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Hydride precipitation in zirconium cladding materials can damage their integrity and durability. Service temperature
and material defects have a significant effect on the dynamic growth of hydrides. In this study, we have developed a phase-
field model based on the assumption of elastic behaviour within a specific temperature range (613 K—653 K). This model
allows us to study the influence of temperature and interfacial effects on the morphology, stress, and average growth rate of
zirconium hydride. The results suggest that changes in temperature and interfacial energy influence the length-to-thickness
ratio and average growth rate of the hydride morphology. The ultimate determinant of hydride orientation is the loss of
interfacial coherency, primarily induced by interfacial dislocation defects and quantifiable by the mismatch degree g. An
escalation in interfacial coherency loss leads to a transition of hydride growth from horizontal to vertical, accompanied
by the onset of redirection behaviour. Interestingly, redirection occurs at a critical mismatch level, denoted as g, and
remains unaffected by variations in temperature and interfacial energy. However, this redirection leads to an increase in the
maximum stress, which may influence the direction of hydride crack propagation. This research highlights the importance
of interfacial coherency and provides valuable insights into the morphology and growth kinetics of hydrides in zirconium

alloys.

Keywords: zirconium hydride, phase-field method, temperature effect, mismatch degree
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1. Introduction

Zirconium (Zr) alloys are extensively employed as
cladding materials in various reactor types!!! due to their low
neutron absorption rate, robust resistance to corrosion, and ad-
equate high temperature strength, excellent thermal conductiv-
ity, and ductility.[>3] However, hydrogen is absorbed into the
Zr cladding by the waterside corrosion reaction during reac-
tor operation,[*! thereby precipitating hydrides when the solid
solubility limit of the hydrogen in the Zr alloys is exceeded.
Hydride precipitates causes a degradation in the mechanical
properties of the cladding,! increasing the embrittlement and
even inducing the fracture of the cladding.[>®! Consequently,
the investigation of the hydrogen corrosion behavior in Zr is
crucial for predicting material property degradation and as-
sessing the service life of the cladding.

A great deal of experimental works have been done to bet-
ter understand hydride precipitate and growth in Zr alloys.!6]
Based on experiments,|’"! there are four recognized phases
of hydrides which can form in Zr, namely, {-ZrHg s, y-ZrH,
0-ZrH; 5, and €-ZrH, phases. The §-phase is a stable face-
centered cubic (fcc) phase and the most prevalent phase in the

"These authors contributed equally to this work.
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cladding materials. The 8-hydrides usually form on the cir-
cumferential planes of cladding in the absence of stresses, and

10.11] Moreover, when the cladding

have a platelet-like shape.|
with hydrides is subjected to high temperature (350 °C for ex-
ample) and applied tensile circumferential stress during dry
storage, these hydride platelets undergo a transition from cir-
cumferential to radial orientations relative to the cladding tube

g.1>714] The reori-

geometry by dissolving and precipitatin
ented radial hydrides serve as fracture initiators and prop-
agation, and ultimately cause the mechanical failure of the
cladding. Therefore, the mechanical properties and perfor-
mance of the Zr cladding are highly sensitive to the specific
hydride microscopic morphology. However, more informa-
tion is still needed in the areas of the formation mechanisms of
various hydride morphology, particularly to develop the capa-
bility to simulate accurately these various morphologies under
varying conditions, such as different temperatures.
Phase-field (PF) modeling, based on principles of ther-
modynamics and kinetics, provides a powerful approach for
simulating microstructure evolution in various phase trans-

formation phenomena, such as spinodal decomposition,>16]

