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a b s t r a c t

Nozzle corner cracks present at the intersection of reactor pressure vessels (RPVs) and inlet or outlet
nozzles have been a persistent problem for a number of years. The fracture analysis of such nozzle corner
cracks is very important and critical for the efficient design and assessment of the structural integrity of
RPVs. This paper aims to perform an engineering critical assessment of RPVs with nozzle corner cracks
subjected to several transients accompanied by pressurized thermal shocks. The critical crack size of the
RPV model with nozzle corner cracks under transient loading is evaluated on failure assessment curve. In
particular, the influence of cladding on the crack initiation of nozzle corner crack under thermal tran-
sients is studied. The influence of primary internal pressure and secondary thermal stress on the stress
field at nozzle corner and SIF at crack front is analyzed. Finally, the influence of different crack size and
crack shape on the final critical crack size is analyzed.
© 2020 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

The inlet and outlet nozzles in reactor pressure vessels (RPVs)
are particularly important regions, which introduce complex and
high stresses near the nozzle junction. During some transients with
loss of coolant, cold water would be injected through the nozzle
into the RPV and result in temperature gradients along the thick-
ness. Then the nozzle region experiences higher stresses than the
remaining part of the RPV. The high stresses in the nozzle can often
result in corner cracks present at the intersection of RPV and the
nozzle. Therefore, the fracture analysis of such nozzle corner cracks
is very important for the efficient design and assessment of the
structural integrity of RPVs.

To ensure the structural integrity of RPVs with cracks, stress
intensity factors (SIFs) are usually compared with fracture tough-
ness of materials based on linear elastic fracture mechanics. A
considerable amount of attention has been paid to estimate the
values of stress intensity factors. At present, several codes [1e3]
provide the evaluation process of SIFs for simple structures such as
lear Power Safety Monitoring
gineering Co., Ltd, Shenzhen,

by Elsevier Korea LLC. This is an
plates and cylinders with surface or embedded cracks. Smith et al.
[4] studied flaw geometry and corresponding SIF distributions for
nozzle corner cracks in thin walled pressure vessels (boiling water
reactors) based on the frozen stress method. Employing a 3D in-
fluence function method in conjunctionwith the boundary integral
equation method, McLean and Cohen [5] obtained the SIFs for
corner cracks in a boiling water reactor feedwater nozzle with
stainless steel cladding for loading by internal pressure and a fluid
quench in the nozzle. Atluri et al. [6,7] obtained the SIF solutions of
nozzle corner crack problems using the hybrid displacement finite
element model. However, for nozzle corner cracks, the SIFs cannot
be accurately estimated due to the complex stress distributions,
especially under thermal transients [8].

As far, finite element method (FEM) is widely used to carry out
fracture mechanic analysis for complex structures. Murtaza and
Hyder [9e11] presented the SIFs for a wide range of corner surface
cracks at the nozzle-cylinder intersection under two conditions of
the pressurized water reactor. The results showed that the crack
with depth of 5% of wall thickness can be finalized as the critical
crack at the nozzle-cylinder intersection of the RPV. Siegele et al.
[12] performed a fracture mechanics assessment of postulated
flaws in the region of an inlet nozzle under a loss of coolant acci-
dent, and showed that a negligible stable ductile crack extension of
about 0.06 mm is determined for the 20-mm deep surface crack. Jin
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Fig. 1. Geometries of RPV with nozzle corner crack.

Table 1
Material properties of 16MND5.

