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Abstract

Accelerated ion irradiation, especially ‘dual-beam’ irradiation, is a useful technique for experimental exploration of
irradiation effects and validation of irradiation effect models, because of the unique controllability in irradiation
conditions including the helium production rate. In this work, the effects of irradiation and helium implantation on
microstructural evolution, hardness and plastic deformation behavior in Fe-15Cr-20Ni model austenitic ternary alloy
and Fe-8 ~9Cr-2W reduced-activation martensitic steels were studied through combined applications of ion irradia-
tion, nano-indentation, focused ion-beam microprocessing and transmission electron microscopy. Systematic data on
irradiation hardening are presented for broad irradiation conditions. Influences of helium implantation on irradiation-
induced microstructural and nano-indentation hardness changes were not detected in the Fe-8 ~ 9Cr-2W steels, while
they were significant in the Fe—15Cr—20Ni alloy. The interaction behavior of dislocation loops with moving dislocations
and the strength of the loops as obstacles to dislocation motion are also discussed for these two material classes based

on the hardness, and the irradiated and indented microstructures.

© 2003 Elsevier B.V. All rights reserved.

PACS: 62.20.Fe; 62.20.Qp; 66.30.Jt; 66.30.Lw; 81.05.Bx

1. Introduction

Reduced-activation ferritic/martensitic (RAFM) steels
are the prime candidate structural material for fusion
reactor blanket / first walls, due mainly to their maturity
as industrial materials and superior resistance to radia-
tion-induced changes in their physical and mechanical
properties [1]. Among the proposed RAFM steels, an
Fe-8 ~9Cr-2W,V,Ta system has so far been recognized
as the most promising material for the D-T fusion
demonstration devices [2,3]. One of the most impor-
tant remaining key technical issues for the RAFM steels
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as fusion structural material is the influence of trans-
mutant helium production on the irradiation-related
physical and mechanical property changes [1]. In par-
ticular, the potential existence of helium-embrittlement
in irradiated RAFMs has been controversial for years
[4].

The effects of helium production on irradiation
damage in ferrous alloys have been studied using several
simulation techniques. They include (a) fission neutron
irradiation of isotopically tailored and/or nickel- or
boron-doped materials [5], (b) very high energy proton
or spallation neutron irradiation [6], (c) simultaneous
irradiation of high energy metallic and helium ions [7]
and (d) helium ion implantation in high voltage electron
microscope. Among them, the simultaneous irradiation
of self-ions and helium ions, or ‘dual-beam’ ion irradi-
ation, is the only technique that produces fusion-rele-
vant high energy cascades at any desired helium
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production (He/dpa) ratio for a ‘single-parameter’ ex-
periment [8-10].

The major advantage of dual-beam ion irradiation is
that any desired He/dpa ratio is achievable up to high
doses under accurate control of temperature and other
conditions. However, the application of dual-beam ion
irradiation has mostly been limited to studies on
microstructural modification. In ion irradiation experi-
ments using static accelerators, the range of displace-
ment damage is limited within a few microns from the
irradiated surface. In dual-beam experiments, a range
with (almost) constant He/dpa ratios is even smaller and
typically less than 1 pm [7]. Therefore, it is very difficult
to evaluate mechanical properties in a ‘dual-beam irra-
diated’ specimen, which actually is a very thin subsur-
face layer. For example, the depth profiles of atomic
displacement damage and helium deposition in an Fe—
9Cr-2W steel irradiated at DuET dual-beam facility are
presented in Fig. 1 [8].

In order to enable mechanical property evaluation in
ion-irradiated materials, application of the nano-inden-
tation technique has been pursued [11-13]. Application
of the dynamic indentation technique using load- and
displacement-sensing instruments, which provides con-
tinuous ‘apparent hardness’ profiles of graded materials,
enhanced the applicability of indentation technique to
the ion-induced hardening evaluation [14]. Also, a
technique for cross-sectional transmission electron mi-
croscopy (XTEM) of ion-irradiated and indented ma-
terials was developed [15]. This enabled examination of
microstructures resulted from dislocation interactions
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Fig. 1. The depth profiles of displacement damage and depos-
ited helium ions in Fe-9Cr-2W steel for dual-beam irradiation
at DuET Facility, Kyoto University. Calculation was made
with TRIM-92 code assuming an average displacement
threshold energy of 40 eV.

with irradiation-produced defect features at different
local plastic strain levels.