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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coarsening, I solidificatio I and film growth.!
Numerous PF models have been developed to investigate the
microstructure evolution of different hydrides in Zr alloys.
Most of them were created for the {-hydride!?*28! and the
y-hydride.?*=* In recent years, many researchers have fo-
cused on the -hydrides and started to develop correspond-
ing PF models to study the characteristics of §-hydride mor-
phology. Jokisaari et al.'’>! developed a §-hydride PF model
to study the growth kinetics of the 8-hydride by modifying
the free energies based on the CALPHAD (CALculation of
PHAse Diagrams). Bair e al.3% investigated the effects of
metastable phases ({-phase and y-phase) on the nucleation
and growth of the §-hydride using a multiphase-field model.
Han et al.l'% explored the stacking structure formation and
transition of 8-hydride precipitates in Zr. Heo ef al.l''! de-
veloped a polycrystalline PF model considering the loss of the
interfacial coherency and the grain boundary segregation to
investigate J-hydride growth behavior. Additionally, Lin et
al.B®") and Shin er al.’® examined the reorientation behavior
of 8-hydrides under applied stress fields. Simon ez al.*°! de-
veloped a quantitative PF model for d-hydrides and analyzed
the role of anisotropic elastic interaction on hydride stack-
ing and reorientation. Wu et al.[*! studied the microstruc-
tural evolution of hydride blister formed by §-hydride aggre-
gation. However, the morphology and growth kinetics of §-
hydride are strongly influenced by the environmental temper-
ature and metal/hydride interfacial effects (interfacial energy
and interfacial coherency). Previous studies on d-hydrides in
Zr lacked detailed discussion on the these key factors govern-
ing 6-hydride morphology and growth kinetics, hindering the
accurate simulation of §-hydride morphology in Zr and the
development of quantitative PF model. Therefore, it is imper-
ative to explore and comprehend the influences of these factors
on §-hydride morphology and growth behavior in Zr.

This work aims to investigate the influence of tempera-
ture and interfacial effects on the d-hydride morphology and
growth kinetics. To achieve this objective, we adopt a PF
model based on the Kim—Kim-Suzuki (KKS) assumption.[““
Using CALPHAD method, temperature-dependent bulk free
energy curves are constructed to describe the contribution of
bulk free energy to the total free energy within the service tem-
perature range of zirconium alloys. Therefore, we can capture
the morphological changes of hydrides at different tempera-
tures. In addition, the effects of interfacial energy and the loss
of interfacial coherency on the morphology, stress and growth
kinetics of hydrides are studied, and a reorientation behavior
influenced by the loss of interfacial coherency is found. Mean-
while, we reveal the underlying mechanism of these factors af-
fecting the hydride morphology and growth kinetics based on
the diffusion interfacial velocity theory.

The contents of the article are organized as follows. In

Section 2, we presents this PF model coupled with varying
temperature in detail, including the governing equations of the
PF model and the free energies of the system and the interface
moving velocity. In Section 3, the results and their implica-
tions are presented. Finally, Section 4 includes the paper by
summarizing the key results and contributions of this study.

2. Phase-field model
2.1. Governing equation

The PF method is widely used to study the evolution of
microstructures with heterogeneity in composition and struc-
ture. Specifically, in the Zr—H system, the structural order pa-
rameter 1) is used to describe the phase transformation from
o-Zr matrix to 6-hydride precipitate and the variation of hy-
drogen concentration c is used to describe diffusion during the
phase transformation. In this PF model, the Zr—H system’s to-
tal free energy F is consist of the bulk free energy Fyy, the
interface gradient energy Fi,, and the elastic strain energy Fgj,
which is given by

F = Fouk + Fine + Fei
= /[fbulk(C,Tarl)+fim(V777VC)+fel(u»n)]dV> (1)

where fouk(c,T,n) is the bulk free energy density as a func-
tion of temperature 7', composition ¢, and structural order pa-
rameter 7, fin(V1N,Vc) is the interface gradient energy den-
sity because of diffuse interface, fe(u,n) is the elastic strain
energy density associated with displacement w and order pa-
rameter 1].

To ensure the reduction of the free energy during the evo-
lution of microstructures, the PF governing equation could be
derived by minimizing the total free energy F via variational
differentiation as follows:

an OF

—_—=-M— 2

5 5n (2

dc OF

—=V.-(DV— |, 3

71 < 5c ) ©)
where M is the kinetic coefficient, ¢ is time, D is the mobility

similar to one defined by Steinbach and Apel as follows:[*?]

D = Dy /(9 foui/dc?), where Dy is the diffusion coefficient.

2.2. Bulk free energy density

The bulk free energy density can be constructed by KKS
assumption. In the KKS assumption, each material point is re-
garded as a mixture of two phases, and a local equilibrium of
chemical potential is always satisfied between the two phases.
In this PF model, these assumptions could be expressed as fol-

lows:
¢ = 1 h(n)lea +h(n)cs, @
dfalca,T) _ dfs(cs,T) 4)
dcy o dcs
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where ¢y, and cg are the mole fraction of hydrogen in the a-Zr
matrix and 8-hydride precipitate respectively; fy(cq,T) and
fs(cs,T) are the free energy densities of the a-Zr matrix and
O-hydride precipitate at temperature T respectively. Addition-
ally, h(n) = 3n*
creases monotonically from 2/(n=0)=0to h(n=1) = 1.

