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Abstract Austenitic stainless steels are used for a variety of applications and could
suffer degradation of properties when exposed to hydrogen. The performance of
these steels are also dependent on crystallographic texture which in practice is a
factor influenced by manufacturing processes. A study has been performed using a
crystal plasticity based finite element model to understand the effect of crystal orien-
tation with respect to loading direction for FCC single crystals in both hydrogenated
and non-hydrogenated environment. The purpose of the study is to understand the
effect of crystal orientation on how hydrogen influences plastic deformation and void
growth. Simulations have been performed for a variety of stress triaxilaities, Lode
parmeters and hydrogen concentrations. It is observed that initial crystal orientation
has a varied effect on the influence hydrogen has on plastic deformation and void
growth. Hydrogen in trap distribution at various stages of the deformation process
was also found to be influenced by intial crystal orientation. Hydrogen affects the
evolution of crystal rotation during deformation but was not found to significantly
affect the general pattern of crystal orientation evolution.

Keywords Crystal plasticity - Crystal orientation - Hydrogen embrittlement -« Void
growth - Plastic deformation

1 Introduction

Manufacturing processes are used to form steel into useful products. The mechan-
ical and corrosion resistant properties are known to be strongly dependent on the
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texture of the material inherited during manufacture [1]. The crystallographic texture
of steel has been found to affect hydrogen resistant properties [2, 3]. Hydrogen
has a deleterious effect on steel and since the nineteenth century, its effect have
been subject to many studies and reviews [4—7]. Specifically, experimental work
has been performed on hydrogen embrittlement of austenitic stainless steel [8, 9].
The hydrogen enhanced localized plasticity (HELP) theory is used to explain how
hydrogen, in steel undergoing deformation, enhances dislocation motion at a micro-
scopic scale by elastic shielding of dislocation interactions with other dislocations
and microstructural structures [7, 10]. In face centred cubic (FCC) metals, with rela-
tively low hydrogen difussivity, this has been observed to lead to local dislocation
pile ups [11, 12] and increased plastic flow properties [13]. Crystal orientation in
relation to the rolling, normal and transverse directions have been found to influ-
ence materials resistance to hydrogen induced cracking for both face centred cubic
(FCC) and body centred cubic (BCC) crystal materials [14, 15]. Crystal orientation
parallel to the normal direction was found to improve resistance to hydrogen induced
cracking [ 14, 15]. Potirniche et al. investigated the effect of crystal orientation on void
growth of an FCC crystals without hydrogen influence [16]. They performed 2D finite
element simulations using a crystal plasticity based model to understand the effects
of crystal orientation and loading biaxiality on void characteristics. Results from
these studies showed that crystal orientation had a significant effect on void growth.
Asim et al. [17] previously observed that crystal orientation has significant impact
on the void growth and that this effect reduces with increasing triaxiality. Activation
of slip systems plays an important part in the dependence of plastic deformation on
loading direction and crystal orientation. It was reported by Michler and colleagues
[18] that austenite phase stability is not a guarantee that stainless steel is resistance
to hydrogen embrittlement. They performed experiments on stable austenitic stable
steels and observed hydrogen embrittlement even when there was no evidence of
phase transformation to martensite. Crystal orientation was found to affect plastic
slip localization, void growth and its shape evolution. Hua et al. performed experi-
mental studies to understand the effect of crystal orientation on hydrogen diffusion
using specialized microscopy and electron back scatter diffraction (EBSD) [19].
They found that that hydrogen diffusion had a strong dependence on crystal orien-
tation. Hydrogen mobility in 304 stainless steel crystal grains were found to be
higher in (111) oriented grains when compared with (001) and (101) oriented grains.
Depending of crystal orientation, it was observed that hydrogen affected the plastic
deformation differently [20]. This was explained by the difference in deformation
mechanism viz a viz slip and twinning experienced and the effect of applied stress
on splitting of dislocations. In this work, we investigate the effects of initial crystal
orientation on how hydrogen affects the properties of austentic stainless steels and
study the effects of hydrogen on crystallographic rotation evolution. Simulations
have been performed for a variety of stress triaxialities (0.8, 1, 1.5, 2 & 3) and Lode
parameters ( —1, 0 & 1). The model formulation is presented in Sect. 2. Methodology
is explained in Sect. 3. Results are presented in Sect. 4. Conclusions are presented
in Sect. 5.
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2 Crystal Plasticity Model with Hydrogen Effects

