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4 MeV Ni ion irradiation was performed for pure Fe up to 70 dpa
between 350°C and 450°C with and without simultaneous He injection to
simulate and understand the irradiation behaviour of ferritic steels in fusion
environment. Results were compared with those from electron (HVEM)
and proton irradiation. Dislocation density in Ni ion irradiated Fe was 3
times higher than others and dislocations were surrounded by clouds of
small defect clusters below 400°C, but at 450°C no such clouds were obser-
ved and dislocation density quickly decreased. Voids were observed at
450°C above 20 dpa, showing 0.29 and 0.56% swelling at 70 dpa in dual
(Ni and He) and single beam irradiation, respectively. Void density in
dual beam irradiation was about twice that in single beam irradiation.
Incubation dose for void formation in Ni ion irradiation was about 5 times
higher than that in electron irradiation. Attempts were made to interpret
these phenomena taking into account heterogeneous production of defects
characteristic of ion irradiation, i.e., effects of PKA spectrum and cascades
of defects.
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1. Introduction

High energy heavy ion irradiation has been used in simulation studies of
irradiation effects in fusion environment. Especially dual beam irradiation
technique gives us very precious informations on the effects of helium on
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development of damage structure in irradiated materials. However, simula-
tion law between charged particle and neutron irradiation, and intercorrela-
tions among various charged particle irradiations have not yet been fully
established. It is known that choice of charged particles gives some changes
to damage structure in irradiated materials, e.g., proton irradiation usually
causes higher void swelling than electron irradiation, which again gives
higher swelling than heavy ion and neutron irradiation (1). It is also
observed that change of Ni ion energy gives different incubation doses for
void formation in 316 S.S. (1).

Recently ferritic stainless steels (HT-9, others) have been rapidly remar-
ked as a candidate of structural material in fusion reactor, because of its
low swelling rate and low irradiation creep rate (2-6). Previous studies on
void swelling in pure Fe and Mo by HVEM irradiation also showed small
void swelling (less than 1%) (7,8). In the present work Ni ion irradiation
was performed in the single and dual beam mode to investigate the damage
structure produced by heavy ion irradiation and compare with that produced
by electron irradiation. Proton irradiation has also been started to study
the effect of incident particle mass on the damage structure.  Results will
be interpreted by the basic feature of ion induced damage, e.g., cascade of
defects and PKA spectrum.

2. Experimental Procedure

MRC MARZ-grade pure Fe was zone-refined in wet H, (2 passes), dry
H, (5 passes) and in vacuum of 107* Pa (1 pass). The residual resistivity
ratio RRRy of the specimen was about 3500. Specimens for Ni ion irradia-
tion were punched out from a sheet of pure Fe and polished by #600 grid
paper, 1 # alumina powder, 0.5x diamond powder and 0.1z diamond powder
successively to obtain a very flat surface. Final size of the specimen was
3mm in diameter and 0.35mm thickness. Before irradiation specimens were
slightly electrical-polished to remove the layer of polishing damage.

Ni ions were accelerated to 4 MeV by CN Van de Graaff equipped with
a Model 910 Physicon ion source in Oak Ridge National Laboratory. *5Ni
isotope was mixed with carbon tetrachloride, forming nickel halide and
vaporizes near a filament.  Only *Ni ions were selected by velocity filter,
and before entrance into 90° magnet charge state was changed into +2 by
stripping in a differentially pumped argon gas-filled tube. Beam current of
8Ni?* was 1 particle zA. Beam profile was always monitored during
irradiation, which had a quite well uniform intensity because of inserting
Johnson lens on the beam line. Diameter of *®Ni?* beam was about 20 mm
and 9 specimens on one holder were able to be irradiated together, but
divided into 3 groups by using a mask to study the dose dependence of
damage structure. Helium ion was accelerated by the horizontal AN Van
de Graaff and injected simultaneously to specimens with Ni ions along a
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SIMULATION IRRADIATION STUDIES ON BCC METALS

beam line inclined by 15° to that of Ni ions. To make the depth of helium
implantation span the region of radiation damage caused by the nickel ions,
energy of helium was varied continuously by cycling the terminal voltage
from 200 to 400kV. Details of this dual beam irradiation facility is descri-
bed in Ref. (9). Irradiation experiments were performed in single and dual

beam mode for 3 doses (5, 20, 70 dpa) and 3 temperatures (350, 400, 450°C).

Helium appm/dpa ratio was fitted to fusion condition,
to the calculation presented in paper (10).