In this paper, experimental techniques developed in
the course of exploring dual-beam ion irradiation effects
on nano-indentation hardness (nano-hardness) and
plastic deformation behavior in ferrous alloys will first
be described. In the following part, the influence of si-
multaneous helium production on microstructural evo-
lution and hardening in a model austenitic ternary alloy
and Fe-8 ~9Cr-2W,V,Ta steels will be presented. Fi-
nally, the barrier strength and the contribution to plastic
deformation behavior of irradiation-produced micro-
structural defects in these materials will be discussed.

2. Experimental
2.1. Materials

The materials used in this study were an Fe-15Cr—
20Ni (mass percent) austenitic ternary model alloy, the
Fe-9Cr-2W,V,Ta steel, JLF-1 [2] and Fe-8Cr-2W,V,Ta
steel, IEA-heat F82H [3]. Actual chemical compositions
of the materials are 15.0Cr-20.2Ni-0.006C—<0.005Si—
0.0009P-0.0020S-0.0017N-0.00870-0.003Co-balance Fe,
8.85Cr-1.99W-0.20V-0.080Ta-0.45Mn-0.10C-0.05Si—
0.023N-balance Fe, and 7.71Cr-1.95W-0.16V-0.02Ta—
0.16Mn-0.090C-0.11Si-0.0060N-balance Fe, respec-
tively. The Fe-15Cr-20Ni alloy was solution-annealed
at 1323 K for 30 min. prior to irradiation. The JLF-1
was normalized (1323 K x 60 min.) and tempered (1053
K x 60 min.) in its standard conditions. The IEA-heat
F82H steel was prepared through normalization at 1313
K x30 min. and tempered at 1023 K (standard condi-
tion) or 1073 K for 60 min. All the specimens were
electrolytically polished to remove ~20 pm from the
surface right before being subjected to irradiation.

2.2. Ion irradiation

The ion irradiation experiment was carried out at the
High-fluence Irradiation Facility, University of Tokyo
(HIT Facility) [7] and Multi-beam Materials Interaction
Research Facility (DuET Facility), Kyoto University [8].
For the metallic ions, 4 MeV Ni ions were used at the
HIT Facility, while ~8.5 MeV Fe ions were employed at
the DuET Facility. The nominal fluence levels, which are
approximately the average fluence levels over the dual-
beam irradiated ranges, were up to 50 dpa. The nominal
He/dpa ratio was also the average over the dual-beam
irradiated range. The profiles of displacement damage
level and deposited metallic and helium ions were cal-
culated using TRIM-92 code, assuming a 40 eV of av-
erage displacement threshold energy [16]. The specimen
temperature during irradiation was maintained within
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110 K of nominal temperature for the entire period of
irradiation in each case.

2.3. Indentation and hardness profiling

Ultra-low load depth-sensing dynamic indentation
was performed in a direction normal to the irradiated
surface on all specimens. This method is effective only
when a sufficiently even hardness profile is achieved for a
certain thickness in the subsurface layer in the irradiated
sample. Such conditions are reportedly confirmed in
heavy ion-irradiated metals by cross-sectional nano-in-
dentation work [11-13]. Akashi Co. (Zama, Japan)
Model MZT-3 and Elionix Inc. (Tokyo, Japan) Model
ENT-1100 instrumented nano-indentation devices were
used. Triangular pyramidal diamond indenter tips with
a 68° semiapex angle were employed in both instru-
ments.

Nano-hardness profiles were obtained by a contact
pressure evaluation method based on the procedure
proposed by Oliver, et al. [17], where hardness, H, is
defined as

(1)

and P is the indentation load and 4, as a function of
contact depth (4.), is the projected area of contact be-
tween the indenter and the specimen. In the current
study, it was confirmed that sufficiently reproducible
indentation hardness data could be obtained through
this procedure for a fixed indentation depth of >100 nm.
However, in this procedure, /. was determined based on
the load-displacement (P-4) property during the un-
loading process, and this prohibited the acquisition of a
continuous hardness profile from a single indentation
test. The displacement and helium deposition profiles
shown in Fig. 1 may result in fairly complex hardness
profile due to contributions by at least several layers
with different features, e.g., the surface layer where the
surface effect and the displacement effect dominate, the
second layer where the displacement and the helium
deposition are effective, the next layers where the dis-
placement damage and/or deposited metallic ions influ-
ence, and the substrate which is free from the effect of
irradiation. To evaluate the hardness of the ‘dual-beam
irradiated’ layer, continuous hardness profile acquisition
was performed in the following manner.