T
�C

l
W/(m$K)

E
GPa

a
10�6m/(m$K)

C
106J/(kg$K)

20 37.7 204 11.2 437
50 38.6 203 11. 5 450
100 39.9 200 11.8 473
150 40.5 197 12.1 492
200 40.5 193 12.5 512
250 40.2 189 12.8 535
300 39.5 185 13.1 554
340 38.9 181 13.3 572
350 38.7 180 13.4 577
360 38.5 179 13.5 582

Table 2
Material properties of 309L/308L

T
�C

l
W/(m$K)

E
GPa

a
10�6m/(m$K)

C
106J/(kg$K)

20 14.7 197 16.4 451
50 15.2 195 16.5 469
100 15.8 191.5 16.8 489
150 16.7 187.5 17 514
200 17.2 184 17.2 522
250 18 180 17.5 535
300 18.6 176.5 17.7 538
340 19.2 173 17.9 543
350 19.3 172 17.9 545
360 15.4 171 14.3 545

Y. Li et al. / Nuclear Engineering and Technology 52 (2020) 2638e2651 2639
et al. [13] investigated the geometry constraint effect on a corner
crack in RPV nozzle by local approach. Sun et al. [14,15] performed
elastic and elastic-plastic fracture analysis for nozzle corner cracks
by the XFEM combined with specified damage criterion.

The researchers [16e21] have also performed structural integ-
rity analysis of nozzle corner cracks in RPVs under different normal
and accidental conditions such as pressurized thermal shocks. In
fact, lots of literatures on the crack analysis can be found for RPV
core beltline region under pressurized thermal shocks, such as the
works studied by Moinereau [22], Qian [23,24], Chen [25,26]et al.
However, the nozzle corner crack problem is more complex than
the crack in beltline region. Besides the high stress caused by ge-
ometry structures, the effect of cladding on the crack should also be
further investigated, particularly for thermal transients.
In this study, fracture mechanics analysis is performed for the
corner surface cracks postulated the intersection of cylinder and
the nozzle. SIFs of nozzle corner cracks are calculated by FE with
linear elastic fracture mechanics. The influences of crack sizes,
crack shapes and cladding on SIFs are analyzed. With the help of
these SIFs, the critical crack depth at the nozzle-cylinder intersec-
tion is successfully investigated. In the second section, the analysis
conditions and problems are described. Detailed FE models are
introduced in section 3. Then, in section 4, the finite element results
are analyzed, including the corresponding verification and analysis
of stress field and stress intensity factor. Finally, the results of
critical crack size based on failure assessment curve are discussed
in section 5.



Fig. 2. Typical transients with the change of temperature and pressure.

Fig. 3. Corner crack models.

Table 3
Crack models.

Crack model Crack number Crack depth a mm Crack shape a/c Note

A A1 10 1 With cladding, and crack on the cladding
A2 10 1/3
A3 10 1/5
A4 20 1
A5 25 1

B B1 10 1 Without cladding
B2 20 1
B3 25 1

C C1 10 1 With cladding, and no crack on the cladding
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Fig. 4. Flow diagram to determine the defect tolerance using the failure assessment diagram.

Fig. 5. Corner crack FE model (crack A1).
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2. Analysis models

2.1. Geometries of RPV nozzle

A typical RPV is selected for fracture analysis of the nozzle
corner structure with hypothetical surface semi-elliptical cracks.
The complex structure is simplified, and the geometrical di-
mensions are shown in Fig. 1. The crack front is also shown in the
figure. Some key points (A to E) are defined, where points A and C
are the surface point, points D and E are located in the interface of
cladding and base material, point B is the deepest point.
2.2. Material properties

The materials involved in this analysis mainly include two kinds
of materials: the RPV nozzle (16MND5) and the cladding (309L/
308L). According to RCC-M Version 2010 Appendix Z [27], the
thermophysical properties and conventional mechanical properties
of these two materials are shown in Table 1 and Table 2, including
thermal conductivity l, specific heat capacity C, thermal expansion
coefficient a, elastic modulus E, etc. The Poisson's ratio of the ma-
terials is 0.3 and the density is 7.85 � 10�6 kg/mm3. In addition, the
fracture toughness of the material versus temperature curve is also
referred to RCC-M [27], in which the fracture performance curve of
the low-alloy ferritic steel is



Fig. 6. Boundary condition of FE model.

Fig. 7. Stress distribution u
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Kmat ¼40þ 0:09ðT �RTNDTÞ þ 20expð0:038ðT �RTNDTÞÞ: (1)

Where Kmat is the fracture toughness, MPa
ffiffiffiffiffi
m

p
; T and RTNDT are the

material temperature and material transition temperature, �C. Take
RTNDT ¼ �5�C at the end of life of nuclear power plant.

