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Abstract The enhanced diffusion in materials under irra-
diation plays an important role in the long-term
microstructural evolution. In this work, the self-ion irra-
diation in nickel was used as a model system to study the
effect of radiation-enhanced diffusion on the implanted ion
profiles. Initially, the depth profiles of vacancies and
implanted ions for nickel self-ion irradiation with ion
energies up to 15 MeV were computed by the high-effi-
ciency Monte Carlo code IM3D (Irradiation of Materials in
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3D). The results are in good agreement with those pre-
dicted by SRIM (Stopping and Range of Ions in Matter).
Then, diffusion coefficients as functions of temperature and
damage rate were obtained, and the depth-dependent dif-
fusion coefficients at various temperatures and damage
rates were also illustrated. For this purpose, we used a
temperature-dependent effective sink concentration for
nickel, which was estimated from the available experi-
mental investigations on the damage structures of irradi-
ated nickel. At length, case studies on the time evolution of
implanted ion profiles under the condition of nickel self-
irradiation were performed and discussed based on Fick’s
second law. The results help to understand the fundamental
diffusion properties in ion irradiation, especially under
higher-dose irradiation.

Keywords Self-ion irradiation in nickel - Implanted ions -
Radiation-enhanced diffusion - Monte Carlo simulation

1 Introduction

Heavy ion irradiation with ~ MeV energy has been
widely used to understand the fundamental microstructural
evolution in materials under irradiation [1]. It is known that
the enhanced atomic diffusion or mass transport under
irradiation gives rise to the chemical and microstructural
changes including point defect clustering, void formation,
and even swelling, segregation, precipitation, etc. [1-4].
These changes in structures or phases can significantly
affect the physical properties and may further deteriorate
the mechanical properties of materials. Thus, understand-
ing the atomic diffusion in materials under irradiation is of
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critical importance for their application as structural
materials.

Numerous experimental investigations and theoretical
studies have been carried out to study the radiation-en-
hanced diffusion (RED) in materials under ion irradiation
conditions up to now. Experimentally, the radiation-en-
hanced diffusion coefficients are measured in various sys-
tems; for example, the self—(63Ni isotope tracer) diffusion
in natural nickel or nickel-based alloys [5-7], the nickel
diffusion in copper [8], as well as the self-diffusion or
dopant diffusion in semiconductor materials (the self-dif-
fusion or dopant diffusion in natural silicon [9, 10], the
phosphorus in germanium [11], the self-diffusion or boron
diffusion in germanium [12], etc.). The main procedures
are as follows [5, 7]: by considering a model of A layer
sandwiched between B materials, or BABAB... layered
materials (A is tracers of B or impurities), the broadening
of depth profiles of A concentration in B materials (ap-
proximately Gaussian distribution) under ion irradiation
can be measured in a wide temperature range. The
enhanced diffusion coefficients can be calculated by com-
paring the depth profiles of A in B materials between two
conditions: under thermal annealing and under irradiation
conditions.

The experimental investigations showed that the depth
profiles of A in B materials under irradiation conditions are
generally broadened, and the broadening was enlarged with
increasing radiation dose [13, 14]. Such an enhanced dif-
fusion process can be understood theoretically by the
solution of Fick’s second law. The enhanced diffusion in
materials under irradiation can be attributed to the
increased concentration of point defects (vacancies and
interstitials), which is generally much higher than that
under thermal equilibrium conditions. According to the
defect reaction rate theory, the radiation-enhanced diffu-
sion in steady state is determined by the competition
between the production rate of freely migrating defects
(FMDs) and the defect loss (to sinks or via vacancy—in-
terstitial recombination) [15]. Meanwhile, the total diffu-
sion coefficients under ion irradiation are generally
considered from three aspects [5, 16]: temperature-inde-
pendent ballistic mixing, long-term diffusion under irradi-
ation, and thermal-activated diffusion (details will be
shown later). It is recognized that the RED coefficient is a
temperature- and damage rate-dependent quantity, and also
varies in different target materials. Therefore, we carefully
considered possible items that may affect the RED in this
work, to get a comprehensive understanding of the diffu-
sion under ion irradiation: (a) Accurate estimation of the
depth-dependent damage rate and percentage of FMDs.
The depth profiles of primary radiation damages for ion
irradiation can be estimated by the widely used Monte
Carlo (MC) code SRIM (Stopping and Range of Ions in
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Matter) [17] or IM3D (Irradiation of Materials in 3D)
codes [18]. It is recognized that the “Quick Kinchin—
Pease” (QKP) method is widely used to estimate the
damage dose in modern ion irradiation experiments.
(b) Accurate estimation of the effective sink concentration
or sink strength, a quantity that determines the absorption
efficiency of defects. A constant effective sink concentra-
tion was generally used to estimate the diffusion coeffi-
cients. However, it is also a temperature-dependent
quantity and needs further improvement. (c¢) Good selec-
tion of the material-related parameters for thermal-acti-
vated diffusion, as there are large variations in the reported
data from the available previous studies.

