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Abstract: Stress corrosion cracking (SCC) in nickel-based alloys is one of the most important potential safety hazards in primary circuit

of nuclear power plants. Considering the randomness of physical parameters and based on the theory of oxide film rupture, the

dispersion law of mechanical properties at SCC tip of nickel-based alloys was studied. To improve the efficiency of numerical analysis

with random parameters, combining the advantages of MATLAB and sub-model technology of ABAQUS, MATLAB was employed in

the secondary development for ABAQUS. With the help of finite element numerical simulation and Latin hypercube sampling (LHS)

method, the effect of random parameters such as Young’s modulus and yield strength on the stress and strain of the oxide film region

and the base metal region was investigated. Meanwhile, the feasibility of the method was verified. The results show that the influence of

randomness should not be ignored. The randomness of yield stress has the greatest influence on the dispersion of stress at SCC tip, and

the randomness of Young’s modulus has the most significant effect on the plastic strain dispersion at SCC tip.

Key words: nickel-based alloy; stress corrosion cracking; Latin hypercube sampling; uncertainty

Due to good corrosion resistance and mechanical property
in high temperature and pressure water environment,
nickel-based alloys and austenitic stainless steels are widely
applied to the components of primary circuit in nuclear power
plants, but SCC of nickel-based alloys and austenitic stainless
steels is one of the major factors that affect the reliability and
integrity of the nuclear power plants!?.

Since SCC is an important degradation mechanism
affecting the structural materials of nuclear power plants,
dozens of models are constructed to understand the mechanism
of SCC, of which the slip/dissolution oxidation model has been
widely accepted as a reasonable description of SCC in an
oxygenated aqueous system”™*.. In this model, the strain rate at
the cracking tip is the main mechanical factor, so the stress state
at the cracking tip is very important, and many attempts have
been made to acquire the mechanical state™. However, the
uncertainty of mechanical properties at SCC tip has rarely been
researched. Studies show that geometrical and physical random
parameters of the structure with crack, such as material property
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and geometrical dimension of structure strongly influence the
fracture parameters’”’. In recent years, research has shown that
an analytic method is able to calculate the randomness of
fracture parameters considering geometrical parameters and
load as random parameters. Because of the complexity at the
cracking tip, it is very difficult to consider all the parameters as
random variables when analyzing the mechanical properties
using a method®; meanwhile, it is difficult to satisfy the
complex structure by tradition Monte Carlo (MC) method with
a large amount of computation work. In order to solve the
problem, several methods have been proposed. Among them,
Latin hypercube sampling (LHS) method as a numerical
method is extensively used to deal with structure reliability and
nonlinearity issues because the random variable can be
considered”™"”, but it is still rarely applied to solve the problem
of mechanical properties at SCC tip.

The main purpose of this study is to analyze the effect of
randomness on the mechanical properties at SCC tip based on
the slip/dissolution oxidation model and the LHS method,
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which provides a method to improve the prediction accuracy
of SCC growth rate of nickel-based alloys in the important
structure of nuclear plants.

1 Theoretical Basis

1.1 Oxide film rupture theory

SCC is a micro fracture process that occurs at the cracking
tip under combined action of mechanics, materials and
environment. Therefore, the mechanical field at SCC tip is
very important. Micro-model of SCC structure is shown in
Fig.1. According to the oxide film rupture theory, a dense
oxide film is formed on the surface of the metal by oxidation
reaction with the medium environment. Oxide film is partial
for some reason, and the exposed metal is used as an anode
relative to the oxide film. A great current is generated by the
small area of the anode, and it results in the rapid dissolution
of the metal. So the crack forms and propagates along the
crystal, as shown in Fig.1a. According to FRI model, the SCC
growth rate of nickel-based alloys in high temperature water

: 11
environment can be expressed as''':

1/(1-m)
da_ . (d5 M
dr “\ da

where, x, is SCC tip oxidation rate constant, which depends
on the electric-chemical environment and material in cracking
tip area. de,/da is the variation of tensile plastic strain with crack
growth at a characteristic distance r, in front of the cracking tip,
and m is the exponent of the current decay curve in the cracking
tip. Effect of the micro-mechanical state at the cracking tip on
SCC growth process can be illustrated in Fig.1b. In this paper,
the cracking tip is simplified to passivation circle, the direction
of crack propagation is horizontal, and the stress of material is
vertical.
1.2 Latin hypercube sampling method

Because of its efficient stratification properties, LHS is
primarily intended for use with long-running models"”
view of the complexity of mechanical properties at SCC tip in
nickel-based alloys, LHS is adopted to analyze the
randomness of it.

