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SPECIAL TOPIC — Ion beam modification of materials and applications

Evolution of ion-irradiated point defect concentration by
cluster dynamics simulation®

Shuaishuai Feng({%fiif)!4, Shasha Lv(&¥b75)>", Liang Chen(%: )%, and Zhengcao Li(Z= IF #)*#

1Kf—:y Laboratory of Advanced Materials (MOE), School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China
2Key Laboratory of Beam Technology and Material Modification (MOE), College of Nuclear Science and Technology,
Beijing Normal University, Beijing 100875, China
3 School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
4The Department of Engineering Physics, Tsinghua University, Beijing 100084, China

(Received 21 December 2020; revised manuscript received 4 March 2021; accepted manuscript online 23 March 2021)

The relationship between ions irradiation and the induced microstructures (point defects, dislocations, clusters, efc.)
could be better analyzed and explained by simulation. The mean field rate theory and cluster dynamics are used to simulate
the effect of implanted Fe on the point defects concentration quantitatively. It is found that the depth distribution of point
defect concentration is relatively gentle than that of damage calculated by SRIM software. Specifically, the damage rate
and point defect concentration increase by 1.5 times and 0.6 times from depth of 120 nm to 825 nm, respectively. With the
consideration of implanted Fe ions, which effectively act as interstitial atoms at the depth of high ion implantation rate, the
vacancy concentration Cy decreases significantly after reaching the peak value, while the interstitial atom concentration Cj
increases significantly after decline of the previous stage. At the peak depth of ion implantation, Cy, dropped by 86%, and C;
increased by 6.2 times. Therefore, the implanted ions should be considered into the point defects concentration under high
dose of heavy ion irradiation, which may help predict the concentration distribution of defect clusters, further analyzing the

evolution behavior of solute precipitation.

Keywords: ion irradiation, point defect concentration, cluster dynamics simulation

PACS: 61.80.Jh, 61.72.J—, 61.43.Bn

1. Introduction

Key materials for nuclear plant become increasingly em-
brittled by exposure to neutrons from the reactor core over
the course of their service period. The microstructures in-
duced by irradiation include solute clusters, matrix damage,
and grain boundary segregation of brittle elements, which
could continuously evaluate with time.'=3! For example, the
swelling caused by the cavities and bubbles will make the
ductile to brittle transition temperature (DBTT) increase by
~ 100 °C.™ The microstructure evolution is related to fac-
tors of three aspects: irradiation conditions (fluence, fluence
rate, temperature, efc.), material compositions (elements and
content, etc.), and the original microstructure (phase, grain
boundary size).[s‘g] However, due to the microstructure com-
plexity of the irradiated materials and the objective limitation
of service environment, it is very hard to study and predict the
long-term evolution of microstructures through experimental
methods.®19 Therefore, the research on simulation methods
have been paid more focuses.

For different time and space scales, the microstructure

evolution adopts different simulation methods. The irradi-

DOI: 10.1088/1674-1056/abf102

ated point defects behavior of generation, diffusion, recom-
bination, and clustering, which happens at the atomic scale of
10~15 seconds. The density functional theory (DFT), molec-
ular dynamics (MD), kinetic Monte Carlo (KMC), and other
methods can well calculate the formation energy and diffusion
energy of point defects in the evolution process, so as to sim-
ulate the evolution behavior of point defects.!'!! Furthermore,
the macroscopic properties of nuclear materials that are more
concerned on the engineering scale, it is necessary to simulate
and predict the microstructure evolution behaviors over sev-
eral years or even decades.

Cluster dynamics (CD) are more suitable for long-period
microstructure evolution behavior, due to its less computing
resource occupation and higher computational efficiency.!'?!
CD method is a mesoscopic method based on the mean field
rate theory (MFRT), and could be considered as an exten-
sion of MFRT model.['!] In the rate theory, it is assumed
that the concentration of defects is uniform on the basis of
mean field, so the ordinary differential equation is used to de-
scribe the rate change of defects concentration under mean
field.['3 On the basis of that, CD method describes point

*Project supported by the Special Funds for the Key Research and Development Program of the Ministry of Science and Technology of China (Grant

No. 2017YFB0702201).

fCorresponding author. E-mail: lvss @bnu.edu.cn
#Corresponding author. E-mail: zcli @tsinghua.edu.cn

© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

056105-1


http://dx.doi.org/10.1088/1674-1056/abf102
lvss@bnu.edu.cn
mailto:zcli@tsinghua.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 5 (2021) 056105

defect clusters in addition to describing self-interstitial atom
(SIA) and vacancy.!'!) The evolution of clusters is regarded
as a series of chemical reactions (absorption and release of
point defects by clusters), to describe the evolution of cluster
concentrations.!'? Through numerical solution of the equa-
tions, the evolution of clusters concentration can be obtained,
and the characteristic physical quantity such as size, number
density and volume fraction of clusters can be calculated./!?!
Heavy ion irradiations at high dose rates are often used to
simulate the neutron irradiation on the microstructural evolu-

141 However, many differences

tion of reactor structural alloys.
in the resultant modes of damage arise from the ion implan-
tation effect.!!* The implanted ions can not only cause ma-
trix damage, but also act as effective interstitial atoms,[!-16]
which affects the evolution of defect clusters and suppress
the void swelling by recombination with vacancies.[!>17-19]
However, there is no corresponding vacancy generated to re-
combine with the implanted ions. This paper simulates and
studies the effect of ion implantation on the concentration of
point defects under 2.8-MeV Fe self-ion irradiation in pure
Fe at 290 °C (the reactor pressure vessel in service operates
at 290 + 30 °CP9211) o avoid composition changes. We
first present the employed cluster dynamics modeling meth-
ods, then study and analyze the effect of ion implantation on

defect concentration in high-dose heavy ion irradiation.

2. Modeling

SRIM simulation is based on the binary collision approx-
imation (BCA) method, which can be used to simulate the ions
and neutron irradiation experiments, calculate the displace-
ment per atom (dpa) of ion irradiation. There are two basic
options in SRIM to compute ion-induced displacement dam-
age parameters: (i) “ion distribution and quick calculation of
damage,” based on Kinchin—Pease model, referred to as K-P
method, and (ii) “detailed calculation with full damage cas-
cades,” referred to as F-C method. According to the research
of Stoller et al.,??) the damage energy obtained from the K-P
calculation mode of SRIM was used to calculate the displace-
ment damage, in order to be consistent with the standard NRT
model.[?3! The NRT model was developed by Norgett, Robin-
son, and Torrens to compute the number of displacements per
atom (dpa) for a PKA with a given energy. This model is
broadly adopted by the international radiation effects commu-
nity and continues to be the internationally recognized stan-
dard method for computing atomic displacement rates. The
simulation study employed the cluster dynamics equations es-
tablished by Duparc and Moingeon et al.[*¥ to describe the
rate of defect cluster concentration change over time, assum-
ing that only SIA and vacancies are mobile:**]

d(ini — (,B(",,fl)icn) Conit (ﬁgnﬂ)iav + aénﬂ)i) Clns1)i

— (o + ByCiy + BiiCii) Cai,

dC"V v i v
= ﬁ<n71>VC1VC(n_1)V + <ﬁ<n+1>vcli + a(n+1)v) C(n+1)v

dt
— (BWCiv + BiCri+ 04y ) Cay. (1)

Here C,p is the concentration (number per unit volume) of
clusters containing n point defect (size n) of type 6 (6 =i
for interstitial and v for vacancy).>*! Since the probability that
self-interstitials (i) and vacancies (v) co-exist in a single clus-
ter is very low due to their strong tendency for recombination,
then no mixed i—v clusters were considered. ']

ﬁneéCler is the rate of capture of a point defect of type 6’
by a cluster of type 0 and size n. Oc,% is the rate of emission of
a point defect of type 6’ by a cluster of type 6 and size n. In
Eq. (1), we have considered that a cluster of type 6 can only
emit a point defect of the same type, since it is in general more
energetically favorable for a cluster to emit a monomer than
emit a dimer, trimer or multimer. 3]

For the case of one and two interstitials, or one and two
vacancies, the equations are different: (>4l

dcy; ‘
Tl = Gii +Kion — RivC1iC1y — K1iC1; — 4B1;,C1iCri
+405,Cai + BYC1vCai — Cui Y, BriCui
n=2
+ Y 04iCi—Ci Y BiCuvs
n=3 n=2
dCy, . . . .
T L= 2B1CH — 20,Cai — BLC1Cai + 0 C;
— B5iC1vCai + B3,C1vCi,
dClv v
el Giv — Ry CiiCiy — KiiCry — 4B1,CivCiy
+4OZ;VC2V + .BévcliCZV - Clv Z ﬁ):vcnv
n=2
+ Z &, Coy — Ciy Z ByiCis
n=3 n=2
dG,
dtv = 2ﬁlvvc‘lzv - 2(X’;vC2V - BZVVCIVCZV + a;vC3V

— B, CiiCay + B4, C1iCay, )

where Gy (Gy;) is the vacancy (interstitial) production rate by
collision of the irradiating particles (Giy = G1; = G), Kjo, the
injection rate of implanted interstitials, R;, the recombination
rate, and Kj; (respectively Kjy) the elimination rate of inter-
stitials (respectively vacancies) on fixed sinks as surfaces and
dislocations.

In the case of electron irradiations, more than 99% of the
point defects are created in an isolated way.>*! The production
rate G is equal to NRT rate, which can be calculated using the
SRIM-2013 code.®! In the case of neutron or heavy ion ir-
radiations, when primary damage is created in displacements,
a significant fraction of defects were not monomer SIA and
vacancy defects, but rather clusters of defects.[!1 MD calcu-
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lations show that the NRT approach leads to an overestima-
tion of the defect production rate. For iron, the defect pro-
duction rate calculated by molecular dynamics is about 30%
of the NRT rate.?®) Therefore, production rate G is equal
to 0.3 times of NRT rate. The data from VACANCY.TXT
and RANGE.TXT files of SRIM was converted to give de-
fect production and interstitial injection rates, with simulation
parameters!'®! as shown in Table 1.

Table 1. Radiation related parameters.

Symbol Value
Irradiation ion Fe
Target atom density (atoms/cm?) A 8.48 x 10?2
Ion energy (MeV) E 2.8
Irradiation temperature (°C) T 290
Ton fluence (ions/cm?) ¢ 4.65 x 1013
Ton flux (ions/(cm?-s)) 0] 3.27x 10!

The peak of the implanted ion concentration is 1.3 x
1073, at about 990 nm. The implanted ion concentration at
195 nm is about 1.4% of the peak concentration, indicating
that only a small part of the implanted ions stopped near the
surface area at an energy of 2.8 MeV. The implanted ion con-
centration increases from 200 nm to 990 nm. At depth of
990 nm-1300 nm, the implanted ion concentration decreases
with depth, and it is about 3.2% of the peak concentration at
1305 nm.

Initially, thermal equilibrium concentrations are set for
point defects, i.e., single interstitial and single vacancy, and
the concentrations of all other defect clusters are set to zero.
The other data introduced in the model concern point defect
and clustering, summarized in Table 2. These data are the

same as those in Ref. [24].

Table 2. Related parameters of cluster dynamics model.

Symbol Value
Temperature (°C) T 290
Vacancy migration energy (eV) EY 1.3
SIA migration energy (eV) EM 0.3
Vacancy diffusion frequency factor (cm?-s~ 1) Dy 1
SIA diffusion frequency factor (cm?-s™h) Dy 4%x1074
Recombination radius (A) Tiv 6.5
Volume of iron atom (cm?) Vat 0.0118 x 102!
Dislocation bias to vacancy Z\fi 1
Dislocation bias to STA Zid 1.2
Dislocation density (cm™~?2) Pa 108
Burgers vector (nm) b 0.2
Vacancy formation energy (eV) Ef 1.6
SIA formation energy (eV) Eif 4.3
Di-vacancy binding energy (eV) E?v 0.2
Di-interstitial binding energy (eV) Eg 0.8

3. Results
3.1. SRIM simulation

The displacement damage is determined using the dam-

age energy obtained from the K-P method, and the total num-
ber of calculated ions is set to 10°. Figure 1(a) shows the
depth distribution of displacement damage and injected ion
concentration of pure iron irradiated by Fe ions at 2.8 MeV.
The peak of displacement damage is 5 dpa at about 825 nm.
At depth of 0 nm-825 nm, the displacement damage increases
with depth. While for 825 nm—-1300 nm, the displacement
damage decreases with depth, and the displacement damage at
1260 nm is 0.1 dpa.

/g -=— displacement damage (a) 1.50 5‘:\
- 5 -o- implanted ion - 1.95 S
~ L trati L 41. —
S concentra 10w \\. Z
o0 f \ 2
g 4t ooy, {11.00 %
& _.J" s 2 ’ z
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= 25} 3 160 =
= % 50 2
] 490. =
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Fig. 1. (a) The distribution of displacement damage and implanted ion con-
centration, and (b) distribution of equilibrium concentration of point defects
with depth.

At 750 nm-1000 nm, the values of displacement dam-
age and implanted ion concentration are both at a high level.
Then, we estimated the concentration of point defects in the
final state, and compared concentration of point defects and
implanted ions to estimate the influence of the implanted ion
effect on point defects concentration. According to Christian
and Barbu,?®! neglecting the vacancy and SIA concentration
values at equilibrium, the evolution of the vacancy and SIA
concentrations with time is given by the following differential
equation system:

aC

8tv = Gv—kivCin—ZvaCva

aGC;

8t1 = G; — kiyGCy — zDiCipy, 3)

where C, (C;) is the vacancy (SIA) concentration, Gy (G;) is
the vacancy (SIA) production rate (Gy = G; = G), ki, is the
recombination rate between vacancies and SIA, Dy, (D;) is the
vacancy (SIA) diffusion coefficient, pq4 is dislocation density,
and zy (z;) is the dislocation bias towards vacancy (STA). In the
permanent regime, dCy /dt = dC;/dt = 0 and solving equation
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leads to the final vacancy and SIA concentration. The distri-
bution of point defect concentration with depth in the equilib-
rium state is similar to that of displacement damage, as shown
in Fig. 1(b). The peaks and corresponding vacancy concentra-
tion, interstitial atom concentration is 825 nm and 2.8 x 107,
6.6 x 107! respectively.

In the peak area of the point defect concentration, the im-
planted ion concentration is about seven orders of magnitude
higher than the interstitial atom concentration, and greater than
the vacancy concentration. Compared with the concentration
of point defects caused by irradiation, the concentration of im-
planted ions cannot be ignored. Therefore, cluster dynamics
method was employed in order to further determine the effect
of implanted ions on point defect concentration.

3.2. Cluster dynamics simulation

In order to improve the computational efficiency, 11
depths from 100 depth points obtained from SRIM simulation
were selected to simulate the effect of implanted interstitials.
The maximum size of clusters is set to 1500. According to
Ref. [27], the characteristic time of point defect concentrations
evolution is estimated, of which 7; (characteristic time for the
onset of mutual recombination) is approximately 4 x 10™* s
and 73 (characteristic time for the onset of steady state) is ap-
proximately 4 x 10° s. Therefore, the time range of cluster
dynamics simulation is set to 107> s—10° s.

First, cluster dynamics calculation is carried out without
considering the implanted ion effect, by removing the Ko,
term from Eq. (2). Figures 2(a) and 2(b) show the evolution of
vacancy concentration and interstitial atom concentration with
time at 11 depths, respectively. The evolution of point defect
concentration is consistent with that in literature*”! by solving
the point defect balance equation under low temperature and
intermediate sink density.

Initially, the defect concentration is too low for recom-
bination or sinks on their buildup. So defect concentrations
build up according to dC/dr = G with C; ~ Cy. According to
Ref. [27] under low sink density, the production rate is com-
pensated by the recombination rate, so the buildup of point
defects start to level off. Then, there will be a “quasi-steady-
state” in the regime where the production rate is balanced by
the recombination rate. But in our simulation study, the region
of mutual recombination is shrunk at the expense of interme-
diate sink density. Because point defects recombination can be
regarded as the simplest interaction form between clusters, we
think the interaction between clusters dominates in this stage.

Later, the interstitials (first) and then the vacancies (later)
recombine with the sinks, contributing to annihilations.?!
When interstitials reacting with the sinks, it means interstitials
are being lost to sinks, and only sink is interstitials, so the C;
will decay and C, will rise. Because D; > Dy, more interstitials
are lost to sinks than vacancies. The interaction of vacancies
with sinks is relatively slow. Then at the later state, the loss of

vacancies and interstitials to sinks are generally close to each
other, since vacancies and interstitials are produced and lost in
recombination in equal. Eventually, the evolution of the point
defect concentration has reached a final relatively steady state.
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Fig. 2. The evolution of (a) vacancy concentration and (b) interstitial atom
concentration with time without implanted ions.
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Fig. 3. The evolution of (a) vacancy concentration and (b) interstitial atom
concentration over time with implanted ions.

Considering the implanted ion effect in CD calculation,
the evolution of point defect concentration is shown in Fig. 3.
Figures 3(a) and 3(b) respectively show the evolution of va-
cancy and interstitial atom concentration with time at 11
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depths. Compared with Fig. 2, between the original stage of
interstitial atoms being captured by the sink and the later stage
of vacancies being captured by the sink, there is a brief pe-
riod where C; increases and Cy decreases. The greater the ion
injection rate at the corresponding depth, the more significant
change in point defect concentration. Specifically, C; and Cy
at depth of 120 nm has no significant change because of the
lowest ion implantation rate.

In the previous stage, the magnitude of the ion injection
rate is ~ 1078, which is less than the initial capture rate of
interstitial atoms by sink, so the capture of interstitial atoms
by sink is still dominant. As C; decreases, the capture rate of
interstitial atoms by sink also decreases, which could drop to
less than the ion injection rate. Then, at this stage, the im-
planted ion effect plays a dominant role in the evolution of the
point defect concentration, and there is an increase in the C;
with a decrease in the C,. However, due to the increase of C;
at this stage, the capture of sink to interstitial atoms increases
accordingly to compensate for the change caused by the ion
injection rate. Finally, it comes to the stage where the capture
of vacancy by the sink is dominant.

4. Discussion on point defect concentration

Comparing the steady-state point defect concentration
distribution in the above two cases, the difference between Cy
and C; are shown in Figs. 4(a) and 4(b), respectively. When
the ion implantation effect is not considered, the depth dis-
tribution of the point defect concentration is consistent with
that of damage rate. It increases first and then decreases with
the peak at 825 nm. The change of point defect concentration
with depth is more gradual than damage rate. From 120 nm to
825 nm, the damage rate increased by about 1.5 times, while
the point defect concentration increased by only 0.6 times. The
depth distribution of the point defect concentration calculated
by cluster dynamics is smoother than the displacement dam-
age distribution calculated by SRIM.

When compared the results of CD calculation with the
results obtained by simplifying the point defect balance equa-
tion in Fig. 1(b), it can be found that their point defect con-
centration follow a consistent depth distribution, and remain
the same magnitude. Without considering the effect of im-
planted ions, the point defect concentration under irradiation
can be quickly estimated by simplified solution of point defect
balance equation.

After considering the ion implantation effect, the point
defect concentration distribution has changed significantly. Cy
decreases with the depth significantly, while C; first increases
and then decreases with the depth change with peak at 990 nm.
The higher is the ion implantation rate at the corresponding
depth, the more significant decrease does Cy show. C; has in-
creased to various degrees, and it increases significantly with
the higher ion implantation rate. At 120 nm, C, decreases by
about 0.8%, and C; increases by only 0.7%. While at 990 nm,

C, decreases by 86%, C; shows the maximum interstitial atom
concentration increased by nearly 6.2 times.

The curve of vacancy concentration difference (denoted
as ACy) between the two cases shows the distribution of ACy is
closer to the damage rate distribution, which is quite different
from the ion implantation rate curve. Similarly, for intersti-
tial atom, the difference of interstitial concentration is closer
to the interstitial concentration with ion implantation, that is,
ion implantation rate distribution. In the simulation of Short et
al.,1'81 it was also observed that the concentration of interstitial
atoms increased and the concentration of vacancies decreased
due to the injected interstitial effects. While the depth distribu-
tion of point defect is still consistent with displacement dam-
age. In Fig. 4(a), the vacancy concentration decreases with
the depth significantly, which may be due to the selected small
radiation dose.

According to Shao et al.,!'*! voids developed first in the
near-surface lower-dose region and then develop at progres-
sively deeper and higher-damage depths during continued ir-
radiation. With increasing dpa values, not only the void sizes
increase, but the void distributions become wider, moving
deeper into the specimen. In total, the higher implant ion con-
centration has a significant impact on the final point defect
concentration during the irradiation process.
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Fig. 4. (a) The influence of implanted ions on the vacancy concentration and
(b) interstitial atom concentration.

The depth distribution of the vacancy concentration when
considering the ion implantation effect is comparable to
Refs. [14,17]. Shao et al.'"¥ used 3.5-MeV self-ion irradia-
tion to study the effect of defect imbalance on void swelling.
Applying the BTE method, they predicted an interstitial-rich
region near the ion’s projected range. As a result, the void
swelling distribution deviates significantly from that expected
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from the dpa profile. The same phenomenon was observed that
the void swelling by cross sectional TEM characterization was
suppressed at the peak dpa region. For the 35-dpa irradiation,
swelling appears at a peak depth about 200-nm beneath the
surface, and decreases down to zero at a depth of ~ 0.8 pum.
Swelling increases with increasing dpa at shallow depth and
the trend reverses at deeper depth. At 105 dpa, there is still a
total suppression corresponding to the majority of injected in-
terstitial region. The swelling distributions for irradiation are
calculated shallower than that of the dpa profile.

In the study of void swelling evolution in self-ion irra-
diated HT9, Getto et al.l'”! also observed a decrease in void
swelling at depths greater than the nominal dose, attributing to
the presence of injected interstitials. Short ef al.*® simulated
injected interstitial effects on void swelling in self-ion irra-
diation experiments and predicted a double peak in the void
nucleation rate. The double peak may be due to the surface
effect, which is not considered in the SRIM simulation. The
value of vacancy migration energy will also affect the behavior
of void nucleation rate curve. However, the model selected in
this article is space-independent and not related with vacancy
migration energy.

Sun et al.®! studied the void swelling in two structural
variants of 304L stainless steel induced by self-ion irradiation
at 500 °C. A prominent suppression of void density in the in-
jected interstitial region was observed, which was consistent
with what Getto er al.l'”! observed. In addition, there was
a clear forward shift in depth between the peak dpa and the
peak void swelling in both variants, due to suppression of void
nucleation by injected interstitials. Furthermore, o’ particles
were not only observed under neutron irradiation. Tissot et
al.BY firstly observed o precipitation in Fe—Cr alloys under
self-ion irradiation. The absence of @’ precipitates in previ-
ous ion irradiation experiments is attributed to the presence of
a high concentration of injected interstitials. Therefore, when
using ion irradiation to simulate neutron irradiation, the ef-
fect of injected interstitial cannot be ignored, especially mi-
crostructures at peak damage is investigated for irradiation ef-
fects at high doses.

5. Conclusion

In this paper, cluster dynamics simulation is used to study
the effect of ion implantation on point defect concentration
under 2.8-MeV iron self-ion irradiation at 290 °C. When con-
sidering the effect of implanted ions, before entering the final
steady state, C; and C, show a significant increase and de-
crease, respectively. At the peak depth of ion implantation
rate, the C, dropped by 86%, and C; increased by 6.2 times.
With the evolution of point defect concentration, the injection
of ions can have a significant effect on the concentration of
point defects at high doses of heavy ion irradiation. There-
fore, the effect of injected interstitials on the evolution of ma-

trix damage can be simulated by cluster dynamics to better
understand the heavy ion irradiation experimental results.
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