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e A quantitative model related with aging
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ARTICLE INFO ABSTRACT

Keywords: Microstructural characterization and mechanical testing were performed on 400°C thermally aged Z3CN20.09 M
Z3CN20.09M CASSs cast austenitic stainless steels. A quantitative mathematical model was introduced for the relationship between

Thermal aging defect
Charpy impact energy
Quantitative mechanical model

aging defects and mechanical properties. Charpy impact energy was used as a characteristic mechanical
parameter, and the short-range order of the Cr element segregation that induced by spinodal decomposition was
chosen as the characteristic defect parameter. The macroscopic mechanical properties and the microscopic
thermal aging defects were quantitatively correlated in this model, which has a great reference significance in
safety assessment and lifetime prediction of the reactor structural materials.
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1. Introduction

As one of the nuclear safety components with the first level in re-
actors, the operating conditions of the primary pipes in the first circuit
are very severe, including high temperature, high pressure, and corro-
sive environment. In addition to the perfect mechanical properties [1,2]
(sufficient strength, high plasticity and toughness, good fatigue resis-
tance, ease of processing, and welding performance), the primary pipe
material also requires resistance to thermal aging effect [3,4] and
high-pressure water corrosion [5,6]. Most early nuclear power plant
primary circuit pipelines were made of 304 austenitic stainless steel
(corresponding cast steel is CF-8) [7]. Later, in an effort to improve the
high-temperature and high-pressure intergranular stress corrosion
resistance, 316 stainless steel with the component of 2 %~3 % Mo
(corresponding cast steel is CF-8 M) was gradually used [8]. In recent
decades, United States and Japan have developed nuclear grade nitro-
gen controlled 316 L stainless steel, while France has invested heavily in
a series of research on austenitic stainless-steel materials, developing
Z2CND18.12 and Z3CN20.09 M primary pipeline materials [9-11].
Wherein, Z3CN20.09 M cast austenitic stainless steels (CASSs) with a
dual phase structure (approximately 5 %~20 % ferrite distributed in an
island-like manner in the austenite matrix) can meet the service per-
formance well and is widely used as the main pipeline in the primary
circuit of nuclear power plants [12].

The Z3CN20.09 M CASS has been safely served in Daya Bay nuclear
plant for about 30 years in China, which is close to the design lifetime 40
years of reactors and has reached half of the design lifespan 60 years of
the main pipeline [1]. During a long period of service in reactors,
thermal aging embrittlement (TAE) is prone to occur in the Z3CN20.09
M CASS, which is mainly related with the spinodal decomposition in
ferrite phase [13]. Generally, at the operating temperature of the
reactor, the thermal aging process proceeds very slowly. As the thermal
aging process of primary coolant pipe at the 300 °C operating temper-
ature is very slow, accelerated thermal aging experiments at 400 °C are
customarily performed for laboratory researches. [14]. Therefore, most
researches about the thermal aging effects are based on the results of the
accelerated experiments at 400 °C [14-20].

During the spinodal decomposition process, the o’+o domains (Cr-
rich o’ phases distribute in the Fe-rich a matrix phases) are generated at
early stage due to the nanoscale segregation of Cr and Fe elements in
ferrite. The lattice parameters of o’ and « are very close and the lattice
structures of them are both body-centered-cubic (BCC) [14,16,17].
While the slight lattice mismatch between o’ and o phases can lead to an
internal coherency strain, resulting in an increase of hardness and a
decrease of toughness of ferrite phase [21]. On the other hand, the
G-phase precipitates with the face-centered-cubic (FCC) structure are
usually formed at the later stage of the thermal aging process [14]. It is
generally believed that the precipitation of MngNi;6Si; G phase occurs
through a two-step mechanism [22]: (1) Mn-Ni-Si solute clusters
nucleation: enrichment of the elements at the a/a’ and ferrite/austenite
interfaces or along the dislocations by diffusion [4,17,23]; (2) G-phase
nucleation: clusters grow to become a critical size first and then the
solute within the cluster is further enriched and becomes a key
component (NijeSiz sMng) with a critical size of about 2.6 nm [24]. In
addition, as the Cr/Ti can substitute to Mn sites and Fe/Mo can replace
the Ni sites, the stoichiometric component of G-phase is quite complex
[14].