It is a stratified-random procedure that LHS provides an
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Fig.l1 Diagrams of SCC intergranular propagation (a) and
SCC tip (b)

efficient way of sampling variables from their distributions. If
LHS involves sampling ms values from the prescribed
distribution of each of »n variable X;, X;, ... X,, and it is
assumed that the variables are independent of each other, the
procedure of LHS is as follows:

1) Divide the cumulative distribution of each variable into
m equiprobable intervals, and then, select a value randomly
from each interval. For example, random stratified sampling
of variable x; and x, at five intervals, as shown in Fig.2a. For
the ith interval, the sampled cumulative probability P;can be
denoted as:

Pelr+iZ! @)
m m

where, 7, is uniformly distributed random number ranging
from 0 to 1.

2) Transform the cumulative probability P;into the value x
with the inverse of the distribution function O":

x=Q'(P) (©)

3) The N sampling values is obtained through the method
that each variable x is paired randomly with ms values of the
other variables. For Fig.2 example, the Latin hypercube
sampling of variable x; and x, is shown as Fig.2b.

2 Analysis on Mechanical Properties with Random
Variable

2.1 Specimen model
To analyze the effect of random variable on mechanical
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Fig.2 Example of LHS: (a) random stratified sampling and (b) Latin
hypercube sampling
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properties at SCC tip, a numerical simulation of SCC tip is
performed for nickel-based alloys in a simulated oxygenated
high-temperature (288 °C) water environment.

One inch compact tension (1T-CT) specimen under a simple
tensile load is usually used in SCC experiments in simulated
high temperature water environment, whose geometric shape
and size are shown in Fig.3a. Therefore, 1T-CT specimen is
adopted as the basic analysis object in the research, and it is
assumed that the virtual experiment process accords with the
American Society for Testing and Materials (ASTM) Standard
E399"7,

Taking into account that the state of SCC tip in nickel-based
alloy and oxide film is different, two observation paths are
adopted at the SCC tip. Path 1 is nearby the oxide film surface
and path 2 is nearby base metal, which is shown in Fig.3b.
Assuming that the x axis is horizontal and the y axis is vertical,
the direction of crack propagation is 0° and the direction of
load is 90°. In high temperature and high pressure water, the
thickness of oxide film of nickel-based alloy is about 2 pm!"!.
2.2 Material and finite element model

The main purpose of this study is to evaluate the effect of
material’s randomness on the mechanical properties at SCC
tip of nickel-base alloys. The nickel-based alloy 600 is used as
the basic material, and it is assumed that the stress-strain
relation of SCC tip of alloy 600 is represented as
Ramberg-Osgood equation in the numerical simulation.

Some important material parameters including Young’s
modulus, Poisson’s ratio and yield strength of alloy 600 and
oxide film are described as normal distribution parameters.
For simplicity, the variation coefficient of all the random
variables (the ratio of mean square variance to mean) are
assumed as 0.1 and all random variables are mutually

Bl Table 1 shows the mean values of material

independent
parameters of nickel-based alloys and oxide film in
pressurized water reactor (PWR).

To derive the text file of the .rpy and the .dat which is needed
to secondary development for ABAQUS with MATLAB, a
commercial finite element model code ABAQUS is used in this
simulation analysis when all the random variables are mean.

The concentrated loads are applied on the up and down pin
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Fig.3 Specimen model: (a) geometrical shape and size of 1T-CT
specimen (W=50 mm, a=0.5W, ¢=1.6 mm) and (b) SCC tip

and measured paths

Table 1 Mean values of mechanical properties of alloy 600 and

oxide film in PWR environment'""!

Material Alloy 600 Oxide film  Distribution
Young’s modulus, E/GPa 189.5 140 Normal
Poisson’s ratio, v 0.286 0.31 Normal
Yield strength, oo/MPa 436 - Normal
Yield offset, a 3.075 - -

Hardening exponent, n 6.495 - -

holes, which keep the stress intensity factor K; of 20
MPa'm"?". Mesh of specimen is shown in Fig.4a, and 8-node
biquadrate plane strain quadrilateral elements are adopted in this
model. In order to observe and study the detailed stress and
strain state in the vicinity of SCC tip, the mesh at the cracking
tip region is refined, as shown in Fig.4b.
2.3 Secondary development for ABAQUS

The random analysis with LHS method needs multiple
sampling. To improve the effectiveness of simulation with
finite element software ABAQUS, MATLAB is employed to
develop pre-processing and post-processing. The procedure of
ABAQUS is shown in Fig.5.