— 213 is the interpolation function that in-

The bulk free energy density fouk(c,7T,n) of the system is de-
fined by a method similar to the concentration assumption as
follows:

Jourc(e,T,m) = h(n) fs(cs,T)+[1=h(n)] falca,T)

+wg(n), ©)
Ga
fa(COC7T) - 7:7 (7)
G5
T) = 2m
f5(c5.T) Vo ®)
where g (1) =12 (1—n?) is the double potential well func-

tion and w is the height of the double potential well, G% and
Gr‘i are the molar Gibbs free energies of the o-Zr matrix and
O-hydride precipitate respectively; Vy, is the molar volume of
the system.

The molar Gibbs free energies G% and G® can be
obtained by CALPHAD method through the sublattice
model. 341 In the sublattice model, Zr fills the first sublattice
and hydrogen and vacancies fill the second sublattice. Con-
sidering the a-Zr matrix with an hep structure and §-hydride
precipitate with an fcc structure, (Zr), (H,O), is used to de-
), (H,O), is used to describe
0-hydride precipitate. The molar free energies for a-Zr and

scribe the o-Zr matrix and (Zr

O-hydride is expressed by the following formula:

G& = Gt 4 gmixe, o
Gl = Gt 4 Gmind 4 Gexd, (o
refo _ 1 —&—lyH <yHGng+yDGng> ’ (b
G — ﬁRT (yulnyg +yolnyg), (12)
ref5 _ T (yHG%fH +)’DG%§EI) ’ (13
mix.5 _ 1+2yHRT (yulnyg +yolnyo), (14)
ne = 1+12yHyHyEI [L%fH,D +le}§H,D (O _y':')} » (19

where G="% and G'¢ are the reference free energy of mixing
of the end members in the o-Zr matrix and &-hydride pre-
cipitate respectively; Gm** and G are the free energy of
mixing for an ideal soluation in the @-Zr matrix and §-hydride
precipitate respectively. Significantly, the free energy formula
of J-hydride precipitate compared with the matrix includes
the excess free energy G2°

0,00 0,0 0,0 0,6 0,06 1,6 .
GZr:H’ GZr:D’ GZr:H’ GZr:I:]’ LZr:H,D’ LZr:H,I:I are Supphed by

of mixing. The parameters for

Refs. [43,44]. yy and yg are the mole fractions of hydrogen
and vacancy atom related to ¢y and cg respectively. These
formulas for the ¢-Zr matrix can be expressed as follows:

Co

YH = ) (16)
1—cq

Ca (17)

1—cq

yo=1-

These formulas for the §-hydride precipitate can be expressed
as follows:

__ ¢
Tt (1)

s
e (19)

According to the above CALPHA method, the Zr—-H
To improve the numer-

yo=1-

phase diagram is drawn in Fig. 1.
ical stability of the calculation, the molar Gibbs free ener-
gies G% and an are approximated by using quadratic poly-
nomials near the equilibrium composition. Based on parabola
approximation, 3943461 the molar Gibbs free energies G% and
G? are written as

=a(T)cgy+bi (T)ca+c (T), (20)
=ay(T)c5+by(T)cs+c2(T), 1)
( ) = 206.6¢*>°/T (J /mol), (22)
by (T) = 40.63T —8.918 x 10* (J/mol), (23)

¢ (T) = —55.56T + 6484 (J /mol), (24)
a) (T) = —771.3T 4+8.305 x 10° (J/mol),  (25)
by (T) = 1021T —1.109 x 10° (J/mol), (26)
¢ (T) = =361.2T +3.216 x 10° (J/mol),  (27)

where the detail determined method of coefficients can be seen
in Section 1 of supplementary materials.

o

650

600

a+d
550

500

Temperature (K)

450

0 0.1 02 03 04 05 06
H content (atomic fraction)

Fig. 1. The Zr—H phase diagram. The simulation test in this work is
conducted in accordance with the service temperature range of the Zr
cladding tube, with 613 K—653 K (shaded part of the fig) selected as the
operating temperatures.

The service temperature of the Zr cladding tube is around
623 K. Figure 2 shows the results of the parabolic approxima-

tion for molar Gibbs free energies G% and G, from T = 613 K
to 7T =653 K.
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Fig. 2. Parabolic approximations for molar Gibbs free energies G% and
GS fromT =613Kto T =653 K.

