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This study utilizes Direct FE* multiscale simulation techniques to propose an innovative approach for analyzing hydrogen
diffusion in Zircaloy cladding. This method combines finite element simulations at two scales into a monolithic framework by
utilizing downscaling rules and scaling factors. Through the investigation, it was found that voids induce non-uniform
diffusion of lattice hydrogen, demonstrating a strong correlation between trapped concentration and microstructure. Ad-
ditionally, the accumulation of trapped hydrogen leads to localized plastic deformation and a reduction in effective diffusivity.
Furthermore, two representative volume elements were established to depict the void distribution at various stages of its
evolution. It is evident that in the initial phases of void evolution, the hydrogen-induced softening effect facilitates crack
propagation deep within the zirconium alloy cladding. Moreover, as void evolution progresses into the second stage, this effect
intensifies the incidence of localized damage at the narrow inter-void ligaments.
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1. Introduction

The Zircaloy cladding operates in radiation and hydrogen
environments and is the first line of protection against nu-
clear fuel leakage. It encloses fuel pellets, enduring radiation
damage induced by high-energy neutron flux. Meanwhile,
its outer surface interacts with coolant to generate hydrogen,
when excess hydrogen diffuses into the zirconium matrix
and forms hydrides (ZrHx), hydrogen embrittlement may
occur [1]. The phenomena of hydrogen embrittlement pri-
marily stem from mechanisms like hydrogen-enhanced de-
cohesion and hydrogen-enhanced plasticity, predominantly
observed in metallic compounds such as steels. However, in
Zircaloy, hydrogen embrittlement is always referred to as
hydride embrittlement, since the brittle hydride phase sig-
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nificantly degrades ductility and fracture toughness [2,3].
Additionally, the formed hydride network provides the crack
initiation and propagation path, which is responsible for the
unexpected sudden brittle fracture of the cladding [4]. Nu-
clear fuel leakage caused by cladding rupture is the most
serious accident in the nuclear power industry. For example,
the Fukushima nuclear power plant accident in 2011 has not
yet completely eliminated its damage to the environment.
Therefore, as the first step in the hydride embrittlement
process, grasping the intricacies of hydrogen diffusion lays
the groundwork for exploring the hydride embrittlement
phenomenon.

As the smallest element, hydrogen easily diffuses into
metals via normal interstitial lattice sites (NILS) or dis-
location transport, where it can reside at different trapping
sites, including dislocations, grain boundaries, and carbide/
matrix interfaces, among others [5]. To accurately describe
hydrogen diffusion and distribution characteristics, com-
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monly used techniques include molecular dynamics [6,7]
and first principles methods [8,9], which are based on the
description of interatomic interactions. However, these mi-
croscale simulation methods are limited by both spatial and
temporal scales, posing challenges in obtaining the macro-
scopic response of the structure. On the other hand, Sofronis
and McMeeking [10] devised a finite element (FE) model to
simulate the coupled diffusion and plastic straining, in-
corporating the effect of crack-tip dislocation trapping.
Subsequently, Krom et al. [11,12] reformulated the diffusion
model to depict the strain rate-dependent equilibrium hy-
drogen concentration at NILS and trapping sites. Dadfarnia
et al. [13] expanded the model to concurrently simulate
multiple trapping types. More recently, the hydrogen diffu-
sion model has been coupled with the phase field method to
address coupled mechanical-hydrogen problems [14,15].
These numerical strategies have garnered significant atten-
tion as essential prerequisites for the numerical and theo-
retical research of hydrogen-induced damage mechanisms.

Under irradiation conditions, energetic particles collide
with lattice atoms, knocking them out of their lattice sites
and leaving vacancies in the material matrix [16]. Refer-
ences [17-19] have shown that hydrogen facilitates the ag-
glomeration of vacancies, resulting in the formation of
voids. To investigate the mechanism of ductile fracture pro-
moted by micro-voids, Koplik and Needleman [20] proposed
the unit cell approach, allowing for the representation of
interactions with neighboring cells through the application
of periodic boundary conditions (PBCs). Using this frame-
work, researchers have investigated how hydrogen-void
interactions affect void growth, coalescence, and failure
mechanisms [21-23]. However, Bandstra and Koss [24]
pointed out that infinite arrays cannot completely capture
the effects of microstructure failure on the overall structure.

