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Rupture disk corrosion test (RDCT) method has been recently developed for real-time measurement of initiation
of stress corrosion cracking (SCC) in a high-temperature water. This work presents a parametric study on the
stress distribution of a thin disk specimen of RDCT to consider the fixture shape and friction using finite element
analysis (FEA). The FEA results showed a dome-shaped deformation of the specimen. From the stress analysis as a
function of friction coefficient, it was suggested that the maximum stress was applied around the dome-edge,
which was invariant with change to the friction coefficient. This indicates that friction between the fixture
and the specimen has little effect on stress distribution. On the other hand, the stress analysis as a function of a
rounded-corner radius (Rc) revealed the location at which the maximum stress was applied shifted from the
dome edge to the dome center as Rc increased. From SCC initiation tests using the RDCT apparatus in a primary
water environment, it was found that SCC initiates at the dome edge when Rc is 0.5 mm, while SCC initiates near

the disk center when Rc is 2.0 mm. This experimental result is in good agreement with the results of FEA.

1. Introduction

The main components of pressurized water reactors (PWRs) in a
pressure boundary are made of corrosion-resistant alloys such as nickel
alloys and stainless steels. However, those alloys have been known to
show many types of corrosion behaviors over a long period of operation
time. Among corrosion behaviors, stress corrosion cracking (SCC) is an
important corrosion mechanism because the failure of these components
can cause the loss of cooling water that can lead to the LOCA (loss of
coolant accident) and leakage of radioactive materials [1-4]. To secure
the integrity of components from failure, it is important to predict the
initiation time of SCC and repair the degradation proactively for the
long-term operation of PWRs.

Recently, to evaluate the SCC initiation time of nickel alloys in high-
temperature water, the rupture disk corrosion test (RDCT) was newly
developed as a real-time measurement method [5]. Fig. 1 shows the
schematic diagram of the test procedure of the RDCT method [5]. In
Fig. 1(a)-a flat disk specimen is first placed and fastened in specimen
fixtures. Then, one side of a thin disk specimen made of a test material is
exposed to high-temperature water simulating the primary water of
PWRs, while the other side is maintained at atmosphere conditions. This
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pressure difference induces the deformation of the disk specimen in a
dome-shape and tensile stress on a specific region of the disk specimen as
shown in Fig. 1(b). While immersed in high-temperature water for a long
time, SCC occurs on the disk specimen due to the tensile stress (Fig. 1
(0)), leading to a rupture of the disk specimen or a water leakage (Fig. 1
(d)). Therefore, SCC initiation can be detected in real-time from the
pressure change. In the previous work on the measurement of SCC
initiation time of Alloy 600 by using the RDCT method [5], it was re-
ported that the crack initiation time decreased with the decrease of
specimen thickness owing to the increase of applied stress on the disk
surface exposed to the primary water. The result of SCC initiation time
vs. applied stress was similar to data reported in other works on Alloy
600 materials having similar grain size and heat treatment history [5].

Even though the RDCT method has a great capability for accurately
measuring SCC initiation time, it is hard to directly measure stress on the
disk specimen in high-temperature water. To overcome this, a finite
element analysis (FEA) has been developed to calculate the applied
stress and deformation of a disk specimen. In the previous work [6], the
proper finite element (FE) model has been established for the disk
specimen by analyzing its sensitivity of design parameters with various
mesh designs such as a hexahedron, hex-dominated, and tetrahedron
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Fig. 1. Schematic diagram of the RDCT method: (a) a flat disk is placed in the specimen fixtures, (b) the disk specimen is deformed in a dome-shape by exposure to
primary water in the high-pressure side, (c) SCC initiates on the deformed disk specimen, and (d) water leakage or disk rupture occurs leading to a pressure change in

the low-pressure side [5].
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Fig. 2. Drawing of the RDCT apparatus with the cross-sectional view of the disk
specimen placed in the fixtures and sealing gasket.

model. All FE models simulated similar deformation behavior in a dome
shape, which coincided with the deformed disk specimen after the SCC
initiation experiment using the RDCT method. However, there was a
remarkable discrepancy in applied stress on the disk specimen; the
maximum stress was applied at the center of the dome in the
hex-dominated model, while the maximum stress was applied at the
edge of the dome in the hexahedron and tetrahedron models. By
comparing this with the experimental results of the SCC initiation test
using the RDCT method, the optimal mesh design was determined to be
the tetrahedron model for the disk specimen.