Electron irradiation was performed by using high voltage electron micro-
scope (HVEM JEM-1000 in Kyushu University). Pure Fe and helium doped
Fe specimens were irradiated up to 13 dpa between 300 and 400°C to observe
damage structure, especially void swelling, under the condition 1250kV,
2x107® dpa/sec in vacuum of 5x107° Pa. Proton irradiation was performed
by using Van de Graaff in Kyushu University. 1 MeV proton beam produces
the damage rate 1x107° dpa/sec at the peak damage, ~7«m and irradiation
was carried out up to 0.1 dpa at 350°C.

Specimens irradiated by Ni ion and proton beam were back-thinned for
HVEM observation of damage structure.

e.g., ~10, refering

3. Experimental Results

In Fig. 1 the profile of damage and implanted helium ions calculated by
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Fig. 1 Calculated profiles of damage, Ni ion and helium based upon

a simultaneous implantation of Ni and helium in which energy
of helium is sinewave varied between 200~400kV.
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BNi**—>Fe, 350°C, 5dpa

Fig. 2 Small defect clusters around dislocation lines in Ni ion
irradiated Fe at 350°C up to 5 dp a.

E-DEP-1 code is shown. Ni ions are deposited in the range, 0.7~1.2 xm,
so this range is not a pure Fe. The stereoscopic electron microscope obser-
vation was carried out in the range between the surface and 0.7 #m depth
by using HVEM operated at 500kV to avoid the additional damage produc-
tion by HVEM itself.

No voids were observed in Fe specimens irradiated by Ni ions at 350
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Fig. 3 Temperature dependenece of void swelling in Ni ion
irradiated Fe up to 70 dpa. Dislocation density and
results in HVEM irradiated Fe are also shown.

BNit?>Fe
20 dpa, 450°C
S=0.0112,

%Ni*?—>Fe
70 dpa, 450°C
S=0.56%

Fig. 4 Voids formed in Fe specimen irradiated by Ni ions

up to 20 and 70 dpa at 450°C.
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%Ni*?, He—>Fe
20 dpa, 450°C
S=0.0112;

%Ni*?, He—>Fe
70 dpa, 450°C
S=0.29%,

- . 3 v Y e

Fig. 5 Voids formed in Fe specimen irradiated by Ni ions
with He up to 20 and 70 dpaat 450°C.

and 400°C up to 70 dpa and in these cases dislocations of high density, 1.2
x10%m * were observed. It was characteristic to the case of ion irradia-
tion that dislocations were surrounded by clouds of small loops of point
defects as shown in Fig. 2. At 450°C voids were observed at 20 and 70
dpa, and in these cases dislocation density was reduced to~5x10°cm™2
where small loops around dislocations observed at low temperatures disap-
peared and dislocations take more smooth line shape. Void swelling beha-
viours are shown in Fig. 3 with the results in HVEM-irradiated pure Fe.

There seems 100°C difference in void swelling temperature between Ni ion
and electron irradiation in spite of small damage rate difference (5x107°
dpa/sec in Ni ion and 2x10° dpa/sec in HVEM). Unfortunately we have
no data at 500°C, but taking into account a rapid decreasing tendency of
dislocation density above 400°C in Ni ion irradiated specimens, void swelling
at 500°C may be smaller than those at 450°C.  The effect of helium coim-
plantation (dual beam irradiation) is rather decreasing the void swelling at
450°C, but the void density was increased from 3.0x10"cm™® to 5.4x10"
cm ™2, Voids observed at 450°C are shown in Figs. 4 and 5 and size
distributions are shown in Figs. 6 and 7 for single and dual beam irradia-
tion, respectively.  Voids in dual beam irradiated specimen are distributed
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Void size distribution in Fe specimen irradiated by Ni
ions up to 70 dpa at 450°C.
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ions with He up to 70 dpa at 450°C.