For the practical application of CASS in reactors, the deterioration
problem of the mechanical properties is always the key concern. In the
past decades, the practical servicing experiences in reactors and the
fundamental researches in laboratories proved that due to the changes of
the microstructure and compositions in matrix phases of CASSs[25]. In
addition to the Cr-rich o’-phase and G-phase, equilibrium thermody-
namic calculation results of Byun et al. indicates that there are also many
other minor phases might be formed commonly in both matrix phases
during the thermal aging process, including c-phase, chromium nitride
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(Cry N), Laves (1) phase, M23Cg carbide and n-phase [26]. Thermal aging
can significantly lead to the deterioration of mechanical properties [27,
28], including the increase in hardness and tensile strength, a decrease
in ductility, Charpy impact energy and fracture toughness as the aging
time go on. The deterioration degree of the mechanical properties of
CASSs depends on the casting method, chemical properties, and the
duration of exposure to working temperatures favorable for the
embrittlement process [29]. Overall, amounts of in-depth researches
have been conducted for the thermal aging of the CASS since 1900s
[30-32]. The mechanisms of the influence of thermal aging on the
microstructure damage and mechanical degradation of CASS are
currently very clear. As early commercial nuclear power plants are
approaching their design life, the issue of extending the life of reactors
has received increasing attention, mainly related to the extension of the
life of irreplaceable equipment such as primary coolant pipelines,
reactor vessel internals, and other reactor pressure vessels typically
made of CASS.

In this instance, besides the qualitative understanding of the thermal
aging mechanisms, it is important to understand the quantitative rela-
tionship between the degree of thermal aging damage and the deterio-
ration of mechanical properties, and then establish relevant
mathematical models to predict the performance degradation status of
the nuclear structural components. Based on extensive experimental and
engineering data, researchers from the Argonne National Laboratory
(ANL) completed a research program in assessing the thermal aging
induced mechanical property degradation of cast stainless steels. They
developed a comprehensive database of material properties and a frac-
ture toughness estimation program by correlating data for thermally
aged CASS samples [33,34]. However, there is still a lack of quantitative
evaluation models related to the thermal aging damage characteristic
defects. Hereby, taking the Z3CN20.09 M CASS as the research object,
we attempt to identify the thermal aging damage characteristic defects
closely related to the deterioration of mechanical properties and finally
establish a quantitative mathematical model for these three parameters.

2. Materials and methods

Two kinds of Z3CN20.09 M cast austenitic stainless steels (#1-Made
in France and #2-Made in China) have been researched for years. The
focus is on the microstructural evolution and mechanical property
degradation caused by thermal aging process. The elemental composi-
tions of these two Z3CN20.09 M CASS samples are shown in the Table 1.
And the structures of them are presented in Fig. 1(a). The lattice struc-
tures of the ferrite (F) and austenite (A) regions in Z3CN20.09 M CASS
are BCC and FCC, respectively, as shown in the diffraction patterns
inserted in Fig. 1(b). The compositional differences between these two
phases mainly focus on the Cr element content, as shown in Fig. 1(c).
During the accelerated thermal aging process, two large steel bulks were
aged in two large muffle furnaces at 400 °C for 0 h ~ 6000 h, respec-
tively. UDIAN programmable controllers equipped with K-type ther-
mocouples was used to control the chamber temperatures, with an
accuracy of <+1 °C and the spatial temperature variation of +5 °C. After
varying thermal aging times, small pieces were cut from the large
thermal aging Z3CN20.09 M CASS bulks for later characterization
testing.

According to the Arrhenius equation as below, which was verified
through extensive engineering practice by researchers and proposed by
the U.S.NRC (United States Nuclear Regulatory Commission), the aging
temperature and aging time used in this study can be equivalent to the
material service temperature and service time in the typical reactor
environment [35].

b gplE(1 1
giexp{R <T1 Tz)] W

where t; and t, are the service times corresponding to the service
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Table 1
Chemical composition of #1 and #2 Z3CN20.09 M CASSs (wt%).
Ele. Cr Mo Si Ni Mn N C Cr Fe
#1 20.893 0.103 1.020 9.760 1.058 0.045 0.026 20.893 Bal.
#2 20.238 0.060 1.183 8.885 1.108 0.026 0.035 20.238 Bal.
the new configuration is judged by the probability,

Austenite

100 pm

Fig. 1. (a) Surface morphology of the Z3CN20.09 M cast austenitic stainless
steel and its chemical composition (wt%); (b) STEM image of the #1 sample
and (c) the corresponding EDS mapping result of the Cr element.

temperatures T; and Tz respectively; E, is the activation energy of aging,
usually taken as 100 kJ/mol [36]; R is the gas constant 8.314 J/(mol-K).
Thus, a research sample aged for 3000 h at 400 °C is essentially equiv-
alent to a sample aged for 7 years at the actual reactor operating tem-
perature of 300 °C.

