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Abstract: Helium ion irradiation at 200, 350 and 550 °C was performed on a reduced activation ferritic/martensitic (RAFM) steel to

investigate the evolution of voids during irradiation. Experimental results show that radiation damage has a bell-shape distribution

along the depth. Both void size and density increase as vacancy production rate increases. When irradiation temperature rises, void

size increases and void density decreases. Faceted voids are observed at 550 °C. Void aggregation at grain boundaries (GBs) and void

denuded zones (VDZs) are observed at high temperatures. A phase field model was employed to investigate the void evolution mecha-

nism. The simulation results show that the void shape may be attributed to anisotropic void interface energy. During irradiation, as

time goes on, void evolution can be divided into three stages: incubation stage, nucleation stage and growth stage.
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Reduced activation ferritic/martensitic (RAFM) steels are
considered to be one of the promising candidate structure ma-
terials for blanket module in fusion nuclear reactors!', for its
high thermal conductivity, low swelling, high corrosion resis-
tance, mass productivity and good weldability. Based on the
conventional FM heat resist steel, rare metal elements Ta, W
are introduced to RAFM steels to replace Nb, Mo, respective-
ly, and other impurity elements including Co, Ni, Cu, Al are
strictly restricted to avoid producing long-lived radioactive
isotopes in fusion application®. Addition of refractory metal
element Ta to RAFM steels increases the tensile strength at
high temperature and resistance to irradiation-induced embrit-
tlement™”, Tan et al found that Ta-alloying helps RAFM steel
with TMT form ultrafine MX precipitates to gain higher
strength at 650 °C without proportional ductility loss, while
the Ta/Mn-rich oxide produced in fabrication process can gen-
erate dimple, indicating the significant importance of fabrica-
tion technique improvement!®. Fatigue life of RAFM steels in-
creased with increasing the Ta content and an optimal content
of tungsten at 1.4wt% was suggested concerning fatigue prop-
erty by Shankar et al®'”. Micro alloy element Ti replacing Ta
in RAFM steels increases the yield strength at room tempera-
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ture but degrades quickly to thermal exposure because of larg-
er martensite lath width increase. Ti-Ta interaction accelerates
the kinetic of (Ta, Ti)-rich MX phase and exhibits better resis-
tance to aging than single additions!"'?. Rare metal elements
and their precipitates are crucial to the performance of RAFM
steels.

Atoms of the steels are knocked away from their original
lattice sites, which cause large amounts of vacancies under the
harsh service environment with high energetic neutron irradia-
tion ">, Vacancies aggregate to form voids, which degrade
the mechanical properties and lead to dimensional instabili-
ty!"!l, Therefore, it is essential to have a deeper understand-
ing of the void evolution during irradiation.

Much work has been done to study the void in the past
decades. Voids preferably formed at grain boundaries and oth-
er interfaces were observed in helium implanted 9Cr martens-
itic steel at high temperatures”, while no preferential void for-
mation site was observed at room temperature™. Void precipi-
tation at dislocation network in Au foil was found®". Void de-
nuded zones (VDZs) have been observed along the grain
boundaries in a Fel5Cr15Ni steel which was irradiated under
18 dpa at 749 K, Faceted voids were observed in T91 steel
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irradiated by 5 MeV Fe*" at 460 °C!"\. It is also found that
void size and density increase as the depth increases!"”. How-
ever, the former investigations were done separately and the
results were based on different materials in diverse irradiation
experiment conditions. Therefore, a systematic irradiation ex-
periment on RAFM steel is essential to investigate the effect
of temperature, vacancy production rate, irradiation time and
material structure on the void evolution during irradiation. A
simulation is also needed to acquire a deeper understanding of
void evolution mechanism.

In the present work, helium ion irradiation at 200, 350
and 550 °C was performed on a RAFM steel to investigate the
evolution of voids during irradiation. A phase field model with
anisotropic interface energy was employed to analyze the void
evolution mechanism.