2.1 Crystal Plasticity Theory

A crystal plasticity model [21, 22] has been extended to include hydrogen influence
[23]. A brief summary of the model formulation is presented. Deformation gradient
is expressed as a product of its elastic F¢, hydrogen F" and elastic F¢ components
[24];

F = F°F'FP (1)

Marin’s formulation [21] with a hydrogen component is expressed as:
F = V.F*, F*=R‘F'F’ 2)

V. iselastic stretch and R¢ is rotation. The velocity gradient/ in the final deformed
state is given by;

I1=FF' 3)

F and F~' are the rate of change deformation gradient and its inverse. Velocity

gradient (i) in an intermediate state with elastic stretch unloaded is given by:
L=veive=ve'veq L’ )
V¢! is the inverse of stretch.
I — RRT 4 Rei:hReT L RFTP R IR )

R’ is the rotation change rate and RT is the transpose of R¢. The plastic part of
the velocity gradient L', is given by:

L'=) y5 @m" (6)
5% is the direction and m* is the normal component. Combing (5) and (6):
.
L'=Q+L +) 5@ m" (7
a=1

Q° = R°R7 is elastic spin. y“ is the rate shear strain.
Sofronis provides an expression for the hydrogen deformation gradient [25]:
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¢, and c are the initial and final hydrogen concentrations. A is S— V , AV is volume
change and V,, is atomic volume.

The hydrogen part of the velocity gradient ih is:

lA,h Y 2 l|:—3k i|( el )
- 3 34 (¢ —co) ¢

The Second Piola—Kirchhoff stress tensor, S is:
S=Ce: E* (10)

~e ~e
C and E are the elasticity and Green—Lagrange strain tensors. Deformation

tensor splits into a symmetric, D, and skew, W part:

= e PR ~e~e al ca ~e~a

D=vTavi=F +|:sym(C Sl)—k[;y sym(c 7 )} (11
i = e € _ Ty/¢ ~° ¢ o .o ~€~(X]
W=vTwy skew(Ve V)+ |:skew(C sz)+(;y skew(C z)

(12)
where C* = R°C°R*T and Z° = §* @ m*.
Plastic slip evolution is given as:
vw ol 1T " N
V=Y sign(t™) (13)

y“ is strain rate ina, yg is the reference strain rate, 7 is the current crystal
strength of a, ¢ is resolved stress and m is rate sensitivity. The slip system hardens

as follows;.
9 K e
i :ho(—> >y |,ICYS—KYSO|:Z } (14)

Kx,S - Ks 0 VSO

k' is the current hardening rate, hy is a reference coefficient for hardening, «{ ¢
is the saturation strength value and ) |y®| is accumulated slip.

ky(t = 0) is the critical resolved shear stress (CRSS) of each slip system.
K00 K¢ s0r Voo and m’ are other plastic property defining material parameters.
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2.2 Incorporation of Hydrogen Effects

It has been proposed by Oriani that hydrogen in steel will either reside in normal
interstitial lattice sites (NILS) or in traps and remain in equilibrium [26]. It has been
discussed previously that diffusion of hydrogen in austenitic stainless steel (FCC) is
slow and as such the concentration of hydrogen at material points can be assumed to
remain the same during deformation, although there is a transfer of hydrogen atoms
from NILS to trap sites [23]. Evidence supporting the constant hydrogen theory
has been presented by Schebler [27]. Discussion on the incorporation of hydrogen
influence into the model has been discussed previously [23, 28] so only a summary
is given here. We express the concentration of hydrogen C; ;,;x at a given material
point as

Ci,bulk = CL + Ci,traps (15)

Cp is the concentration in NILS and C; yaps is the hydrogen in traps before
deformation.

Hydrogen in traps Cy during deformation increases as there is a transfer from C,,
to traps.

Cr =061y Ny (16)

Or is hydrogen occupancy in traps, 1\ is the number of sites per trap and Ny
represent the number of traps per lattice site. N is:

/3

afCC

Nr =

P a7

agec is lattice parameter. Evolution of dislocation density, ¢ is:

[ idi= (ks /3) ] /7 (18)

y is rate of change of strain. k; is a measure of immobile dislocations and ,/y is
the average dislocation separation length as proposed by Estrin et al. [29]. Krom’s
formulation [30] is used to determine Cr:

1[N N :
Cr= = | == + Crow + Nr — /[ == + Crowr + N1 | — 4N¢Cropa (19)
2 KT KT

The terms H; and H; are used to capture the hydrogen effect as previously
discussed [23].
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Kkpo =Ko * (1 +HiCinitiar) (20)

K;)fo is crystal strength with no hydrogen. C;,;i4 is hydrogen traps before plastic
deformation and defined as per Caskey’s relationship [31];

Cinitiat = T CLe'™/(RT) 1)

f is atoms per unit length of dislocation. 18,400 J/mol is bonding energy.
Crystal strength evolution in (14) is altered to include hydrogen effect as follows:

o
K — K
. 5,8
K = o 25—
: K¢ — K
5,8

0

“R

N
) > 1911+ HCr) (22)

a=1

el

Stress triaxiality and Lode parameter are used to quantify stress states [32, 33]
as previously discussed by the authors [17]. Lateral displacements are controlled
using a multipoint constraint (MPC) subroutine in ABAQUS finite analysis software
[34] to keep stress triaxialities and Lode parameter constant at each iteration of the
simulations. The relationships in Sects. 2.1 and 2.2 are implemented in a user material
subroutine (UMAT) and ABAQUS as discussed in the next chapter.

3 Methodology

A representative volume element (RVE) is constructed using reduced integrated
elements in ABAQUS finite element software. Sample element with an embedded
void is shown in Fig. 1 along with the relevant boundary conditions. The embedded
void represents a void which has already nucleated as part of the fracture process.
The analysis is done using ABAQUS finite element analysis software [34].

The relationship between strain, stress, void growth, void size, stress triaxiality
and initial crystal orientation have been covered previously [17, 35]. Only a summary
is given here. Void growth is tracked by the term;

Vvoi
Normalised void fraction (NVF) = i f= d

fo’ VRvE

(23)

Initial void volume fraction, f; is given by (4/3)mr’/s® where r is sphere radius,
f is void volume fraction, and s is side length. V,,,;, is the void volume and Vgyg is
the sum of solid material and void volume. Loading is done by applying a positive
displacement in the x direction and the sides of the RVE are constraint to remain
straight. In Fig. 1, Frop, Frront, and Feg are mobile while Fyottom, Fpack and Frigne are
constraint to be fixed during displacement. Lateral displacement is adjusted to keep
stress triaxilities constant by applying a multipoint constraint (MPC) subroutine.
Using the technique discussed by Tekoglu [36], the stress triaxiality (X) and Lode
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Cubical geometry - Spherical void
Void fraction (f;,) = 0.001

Stress triaxiality = 0.8, 1, 1.5, 2 and 3.
Lode parameter=-1,0, 1

Hydrogen concentration =0, 0.64%

Fig. 1 RVE sample showing boundary conditions

parameter (L) is held constant by satisfying;

211 AFront
pii = S, = oy By, (24)
11 222 X 11 ATop y
2 ALefi
P33 =S5 U = P33 u (25)
222 : ATop y
Current RVE volume is
Vrve = (s +ux) * (s 4+ uy) * (s + u,) (26)

The value of each element (V, ;) is stored and summed to obtain

N
Viotia = Y Ve 27)
i=1

Current value of void volume fraction ( f) is then obtained by

_ Vrve = Vsoiia

F= (28)

VrvE

Crystal orientation is represented using Euler angles. Euler angles are three angles
used to represent the rotation of an object in space. Here, we have applied the Kock’s
convention in depicting these angles. Consider a crystal (small cube) shown in rela-
tion to a fixed global coordinate axis (big cube) in Fig. 2. We apply a displacement in
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Z-axis Zz %)5 7o
Normal direction | ~.7 [001]
[ s /
/
Global 7
Axis /
4 Applied
Crystal Displacement
—
X-axis
- Rolling direction
Pt > X
L P - L
010 . -
[010] \, T X

= 6
¥ / g X
‘ oo
Yoy y-axis

o [100]
Transverse direction

1st Intermediate 2™ |ntermediate

= . , Final position
Original Position position position

Fig. 2 Representation of crystal orientation in relation to a fixed global axis

the x direction or rolling direction and this impacts the position of the crystal in rela-
tion to a fixed global coordinate. The first angle { represents a rotational angle in the
z-axis from the original position (Z) to a first intermediate position (Z'). The second
angle 6 represents rotation and displacement in the y-axis from the first intermediate
position (Y’) to a second intermediate position (Y”). The third angle ¢ represents
rotation and displacement in the z-axis from the second intermediate position (Z")
to the final position (Z").

Table 1 summarises the various cases which have been considered. A variety
of initial crystal orientations, Lode parameters and stress triaxialitied have been
considered. However, for the sake of brevit, only selected results (highlighted in
light grey) are presented to discuss pertinent findings and observation.

Table 2 shows the various initial crystal orientations and their corresponding stress
states. Euler angles in relation to applied displacement considered are illustrated in
Fig. 3.

Using the model described, simulations are performed for a range parameters.
Results obtained are discussed in Sect. 4.
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Table 2 Crystal orientations
Eul 1 0

and Euler angles et anges v ¢
Orientation 0 (Ori 0) 0° 0° 0°
Orientation A (Ori A) 5° 5° 5°
Orientation B (Ori B) 30° 30° 30°
Orientation C (Ori C) 45° 45° 30°
Orientation D (Ori D) 60° 60° 90°
Orientation E (Ori E) 75° 90° 120°
Orientation F (Ori F) 145° 120° 180°

z-axis z-axis z-axis
x-axis x-axis x-axis
s Orientation 0 -axis Orientation A ks Orientation B
y P=0°, B=0°, h=0° y =5°, B=5°, =5° YaXIS =300, B=30°, p=30°
z-axis z-axis

' 4 )

x-axis x-axis

Orientation C faxig , Orientation D
y-axis =a5°, 8=45°, p=30° P=60°, 8=60°, =90

Z-axis Z-axis

s 9

X-axis XIS

Orientation E ; Orientation F
Y-ANS  h=75°, B=90°, h=120° YA =145°, 9=120°, =180°

Fig. 3 Illustration of study cases with intial crystal orientation shown in relation to applied
displacement
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4 Results and Discussion

4.1 Effect of Intial Crystal Orientation and Hydrogen
on Equivalent Stress

Figure 4 shows the equivalent stress vs equivalent strain curves for different initial
crystal orientations. It can be seen that the presence of hydrogen shifts the graph
upwards so that the stress value required to transist from elastic to plastic deformation
increases. This has been observed previously and is discussed in other works [23, 27].
Table 3 presents an average percentage change equivalent stress due to the presence
of hydrogen for the various initial crystal orientations considered. The change in
equivalent stress A(o)(expressed as a percentage) due to hydrogen is computed
using the relationship:

Ohydrogen — ONohydrogen

A(o) = x 100% 29

ONohydrogen

Ohydrogen 15 the average equivalent stress for hydrogenated RVE samples and
ONohydrogen 15 the average equivalent stress for non hydrogenated RVE samples.
Ohydrogen AN Onohydrogen are computed up to a equivalent strain value of 0.24 for
initial crystal orientations 0, A, B, C, D and E. The maximum equivalent strain
obtained for initial crystal orientation F during simulation was 0.155 and values
were computed up to this strain.

1400
g
S 1200
w
@ 1000
j el
et .
] .
- 800 QOri = F (0.64% Hydrogen)
c Ori =F (0% Hydrogen)
2 —e—Ori = E (0.64% Hydrogen)
(1] —=—0ri =E (0% Hydrogen)
2 600 ——0ri = D (0.64% Hydrogen)
3 ——0Ori =D (0% Hydrogen)
IB' -&8-0ri = C (0.64% Hydrogen)

400 —=Ori = C (0% Hydrogen)
—+—0ri = B (0.64% Hydrogen)
—=—Ori =B (0% Hydrogen)
—a—0ri = A (0.64% Hydrogen)
==—Cri = A (0% Hydrogen)
—+—0ri = 0 (0.64% Hydrogen)
——0ri = 0 (0% Hydrogen)

0.00 0.05 0.10 0.15 0.20 0.25

200

Equivalent Strain

Fig. 4 Stress strain curves for different initial crystal orientations, viz. stress triaxiality = 1, lode
parameter = —1 fp = 0.001 and hydrogen content = 0.64%
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Table 3 Influence of hydrogen on equivalent stress vs strain relationship at different initial crystal
orientations. Stress triaxiality = 1, Lode Parameter = —1 fy = 0.001 and hydrogen content is 0.64%

Equivalent stress in | Equivalent stress Change in Equivalent strain
(MPa) opydrogen (MPa) onohydrogen | €quivalent stress
A(o) (%)

Orientation 0 987 954 3.52 0.24
(Ori 0)
Orientation A | 856 824 3.94 0.24
(Ori A)
Orientation B | 665 643 3.38 0.24
(Ori B)
Orientation C | 1231 1194 3.10 0.24
(Ori C)
Orientation D | 1055 996 5.84 0.24
(Ori D)
Orientation E | 1101 1068 3.15 0.24
(Ori E)
Orientation F | 1221 1181 3.44 0.15
(Ori F)

The results show a variation in percentage increase in equivalent stress due to
hydrogen of between 3.1% to 5.84% for different intitial crystal orientation. The
highest change 5.84% was found for initial crystal orientation D (Euler angles s
= 60°, 6 = 60°, & = 90°) and the least change in equivalent was 3.1% for initial
crystal orientation C (Euler angles {» = 45°, 6 = 45°, ¢ = 30°). For an initial crystal
orientation 0 (Euler angles { = 0°, 6 = 0°, ¢ = 0°) where the applied direction
is penpedicular to the normal, an increase in influence of hydrogen of 3.52% was
observed. Initial crystal orientation was found to affect the influence of hydrogen in
increasing equivalent stresses and its magnitude differently. Initial crystal orientation
was observed to alter the slope of the elastic modulus for both hydrogenated and
non hydrogenated samples. As explained elsewhere, plastic work is expended by
dislocation activity so hydrogen is not expected to affect elastic modulus [23]. This
observation was consistent for a range of stress triaxialities (0.8, 1, 1.5, 2 and 3) and
Lode parameters (-1, 0, 1) considered.

4.2 Effect of Intial Crystal Orientation and Hydrogen
on Yoid Growth

Figure 5 shows a variation in the void fraction depending on initial crystal orienta-
tions. The results are consistent with the observations reported by Asim et al. [17].
They found that void growth had a strong dependence on initial crystal orienta-
tion. Although not clearly observable from the graphs there is a shift in the graph
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6.0 Ori = F (0.84% Hydrogen)
Ori = F (0% Hydrogen)

5.5

—8—0ri = E (0.64% Hydrogen)

5 0 —=0ri = E (0% Hydrogen)
5 —i—Ori = D (0.64% Hydrogen)
.“-‘L; 4.5 —=—0ri = D (0% Hydrogen)
©
| =8-0ri = C (0.64% Hydrogen)
w 4.0
- —=-0ri = C (0% Hydrogen)

g 3.5 | —+Ori=B(0.64% Hydrogen)
© ——Ori = B (0% Hydrogen)

©30

——Ori = A (0.64% Hydrogen)

E 25 ——Cri = A (0% Hydrogen)
=] —+—Ori = 0 (0.64% Hydrogen)
= 2.0 -+ ——ori=0 (0% Hydragen)
1.6
1.0 S S
0.00 0.05 0.10 0.15 0.20 0.25

Equivalent Strain

Fig. 5 Normalised void fraction for different initial crystal orientations, viz. stress triaxiality = 1,
lode parameter = —1 fp = 0.001 and hydrogen content = 0.64%

left for hydrogenated samples which indicates that hydrogen promotes void growth.
This has been discussed by the authors elsewhere [28]. Table 4 presents an average
percentage change in normalised void fraction due to the presence of hydrogen for
the various initial crystal orientations considered. The average change in normalised
void fraction ANVF (expressed as a percentage) due to hydrogen is computed using
the relationship:

NVthdrogen - NVFNO hydrogen
NVFNO hydrogen

ANVF = x 100% (30)

NV Fpyarogen 18 the average normalised volume fraction for hydrogenated RVE
samples and N'V Fyonyarogen 18 the average normalised volume fraction for non hydro-
genated RVE samples. NV Fjyy4r0gen and NV Fyopydrogen are computed up to a equiv-
alent strain value of 0.24 for initial crystal orientations 0, A, B, C, D and E. The
maximum equivalent strain obtained for initial crystal orientation F was 0.155.

The results show a percentage increase in nominal void fraction due to the presence
of hydrogen up to 2.7% for different initial crystal orientation. The strongest influence
due to hydrogen was 2.7% and this was observed for an initial crystal orientation
D (Euler angles ¢ = 60°, 6 = 60°, & = 90°). For an initial crystal orientation 0
(Euler angles ¢ = 0°, 6 = 0°, ¢ = 0°) where the applied displacement direction
is penpedicular to the normal, a percentage increase in influence of hydrogen in
relation to nominal void fraction was 2.0%. It is noted that the effect of hydrogen
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Table 4 Influence of hydrogen on normalised void fraction at different initial crystal orientations.
Stress triaxiality = 1, lode parameter = —1 fy = 0.001 and hydrogen content is 0.64%

Normalised void | Normalised void | Change in NVF | Equivalent strain
fraction fraction ANV F (%)
NVthdrogen NVFNohydrogen
Orientation 0 345 3.38 2.0 0.24
(Ori 0)
Orientation A | 1.61 1.60 0.6 0.24
(Ori A)
Orientation B 1.25 1.24 0.4 0.24
(Ori B)
Orientation C | 2.79 2.77 0.7 0.24
(Ori ©)
Orientation D | 2.31 2.24 2.7 0.24
(Ori D)
Orientation E | 2.61 2.55 2.4 0.24
(Ori E)
Orientation F | 3.6 3.52 2.3 0.15
(Ori F)

varies depending on the initial crystal orientation. This observation was consistent
for a range of stress triaxialities (0.8, 1, 1.5, 2 and 3) and lode parameters (—1, 0, 1)
considered.

4.3 Effect of Initial Crystal Orientation on Hydrogen
in Traps Distribution During Deformation

To understand the effect of initial crystal orientation on the distribution of hydrogen
in traps, contour plots for representative equivalent strains have been derived. Plots
of hydrogen in trap distribution for selected equivalent strain values for a variety of
initial crystal orientations are shown in Fig. 6. It is observed that the distribution and
magnitude of hydrogen in traps had a strong dependence on initial crystal orientation.
In all cases considered hydrogen in traps was found to be highest in the immediate
vicinity of the void as previously reported [28]. Initial crystal orientations 0, A
and B showed a lower maximum value of hydrogen concentrated around the void
relative to initial crystal orientations C, D, E and F. A close scrutiny of the Euler
angles of these initial crystal orientations, show that initial crystal orientations A
and B have a lesser deviation (in terms of Euler angles v/, 6 and ¢) from initial
crystal orientation 0 and initial crystal orientations C to F having a higher deviation.
The difference in concentration of hydrogen in trap around the void may offer an
explanation on the effect intial crystal orientation has on hydrogen influence on local
plastic deformation in the area around the void and overall void growth. However, the
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relationship between hydrogen in trap concentration around the void and its influence
on void growth due to the effect of initial crystal orientation appears to be more
complex. As presented in Table 4, initial crystal orientations B reported the lowest
change in normalised void fraction compared to other initial crystal orientations (i.e.
0.4%) and also had the least concentration of hydrogen in traps in the vicinity of
the void. However, initial crystal orientation C reported a relatively low change in
normalised void fraction (i.e. 0.7%), but had a high concentration of hydrogen in trap
distribution around the void compared with other cases considered. It is worthwile
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Fig. 6 Contour plots showing hydrogen in traps distribution for different initial crystal orientations
viz. stress triaxiality = 1, lode parameter = —1, fo = 0.001 and hydrogen content is 0.64%
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Fig. 6 (continued)

noting that the shape of the voids for the cases considered are varied and this may
have an addition effect in void growth evolution if hydrogen influence is affected by

void shape.

4.4 Hydrogen in Traps and Slip Activity During Deformation
Jor Different Initial Orientations

Contour plots in Fig. 7 show that slip activity for the various initial crystal orientations
follow the same pattern and intensity as the amount of hydrogen in traps presented in
Fig. 6. The highest intensity of slip activity was observed in initial crystal orientation
C and the intensity in initial crystal orientations 0, A and B were lower than C
to F. There is evidence of a strong dependency of initial crystal orientation on the
distribution of slip acivity which concentrates around the void.
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4.5 Crystal Orientation Evolution in the Presence
of Hydrogen

The evolution of crystal orientation for different stress triaxialities and initial crystal
orientations have been studied previously. It was found that the magnitude and direc-
tion of crystal rotation was dependent on stress triaxialities and initial crystal orienta-
tions [17]. The crystal orientation evolution for hydrogenated and non hydrogenated
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Fig. 7 Contour plots showing slip activity (SDV31) for different initial crystal orientations viz.
stress triaxiality = 1, lode parameter = —1, fo = 0.001 and hydrogen content = 0.64%



252 E. Ogosi et al.

Orientation D Orientation D Orientation D

Equivalent Strain —0.08 Equivalent Strain—0.15 Equivalent Strain —0.24

0wy

g TE)
+7 2430400
+H.8300+00

Orientation E Orientation E Orientation E
Equivalent Strain — 0.08 Equivalent Strain — 0.15 Equivalent Strain —0.24

Orientation F Orientation F

Orientation F
Equivalent Strain —0.03 Equivalent Strain — 0.05 Equivalent Strain—0.155

Fig. 7 (continued)

samples have been investigated here. The stress triaxiality and initial crystal orien-
tation are kept the same with RVE samples studied to observe if there are any effect
on crystal rotation due to the presence of hydrogen. The pole figures plotted in Fig. 8
show crystal orientation distribution at different stages of the deformation process. It
is observed that that presence of hydrogen stifled crystal orientation initially. At an
equivalent strain value of 0.07, the RVE sample with no hydrogen show more crystal
rotation with respect to the sample exposed to hydrogen indicating this orientation
inhibiting effect of hydrogen. However, at an equivalent strain of 0.08, this effect
changes and hydrogen appears to encourage crystal orientation. This can be seen as
the RVE sample exposed to hydrogen shows more crystal rotation with respect to the
sample not exposed to hydrogen. A reference to Figs. 4 and 5 indicate that this change
(which occurs around equivalent strain 0.07 and 0.08) position corresponds to the
early stages of plastic deformation and steady void growth. This observation show
a similar characteristic to previously discussed phenomenon where hydrogen was
found to initially impede void growth and beyond a certain equivalent strain value
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promote void growth [28]. For equivalent strains 0.09, 0.15 and 0.24, the pole figures
show that crystal orientation is largely similar with subtle changes in magnitude. The
pattern of crystal rotation remains broadly similar with no significant effect due to
hydrogen. It can be inferred that hydrogen has an effect on the evolution of crystal
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Fig. 8 Pole figures showing progression of crystal orientation for hydrogenated and non hydro-
genated FCC single crystal viz. stress triaxiality = 1, lode parameter = —1, fo = 0.001 and hydrogen

content = 0.64%
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Fig. 8 (continued)

orientation with respect to plastic deformation at the early stages of plastic deforma-
tion and void growth. Initially hydrogen is found to impede crystal orientation, but
beyond a certain equivalent strain (0.07-0.08 in this study case), this is reversed.
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5 Conclusions

The effect of crystal orientation on hydrogen influence on void growth in a single
crystal of austenitic stainless steel has been studied using a crystal plasticity formu-
lation. There have been finite element based studies into the effect of lattice orien-
tation on void growth without hydrogen influence previously [16, 17] and experi-
mental evidence that hydrogen distribution and mechanisms are affected by crystal
orientation [19, 20]. The following conclusions have been drawn from this study:

1. Initial crystal orientation relative to applied displacement is found to affect the
influence of hydrogen on plastic deformation and void growth. This effect was
found for a variety of stress triaxialities and Lode parameters considered.

2. The distribution and magnitude of hydrogen in traps, especially in the vicinity
of the void, was also found to have a strong dependence on initial crystal orien-
tation. The variation in hydrogen in trap distribution around the void provides
evidence that there is an effect of intial crystal orientation on hydrogen influence
on fracture processes.

3. The evolution of crystal orientation during plastic deformation is affected by the
presence of hydrogen although there was no evidence that the general pattern
of rotation is significantly affected.

6 Future Challenges and Opportunities

The use of models to predict material performance provide the advantage of repli-
cating experimental and real life conditions. Specifically for predicting hydrogen
damage, the knowledge of hydrogen transport to the metal surface, entry into the
metal, transport within its microstructure, its interaction with crystal defects and
microstructure and modification of material properties due to hydrogen are complex
phenomena [37] and a good model should account for these. For metals with a FCC
crystal structure, it has already been explained that bulk hydrogen transport is limited
due to the slow diffusive properties of hydrogen in austenite. For these materials, the
interaction of hydrogen with microstructural features and the effects on the material
properties is more relevant. A predictive framework based on FEM which incorpo-
rates the effects of stress states and crystal orientations for metals with FCC crystal
structure will be of practical use to engineers. Suggestion for future work and areas
of improvements are as follows:

1. The development of an analytical relationship that captures the effect hydrogen
has on fracture processes influenced by strain, stress triaxialities, Lode parameter
and crystal orientation will be beneficial.

2. Hydrogen influence is believed to be linked to activation of individual slip
systems which occur differently depending on initial crystal orientation. This
will have relevance in understanding why certain orientations favour a higher
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hydrogen influence on mechanical properties compared with others and should
be further investigated.
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