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a b s t r a c t

In the high-temperature and high-pressure irradiation environments, the multi-field coupling processes of
hydrogen diffusion, hydride precipitation and mechanical deformation in Zircaloy cladding tubes occur. To
simulate this hydrogen-induced complex behavior, a multi-field coupling method is developed, with the
irradiation hardening effects and hydride-precipitation-induced expansion and hardening effects involved
in the mechanical constitutive relation. The out-pile tests for a cracked cladding tube after irradiation are
simulated, and the numerical results of the multi-fields at different temperatures are obtained and
analyzed. The results indicate that: (1) the hydrostatic stress gradient is the fundamental factor to activate
the hydrogen-induced multi-field coupling behavior excluding the temperature gradient; (2) in the local
crack-tip region, hydrides will precipitate faster at the considered higher temperatures, which can be
fundamentally attributed to the sensitivity of TSSP and hydrogen diffusion coefficient to temperature. The
mechanism is partly explained for the enlarged velocity values of delayed hydride cracking (DHC) at high
temperatures before crack arrest. This work lays a foundation for the future research on DHC.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Zircaloy is widely used as nuclear fuel cladding materials due to
its high strength, high corrosion resistance and low neutron ab-
sorption cross section [1]. In the irradiation environments of
pressurized water reactors (PWR) and boiling water reactors
(BWR), a fraction of hydrogen atoms, generated by the reaction of
zirconium with water, can be absorbed by cladding tubes at the
coolant/cladding interface. These hydrogen atoms diffuse under the
gradients of temperature, hydrostatic stress and concentration [2]
in cladding tubes. When the total concentration of hydrogen ex-
ceeds the terminal solid solubility (TSS), the excessive amounts of
hydrogenwill precipitate as hydrides [3], leading to heat generation
and 15%e20% volumetric expansion [4]. Moreover, hardening effect
will be induced by hydride precipitation, and the original fracture
toughness of Zircaloy will be severely degraded [5], called hydride
embrittlement. Especially for the cladding tubes with cracks, the
hydrogen atoms tend to diffuse towards the crack-tip region under

the hydrostatic stress gradient. Consequently, delayed hydride
cracking (DHC) occurs [4,6], which has been listed as one of the
main failure mechanisms of Zircaloy components [7].

DHC involves several coupled processes, namely, (i) hydrogen
diffusion, (ii) hydride precipitation, (iii) non-mechanical energy
flow and (iv) mechanical deformation. The concerned physical
fields include the concentration of hydrogen in solid solution, the
hydride volume fraction, temperature, displacement, stress and
strain et al. They are coupled with each other. The governing
equations for the concentration field of hydrogen in solid solution
are related to the fields of stress, temperature and hydride volume
fraction [8]. TSS of hydrogen in Zircaloy is influenced by tempera-
ture and stress [9]. As a result, the concentration field of hydrogen
in solid solution is coupled with hydride volume fraction,
depending on the temperature and stress fields simultaneously.
Furthermore, the temperature field is affected by the variation rate
of hydride volume fraction due to exothermic progress of hydride
precipitation [9]. And the mechanical fields are also determined by
the other fields, because hydrogen dissolution, hydride precipita-
tion and temperature change will lead to eigenstrains, and the
mechanical constitutive relations are temperature-dependent [1].
It should be mentioned that Zircaloy experiences irradiation* Corresponding author.
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hardening effect in the demanding in-pile environments, which
will also influence the hydrogen-induced multi-field coupling
behavior.

For prediction of the structural integrity of Zircaloy components
during the in-pile service and the storage stage of spent fuels,
experimental and theoretical researches on DHC have been contin-
ually carried out since 1960s [10e22]. However, the irradiation ef-
fects including irradiation hardening and embrittlement [6,8,23e28]
were seldom involved. So far, great improvements have been made
in the aspect of theoretical researches. G.P. Marino and J. Freund
[29,30] simulated the processes of hydrogen diffusion and hydride
precipitation under the temperature gradient, while the hydrostatic
stress gradient was not taken into account. Sofronics and McMeek-
ing [31] obtained the coupling behavior of hydrogen transport and
mechanical deformation by using an elastic-plastic plane strain
model, where the mechanical property variation induced by hydride
precipitation was not involved. Lufrano et al. [32e35] calculated the
coupling behavior of hydrogen diffusion, hydride precipitation and
mechanical deformation under a constant temperature condition,
with an elastic-plastic plane strain model adopted; however, the
temperature-gradient contribution was excluded.

