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ARTICLE INFO ABSTRACT

Keywords: It is well known that body-centered cubic metals have much longer swelling incubation periods than face-centered

Dislocation loops cubic metals during neutron or charged particle irradiation. In this paper, Fe9Cr model alloy was irradiated with

Vacancies 2 MeV self-ions to lower doses of 0.5, 1.0 and 3.0 dpa at room temperature. The evolution of microstructural

};O(S:‘mﬁl annihilation spectroscopy defects was revealed by transmission electron microscopy and positron annihilation spectroscopy. Small intersti-
eCr alloy

tial dislocation loops were observed in the form of black spots and they were accompanied by a large number of
vacancies after 0.5 dpa. Visible dislocation loops dominated the microstructure after irradiation with 1.0 dpa and
3.0 dpa, but the sharp decrement of the S value means that the vacancies should be annihilated gradually with
the irradiation dose increasing. In addition, the vacancy status was further confirmed by the investigation of their
occupation behaviors with low-energy deuterium atoms. The vacancies located around loops would be trapped
and removed by the coarsening interstitial dislocation loops. We believe that the understanding of the interaction
between vacancies and dislocation loops is a possible complementary mechanism, applicable for explaining the

long stage of swelling incubation in bcc metals.

1. Introduction

It is well known that a high void swelling rate and levels are no doubt
detrimental to mechanical properties such as irradiation creep and em-
brittlement for austenitic stainless steels, with the consequences of lim-
iting their further use in advanced nuclear reactor concepts [1]. Garner
et al. have compared swelling behavior of body-centered cubic (bcc) fer-
ritic/martensitic (F/M) alloys and face-centered cubic (fcc) during high
neutron irradiation [2]. Simple fcc metals have a very short incuba-
tion period and steady-state swelling rate of ~1%/dpa, whereas simple
bcce metals exhibit a lower steady-state swelling rate (~0.2%/dpa) after
longer swelling incubation periods [2-5]. Ferritic and F/M steels swell
much less than austenitic stainless steels during neutron or charged par-
ticle irradiation. As a result, the development efforts for F/M steels in
advanced nuclear reactor concepts have been paid more attention than
austenitic alloys.

F/M steels have been identified as are one of the candidate core
structural materials for Generation IV fission reactors and high-power
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accelerator spallation targets [6-8]. Furthermore, reduced activation
ferritic/martensitic (RAFM) steels are the prime choice for the struc-
tural material of the first wall in the fusion reactors [9-11]. F/M steels
such as T91 [12], P92 [13], 9Cr2WVTa [8], Eurofer97 [7], JLF-1 [14],
CLAM [15,16], and SCRAM [17] steels are based on Fe9Cr, and a hand-
ful of studies employing neutron or charged particle have shown the
above Fe9Cr based on F/M steel possess excellent resistance to irradia-
tion swelling [7-9,11-17].

It is well known that the origin and growth of void swelling is due
to excess vacancies left in matrix while the interstitial atoms move to
the surface quickly [18]. During the swelling incubation period, disloca-
tion or dislocation loops were observed prior to the onset of steady-state
swelling, whether in bcc steels (such as FeCr binary alloys [11,19]) or in
fce steels (such as SUS316SS [20]). The dislocation or dislocation loops
not only absorb the interstitial atoms over vacancies owing to their dislo-
cation bias, but also promote the interstitial atoms to the surface, acting
as a pathway. The vacancies were left behind, which is smaller than
the resolution limit of transmission electron microscopy (TEM) during

2589-1529/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.mtla.2019.100241
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2019.100241&domain=pdf
mailto:jinshuoxue@ihep.ac.cn
mailto:liyang@mail.gyig.ac.cn
https://doi.org/10.1016/j.mtla.2019.100241

S. Jin, B. Mo and W. Zhang et al.

—— fcc metals
—— bcc metals

Swelling (%)

Swelling incubation stage Irradiation dose (dpa)

Fig. 1. Illustration of comparison shows that the swelling incubation stage is
longer for bce metals than fcc metals.

swelling incubation period. Therefore, the evolution of the leaving va-
cancies during the swelling incubation period and their interaction with
dislocation loops under increased irradiation dose, are difficult and es-
sential to understand mechanisms of the longer incubation time in the
bce metals.