2.3. Interface gradient energy density

The interface gradient energy density includes two as-
pects of contribution from inhomogeneous composition and
structure across the interface.!'%47] In the PF frame, the inter-
face gradient density could be written as

1 1
fin(VN,Ve) = Ekf] v > + Ek§|vc|2, (28)

where k% and kg are the gradient energy coefficients related
to the order parameter gradient and the concentration gradi-
ent, respectively. Due to the fact that the contribution of order
parameter gradient to the interface gradient energy could be
sufficient to approximate the energy contribution from the dif-
fuse interface, so it is assumed that kg = (.[1047]

The value of gradient energy coefficient k% and the height

of the double potential well w could be determined by interfa-

cial energy o and interface thickness A, as follows: 48]
3
2 _
ky = ch, (29)
c
=24—. 30
w 1 (30)

2.4. Elastic strain energy density

Due to lattice mismatch and volume mismatch of two
phases during the phase transformation from -Zr matrix to
O-hydride precipitate, the elastic strain energy generated can
not be ignored. The elastic strain energy density fg is ex-
pressed as

1 el qel
)= 5 Cijki€ij € 3D

where sfj! is the elastic strain, C; j; is the elastic constant tensor

fel(u7 n

(the Einstein summation convention is used). Because solving
the elastic solution of elastic inhomogeneous solid requires
a lot of calculations, in our simulation, we assume that the
elastic constant of the hydride phase is the same as that of
the matrix.['% According to the classical Khachaturyan micro-
elasticity theory, ! the elastic strain can be calculated as fol-
lows:

g = 8g;;— €} (q)h(n), (32)

1 8u,~ 8uj
68,'] = 5 (axj + axi> y (33)

where §¢;; is the microscopic heterogeneous strain relates to
the displacement w. & (q) is the eigenstrain related to the
mismatch degree ¢, depicting the degree of lattice mismatch
due to the volume expansion during the phase transformation
and the loss of interfacial coherency. The mismatch degree
q describes the loss degree of interfacial coherency. Notably,
only elastic strain is taken into account in this PF model, which
means that no plastic deformation could take place.

[50

With Lagrangian finite-strain theory, ! the eigenstrain is

expressed as

E%O(q):%( TF-1), (34)
VaRes .
A
Fe (q) |0 o BEBs ey
0 0 (V2/2)as

where F is the total lattice transformation tensor or deforma-
tion gradient tensor, ') the superscript T represents the matrix
transpose and / represents the identity matrix, ay, cg, and ag
represents the lattice parameters of o-Zr and 8-hydride. The
calculation process of F is detailed in Section 2 of supplemen-
tary materials. Noted that shear component is not included in
the total lattice transformation tensor, as the §-hydride forma-
tion path calculated by Louchezer al.®'l and Zhanger al.!>?!
shows that the total energy without considering the shear com-
ponent is lowest and more favorable. Therefore, we did not in-
troduce the shear component in the simulation, and Simon3°!
used a similar approach in the simulation.

Once the elastic constant tensor and strain are defined, the
stress 0;; assuming linear elasticity is derived as follows:

Ojj = C,-jkle,f}. (36)

The displacement of system is obtained by assuming the use
of quasi steady state approximation to solve the mechanical
equilibrium equation, as follows:

V. Ojj = 0. (37)

2.5. Interface moving velocity

In the classical sharp interface kinetics, the normal mov-
ing velocity of the interface is proportional to the variation
of free energy per unit volume during the nucleation and
growth process.>*! For the PF diffuse interface kinetics, Yang

1.148] adopted the operator analysis method to analyze the

eta
PF kinetics equation, and derived the expression of the inter-

face moving velocity. The specific expression is as follows:

3
Vint = ZMA (AG - GHCurv) y (38)
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AG = AGchem — AGey, (39)
AGchem = foc (Ca,T) _f5 (CSvT)
dfo(ca,T
7%(%765)’ (40)
AGy = —0jie} (q), (41)

where H,,, represents the local curvature, AG represents the
change of free energy during the phase transformation, includ-
ing two parts: chemical driving force AGgpem and elastic in-
teraction energy AGe. It can be seen from the above formula
that the interface moving velocity is mainly affected by the dy-
namic coefficient, interfacial energy, chemical driving force,
elastic interaction energy, and interface curvature. In Eq. (38),
the first term promotes the occurrence of the movement of the
interface, and the second term inhibits the advancement of the
interface, and the smaller the radius of curvature, the more ob-
vious the inhibition effect. When the elastic interaction energy
(AGg)) is negative, it exerts a positive influence on interface
pushing. Conversely, when AGg is positive, it exhibits an in-
hibitory effect on interface pushing.['*]