15


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


16

E. KURAMOTO et al.

07 T T T T L T T T T ]
A BN~ Fe 450%C
o6t A N He —Fe  4s0°%C / ]
Jay
52 051 h
©
= 04rf -
=
L03f g :
n
) . /
S 02| HVEM 3s50°C §
>
Ol s
O 1 ! 1 1 i I 1
0 10 20 30 40 50 60 70 80 90
DOSE ( dpa )
Fig. 8 Dose dependence of void swelling in single and dual beam
irradiated Fe. Results in HVEM are also shown.
Table 1. Damage Structure in Single and Dual Bzam Irradiated Fe
350°C 400°C 450°C
5 dpa £3=9.6x10%cm™? Pa=1.1x100cm™? £g=1.1x10%m?
(single) no voids no voids no voids
5 dpa Pe=1.0x1010cm™? | pz=8.9x10°%m? Pe=1.8x10%cm™2
(dual) no voids no voids no voids
20 dpa Pa=8.2x10°%cm™? Pg=6.4x10%cm™2? Pa=4.3x10%m??
(single) no voids no voids Po=4.3x10%cm™3
AV/V—4V=0.011%, D=8.0nm
20 dpa | pg=1.1x10%cm™? | pz=4.3x10%m? £a=1.1x10°cm™2
(dual) no voids no voids Pr=7.1%x10"¥cm"?
e AV/V—4V=0.011%,, D=6.7nm
70 dpa Pe=1.3x10%cm=2* | p;=1.3x10¥%m™? | pz=>5.0x10°%cm™2
(single) no voids no voids Pr=3.0x104cm?
AV/)V—4V=0.56%, D=33.1nm
70 dpa Pe=1.1x10Wcm~2* | p3=9.6x10%m™? Lq=6.4x10°%cm"?
(dual) no voids no voids Pp=5.4%x10%cm"3
AV/V—4V=0.29%, D=21.8nm

* Arrayed structure of dislocations
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%Ni*2>Fe

70 dpa, 350°C

%Ni*2, He—Fe
70 dpa, 350°C

Fig. 9 Arrayed structure of dislocations in Fe specimen
irradiated in single and dual beam mode at 350°C
up to 70 dpa.

to small sizes (average is 22nm), but those in single beam irradiated speci-
men are larger (average is 33 nm). Void swelling at 450°C in single and
dual beam irradiated Fe specimens were 0.56 and 0.299 at 70 dpa, respec-
tively.

Fig. 8 shows the dose dependence of void swelling of single and dual
beam irradiated Fe together with that of electron-irradiated Fe. Most
striking difference between Ni ion and electron irradiation appears in the

incubation dose, namely, about 20 dpa in the former and 4 dpa in the latter.

The swelling rates in Ni ion irradiation are not so high as compared with
that in electron irradiation. The swelling rate in dual beam irradiation is
smaller than that in single beam irradiation at 450°C.

All the results are summarized in Table 1. At 350°C and 400°C disloca-
tions of high density are usually induced by single and dual beam irradiation
as mentioned above and arrayed structures of dislocations are observed in
Fe specimens irrdiated up to 70 dpa at 350°C, especially in dual beam
irradiated specimens as shown in Fig. 9.  Proton irradiation up to 0.1 dpa

at 350°C introduced only dislocations of 3~6x10°cm™2 to pure Fe specimens.

17
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4. Discussions

4.1 Theoretical base for nucleation and growth of voids.

Nucleation of void under homogeneous irradiation has been extensively
studied from the theoretical view points by Russell (11-14) and Wiedersich
(15). According to their theories, nucleation rate of voids J, can be calculated
as a solution of kinetic equations for hierarchy of vacancy clusters, embryos,
under the assumption of homogeneous and steady state, and is given as a
following expression if supersaturation of vacancy C,/C% and flux bias D,C;
/DyC, are determined.

Je=2'Bro¥, @
— 2 '\l
2~ g (5w

w (o e~ To ] e (e %))

pr' =Noexp(—4G,//kT),

4G,0=— nk:/‘ln(%) + (4r) 3 @BV,
4G, (' Tn+1tCns1
w=) [T lan,

1 904Gy
Cp+1=PBn eXP(k—T on )’
Bn=2Z3 An'*D,Cy,
ra=ZiAn'°D,C,

where % denotes the value at critical size of void embryo, ¢ is a surface
energy, V an atomic volume, NN, the number of atomic site, 4G} a free
energy for cluster of # vacancies under constrained thermal equilibrium

system. B., Tn» and a, are absorption rate of vacancy, interstitial and
emission rate of vacancy of cluster z. 4G’ is apparent free energy of
cluster # under irradiation. D,, D, C, and C; are the mobility and con-

centration of vacancy and interstitial atom, Z? and Z? the bias factor of
absorption of vacancy and interstitial to embryo.

On the other hand, growth of void after nucleation is given by the
equations, and C; and C, can be obtained assuming a steady state under
irradiation.