Positron annihilation technique is a very sensitive tool for detecting
vacancy-type defects in materials. TEM used to characterize the nature
and Burgers vector of dislocation loops and their evolution under in-
creased irradiation dose. In the present paper, we attempt to study the
evolution of dislocation loops and their interaction with vacancies in
Fe9Cr alloy in the stage of swelling incubation. In addition, the vacancy
status was also confirmed further by investigating occupation behaviors
with deuterium atoms.

2. Experimental details

In the present work, Fe9Cr binary model alloy was melted from high
purity Fe (99.99%) and Cr (99.99%) metals in a vacuum argon arc fur-
nace located at General Research Institute for Nonferrous Metals. The
bulk material was first cut into 10 x 10 x 1 mm? square sheets by wire
electrical discharge machining, and then mechanically and electrochem-
ically polished (75%CH3;COOH + 25%HCIOy, at ~10 °C) to a mirror-like
surface. Subsequently, the polished sheet specimens were well-annealed
at 1100K for 2h in vacuum (~107° Pa).

As we known that the swelling incubation stage is much longer for
bee metals than fcc metals prior to the onset of steady-state swelling
as illustrated in Fig. 1. Vacancies and dislocation loops were first in-
troduced into the well-annealed specimens by irradiation with 2 MeV
self (Fel3*) ion. The highest irradiation dose is 3 dpa, which is far be-
hind the dose levels that swelling occurred (>10 dpa) in FeCr binary
model alloys [3]. The irradiation experiments were carried out at the
320kV platform for multi-discipline research with highly charged ions
at the Institute of Modern Physics. The uniform ion beam (~820 nA)
was obtained by scanning along the X and Y directions. The specimens
were irradiated at room temperature to the fluences of 0.23 x 10'%/cm?,
0.45x10'5/cm? and 1.4 x 1015 /cm?, corresponding to the peak doses of
0.5 dpa 1.0 dpa and 3.0 dpa, respectively. The 2 MeV Fe!3+ irradiation
profiles, i.e., 1.4 x 101> /cm? (~3.0 peak dpa), were simulated by SRIM,
as shown in Fig. 2, and the displacement energy E4 was set as 40 eV.
The heavy ion irradiation defects were first identified by a JEM-2010HT
TEM located at Wuhan University. The cross-sectional TEM specimens
were prepared by the focused ion beam (FIB) system (FEI Scios) at Insti-
tute of Geochemistry, as well as low energy (2keV) Ga ion milling with
an incident angle of 7° was performed to remove the damage region by
high energy Ga ions.
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Fig. 2. Depth profiles of the calculated positron penetration and the displace-
ment damage in Fe9Cr alloy. The positron implantation energies were 5keV,
10keV, 15keV and 20 keV, respectively, and the Fe9Cr alloy was irradiated by
2 MeV Fe!3* to a dose of 1.4 x 10'5/cm? (~3.0 peak dpa). Subsequently, all the

Fe!3+ irradiated specimens were exposed to deuterium plasma to a fluence of
1x10%! D*/cm?.

Subsequently, all the damaged sheet Fe9Cr specimens were exposed
to low energy deuterium plasma at ~100 °C in a linear plasma device
named STEP (simulator for tokamak edge plasma) at Beihang Univer-
sity [21]. The implanted energy is ~40eV and the fluence is about
1x1021/cm?2. Fig. 2 also shows that the low (~40eV) energy (equal
to the displacement threshold) deuterium ions cannot produce the va-
cancies in Fe9Cr alloy. They gathered in the surface region due to the
shorter implantation range (<10 nm), but they could diffusion into the
interior of alloy. The evolution of microstructural defects induced by
self-ion irradiation and their capturing deuterium behaviors were in-
vestigated by positron annihilation Doppler broadening spectroscopy
using a slow positron beam facility in Institute High Energy Physics.
The S parameter, which represents the information annihilated with low
momentum electron, is defined as the ratio of the central area (510.2-
511.8keV) to the total region (499.5-522.5 keV), while the W parameter
is the ratios of two flanks high momentum regions (505.1-508.4 keV and
513.6-516.9 keV) to the total region. The positron penetration distribu-
tion P(x,E) in the materials could be taken as the Makhovian profile
[22,23]:

e -] (2)])
0

where

Xg= ——— @

1G)+1]
m
where m=2 is empirical parameter, x denotes the mean detecting depth

of the positrons, which varies with the implantation positron energy E
(in keV):