Comprehensive studies were conducted by Varis and Massih
[36e38]. In their publications [36,37], the differential governing
equations for hydrogen-induced multi-fields were obtained with
thermodynamics theory. The theoretical models for temperature
field cover the effects of the transport heat of hydrogen and the
exothermic reaction of hydride precipitation. The transient gov-
erning equations for hydrogen concentration and hydride volume
fraction were developed, and an explicit computational method
was proposed. With their developed explicit method, the solid-
soluted hydrogen concentration field was not fully coupled with
the field of hydride volume fraction in a time increment. Besides,
plastic deformation was not considered and the precipitated hy-
drides were assumed to be isotropic. In fact, d-hydride appears as a
platelet with anisotropic misfit strains.

In some other works [39e41] the hydride reorientation was
predicted by phase field modeling. Recently, L.O. Jernkvist and A.R.
Massih [4,23] have established more integrated theoretical models.
In their studies, the hydride reorientation was involved, and several
deformation contributions were introduced into the mechanical
constitutive relation, including thermal expansion, the eigen-strains
induced by hydrogen dissolution and hydride precipitation, creep
and elastic-plastic deformations. Above all, a fully-coupled implicit
algorithm was adopted. However, in their modeling the stress
contribution to TSS was not reflected, and the temperature field was
not calculated and was regarded as a known field.

It is noted that the numerical simulation research is limited with
the irradiation hardening effects and hydride-precipitation-
induced hardening effects involved in the mechanical constitutive
relation. Further study should be performed because these effects
will affect the stress states in Zircaloy tubes, and finally change the
hydrogen-induced multi-field coupling behavior. Besides, the
three-dimensional finite element models for the actual cladding
tubes should be adopted, rather than the two-dimensional plate
models used in almost all the previous works.

In this study, the differential governing equations for the
coupled hydrogen-induced multi-fields are integrated, and a multi-
field coupling computation method is developed. In the three-
dimensional constitutive relation, the following effects are
involved, including the irradiation hardening effects, hydride-
precipitation-induced hardening effect and anisotropic misfit
strains. The stress update algorithm and consistent stiffness
modulus are similarly obtained as Ref. [42]. With self-written
subroutines, the three-dimensional numerical simulation of the
hydrogen-induced multi-field coupling behavior is realized, and
the simulation results for the cracked cladding tubes are obtained
and analyzed.

2. Multi-field governing equations and the coupling
computational method

In this section, the governing equations for the hydrogen-
induced multi-fields are given respectively, including the concen-
tration field of solid-soluted hydrogen, the field of hydride volume
fraction, the temperature field and displacement, stress, strain
fields under the irradiation conditions.

2.1. Governing equations for hydrogen diffusion and hydride
precipitation

As mentioned above, hydrogen in Zirconium-based alloys exists
in two forms: dissolved in the Zircaloy crystal lattice and located in
hydrides. Therefore, the total concentration of hydrogen CHT can be
given as [37].

CHT ¼ fCH;hr þ ð1� f ÞCH (1)

where f is the hydride volume fraction; CH is defined as the con-
centration of solid-soluted hydrogen in the volumetric domain ð1�
f ÞV; CH;hr , which can be considered as a constant, represents the
concentration of hydrogen in the hydride-occupied volumetric
domain fV.

Besides, the total concentration of hydrogen is governed by

dCHT

dt
¼ �V,JH (2)

where JH depicts the hydrogen flux driven by the temperature
gradient VT , the hydrostatic stress gradient Vsmm and the con-
centration gradient of solid-soluted hydrogen VCH . The hydrogen
flux is expressed as [37].

JH ¼ �ð1� f ÞDH

"
VCH � V

H
CH

3RT
Vsmm þ CH

�
QH

RT2

�
VT

#
(3)

where R is the gas constant; DH , QH and V
H
are the diffusion co-

efficient, the transport heat of solid-soluted hydrogen and the
partial molar volume of hydrogen, respectively. smm

3 denotes the
hydrostatic stress.

d
h
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According to Eqs. (1)e(3), we have
which represents the transient governing equation of solid-soluted
hydrogen concentration fieldcoupled with the field of hydride
volume fraction, the temperature field and the hydrostatic stress
field. To obtain the definite solutions, the initial conditions and the
boundary conditions are given as

�
CH ¼ CH

0
f ¼ f0

at t ¼ 0 (5)

JHl nl ¼ fH on Sf
CH ¼ CH

j on Sj
(6)

where CH
0 and f0 are the initial concentration of solid-soluted

hydrogen and the initial hydride volume fraction; fH describes
the specified value of hydrogen flux along the external normal of
cladding surface Sf; CH

j represents the specified concentration
value of solid-soluted hydrogen at the cladding surface Sj.

