction, f,=0.14 with initial void volume fraction, f,=0.08
F F F F

000000
000 000

000 001

0 00700 ¢
h% Hydrogen free Hydrogen charged Hydrogen free Hyvdrogen charged
& 1 ] —)
X F 0.00 0.07 0.15 022 029 036044 051 058 065 0.72

Fig. 6 Contour plot of equivalent plastic strain for Model A and Model C.
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To maintain the total void volume fraction even with different initial hole diameters,
models with different numbers of holes are constructed. The fracture path is observed to be
perpendicular to the loading direction when the distance between holes is small, while the
fracture path is observed to be at 45° to the loading direction when the distance between holes
is large. These are shown in Fig. 7. From this figure, it can be concluded that the distance
between holes and the hole diameter affect the fracture path even though the void volume
fraction is the same.

® 0000 O
e © @ oo

‘). o oo e ."
1010 ® © 0.0
® 0 '9'00® O

f,=0.14.R, =

y T_)

X f,=0.14.R, =

27 um

20 pm

fad 1 I 1
&
P 0.00 005 010 0.16 021 026031 036 042 047 052

Fig. 7 The equivalent plastic strain contour for different initial diameters in the presence of
hydrogen for: (a) Model B (Ry =27 um; f = 0.14), and (b) Model A (Ry = 20 um; fy = 0.14)

The dependence of the macroscopic fracture behavior on the different void array is
shown in Fig. 8. In the case where the void diameter is same, the fracture path is similar
between the diagonal void array and the square void array. The fracture path is observed to be
at 45° to the loading direction. This means that the void sheet mode coalescence occurs in
these models. In addition, the effect of hydrogen is more visible in the diagonal void.
However, the fracture path is completely different when the number of holes is changed. The
fracture path is observed to be perpendicular to the loading direction in Model A where the
initial radius of holes (Ry) is 20 um and number of holes is 288 holes as can be seen in Fig. 4.
Therefore, the internal necking mode of coalescence can be obtained in this model. The
previous study™® mention that the most common mode of coalescence is the internal necking
mode. Therefore, the same condition occurs in the present study. In this model, the highest
hydrogen effects on void coalescence may occur.

Model C; square void array
with initial void volume fraction, f, =

Model E; diagonal void array

0.08 with initial void volume fraction, f; = 0.08

; \
U
0N
e o o oM
o 0 N
».‘ ).1

0

)

Hydrogen free

Hydrogen charged Hydrogen charged

A% '[ Hydrogen free
&

X PT000 006 0.12 0.18 024 030036 034 042 048 054 0.62

Fig. 8 Contour plots of the equivalent plastic strain in the absence and presence of
hydrogen for Model C (square void array; f, = 0.08; and Ry = 20 um) and Model E (diagonal
void array; f, = 0.08; and Ry = 20 pum).
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The third parameter to characterize the effect of hydrogen on the different void array
and void coalescence is the void diameter growth. Figure 9 illustrates the diameter of the void
shown in the figure in the x-direction, Dy, as a function of strain in the presence and absence
of hydrogen for Model A. The red and purple curves show D, of Hole 1 in the presence and
absence of hydrogen, respectively, and the blue and green curves show D, of Hole 2 in the
presence and absence of hydrogen, respectively. In the case where hydrogen is absent, from
the initiation of load up to a level of strain (¢ = 0.1), the diameters of Hole 1 and Hole 2
decrease. However, after this level of strain, the diameters of these holes increase. In the case
where hydrogen is charged, the diameter increases along with increasing of strain. This
means that the effects of hydrogen on void growth and coalescence become stronger, and the
length in the x-direction of the void in the presence of hydrogen increases significantly. It
indicates that the void is elongated in the direction perpendicular to the tensile direction in
the presence of hydrogen. Hydrogen promotes void growth perpendicular to loading
direction; thus, macroscopic failure can take place more easily than in the hydrogen free case
even though the macroscopic deformation is smaller than that in the hydrogen free case
where void growth is parallel to the loading direction. This numerical result shows good
agreement with the experimental results obtained by Murakami et al.?®. This may be
considered as a possible cause of hydrogen embrittlement.

+.60E-03 1 — Holel; 1 ppm
4.50E-G5 - — Hole2; 1 ppm
Z4.40E-05 - Hole 1; 0 ppm
= ~ Hole 2; 0 ppm
§4.30E-05 .
D
§4.20E-05 .
T 410E-05 -
4.00E-05
3.90E-05 | | \
0 0.04 0.08 0.12
Strain, & = In (1 + (Al/ly)

Fig. 9 Plots of the diameters in the x-direction versus strain with and without hydrogen for
Model A; fy = 0.14, Ry = 20 um; square void array

6. Summary

The numerical results indicate that hydrogen induces a pronounced localized plastic
deformation at the ligament between voids and accelerates void coalescence. These can be
seen from the results that voids in the presence of hydrogen grow at a much faster rate than
in hydrogen-free cases at larger plastic strain. Meanwhile, the void volume fraction is an
important factor that affects the deformation mode. The fracture path is perpendicular to the
loading direction at f, = 0.14, whereas the fracture path is 45° to the loading direction at f, =
0.08. The stress at f; = 0.14 is larger than at f, = 0.08 for square void array, whereas the
stress at fo = 0.08 is larger than at fy = 0.14 for the diagonal void array. In addition, the void
array affects the stress. In fact, the stress on the square void array is larger than the stress on
the diagonal void array. Hydrogen has the strongest effect on the occurrence of void
coalescence when the void volume fraction is large and the void array is square. High
hydrogen concentrations are located in regions with high values of the equivalent plastic
strain.
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Appendix

The internal necking void coalescence mode is macroscopically oriented at 90°
(perpendicular) with respect to the main loading direction. The ligament between the two
voids shrinks with a shape typical of a necking process. The voids evolve toward a diamond
shape . This mode is illustrated in Fig. A.1.

Fig. A.1. Internal necking void coalescence mode®

The void-sheet void coalescence mode consists of a shear localization between large
primary voids observed when the initial voids are distributed along lines 45° from the main
loading direction, as illustrated in Fig. A.2. This mode of coalescence is frequently observed
in high-strength materials with low or moderate strain hardening capacity.

Fig. A.2. Void-sheet void coalescence mode @

The third mode of void coalescence, called ‘necklace coalescence’, is observed in
between rows of voids gathered in elongated clusters. It consists of a localization process in a
direction parallel to the main load, as shown in Fig. A.3.

Fig. A.3. Necklace void coalescence mode®)
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