In addition, understanding the time evolutions of atomic
profiles under ion irradiation also has practical significance
in fully understanding their long-term radiation effects. It is
worth mentioning that for accelerator-based ion irradiation,
the mass mainly flows along the ion projected range (1D
flow, with respect to 3D diffusion under neutron irradia-
tion), which arises from the forward scattering of ions as
well as the surface sinks [3, 13]. Thus, it gives rise to an
artificial effect during the long-term microstructural evo-
lution. For example, the implanted ions can cause depth-
dependent compositional modifications and further
enhance the amorphization processes and suppress void
swelling when ions come to rest [2, 3]. For example, the
precipitation in irradiated Fe-15 at%. Cr alloy under Fe ion
irradiation exhibits a depth-dependent phenomenon that the
as-implanted Fe ions reduce the o' precipitation [4]. As a
consequence of the artifacts from strong surface sinks and
injected interstitials, the near-surface depletion region and
peak implanted regions are generally avoided when
examine their irradiation effect. Recently, Zinkle et al.
[19] investigated that the safe midrange-depth region
shrinks with increasing radiation dose or temperature and
even disappears at a higher dose and elevated temperature.
Doyle et al. [14, 20] systematically studied the diffusion of
as-implanted ion profiles for the systems of self-ion irra-
diation in iron and nickel using Fick’s second law. Higher
energies (> 6—8 MeV, depending on the target materials)
are recommended to achieve safe regions for swelling
analysis under doses > 100 dpa. Thus, the time evolutions
on the depth profiles of implanted ions are of practical
significance in understanding the diffusion-related phe-
nomenon under irradiation.

In this work, the self-ion irradiation in nickel was used
as a model system to study the effect of RED on the
implanted ion profiles due to the increased interest in the
potential application of nickel-based alloys, which have
been accepted as one of the promising candidates for the
structural materials in high-dose Gen IV nuclear reactors,
especially for the molten salt reactors (MSRs) [21-23].
First, the depth profiles of primary radiation damages
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including vacancies and implanted ions were predicted by
using the high-efficiency MC code IM3D. The results were
compared with those predicted by SRIM as benchmark
calculations. Second, the acquisition of key parameters
used for diffusion coefficients under nickel self-ion diffu-
sion were discussed, and temperature- and dose rate-de-
pendent diffusion coefficients were obtained accordingly.
In particular, an improved temperature-dependent effective
sink concentration for nickel was estimated from the
available experimental results on the damage structures of
irradiated nickel. Third, broadening of the spatial distri-
bution of implanted ions along the ion bombarding direc-
tion for nickel under self-ion irradiation was studied and
discussed.

2 Theoretical details
2.1 Details for IM3D calculations

Primary radiation damages for self-ion irradiation in
nickel were predicted by using the recently developed
high-efficiency IM3D code with the “QKP” method [18].
IM3D is an open-source parallel 3D MC code with binary
collision approximations (BCAs) for rapidly simulating the
energetic ion transportation and defect production in
materials. Based on fast indexing of scattering integrals and
the SRIM stopping power database, IM3D can well
reproduce SRIM results for bulk or layered materials and
is > 10* times faster than SRIM. Thus, IM3D is a more
suitable tool to realize the high-throughput calculations in
energetic ion—target interaction systems.

As shown in the schematic graph in Fig. 1, the spatial
distributions of primary radiation damages for self-ion
irradiation in bulk nickel with incident ion energies up to
15 MeV and normal incidence were predicted. The dis-
placement threshold energy of 40 eV for nickel was used

—_ Bulk materials

lon Irradiation

y
X z

Fig. 1 Schematic graph for self-ion irradiation in nickel, in which a
normal incidence at the center point of bulk nickel is adopted, and the
depth direction of the target is along the z-axis

during the calculation. For each calculation, 10° nickel ions
were averaged to get convergent defect productions. The
target was divided into a certain number of bins with each
size of 30 x 30 x 30 nm’. The parameter settings for ions
and targets during the calculations are summarized in
Table S1 in the Supplementary Materials.