ME)=2E" ©)
p

where a =4 x107% kg/m? keV'-®, n=1.6, according to the empirical pa-
rameters [24], p is the sample density (in kg/m?3, 7.801 x 10%kg/m?> for
the Fe9Cr alloy), and I' is the gamma function. Thus, the calculated
positron penetration profiles P(x, E) for the four implantation energies
(5keV, 10keV, 15keV and 20 keV) are also shown in Fig. 2.

3. Results and discussion
Fig. 3 shows the microstructural evolution of Fe9Cr irradiated at

room temperature with 2 MeV self-ions to doses of 0, 0.5, 1.0 and
3.0 dpa. In Fig. 3a, an unirradiated specimen, exhibiting a defect-free
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micrograph, represents that it was well annealed after 1100K for 2h.
All the irradiated specimens were normally imaged near the [001] zone
axis orientation (Fig. 3b and c). In the weak beam bright field image
8g(38=110, small “black spot” defect clusters are formed after the ir-
radiation. A major part of small black spot defects ranged of 2-5nm
(see the arrows) homogeneously distributed in the matrix of the steel,
as shown in Fig. 3b. With respect to the black spot defects, in fact, it
is very difficult to identify whether they are point defect clusters or
dislocation loops. Dislocation loops result from “discs collapse” caused
by theirs instability as the disc size attains tens of point defect clusters
(vacancies or interstitials) [25,26]. Most of the previous experiments
have achieved a general consensus that 1/2<111> and (100) intersti-
tial loops are formed in iron, ferritic steels, and bcc materials after irra-
diation, according to the g-b=0 invisibility criterion [11,27-29]. The
classical dislocation bias physically underlines the preference of absorp-
tion of interstitial atoms over vacancies by dislocation lines [30]. Both
the 1/2<111> and (100) interstitial loops would constantly absorb the
interstitial atoms and the disc collapse region would coarsen. By a dose
of 1.0 dpa, the damage of the structure has developed further, i.e., the
visible dislocation loops marked by black rings have formed in Fig. 3c.
It should be noted that small black spot defects (indicated by the ar-
rows) were frequently seen decorating the larger visible loops. The loops
were possibly enhanced by the absorption of black spot defects. The den-
sity of the dislocation loop increased following the 3.0 dpa irradiation
(Fig. 3d). Meanwhile, many small black spots lie on the line of the dislo-
cation loops, and the line-width of the dislocation loops increased. This
means that the visible dislocation loops dominated the microstructure
after irradiation with 1.0 dpa and 3.0 dpa.

Fig. 4 shows the dependence of S parameters on the positron en-
ergy (mean detecting depth) for Fe9Cr alloy irradiated with different
doses. The mean detecting depths were calculated and shown in the
upper horizontal scale of Fig. 4 according to Eq. (3). The S value in
the 0.5-dpa-irradiated specimen increased obviously compared with the
unirradiated one. However, the S value decreased instead when the irra-
diation dose increased to 1.0 dpa and 3.0 dpa. It is well known that the
positron is very sensitive to the vacancy-type clusters. The sharp decre-
ment in the S value means that the vacancies should be removed and
annihilated gradually by increasing the irradiation dose. It is an unex-
pected and abnormal phenomenon for the evolution of the vacancy-type
clusters, and it is different from our previous work. The S values in the
FeCu [31,32] and FeCrNi [33] alloys would increase or reach a satura-
tion value with the increasing irradiation dose.

Compared with the TEM results in Fig. 3, many black spot defects
are formed after 0.5 dpa irradiation; visible dislocation loops appeared
and their density increased as the irradiation dose increased to 1.0 dpa
and 3.0 dpa. In the initial irradiation stage, the interstitial atoms gather
into disks prior to the vacancies because of their lower migration en-
ergy, which collapse to form an interstitial dislocation loop. The black
spot defects in Fig. 3a should be mainly interstitial dislocation loops.
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Fig. 3. Development of damage structures in Fe9Cr al-
loy irradiated with 2 MeV self-ions to doses of 0 dpa (a),
0.5 dpa (b), 1.0 dpa (c), and 3.0 dpa (d). For these mea-
surements, weak beam bright field images were imaged
by using g=110 near the [001] zone axis.
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Fig. 4. Evolution of the S-E curves in Fe9Cr specimens irradiated with self-ions
to doses of 0 dpa, 0.5 dpa, 1.0 dpa and 3.0 dpa.

According to the classical dislocation bias theory, the dislocation loops
should prefer to absorb the interstitial atoms [30,34]. The vacancies
remain in the matrix and enhance the S value in a 0.5-dpa-irradiated
specimen. However, with the formation and increment of visible dislo-
cation loops, how do they affect the evolution of the vacancies? What is
the mechanism for the vacancies and dislocation loops? Given that there
are different defect types, the S value represents the different positron
affinities. The positron affinity has been calculated and summarized for
a vacancy, dislocation line, and a vacancy on a dislocation line in Fe by
Kuramoto et al., which gave the positron lifetime as 175 ps for a single
vacancy in matrix, 117 ps for an edge dislocation, and 140 ps for a sin-
gle vacancy on an edge dislocation [35,36]. A lower positron affinity
is observed for dislocation loops than vacancy-type defects (such as va-
cancies and voids). The positron annihilation lifetime in the matrix for
pure Fe is 110 ps. Therefore, the S parameter is mainly determined by
the type of vacancy-type clusters but not by the dislocation loop, and
the positron affinity of the dislocation loop is similar to that of the ma-
trix. Thus, we propose a simple possibility that size coarsening of loops
would close to the surrounding vacancies and reduce their movability
and aggregation, or even absorb and annihilate them.

Fig. 5 shows the S-W plot for Fe9Cr samples irradiated with differ-
ent doses, which represents the annihilation mechanism for different
defects. Most of the (S, W) points lied on line L; correspond to the unir-
radiated specimen/bulk state, which suggests that most of the positrons
annihilate with Fe electrons (free electrons). In contrast, more compli-
cated S-W interaction took place for all the irradiation specimens, and
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Fig. 5. S-W relation for Fe9Cr samples irradiated with doses of 0.5 dpa, 1.0 dpa
and 3.0 dpa. The unirradiated specimen shown here as a reference represents
positron annihilation mechanism with free electron of the matrix.

the slope changing points marked by colored circles were observed in
the S-W plot. Neglecting the (S, W) points in the surface region, more
than half of the (S, W) points for the 0.5-irradiated-specimens are on
the slope changing point region marked by the red circle, and a few of
the points lie on L,. These suggest small interstitial dislocation loops
have been formed, and they were accompanied by many vacancies.
With the irradiation dose increases, and the slope changing point re-
gion moves to the bulk state as indicated by the arrows. Meanwhile, the
slope value decreases gradually with increasing irradiation dose (L4 <
L; < L,), and more and more (S, W) points lie on Ly and L,. In particular,
the slope of L, was almost the same with the bulk state (L;). These mean
that coarsening of the interstitial dislocation loops could then occur by
constantly absorbing interstitial atoms and coalescing the smaller loops
directly.