2.2. TSSP of hydrogen

To obtain the coupled fields of solid-soluted hydrogen concentra-
tion and hydride volume fraction, the terminal solid solubility of
hydrogen in Zircaloy should be given. It depends on the temperature
loading history [43], having different values of TSSP and TSSD
respectively. TSSP represents the TSS value with the current temper-
ature approached fromcooling, andTSSDdescribes theTSSvaluewith
the test temperature approached from heating. In this study, TSSP is
adopted, because the numerical examples in Section 3 are chosen to
have lower temperatures than the in-pile ones of cladding tubes.

For the anisotropic d-hydride, TSSP is given as

CTS ¼ CTS
e exp

2
4smm,VH

3RT
�
sijε

hr
ij V

hr

xRT

3
5 (7)

where CTS
e is TSSP under stress-free conditions [38], which is

temperature-dependent; sij denotes the stress components; ε
hr
ij

represents the misfit-strain components due to hydride precipita-
tion; V

hr
denotes the molar volume of hydride; x is the hydrogen

atom number in d-hydride (ZrHx).
Fig.1 gives the curve of CTS

e vs. temperature. One can see that it is
very small at the room temperature and will increase remarkably
with temperature.

2.3. Governing equations for temperature field

With consideration of heat generated during hydride precipi-
tation, the temperature field in the cladding is governed by

rc
dT
dt

þ DH
hr

V
hr

df
dt

¼ V,ð�qÞ (8)

where r, c are the density and the temperature-dependent specific
heat of Zircaloy; DH

hr
is the enthalpy of forming a mole of hydride;

q is the heat flux, expressed as

q ¼ �kVT (9)

where k is the temperature-dependent thermal conductivity of
Zircaloy.

Besides, the initial conditions and boundary conditions are
presented as

T ¼ T0 at t ¼ 0 (10)

T ¼ Th on SH

�k
vT
vxl

nl ¼ fT on ST

�k
vT
vxl

nl ¼ h
�
T � Tf

�
on SF

(11)

where T0 is the initial temperature in the cladding; fT expresses the
specified heat flux value along the external normal n of surface ST ;
Th is the specified temperature value; Tf depicts the coolant tem-
perature, and h is the heat transfer coefficient.

2.4. Governing equations for displacement, stress and strain fields

The geometric equations considering small deformation, the
constitutive equations and the equilibrium equations in the volu-
metric domain of cladding tubes are given as

εij ¼
1
2
�
ui;j þ uj;i

�
(12)

sij ¼ 2Gεeij þ lεelldij (13)

sij;j ¼ 0 (14)

where uisijεij,εeij are the components of displacement, stress, total
strain and elastic strain, respectively. G and l are the Lame co-
efficients, which are related to the elastic modulus E and Poisson’s
ratio n. For the precipited hydrides, their elastic coefficients can be
different from the ones of Zircaloy, especially for the isotropic hy-
drides [38]. In Ref. [38], the hydrided Zircaloy was regarded as a
composite material, and the effective elastic coefficients were ob-
tained with a generalized self-consistent model. Whereas, d-hy-
drides have about the same elastic properties as -Zircaloy [23].
Hence, the same elastic coefficients as Zircaloy are adopted for
hydrides in this study.

Besides, the stresses should obey the boundary conditions as

sijnj ¼ pi on Ss (15)

where nj denotes the external normal of surface Ss, in which the
surface tractions pi are known.

In this study, the total strains are assumed to consist of the
elastic strains ε

e
ij, the plastic strains ε

p
ij, the thermal expansion
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Fig. 1. The relation between stress-free TSSP and temperature.
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strains ε
T
ij , the egien-strains ε

H
ij induced by hydride precipitation

and hydrogen dissolution. Therefore, the elastic strains can be
derived as

ε
e
ij ¼ εij � ε

T
ij � ε

H
ij � ε

p
ij (16)

The egienstrains due to hydrogen dissolution and hydride pre-
cipitation are described as

8><
>:

ε
H
ij ¼ f εhrij þ ð1� f ÞVH

CH
.
3

ε
hr
q ¼ 6:646� 10�2 þ 1:9348� 10�5T

ε
hr
r ¼ ε

hr
z ¼ 3:888� 10�2 þ 2:315� 10�5T

(17)