The P-h property during the unloading process is
determined by a combination of (a) the effective elastic
modulus of the material, (b) the contact depth 4. and (c)
the projected area of contact 4 = F(h,). Therefore, if the
irradiation-induced changes in elastic properties are
negligible, the unloading P curve for a certain material
using an identical indenter can be expressed as a func-
tion of A, alone; P = FyL(h.,h). In this work, the ex-

Hardness:

H(h,)=P*/A(h,)

Modeled P-h relationship
during unloading process

P=fy(ha h) —,

A

Measured P-h curve
during loading process

P=f,(h)

h
Al

Fig. 2. Schematic illustration of the nano-indentation hardness
profiling method by continuous stiffness estimation.

pression of Fyp was simply made by a polynomial
function fitted to unloading P-4 curves obtained from
an unirradiated specimen. It was confirmed that the
unloading P-4 curves obtained from irradiated speci-
mens did not significantly deviate from Fyp. Therefore,
the nano-hardness profile H(#,.) is given as follows.

Hih) = . @)

In the above equation, P* is the load at which the cali-
brated unloading function P = Fyy(h.,h) intersects the
loading curve P = Fy (k). This scheme, illustrated in Fig.
2, was effective to evaluate hardness changes in a variety
of metallic materials induced by MeV range ion irradi-
ation. Typical examples of H(h.) obtained by a single
nano-indentation test on unirradiated and irradiated
specimens are presented in Fig. 3. Fig. 3(a) confirms that
the nano-hardness obtained by this method is suffi-
ciently constant at 4. > 100nm. Hardness of the dual-
beam irradiated range was determined from the plateau
that appeared in an A, range corresponding to (i.e., ap-
proximately 1/5 of) the dual-beam range [14]. An ex-
ample of hardness profile with such a plateau obtained
from a dual-beam irradiated sample is presented in Fig.
3(b).

2.4. Cross-sectional TEM

Cross-sectional thin foils from the irradiated and
indented specimens were prepared using a JEOL (To-
kyo, Japan) JFIB-2100 focused ion-beam (FIB) micro-
processing device, so that each thin foil include the
indentation axis and one of three sides of the indent. The
ion beam used was gallium accelerated to 30 keV.
During FIB-processing, the thin foils receive additional
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Fig. 3. Examples of continuous nano-hardness profiles, H (4.),
obtained from unirradiated and irradiated Fe—15Cr-20Ni au-
stenitic model ternary alloy.

irradiation damage and gallium ion deposition within
their subsurface layers. These layers could completely be
removed by electrolytic polishing for a few milliseconds.
The microstructural examination was carried out using a
JEOL JEM-2010EX transmission electron microscope
(TEM) operating at 200 kV.

XTEM micrographs of the nano-indented Fe—15Cr—
20Ni model alloy specimens are shown in Fig. 4(a) and
(b) for an irradiation-free case. When the maximum
contact depth during indentation is <~100 nm, as
shown in Fig. 4(a), the dislocation microstructure is very
anisotropic and characterized by preferred extension
along (011) family directions. Such anisotropic dislo-
cation evolution could be a major factor in causing the
relatively poor consistency in nano-hardness measure-
ment on polycrystalline materials with a very small
contact depth. On the contrary, the deformation volume
becomes very semispherical when the contact depth ex-
ceeds about 300 nm, as shown in Fig. 4(b). The mea-
sured nano-hardness data at the contact depth of >200
nm are free from significant scatter. Therefore, we con-
clude that the isotropy of deformation volume could be
one measure of data reliability in indentation tests.