According to the Chins Standard-GB/T 228.1-2021 Method B, a
universal testing machine (AG-IC, SHIMADZU, Japan) with 100 kN ca-
pacity was used to perform the true stress tensile tests at room tem-
perature. The gage scale pf the plate-type tensile specimens is 25 mmx6
mm x 1 mm, and the tensile test was conducted two times for each datum
point. The impact tests were conducted by using the Zwick RKP 450
pendulum impact testing machine at room temperature, thermal aging
samples were processed into standard Charpy V-notch impact speci-
mens. The instrumented testing method of Charpy V-notch pendulum
impact test was adopted, and the impact curves were recorded
throughout the process for subsequent analysis. The thermoelectric
potential tests for the Z3CN20.09 M CASS block samples with the size of
the test sample is 90x35x10 mm® were performed by a self-developed
four-point thermoelectric potential equipment and the test results were
the relative values to the thermoelectric potential of the copper. Each
sample was polished by the #500~4000 SiC sandpapers to ensure
consistent surface roughness.

The surface morphology of the thermal aged Z3CN20.09 M CASS
samples were observed by using a scanning electron microscopy (SEM,
ZEISS Gemini 2, Germany). TEM specimens with thicknesses <100 nm
were prepared by a focused ion beam (FIB) technique. Aberration-
corrected transmission electron microscopes (TEM, JEOL JEM-F200
and JEM-2100F) equipped with the configuration of the selected area
electron diffraction (SAED) and energy dispersive X-ray spectroscopy
(EDX) functions were used to observe the internal microstructures,
phase structures and elementary composition evolutions of the thermal
aged Z3CN20.09 M CASS TEM samples.

To explore the relationship between the microstructure of spinodal
decomposition and the thermal aging process, the evolution of the
atomistic phase separation is simulated by using the Monte Carlo (MC)
method to simulate the evolution. We employ the Fe-Cr EAM potential
developed by Bonny et al. [37] and utilize the LAMMPS code [38] to
build a series of BCC Fe-Cr alloys and perform MC simulation, including
simulation boxes ranging from 5 x 5 x 5 to 40x40x40 a3 (ao is the
lattice constant). Based on the Metropolis algorithm [39], a random
exchange of vacancies with surrounding atoms is performed, and the
total energy of the new configuration is calculated, whether to accept

= AE
P exp (——)7 otherwise,

1, if AE<O,
(2)
kT

where AE is the energy difference of the exchanged system to the orig-
inal one; k is the Boltzmann constant, and T is the temperature. There-
after, a random number r, between 0 and 1, is chosen compared with p.
While r < p, the new configuration is accepted. To estimate the real
aging time, the timestep for each atomic exchange is calculated by the
residence-time algorithm [40],

Inr

S

where ) I3 is the total frequency of a vacancy jumping into all its
nearest-neighbor sites (8 in BCC lattice); I'; is calculated by Arrhenius’s
equation based on the migration energy barrier and the temperature
[41], and r’ is another randomly chosen number ranging from O to 1. The
attempt frequency for the vacancy is 10'% /s, and the migration barriers
of vacancy diffusion in this work is averagely set to be 0.6 eV [42,43] in
consideration that most of the jumping occurred via the Fe atoms based
on previous calculations.

3)

3. Results

The results of macro-mechanical tests are shown in the following
Fig. 2. The changes of Charpy impact energy of #1 and #2 Z3CN20.09 M
CASS alloys with the increasing thermal aging time are exhibited in
Fig. 2(a), which indicates that the impact energy of both shows an
exponential downward trend and the Charpy impact energy of #2
sample decreased faster than that of #1 sample, and both tend to sta-
bilize after 6000 h of thermal aging. Fig. 2(b) shows the evolutions of the
tensile strength of the #1 and #2 samples with the change of thermal
aging time, which clearly shows that the tensile strength of the #1
sample shows an exponential upward trend and tend to be stable after
6000 h of thermal aging. On the other hand, the tensile strength of the
#2 sample increased rapidly in the early stage of the thermal aging
process, while a turning point occurred, and it converted into a down-
ward trend after being aged for ~3000 h