The strain-hardening curve with irradiation/hydride-induced
hardening effects involved is described as [1].

s ¼ Kεn

K ¼ KðTÞ þ KðCHEÞ þ KðftÞ
n ¼ nðTÞ � nðCHEÞ � nðftÞ

(18)

where CHE in PPM is defined as the hydrogen concentration in
excess of TSS, that is, CHE¼CHT-CTS; 4t is the fast neutron fluence in
n/m2. K(T), K(CHE), K(4t) are the strength coefficients contributed by
temperature, CHE and 4t, respectively. n(T), n(CHE), n(4t) are
respectively the strain hardening coefficients with respect to tem-
perature, CHE and 4t. Their expressions are given as

and

It turns out to become a nonlinear problem to solve the me-
chanical fields, when the plastic strains are considered. As a result,
the three-dimensional stress update algorithms and consistent
tangent stiffness should be derived out to deal with the complex
plastic behavior.

The contained material parameters in the governing equations
of Sections 2.1e2.4 are listed in Table 1.

2.5. Multi-field coupling computational method

To solve the above hydrogen-induced multi-field coupling
problem, a sequentially coupled analysis method is put forward. As
presented in Fig. 2, the whole numerical calculation is divided into
a number of time increments.

For a typical time increment ½t; tþ Dt�, the temperature field
is firstly obtained through iterative computation, in which the
variation rates of hydride volume fraction from the previous

incremental calculation are adopted, this means that df
dtz

f t�f t�Dt

Dt .
Then, with the node temperature results introduced, the
displacement field can be worked out with the N-R iterative
method. It is noted that the increments of solid-soluted
hydrogen concentration and hydride volume fraction from the
previous incremental calculation are used. When the displace-
ment increments are converged, the stresses and strains at the
integration points can be acquired simultaneously. Afterwards,
based on the results for the integration points, the concerned

Table 1
Material parameters used in the numerical simulation.

QH - heat of transport for hydrogen in solid solution [11] 25100 J/mol

V
H
- partial molar volume of hydrogen [36] 7� 10�7m3=mol

V
Zr

- molar volume of zircaloy [36] 14:06� 10�6m3=mol

V
hr

- molar volume of hydride [36] 16:3� 10�6m3=mol

x (ZrHx) - hydrogen atom number in d-hydride [36] 1.66

DH
hr

- enthalpy of formation of a mole of hydride [36] �63517.41 J/mol

CH,hr - concentration of hydrogen in hydrides [36] 1:02� 105mol=m3
Ce
TS - hydrogen terminal solid solubility under stress-free conditions [36] 6:3741� 105expð � 34542:75=RTÞmol=m3(R-the gas constant)

DH - diffusion coefficient [36] 2:17� 10�7expð � 35087:06=RTÞm2=s
r - density [37] 6490 kg/m3

c - specific heat [37] 226.69 þ 0.206639T-6.4925�10�5T2 (T in K)
a - thermal expansion coefficient [1] 5.58�10�6 K�1

k - thermal conductivity [1] 7.51 þ 2.09�10�2T-1.45�10�5T2þ7.67�10�9T3 (T in K)
E - Young’s modulus [1] 9.8067�104�(9.9�105-566.9(T-300))/k1(T in K)
k1 emodifying factor for E [1] 0.88 þ 0.12exp(-4t/1025) (4t-fast neutron fluence in n/m2）
n - Poisson’s ratio [1] 0.3303 þ 8.376�10�5(T-300) (T in K)
h e convection heat transfer coefficient 2.0 � 104 W/(m2.K)

KðTÞ ¼ 1:17628� 109 þ T
h
4:5485� 105 þ T

�
� 3:2818� 103 þ 1:7275T

�i
KðCHEÞ ¼ CHE

h
1:288� 106 þ CHE

�
7:546� 103 � 17:84CHE

�i
KðftÞ ¼ 5:54� 10�18ft

(19)

nðTÞ ¼ �9:49� 10�2 þ T
h
1:165� 10�3 þ T

�
� 1:992� 10�6 þ 9:588� 10�10T

�i
nðCHEÞ ¼ 1þ 2:298� 10�3CHE þ 4:138� 10�6C2

HE � 1:5� 10�8C3
HE

nðftÞ ¼ 1:369þ 0:032� 10�25ft

(20)
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strain/stress components and the hydrostatic stresses for the
element nodes are computed by least square method (LSM).
Subsequently, the concentration field of solid-soluted hydrogen
is iteratively calculated, which is coupled with the hydride
volume fraction at the integration points. Ultimately, the field
of hydride volume fraction and its variation rate are obtained
by LSM. If the maximum time is not achieved, the next in-
cremental calculation begins.

In accordance with the developed multi-field coupling compu-
tational method together with the corresponding equivalent inte-
gral forms and finite element equations for every field, the special
subroutines have been self-written and verified.

3. Results and discussions for the hydrogen-induced multi-
field coupling behavior in a cracked cladding tube

3.1. Finite element model

As shown in Fig. 3(a), it is assumed that the cladding tube has
two long axial cracks, and its normal displacement components at
the two ends are zero. The cladding tube is subjected to uniform
pressures. Before applying internal pressures, the total hydrogen
concentration is uniform within the cladding tube, which is equal
to the stress-free TSSP at 473 K. Thus, according to the symmetry of
loads and geometry, a quarter of the cladding tube slice is set as the

Beginning of analysis

Start of increment

Calculate temperature
by iteration

Converged?

Calculate displacement,
stress and strain

no

yes

Converged?
no

yes

Calculated stresses and
strains by LSM

Calculate hydrogen
concentration, hydride
volume fraction and its

variation rate

Converged?
no

Calculated nodal
hydride volume
fraction and its

variation rate by LSM

yes

The maximum time is
achieved?

End

yes

Define initial
conditions

no

Fig. 2. Calculation flowchart of the multi-field coupling problem.
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finite element model, as illustrated in Fig. 3(b). The crack deepness
is 0.07 mm (CD in Fig. 3(b)). The inner and outer radii of the clad-
ding tube are 4.3 mm and 5 mm, respectively.

It is noted that the hydrogen diffusion coefficient and TSSP are
sensitive to temperature. In order to investigate the effects of
temperature on the hydrogen-induced multi-field coupling
behavior, three out-pile experiments at different temperatures are
simulated, as given in Table 2. In the storage stage of spent fuels, the
cladding temperature will gradually decrease from high in-pile
temperatures. So, the three temperature cases are selected in
Table 2. Through the out-pile experiments, the DHC velocities can
be obtained at different temperatures [44]. The actual multi-field
coupling processes and detailed mechanism are hard to be exam-
ined in the experiments, and three-dimensional numerical simu-
lation research can be helpful.

Owing to the fact that hydrides will precipitate when the total
hydrogen concentration exceeds its terminal solid solubility, so the
initial hydride volume fractions for Case B and Case C are not zero.
The initial hydride volume fraction for Case C is the highest, due to
existence of the lowest TSS. The internal pressures p for the three

cases all increase linearly with time, and eventually reach 30 MPa
after 30 s and then remain unchanged. The fast neutron fluence is
set as 2� 1025n=m2. The total computation time is 500s, and the
time increment for every step is set as 5s.

The finite element meshes are depicted in Fig. 3(c), and it can be
found that the mesh is refined around the crack tip. The model is
discretized into 6624 elements with the 8-node hexahedral
element. It is confirmed that enough computational precision can
be achieved.

3.2. General analysis of the hydrogen-induced multi-field coupling
results

Through three-dimensional numerical simulation, the
hydrogen-induced multi-field coupling results are obtained at
different time instants. Fig. 4 (a), (b) and (c) present the contour
plots of hydrostatic stress, solid-soluted hydrogen concentration
and hydride volume fraction at 500th second for case A,
respectively.

It can be clearly seen from Fig. 4 (a) that stress concentration
appears at the crack tip. In the vicinity of crack tip, the hydrostatic
stresses have a big difference. On the left side of crack tip, the hy-
drostatic stresses are very large positive ones. As a whole, on the
right side of crack tip, the stresses are much smaller and negative
magnitudes can be found. A high gradient of hydrostatic stress
forms from the right side to the left side of crack tip. According to
Eq. (3), it can be predicted that the hydrogen atoms will diffuse
from the right to the left of crack tip, driven by a high gradient of
hydrostatic stress. Of course, all the hydrogen atoms surrounding
the crack tip will tend to diffuse towards the crack front, and then
precipitate as hydrides.

In Fig. 4 (b), one can find that at the region far away from the
crack tip the solid-soluted hydrogen concentration in mol/mm3 is
close to the stress-free TSSP. From the magnified figure, one can see
that around the crack tip there are two areas with low concentra-
tion of solid-soluted hydrogen. Comparing the contour plots in
Fig. 4 (a) and (b), one can observe that the left blue area has very
large positive hydrostatic stresses, and the right blue area has very
small hydrostatic stresses. It can be predicted that in the left area
the small concentration of solid-soluted hydrogen equals to the
lowered TSSP there, which results from large tensile stresses. In the
right area, the current smaller hydrogen concentration is possible
to be caused by the fact that the original hydrogen atoms move to
the left area. Simultaneously, it can be known from Eq. (3) that the
existent concentration gradient of solid-soluted hydrogen will also
drive the hydrogen atoms to diffuse towards the crack tip. Of
course, it is understandable that the formed concentration gradient
here mainly stems from the existence of stress gradients.

One can obtain from Fig. 4 (c) that hydride precipitation only
occurs in the local crack-tip region. And the area with hydride
precipitation corresponds to the one with the smallest concentra-
tion of solid-soluted hydrogen in Fig. 4 (b). So, the concentration of

(a)                                         (b)

(c)

Fig. 3. (a) A cladding tube with two axial cracks, (b) the finite element model and the
output path and (c) the finite element meshes.

Table 2
Initial and boundary conditions for the cladding tube.

The initial conditions Boundary conditions

Concentration of hydrogen in solid solution
(mol=m3)

Hydride volume fraction
(10�4)

Total concentration of hydrogen
(mol=m3)

Inside the cladding
tube

Outside the cladding
tube

Case
A

97.641 0 97.641 T ¼ 473K; p T ¼ 473K

Case
B

9.2662 8.6650 97.641 T ¼ 373K;p T ¼ 373K

Case
C

0.6163 9.5123 97.641 T ¼ 300K; p T ¼ 300K
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solid-soluted hydrogen in that area equals to TSSP there. The first
dark blue area in front of the crack tip in Fig. 4 (b) actually means
that low TSSP exists there. And one can also find that hydride
precipitation appears mainly in the left side of the crack tip. On one
hand, it results from lower TSSP values there. On the other hand,
the hydrostatic stress gradient tends to drive the hydrogen atoms to
diffuse towards this local area. This analysis is consistent with the
previous explanation and predictions.

In Fig. 4 (a)-(c), the hydrogen-induced multi-field coupling
behavior for Case A is briefly described. In fact, the basic coupling
mechanism is similar for Case B and Case C. Owing to the sensi-
tivities of stress-free TSSP and hydrogen diffusion coefficient to
temperatures, the distribution and evolution laws of hydrogen-
induced multi-fields for the three cases differ from each other.
From the contour plots in Fig. 4, it can be observed that the
maximum magnitudes of hydrostatic stress, solid-soluted
hydrogen and hydride volume fraction all locate at the cracking
plane. Thus, in the next three sections, the multi-field results at

different instants for the three cases will be given along the path of
DCBA in Fig. 3(b), and the effects of temperature will be analyzed.

3.3. Effects of temperature on the hydrostatic stress results

Fig. 5 (a), (b) and (c) exhibit the hydrostatic stresses along the
radial path at different time for the considered three cases. Stress
concentration can be clearly found at the crack tip, and in fact in the
radial path both the hoop and radial stresses are the largest at the
crack tip. From Fig. 5 (a), one can see that the hydrostatic stresses at
the near-tip region decrease with time, and from 100s to 500s the
hydrostatic stress at the crack tip reduces by ~37.5%. With
increasing time, the hydrostatic stress gradient is also lowered.
However, the hydrostatic stresses vary differently with time for the
other two cases. As shown in Fig. 5 (b), a decreasing trendwith time
can be noticed, but the stresses at different instants change slightly.
As illustrated in Fig. 5 (c), the hydrostatic stresses hardly vary with
time. From Fig. 5 (d), one can observe that at the crack tip the

(a) (b)

(c)

Fig. 4. Contour plots of (a) hydrostatic stress, (b) solid-soluted hydrogen concentration and (c) hydride volume fraction (c) at 500th second for case A.

Z. Xia et al. / Nuclear Engineering and Technology 51 (2019) 238e248244



hydrostatic stresses at the end of 500s will be much lower for Case
A, and the difference between Case A and Case C becomes larger
than that at 100th second. One can also find that there is a very large
gradient of hydrostatic stress on the right of crack tip, which will
drive the hydrogen atoms to move from the right to the left.

It can be obtained that the temperature has an important effect
on the hydrostatic stresses. At the instant after loading, the differ-
ences attribute to the temperature dependence of elasto-plasticity
properties. It is known that the elastic modulus will decrease with
temperature, and especially the yield strength will be much lower
at higher temperatures. With increase of time, the different evo-
lution laws will be related to the processes of hydrogen diffusion
and hydride precipitation, and the effects of temperature on the
solid-soluted hydrogen concentration and hydride volume fraction
will be discussed in the following sections.

3.4. Effects of temperature on the solid-soluted hydrogen
concentration

For the three cases, the solid-soluted hydrogen concentration
along the radial path at different time can be found in Fig. 6. It is
noted that the concentration at the crack tip is the lowest, which is
induced by the occurrence of stress concentration at the crack tip. It
is known from Eq. (7) that large tensile stresses at the crack tip will
result in low TSSP. Hydride precipitation all appears in the local
crack-tip area for the three cases (see Fig. 7), so the solid-soluted

hydrogen concentration at the crack tip is the same as TSSP there.
Compared to the stress-free magnitudes, TSSP at the crack tip de-
creases by ~20% at 100th second for Case A, and TSSP for Case B
decreases by ~26.7% at the crack tip, and for Case C it decreases by
~30.5%. Owing to the fact that the tensile stresses at the crack tip are
larger at lower temperatures, the relative variation of TSSP at the
crack tip appears to be higher for Case C. So, it can be obtained that
the stress-dependence of TSS should be considered for a stress
concentration problem. The stress-dependence of TSSP results in
the concentration gradient of solid-soluted hydrogen in the local
region of crack tip. One can know from Eq. (3) that the hydrogen
diffusion direction is opposite to that of hydrogen concentration
gradient, and the same to that of hydrostatic stress gradient. As a
result, both of the gradients will drive the hydrogen atoms to move
towards the crack tip from the neighborhood, and the hydride
volume fraction will be locally heightened.

On the right side of the crack tip, i.e. CD in Fig. 3 (b), the
hydrogen atoms diffuse towards the crack tip and its hydrogen
concentration decreases with time, as can be seen from Fig. 6(a)
and (b). One can also see that the decreasing rate of solid-soluted
hydrogen concentration is getting lower and lower. As for the
hydrogen concentration results at the temperature of 300 K, one
can see from Fig. 6 (c) that no evident variation undergoes. These
distribution and evolution phenomena are closely related to those
of hydrostatic stress and hydride volume fraction, which will be
analyzed in the next section.
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Fig. 5. Hydrostatic stresses for (a) Case A, (b) Case B, (c) Case C (c) and (d) the results at the end of 500s for the three cases along the radial path on the crack plane.
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Fig. 6. Concentration results of hydrogen in solid solution for (a) Case A, (b) Case B and (c) Case C along the radial path on the crack plane.
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Fig. 7. Hydride volume fraction results for (a) Case A, (b) Case B and (c) Case C along the radial path on the crack plane.
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3.5. Effects of temperature on the hydride volume fraction

The hydride volume fraction for Case A is shown in Fig. 7(a). One
can see that hydride precipitation mainly occurs on the left side of
the crack tip. At the 500th second, the hydride volume fraction
reaches ~6%. In a very small region on the right side of crack tip,
there exist hydrides whose volume fraction increases slightly with
time. As analyzed in Sections 3.3 and 3.4, the hydrogen atoms
prefer to diffuse towards the crack tip. Due to existence of large
tensile stresses in the local crack-tip region, TSSP values become
lower than those in the other regions. Hence, it is easier for hydride
precipitation at the crack tip. With the rise of the hydride volume
fraction, the induced misfit strains also increase. Accordingly, the
local area will be compressed. Thus, one can observe from Figs. 6(a)
and 7(a), the hydrostatic stress lowers and the solid-soluted
hydrogen concentration enlarges. And both gradients are lowered
and the corresponding variation rates decreases. Thus, it can be
found that the precipitation velocity of hydrides decreases with
time. Besides, it can be known from Eq. (3) that the effective
hydrogen diffusion coefficient (1-f)D will decline with hydride
volume fraction. While, on the right side of crack, the hydride
volume fraction is much smaller, the effective hydrogen diffusion
coefficient will be higher. Consequently, the hydrogen atoms here
will diffuse more quickly towards the crack tip. Thus, one can find
from Fig. 7 (a) that the solid-soluted hydrogen concentration de-
creases largely there from 100s to 500s.