2.3. Transients

88 transients that may occur during RPV operation are selected
to determine the critical sizes for the nozzle corner crack, including
normal conditions, emergency and faulted conditions. These tran-
sients are formed of the pressure and thermal gradient load. Fig. 2
shows some typical transients with the change of temperature and
pressure.

2.4. Postulated cracks

A postulated crack is located at the nozzle corner, as shown in
Fig. 1. The crack is a semi-elliptical crack on the inner surface with
the crack depth a, the crack shape ratio a/c. Three values of crack
depth a are assumed with 10 mm, 20 mm and 25 mm. The effect of
crack shape is also considered under the same crack depth. To
investigate the effect of cladding on the crack fracture behaviors,
different crack models with/without cladding are simulated as
shown in Fig. 3. Model A is a surface crack penetrated the cladding.
Cladding is ignored in Model B. A subclad crack is shown in Model
C. The center of all crack models is assumed to be located at the
interface between the base metal and the cladding. Two typical
locations are considered to investigate the effect of cladding, as
shown in Fig. 3. The crack models are summarized in Table 3.

3. Analysis methodology

3.1. Engineering critical assessment

For the RPV, high reliability should be demonstrated, according
to UK nuclear regulation, by undertaking an elastic plastic fracture
nder internal pressure.



Fig. 8. Stress distribution under thermal transient.
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assessment. Therefore, the technology of failure assessment dia-
gram is adopted according to R6 code.

Fig. 4 shows a flow diagram to determine the structure integrity
of RPV containing defect using the failure assessment diagram. The
assessment point (Lr, Kr) is needed to calculate for each case and
compared with the failure assessment curve. Lr is the load ratio of
applied load and plastic collapse load, and Kr is the fracture ratio of
SIF K and the fracture toughness Kmat.

During the evaluation of the assessment point, stress categori-
zation of primary and secondary stress should be carried out. It
should be noted that the secondary stress has no effect on the load
ratio Lr. Lr depends on the primary loads, and is usually defined as:

Lr¼ P
PL
; (2)

where P is the primary load, and PL is the limit load which depends
on the structure, crack and material properties.

Both primary and secondary stress should be considered for
evaluation of the fracture ratio Kr. The interaction of primary and
secondary stress is treated by a correction factor V. Then the frac-
ture ratio Kr can be calculated by:

Kr ¼KP
r þ KS

r ¼ Kp
I

Kmat
þ V

KS
I

Kmat
; (3)

where Kp
I and Ks

I are the SIF caused by primary stress sp and sec-
ondary stress ss, respectively. The correction factor V of the sec-
ondary stress is evaluated according to the simplified method in R6
Section II.6 [3]. In this work, all the stress caused by internal
pressure is regarded as the primary stress and the thermal stress
caused by temperature variation is regarded as the secondary
stress. It should be noted that part of stress at the nozzle corner
under internal pressure is the secondary stress. It is conservative to
treat them as primary stress. Therefore, the stress analysis will be
performed for internal pressure and thermal transient separately.

To obtain a conservative result, the general failure assessment
curve is used as:
f1ðLrÞ ¼
�
1þ 0:5L2r

��1=2h
0:3þ 0:7 exp

�
� 0:6L6r

� i
; for Lr

� Lmax
r

(4)

3.2. Finite element models

Thermal and stress analyses are performed using the commer-
cial finite element software ABAQUS. According to the symmetry of
structure and load, the FE model is established by 1/4 of the
structure, using an 8-node thermally coupled brick element C3D8T.
Fig. 5 shows a typical FE model for the nozzle corner crack with
cladding. The temperature along the crack front is obtained from
the finite element analysis. To calculate the stress intensity factors
along the crack front, a focus mesh with wedge element is used as
shown in Fig. 5(b).