The fracture morphologies of the Z3CN20.09 M samples after tensile
testing are shown in Fig. 3. Generally, with the increasing of thermal
aging time, the fracture morphology of both #1 and #2 samples shows a
trend from ductile fracture to brittle fracture, but there are still slight
differences between them. Under the original state, the cross-section of
#1 sample exhibits small-sized dimples with high density (Fig. 3a),
while the density of dimples on the cross-section of #2 is lower than that
of #1. In addition, Fig. 3(d) displays that there are many regions with
the brittle fracture morphology on the cross-section of #2, which in-
dicates that #1 has better toughness than #2 and it is consistent with the
Charpy impact energy results in Fig. 2(a). After aging at 400 °C for 500
h, the quantity density of dimples decreases sharply, and only a few
large-sized dimples can be observed on the cross-section of #1 and #2
samples, as shown in the Fig. 3(b) and (e). When the thermal aging time
reaches 3000 h, the cross-sections of #1 and #2 samples show obvious
brittle dissociation morphologies, as shown in the Fig. 3(c) and (f).
Compared with #2, the ductile brittle transition process of #1 is more
significant.

Some research results [44,45] indicate that the mechanical
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Fig. 2. Macro-mechanical properties of #1 and #2 Z3CN20.09 M CASS alloys under 0 ~ 6000 h thermal aging times: (a) Charpy impact energy; (b) Tensile strength.
The curves in the figures are the trend fitting curves for the scatter mechanical data.
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Fig. 3. Fracture morphology photos of #1 and #2 tensile Z3CN20.09 M CASS samples under different 400 °C thermal aging times: (a) #1, 0 h; (b) #1, 500 h; (c) #1,

3000 h; (d) #2, 0 h; (e) #2, 500 h; (f) #2, 3000 h

properties of the dual phase steel are mainly influenced by the hard
ferrite phase. The overview STEM images of the evolution of dislocation
structure in the Z3CN20.09 M samples are shown in Fig. 4. It can be
clearly seen that the size and quantity of dislocations in the ferrite region
of the original state #1 sample are small, and the defects in the ferrite
region are less than those in the austenite region. On the contrary, the
density and size of dislocations in the ferrite region of the #2 sample in
the original state are significantly higher than those of the # 1 sample;
After 1000 h of thermal aging, the size and density of dislocation defects
inside the ferrite in samples #1 and #2 both show a downward trend;
After 6000 h of thermal aging, the densities of dislocation defects in the
ferrite of #1 and #2 both show a decrease trend. It is a common un-
derstanding that the increase in dislocation density could result in a
decrease in material toughness, which indicates that the dislocation
changes induced by thermal aging process inside the dual phase steel
sample is not the main reason for the decrease in material mechanical
properties [1].

Besides, the EDS mapping results of the Cr element inside the ferrite
phase in the samples aged at different times are shown in Fig. 5. The
green areas represent the aggregation of Cr atoms, and the red areas
represent the aggregation of Fe atoms. For the #1 sample, the segrega-
tion of Cr element is not significant during the thermal aging process at

the 0~1000 h aging process. The enrichment of Cr element occurs when
the thermal aging time reaches 3000 h, and the Cr element enrichment is
significant at 6000 h For the #2 sample, the segregation of Cr element is
not significant during the thermal aging process from 0~500 h, and the
Cr enrichment occurred when the aging time reached 1000 h By the time
of 6000 h, the Cr element segregation in #2 sample is more significant
than #1 sample. A locally enlarged TEM image of the ferrite region in #2
sample thermal aged for 6000 h is shown in Fig. 6(a), a large number of
clusters marked by the white circles can be observed. After further
enlarging one of the clusters, it can be observed that there are areas with
different brightness and dark contrasts (Fig. 6(b)). The EDS mapping
results of area of Fig. 6(b) indicate that the bright contrast area is rich in
Fe and the dark contrast area is rich in Cr, as seen in Fig. 6(c) and Fig. 6
(@D.

Fig. 7 shows the one-dimensional Cr concentration profiles obtained
from the EDS mapping results (Fig.5). The concentrations were esti-
mated in every 0.135 nm step. For #1 sample, the mean peak-to-peak
amplitude of the concentration fluctuation seems to increase with
increasing aging duration, but it is not significant, as shown in Fig. 7(a-
c). But for the #2 sample, Fig. 7(d-f) indicate that the wavelength and
amplitude of the Cr concentration profile have a significant enhance-
ment with the increase of thermal aging time. By contrast, Cr element
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Fig. 4. Overview STEM images of #1 and #2 Z3CN20.09 M CASS alloys under different thermal aging times.
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Fig. 5. EDS mapping results for Fe and Cr elements of #1 and #2 Z3CN20.09 M CASS alloys under different thermal aging times.

segregation induced by spinodal decomposition in #2 sample is more
significant than that in #1 sample.