The multi-scale FE method using computational homo-
genization techniques was first introduced by Smit et al.
[25] and termed FE? by Feyel and Chaboche [26]. The FE?
method involves both macroscale and microscale FE cal-
culations in a nested solution procedure. Within this pro-
cedure, the substructure is resolved by the representative
volume element (RVE) associated with the Gaussian points
in the macroscale elements. The information exchange
mechanisms of FE® allow for the description of macro-
structure derived from the material microstructure. In fact,
this idea, which utilizes homogenized microscopic in-
formation for macroscopic simulations, boasts great flex-
ibility. First, through appropriate homogenization techniques,
the true sense of multi-layer simulations can be nested,
whereby the superscript “2” in the term “FE* can be re-
written as “n”. For example, Dang et al. [27] subdivided the
RVE of textile composites into unit cells, and then further
divided it into equivalent lamina elements. Second, different
numerical methods can be employed at different scales.
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Zhao et al. [28] proposed a multi-level model that couples
the finite element method (FEM) with the discrete element
method (DEM). In this model, RVEs simulated using the
DEM were embedded at the integration points of macroscale
elements in FEM. More recently, by substituting the FEM
with the material point method (MPM), they achieved
bridging of DEM and MPM [29]. The flexibility of the
framework holds promise for studying the influence of hy-
drogen-void interactions on the overall properties of Zirca-
loy cladding. However, in these mentioned frameworks, the
bi-directional reading and writing of data between scales has
been shown to require tremendous computational resources,
limiting its practical engineering application for large pro-
blem domains [30,31]. It was not until 2020 that the Direct
FE? method, proposed by Xu et al. [31], significantly im-
proved computational efficiency by replacing nested com-
putations with a monolithic framework, establishing the
groundwork for large-scale use of this numerical technique.

To study the diffusion behavior of hydrogen in Zircaloy
cladding tubes under operating conditions, the Direct FE?
method has been expanded beyond its initial application in
stress analysis to simulate the process of hydrogen diffusion.
Following the proposed modeling strategy, a multi-scale
cladding tube model has been constructed, enabling ex-
ploration of the mutual influence between voids induced by
radiation and hydrogen diffusion behavior, as well as its
impact on the mechanical response of Zircaloy-2 cladding.

2. Theory

2.1 Hydrogen diffusion model

Generally, hydrogen diffuses into metals mainly through
NILS diffusion, while dislocations act as trapping sites,
along which diffusion can be neglected [32]. According to
the work of Sofronis and McMeeking [10], the transported
hydrogen resides at the NILS and dislocation is described as
follows [10]:

C, =0, BN,

1
Cy = 00Ny, 0

where C; represents the NILS hydrogen concentration; ¢, is
the fraction of lattice sites occupied by hydrogen; f denotes
the amount of interstitial sites per solvent atom (there exists
one octahedral and two tetrahedral sites per atom in a-zir-
conium, such that # = 3); and N, = p, N,/M is solvent atomic
density related to metal atom properties. In this study,
P =649 x 1077 ymm’
zirconium’s relative atomic mass, i.e., 9.1 x 10~ t/mol [33].
C; is the dislocation trapped hydrogen concentration; 8 is

, 1s zirconium’s density and M is

the trapping sites occupancy (0<0,<1); a=1, is the
number of sites per trap; Ny denotes the number of sites per
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trap. This value can be estimated by assuming that for every
atomic plane intersected by a dislocation there is a trap, this
value can be estimated [34]

Ny=2 2

where b denotes the magnitude of the a/3 (1120) Burgers
vector in HCP that equals the lattice constant a for zirco-
nium; p is the dislocation density, and it depends on the
accumulated plastic strain. In Refs. [10,13,35], fitting ex-
perimental data was a commonly used approach to establish
the relationship between trap density and plastic strain. Si-
milarly, through fitting the experimental data in Ref. [36],
the dislocation density takes the form

b
p:aX(aP), el <025,

(3)
p=2.894x10%67>0.5,

where a = 4.7 x 10® mm"z; b=10.7; and ¢? is the equivalent
plastic. Substituting Eq. (3) into (2), the Ny-¢? relation can
be obtained.

Taking into account mass conservation, the rate of change
of the total hydrogen concentration (C = C; + C;) in volume
V' equals the flux through its surface S. Therefore, the hy-
drogen diffusion equation is given by

&\ car+ _[ J-ndS =0, 4)
! V S

where n denotes the outer normal and J represents the hy-
drogen flux. The chemical potential gradient is considered
as the driving force for the diffusion process. Additionally,
for a system under external stress and at constant pressure
and temperature, there is a functional relationship between
chemical potential and hydrostatic stress, given by [10]

D _
R7CiVu Y oy, (%)
where R = 8.31 J/(mol-K), denotes the universal gas con-

J:_DLVCL+

stant; T’ represents the temperature; 7, denotes the partial
molar volume of hydrogen in metals; o denotes the hy-
drostatic stress; and D; represents the diffusion coefficient
between NILS. Since the traps lack close proximity to one
another and have binding energy restrictions, it is often
believed that there is little hydrogen flux between them [5].