1 Experiment Procedure

The main composition of the RAFM steel used in this
present work is shown in Table 1. Heat treatment on this steel
is austenitizing at 1253 K for 45 min first, followed by water
quenching and then tempering at 1033 K for 90 min. The heli-
um ion irradiation experiments were conducted at 200, 350
and 550 °C, and the vacuum pressure of irradiation environ-
ment is about 10° Pa. 440 keV helium ions were used in the
experiment. During the irradiation experiment, the helium ion
scanned beam size was about 20 mmx20 mm and the average
beam current was about 5 pA. This set of helium ion irradia-
tion experiment was done on the high energy electron cyclone
resonance (ECR) irradiation platform in National Laboratory

Table 1 Main composition of the RAFM steel (wt%)

C \\% \% Mn Ta Cr Fe
0.10 1.50 0.29 0.88 0.09 8.6 Bal.

10 pm

of Heavy-ion Accelerators, Lanzhou, China. After irradiation,
samples irradiated at different temperatures were observed by
transmission electron microscopy (TEM, JEOL 2100) to inves-
tigate the void morphology. The TEM samples were obtained
by means of focused ion beam (FIB), which is an advanced an-
alytical tool of sample preparation for studies of microstruc-
ture of the surface layer. In general, the FIB method for TEM
sample preparation includes 4 steps: (1) the deposit of protec-
tive materials onto the surface of the selected area; (2) cutting
the selected areas; (3) taking the selected area out; (4) reduc-
ing the samples’ thickness by ion thinning. The procedure is
shown in Fig.1.

2 Model Description

In order to describe the void evolution in the RAFM steel
during irradiation, vacancy concentration C, and order parame-
ter n were used. C, =1 and # = 1 represent the void phase,
C, = Cand 5 = 0 represent the matrix steel phase!™?". CS%is
the equilibrium concentration of vacancy in the steel.

With the Gibbs free energy f;, and f, of matrix steel phase
and void phase, respertively, the Gibbs free energy of the system
is written as Eq.(1)?, and the mapping of it is shown in Fig.2.

G(Con)=[1-h(m)]fu+h(n)f + wg(n) (D
where % (7) is a switching function from 0 to 1, g (#) is a dou-
ble well potential and w is the height of the double well poten-
tial. In the present work, similar to former work, 4 (7), g(7),
[ and f, are taken as®®*":

h(n) =39 -27° (2)

gy =n'-2n" +n' (3
fm = é{CvE;;rmation + (1 - CV)GFe +
kT [C,InC, +(1- C)ln(1-C)

4

Fig.1 FIB method for TEM sample preparation: (a) protective material deposit, (b) cutting, (¢) taking out, and (d) thinning
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Fig.2 Mapping of the Gibbs free energy of the system (two minima
at (C=1, n=1) and (C, =C, n=0) correspond to the

void phase and matrix phase, respectively)

1
f;/ = E{CvEsieblimation + kBT [ Cv ln CV +

(1-CYIn(1-C) 1
where Q is the atomic volume, £
tion energy, Ef

sublimation

(5

&+ mation 18 the vacancy forma-
is the iron sublimation energy, T is the
absolute temperature and k; is the Boltzmann’ s constant. The
total Gibbs free energy F (C,, n) of the system includes free
energy of the two phases and interfacial energy. It is written as:
K2 (0) 2
F(Com) = [1G(Coom) + =2 [ 1d¥ (6
14

where x (0) is a gradient coefficient associated with the aniso-
tropic interfacial energy, and @ is the interface orientation an-
gle, which is defined between the normal direction of the void

interface and  x-axis, and is given by #=

arccos (17,/\/n; + n; ) , where 1, and 7, are the derivative of 7

with respect to x and y, respectively. An orientation function is
used™ to reproduce the voids:
f(0)=1+]sinf|+|cosb| D
Such a function can give an equilibrium shape with four
facets and rounded corners in Wulff construction. The polar
plot of interface energy and corresponding Wulff construction
are shown in Fig.3. From the interface energy polar plot, it can

a b

Fig.3 Polar plot of the anisotropic interface free energy (a) and cor-
responding Wulff construction with four facets and rounded

corners (b)

be seen that when 6 equals 0°,90°, 180°,270°, the interface ener-
gy is the minimum, and when 6 equals 45°, 135°,225°,315°, the
interface energy is the maximum. By the four minimum inter-
face energy values, the equilibrium void shape with four facets
and rounded corners is determined through Wulff construction.

The evolution of vacancy concentration C, and order pa-
rameter # is governed by Cahn-Hilliard equation and Allen-
Cahn equation, respectively™:

9C, =V-(MV oF +P, -R,-S (8)
8[ - ( SCV) v - v - v

on _ ;dF 9
ot on

where M and L are the mobility coefficient of vacancies and
void interfaces, respectively, and M=D/k,T, where D is the dif-
fusivity of vacancies. P, R and S are production rate, recombi-
nation rate and sink absorption rate of vacancies, respectively.

In the present work, a simplification is performed, where
interstitials are not considered, since the main purpose of this
research is to demonstrate the effects of interface energy an-
isotropy on the void morphology evolution during irradiation.
Parameters used in the calculation are shown in Table 2. The
system size for the simulation is 128 Axx128Ax with grid size
Ax=1 nm.

3 Results and Discussion

The most important parameters controlling the void num-
ber density, size and shape during irradiation are temperature,
vacancy production rate, irradiated material structure and irra-
diation time. In this irradiation experiment, helium ions
have the same kinetic energy, beam current and helium ion
scanned area, meaning that the vacancy production rate re-
mains unchanged for all examples.

3.1 Effect of interface energy anisotropy

To research the effect of interface energy anisotropy on
void morphology, we firstly investigate the growth of a single
void. As shown in Fig.4, a small circular void, whose size is
about 20 nm, is put at the centre of the system with supersaturat-
ed vacancy concentration. Isotropic interface energy and aniso-
tropic interface energy are used. When isotropic interface ener-
gy is used, the initial small circular void grows to a larger circu-
lar void, whose size is about 38 nm, as shown in Fig.4b. When
anisotropic interface energy is used, void grows to a faceted
shape in good agreement with experimental observation at 550
°C, as shown in Fig.5b, so it is reasonable that interface energy
anisotropy results in faceted voids during irradiation.

Table 2 Parameters used in the calculation ")

Input parameter Value
Atomic volume, Q/m? 1.18x10%
Vacancy formation energy, Ey . /eV 1.6
Iron sublimation energy, EFS . . /kJ-mol" 3.5
Void interface energy, o/J-m 2.0
Vacancy diffusivity, D/m?-s’! 8 % 107 exp ( -le; )
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Fig.4 Effect of interface energy anisotropy on the void shape evolu-
tion: (a) initial nucleus, (b) isotropic interface energy, and

(¢) anisotropic interface energy

3.2 Effect of irradiation time

Small voids will be absorbed by large voids since vacan-
cies are in a higher energy state around small voids and tend
to move to large voids, as shown in Fig.5. During irradiation,
the ongoing production of vacancies leads to the formation of
a large number of voids. Fig.6 shows the evolution of voids
when vacancies are produced continuously. The void evolu-
tion can be divided into three characteristic stages, as shown
in Fig.7. The first stage is incubation stage, where vacancies
are produced continuously and vacancy concentration increas-
es but is not high enough to form stable nuclei®”, so the size is
almost zero. As time goes on, the second stage called nucle-
ation stage comes. In this stage, vacancy concentration is high
enough so voids nucleate and grow quickly. As a large number
of voids form, the absorption rate of vacancies by existing
voids increases quickly, and the production rate of vacancies
falls behind, which leads to the third stage. In the third growth
stage, most of the newly produced vacancies are absorbed by
existing voids and few vacancies can form a new nucleus.
These already existing voids grow by absorbing vacancies
from the system and also by Ostwald ripening, which is at the
expense of the smaller ones in large void’ s vicinity?". In this
stage, as voids become larger, the growth rate slows down.

3.3 Effect of vacancy production rate

For the ion irradiation, the irradiation damage varies
along the irradiation depth. The irradiation damage profile
was simulated by software package SRIM-2013 (Stopping and
Range of Ions in Matter) with 40 eV threshold energy for
Fel. 440 keV helium ions were used in the SRIM-2013 radia-
tion damage calculation. Fig.8 shows that the peak radiation
damage is about 2 dpa at the depth of ~900 nm. Above 400
nm underneath the surface, the radiation damage is negligible.
From 400 nm, the radiation damage increases quickly and

Fig.5 Small voids absorbed by larger voids: (a) initial stage, (b) inter-

mediate stage, and (c¢) final stage

Fig.6 Void evolution with on-going vacancy production: (a) incu-

bation stage, (b) nucleation stage, and (¢) growth stage
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Fig.7 Three characteristic stages of void evolution
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Fig.8 SRIM calculation of radiation displacement damage as a func-

tion of depth

reaches the maximum at about 900 nm, and then decreases
quickly to zero.

The void micrograph along the irradiation depth is shown
in Fig.9a. Within 400 nm underneath the surface, almost no
voids can be observed. From 400 nm, voids start to appear,
and as depth increases, both void size and density increase
with increasing the vacancy production rate. When more va-
cancies are introduced into the system, more nuclei will form
and more vacancies will be absorbed by existing voids™, lead-
ing to rise of both number and size of voids. Void size distribu-
tion is shown in Fig.10, which is in good agreement with the
irradiation damage profile. A void band is obviously shown in
the peak radiation damage region, and the micrograph taken in
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Fig.9 Cross-sectional TEM images of irradiated RAFM steels:
(a) whole view from the surface to the irradiated region and

(b) faceted voids

this region is shown in Fig.9b. Voids here have a shape of four
facets and rounded corners.
3.4 Effect of irradiation temperature

TEM micrographs of voids in samples irradiated under 2
dpa at 200, 350 and 550 °C are shown in Fig.11. These micro-
graphs were all taken in the peak radiation damage region,
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Fig.10  Void size distribution along irradiation depth

which is about 900 nm underneath the surface. As tempera-
tures rise, void size increases and density decreases. The aver-
age void diameters at three temperatures are 1.2, 2.3 and 7.1
nm. The average void number densities are 1.1x10%/m’, 1.5x
10*/m’ and 0.2x10*/m’. The measured values of void size and
density may not be so accurate, because some voids are not
very clear in the TEM images due to the TEM image distin-
guishability. However, the results can reflect the general trend.
The rising temperature leads to faster mobility of vacancy and
the void interface and thus the voids grow faster and have a
larger size. Void density decreases because the rising tempera-
ture has two effects!>*¥, one is that size voids are absorbed by
larger voids known as Ostwald ripening, and the other is that
the rising temperature makes vacancies move faster, which
means higher recombination rate and lower concentration of

vacancy in the system.
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Fig.11 TEM morphologies of voids (a~c) and void size distribution (d~) at different temperatures: (a, d 200 °C, (b, e) 350 °C, and (¢, f) 500 °C
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Fig.12  Schematic illustration of aggregation of voids at grain bound-

aries and VDZs along grain boundaries

3.5 Effect of grain boundary

In the above discussion, the effect of grain boundaries is
not considered and the void evolution is assumed to take place
homogeneously in a perfect lattice matrix. However, grain
boundaries play an important role in the process of void evolu-
tion™. Grain boundaries act as strong sinks for mobile vacan-
cies and they compete with existing voids within the grainsP®®,
which reduce the vacancy concentration in grain. In addition,
it is easier for voids to nucleate at grain boundaries compared
with inner grains due to the lower nucleation energy caused by
interfacial effect. Therefore, the premature voids nucleated at
grain boundaries will absorb vacancies from the zones nearby,
which reduce the vacancy concentration significantly in the
zones along grain boundaries. Consequently, void nucleation
probability near grain boundaries decreases largely, leading to
VDZs along grain boundaries, as shown in Fig.12.

Fig.13  Void morphologies at grain boundary regions: (a) no obvious VDZ at 200 °C, (b) obvious VDZ at 350 °C, and (c) larger VDZ at 550 °C com-

pared to 350 °C

Generally, when temperature is higher, the effect of grain
boundaries will play a more important role, due to the faster
mobility of vacancies. As shown in Fig.13, VDZs can be ob-
served at 350 and 550 °C, and at 550 °C, it is broader and
more obvious; while at 200 °C, obvious VDZs can be hardly
observed.

4 Conclusions

1) Interface energy anisotropy may lead to the faceted
voids with four facets and rounded corners.

2) Void evolution can be divided into three characteristic
stages. The first stage is incubation stage, where few voids
form and vacancy concentration increases continuously. The
second stage is nucleation stage, where a large number of nu-
clei are formed in a short time. The third stage is growth stage,
where most of the newly produced vacancies are absorbed by
existing voids and void nucleation rate decreases quickly.

3) Void size and density increase with increasing the va-
cancy production rate.

4) As irradiation temperature rises, void size increases
and density decreases. Faceted voids are obvious at high tem-
peratures, but not at low temperatures.

5) Aggregation of voids at grain boundaries and VDZs
along grain boundaries are obvious at high temperatures, but
not at low temperatures.
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