Vacancies cannot be observed by TEM as shown in Fig. 3 due to in-
adequate resolution. Low-energy deuterium ions were introduced into
the self-ion damaged Fe9Cr specimens. Deuterium atoms diffused freely
until they were trapped by the defects matrix, and no secondary vacancy
defects were produced during the process of low-energy deuterium ion
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implantation. Investigation of occupation behaviors of vacancies with
deuterium atoms could deduce indirectly the vacancy status at different
irradiation doses. Certainly, once they encounter dislocation loops, pipe-
diffusion of deuterium atoms along the dislocation lines may also lead
to a transfer of the matter around the loops [37-39], and the diffusion
rate would be enhanced. As we know, the ability to capture gas atoms is
stronger for vacancies than interstitial dislocation loops; we mainly fo-
cus the occupation behaviors of vacancies with deuterium atoms and do
not consider the pipe-diffusion of deuterium atoms in the present arti-
cle. Our previous study indicated that hydrogen atoms occupied vacancy
sites and V,H, complexes were formed, and they can affect the annihila-
tion of positrons with electrons in the vacancy defects [40]. Xu et al. also
showed that deuterium were trapped by vacancies induced by Cu ion ir-
radiation, which resulted in a decrease in S parameters [41]. Vacancies
and voids can reduce the electron density in their vicinity to provide a
trapping site for hydrogen isotope embedding [42,43]. Eventually, when
hydrogen isotope atoms embedded in a vacancy, incrementing electron
density will reduce the positron affinity for vacancies. Fig. 6a shows the
changes of S parameters for self-ion damaged Fe9Cr specimens exposed
to 40 eV deuterium ions, and the same fluence (~1 x102!/cm2) deu-
terium atoms were introduced into different specimens. Compared to
the self-ion damaged specimens, all the S values except for the surface
region (<1.5keV, 0-10 nm, see rectangle in Fig. 6a) decreased after deu-
terium ion implantation. Therefore, deuterium atoms and vacancies are
strongly attractive in metals, which is consistent with previous studies.
In order to accurately express the concentration of vacancy defects,
the relative S parameters (AS) were denoted and shown in Fig. 6b
by this calculation, i.e., AS=S — S pirradiation- In the range of 0-10nm,
corresponding to the deuterium ion implantation range according to
Fig. 2, the AS parameters after deuterium plasma explosion have higher
values than those of self-ion damaged ones. The implication is that
supersaturation of deuterium atoms, similar to He [44], could be cap-
tured by vacancies induced by self-ion irradiation, and deuterium over-
pressurized clusters can mutate into di-vacancies by emitting an isolated
self-interstitial atom and achieve an equilibrium deuterium-to-vacancy
ratio. This is called a “trap mutation process”, which could enhance the
S values with the existence of D supersaturation in the surface region.
In the diffusion region of deuterium atoms (>10nm), the AS param-
eter for the 0.5 dpa + D specimen is larger than that for 1.0 dpa+ D and
3.0 dpa+D specimens. It is interesting that the AS parameter for the
3 dpa+ D specimen is slightly larger than that for 1.0 dpa+D in the
range of 11-20keV. Even, in the range of 18-20keV, the AS parame-
ter for the 3 dpa+ D specimen is larger than that for 3 dpa irradiated
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Fig. 6. (a) Absolute S parameters versus positron energy (depth) for Fe9Cr alloy irradiated with different irradiation doses. (b) Relative S parameters (AS) as a
function of the depth. Versus depth in the top X-axis is calculated from the positron energy.
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Fig. 7. S-W correlation diagram before and after deuterium ion implantation.

one, as indicated by rectangle in Fig. 6b. Liu et al. reported the vacancy
trapping H mechanism in bcc metal based on first principles calculations
[43]. They found that vacancy can provide 6 minimum-energy H bind-
ing sites in its vicinity due to the lower charge density. This means that
the vacancy, as a trapping center, could provide an optimal isosurface
of charge density (~0.11 e/;\) near the center for collecting H atoms
and V H, (1<n/m<6) maybe more stable complexes. The mecha-
nism may also be suitable for deuterium atoms in the present study.
However, once the deuterium atoms exceed the critical charge density,
the “trap mutation process” would take place and instead mutation va-
cancies forms. The slight enhancement of AS for the 3 dpa+D speci-
men compared to 1.0 dpa+ D is caused by excessive deuterium atoms.
Fig. 7 shows the comparison for S-W correlation in Fe9Cr alloy before
and after deuterium ion explosion. Compared to the S-W relation af-
ter self-ion irradiation in Fig. 5, all the (S, W) points for deuterium ion
implantation specimens were almost aligned on the lines and their gra-
dient values are almost the same as that of the unirradiated specimen,
with the implication that mechanism of positron annihilation for deu-
terium ion implantation specimens is similar to the unirradiated one.
The electron density in a vacancy’s vicinity increased due to occupation
with deuterium atoms. The range of (S, W) points in Fig. 7 could reflect
the deuterium saturation degree in vacancies in different samples. The
concentration of deuterium atoms in the 0.5 dpa+D specimen is not
saturated. Therefore, introduction of low-energy deuterium atoms into
the pre-damaged alloys and investigation of their occupation behaviors
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of vacancies by deuterium atoms could be beneficial to confirm further
the vacancy status at different self-ion irradiation doses.