According to Oriani’s theory [37], there exists a local
equilibrium between hydrogen concentrations at NILS and
traps (6; < 1)

O _

1-67

4
-

where W, is the dislocation trap binding energy. According

KTQL’
(6)

to the experiment conducted by Swan et al. [38], the binding
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energy between hydrogen atoms and dislocation was found

to be 0.27 eV in Zircaloy. Based on Egs. (1) and (6), C; can

be expressed as follows:

_ NeKrGp

- KGN )
As shown in Egs. (2) and (3), Ny is determined by the

plastic strain. It is noted that the application of Oriani’s

Cr

theory reduces the number of unknown quantities, as Cr can
be calculated once C; is known. Taking into account the trap
generation rate, the partial derivative of C; is given by

6&_ 6CT6CL aNTaSP
a0 oL o Urger o ®)
Substituting Egs. (5) and (8) into (4), one can obtain
D, oC D, . -
L D;f &L -~V (D, VC)+V- [ﬁCLVHVJH]
6NT aSP _
+0T68—PW dV =0, Q)

where Dy = DLCL/[CL+ Cr(1- 97)} defines as the effec-

tive diffusion coefficient [39].

2.2 Constitutive law

Hydrogen diffusion equations include hydrostatic and
equivalent plastic strain terms, so the influence of hydrogen
on the material response should therefore be described by
the constitutive equations. Tabata and Birnbaum [35] ex-
perimentally demonstrated that the local flow stress of the
material decreases as the hydrogen pressure in the ambient
cell increases. Besides, Birnbaum and Sofronis [40] stated
that hydrogen-enhanced dislocation mobility leads to local
softening. Therefore, the influence of the hydrogen soft-
ening effect on the yield stress oy is described as [41]

n

o,,= D(C)o, : (10)

1+Lgp
0o

where o, denotes the initial yield stress; £ is the modulus of
elasticity; and n represents the hardening exponent that is
assumed to be irrelevant to hydrogen. Equation (10) sug-
gests that the hydrogen effect is achieved by the factor @(C)
B(C) = EC+1, (11)
where & is the parameter of the coupled effect that de-
termines the extent of hydrogen softening. It is worth to
mention that an experimental fitting is still needed to afford
the physical base of this parameter [42]. Hence, following
Diaz et al. [42], it is assumed that at the maximum hydrogen
concentration, & is chosen to achieve a 15% reduction in the
initial yield stress.

Besides, the hydrogen atom induced lattice expansion is
also considered, thus the total deformation rate tensor D, is
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written as

D, =D +D’+D, (12)
where the components induced by hydrogen, plastic, and
elastic are denoted by the superscripts h, p, and e, respec-
tively. It is assumed that hydrogen causes pure dilatation,
thus the corresponding term takes the form

h_ A de
P seic—cyar’s (13)
jo Ay
Q’

where C, denotes the initial hydrogen concentration; para-
meter 1 = Av/Q, where Av is the change in volume caused
by each resided hydrogen atom, and Q is the average vo-
lume of a zirconium atom.

2.3 The application of Direct FE* method in hydrogen
diffusion analysis

Considering the coupled mechanical-diffusion system, a
body with volume V' bounded by a surface S, which consists
of these parts: NILS concentration C; on S and traction t
on §,, and the fluxis J-n=¢ on S, (n is the normal to the
outside). Since the concentration is known on S, the var-
iation of C; is 0C, =0 on S.. Therefore, the balance
equations of the system in regard to the principle of virtual
work is derived as (the body force is ignored)

_[ (6 : VoutdC,DC,~V 6C, - J+6C,P)dV
14

(14)
=I t-é‘udS*J‘ 0C;¢dS,
s, S,

where 6, u, and t denote tensors of the stress, displacement,
and tractions, respectively; D = D;/Dqy; and P can be ex-
pressed as [11]
erNTdS P

derdr - (15)

In FE analysis, the left side of Eq. (14) can be rewritten in
the form of numerical integration by Gaussian quadrature

ZZwaJa(c : Vou+rdC,DC, —V 6C; - J+5CLP) (16)

where indices denote the integration point « in element e; @,
and J, are the weighting coefficient and the Jacobian, re-
spectively, for the integration point. In Direct FE% an RVE is
assigned to each integration point of the macroscale ele-
ment, where Eq. (15) becomes

P=

>
o

ZZwaJa<6 : %5&%@5@—’656‘,%5@@ . (7
where the superscript “~” and “()” denote microscale
quantities and volume average quantities over the RVE,
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respectively, which need to be transferred to the macroscale.
To ensure energy consistency between the micro and macro
scales, the information transformation must satisfy the Hill-
Mandel homogenization condition. Regarding the issue of
hydrogen diffusion, the extended form of the Hill-Mandel
equation can be formulated as

zzwaJa<a . ¥ owroC,DE,~ ¥ 6T, - j+(sqﬁ>

Yy e

(3: ¥ owrsC, DT, - ¥ 6, - 3+oC,P )V

T G |VRVE| VRvE
=Y Y (6 VoutiC,DC,~VIC, - J+C,P) ,  (18)
where the volume of the RVE is denoted by |VRVE; the

wa']a

multiplication coefficient, , is readily accommodated at

RVE
the pre-processing stage by scaling the RVE’s section

thickness for 2D simulations, such that Vyyp = ,J,.
Substituting Eq. (17) into (14), it yield

w,J, e O e aBY ST % oy . iy gy
) - Iva(c . ¥ ou+00,DC,— ¥ o, - J+5CLP)

dv= I t-ouds— I 5C,4dS.
s, S,

(19)