3. Results and discussion

3.1. Irradiation-hardening and helium effect in Fe—15Cr—
20Ni

The nano-hardness of unirradiated Fe—15Cr—20Ni
austenitic model ternary alloy was consistent at 1.25
GPa. This nano-hardness corresponds to Vickers hard-

ness number of 113, which agrees well with the typical
hardness number of austenitic model alloys in a solu-
tion-annealed condition. Ion irradiation caused signifi-
cant hardening regardless of helium co-implantation at
temperatures of 473-773 K. In Fig. 5, the hardness
changes in the model alloy during 4 MeV nickel ion ir-
radiation at 473-873 K are plotted against ion fluence
level. The irradiated microstructures at 473, 573 and 673
K mostly consisted of Frank dislocation loops, a smaller
amount of perfect loops, and irresolvable ‘black-spot’
defects up to 10 dpa (Fig. 6). The loop microstructures
were very similar at 473 and 573 K, but the development
rate was slower at 473 K. The dislocation microstructure
became significantly coarser when the irradiation tem-
perature was increased to 673 K. At 773 K, perfect loops
and network dislocations dominated by 3 dpa. The time
evolution of irradiated hardness in Fig. 5 is clearly re-
flecting the microstructural development.

In Fig. 7, the influence of helium co-implantation on
the temperature dependence of irradiation-hardening at
10 dpa is presented. The presence of helium moderated
irradiation hardening at 7 < 673 K while it did not
impose an obvious effect at T > 773 K. At T < 673 K,
the dislocation loop development was clearly retarded
by the presence of helium, which presumably resulted in
reduced irradiation hardening. At T > 773 K, the dual-
beam irradiated materials developed significant amount
of cavities. These cavities must have contributed to the
hardening. The cavity microstructures at 10 dpa are
presented in Fig. 8 for the cases of 773 and 873 K dual-
beam irradiation.

3.2. Hardening mechanism in Fe—15Cr-20Ni

It is very difficult to correlate indentation hardness
with more commonly accepted mechanical properties
such as uniaxial tensile properties. This is mainly be-
cause of the complex stress state and the widely varied
plastic strain levels in indented specimens. However, it is
reported that the hardening obtained by indentation
tests approximately correlates with the increase in tensile
yield stress in the following relationship [18].

AH = 3Aa,. 3)

Using this relationship, it is possible to compare the
amount of irradiation hardening with predicted hard-
ening based on the microstructural data and Orowan’s
dispersion strengthening model for planar defects [19]:

Aa, = MGb(Nd)'"* /3, (4)

where M =~ 3.1 for cubic polycrystals [20], G = shear
modulus, b = Burger’s vector magnitude, N = defect
number density, d = defect diameter and 1/f = barrier
strength coefficient which usually falls between 2.2 and
3.0 [19].
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Fig. 4. Cross-sectional transmission electron microscopy (XTEM) of Fe—15Cr—20Ni austenitic model ternary alloy after indentation to

the maximum contact-depths of ~100 nm (a) and ~380 nm (b).

In Fig. 9, the experimentally obtained AH divided by
the model-predicted AH using Egs. (3) and (4) and
taking = 3 [21] is plotted as a function of mean dis-
location loop diameter. The apparent feature of Fig. 9 is
that the effective barrier strength coefficient for dislo-
cation loops become larger when the loop diameter is
smaller then approximately 15 nm. This suggests that
the effective interaction cross-sections for small loops are
much larger than their physical sizes due to the relatively

large strain field. At the same time, all the specimens
which exhibited substantially larger hardening than the
model prediction had been irradiated at <573 K.
Therefore, there might be radiation-induced micro-
structural or microchemical changes that do not occur at
higher temperatures but strongly contribute to harden-
ing. It is also possible that a part of defects responsible
for the low-temperature hardening were not visible. The
‘black-spot’ defects are not likely being the cause,
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Fig. 5. Fluence-dependence of nano-indentation hardness in
Fe-20Ni-15Cr during single-beam ion irradiation. The error
bars shows standard deviation. Horizontal positions of data
points are intentionally shifted for readability, while nominal
fluences were 1.0, 3.0 and 10.0 dpa in this experiment.

because their appearance is not significantly different
between 573 and 673 K irradiation cases as far as ex-
amined with a conventional TEM.

The result of XTEM analysis on the irradiated and
indented Fe-15Cr-20Ni alloy has been published else-
where [22]. There, we reported that the majority of ir-
radiation-produced dislocation loops had disappeared
after indentation. When the indentation-induced plastic
deformation range was about 1200 nm, dislocation
loops completely annihilated within about 800 nm from
the contact center. Between 800 and 1200 nm from the
contact center, more than 80% of the dislocation loops
disappeared. Interestingly, as shown in Fig. 10, Frank

(b) 673K /1 dpa

3.5
CH = g 0appmHe/dpa (single-beam)
g 25 |10 appm-,
©} He/dpa | ~~ g ---....
@
® 2t
c
°
8 i 100 appmHe/dpa
s Unirradiated
§ e
s 1f
©
£
0.5 Fe-15Cr-20Ni (SA)
4 MeV Ni**+ He /10 dpa
0 1 1 1 1 1 1 1 1

450 500 550 600 650 700 750 800 850 900

Temperature (K)

Fig. 7. The influence of He/dpa ratio on temperature depen-
dence of irradiated hardness in Fe-15Cr-20Ni alloy at 10 dpa.

loops with smaller diameter tended to disappear more
effectively, in spite of the smaller apparent reaction
cross-sections with gliding dislocations. This observa-
tion supports the relatively low activation energies for
small Frank loop motion in clean fcc metals and alloys
and the motions could be driven by the strain field
[23,24]. A combination of the possibly strong barrier
strength and the easy motion (only when certain con-
ditions are met) could cause plastic instability in low
temperature-irradiated austenitics. On the other hand,
the appearance of black-spot defects was not strongly
affected even in the regions which had undergone heavy
deformation. Therefore, defects of this type could be a
stable hardening source in austenitic alloys. The black-
spot type defects are believed mostly to be vacancy

Fig. 6. Microstructures in Fe—-15Cr-20Ni alloy after single-beam ion irradiation at 573, 673 and 773 K.
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Fig. 9. Experimentally obtained hardening amount (AH) in
Fe-15Cr-20Ni alloy divided by model-estimated AH (see text)
plotted as a function of mean dislocation loop diameter.

clusters, because many of them collapse into stacking
fault tetraherda after annealing at ~773 K.

The hardening by cavities was also examined in a
similar way. In Fig. 11, the experimentally determined
cavity hardening in the Fe-15Cr-20Ni alloy is compared
with a model estimation by Scattergood and Bacon [25]:

 aGb(Nd)'"”
1—0.81d(Nd)'?

xm{%%;u—o&ﬂwwﬂ}, (5)

Ao, =M

y

where o = barrier strength factor and taken as 1 in this
analysis. This result shows that the effective barrier
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Fig. 10. Frank loop size distribution in ion-irradiated Fe—
15Cr—20N:i alloy before and after nano-indentation.

strength factor for cavities are 0.1-0.3 instead of 1 that
has usually been taken [26]. Other cavity-hardening
models, including revised Orowan’s model and Weeks’
model, give similar results to Fig. 11 [27,28]. This is
probably because cavities produced in the model alloy
during ion irradiation up to 25 dpa are relatively clean,
while solute segregation and associated precipitation are
playing a major role in neutron hardening in austenitic
steels for which « =1 is generally applicable [26]. It
should also be noted that omitting the Taylor factor in
Eq. (5) in some work on neutron hardening analysis has
contributed to this discrepancy.

XTEM of indented cavity microstructure composed
of severely stretched cavities and network dislocations.
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Fig. 11. Experimentally obtained cavity-hardening (AH) in Fe—
15Cr-20Ni alloy divided by model-estimated AH (see text)
plotted as a function of mean cavity radius.

Many dislocation segments were terminated on the
cavity surfaces and the end segments were always
roughly normal to them. Therefore, the model by Scat-
tering and Bacon seems most applicable to this case.
This implies that dislocation attraction on cavity sur-
faces through an image force is the dominating hard-

Y. Katoh et al. | Journal of Nuclear Materials 323 (2003) 251-262

ening mechanism and cavity cutting by dislocations is
the operating deformation mechanism.

3.3. Irradiation-hardening and helium effect in Fe—
8§~9Cr-2W RAFMs

The average nano-hardness for JLF-1 and F82H
specimens after normalizing and tempering in respec-
tive standard conditions was 2.2-2.4 GPa. This nano-
hardness corresponds to a Vickers hardness number of
203-221, which agrees well with the Vickers hardness,
213-222, measured with the load of 98N [3,29]. The
scatter range of hardness data from a single specimen
was typically £0.2 GPa, which was significantly larger
than that for the austenitic alloys. This is probably due
to the influence of inhomogeneous dislocation micro-
structure, crystallographic orientation and anisotropic
martensitic lath structures. In this work, therefore, at
least five indentation measurements were made in dif-
ferent prior austenitic grains within a single specimen
and the average was taken as the specimen’s nano-
hardness for a given A4, range.