When the user constructs model and visual processing of
the analysis with ABAQUS/CAE, every operation command
is recorded in .rpy file of ABAQUS which can change the

Fig.4 Finite element mesh of 1T-CT specimen: (a) whole model and

(b) detail around cracking tip
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suffix name to .py. The .py file is a text file. In addition, the
.inp file which is used in submitting task analysis and the .dat
file which is generated by ABAQUS are text files too. Since
MATLAB software can modify the text file, it can be
employed to develop pre-processing and post-processing
program of ABAQUS!" . The block diagram of joint program
of MATLAB and ABAQUS with LHS method is shown in
Fig.6, and the process is as follows:

1) Determine the statistic characteristic of each random
variable. If the random variable is not normal distribution, it
should be converted into normal distribution variable using
equivalent normalization method;

2) Generate random variables sets with LHS method, and
the sample size is 400"'°!;

3) Program with MATLAB. The .py file of ABAQUS is
called to realize the replacement of random variables;

4) Calculation and analysis with ABAQUS, and return the
calculated value of response quantity in result file .dat to
MATLAB;

5) The statistical characteristics are obtained by statistical
analysis of the calculated response value.

3 Results and Discussion

3.1 Effect of randomness on tensile stress

The tensile stress along path 1 and path 2 considering the
random parameters are shown in Fig.7 and Fig.9, respectively.
The deterministic result is a certain value in the random result,
which cannot completely describe the law of the tensile stress
with crack angle, so influence of randomness on tensile stress
cannot be ignored. The variation trend of the maximum, the
minimum and the mean tensile stress with crack angle is
basically similar. From Fig.7, it can be seen that at SCC tip of
—90°~90°, the variation trend of tensile stress with crack angle
is approximately symmetric distribution of 0° direction. At the
SCC tip of about 0°~60°, with the increasing of crack angle,
tensile stress increases gradually, and at the SCC tip of 60°~

Determine the statistic
characteristic of random variable

v

Convert into normal distribution

v

Generate random variable sets
with LHS method

v

Realize the replacement of
random variables with Matlab

Call Abaqus program with
Matlab, generating data result file
v
Return the results to the main
program of Matlab

Statistical analysis for the calculated
response value with Matlab

Fig.6 Block diagram of joint program of MATLAB and ABAQUS
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90°, with the increasing of crack angle, tensile stress decreases
gradually, which indicates that the tensile stress corrosion
along path 1 is easy to be generated at SCC tip of about 60°.
From Fig.9, it can be seen that the minimum tensile stress
appears at the vicinity of 0° direction because of the constraint
effect of SCC tip. Comparing Fig.7 and Fig.9, the tensile
stress in the oxide film is much larger than that in the
nickel-based metal, which implies that the oxide film rupture
may play a more important role in the SCC.
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Standard deviation (SD) of tensile stress along path 1 and
path 2 considering the random parameters are shown in Fig.8
and Fig.10, respectively. At the SCC tip of 0°~30°, the
maximum SD of tensile stress along path 1 is at 0°. At the
SCC tip of 30°~90°, the maximum SD of tensile stress along
path 1 is at the vicinity of 60°, as shown in Fig.8. At the SCC
tip of 0°~90°, the maximum SD of tensile stress along path 2
is at the vicinity of 60°, as shown in Fig.10.

3.2 Effect of randomness on tensile plastic strain

The tensile plastic strain along path 2 considering the
random parameters are shown in Fig.11. The variation trend of
the maximum, the minimum and the mean tensile stress with
crack angle is basically similar. Tensile stress plastic strain
with crack angle is approximately symmetric distribution of 0°
direction. At the SCC tip of 0°~30°, with the increasing of
crack angle, tensile stress increases gradually, and at the SCC
tip of 30°~90°, with the increasing of crack angle, tensile
stress decreases gradually.

SD of tensile plastic strain along path 2 considering the
random parameters is shown in Fig.12. The dispersion of
tensile stress with crack angle is approximately symmetric
distribution of 0° direction, too. At the SCC tip of 0°~60°, the
maximum dispersion of tensile plastic strain appears at the
vicinity of 30°, which implies that the calculation deviation
caused by random factors at the direction is larger than those
at other directions.

3.3 Effect of randomness at the SCC tip

To verify the correctness of the proposed method, MC
method after 5000 simulated sampling is used to obtain the
mechanical properties. SD, takes all the random variable into
consideration using LHS method and MC method. From the
result of second and third columns in Table 2, we can observe
that the SD of mechanical properties using LHS and MC
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method is very similar, which implies that the proposed
method has certain rationality and calculation precision.

To analyze a single random effect on the mechanical
properties at SCC tip of nickel-based alloys, the Young’s
modulus, Poisson’s ratio and yield strength of alloy 600 and
oxide film are separately considered, and the coefficient of
each variation is the same as 0.1. SDg;, SD,;, SD,, SDg, and
SD,, are the SD of mechanical properties at SCC tip with
respect to each random variable. Where, the lower corner
mark E;, v is the Young’s modulus and Poisson’s ratio of
alloy 600, while E,, v, is the Young’s modulus and Poisson’s
ratio of oxide film.