As can be seen in Eq. (19), the left side has been replaced
by microscale quantities, while the right side maintains the
macroscale description. Based on the built energetically
consistent way, the macro and micro DOFs are linked to
provide the macro—micro transition. Adopting PBCs, the
nodal displacement filed u and the addition DOF of C; take
the form

(Q)A - (Q)B =V N(xo) - (x4, = x5)(Cp),

U~ = VN(Xg) - (X4~ Xp)uy,

(20)

where 4 and B indicate nodal pairs on opposite edges of the
RVE; N, represents the shape function at the macroscale; X,
locates the macroscopic element’s integration point, coin-
ciding with the center of the RVE; x, and x; are points
within the macroscale element.

3. Implementation

Since the scarce versatility in Finite Element commercial
codes, the coupled stress-diffusion analyses are usually
solved by analogy with thermodynamic problems [5,42,43],
and this methodology was adopted in this work. Actually, in
Abaqus, the conduction-based heat transfer refers to the
Fourier law, which fails to describe the hydrogen diffusion
process shown in Eq. (5). Therefore, a user defined heat
transfer model was implemented by the UMATHT sub-
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routine, and the mechanical constitutive law is inserted by
the UMAT subroutine. Additionally, according to the study
of Diaz et al. [42], the analogy of the hydrogen-induced
lattice expansion to the thermal dilatation expansion was
implemented by the UEXPAN subroutine. Table 1 sum-
marizes the definition of the variables used in heat transfer
and hydrogen diffusion analysis (the initial hydrogen con-
centration, measured in hydrogen atoms per solvent atom, is
represented by C and Cy. 1 is the volumetric increase per
induced hydrogen atom divided by the average atomic vo-
lume of the host metal atom.).

The implementation of Direct FE* method requires two
steps and can be accomplished at the pre-processing stage.
First, for a 2D simulation, the scaling is realized by chan-
ging the section thickness of the RVE without any side ef-
fects. Second, since drawing an analogy with the heat
transfer problem, the DOF of the NILS concentration has
been replaced by temperature. Therefore, the linking of the
macroscale nodal temperature and displacement to the nodes
at the boundaries of RVEs (Eq. (20)) is achieved by multi-
point constraints in Abaqus. According to Eq. (19), the
macroscale quantities are not evolved in the virtual work,
thus the macro model is discretized into dummy elements
with microscale RVEs superimposed on them. In addition,
the RVE centroid is usually aligned with the integration
point of the macroscopic element, although its location does
not affect the calculation results.

4. Verification

The verification procedure includes two steps: validating the
accuracy of the subroutine and the Direct FE* method to
solve the hydrogen diffusion problem. Firstly, a simulation
replicating the research of Dadfarnia et al. [13] was con-
ducted using identical model and material parameters. As
shown in Fig. 1, the concentration profiles are in good ac-
cordance with their results, verifying the correctness of the
subroutine code. Secondly, the Direct FE* method undergoes
performance evaluation by benchmarking it against direct
numerical simulations (DNS). For an RVE, it is a square
with a void located in the center and is discretized into 60
CPE4T coupled temperature-displacement elements. The
Direct FE*> model (Fig. 2(a)) consists of 2 macroscopic
elements and 8 RVEs embedded at the integration points of
the macroscopic elements, resulting in a total of 482 ele-
ments in the model. In comparison, the corresponding DNS
model comprises 27000 elements with the same mesh size
of the Direct FE* model. Both models utilize identical ma-
terial parameters (listed in Table 2) and boundary condi-
tions. Specifically, a hydrogen concentration boundary of
Cy,=2.65 x 10" H-atoms/mm’ is imposed on the left side of
the model, while PBCs are implemented on the top and
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Table 1 Analogies between heat transfer and hydrogen diffusion

Heat transfer Hydrogen diffusion

Internal energy per unit mass U Total concentration C, + C;

Temperature 7' NILS concentration C;

Hear flux J* Hydrogen flux J
Heat capacity ¢, 1
Density p 1
) . _ A
Thermal expansion coefficient o “= 3= FHC—Cy)
25k o C,/C,, Dadfamiactal. [13] ] 2 §
——C,/C,, this work

2.0 A (C/C,, Dadfamia et al. [13]] | 2.0

= C;/C,, this work

G 15 15 ¢
3" Displacement field Z)F
1.0 1.0
0.5 C,=2.659x 10° H atoms/mm* 405

,» Crack tip
A A A A
0 . L s L 0
0 20 40 60 80 100

Distance ahead of the crack tip (um)

Figure 1 Hydrogen concentration at the lattice and trapping sites, com-
pared with Ref. [13] (C, is the initial hydrogen concentration applied at the
boundary).

bottom surfaces to simulate uniaxial tensile testing. Coupled
temperature-displacement (transient) analysis is utilized,
with a displacement of 1 mm applied in the Y direction.
After 10000 s, it can be seen in Fig. 2(b) and (c) that the
Direct FE* method accurately captures both the hydrogen
diffusion behavior and the elasto-plastic response of the
model.