2.2 Radiation-enhanced diffusion coefficients

The theoretical framework of RED has been success-
fully developed from the rate theory of defect evolutions
[5, 13]. The atomic diffusion in materials under irradiation
mainly arises from the following three aspects [5, 16]:

D" = Dmix + Drad + Dlha (1)

where the first item D,,;x on the right-hand side (RHS) is
related to the atomic mixing [16, 24]. The atomic dis-
placement cascades start immediately after the primary
knock-on atom (PKA) event and propagate for approxi-
mately 10 picoseconds until all atoms ballistically come to
rest. During the cascade, significant quantities of replace-
ment and displacement of atoms, and recombination and
agglomeration of defects happen. Such diffusion process
dominates at low temperature and is a temperature-inde-
pendent quantity, which can be described by the Einstein
relation

Dmix = 1/6R217Ka (2)

where R is the nearest-neighbor distance, and # is on an
order of 10>-10° from experimental measurements [25].
K is the atomic displacement rate in dpa/s. The displace-
ment rate is considered to be near a constant on the scale of
micrometers (even centimeters) under neutron irradiation,
while it is a depth-dependent quantity in accelerator-based
ion irradiation. The displacement rate in ion irradiation can
be estimated by SRIM/IM3D with the “QKP” model
[17, 18].

The second item D,,4 on the RHS of Eq. (1) is related to
the long-range transport of atoms. After irradiation, the
concentrations of point defects including vacancies and
interstitials are much higher than those at the thermal
equilibrium condition. These point defects, which have
high mobility at elevated temperature, show a long-dis-
tance diffusion character. Theoretically, all mobile point
defects and defect clusters contribute to D,,q4:

Drad = Z(fnanVDnv +ﬁ1icniDni)a (3)
1

where f,,, and f,; are the geometrical correlation factors for
the corresponding defect clusters, and n is the size of the
vacancy or interstitial clusters. In this work, only the single
vacancies and interstitials are simply considered, and their
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spatial correlations as well as the defect clusters are

neglected.
According to the point defect balance equations [1, 15]:
dC
d[v = KO - KivCin - KVSCVC57 (4)
d¢;
T Ky — KivGiCy — Kis GG, (5)

where K is the production rate of FMDs, which is gen-
erally 1.5-9% of the dose rate for heavy ion irradiation on
metal or alloys [5, 26]. K;, denotes the rate constants for I-
V recombination. K, and Kj;s denotes the loss of vacancies
and interstitials at sinks respectively. C is the effective
sink concentration.

Kys = 4nriy(Di + Dy)/Q, Ky = 4nryDy/Q, (6)
Kis = 47rriSDi/Q,

where r;, is the radii of vacancy-interstitial recombination,
rys and ris are annihilation radii for vacancy and interstitial
respectively at sinks, and Q = ag /4 is the atomic volume of
the target materials. The equivalent effective sink con-
centration C; is assumed to characterize the defect sinks in
materials [5]. Then, the sink strength [7] can be written as

k* = KysCs/Dy, k! = KisCs/D;. (7)

1

It is recognized that different types of sinks in materials
may exhibit preferential attraction for one defect type over
another [1]. In this work, we did not make a distinction
between vacancies and interstitials, and assumed that C, =
Cs; = C, where C;, and Cg; are the effective sink con-
centrations for vacancies and interstitials, respectively [5].

When a steady state is achieved, CyDy = C;D; is
assumed for a good approximation. The RED coefficient
D, for steady-state conditions is calculated to be

4KoKiy 12
1 —1 8
<Kvsczzr<is+ > - ®

where D, is the diffusion coefficient of vacancy:

Kis CSDV
2K;

Drad = (fv +ﬁ)

D, = aagvoexp(—H"/KT), 9)

where ag is the lattice constant and v, is the attempt fre-
quency for vacancy exchange [1, 27]. For an fcc lattice,
each atom has 12 nearest neighbors (z = 12), and the jump
distance is Aa = \/iza. Then, we have o = 1/6z4% =1 [1].

The parameters discussed above are listed in Table 1, in
which the values from the available previous studies and
used in this work are also collected.

The third item Dy, on the RHS of Eq. (1) is related to the
thermal diffusion, which can be expressed by a relation in
the form of the Arrhenius equation.

@ Springer

Y
Dy, = D, e 10
o= Doexp (- (10)
where Dy is the pre-factor for the diffusion coefficient, Q is
the activation energy, and kg is the Boltzmann constant.

3 Results and discussion
3.1 Primary radiation damage calculations

As mentioned above, accurate estimations of the dam-
age rates under ion irradiation are one of the key concerns
in calculating the diffusion coefficients. In this subsection,
the high-efficiency MC code IM3D was adopted to predict
the depth profiles of primary radiation damages for self-ion
irradiation in bulk nickel, as illustrated in Fig. 1. It is
known that SRIM/TRIM is the most widely used tool for
calculating the spatial distribution of primary radiation
damages, including vacancies, interstitials, injected ions,
etc., in energetic ion—material interactions. Therefore, we
first performed benchmark calculations in the same ion
irradiation systems.