Depending on the results of TEM and positron annihilation spec-
troscopy, we offer some hypothesis for the evolution of dislocation loops
and the interaction between the vacancies and interstitial dislocation
loops in Fe9Cr alloy during the irradiation swelling incubation period
(see Fig. 8). In the initial irradiated stage, a collision cascade produces
vacancies and interstitial atoms in equal numbers. Interstitial atoms
gather into unstable disks, and then collapse to loops that appear as
black spots (Fig. 3b). Vacancy migration is even slower and they remain
and distribute in the matrix, which increased the S value in the 0.5-dpa-
irradiated specimen. As the irradiation dose increased to 1.0 dpa and
3.0 dpa, visible interstitial dislocation loops dominated the microstruc-
ture, as shown in Figs. 3c and 3d, which coarsened by constantly absorb-
ing interstitial atoms and coalescing the smaller loops directly. Mean-
while, a sharp decrement in the S parameters with the increasing of the
dislocation loops indicates that there may be an interaction between
vacancies and interstitial dislocation loops. In Fig. 8, we deduce a pos-
sible understanding that the vacancies located around the loops would
be trapped and removed by coarsening the interstitial dislocation loops,
or vacancies migrate towards loops and annihilate there. This not only
suppresses the coarsening of visible interstitial dislocation loops but also
eliminate some of the vacancies. The hypothesis could be supported by
previous theoretical calculated work by Chang et al. [30]. Screw dislo-
cations have negative bias, which implies a more efficient absorption of
vacancies than interstitial atoms. The repulsion zones around the dislo-
cation drive away interstitial atoms but not vacancies.

Furthermore, the vacancy status has a large effect on the irradiation
swelling phenomenon. The decrement in vacancy concentration and in-
teraction of vacancies with dislocation loops at lower irradiation dose
could delay and suppress the swelling behavior in Fe-based ferric steels.
This may be an explanation why bcc metals have a long swelling incu-
bation time.

4. Conclusion

In the present work, the Fe9Cr model alloy was irradiated with
2 MeV self-ions to lower doses of 0.5, 1.0 and 3.0 dpa at room tem-
perature. Using the TEM and positron annihilation, we focused on the
evolution of the dislocation loops and their interaction with vacancies
during the irradiation swelling incubation period. In order to further
gain vacancy status at different self-ion irradiation doses, low-energy
deuterium atoms occupied the vacancy sites. We can know the vacancy
concentration in the 0.5 dpa+ D specimen is largest among the three
self-ion irradiation doses by comparing the D saturation degree in the
vacancies.

a3 — S-o

T 0,0 - QG

(1I1)

Fig. 8. Schematic of evolution of dislocation loops and their interaction with vacancies: (I) in initial irradiated stage, interstitial atoms gather into disks and collapse
to form interstitial dislocation loops; (II) interstitial dislocation loops coarsened by constantly absorbing interstitial atoms and coalesce the smaller loops directly, and
they would gradually close to the surrounding vacancies or vacancies migrate towards loops in the growth process; (III) when interstitial dislocation loops encounter

vacancies, they would annihilate/remove them.
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Small interstitial dislocation loops were observed in the form of black
spots after 0.5 dpa. They would coarsen by constantly absorbing the in-
terstitial atoms and coalescing the smaller loops directly, and visible
dislocation loops dominated the microstructure after irradiation with
1.0 dpa and 3.0 dpa. However, the S value decreased sharply as the ir-
radiation dose increased, which indicates that the vacancies should be
annihilated gradually by the visible dislocation loops. Therefore, we de-
duce a possible understanding that the vacancies encounter interstitial
dislocation loops and annihilate/remove there. The present study ad-
vances towards understanding the interaction between vacancies and
dislocation loops, and is a possible complementary mechanism for ex-
plaining the longer stage of swelling incubation in bcc metals than fec
metals.
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