2.6. Numerical implementation

In this study, the finite element method (FEM) [34.35] g
used to solve the governing equation. To ensure both sta-
bility and accuracy in the numerical simulations, a triangu-

(a) (b)
[0001],Y

T=623 K

[1150]

—_—
50 nm

[111]

[110] A
FE S —

d-hydride lattice

t=0.0001 s

lar element with a grid size of 2 nm is chosen. Additionally,
a local adaptive mesh refinement scheme is applied strategi-
cally to avoid unnecessary refinement of finite element meshes
throughout the simulation domain, thus enhancing computa-
tional efficiency.

For time integration, we adopt the implicit backward
difference method, which provides numerical stability when
solving the time-dependent governing equation. To further
optimize the time stepping process, an adaptive time marching
scheme is implemented with a tolerance level set at 10~3. This
adaptive approach allowed for efficient time stepping while
still maintaining the required level of accuracy for the simula-
tion results.

3. Results and discussion

The initial hydrogen concentration in the matrix is set to
0.05, while the hydride has an initial concentration of 0.6.!1]
Nucleation of the hydride occurres at the center of the simula-
tion domain, with a nucleation point having a radius of 2 nm.
The presence of hydrogen in the matrix at a supersaturated
level serves as a larger driving force for hydride growth,!!?]
ultimately reaching a two-phase equilibrium. Table 1 provides

an overview of all the parameters utilized in this simulation.

c

0.6
0.5
0.4
0.3
0.2
t=0.001 s [ [ = o
e _j] J/m?
2.43x105  2.50  2.57x108
7 .
o (@)
0.8
r'L)
0.6 == P
i
0.4
t=0.001 s [ AGa t=0.001 s

]
—8.9x10" =2 0 2 3.5x10%

Fig. 3. Coordinate system for hcp o-Zr lattice (a) and -hydride lattice (f). Evolution of ¢ (b), (c), (d) and 1 (g), (h), (i) as a function of time for systems, a
single h.c.p Zr crystal describes the crystalline orientation of the system (The mismatch degree ¢ is equal to 1). (e) Distribution diagram of chemical driving
force of §-hydrfide. (g) Distribution diagram of elastic interaction energy of §-hydride.

To validate the effectiveness of the model, we initially
conducted tests under completely coherent conditions with a
mismatch degree of ¢ = 1, consistent with previous results.
These tests confirmed the reliability and accuracy of our model
in capturing the growth morphology of hydrides. As illustrated
in Figs. 3(b)-3(d) and 3(g)-3(i), the phase transformation from
the metal matrix to hydride precipitation has been effectively
monitored and characterized using variables ¢ (concentration)

and 1 (order parameter). In Figs. 3(a) and 3(f), the system

orientation is specified such that the x axis (horizontal direc-
tion) and the y axis (vertical direction) align with the a axis
({1120} o, direction) and ¢ axis ({0001}, direction) of a hcp
Zr crystal. Due to the mismatch of the hydride phase being
greater along the a-axis direction than along the c-axis direc-
tion, hydride growth predominantly occurs in the a-axis direc-
tion, resulting in an elliptical shape of the hydride particles.
The energy distribution analysis of the hydride, illustrated

in Figs. 3(e) and 3(j), reveals a relatively uniform distribution

048201-5
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of the chemical driving force, with slightly lower values ob-
served at the hydride tip. In contrast, the distribution of elastic
interaction energy exhibits greater anisotropy compared to the
chemical driving force. At the hydride tip, the negative elastic
interaction energy favors hydride growth along the a axis. The
positive elastic interaction energy can inhibit hydride growth
along the ¢ axis. These results highlight the important role
of elastic interaction energy in shaping hydride morphology.
Next, the effects of temperature, interfacial energy and mis-
match degree on the kinetic growth of hydride were tested.