The depth profiles of vacancies and implanted ions for
self-ion irradiation in nickel calculated by IM3D are shown
in Fig. 2a, b, respectively. Five independent examples with
ion energies of 1, 3, 5, 10, 15 MeV and normal incidence
are plotted and compared with the predictions from SRIM
(see the dot points in black). Good agreements between
IM3D-QKP and SRIM-QKP are found in predictions of the
depth distributions on vacancies and implanted ions. With
the increase of ion energy, the peaks of vacancy concen-
tration (or dose rate) and implanted ion concentration (or
implanted ion rate) move deeper correspondingly. More-
over, their peak concentrations gradually shrink with
increasing ion energy.

The averaged ion projected ranges (Rps) with ion
energies up to 15 MeV are also drawn to get a better
comparison between IM3D and SRIM. As shown in
Fig. 2c, the ion projected ranges predicted by IM3D (solid
black line) are in good conformity with the results of ion
stopping and range tables calculated by the SRIM code (red
dash-dotted line), especially for the situations of ions with
lower energies. The discrepancies between them (absolute
errors) are evaluated by

Err = Rpnvisp — Rpsriv- (11)

With increasing ion energy, the projected ranges cal-
culated by IM3D go slightly deeper when compared with
those predicted by SRIM. The absolute errors are less than
approximately 0.13 pm for all ion energies considered (up
to 15 MeV) in this work, indicating a good correspondence
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Table 1 Material parameters

available from previous

references and used in this work

Parameters References In this work
Lattice constant of nickel, ay (nm) 0.352% 0.352
Vacancy correlation factor, f, 0.78° 0.78
Dumbbell correlation factor, f; 0.44° 0.44
Vacancy migration enthalpy, H" (eV) 1.1° 1.08°, 1.24¢ 1.24
Attempt frequency for vacancy exchange, vy(s™!) ~ 10" 0.5 x 107 0.5 x 10
Annihilation radius for vacancy at sinks, ry ao® ag
Annihilation radius for interstitial at sinks, rj aob ap

I-V recombination radius, r;y, 2a0h 2ay
Geometrical factor for defect loss at dislocations, Z ~ 1-1.55¢ 1
Production rate of freely migrating defects, Ko/K 0.015° 0.3 (assumed)

Effective sink concentration, C;

0.023 (0.3 MeV Ni)®
0.038 (3 MeV Ni)?
1077-107¢

~0.5 x 1077 (950 K)

“Expt. from Kittle’s book, 2005 [28]
Value from Miiller et al., 1988 [5]
“Calc. from Zhang et al., 2014 [29]
dCalc. from Janotti et al., 2004 [30]

“Suggested by Dubinko et al., 2012 [31]

fCalc. from Wu et al. 2016 [27]

€Calc. from Naundorf et al. 1991 [26]

between the calculations of IM3D and SRIM with the QKP
method.

The depth profiles of dose and atomic concentrations
[32] for nickel self-irradiation with energy of 10 MeV with
different radiation doses are plotted in Fig. 2d. The damage
profiles were predicted by the IM3D-QKP method with
various total ion fluencies in a range of 10" to 5 x 10" #/
cm?, corresponding to the peak doses from ~ 0.1 to 500
dpa. The damage peaks appear at a depth of 2.38 um,
which is about 0.25 um shallower than the peak position of
injected ion concentration (2.63 pum). Such results are also
in good agreement with those predicted by SRIM. The
longitudinal straggling ranges for ions go deeper with
increasing damage dose. For the damage dose considered
here, the damaged region at levels exceeding 10> dpa is
found at a depth less than 3.10 um for a peak damage dose
of 0.1 dpa, whereas it increases to 3.33 um for a peak
damage dose of 500 dpa.

Generally, the concentration of implanted ions in nickel
self-ion irradiation is approximately four orders of mag-
nitude smaller than that of vacancies by a rough compar-
ison between Fig. 2a, b. The implanted ions can be ignored
at lower damage doses; for example, the peak concentra-
tion of implanted ions is only ~ 1.5 x 107> % when the
peak damage is ~ 0.1 dpa. In contrast, it reaches nearly
1.5% when the peak damage dose is up to ~ 100 dpa (with
total ion fluencies of 107 #/cmz), which can no longer be
readily ignored.

3.2 Radiation-enhanced self-diffusion in nickel

As discussed in Sect. 2.2, three main aspects contribute
to the diffusion under irradiation: the long-range diffusion
D,.q, the cascade mixing D,,x, and the thermal-activated
diffusion Dy,. The former two items are related to the RED.
Various parameters should be carefully considered to get
relatively accurate RED behavior: (1) the depth-dependent
damage rate under ion irradiation; (2) the effective sink
concentration or sink strength for the target materials; and
(3) the thermal-related diffusion parameters including the
activation energy and the pre-factor.

The displacement rate for ion irradiation can be esti-
mated from the primary radiation damage calculated by
MC code SRIM/IM3D, as discussed in Sect. 3.1. The
surface, dislocation, and grain boundaries in materials, as
well as the radiation-induced voids, dislocation loops/net-
works etc., all behave as sinks for the point defects [1].
Here, the effective sink concentration (C,) in nickel is
estimated from the contributions of dislocations and voids
[33]:

ZAQ Chr hQ
= +

47'ca0 ap

s , (12)
where A is the dislocation density, Cj, is the atomic con-
centration of voids, r, is the void radius, and Z is the
geometrical factor for defect loss at dislocations as shown
in Table 1. This definition may provide a lower-bound
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Fig. 2 (Color online) Predictions of primary radiation damages for
nickel self-ion irradiation. Comparison of the depth profiles of
vacancies (a) and implanted ions (b) calculated by IM3D and SRIM,
respectively. (¢) Comparison of ion projected ranges predicted by
IM3D and SRIM with the QKP method. (d) Depth profiles of
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Fig. 3 (Color online) Estimation of effective sink concentration in
irradiated nickel as functions of reverse temperature (a) and irradi-
ation dose (b). The dashed lines are plotted for a visual guide and to
show the tendency of the relevant quantities. 'The displacement rate
3 x 1072 for nickel self-irradiation is estimated with Eq =40 eV for
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total damage and implanted ions for nickel self-ion irradiation with
energy of 10 MeV at various irradiation doses of 1014, 10'5, 1016,
10'7 and 5 x 10" #/cm?, corresponding to peak damage doses of
approximately 0.1, 1, 10, 100 and 500 dpa, respectively. The ion
concentration profiles are plotted on the right y-axis for clarity

(b)

103
104 ¢
10° ¢
10 ¢
107 ¢
108 |

-9 ' ‘ .
10° | £ f 0 ~850 K| 1
*# ~950 K

Effective sink concentration

10-10 | |
10? 10° 10! 102 103
Dose ( dpa)

nickel [34]. ™ The displacement rates 7 x 1072 and 7 x 10~* dpa/s
are estimated with E4 =25 eV [35], corresponding to values of
435 x 1072 and 4.35 x 107 respectively when uses Eq = 40 eV,
from rough estimations by the Norgett—Robinson-Torrens (NRT)
model [37]
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estimation of the effective sink concentration in materials.
The calculated Cs as a function of temperature are dis-
played in Fig. 3a, in which the dislocations and void con-
centrations are mainly considered. To do this, the material
parameters including the dislocation densities and void
concentrations from experimental measurements via
transmission electron microscopy (TEM) are collected and
analyzed, as listed in Table S2 [34-36]. These data include
the measurements from irradiated bulk nickel under self-
ion and neutron irradiations (see Note 2 in the Supple-
mentary Materials) [34-36].

Figure 3a shows the tendency of effective sink con-
centrations, the pink dashed lines are obtained by numer-
ical fitting on the nickel self-ion irradiation data shown in
the figure. The blank dashed lines depict the C; for lower
and higher displacement rates. A general tendency can be
found that C; increases progressively when the dose rate
increases. The C; exhibits relatively lower values at higher
temperatures with 10~ order of magnitude, and it gradu-
ally increases and then decreases slightly when the tem-
perature decreases. The peak Cg shifts to the left (higher
temperatures) and higher concentrations with gradually
increasing dose rates, exhibiting a similar tendency to that
of swelling properties as a function of temperature in
structural materials. The Cs shown in Fig. 3b exhibits an
effect of defect saturation with increasing dose. In addition,
we did further comparison of effective sink concentrations
under different irradiation conditions, in which the influ-
ence of helium irradiation on C; is mainly discussed. The
details are provided in Note 2 in the Supplementary
Materials.

The third item is related to the thermal diffusivity of
nickel self-diffusion, which can be written in Arrhenius
form as shown in Eq. (10). Here, by reviewing the previous
theoretical and experimental studies, the pre-exponential
factors and activation energies (parameters in Eq. (10)) for
nickel self-diffusion are collected and listed in Table 2.
The corresponding Arrhenius plots are shown in Fig. 4a. It
can be seen that the thermal coefficients vary greatly
among different methods. By analyzing these data, the
experimental values from the work of Maier et al. were
adopted to calculate the diffusion coefficients for nickel
under ion irradiation [38].

Based on the above discussion, the diffusion coefficients
of nickel under self-ion irradiation as a function of tem-
perature and displacement rates are plotted in Fig. 4b.
Here, displacement rates in a range of 10~*~1072 dpa/s are
selected, which are commonly used in ion irradiation
experiments on nickel-based alloys. Other parameters used
for the prediction of the diffusion coefficients are listed in
Table 1. In addition, a temperature-dependent C; was
carefully considered (see Fig. 3a). Moderate effective sink
concentrations C indicated by the dashed pink line were

Table 2 Diffusion pre-factors and activation energies for nickel self-
diffusion available in previous studies

Materials Dy (m?/s) 0 (eV) Refs.
Nickel 133 x 107 291 a
(1.32-2.61) x 107* 2.9-2.99 b
0.76 x 107° 233 c
2.03 x 1076 272 d
(0.78-0.83) x 107 2.424 e
2.85 f

“Expt. from Maier et al., 1976 [38]
bExpt. from Million et al., 1981 [39]
“Expt. from Ivantsov et al., 1966 [40]
dCalc. from Tucker et al., 2010 [41]
°Calc. from Zhang et al., 2014 [29]
fCalc. from Janotti et al., 2004 [30]

assumed for the damage rate of 107> dpa/s, while the
scaled Cy according to the general tendency of Cs shown in
Fig. 3a were used for other damage rates. The estimated
diffusion coefficients are in good agreement with the
experimental measurements of tracer diffusion in bulk
nickel, as the circles and diamonds show (representing the
diffusion under the equivalent dose rates of 1.2 x 10~*and
1.2 x 1072 dpals, respectively; corresponding data are
provided in Table S3 in the Supplementary Materials) [5].
It can be seen that the influence of radiation on atomic
diffusions is promoted under higher damage rate.

As shown in Fig. 4b, the contributions from thermal
diffusion (pink dash-dotted line), radiation-enhanced (red
dotted line), and atomic mixing (blue dashed line) are also
clearly shown. Let us take the damage rate of K = 107>
dpa/s as an example to illustrate the diffusion mechanisms.
At very high temperature (> 1000 K), the thermal diffu-
sion dominates due to the higher mobility of point defects.
The effect of radiation on atomic diffusion gradually
increases with decreasing temperature (from 1000 to
600 K). Previous studies showed that the diffusion coeffi-
cients in some parts of this temperature range exhibit a
temperature-independent phenomenon due to the higher
sink annihilation rate on defects [1, 5, 42]. However, by
considering the temperature dependence of Cj, it can be
speculated that diffusion mechanisms are related to both
defect annihilation in sinks and defect recombination. In
other words, defect recombination is also important due to
the relatively lower Cg at higher temperatures estimated
from experimental investigations. At lower temperatures
(< 650 K), the ballistic mixing diffusion D,,;; is propor-
tional to the damage rate, and it is estimated to be
1.1 x 107" m%s for K = 107 dpa/s. The defect recom-
bination is promoted due to the lower mobility of point

@ Springer



79 Page 8 of 11

X.-Y. Chen et al.

(a)
10-17 - T
\\ \ === Expt., Maier

wo - Avg. Expt., Million o
~ 1018 \\ [ Y : Expt., Ivantsov :
é \ \\\ 4 = = Calc., Tuker E
n \ A\ === Calc., Zhang b7
< 1019 -3 1
S \ \\ [
— AR &Y 2
o - v\ 9
t 10' \ \ Y \\ t
b4 WA ]
o L\ o
= 10-21 . \ \\ :
.9 ¥ ‘\ \\ _9
2 b \ 2

\ =
£ 102 \\‘ \'\ &
o W (=)

AN ) \‘
1023 ‘ (0 WV .
0.8 1 1.2 14 1.6 1.8

1000/T (1/K)

Fig. 4 (Color online) a Thermal diffusion coefficients for nickel as a
function of reverse temperature available from previous references
(details are listed in Table 2). b Diffusion coefficients for nickel self-
ion irradiation at steady state as functions of reverse temperature with

defects, whereas the influence of defect sinks is less
important. Besides, defect recombination also dominates
for higher-dose-rate situations due to the higher concen-
tration of defects.

The depth dependence of diffusion coefficients (D,.q)
for nickel under self-ion irradiation conditions was also
estimated. A specific temperature range of 900-950 K is
chosen, which is around the operating temperature of
MSRs (650 °C, or 923 K) [21, 22]. We considered the ion
irradiation with various energies (5, 10, and 15 MeV)
under ion fluxes of 10'? and 10" #cm?/s, which corre-
spond to peak damage rates of ~ 107> and ~ 1072 dpa/s,
respectively, due to the similarity of depth-dependent dif-
fusion coefficients between different ion energies. The
depth-dependent diffusion coefficients for 10 and 15 MeV
are plotted in Note 3 in the Supplementary Materials. We
took the 10 MeV nickel ion irradiation with peak damage
rates of 107 dpa/s (Fig. 5) as an example to illustrate the
temperature and depth dependence on diffusion coeffi-
cients. The peak damage rate for 10 MeV nickel self-ion
irradiation was estimated to be 0.9 x 102 (rounding up to
1 x 1073) dpa/s at a depth of ~ 2.4 pum. The peak D,,q
was estimated to be ~ 0.6 x 107" (blue dotted line)
and ~ 0.9 x 107" (pink dotted line) m*s at 900 and
950 K, respectively, while the total diffusion coefficients
D* were calculated to be ~ 0.7 x 107 (bold blue line)
and ~ 1.4 x 107" (bold pink line) m?/s for the temper-
atures of 900 and 950 K, respectively. It can be seen that
both D,,q and Dy, increase with increasing temperature. In
particular, the ratio of thermal-activated diffusion is sig-
nificantly increased for total diffusion coefficients at 950 K.
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Fig. 5 (Color online) Depth dependence of damage rate (left y-axis)
and the diffusion coefficients (right y-axis) for nickel under self-ion
irradiation at 900 and 950 K. The parameters are as follows: ion
energy £ = 10 MeV, peak damage rate K,x = ~ 1.0 x 1073 dpa/s
with ion flux of 10'* #/cm*/s

It also can be seen that the temperature-independent
component D, has little influence on the total diffusion
coefficients D* at high temperatures. The calculated dif-
fusion coefficients D* were also compared with the pre-
viously available experimental investigations on the nickel
tracer diffusion under similar self-ion irradiation condi-
tions, showing that they are of the same order of magni-
tude. According to Eq.(8), D.q is approximately
proportional to the root value of damage rate (K™ or K{”).
The diffusion coefficients are also in coincidence with the
results of Doyle et al.’s calculations. They studied the
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diffusion coefficients of nickel under ion irradiation with a
simplified model, in which the depth-dependent RED
coefficients are proportional to (Ki/K o). The exponential
scaling factor is in a range of 0.5-1.0, denoting the
recombination-dominant and sink-dominant defect evolu-
tion mechanisms [14, 20]. However, when using a tem-
perature-dependent effective sink concentration, it is
shown that both sink annihilation and defect recombination
are involved for the defect evolutions at the temperature of
interest.

3.3 Radiation-enhanced diffusion of as-implanted
ion profiles

The as-implanted ions in heavy ion irradiation exert a
profound effect on the microstructural evolution of target
materials. The typical artifact phenomenon is related to the
depth-dependent precipitation in materials and the sup-
pression of void swelling when the ions come to rest. Thus,
a detailed investigation on the time evolution of the
implanted ion profiles in heavy ion irradiation is of sig-
nificant importance to understand the chemical change, and
even the macroscopic properties such as void swelling. In
this subsection, the diffusion of implanted ion profiles
under irradiation is studied to identify their long-term
evolution. Herein, the depth profiles of implanted ions
(tracers implantion assumed) in nickel are used as a start to
see the RED in nickel self-ion irradiation. The concepts for
this method are in successful description of the evolution
for depth-dependent atomic profiles under ion irradiation

[13, 14, 43, 44]. Details are provided in Note 3 in the
Supplementary Materials.

It is recognized that a higher diffusion coefficient can
give rise to a larger broadening of the atomic profile under
similar irradiation conditions. The diffusion coefficients are
both temperature- and damage rate-dependent quantities.
Thus, relatively higher total damages under fast irradiation
(higher damage rates) were selected to see the influence of
RED on the broadening of atomic profiles. As shown in
Fig. 6a, we first studied the influence of damage rate on the
broadening of atomic profiles under ion irradiation with ion
energies of 5, 10, 15 MeV. Two damage rates with peak
values of roughly 10~ and 10~ dpa/s, peak total damage
of ~ 250 dpa and a temperature of 900 K were selected.
The depth-dependent diffusion coefficients shown in
Fig. S2 were adopted during the calculation. It shows that
the total diffusion coefficients for ion energies of 5, 10,
15 MeV at the peak damage position were all calculated to
be roughly 2 x 107" m?%s for the peak damage rate
of ~ 1072 dpa/s (see Fig. 4b and Fig. S2). The irradiation
time was estimated to be 7 h to get the total damage dose
up to 250 dpa. Broadening of the atomic profiles was found
for the ion energies of 5, 10, 15 MeV, and the peak con-
centrations were reduced by approximately 3-5% when
compared with those that did not consider the RED effect.
Meanwhile, for the situations under the damage rate of
107 dpa/s, the total diffusion coefficients at 900 K were
estimated to be approximately 0.7 x 10~'° m?%s for ion
energies of 5, 10, and 15 MeV. Significant broadening of
the atomic profiles was found with peak concentrations