The results for Case B and Case C are presented in Fig. 7(b) and
(c). Different from Case A, hydrides already exist before applying
the internal pressure. Driven by the hydrostatic stress gradient and
solid-soluted hydrogen concentration gradient, it is similar that the
hydride volume fraction increases over time on the left side of crack
tip. However, compared to the results in Fig. 7 (a), it can be found
that the occupied areas by hydrides are smaller and the achieved
maximum values are much lower than that for Case A. So, the hy-
drostatic stresses around the crack tip changes slightly and slowly
for Case B and Case C. One can also find an interesting phenomenon
that on the right side of crack tip a part of original hydrides dissolve,
and in some areas the hydride volume fraction becomes zero, as
depicted in Fig. 7(b) and (c). And on the left side of crack tip, the
hydride volume fraction remains unchanged at a distance away
from the crack tip. It can be predicted that hydride precipitation on
the left side of crack tip will be accelerated for Case A if original
hydrides exists in the cladding tubes.

At lower temperatures, the stress-free TSSP can be very low. As
listed in Table 2, its value at 473 K is more than 10 times of that at
373 K and more than 100 times of that at 300 K. So the amount of
movable hydrogen atoms for Case B and Case C are much smaller
than that for Case A, as well as the corresponding hydrogen con-
centration gradients. On the other hand, the hydrogen diffusion
coefficient is also sensitive to temperature, and its value at 473 K is
almost 11 times of that at 373 K, and 172 times of that at 300 K. So, it
is understandable that the hydride volume fractions in the crack-tip
region for Case B and Case C are much lower than that for Case A,
even though their hydrostatic stress gradients are higher. The
detailed mechanism can be obtained from Eq. (3). As temperature
gradient is not considered here, the total hydrogen flux is only
affected by the first two terms. It is worth noting that the termwith
hydrostatic stress gradient is also affected by the solid-soluted
hydrogen concentration, which is equal to TSSP in the crack-tip
region. So, in addition to the contributions of solid-soluted
hydrogen concentration gradient and hydrostatic stress gradient,
TSSP has an important effect on hydride precipitation. As given in
Fig. 8, the hydride volume fraction at 373 K and 300 K is higher at
first, but the velocity of hydride precipitation is much higher for
Case A.

One of the important effects of hydride precipitation is that it
can heavily degrade the fracture toughness of Zircaloy, so it can be
obtained that the structural integrity will be threatened for a
cracked cladding tube subjected to internal pressures at compa-
rably high temperatures. This conclusion agrees with the experi-
mental results that the DHC velocity will increasewith temperature
in a certain temperature range. But if the temperature is much
higher than 473 K, the threat caused by hydride precipitation may
decrease [44], whichmay be due to themuch higher toughness and
much lower yield strength. As mentioned previously, excluding the
effect of temperature gradient, the basic mechanism of hydrogen
diffusion stems from enough high hydrostatic stress gradients. If
the yield strength is very low, the necessary conditions for fracture
are hard to be met.

4. Conclusions

In this study, the differential governing equations for hydrogen
diffusion-hydride precipitation and mechanical deformation are
given. In the mechanical constitutive relation, the contributions of
thermal expansion, the eigenstrains induced by hydrogen dissolu-
tion and hydride precipitation, irradiation- and hydride-induced
hardening plasticity are involved. A multi-field coupling compu-
tational method is put forward. The three-dimensional numerical
simulation of the hydrogen-induced multi-field coupling behavior
is implemented for the cracked Zircaloy cladding tubes, and the
obtained results are analyzed. The conclusions are drawn as:

(1) Hydrides will only precipitate at the local crack-tip area, and
the hydride volume fraction in front of the crack tip will in-
crease with time. As a whole, a large quantity of hydrogen
atoms can be found to diffuse along the cracking direction
from the back side to the front side of crack tip.

(2) Excluding the temperature gradient, the hydrostatic stress
gradient is the fundamental factor to result in the hydrogen-
inducedmulti-field coupling behavior in the cracked Zircaloy
cladding tubes. It will induce a lower TSSP in the crack-tip
region, and the concentration of solid-soluted hydrogen
will accordingly form. Both gradients drive hydrogen
diffusion.
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Fig. 8. Evolution results of hydride volume fraction at the crack tip at different
temperatures.
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(3) In a cladding tube with cracks, hydride precipitation at
higher temperature will be much quicker than that at lower
temperature, which can be fundamentally attributed to the
sensitivity of TSSP and hydrogen diffusion coefficient to
temperature.

In this study, the damage and cracking process are not consid-
ered, with them involved the multi-field coupling results will be
affected because of the varied stress field. This study lays a foun-
dation for the future research work.
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