According to the symmetry of the model, symmetric boundary
conditions are applied on its symmetric interface. Taking the crack
model A1 as an example, Fig. 6(a) shows the boundary conditions of
the crack model A1. The crack face is free without any displacement
constraint. For the subclad crack model, the cladding should be
constrained by the displacement boundary, as shown in Fig. 6(b).

When the failure assessment diagram is used to assess the
structural integrity, the transient loads are divided into primary
load and secondary load, which are divided into primary stress
caused by internal pressure and thermal stress caused by thermal
transient load. During the calculation, the stress caused by internal
pressure and the stress caused by thermal transient load are
separately analyzed by FEM to obtain the corresponding SIFs.

For the primary load, the stress intensity factors vary linearly
with internal pressure. Therefore, it is only necessary to calculate
the SIF corresponding to an arbitrarily internal pressure. SIFs under
any internal pressure can be calculated by interpolation. For the
primary stress caused by internal pressure, this paper takes the
internal pressure P ¼ 20 MPa for calculation. The specific loading



Fig. 9. Stress intensity factor verification.
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for the stress analysis under internal pressure includes:

(1) Internal pressure which is applied on the internal face of the
nozzle and cylinder, and the crack face.

(2) A blow-off membrane load which is applied on the nozzle
end of the model to simulate the close-end effects of the
attached piping [28], as follows:

Pn ¼
P$D2

i

D2
0 � D2

i

(5)

whereD0 andDi are the outer and inner diameters of the cylinder or
the nozzle.

For the secondary load caused by the thermal transients, the
thermal transient load with time is applied to RPV model with
defects. The convective heat transfer boundary condition is applied
to the inner wall of the structure to calculate the temperature and
stress changes of the structure. A film coefficient of h¼ 10W/(m2$K)
is assumed for analysis and calculation.

4. Results and discussions

4.1. Stress analysis

Fig. 7 shows the stress distributions of the nozzlemodel without
crack under internal pressure. Obviously, the nozzle corner is the
region where the stress concentration of the RPV model. The
approximation can be considered as a bisector distribution. The iso-
stress lines in the nozzle corner region can be simplified as straight
lines at an angle of 45� [29,30].

In addition, the stress field of the nozzle corner model under the
thermal transient is shown in Fig. 8. Obviously, the stress on the
cladding is much higher than the stress on the base material. The
main reason may be that the thermophysical properties e.g., ther-
mal expansion coefficient is different for the two material. This will
produce large thermal stress under the transient with temperature
changing. Therefore, the thermophysical properties of the cladding
material will have great impact on the SIFs along the crack front at
the interface between the base metal and the cladding with the
action of the thermal transient.

4.2. SIFs calculation

As described in Section 3, according to different loads, the stress
Fig. 10. SIFs along crack front under internal pressure (crack A1).
caused by internal pressure and thermal transient load are sepa-
rately analyzed by FE analysis to obtain the SIF KP

I under the single
internal pressure field and the SIF KS

I under the single thermal
stress field.

4.2.1. Verification
In engineering applications, some codes and literatures had

been proposed to evaluate the SIFs of the nozzle corner structure
with surface semi-elliptical crack under load, such as Chapuliot
[31], API 579 [32] and so on. In order to verify the accuracy of the
defect-containing model, the FE solution of the SIFs at the deepest
point of the crack under internal pressure load is compared with
the semi-analytical solution provided by API 579. The corre-
sponding formula is as follows:

KI¼
�
0:706s0þ0:537

�
2a
p

�
s1þ0:448

�
a2

2

�
s2þ0:393

�
4a3

3p

�
s3

�
ffiffiffiffiffiffi
pa

p
(6)

Where KI is the Model I stress intensity factor, MPa
ffiffiffiffiffi
m

p
; s0 - s3 are

the curve fit coefficients for the nozzle corner path applied stress
distribution. The comparison of the FE solution and the semi-
analytical solution of the SIFs is shown in Fig. 9. It can be seen
that the FE solution of the SIFs of the nozzle corner crack with or
without the cladding is in good agreement with the semi-analytical
solution. The relative errors are all within 5%. Then, according to the
comparison results, the accuracy of the FE model can be obtained,
and the accuracy of the critical crack size analysis result can be
ensured.