conditions by considering the RED and surface sputtering  reduced by approximately 10-13% during ~ 70 h
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Fig. 6 (Color online) a Influences of damage rate on the broadening of
implanted ion profiles during ion irradiations. Parameters are as
follows: ion energies of 5, 10, and 15 MeV, temperature of 900 K, and
peak damage of approximately 250 dpa were adopted. b Influences of
total damage (or irradiation time) on the diffused profiles of implanted
ions under 10 MeV nickel self-ion irradiation. A simplified condition

Depth (um)

with constant diffusion coefficient is adopted for comparison. Param-
eters are as follows: peak damage rates K.« ~ 1.0 x 1073 and
1.0 x1072 dpa/s which correspond to ion fluxes of 10'* and 10" #/
cm?%s; Peak damage rates of 250 and 500 dpa which correspond
to total ion fluencies of 2.5 x 10'7 and 5 x 10" #cm?, respectively
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irradiation (250 dpa), indicating the consequence of long-
term irradiation.

Then, the time evolution (or dpa dependence) of atomic
profiles for nickel self-ion irradiation with energies of
10-15 MeV was selected to avoid the surface effect on
long-term irradiation, in which the depth-dependent diffu-
sion coefficients shown in Fig. 5 and Fig. S2 were adopted.
The evolutions of atomic profiles (regions for peak con-
centration) under irradiation with 10 and 15 MeV are
shown in Fig. 6b and Fig. S3, respectively. As seen from
the results of 10 MeV irradiation shown in Fig. 6b, sig-
nificant broadening is obtained with the total damage
reaching 500 dpa, and the peak concentration reduced
to ~ 83% when compared with that the RED effect was
not considered. Moreover, a much-simplified model in
which we used a constant coefficient in the ion projected
range was also considered for comparison. The broadened
profiles are plotted in Fig. 6b (see the blue dotted lines). It
can be seen that using a flat peak diffusion coefficient
would not exert notable difference in broadening of the
atomic profiles with the total dose considered in this work.

The two case studies show the time evolution of the
depth-dependent atomic profiles. Significant broadening is
found with increasing total damage (or dpa). It is recog-
nized that atomic diffusion in ion irradiation is generally
along the ion-bombarding direction (1D diffusion). Thus, a
broad beam situation is assumed in which the beam spot
size is much larger than the area of interest in the target
material, in which the lateral straggling of ions (diffusion
in 3D) can be ignored [13, 45]. Besides, the sputtering
effect from the surface of the target is also neglected during
the calculations, as we considered the heavy ion irradiation
with relatively higher energies [43], and the depth region of
the peak atomic concentration was focused on for the two
case studies.

4 Conclusion

The radiation-enhanced diffusion in nickel under self-
ion irradiation was systematically studied to illustrate the
influence of long-term irradiation on implanted ion profiles.
The main findings are summarized as follows:

1. The primary radiation damages for nickel self-ion
irradiation with ion energies up to 15 MeV were
predicted by IM3D. The results are in good agreement
with those calculated by SRIM. The cumulative effect
of the implanted ions could not be readily ignored with
the continued increase in total damage.

2. Three main aspects that contribute to diffusion under
irradiation, including ballistic mixing, long-term dif-
fusion, and thermal diffusion are discussed. Diffusion

@ Springer

coefficients as functions of temperature and dose rate
are obtained. For this, we carefully reviewed the
available references on the damage structures (dislo-
cations and voids) of irradiated nickel and tempera-
ture-dependent effective sink concentrations were
fitted numerically. Such temperature-dependent effec-
tive sink concentrations helped to optimize the diffu-
sion coefficients, especially at higher temperatures.

3. Case studies were performed for nickel self-ion

irradiation with higher energy irradiation to illustrate
the broadening of implanted profiles under long-term
and higher-dose irradiation.

The above results and discussion give a systematical
view of the effect of radiation-enhanced diffusion on the
longer-term atomic evolution under irradiation, and further
help to understand the diffusion-related chemical or
structural change, e.g., void swelling, under irradiation.
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