Table 1

Chemical compositions of Alloy 600 (wt %).
Cr Fe Si Mn C Cu P S Ni
16.11 8.83 0.34 0.26 0.062 0.02 0.005 0.001 Bal
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In addition to the disk model, it is also crucial to establish a FE model
of the other parts of the RDCT apparatus that contact and influence the
deformation of the disk specimen for more accurate calculation of the
applied stress. Similar contact analyses have been performed for the
small punch (SP) test using FEA [7-13]. The SP test is used to measure
mechanical properties of materials such as tensile strength, fracture
toughness, creep properties, etc. by utilizing a test specimen in the form
of a thin disk. From a sensitivity analysis for the design parameters of the
SP test apparatus, it was found that there are several key parameters
such as disk thickness, ball diameter, die corner radius, and friction
among disk, ball and die contacting with each other.

Like the SP test, the deformation and stress distribution of the disk
specimen in the RDCT method may also be affected by the shape of the
specimen fixture and friction between the specimen and the fixture.
Therefore, in this study, we consider these parameters in the calculation
of stress distribution of the disk specimen using FEA. For considering the
specimen fixture that makes contact with the disk specimen, 3D
modeling was carried out using ABAQUS™. The effects of the friction
and shape of the specimen fixture were investigated using a contact
analysis. The stress distribution calculated by FEA was compared with
the experimental findings from RDCT in terms of the maximum stress
location and SCC initiation site.

2. Rupture disk corrosion test (RDCT) method

Fig. 2 shows a drawing of the RDCT apparatus and the cross-sectional
view of the disk specimen placed in fixtures and a sealing gasket. In
Fig. 2, d1 is the inner diameter of the fixture A (female connector) in the
low-pressure side, d2 is the inner diameter of the gasket and fixture B
(male connector) in the high-pressure side, and Rc is the radius of the
rounded-corner of the fixture A. In experiments and simulations, d2 was
fixed as 8.0 mm, d1 was varied from 2.0 mm to 5.0 mm and Rc was
varied from 0.5 mm to 2.0 mm, satisfying the constrained condition of
dl + 2Rc = 6.0 mm which was lower than d2 to avoid any involvement
of a compressive stress by fastening fixtures in SCC initiation on the
specimen surface in the primary water side. The fixtures were made of
Type 316 stainless steel and the gasket was made of Ni 200.

The diameter of the disk specimen was fixed as 12.0 mm, and the
thickness was varied from 0.1 mm to 0.2 mm depending on a desired
stress on the specimen. To prepare the disk specimen, flat disks with a
12.0 mm diameter and 0.5 mm thickness were first machined from the
test material using electrical discharge machining (EDM). The machined
disk was mounted on AccuStop™ holder with Crystalbond™ wax for
surface grinding and polishing. The surface of the mounted specimen
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Table 2
Mechanical properties of Alloy 600.

Temperature Yield strength Ultimate tensile Total elongation
cQ (MPa) strength (MPa) (%)
25 254 671 50.9
350 222 613 44.6/
Fixture A
Rc
/ [
/
Disk

l specimen

B 12
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gasket

Fig. 3. Finite element model of the disk specimen, fixture A, and sealing gasket
in the finite element analysis (d1 = 5.0 mm, d2 = 8.0 mm, Rc = 0.5 mm).

was ground to a target thickness with abrasive paper up to 2000 grit, and
then polished with 1 pm alumina and 0.3 pm diamond suspension. The
final thickness of disk specimen was measured using a micrometer at ten
different points and confirmed to have a thickness variation less than
0.01 mm. In this work, the test material was Alloy 600 (solution
annealed at 950 °C and water quenched). Tables 1 and 2 list the
chemical composition and mechanical properties of the test material,
respectively.