Moreover, the hybrid model was also built to further re-
duce the computational cost. This model includes one Direct
FE? and two homogeneous macroscale elements, as shown
in the inserts in Fig. 3. The effective Young’s modulus and
diffusion coefficient are calculated by a uniaxial tensile test
on an RVE and assigned to the homogeneous macroscale
elements, thus achieving equivalence to the Direct FE?
element. The validation results are presented in Fig. 3(a) and
(b). It is evident that the hybrid model accurately captures
both the hydrogen diffusion behavior and the mechanical
reaction. Besides, monitoring of computational efficiency
showed that the Direct FE* simulation used 84.4 s of CPU
time compared to 2673.2 s for the DNS.

5. Hydrogen diffusion in the Zircaloy-2 clad-
ding tube

The inner and outer radii of the Zircaloy cladding tube
served in Japanese pressurized water reactors are 4.18 mm
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DNS model
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C,IC,
+1.000e+00
a +9.303e-01
S +8.605e-01
‘A +7.906e-01
g +7.208e-01
Direct FE? model = S8iie0t
% +5.113e-01
. +4.415e-01
5 +3.717e-01
Hoe
= a L - B
)
=)
2
3
>
jan
a - ] a v
(b) T T T T ©) 18.0 . ] . .
1.0 o
——DNS
08l A Direct FE?| | 135 L i
DNS
4  Direct FE?
S 0.6 -
~ @ 9.0 H 4
O 2
=l b
0.4 | 4 &
4.5 _
0.2 - K
0 1 1 1 1 0 1 1 1 1
0 5 10 15 20 25 0 0.25 0.50 0.75 1.00

X coordinate (mm)

Figure 2 Validation of Direct FE* method.

Table 2 Material properties of Zircaloy-2

Parameter Symbol Value
Young’s modulus (MPa) E 99300
Poisson’s ratio u 0.37
Initial yield stress (MPa) g 241
Work hardening exponent n 0.2
Dislocation binding energy (mJ/mol) Wy 2.61 x 10
Temperature (K) T 293
Universal gas constant (mJ/(mol-K)) R 8314.5
Partial molar volume of H (mm®/ mol) Vy 700
Diffusivity (mm?/s) D 1.74 x 107

and 4.75 mm, respectively [44]. In this paper, the same di-
mensions are adopted to establish a 1/90 cross-sectional
model. The hybrid Direct FE* modelling technique was
utilized, and the side length of the square RVE was
0.002 mm with the element size of 0.00012 mm, compared
to the size of 0.04 mm for the macroscale element. Although
the released fission gas generates internal pressure inside the
cladding tube, it is negligible in comparison to the primary
circuit pressure acting on the external surface of the clad-
ding [45]. Additionally, O-H bonds in the surface oxide
layer can prevent hydrogen diffusion through it, and the path

Displacement (mm)

of movement for hydrogen is located at the micro-cracks
formed by the dissolution of the oxide layer [46]. Therefore,
in the model, the pressure is loaded on the external surface
of the cladding, and a narrow crack was considered as the
hydrogen surface, as illustrated in Fig. 4. To study the hy-
drogen diffusion rather than the precipitation behavior, the
initial hydrogen concentration C, at the crack surface is
given by 0.5 weight parts per million (2 x 10" H-atoms/mm’),
which is lower than its solubility in Zircaloy (around 1
weight parts per million at room temperature [47]). In ad-
dition, in irradiation experiments, the observed dimension of
the voids is up to several hundred nanometers [48]. Ac-
cordingly, without special instructions, the maximum di-
mension of the voids was set to below 200 nm in this work,
and a model without any initial defectss was built as a
benchmark for the Direct FE* model. The material proper-
ties of Zircaloy-2 are listed in Table 2 [38,49,50].

5.1 The influence of the voids on the hydrogen dis-
tribution

Initially, the domain is stress and hydrogen-free. Subse-
quently, both stress and hydrogen levels increase over 1 s
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(a) 1.00 T T T T T T T

DNS

0.98 [- ~
4 Hybrid model- Macroscale nodal value

Hybrid model- Microscale nodal value ||

e
N

"Hydrogen

0.88

0 5 10 15 20 25 30 35

X coordinate

Figure 3 Validation of the hybrid Direct FE* method.
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® ¢

——DNS
5F | 4 Hybrid model

Force (kN)
w -
T T

N~

0 0.005 0.010 0.015 0.020  0.025 0.030

Displacement (mm)

Figure 4 Direct FE? model of the Zircaloy cladding tube.

and remain constant thereafter. When a pressure of 30 MPa
is applied to the external surface of the cladding, the NILS
hydrogen concentration distribution near the crack tip is
displayed in Fig. 5 for both the Direct FE* and reference
models after 864000 s of diffusion. In the referential model,
the NILS hydrogen concentration exhibits a concentric
distribution centered on the crack surface, indicating uni-
form hydrogen diffusion from the crack surface into the
cladding. Likewise, the NILS hydrogen concentration in the
Direct FE? model shows a similar pattern, with hydrogen
accumulating at the crack surface. The voids do not alter the
overall path of hydrogen diffusion from the exterior surface
towards the interior of the cladding.