4. Discussion

Based on the above experimental results and previous researches [1,
13-25], it can be concluded that with the increase of thermal aging time,
the impact toughness of the Z3CN20.09 M CASS alloys material signif-
icantly deteriorates, which is mainly related with spinodal decomposi-
tion induced element segregation of Fe and Cr. By comparing the
experimental results, it can be found that during the thermal aging
process, the element segregation in #2 sample is much more significant
than that in #1 sample (Figs. 5 and 7). As the size and density of the
dislocation defect inside the #2 in the original state are much higher
than those in #1 sample (Fig. 4), which always serves as a pathway for
the elements diffusion, intensifying the local enrichment of Cr and Fe
atoms [46]. And the enriched Cr and Fe clusters can in turn further
confine the movement of dislocations defects [47], thereby significantly
reducing the mechanical properties. This is also the main reason why the
charpy impact energy of #2 sample decreased much faster than that of

#1 sample.

According to previous research data and the ANL model that pro-
posed by the U.S.NRC (United States Nuclear Regulatory Commission)
[48], Liu [49] proposed a formula to predict the Charpy impact energy
(Cy) of Z3CN20.09 M CASS alloys under the thermal aging process, as
follows:

18C, = logCysar + f X {1 —tanh (?)] , 4

where C, is the Charpy impact energy; C,q is the saturated Charpy
impact energy, logCys,:—=1.97; a=0.98323 is the shape factor of the
Charpy-impact energy curve; =0.2486 is the half the maximum change
of the Charpy-impact energy at room temperature; 6=2.9 is the log of the
time; P is the thermal aging parameter calculated by the following
equation [50]:

P(t,T)=lgt—1000XQ><(1 1 )7

19.143 T 673

T 673 ®)

where Q is the activation energy (kJ/mol); t is the thermal aging time
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Fig. 6. TEM images with different magnifications and EDS mapping results of #2 samples under 6000 h thermal aging process.
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(h); T is the thermal aging temperature (K). However, in this research,
the aging temperature is 400°C (673 K), so P = Igt. The parameters in the
ANL model formula were closely related to the specific composition of
the material. Thus, based on the actual measured composition data and
the Charpy impact energy of the #1 and #2 samples in this research, the
relevant parameters were revised. Charpy impact energy data of the
samples at each aging time were measured from five samples, and
standard deviations were used as the value of error bars. In addition, all
the tests were conducted by a third-party testing agency with CNAS
qualification. Eventually, the expressions of Charpy impact energy
variation with the thermal aging time in this work are:

- lgt — 01
15C, = 1.967280 + 0.300361 x [1 —tanh (mﬂ 6.1)
1gC, — 1.912012 + 0.284894 x |1 — tanh [ 8L =02 6.2)
ghv =1 : 0.935050 :

where 6; and 0, have an optimal range of values 3.46~3.47 and
3.39~3.48, respectively. The process of thermal aging damage can cause
nanoscale migration and aggregation of Fe and Cr atoms in dual phase
steel, resulting in changes in the coordination environment around Fe
and Cr atoms. Experimental methods such as EDS mapping and atom
probe tomography equipped with element quantification functions are
often used to describe the micro-element segregation phenomenon in-
side materials [14,51,52]. However, there is a certain degree of error in
the proportion of element components measured by these experimental
methods. And due to the small observation area, it is difficult to have
statistical significance. Thus, the changes in atomic arrangement can be
quantitatively calculated by defining a short-range-order parameter
(SRO). Using the Warren-Crowley SRO definition to calculate the atomic
scale structural characteristics of Fe-Cr alloys [53], as the following
form:

25,
Zfot(]' - CCV)7

ak, =1- )
where alér is the SRO of the k-th shell around Cr atoms; Zlfve/th‘ot is the
percentage of Fe atoms in the ky, shell around Cr atoms; c¢; is the con-
centration of global Cr atoms, a’ér:O represents that the concentration of
Fe in the vicinity of Cr atoms is consistent with the global Fe concen-
tration, indicating that the alloy is in a solid solution state; a’ér—>1 means
that the Cr atoms in the neighborhood are in a phase separation state. In
this research, k = 1, the concentration of Cr atoms within the first
nearest neighbor was statistically analyzed.

