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Irradiation-induced defects such as dislocation loops, cavities or solute clusters
and chemical composition segregation of reactor pressure vessel (RPV) steel are
the root causes of irradiation embrittlement. Combining two nucleation
mechanisms, namely, the uniform nucleation and non-uniform nucleation of
solute clusters (such as Cu-rich phase), a cluster kinetic simulation was
established based on the reaction rate theory, and the co-evolution of matrix
damage and Cu-rich phase in low-copper RPV steel was simulated under
irradiation. And the average size and number density of defective clusters and
solute clusters were established with irradiation dose. Compared with the
average size and number density of dislocation loops observed by
transmission electron microscopy (TEM) of proton irradiated RPV steel at
290°C, the verification results show that the cluster dynamics model
considering both the nucleation mechanism of interstitial dislocation loops
and vacancy clusters can well simulate the irradiation damage behavior of
materials.

KEYWORDS
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Introduction

Nuclear power is an important part of China’s modern energy system to achieve
cleanliness, efficiency, safety, and sustainability. The reactor pressure vessel (RPV) is a
primary safety component of a pressurized water reactor (PWR) nuclear power plant, which
loads the core and supports all components inside the reactor. It serves as a safety boundary
for primary coolant pressure and radioactive material shielding. RPV is the only non
replaceable component. Neutron irradiation can reduce the toughness of RPV materials and
increase the risk of brittle failure. The lifespan of nuclear power plants is determined by the
operation life of RPV.

The neutron irradiation damage problem of RPV steel is a key issue for the long-term
and safe operation of nuclear power plants. Neutron irradiation of RPV steel involves two
principal effects. Firstly, nuclear transmutation reaction, and the deexcitation process may
also trigger y, p radiation. Secondly, The collision of neutrons with lattice atoms could form
primary collision atoms (PKA), which triggers a cascade of collision processes, including
displacement damage and ionization damage. Displacement damage is the most important
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role, which induce excess interstitial atoms and vacancies. The
migration, aggregation, and annihilation of interstitial atoms and
vacancies, as well as their interactions with solute atoms and existing
defects such as defects of line, surface, and body, or irradiation
products such as H and He, ultimately form nanoscale point defect
clusters (such as dislocation loops and voids), complexes of point
defects and solute yards, solute atom clusters (such as Cu rich
clusters or Ni-Mn-Si rich clusters), or interface weakening element
segregation (such as P). These nano-structure features hinder
dislocation movement or weaken the interface, which cause
hardening and embrittlement of RPV materials. Under high dose
irradiation conditions, the embrittlement process of RPV steel may
be accelerated beyond expectations, ultimately leading to a reduction
in the safety window of RPV operation parameters, endangering its
structural integrity and restricting its long-term economic and safe
operation (Qingmao Wan, 2013; Wang et al., 2020; Ke and
Spencer, 2022).

The performance data of RPV materials under high dose
irradiation is scarce or scattered in various countries. So it is not
possible to reliably extrapolate the prediction model of RPV
performance in regulations to new service conditions (Wan et al.,
2010). Conducting high dose irradiation testing and evaluating RPV
materials directly in experimental or commercial reactors is costly,
time-consuming, difficult to control parameters. And neutron
irradiation materials and specimens are radioactive and must be
operated in hot rooms. Therefore, only a few key parameters can be
selectively implemented, so it difficult to conduct comprehensive
and systematic neutron irradiation experimental research. Ion
irradiation of RPV materials causes displacement damage,
ionization damage, and minimal doping. When selecting the
appropriate ion energy for irradiation, the collision between the
incident ion and the lattice atoms generates cascade collisions
induced by PKA, resulting in displacement damage, which plays
a major role. Because of the similar mass between protons and
neutrons, proton irradiation is commonly used to simulate neutron
irradiation to study radiation damage issues.

The experimental method of high flux proton irradiation is used
to simulate the irradiation process of materials in nuclear reactors.
Combined with theoretical analysis, the performance and related
laws of nuclear power materials can be studied (Chitra and and
Kotliar, 2000; Huibin et al., 2017; Cui et al., 2020). However, there
are also drawbacks such as time consumption and harsh
environment for experiment. In contrast, computer simulation
methods (He et al.,, 2012; Mathew et al., 2018; Shimodaira et al.,
2018) can not only save a lot of manpower and material resources,
reduce development costs, but also provide “experimental data”
under extreme conditions (ultra-high radiation, ultra-high pressure,
and ultra-high temperature), so as to overcome experimental
difficulties. They can also obtain microscopic details of material
changes under irradiation conditions and obtain information that
cannot be obtained in macroscopic experiments. It has very
important theoretical significance for the prediction and
evaluation of high dose radiation damage in RPV steel.

The cluster dynamics model based on mean field approximation
has high computational efficiency and can quickly describe defect
reaction events that occur at different time scales within the same
framework. It simulates the diffusion reaction process of defects
(clusters) to study the changes of single or small defects with time,
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space, and size (Wan et al., 2011; Wan Q. M et al,, 2012; Yoshiie
et al, 2015).
transmission electron microscopy (TEM). Therefore, cluster

It can achieve the same spatial resolution as

dynamics can simulate the kinetic evolution process of defects
under reactor irradiation dose across time scales (ps to year) and
spatial scales (nm to m).

This study focuses on low copper RPV steel as the research
object, establishes a model based on the average rate field theory, and
develops a cluster dynamics program for radiation damage. It
simulates the micro evolution process of various defects such as
migration, aggregation, and nucleation during the radiation damage
process, studies the generation and evolution of dislocation loops,
voids, and solute clusters, the results of which were compared and
verified by the experimental results. The study will provide reference
for the prediction and evaluation radiation embrittlement of RPV.

2 Cluster dynamics model and method
2.1 Assumption

Radiation generates displacement cascades and isolated point
defects between cascades, which include endogenous vacancy
clusters, endogenous interstitial clusters, and endogenous isolated
point defects. Most vacancy and interstitial atoms recombine and
annihilate. The ratio of endogenous vacancy clusters and interstitial
atomic clusters in displacement cascades to the total number of
surviving point defects will decay with increasing irradiation dose.
The three-dimensional cavity changes include (1) endogenous
vacancy clusters of displacement cascades; (2) Two vacancies
aggregate to form nuclei; (3) Vacancy clusters capture Cu atoms
and transform into Cu rich clusters. The variation of two-
dimensional planar interstitial clusters (or dislocation loops)
includes (1) endogenous interstitial clusters of displacement
cascades; (2) Two interstitial atoms aggregate to form nuclei; (3)
Interstitial clusters capture Cu atoms and transform into Cu rich
clusters. Three dimensional Cu rich clusters can also nucleate
through the aggregation of two Cu atoms, which belongs to
uniform nucleation, namely, homogeneous nucleation. Vacancy
clusters or interstitial clusters capture Cu atoms and transform
into Cu rich clusters, which belongs to heterogeneous nucleation.

2.2 Basic equations

2.2.1 Changes in monomer concentration

Isolated vacancies, interstitial atoms, and Cu atoms can be
collectively referred to as monomers. During the irradiation
process, the concentrations of vacancies, interstitial atoms, and
Cu atoms will evolve over time, and their evolution equations
can be expressed as Eqs 1-3:

dCi/dt =P(1-¢g) (1 - k€ic,dc) - Zi,v (D; + D,)CC, - Zi,iDiCiCi
_Zi,dDiCip - Zi,icDiCiSic - Zi,chiCiSvc
(1

dcv/dt = P(l - 8r) (1 - ksvc,dc) - Zv,i (Dl + Dv)Cin - ZV,VDVCVCV
_Zv,deCvP - Zv,ichCvSic - Zv,chv (Cv - Cv,emit)svc

)
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dCCu/dt = _ZCu,CuDCuCCu - ZCu,chCuSvc

3
_ZCu,icDCuSic - ZCu,crpDCu (CCu - CCu,emit)Scrp ( )

In the formula: C;, Cy, and Cg, represents the concentrations of
interstitial atoms, vacancies, and Cu atoms, respectively; Cy emit and
Ccuemit Tepresents the concentration of vacancies on the surface of voids
and the concentration of Cu atoms at the interface of Cu rich phases,
respectively; P is the damage rate, i.e., the injection rate, in units of dpa/s;
The recombination probability &, of Frenkel point defects during the
displacement cascade cooling process and 1 — ¢, is represented by the
damage efficiency. .4 is the percentage of interstitial atoms in the
endogenous interstitial clusters of the displacement cascades; While &, 4
is the percentage of vacancies in the endogenous vacancy clusters of the
displacement cascades; Z is the combination constants or capture
reaction constants, the lower corners of i, v, Cu, ic, v¢, CRP andp
respectively represent interstitial atoms, vacancies, Cu atoms, dislocation
loops, voids, Cu rich phases, and dislocation lines density in the matrix;
And Dj, D, andDg, is the diffusion coefficients of interstitial atoms,
vacancies and Cu atoms, respectively; And S, S, and S, represents the
sink strength of dislocation loops, voids and Cu rich phase for absorption
point defects, respectively.

2.2.2 Concentration evolution of clusters

Dislocation loops, vacancies, and Cu rich phases can be
collectively referred to as clusters. During the irradiation process,
the concentration and size of dislocation loops, vacancies, and Cu
rich phases will evolve over time, and their evolution equation can be
expressed as Eqs 4-6:

1

dCioop/dt = EziiDiCx‘Ci + Cicde = ZcuicDeuCeuSic (4)
1

deaid/dt = EZVVDVCVCV + Cvc,dc - ZCu,chCuSvc (5)

1
dCcrp/dt = EZCu,CuDCuCCuCCu + ZCu,icDCuCCuSic

+ ZCu,chCuCCuSvc (6)

In the formula: Cigep.
concentration of dislocation loops, voids, and Cu rich phases,

Cioia and C., represents the

respectively; Cioqc and C,.4c represents the concentrations of
endogenous interstitial clusters and endogenous vacancy clusters
in the displacement cascades, respectively.

2.2.3 Cluster size evolution

During the irradiation process, the size of dislocation loops,
voids, and Cu rich phases will evolve over time, and their evolution
equation can be expressed as Eqs 7-9:

leuop/dt = (Zi,icDiCi - Zv,iCDva)Sic/cloap
+Nic,dccic,dc/cloop - ZCu,iCDCuCCuSic/Cloop
deoid/dt = [Zv, VEDV (CV - Cv,emit) - Zi,VcDiCi]Svc/CVoid
+ch,chVc,dc/Cvaid - ZCu, VchuCCuSVC/CVOid (8)
+4nRvaid [ZV,VCDV (Cv - Cv,emit) - Zi,chiCi]

chrp/dt = [ZCu,CrpDCu (CCu - CCu,emit)]Scrp/Ccrp
+ZCu,VcDCuCCuSvc/Ccrp + ZCu,iCDCuCCuSiC/Ccrp (9)

+47chrp I:ZCM,CrPDCu (CCu - CCu,emit)]

(7)

In the formula, Nieops Nyoia andN,,, represents the number of
monomers contained in each dislocation loop, void, and Cu rich
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phase, respectively; And N 4 and N, 4. is the number of interstitial
atoms contained in each endogenous interstitial atomic cluster and
the number of vacancies contained in the endogenous vacancy
cluster of displace cascades, respectively; And Rioop, Ryoia andRcrp
is the radii of each dislocation loop, void, and Cu rich phase, in units
of the number of monomers.

The radius of dislocation loops, vacancies, and Cu rich phases
can be expressed as Eqs 10-12:

NGO ’ Y
Rloop=( : ")1 (10)
m
3Nvox'd 1
Rvoi = ) 11
d y (11)
3N, 1
R, = "")E 12
L 4n (12)

2.2.4 Cluster hardening

The increase in yield strength caused by irradiation-induced
dislocation loops, voids, and Cu rich phases can be expressed as
Eq. 13:

VP = \/Po> for dislocation line
V2RN , for disloation loops, voids or Cu — rich phase

(13)

Ao = otMGb{

In the formula: « is the strengthening factor, with a value of
0.1 for dislocation lines; For dislocation loops, the value is 0.267; For
voids, the value is 0.05; For the rich Cu phase, the value is 0.15. And p
are p, the dislocation line density after irradiation and the initial
dislocation line surface density, respectively.

Based on the research results of Garner and Wolfer, the
following equation for the evolution of dislocation lines can be
proposed (Eq. 14):

dp/dt = Bp - Ap? (14)

The superposition method of various cluster hardening
contributions adopts the sum of squares square root method. It
can be expressed as Eq. 15.

_ 2
Otot = Z o;

(15)

2.3 Main parameters

When solving the partial differential equation of the average rate
field, it is important to choose material parameters as accurately as
possible, which is beneficial for obtaining reliable prediction results.
Table 1 lists the main input parameters for proton irradiated RPV steel
at 290°C. Most of the parameters come from literature data (Gan et al,,
1999; Kwon et al., 2003; Dubinko et al., 2009; Qingmao Wan, 2013).

2.4 Algorithm for multi-dimensional
pathological differential equations

This model belongs to multidimensional ill conditioned rigid
differential equations. If we consider the size distribution of various
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TABLE 1 Main input parameters of proton-irradiated RPV steel at 290°C.

10.3389/fenrg.2024.1439489

Parameter name Parametric symbol unit Proton irradiation
Flux P dpa/s 1x107°
Combination probability & — 0.98
Point defect percentage in cascaded endogenous clusters Eicdo> Evede — 25 %107
Point defect percentage attenuation factor in cascaded endogenous clusters K — 0.7
Endogenous interstitial clusters of cascades Nicde atoms 3
Endogenous vacancy clusters of cascades Nycde 6
Reaction constant Zivs Zyj — 50
Zijs Zvys Ziye> Zvd 1
Zid> Zije 1.25
Zyjics Zuye 1
Zcucus Zcuwes Lcuic 1x107% 1.5 x 1075
0.5 x 10~
Zcucrp 1
Vacancy formation energy E,f ev 1.55
Migration energy Eims Evims Ecums 0.25; 1.25; 2.70;
Surface energy; Interface energy Evoidsurfs Ecrpsurf 0.13; 0.25
Pre coefficient refers to diffusion coefficient Dijo; Dyo; Dcuo cm?/s 0.05; 0.5; 300
Initial dislocation density Po cm™? 1 x 10"
Lattice constant a nm 0.29064

clusters, the number of equations will reach approximately 10°. This
study does not currently consider the size distribution of clusters and
only calculates the average size of clusters. The algorithm used is the
Runge Kutta method, and a simulation program for nano-structure
damage has been developed.

3 Calculation results
3.1 Cluster evolution

Figure 1 shows the dynamic simulation results of A508-3 steel
under proton irradiation at 290°C, including a 3 x 5 array diagram. The
first line shows the interstitial defects and the hardening components of
dislocation loops with the variation of irradiation dose. While the
second line shows the vacancy type defects and the hardening
components of voids with the variation of irradiation dose. The
third line shows the Cu atomic related cluster and the hardening
component of Cu rich phases with the variation of irradiation dose.
The columns a-e represents monomer concentration, number of
monomers contained in the cluster, cluster concentration, cluster
size, and cluster hardening component, respectively.

Within the irradiation dose range of 0.01-0.4 dpa, (a) the
concentration range of interstitial atoms is 3.4 x 107'°-1.3 x 107",
which gradually decreases with increasing irradiation dose and tends
towards equilibrium concentration, with an order of magnitude of
107'% (b) The number of interstitial atoms contained in every

Frontiers in Energy Research

dislocation loop is approximately 100-500; (c) The density range
of dislocation loops is 1.3 x 10°'-1.3 x 10> m™, which gradually
increases with the increase of irradiation dose, fast firstly and then
slow, with an order of magnitude of 10> m™ (d) The diameter is
about 2-8 nm, and the diameter shows an increasing trend with
increasing dose, and the growth rate shares the same “fast followed by
slow” type; (e) The hardening component of dislocation loops shows a
similar increasing trend with the irradiation dose, first fast and then
slow, increasing from less than 50-160 MPa up to 0.4 dpa.

Within the irradiation dose range of 0.01 to 0.4 dpa, (a) the
vacancy concentration range is 4 x 107°~1.6 x 1077, which gradually
decreases with increasing irradiation dose and tends towards
equilibrium concentration, with an order of magnitude of 10°%
(b) The number of vacancies contained in a void is approximately
50-150; (c) The density range of voids is 6.0 x 10*'~1.3 x 10 m~,
which gradually increases with the increase of irradiation dose, fast
firstly and then slow, with an order of 10*m>; (d) The diameter is
about 1-1.5 nm, and the diameter shows an increasing trend with
increasing dose, and the growth rate shares the same “fast followed
by slow” type; (e) The hardening component of voids shows a
similar increasing trend with the irradiation dose, first fast and then
slow, increasing from less than 25-50 MPa up to 0.4 dpa.

Within the irradiation dose range of 0.01 to 0.4 dpa, (a) the
concentration range of Cu atoms is 9.6 x 10°-5.9 x 10™*, which
decreases continuously with increasing irradiation dose; (b) The
number of Cu atoms in the Cu-rich phase is approximately 100-800;
(c) The density range of Cu rich phases is 4.0 x 10*-3.1 x 10> m,
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P-irradiated 0.06Cu RPV steel @ le-5dpa/s 288°C
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FIGURE 1

Dynamic simulation results of A508-3 steel irradiation at 290°C, the variation of clusters, i.e., (1) interstitial dislocation loops, (2) microvoids, and (3)
Cu-rich phases with irradiation flux, including (A) monomer concentration; (B) the number of monomers in the cluster, (C) the concentration of the
cluster; (D) cluster diameter; (E) The amount of hardening caused by clusters.
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FIGURE 2

Dynamic simulation results of A508-3 steel irradiated by protons at 290°C, the contribution of clusters, i.e., (1) interstitial dislocation loops, (2)
microvoids, (3) Cu-rich phases, and (4) dislocation lines, to irradiation hardening.
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TABLE 2 Experimental measurements and simulated values of cluster dynamics of dislocation loops in proton-irradiated Chinese A508-3 RPV steel at 290°C.

Acloop MPa
Measured values of TEM 290 0.163 10.1 0.88 150
Calculated values of DC ‘ 290 0.163 ~5 0.8 ~120
Relative deviation, % ‘ — — 50% 10% 20%

first fast and then slow, increasing from less than 20-80 MPa up to
0.4 dpa, which is close to the saturation hardening amount of Cu rich
phase. The supersaturated solid solution Cu atoms basically
precipitate.

3.2 Relationship between cluster hardening
component and total hardening amount

Figure 2 shows the variation of various hardening amounts of
A508-3 steel under proton irradiation at 290°C with the irradiation
dose. Below 0.05 dpa, the hardening components of dislocation
loops, voids, and Cu rich phases are comparable for the contribution
of the total hardening amount; After 0.05 dpa, the hardening
components of dislocation loops, Cu rich phases, voids, and
dislocation line networks are ranked in descending order, with
hardening component of dislocation loops dominating the total
hardening amount. This indicates that the evolution of dislocation
loops is the dominant factor for the irradiation embrittlement of
A508-3 steel under high dose proton irradiation conditions at 290°C.

4 Experimental verification

The high-temperature proton irradiation test utilizes the 320 kV
high charge ion experimental research platform of the National
Laboratory of Heavy Ion Accelerator at Lanzhou Institute of
Modern Physics. Using an incident beam perpendicular to the
surface of the sample, with a scanning area of approximately
1.5 cm® x 1.5 cm?, the total current intensity of the proton beam
reaching the sample stage is approximately 25 p A. The vacuum
degree is better than 1 x 107 Pa, and the temperature control
accuracy is £5°C. Under the proton irradiation at 290°C, the proton
beam density is approximately 6.8 x 10" ion/cm’*-s, equivalent to
11 u A/cm?. This irradiation was conducted to 5.57 ion/cm* x 10"
ion/cm?®, equivalent to 0.163 dpa. The measured size and number
density values were obtained by quantifying the dislocation loops of
proton irradiated Chinese A508-3 RPV steel using TEM (Wan Q
et al, 2012; Lei et al, 2014). The comparison between the
experimental measured values of dislocation loops and the
simulated values of cluster dynamics is shown in Table 2. The
verification results show that for the dislocation loops in RPV steel
irradiated with 290°C proton, the calculated values of cluster
dynamics are on the same order of magnitude as the TEM
measured values in proton irradiation experiments, with a size
deviation of 50%, a number density of 10%, and a hardening
deviation of 20%. This indicates that cluster dynamics can
effectively simulate the proton irradiation of RPV steel at 290°C.

Frontiers in Energy Research

5 Conclusion

Considered both the homogeneous nucleation mechanisms
and the heterogeneous nucleation mechanisms of solute clusters,
the study developed a simulation program based on cluster
dynamics model for the nano-structure evolution of RPV steel
during irradiation. The average size and number density
evolution of interstitial dislocation loops, voids, and solute
clusters generated by proton irradiation at 290°C were
calculated, which were compared and verified with TEM
measurements of specific proton irradiation experiment for
Chinese A508-3 RPV steels at 0.163 dpa. The research results
indicate that the simulation results are roughly consistent with
the experimental results. Subsequent research can consider
developing more universal cluster dynamics simulation
methods with much more defects, conducting parameter
sensitivity analysis and comprehensive experimental data

validation.
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