According to Eq. (5), diffusion is propelled by gradients in
concentration and hydrostatic stress. The hydrogen flux
moves in a direction opposite to the concentration gradient
but aligns with the hydrostatic stress gradient. As is known,
hydrogen is generated by the zirconium-water corrosion
reaction at the outer surface of the cladding; thus, the con-
centration gradient inside and outside the cladding in-
evitably leads to hydrogen invasion. To clarify the role of
hydrostatic stress, its distribution in front of the crack tip is

(a)

=
CL
+1.921¢+15

+6.460et14 - - © L]
+5.301ct+14

Crack tip

C,

+2.159¢+15
+2.020¢+15
+1.882e+15
+1.743¢+15
+1.605e+15
+1,466e+15
+1.328e+15
+1.190e+15
+1.051e+15
+9.129¢+14

+7.745¢+14
+6.360e+14
+4.976e+14

Figure 5 NILS hydrogen distribution in: (a) the Direct FE* model; (b) the
referential intact model.
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illustrated in Fig. 6. In the reference model, hydrostatic
stresses are negative away from the crack surface, with the
lowest (more negative) value occurring directly in front of
the crack tip, as illustrated in the insert of Fig. 6. There is no
doubt that the formed negative hydrostatic stress gradient
prevents hydrogen from entering the cladding through the
crack tip. Diffusion is driven entirely by the concentration
gradient. Likewise, in the Direct FE* model, the mean hy-
drostatic stress in the RVEs ahead of the crack tip also ex-
hibits a negative gradient, indicating the same driving force
for picking up hydrogen. In Ref. [45], it was found that the
maximum internal pressure caused by the released fission
gas in the cladding was 0.59 MPa. Additionally, numerical
cases were supplemented to account for the additional in-
ternal pressure induced by the irradiation swelling of the
pellets, with internal pressures of 5 MPa. As shown in Fig.
6, under all loading conditions, a negative hydrostatic stress
gradient was produced around the crack. Therefore, a
competitive relationship exists between the concentration
gradient and hydrostatic stress gradient in influencing the
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Figure 6 Hydrostatic stress distribution in front of the crack tip.

Figure 7 NILS hydrogen and hydrostatic stress distributions in the RVE.
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hydrogen diffusion process. All observed hydrogen diffu-
sion in Zircaloy cladding can be attributed to the over-
whelming effect of the concentration gradient.

Although the same mechanism leads to similar hydrogen
diffusion processes in both models, the microscale diffusion
behavior in RVEs still exhibits traits dependent on micro-
defects. In Fig. 7, the contour lines of the NILS con-
centration delineate the diffusion direction from the bottom
right corner to the top left corner. However, it is evident that
in areas A, B, and C, the contour lines bend significantly
toward the void. These areas have a common feature, that is,
the hydrostatic stress changes most dramatically, which
means that there is the highest hydrostatic stress gradient
here. Comparison with the uniform diffusion in the refer-
ential model (Fig. 5(b)) suggests that the high hydrostatic
stress gradient region around the micro-voids leads to non-
uniform microscopic diffusion properties.

The distribution of the trapped hydrogen concentration is
shown in Fig. 8. It is evident that C; increases with diffusion
time and achieves its maximum value near the crack tip in
both models. However, the value of Cj is always higher in
the Direct FE? model. Besides, at the area far from the crack
tip, Cr is directly zeroed in the referential model, while it
gradually decreases as the distance from the crack tip in-
creases in the other model. This can be explained by the fact
that, in the referential model, only a small scale yielding
zone occurs around the crack tip. In contrast, the presence of
micro-voids results in a larger yielding area in the Direct FE*
model. Plastic deformation causes dislocation proliferation,
leading to an increase in dislocation traps. As hydrogen
atoms are continuously transported from the crack tip, traps
will gradually fill up over time, leading to a higher value of
Cy. During straining, in the Direct FE” model, plastic strain
bands as well as high-density dislocation traps appear at the
inter-void ligament, where eventually becomes the region of
localized hydrogen accumulation, as shown in Fig. 9. In this
plot, the similar distribution profiles of C; and &” originate

Cy
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Figure 8 Tapped hydrogen concentration in front of the crack tip.

from their proportional relationship directed by Eq. (8).
Taking into account the hydrogen-induced softening, the
locally accumulated hydrogen will benefit the shear locali-
zation at the inter-void ligament, thereby promoting void
coalescence. Moreover, it is believed that dislocations can
act as conduits for hydrogen transport, facilitating its mi-
gration to the interior of the cladding at a much faster rate
than lattice diffusion [51,52]. Furthermore, in Zircaloy, the
dislocation traps are reversible due to the binding energy of
the dislocation trap being 0.27 eV [44], indicating that the
hydrogen atom can escape from the trap. This provides
another efficient pathway for hydrogen to penetrate the
depths of the cladding wall. As a result, the possibility of
hydrogen-induced cladding damage is increased when
trapped hydrogen is present.