The simulation results of the SRO are shown in Fig. 8. The evolution
of SRO concerning the Fe and Cr atoms was calculated using simulation
boxes of varying sizes. After adjusting for the different vacancy con-
centrations, the trends from all simulations consistently converged,
thereby validating the reliability of the current model. At the initial
stage, the SRO was approximately zero, indicating that the distribution
of Fe and Cr atoms was nearly uniform. As the aging time increased, the
SRO raised and approached an upper limit, suggesting that local clus-
tering of Fe and Cr atoms occurred and eventually reached a saturation
state. The subfigures in Fig. 8 depict the distribution of Cr atom clusters
at various aging times, illustrating the spatial aggregation patterns as the
system evolves. The SRO simulation results are consistent with the
enrichment trend of Cr element obtained by EDS characterization
(Figs. 5 and 7).

In this work, the SRO of Cr atoms (S¢,) is considered a function of
thermal aging time under the condition that the aging temperature and
alloy composition remain unchanged. The fitting formula between Sc,
and thermal aging time (t) is shown as follows:

Sce (t) = Syny + (HO) ™! ®

Igt = —1gH — lg(sg} — S@\X), 9
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the solid solution state to the phase decomposition is attached (cell size:
15x15x15 a3).

where Spax represents the maximum value of Sg- in the system at
thermal equilibrium (t—), and H is the growth rate of S¢, over time.
The larger the H parameter is, the faster the SRO reaches saturation. The
simulated results of the Eqs. (8) and (9) are shown in Fig. 9. The simu-
lation results from sizes 10 to 40 conform to Egs. (8) and (9), with
consistent trends and numerical values. However, results from sizes 5
and 7 exhibited insufficient linearity due to the smaller spatial atomic
distribution randomness. Taking into account both computational ac-
curacy and efficiency, a box with a size of 15x15x15 a was adopted as
the basis for connecting the SRO and aging time and applied in esti-
mating the quantitative relationship between the impact energy and the
SRO parameter.

Therefore, the quantitative relationship model between impact en-
ergy (C,) and S¢r at 673 K can be obtained by considering Eqs. 6 and 9,
as shown in the following Eq. 10.
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Fig. 9. Linear relationship between the reciprocal of S¢, and the reciprocal of
thermal aging time.
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1gC, = 1.967280 + 0.300361

—IgH —18(S5! — Syiax) — 61
X {1 - tanh< 0973983 (10.1)
1gC, = 1.912012 + 0.284894
—lgH ~1g(S5}  Sifhe) — 02
X {1 - tanh< 0935050 (10.2)

According to thermodynamics and limits of the functions, there is a
lower limit for impact energy and an upper limit for S¢- under long-term
thermal aging experimental conditions, which can be seen in Fig. 10.
The impact energy and S, exhibit a strong mathematical correlation,
with the variation in S¢, closely mirroring the rate of change in impact
energy. Consequently, S¢r serves as an effective indicator for impact
energy, which has a prediction accuracy of over 90 % for the mechanical
properties of the Z3CN20.09 M cast austenitic stainless steels. Overall,
our model fits the experimental data well and has the power to predict
the lifetime of the pipeline materials, which has important reference and
guidance significance for the life prediction and mechanical perfor-
mance degradation assessment of reactor structural materials, especially
the duplex steel structural components.

5. Conclusions

A quantitative mathematical model has been introduced to establish
the relationship between thermal aging defects and mechanical prop-
erties for the Z3CN20.09 M cast austenitic stainless steels, which is used
as the materials for the main pipeline of the reactor primary circuit.
Accelerated thermal aging experiment for two kinds of Z3CN20.09 M
cast austenitic stainless steels (#1-Made in France and #2-Made in
China) was conducted at 400 °C.

Short range segregation characteristic structures of Fe and Cr ele-
ments induced by spinodal decomposition both appeared inside the
samples with the increasing thermal aging time. Thus, the short-range
order parameter of the Cr element segregation was chosen as the char-
acteristic defect parameter (Sc,). In all mechanical performance tests,
the Charpy impact energy shows a good monotonic decreasing trend
with thermal aging time. Thus, Charpy impact energy was used as a
characteristic mechanical parameter (C,). The mechanical model has a
prediction accuracy of over 90 % for the mechanical properties of the
Z3CN20.09 M cast austenitic stainless steels.

With experimental validation, our model quantitatively correlates
the macroscopic mechanical properties and the microscopic thermal
aging defects, which has important reference and guidance significance
for the life prediction and mechanical performance degradation assess-
ment of reactor structural materials, especially the duplex steel struc-
tural components.
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