4.2.2. Internal pressure
Fig. 10 shows the SIFs along the crack front for crack A1 model

under internal pressure of 10 MPa and 20 MPa. As expected, the
trend of SIFs along the crack front under different internal pressures
is consistent. Therefore, SIFs under any internal pressure can be
estimated by linear interpolation method. The SIF at the deepest
point (q ¼ 0) is lower than the surface points.

4.2.3. Thermal transients
Thermal transient loads will result in thermal stress on the RPV

wall, which is classified as secondary stress. It needs to separately
calculate the crack tip SIF KS

I under thermal stress to determine the
fracture parameter KS

r .
In order to study the influence of cladding on the SIFs along the

crack front under thermal transients, 5 crackmodels are performed.
The SIFs along the crack front at different time during the transient
TR 1 are shown in Fig. 11. The influence of cladding for surface crack
can be clearly found by a comparison from Fig. 11(a) and (b) with
the same crack shape a/c ¼ 1. It can be seen that the curve of SIF
along the crack front is smooth when the cladding is ignored, while
it is undulate for the model with cladding, especially for the clad-
ding zone. This is caused by stress mutations between the two
materials with different thermal expansion coefficients. A higher
SIF for surface crack is predicted for the model with cladding than
that without cladding.

Compared with the surface crack models, the subclad crack
mode gives lower SIFs, as shown in Fig.11(c). It should be noted that
the crack depth of the subclad crack mode is less than the surface
crack model with cladding. Meanwhile, the subclad crack can be
recognized as an embedded crack which is enveloped with the
cladding. Therefore, it will give a non-conservative result when a
subclad crack mode is used to characterize a realistic surface crack.



Fig. 11. SIFs along crack front at different times during TR 1.
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Fig. 12. SIFs at crack tips with time under transient TR 1.
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SIFs for different crack shape ratios (a/c ¼ 1, 1/3, 1/5) are shown in
Fig. 11(a), (d) and (e). It is significantly different in the SIFs along the
crack front among the three shape ratios, especially for the exis-
tence of cladding. For the models with a/c ¼ 1 and 1/3, the
maximum SIF presents on the cladding, such as the points A and C,
while maximum SIF locates at the deepest point B for the model
with a/c¼ 1/5. Meanwhile, the SIFs on the cladding fluctuatewildly,
which are caused by the higher stress level. However, it should be
noted that the material of cladding shows high ductility than the
base material. Therefore, SIFs at points B, D and E are focused in the
following sections.

As mentioned above, SIFs at points B, D and E under each
transient are analyzed. Fig. 12 shows SIFs with time under transient
TR 1. It can be seen from the figure that SIFs increase first and then
decrease with time. This is resulted from the existence of a rapid
cooling process in the early stage, which causes a large thermal
stress on thewall. Subsequently, as thewall temperature gradient is
alleviated, the thermal stress is reduced. In addition, it can be seen
from the comparison of SIFs for different models with a/c ¼ 1 that
the subclad model C1 shows the minimum values of SIFs among
these models while surface model A1 gives the maximum values of
SIFs. Moreover, because Point B is less affected by the thermal stress
produced by the cladding under the thermal transient, the SIF at the
deepest point B also decreases when the crack shape ratio a/c de-
creases. However, due to the influence of cladding, the SIFs at points
D and E decrease first and then increase with the decrease of crack
shape ratio.
4.3. Limit load analysis

The limit load PL needs to be determined in the structural
integrity assessment of the defective component. It cannot only
provide the basis for the load capacity of the defective component
to reach the plastic collapse state [33], but obtain the load param-
eter Lr in the failure assessment diagram. In this work, limit load
analysis is carried out for the corner crack models.