In Fig. 10, both models show that the NILS hydrogen
concentration in front of the crack tip gradually drops with
distance, which is consistent with the distribution char-
acteristics driven by concentration gradients. Moreover, the
Direct FE* model exhibits a relatively higher NILS con-
centration after 80000 s of diffusion. However, when the
diffusion proceeds to 864000 s, it becomes clear that, except
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for the region near the crack tip, the value of C; is lower
than that in the referential model. This phenomenon can be
attributed to the existence of trapping sites, which to some
extent reduce hydrogen diffusivity. Specifically, the ratio of
effective diffusivity to lattice diffusivity is plotted in Fig. 11,
revealing a reverse correlation between dislocation density
and effective diffusivity. According to the definition of D
in Eq. (9), when hydrogen atoms, which should participate
in lattice diffusion, are captured by high-density inter-void
dislocation traps, effective diffusivity inevitably decreases
in the Direct FE* model. Therefore, near the crack tip, due to
the low effective diffusivity, hydrogen atoms entering the
model accumulate near the crack tip and are difficult to
transport to the depth of the cladding wall, resulting in a
locally higher C; value. Nevertheless, the lower C; in Direct
FE? model, at the area far from the crack tip, in addition to
the lower effective diffusivity, can also be attributed to the
competition between the trapping effect and the NILS dif-
fusion. The mean NILS occupation in the RVE furthest from

the crack is calculated to be 6, = 1.39 x 10°%, while the trap
occupation is 6, = 5.92 x 10 2, which is larger by a factor of

around forty thousand compared to #,. This implies that
once the hydrogen atoms arrive, the dislocation trap will be
preferentially filled. Hence, the overwhelming trapping ef-
fect is also responsible for the higher C; in Fig. 8 and the
lower C; in Fig. 10.

5.2 Hydrogen influence on void evolution

In the irradiation conditions, a large number of movable
vacancies aggregate into clusters, which provides a nu-
cleation site for voids. Subsequently, dispersed small voids
undergo a process of growing and coalescing to form larger
voids [53]. These represent two critical stages in the void
evolution process. To investigate the influence of hydrogen
on this process, two RVEs were established to characterize
the distribution characteristics of voids at two typical stages
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Figure 9 Contours of (a) equivalent plastic strain and (b) the trapped hydrogen concentration.
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Figure 11 Evolution of the effective diffusivity and the dislocation density.

of void evolution: RVE1 has a large number of scattered
small voids, and RVE2 is characterized by tightly distributed
larger size voids. The void volume fraction in both RVEs is
4%. The variables related to the two RVEs are denoted by
the subscripts ()1 and ()2, respectively.

Although the localized hydrostatic stress gradient causes
non-uniform diffusion in RVEs, the diffusion driven by
predominant concentration gradients eventually results in a
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Figure 12 NILS and trapped concentration in front of the crack tip.

uniform NILS hydrogen concentration distribution in both
models after a sufficiently long period of diffusion, as illu-
strated in Fig. 12. However, it is notable that C; is always
higher in RVE2 along the crack tip. Essentially, diffusion
propelled by the concentration gradient renders the NILS
concentration distribution unaffected by the microstructure,
whereas the microstructure solely influences the trapped
concentration. Focusing on the RVE closest to the crack tip,
as illustrated in Fig. 13, in RVE2, a significant accumulation
of trapped hydrogen atoms occurs between the voids, re-
sulting in a heightened local concentration. By contrast, in
RVEL, fewer trapped hydrogen atoms are comparatively
dispersed around the voids, while a trapped hydrogen con-
centration band interlinks the voids to form a network. Since
the position of the trapped hydrogen coincides with the
position of the dislocation accumulation, the observed dis-
parity in C; distribution between RVE1 and RVE2 reflects
discrepancies in the distribution of the dislocation accumu-
lation. Specifically, in comparison to RVEI, the voids in
RVE2 are larger with closer spacing, resulting in heightened
stress concentration between them, thereby promoting dis-
location nucleation. Moreover, the confined area enclosed
by the void surface impedes dislocation movement, leading
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Figure 14 Hoop stress with different pressures applied on the cladding.