3.1. Effect of temperature

Hydrogen can exist as a solvent in the zirconium matrix.
However, the presence of excess hydrogen or changes in tem-

34,55] To in-

perature can lead to the precipitation of hydrides. !
vestigate the effect of temperature on §-hydride, simulations
were performed with consistent initial conditions at tempera-
tures of 613 K, 623 K, 633 K, 643 K, and 653 K. The focus
was on investigating the influence of temperature on hydride
shape and average growth rate.

Within this temperature range, the diffusion coefficient

exhibits variations as a function of temperature, while no
significant changes are observed in the elastic constants and
eigenstrain.”) For these reasons, all simulations were per-
formed using the elastic constants, egienstrain and tempera-
ture dependent diffusion coefficients given in Table 1. Note
that we do not consider the changes in interfacial energy and
eigenstrain caused by the loss of interface coherency in this
section.

The simulation results presented in Fig. 4(a) demonstrate
the significant impact of temperature on the length and thick-
ness of hydrides. The results are primarily due to effects in
chemical free energy as a result of temperature changes. The
length-to-thickness ratio of hydride initially increases and then
decreases as the temperature rises. In addition, the evolution of
the area of hydride over time at different temperatures and the
average growth rate were depicted in Fig. 4(b). As the temper-
ature increases, the area of hydride decreases, accompanied by
a decrease in the growth rate. This decrease in the growth rate
can be attributed to the reduction in the chemical driving force
resulting from the increased temperature (as shown in Fig. 2,
the temperature increases and G, decreases).

Table 1. Model parameters used in the simulations.

Parameters Symbol Value Unit
Interface thickness A 4x107° m
Diffusion coefficient!!] Dy 7 x 107 7(-44560/RT) m? /s
Gas constant R 8.3145 J/ (mol - K)
Molar volume!33! Vin 14 cm? /mol
Kinetic coefficients!%] M 5x 107 m3/(J-s)
Elastic constant[>3) Ci1,C12,C13,C33,Caa 155, 67, 65, 155, 40 GPa
1.07751 0 0
Eigenstrain!'%! £00 1 <1> ” 0 <1 + iq2> 086821 0 | —1I -
K 2 q 6 3
0 0 1.07751
Misfit parameter!!'!] q 0.8-1.0 -
Temperature T 613-653 K
Interfacial energy!!*] c 0.28-1.0 J/m?
8.6 T T T T T
sal (a) ] 3000 (b) ' ' " 613 K 1.2 %
g sof . ] ] & »0 1.0 S
g _— = o =
< s.o0f ] g 2000 0.8 3
= 78F = ] 2 1500 0.6 5
E) 7.6 R —— 1 § 1000 0.4 i
I s ] 3 L,
. —] %™
T2p o ST Iimest e 0 0o
610 620 630 640 650 660 0 2 4 6 8 o =
T (K) t (107 s)

Fig. 4. (a) The length/thickness ratio of §-hydride after 0.001-s evolution at different temperatures. (b) Area fraction of hydride phase and average growth

rate at different temperatures.
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3.2. Effect of interfacial energy

The loss of interfacial coherency between the hydride and
matrix has a significant effect on the interfacial energy be-
tween o and & phases. Jokisaari et al.’® suggested that the
interfacial energy includes the chemical energy of the interface
and the energy contributed by the loss of interfacial coherency
due to the existence of dislocations. Experimental and the-
oretical calculations have yielded different estimates for the
-6 coherent interfacial energy, with Jokisaari et al. report-
ing approximately 0.3 J/m?, and Massih et al.1’7! estimating
it to be 0.28 J/m? from the measurement data of nucleation
rate. However, the additional energy caused by the loss of in-
terfacial coherency cannot be ignored. In this study, the range
of interfacial energy caused by interfacial coherency loss was
considered to be 0.28 J/m? to 1 J/m?. The larger the inter-
facial energy, the larger the interfacial coherency loss. In ad-

(101 have studied the morphology

dition, although Han et al.
of d-hydride under anisotropic interfacial energy, the results
show that the anisotropic interfacial energy can only produce
1° torsion on the morphology of platelet hydride, and the key
factor determining its morphology is the anisotropic eigen-
strain. Therefore, the assumption of isotropic interfacial en-

ergy is adopted in our present study.

Length/thickness
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Fig. 5. (a) The length/thickness ratio of d-hydride after 0.001-s evolu-
tion at different interfacial energies. (b) Area fraction of hydride phase
and average growth rate at different interfacial energies.

As depicted in Fig. 5(a), the interfacial energy influences
the morphology of the hydride. Higher values of interfacial en-
ergy lead to the formation of spherical hydrides rather than the
platelet hydrides observed in experiments.!!%!4] The hydride

area and average growth rate changes over time under differ-
ent interfacial energy conditions are illustrated in Fig. 5(b),
indicating that the hydride area is larger under low interfacial
energy. In terms of the growth rate, higher interfacial energy
results in a slower growth rate of hydrides, and hydrides with
lower interfacial energy reach equilibrium faster. The inter-
facial energy affects the gradient energy coefficient in the PF
model and hinders the interfacial movement, which is consis-
tent with the simulation results based on Eq. (38).

3.3. Effect of the loss of interfacial coherency

Due to the difference in crystal structure between the -
Zr matrix and the §-hydride, hydride formation involves sig-
nificant volume expansion, which usually results in the for-
mation of dislocations due to adaptation to volume changes.
Liuet al. 58 highlighted in their experiments that dislocations
can induce lattice mismatch between two phases, resulting in
a loss of interfacial coherency. In addition to the interfacial
energy, the eigenstrain change caused by the loss of interfa-
cial coherency is a more critical factor. In this section we will
consider the effects of eigenstrain on hydride morphology, av-
erage growth rate and stress. We consider the mismatch degree
introduced by Heo er al.!'! to describe the effect of interfacial
coherency loss on the eigenstrain, as shown in Eq. (35).

The morphology of hydrides was simulated within the
range of mismatch degrees from 0.8 (incompletely coherent
interface) to 1 (fully coherent interface), as shown in Fig. 6(a).
The length-to-thickness ratio of hydrides initially exhibits a
decrease, followed by an increase as interfacial coherency loss
escalates. When g exceeds 0.91, hydrides undergo redirec-
tion behavior and we designate this threshold as the critical
mismatch degree g.. This behavior can be elucidated by the
anisotropic distribution of elastic interaction energy within hy-
drides due to the loss of interfacial coherency. As depicted
in Fig. 6(b), with a decreasing g value, the elastic interac-
tion energy initially exhibits an increase, followed by a de-
crease. When g exceeds ¢, the elastic interaction energy in
both horizontal and vertical directions is positive, which hin-
ders hydride growth. Nevertheless, the elastic interaction en-
ergy in the horizontal direction is lower than that in the verti-
cal direction, indicating that the inhibitory effect in the hori-
zontal direction is comparatively less pronounced than in the
vertical direction. Consequently, hydrides tend to grow hor-
izontally. At g, the elastic interaction energy in the two di-
rections becomes equal, resulting in the formation of almost
round hydrides. Conversely, when g < ¢, the horizontal elas-
tic interaction energy is greater than the vertical elastic in-
teraction energy, and the vertical elastic interaction energy is
more favourable for the vertical growth of hydride, and when
g < 0.86, the vertical elastic interaction energy is negative, and
the vertical growth of hydride is more favourable. Addition-
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ally, as the degree of mismatch increases, the average growth
rate initially increases and then slows down, reaching its max-
imum value at g, corresponding to the minimum length-to-
thickness ratio of hydride morphology. The average growth
rate of the hydride has an opposite trend to the elastic inter-
action energy in both vertical and horizontal directions, which
is consistent with the effect of the elastic interaction energy
on the interface moving velocity in Eq. (38). From Fig. 6(c),
we can visually observe the changes in the principal strain as
the mismatch parameter decreases. When the strain in the 11
direction exceeds that in the 22 direction, hydrides exhibit a
propensity to grow in the 11 direction. This provides a model-
based explanation for the occurrence of reorientation.

stresses Oy and Oy, exhibit negative values within the inte-
rior of the hydrogen precipitates, reaching maximum values
at the tips in Figs. 7(a) and 7(b). As depicted in Figs. 7(c)
and 7(d), a reduction in the mismatch degree results in an in-
crease in the maximum stress value. In addition, the redirec-
tion caused by the change in mismatch causes the change in
O, and oy curves to reverse. Initially, o, increases with dis-
tance along the x direction (solid line in Fig. 7(c)) and then
stabilises, while oy, begins to increase along the y direction
(dotted line in Fig. 7(c)) and then decreases with distance. Our
simulation results show that the redirection causes changes in
the stress and its maximum value. The change in stress can
lead to a change in the direction of crack propagation at the