‘Z;—C;”=P—k§D¢C.L—aC¢Cv=O, 0

dC,
dt

=P'—kiD,Cy—aC;Cr=0,
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P'=(1—&) P+ DoCi{Z2p,+4nrpvexp(— (Py—25/7) 2/ T)},
k:=Z%p,+4nrp,+C,

ki=Z%ps+4nrpe+C,,

Ci=(Doko?[2a) [{(A+ 1)+ 9}~ (1+ﬂ)]}

Co=(Dk?/2) [{A+)*+ 7} *— Q=) ]}

y=4aP/D;D.k k.,

u=(P'—P)y/4P,

where P and P’ are the production rate of free interstitials and vacancies,
k% and k% are sink strength for vacancies and interstitials, respectively, Z¢
and Z¢ are mean bias factor of absorption of vacancies and interstitials to
dislocations, p, and p» are density of dislocations and voids, respectively.
Void swelling rate is then calculated by a following expression:

$=47r7’,0u (D'!,(C'u_‘ '(:—3) *chp)’ (3)
Ci=Ciexp(— (P,—26/7)2/kT).
Effects of cascade is taken into account through the parameter e, which is
interpreted as the fraction of vacancy loss associated with the cascade (16).
On the other hand, both processes of nucleation and growth of voids can

be approximated by the Fokker-Planck equation in # space as shown by Wolfer
17, 18).

0 0 0°
P = (WFn ~ P n)pn +P, @

Jo=(Fa=gDa )

Fnzﬁn_an—rm
Dn= (Bn+an+rn)/2-

In the steady state, the region where F,>0 corresponds to the growth of
voids.  Void nucleation corresponds to the region F,<0, and F,=0 gives a
critical size of nucleus of void. From the condition J,=const.,

4G, kT= —J"an,,/D,,,
1
J#=Dp:/[ dn exp(dGi/RT),

which is equivalent to the expression in eq. (1) given by Russell. Wolfer
(17) emphasized the bias effect in absorption of interstitial to void embryo,
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t.e. Z3/Z:>1 for small #» in y, and B,, due to image force on interstitial
caused by free surface of embryo.

Extension of the equation to the case of heterogeneous production of
point defects can be made in the following way, details of which will be
published in another paper (19).

At first, a model process of decay of a cascade for a given PKA energy
can be solved using a kinetic equations for clusters in inhomogeneous field.
The solution gives the distribution and its time change of free vacancy and
interstitial together with those of residual clusters of them. Then the
effect of cascades on the development of clusters of # vacancies, prexisting
embryo of voids, can be given by the statistical integration of time and
space distribution of cascades. Denoting 4t as the effective interval of

correlation time we can calculate the first and second moments, £, and D,
of dn=wn'—n from the transition probability ¥ (w/, n; t+4t, ), the trans-
formation probability of the cluster # at the time ¢ to the cluster #’' at the
time ¢+4¢. The equation (4) is then replaced by

0 0 9* = 2
anﬁ_(a—nFn_ ont Dn)pn+Pn~ (5)
Contribution of cascades consists of the following effects; overlapping of
cascade in a very short time, fluctuation of flux of C, and C; within the
time 4f, mean production rate of free vacancy and interstitial P’ and P,
and the mean production rate of clusters of vacancies and interstitials for

the time #>4¢. The growth rate of void for large # is given by dn/dt=F..
These relations coincide with eqgs. (2) and (3).

4.2. Nucleation of voids near dislocation line in electron irradiated iron.

As reported in the previous paper (10, 11), voids are nucleated preferen-
tialy along an actively climbing dislocation in electron irradiated pure iron.
In Fig. 10 calculations of vacancy and interstitial concentration and void
nucleation rate of eq. (1) at compression and expansion side of an edge
dislocation are shown for Fe at 350°C, where a dislocation is assumed as a
perfect sink, where local bias Zf{~1.40 is much larger than the mean bias
Z%~1.03, and does not climb. Void nucleation rate shows a peak near a
dislocation line at a compression side because of higher flux bias 1-D;C;/ D»Cy
though vacancy supersaturation C,/C: decreases. In this calculation migra-
tion energy of vacancy was taken as a small value 0.8 eV suggested by
positron annihilation measurement (20). Furthermore large bias of small
embryo in absorption of interstitial, Z% in eq. (1), emphasized by Wolfer
(17), limits the site of nucleation to the neighbourhood of edge dislocation.
In an actual specimen an edge dislocation makes a climb motion during
irradiation and goes away from the void embryos nucleated near dislocation
lines. Then void embryos must shrink unless another edge dislocation
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Fig. 10 Calculated void nucleation rate at compression side of
an edge dislocation for Fe at 350°C.

approaches to embryo site by climbing and feeds high flux bias field to
enhance the growth of embryos. This was the explanation for large depen-
dence of swelling on the dislocation density p,; and the narrow temperature
range of swelling in pure iron in Fig. 3. Screw dislocations in BCC metals
are easy to cross slip and recover at low temperature thus limit the nuclea-
tion of voids.