In Fig. 12, the time-evolution of hardness of JLF-1
during single- and dual-beam irradiation at 573-773 K is
presented. The amount of irradiation hardening was not
very significant (10-40%) up to 10 dpa, in contrast to
~130% in the austenitic model alloy. The scatter in dual-
beam irradiated hardness was relatively large (~13% in
standard deviation), partly because of the smaller range
of helium deposition. However, the data obtained sug-
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Fig. 12. Fluence-dependence of nano-indentation hardness changes in Fe-9Cr-2W reduced-activation martensitic steel (JLF-1) during
single- and dual-beam ion irradiation. The error bars show standard deviation. Horizontal positions of data points are intentionally
shifted for readability, while nominal fluences were 1.0, 3.0 and 10.0 dpa in this experiment.
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gests that an obvious helium effect on irradiation hard-
ening could have occurred only at 573 K. At T > 773K,
irradiation-softening was clearly observed at 1 dpa in
single-beam irradiation. Corresponding recovery of
dislocation structures within martensitic laths in the
near-surface layer, typically to a depth of ~500 nm for
the case of 773 K irradiation, was observed by TEM.
Such a thermal recovery and the resultant softening did
not occur during dual-beam irradiation. In other word,
the presence of only small amount (~10 ppm) of helium
was effective in retarding a thermal recovery of the
characteristic microstructure for martensitic steels.

An attempt to compile the hardening at 5-10 dpa as a
function of irradiation temperature is made in Fig. 13. A
hardening peak is likely to occur at around 623 K. The
hardening rapidly becomes less significant at higher
temperatures, and the difference between JLF-1 and
F82H might be appearing only in this temperature
range. Such difference could have occurred not only by
minor difference in the alloy composition and heat
treatment but also by the differences in irradiating par-
ticles (JLF-1 was irradiated by nickel ions). The esti-
mated concentration of deposited nickel at the midplane
of dual-beam range is 60 ppm/dpa. Actual nickel con-
centration could be higher because of the potential mi-
gration from the deeper regions where nickel
concentration is higher. A very significant enhancement
of irradiation hardening at 623 K by nickel addition is
reported for F82H [30].

The single- and dual-beam irradiated microstructures
in the standard F82H at the peak hardening temperature
are shown in Fig. 14. The observed microstructural de-
fects that had been produced by irradiation were small
dislocation loops and ‘black-spot’ defects. Majority of
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‘ é

e g
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o JLF-1/4 MeV Ni/
10 dpa/0 appmHe/dpa
= JLF-1/4 MeV Ni/
10 dpa/10 appmHe/dpa
o JLF-1/4 MeV Ni/
10 dpa/100 appmHe/dpa
A F82H-1/10.8 MeV Fe/
5 dpa/10 appmHe/dpa
¢ F82H-2/10.8 MeV
Fe/5 dpa/10 appmHe/dpa

-
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T
&
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Fig. 13. Irradiation temperature dependence of hardening
amount (AH) in Fe-8 ~ 9Cr—2W reduced-activation martensitic
steels by single- and dual-beam ion irradiation to 5-10 dpa.
F82H-1 and -2 are IEA-heat F82H which had been tempered at
1023 and 1073 K, respectively.

the observed loops were of (a/2)(111) type. Quantita-
tive features of these defects were not significantly af-
fected by helium co-implantation, as seen in Fig. 15(a)
and (b), where the average size and the number density,
respectively, are plotted against fluence level.

3.4. Hardening mechanism in Fe-8 ~9Cr-2W RAFMs

With the quantitative microstructural data in Fig. 15
and taking f = 2.5, Egs. (3) and (4) give a reasonable

(b) 10appmHe/dpa R 4

=[011]

50nm
|

Fig. 14. Irradiation-produced microstructural damages in Fe-8Cr-2W steel (IEA-heat F82H) after single- (Fe ions) and dual-beam

(Fe+ He ions, 10 appmHe/dpa) irradiation to 50 dpa at 623 K.
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estimation of indentation hardening in Fe-8 ~9Cr-2W
RAFMs irradiated at T < 623 K, in comparison with
the corresponding experimental data [30]. Therefore, it is
likely that the small dislocation loops and black-spot

23
303 Loops at 0 appmHe/dpa 10
® Loops at 10 appmHe/dpa
A 'Black spots' at 0 appmHe/dpa

25 —

:?
E
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[a]
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Fig. 15. The evolutions of size and number density of irradia-
tion-produced dislocation loops and ‘black-spot’ defects in Fe—
8Cr-2W steel (IEA-heat F82H) during single- (Fe ions) and
dual-beam (Fe + He ions, 10 appmHe/dpa) irradiation at 623 K.

0.5um

1.0um

defects are the primary hardening sources and Orowan’s
dispersion strengthening is the working mechanism for
these cases.

XTEM of the irradiated and indented specimen was
also performed for the standard IEA-heat F82H steel
irradiated with iron ions (single beam) at 623 K for
5 dpa, in the same way as the austenitic model alloy. A
low magnification micrograph of an entire cross-section
of the indentation-induced plastic deformation zone is
presented in Fig. 16(a). The deformation zone was
roughly semispherical but more irregular-shaped and
inhomogeneous in dislocation density than in the in-
dented austenitic model alloy. Another noticeable fea-
ture in Fig. 16 is that the number density of dislocation
loops is substantially reduced within the plastic defor-
mation volume. This trend is obvious when the unin-
dented and indented microstructures are compared
between Fig. 16(b) and (c).

In Fig. 17, number density of dislocation loops at
different distances from the irradiated surface is com-
pared for before and after indentation. For the ‘after
indentation’ case, the distance from the irradiated sur-
face is equal to that from the indentation center. About
50% of the irradiation-produced dislocation loops an-
nihilated through the indentation. If the loop size dis-
tributions are closely examined, it is noticed that the
loops larger than ~10 nm in diameter have almost

llndentatiun center
R, .
. §

Fig. 16. An entire cross-section of the indentation-induced plastic deformation zone (a) and higher magnification images of irradiated
(b) and then indented (c) microstructures in Fe-8Cr—2W steel (IEA-heat F82H). The specimen was irradiated with 6.4 MeV Fe ions to

S dpa at 623 K.
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12
Fe-8Cr-2W,V,Ta/ F82H
As Irradiated
6.4 MeV Fe3+
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Maximum contact depth ~300 nm
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Fig. 17. Comparison of dislocation loop number density before and after nano-indentation in irradiated Fe-8Cr—2W steel (IEA-heat
F82H). The sizes indicated within charts represent loop diameters measured on weak beam dark field images.

completely disappeared. On the other hand, 80% of the
loops smaller than ~5 nm have survived. Therefore, it is
very clear that larger dislocation loops have larger re-
action cross-section with the gliding dislocations and
that small dislocation loops could be stable hardening
sources in these materials.

4. Conclusions

The effects of irradiation and helium production on
microstructural evolution, hardness and plastic defor-
mation behavior in Fe-15Cr—20Ni model austenitic al-
loy and Fe-8~9Cr-2W RAFMs were studied by
combined application of ion (including ‘dual-beam’) ir-
radiation, nano-indentation, FIB microprocessing and
(X)TEM. For this purpose, a method for continuous
nano-hardness profiling of ion irradiated materials was
successfully developed. Also, a method for XTEM of
nano-indented alloy samples was established.

Systematic data on irradiation hardening are pre-
sented for broad irradiation conditions. The austenitic
alloy exhibited severe (~130%) hardening by single-
beam irradiation. Helium co-implantation mildly mod-
erated the irradiation hardening in the studied condition
range. In the RAFMs, the extent of irradiation hard-
ening was moderate (~40%) and insensitive to the
presence of helium. Microstructural examination gen-
erally supported these observations.

Commonly used hardening models failed to explain
irradiation hardening when small Frank loops or cavi-
ties are the dominating radiation defect features in the

austenitic alloy. This is probably because small Frank
loops have larger effective interaction cross-sections with
gliding dislocation than their actual sizes, and the rela-
tively clean cavities produced by ion irradiation are
much weaker deformation barriers than the neutron-
produced decorated cavities.

The result of indented XTEM suggested that small
dislocation loops in the austenitic alloy could be an
unstable deformation barrier, while other defects (cavi-
ties and ‘black-spot’ defects in the austenitic alloy and
dislocation loops and ‘black-spot’ defects in the
RAFMs) are stable during plastic deformation.
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