The elastic-perfectly plastic constitutive is used in the analysis
with the yield strength at 290 �C. The twice times elastic slope
method [34] is adopted to determine the global limit load of the
model. Fig. 13(a) shows the load-displacement curve at the
maximum displacement point for the model A1. The global limit
load of 34.45MPa is determined according to the twice times elastic
slope method. In addition, the von Mises stress is also analyzed as
shown in Fig.13(b). According to the definition of local limit load, the
whole section will yield when internal pressure p reaches 34 MPa.
Conservatively, the limit load of 34 MPa for crack model A1 will be
used to perform defect tolerance assessment. For the other models,
local limit loads are all calculated as listed in Table 4.
4.4. Critical crack

For a given model, the assessment point (Lr, Kr) can be estimated
by the above parameters. Fig. 14 shows the assessment points at
crack tips with time under transient TR 1. When all assessment
points under the transient fall within the failure assessment curve,
it indicates that the defect is safe and can be acceptable. As shown
in Fig. 14, the most dangerous assessment point appears in tran-
sient TR 1. Under this transient, the assessment points at crack tips
D and E are close to the failure assessment curve, while the deepest
point is still safe. Therefore, 10 mm can be regarded as the critical
crack size of the model.

Taking the most critical assessment point under each transient
and plotting them into the failure assessment diagram, as shown in
Figs. 15e17 for different models. For the crack models with



Fig. 13. Determination of limit load for model A1.

Table 4
Limit loads for the crack models.

Models A1 A2 A3

Global limit load 34.45 34.06 32.69
Local limit load 34.0 33.6 32.4
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a ¼ 10 mm and a/c ¼ 1, the crack may initiate from the interface
between the cladding and base material, where the assessment
points will first reach on the failure assessment curve (Fig. 15(a)).
With the increase of crack length c, the assessment point at the
deepest point B will also exceed the failure assessment curve
(Fig.15(b) and (c)). Similarly, crack at the deepest point Bwill initiate
when the crack depth a grows tobe 25mm(Fig.15(d) and (e)).When
the cladding is ignored, the assessment points under all transients
are located in the safety region for the crackmodels with a¼ 10mm
and a/c¼ 1.With the increase of crack depth a, the surface pointwill
enter the failure region, but the deepest point is still below the
failure assessment curve, as shown in Fig. 16. For the subclad crack
model, all the assessment points are safe, as shown in Fig. 17.
As mentioned, cladding has significantly effect on the SIFs and
defect tolerance. The determination of defect tolerance should
consider the effect of cladding. It is suggested that a surface crack
with a¼ 10mm should be themaximum allowable crack for a/c¼ 1
with the consideration of all possible transients.

5. Conclusions

For the nozzle corner crack of RPV, failure assessment diagram is
used to perform engineering critical assessment with the consid-
eration of all possible transients. Based on the FE analysis of RPV
containing defects including surface cracks and subclad cracks, the
limit loads and SIFs along the crack front under transient loads are
calculated. Furthermore, the defect tolerance is assessed according
to the general failure assessment curve of R6 option 1. The influence
of cladding and crack shape on critical crack size is also analyzed.
The conclusions are as follows:

(1) The stress on the cladding is much higher than the stress on
the base material due to the different of thermal expansion
coefficient, which has severely impact the SIFs along the



Fig. 15. Failure assessment diagram for surface crack models.

Fig. 14. The assessment points for crack model A1 under different transients.
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Figure 16. Failure assessment diagram for surface crack models without cladding.

Fig. 17. Failure assessment diagram for subclad crack model.
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crack front at the interface between the base metal and the
cladding with the action of the thermal transient.

(2) Generally, the SIF at the deepest point (q ¼ 0) is lower than
the surface points on cladding for the surface crack models
with the corresponding crack shape a/c > 1/5. But it would
exceed the surface points with the increase of crack length.
The presentence of cladding obviously enhances SIFs under
thermal transients. The determination of critical crack
should consider the effect of cladding.

(3) According to the general failure assessment curve of R6 op-
tion 1, a surface crack with a ¼ 10 mm is suggested to be the
maximum allowable crack for a/c ¼ 1 with the consideration
of all possible transients.
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