From the perspective of stress distribution, the principal  hydride tip.
24F — ] 5 Z 016 . . . .
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Fig. 6. (a) The morphology and length-to-thickness ratio of hydrides under varying mismatch conditions. (b) The average growth rate in both horizontal
and vertical directions, along with the corresponding elastic interaction energy (represented by the red dot in the horizontal direction and the black dot in the
vertical direction at the interface at time ¢ = 0.0002 s) at different mismatch levels. (c) Eigenstrain at various mismatch levels.
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Fig. 7. (a) Distribution of principal stress Oy, (b) distribution of principal stress oy, (c) Oy, curves along the x and y directions under different
mismatch values, (d) oy, curves along the x and y directions under different mismatch values.

To further examine the impact of temperature and interfa-
cial energy on the mismatch degree in interfacial effects, we

investigate the changes in the length-to-thickness ratio and

elastic interaction energy distribution of hydrides at differ-
ent mismatch degrees and temperatures (613 K, 623 K, and
633 K). Additionally, we analyze the length-to-thickness ra-
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tio and elastic interaction energy distribution of hydrides un-
der an interfacial energy value of 0.28 J/m?, 0.5 J/m?, and
0.8 J/ m2. The results from Figs. 8(a) and 8(b) illustrate
that temperature influences the length-to-thickness ratio of hy-
drides at various mismatch degrees, while the overall trend of
the length-to-thickness ratio remains consistent. Notably, the
smallest length-to-thickness ratio of hydrides is consistently
observed at a mismatch degree of g.. Similarly, the analysis
from Figs. 8(c) and 8(d) reveals that interfacial energy does not
significantly impact the redirection of hydrides or the change

gqf T '—-—'T:' 61'3 K' T .(a). .
—— T=623 K ]
—=— T=633 K

Length/thickness
=
©
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D e S R
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Length/thickness
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[CRS
.
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\
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q

trend of elastic interaction energy at ¢..

Our study shows that the mismatch degree induced hy-
dride redirection is mainly dominated by the relative magni-
tude of the elastic energy in the horizontal and vertical direc-
tions. The redirection behaviour persists even when the ef-
fects of temperature and interfacial energy are taken into ac-
count. These insights provide valuable contributions to our
understanding of how interfacial coherency loss impacts the

morphology of §-hydrides.
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Fig. 8. (a) The length-to-thickness ratio of hydrides at different temperatures and mismatch levels, (b) elastic interaction energy in horizontal
and vertical directions at different temperatures and mismatches, (c) the length-to-thickness ratio of hydrides at different interfacial energies
and mismatch levels, (d) elastic interaction energy in horizontal and vertical directions at different interfacial energies and mismatches.

4. Conclusion

In this study, the PF method was used to investigate the
influence of temperature and interfacial effects on the kinetic
process of hydrides formation. By constructing two-phase free
energy curves at different temperatures using the CALPHAD
thermodynamic approach, the following main results were ob-
served:

(i) In the zirconium alloy cladding service temperature
range, temperature and interfacial conditions can indeed im-
pact the length-to-thickness ratio and growth rate. The length-
to-thickness ratio of hydrides first increase and then decrease
as the temperature rises. The increase of interfacial energy
results in the decrease of the length-thickness ratio of the hy-
drides. Additionally, the growth rate of hydrides demonstrates
a decrease with an increase in temperature and interfacial en-
ergy.

(i1) The loss of interfacial coherency has a dual effect,

not only affecting the length-to-thickness ratio and average
growth rate of the hydrides, but also leading to redirection be-
haviour and an increase in the maximum stress value at the
hydrides tip. As interfacial coherency loss increases, the hy-
drides length-to-thickness ratio initially decreases (g > g.) and
subsequently increases (¢ < g.), accompanied by an initial de-
crease and subsequent increase in the average growth rate.
This phenomenon can be attributed to the anisotropic distri-
bution of elastic interactions caused by the loss of interfacial
coherency. Interestingly, the reorientation of hydrides at the
mismatch degree g. remains unaffected by temperature and
changes in interfacial energy.

By presenting these results, this investigation enhances
our understanding of the growth patterns and dynamic evolu-
tion of Zr hydrides as influenced by temperature and interfacial
effects. Nevertheless, it is important to acknowledge that the
above-mentioned conclusions are based on the assumption of
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elastic and isotropic interfacial energy, and the effects of plas-
tic and anisotropic interfacial energy will be considered in the
future.
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