The SCC initiation experiments were performed using an RDCT fa-
cility with a primary water loop system. To simulate typical primary
water chemistry in PWRs, the test solution was made by dissolving 1200
ppm B (as H3BO3) and 2.2 ppm Li (as LIOH) in distilled water to have a
pH of 6.4, conductivity of 23 pS/cm, dissolved oxygen less than 5 ppb,
and dissolved hydrogen of 22 cc/kg-H20. The pressure applied to the
specimen on the primary water side was steadily increased to 20 MPa

Master surface
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over an hour, followed by heating to the test temperature of 360 °C for
acceleration of SCC initiation. In the RDCT apparatus, the primary water
is injected to the vicinity of the specimen surface through a 1/16 inch
tube and flows out through a 1/4 inch tube in a double-wall tube
configuration as shown in Fig. 2, to maintain the local water chemistry
as constant. More detailed experimental procedures are described in
previous work [5]. When a pressure change or water leakage was
detected, the specimen was observed with an optical microscope (OM)
and scanning electron microscope (SEM).

3. Finite element analysis (FEA) method

In the previous study [6], the best mesh design for thin disk specimen
was established by comparing three different models, i.e. hexahedron,
hex-dominated, and tetrahedron in terms of mesh type, seed size and the
disk thickness, without considering the friction and shape of fixtures. All
models showed a similar dome-shaped deformation behavior of the disk
specimen. However, there was a considerable difference in the stress
distribution and expected location of SCC initiation on the disk spec-
imen. From comparison of FEA results with the deformation behavior
and PWSCC location on the disk specimen after the SCC experiments
using the RDCT method, the best estimate FE model with efficient
simulation time for disk specimen having a thickness ranging from 0.1
mm to 0.2 mm was found to be the tetrahedron C3D10 (10 nodes and 4
integration points) model with a seed size of 0.1 mm.

In addition to the disk model, FE models of the other parts of the
RDCT apparatus that contact and influence the deformation of the disk
specimen were established in this work. Fig. 3 shows one of FE models
established for the RDCT apparatus including the disk specimen with a
thickness of 0.1 mm and seed size of 0.1 mm, the fixture A with a
dimension of d1 = 5.0 mm and Rc = 0.5 mm, and the gasket with a
dimension of d2 = 8.0 mm. When the disk specimen is deformed by the
pressure difference, a contact occurs between the specimen surface and
the rounded-corner of the fixture A in the low-pressure side. For the
simplified contact analysis in FEA, therefore, the mesh design of the
rounded-corner of the fixture A was set as a tetrahedron model (C3D10)
with a seed size of 0.2 mm which was much finer than non-sliding
boundaries.

Fig. 4 illustrates the contact surface of the specimen fixture and the
disk specimen. The contact surface of the fixture A (indicated by the red
area in Fig. 4(a)) is set as the master surface (higher stiffness and lower
mesh density), and the contact surface of the disk specimen in the low-
pressure side (indicated by the violet area in Fig. 4(b)) is set as the slave

(b)

Slave surface

Fig. 4. Contact surface of (a) the fixture A set as a master surface and (b) the disk specimen set as a slave surface.
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Encastre boundary condition

Fig. 5. Schematic diagrams of the load and boundary conditions of the disk
specimen in the (a) high-pressure side and (b) low-pressure side.

surface (lower stiffness and higher mesh density) [14]. In the FE
modeling, a finite sliding formulation and a discretization in surface to
surface are used as the contact condition with various friction co-
efficients (u) of 0.1, 0.3 and 0.5.

Fig. 5 shows the load and boundary condition of the disk specimen.
The load condition is set as the pressure applied on the disk specimen;
20 MPa on the high-pressure side (yellow region in Fig. 4(a)) and 0.1
MPa on the low-pressure side (blue region in Fig. 4(b)). The ENCASTRE
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boundary condition, Ul1=U2—U3—UR1—UR2—UR3 = 0 (neither
displacement nor rotation), given in ABAQUS™ [14] was applied at the
disk rim.

4. Results and discussion

Fig. 6 presents the cross-sectional snapshot of the deformation of the
disk specimen (thickness = 0.1 mm, seed size = 0.1 mm) and von-Mises
stress of the deformed disk specimen calculated by FEA considering the
fixture A and sealing gasket as a function of friction coefficient (u = 0.1,
0.3, 0.5) with constant dimensions of d1 = 5.0 mm, d2 = 8.0 mm and Rc
= 0.5 mm. All models showed dome-shaped deformation of the disk
specimen toward the low-pressure side in the apparatus. This is similar
to the deformation behavior simulated by FEA of the disk specimen itself
[5,6], because the disk is much thinner than other parts of the apparatus
acting as rigid body in FEA. The von-Mises stress distribution revealed
that tensile stress was applied on both center and edge of the dome.
Since SCC can initiate on the disk surface exposed to the primary water,
the stress profile on the high-pressure side was extracted from the FEA
results in Fig. 6 and plotted along the distance from the disk center in the
radial direction as shown in Fig. 7. In Fig. 7, the applied stress is the
engineering stress that is converted from the von-Mises stress using the
equivalent strain distribution on the disk surface in the high-pressure
side. The maximum stress is applied around the edge of dome, and the
maximum value is nearly the same regardless of the friction coefficient.
This means that the friction between the fixture A and disk specimen has
little effect on the stress distribution.

Fig. 8 shows the cross-sectional snapshot of the deformation of the
disk specimen (thickness = 0.1 mm, seed size = 0.1 mm) and the von-

d2 = 8.0 mm

d1=5.0 mm

d2 =8.0 mm

Fig. 6. Cross-sectional snapshot of the deformation of the disk specimen and von-mises stress distribution of the deformed disk specimen calculated in consideration
of the fixture A and sealing gasket as a function of friction coefficient (p = 0.1, 0.3, 0.5) with constant dimensions of d1 = 5.0 mm, d2 = 8.0 mm and Rc = 0.5 mm

by FEA.
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considering the fixture A and sealing gasket as a function of the rounded
corner radius of the fixture A, Rc = 0.5 mm (d1 = 5.0 mm), Rc = 1.0 mm
(d1 = 4.0 mm), and Rc = 2.0 mm (d1 = 2.0 mm) with constant friction
coefficient, p = 0.3. All models revealed a similar dome-shaped defor-
mation of the disk specimen toward the low-pressure side of the appa-
ratus. However, the curvature of the dome-edge and height of the dome
tended to decrease with increase of Rc and decrease of d1. This leads to
considerable change in the stress distribution on the disk specimen. For
more detailed analysis, the stress profile on the high-pressure side was
extracted from the FEA results in Fig. 8 and plotted along the distance
from the disk center in the radial direction as shown in Fig. 9. As Rc
increased from 0.5 mm to 2.0 mm (as d1 decreased from 5.0 mm to 2.0
mm accordingly), the location where the maximum stress was applied
shifted from the dome edge to the dome center, and the maximum value
decreased.

SCC initiation tests were carried out by using the RDCT apparatus
with the fixture A having a different Rc of 0.5 mm and 2.0 mm. Fig. 10
shows the SEM images of the disk specimen surface in the primary water
side after the SCC initiation test with disk thickness = 0.132 mm, d1 =
5.0 mm, d2 = 8.0 mm, and Rc = 0.5 mm (the applied stress calculated
from FEA = 433 MPa). As shown in Fig. 10(a), cracks were found near
the dome edge of the disk specimen in the primary water side after
exposure time of 899 h. The magnified SEM images shown in Fig. 10(b)
and (c) reveal that all cracks initiated and extended along the grain
boundaries, a fracture morphology which is known as a typical SCC
feature of Alloy 600 in the primary water environment. Fig. 11(a) pre-
sents the SEM images of the disk specimen surface in the primary water
side after the SCC initiation test with disk thickness = 0.099 mm, d1 =
2.0 mm, d2 = 8.0 mm, and Rc = 2.0 mm (the applied stress calculated

d1=2.0 mm

Fig. 8. Cross-sectional snapshot of the deformation of the disk specimen and von-mises stress distribution of the deformed disk specimen calculated in consideration
of the fixture A and sealing gasket as a function of rounded-corner radius (a) Rc = 0.5 mm (d1 = 5.0 mm), (b) Rc = 1.0 mm (d1 = 4.0 mm), and (c) Rc = 2.0 mm (d1

= 2.0 mm) with constant friction coefficient, p = 0.3 by FEA.
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Fig. 9. Applied stress calculated on the deformed disk specimen in the primary
water side along the distance from the disk center in consideration of the fixture
A and sealing gasket as a function of rounded-corner radius (a) Rc = 0.5 mm
(d1 = 5.0 mm), (b) Rc = 1.0 mm (d1 = 4.0 mm), and (c) Rc = 2.0 mm (d1 =
2.0 mm) with constant friction coefficient, p = 0.3 by FEA.

from FEA = 440 MPa). IGSCC was found near the disk center (0.5 mm
distance from the center) in the primary water side after exposure time
of 868 h, as shown in Fig. 11(b) and (c). It is noteworthy that the SCC
initiation occurred nearly at the same time period when the similar
stress was applied even though dimensions of the disk and fixture were
different. In addition, the SCC initiation time measured in this work fell
within the range of those data reported for similar test conditions in
recent works [5,15,16].

Fig. 12 shows the distribution of the SCC initiation site counted from
the disk specimens tested in the RDCT apparatus with the fixture A
having a different Rc of 0.5 mm and 2.0 mm (three disk specimens tested
with Rc = 0.5 mm, two disk specimens tested with Rc = 2.0 mm). SCC
initiated at the dome edge when Rc was 0.5 mm, while SCC initiated
near the disk center when Rc was 2.0 mm. This result matches with the
stress distribution calculated from the FEA shown in Fig. 9, that is, the
applied stress is the maximum at the dome edge when Rc is 0.5 mm,
while the stress is the maximum at the disk center when Rc is 2.0 mm.
Based on the parametric analysis, it was concluded that the FE model of
the RDCT apparatus including the disk specimen, fixture A and sealing
gasket was well established, thereby providing a more accurate calcu-
lation of the applied stress on the disk specimen as compared to the
previous model [5,6].

5. Conclusion

In this study, a parametric study was carried out on the stress dis-
tribution of the thin disk specimen of RDCT in terms of the friction co-
efficient and the rounded-corner radius of the specimen fixture using
FEA. The following conclusions were drawn from the FEA and experi-
mental results.

The FE model of the disk specimen with fixture A and a sealing gasket
in the RDCT apparatus showed a dome-shaped deformation of the disk
specimen. From the stress analysis using FE models with various friction
coefficients, the maximum stress was expected to be applied around the
dome edge, and the maximum value to be nearly the same regardless of
the friction coefficient. This means that the friction between the fixture
A and disk specimen has little effect on the stress distribution. On the
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Fig. 10. (a) SEM image of the disk surface on the primary side after SCC
initiation test (a rounded-corner radius, Rc = 0.5 mm), and magnified images of
(b) crack S1 and (c) crack S2.

other hand, the stress analysis using FE models with various rounded-
corner radii showed that the location at which the maximum stress
was applied shifted from the dome edge to the dome center when Rc
increased from 0.5 mm to 2.0 mm. From the SCC initiation tests using
the RDCT apparatus with the fixture A having different Rc, it was found
that the SCC initiated at the dome edge when Rc was 0.5 mm, while the
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Fig. 11. (a) SEM image of the disk surface on the primary side after SCC
initiation test (a rounded-corner radius, Rc = 2.0 mm), and magnified images of
(b) crack S1 and (c) crack S2.

SCC initiated near the disk center when Rc was 2.0 mm. This experi-
mental result is in good agreement with the stress analysis results by
FEA.
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Fig. 12. Normalized number of SCC initiated on disk specimens in the primary
water side after the RDCT test with the fixture A having a rounded-corner
radius (Rc) of 0.5 mm and 2.0 mm.
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