to a significant accumulation of dislocations and conse-
quently trapping more hydrogen atoms. The differing trap-
ped concentrations in RVE] and RVE2 inevitably result in
distinct mechanical responses of the macrostructure. The
gradual decrease in hoop stress in the cladding observed in
Fig. 14, despite constant hydrogen concentration and pres-
sure at the boundary after being loaded for 1 s, is attributed
to the hydrogen-induced softening effect. Notably, the Di-
rect FE* model with RVE2 exhibits a more pronounced
softening effect than the Direct FE* model with RVEI, with
the gap between the two further widening as pressure gra-
dually increases. This indicates that when void evolution in
Zircaloy cladding enters the second stage, the heightened
trapping of hydrogen atoms renders the cladding more
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sensitive to pressure changes. Consequently, the micro-
structure is more prone to reaching critical plastic de-
formation, leading to micro-crack initiation.

While extensive research has primarily focused on the
hydrogen embrittlement phenomenon caused by hydrides in
Zircaloy, experimental validation has confirmed the occur-
rence of hydrogen-induced softening in these alloys [54]. To
investigate the influence of hydrogen-induced softening ef-
fect on void evolution, three different initial hydrogen
concentrations were set. As illustrated in Fig. 15(a), it is
evident that when the parameter C, is zero, plastic de-
formation occurs on both flanks of every void within RVE],
showcasing only one shear band interlinking the two voids
positioned at the upper left corner. As C, increases to
1 x 10" H atoms/mm?, the dispersed voids become con-
nected by a network of mild shear bands. Subsequently,
when C,, increases to 2 x 10"> H atoms/mm?, the position of
the shear band does not change, but it becomes more in-
tense. In comparison, in Fig. 15(b), as C increases from 0 to
2 x 10" H atoms/mm?, the plastic strain always concentrates
at the inter-void ligament, with only a limited degree of
range expansion. It is worth noting that all boundaries of the
RVE are assigned PBCs, therefore the depicted distribution
of plastic strain in the figure indicates little interaction be-
tween adjacent void clusters, which is a manifestation of
significant plastic deformation localization. The hydrogen-
induced softening effect observed in Fig. 15 can be attrib-
uted to the fact that plastic deformation primarily occurs
through slip along slip lines and shear bands. Consequently,
as slip begins, the hydrogen concentration at these slip lines

Co = 2 x 10" H atoms/mm?

Co = 2 x 10" H atoms/mm?

Figure 15 Distribution of plastic strain in (a) RVE1 and (b) RVE2 with different hydrogen boundary conditions.
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or bands grows because hydrogen gets trapped at the dis-
locations. As the local hydrogen concentration rises, the
material experiences localized softening, thereby enhancing
shear localization [55]. The distinctive distribution of plastic
strain depicted in Fig. 15(a) and (b) suggests that the hy-
drogen-induced softening effect has varying impacts on void
evolution at different stages. In specific, the shear bands
linking dispersed voids can cause distant voids to coalesce, a
phenomenon known as the internal shearing void coales-
cence mode [56]. On the other hand, the highly localized
plastic strain occurring between closely spaced large voids
promotes the contraction of the inter-void ligament, leading
to the so-called internal necking void coalescence mode
[57]. The failure caused by these two types of void coa-
lescence modes is known as internal shearing failure and
internal necking failure, respectively [23]. Therefore, at the
early phase of void evolution, the micro voids array exists in
the matrix, and the shear bands linking void wide apart
provide potential crack paths. Once cracking initiates, in-
ternal shearing is likely to induce cracks to propagate deep
into the wall of the Zircaloy cladding. However, due to
limited interaction with adjacent void clusters, internal
necking is more prone to causing localized damage, poten-
tially becoming the site of void nucleation.

6. Conclusions

This paper employs the Direct FE* method to address the
multiscale hydrogen diffusion problem. The influence of
micro-voids on hydrogen diffusion behavior and the effects
of hydrogen on void evolution was investigated. The prin-
cipal conclusions derived from the research findings are
presented below:

(1) While the local hydrostatic pressure gradient induced
by micro-voids causes microscopic non-uniform diffusion of
hydrogen, the presence of micro-voids within the Zircaloy
cladding has no influence on the NILS hydrogen distribution
under the diffusion driven by predominant concentration
gradients. However, there is a strong correlation between the
trapped concentration and the microstructure.

(2) The accumulation of dislocations at the inter-void li-
gaments leads to the accumulation of trapped hydrogen,
inducing localized plastic deformation, while also dimin-
ishing the effective diffusivity of hydrogen in the matrix.

(3) As the hydrogen concentration increases, at the early
stages of void evolution, the hydrogen-induced softening effect
initiates the formation of shear bands connecting widely
spaced voids, thus facilitating the propagation of cracks
deep into the wall of the Zircaloy cladding. As void evo-
lution progresses into the second stage, characterized by the

124270-12

presence of large and closely spaced voids in the matrix, the
hydrogen-induced softening effect enhances the occurrence
of localized damage at the narrow inter-void ligaments.
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