Low swelling and narrow temperature range of swelling reported on
ferritic steels (3, 6) may be explained essentially by this characteristic of
BCC metals.

4.3. Effects of cascade on character and density of dislocation.

Compared with that of electron irradiated specimen, the dislocation
density in Ni ion irradiated iron is much larger and~1.3x10%m™? as shown
in Fig. 3. Furthermore dislocations are surrounded with small clusters of
loop type at temperat ure<400°C as shown in Fig. 2. These clusters may
be vacancy or interstitial type produced by cascades and trapped in the bias
field of dislocation. Large dislocation density may be explained by resis-
tance caused by clusters against the movements of dislocations. On the
other hand local bias factor Z¢ may be reduced by presence of clusters,
thus limits the nucleation of void at such temperature range.

4.4. Effects of cascade on nucleation and growth of void.
In Ni ion irradiated specimen, temperature of swelling is about 100°C
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Fig. 11 Calculated void nucleation rate as a function of dislocation
density in Ni ion jrradiation for Fe at 350°C.

higher than that of electron irradiation, and incubation dose is much larger
~20 dpa than ~3 dpa of electron irradiation. Then what are the main
factors in the effects of cascade? High dislocation density solely can not
account the problem apart from other factors as shown in Fig. 11, where
nucleation rate calculated is shown to be insensitive to p, in the range 10°~
10*°%cm™, when ¢ is assumed to be 0. Another important factor is charactor
of dislocation described in previous section.  Clusters disappeared and void
nucleated at 450°C.

Biased production of free point defects, P and P’ is another important
factor. In Fig. 12 homogeneous void nucleation rate and void swelling rate
are calculated as a function of e under the condition of Ni irradiation for
Fe at 350°C. This result shows a very small of amount of (0. 15%) causes
a rapid decrease of both nucleation and swelling rate because of the recom-
bination dominant region at this low temperature. This situation becomes,
however, less severe as temperature increases where region changes from
recombination dominant to sink action dominant one, which allows occurrence
of void swelling at 450°C. Production rate of free defects P is much smal-
ler, by the factor of~0.2 (21), than that used in calculation Fig. 1. This
may be the cause of aparent large incubation dose in Fig. 8.

Production of cavity directly from cascade may play another important
role. Positron annihilation lifetime measurement is one of the useful techni-
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Fig. 12  Calculated void nucleation rate and void swelling rate as
a function of e.

que which gives us some information oh'the vacancy type clusters formed
in the cascades. These clusters can be favorite sites for void nucleation,
but number of such vacancy clusters obtained by positron lifetime measure-
ment is usually much smaller than that of cascade by factor of 1072~107%
(22) even in low dose region of 0.1 dpa.

4.5. Effect of proton irradiation on void nucleation and growth.

As mentioned above Ni ion irradiation is less effective for void forma-
tion than HVEM irradiation. On the other hand, it is known that proton
irradiation causes larger void swelling than other irradiation method (1).
It is considered that in proton irradiation an enhancing factor for void nuclea-
tion discussed above is overwhelming a depressing factor. Unfortunately in
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the present proton irradiation flux was too low (~0.1 dpa) to form voids
and only dislocation density was measured (3~6x10°cm™?). In the PKA
spectrum of proton irradiation fraction of large cascade is much smaller than
that in Ni ion irradiation, and fraction of monovacancies vice versa. This
feature seems to be related to high void swelling phenomenon in proton
irradiation, but detailed experiments and analyses are required.

4.6 Effect of simultaneous helium injection.

As shown in Fig. 3,8 and Table 1 simultaneous helium injection increases
void density but decreases its size, giving rise to smaller void swelling.
In stainless steel it is known that helium injection shifts the void swelling
region to higher temperature side (23). Unfortunately in the present work
we have no data at 500°C, where enhancement of void swelling by simul-
taneous helium injection may be expected. Moreover, in the present data
void observation was performed from the surface to the depth of about 0.7
xm, wheré the average amount of helium injected is smaller than 10 appm
/dpa, value at peak damage, 0.8~0.9«m. Cross sectional viewing method
is now being performed to these single and dual beam irradiated specimens.
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