From the result of Table 2, we can observe that dispersion
of yield strength has the greatest effect on the SD of tensile
stress along path 1 and path 2, Young’s modulus comes second,
and Poisson’s ratio has the lowest effect. In addition, the effect
of E; uncertainty on SD of tensile plastic strain along path 2 is
the greatest, and the yield strength comes second.
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Table 2 SD of mechanical properties by proposed method and the contribution to SD of each random variable

Location SD,; (LHS) SDai (MC) SDg1/GPa SD SD,»/MPa SDg/GPa SD,»
Path 1-S22 325.861 323.824 22.793 22.005 316.216 23.497 8.808
Path 2-S22 72.169 71.631 11.092 4.172 69.759 12.160 2.046

Path 2-PE22/x107 1.434 1.396 1.111 0.205 0. 737 0. 046 0.019
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4 Conclusions

Based on the LHS method and elastic-plastic finite element
method, an approach is proposed to achieve the random effect
on the mechanical properties at SCC tip of nickel-based alloys
in high temperature water environment. This approach can be
used to understand the dispersion of stress and strain in the
SCC tip of important structure in nuclear power plant.
According to this approach, the following conclusions are
obtained:

1) Due to the randomness of physical parameters, the
uncertainty of mechanical properties at SCC tip should not be
ignored. The deterministic result which is a definite value
among random value is similar to the mean value, but it
cannot completely describe the law of mechanical properties.

2) Combined with the advantages of MATLAB and
ABAQUS, the program of mechanical properties of SCC tip
calculated by MATLAB-ABAQUS is compiled based on LHS
method, and the proposed method has certain rationality
through the comparison of MC method.

3) Among the physical random variables, dispersion of
yield strength has more significant influence on the SD of
tensile stress, which indicates that the uncertainty of yield
strength should be minimized first in order to improve the
tensile stress of SCC tip. However, dispersion of Young’s
modulus has more significant influence on the SD of tensile
plastic strain, so the smaller the dispersion of Young’s
modulus is, the less the fluctuation of SCC growth rate is.

References

1 Dong L J, Peng Q J, Xue H et al. Corrosion Science[J], 2018,

11

12
13

14

3875

132:9

Wang W W, Luo J, Guo L C ef al. Rare Metals[J], 2015, 34(6):
426

Shoji T, Lu Z, Murakami H. Corrosion Science[J], 2010, 52(3):
769

Terachi T, Yamada T, Miyamoto T et al. Journal of Nuclear
Materials[J], 2012, 426(1-3): 59

Xue H, Li Y Q. Rare Metal Materials and Engineering[J], 2016,
45(3): 537

LuY H, Peng Q J, Sato T et al. Journal of Nuclear Materials[J],
2005, 347(1-2): 52

Ossai C I, Boswell B, Davies 1 J. Engineering Failure Analysis[J],
2016, 68: 159

Xue X F, Feng Y W, Ying Z W et al. Chinese Journal of
Aeronautics[J], 2009, 22(3): 257

Helton J C, Davis F J, Johnson J D. Reliability Engineering &
System Safety[J], 2005, 89(3): 305

Helton J C, Davis F J. Reliability Engineering & System Safety[J],
2003, 81(1): 23

Xue H, Shoji T. Journal of Pressure Vessel Technology[J], 2007,
129(3): 460

ASTM standard E399-90[S]. 2002

Terachi T, Fujii K, Arioka K. Journal of Nuclear Science and
Technology[J], 2005, 42(2): 225

Yang H L, Xue H, Yang F Q ef al. Rare Metal Materials and
Engineering[J], 2017, 46(12): 3595

Xiong W, Gan Z, Xiong S P et al. Journal of Plastic
Engineering[J], 2012, 19(4): 21 (in Chinese)

Wu G J, Chen W Z, Tan X ] et al. Rock and Soil Mechanics[J],
2015, 36(2): 550 (in Chinese)

BEHLEZMRESEN NEHAER N FHERIZ M

B T8, B

W, B

e, M

(W RHER S, BEVE P42 710054)

W O RS SN ST — R T R E S AR R —, BB SEIREILE, T ARG, T
TAREEA S S AT R TR A U . O T SRS BEALSEEUE AT EE, 454 MATLAB I ABAQUS THLAIE A M 1,
SE/% T MATLAB %t ABAQUS [ VPR, KATBROCEERURR: | Jriike (LHS) JyidAidis, 3R 7 obemiat . iR &5
WEALZ B0 Y g J5 T 2R R S A R (A 4 o X 3 7y R AR (R S WA, RS T T A7k 5 SRR, BEALIE RSS2 g,
R g P EATL A o 2820 B ) 1) A3 BV SR e, 17 R AT 8 1 ALY % S 9 9 4 T2 A S ) i e g W25

KGR BAEA S NOVBWOTRG B TS e

EE A B
xinkuan123@126.com

W, 1984 SEA, b, dRI, P RH RSB AR, BRIY VY2 710054, HEIE: 029-85583159, E-mail:



