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Abstract

Irradiation effects on precipitation were investigated in detail utilizing ion irradiation. F82H IEA heat, JLF-1 HFIR
heat, aged F82H-IEA (873 K · 30 k h) and model alloy (Fe–Ta–C, aged) were used for experiments. The specimens were
irradiated up to 10 or 20 dpa at 573 K or 773 K with 6.4 MeV Fe3+ ion or with degraded 1 MeV He+. It turned out that the
size distribution of precipitates changed by ion irradiation just the same as it was observed in neutron irradiated RAFs,
and precipitates in the ion irradiated region become amorphous. Laves phase in aged F82H was also amorphized. An aged
Fe–Ta–C model alloy contained a high density of TaC in the matrix, but those TaC precipitates disappeared in the ion-
irradiation region after 20 dpa single/dual ion irradiation. This amorphization of precipitates and TaC re-solution in these
RAFs was also observed in neutron irradiated RAFs.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Reduced-activation ferritic/martensitic steels
(RAF) F82H(Fe–8Cr–2W–VTa) [1,2] have mostly
been irradiated in fission reactors to investigate
irradiation induced mechanical property changes,
but spallation neutron sources, such as SINQ (swiss
spallation neutron source) and high energy light
ions have also been used to investigate the micro-
structure changes in the low temperature range [3–
7]. In those studies, the dislocation microstructure
evolution, as well as the phase stability of typical
precipitates (M23C6) was studied and amorphization
of M23C6 below 508 K was reported. The stability of
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precipitates in RAFs under neutron irradiation at
573 K has been studied [8–10], and it is reported
that F82H, ORNL9Cr–2WVTa, and JLF-1 show
various changes in precipitates after neutron irradi-
ation up to 5 dpa at 573 K. To investigate this phe-
nomenon with higher accuracy, those RAFs and a
model alloy were irradiated with heavy ion beam.
Our work includes precipitate size distribution and
phase stability.
2. Experimental

The materials used were IEA-modified F82H
(F82H-IEA), ORNL9Cr-2WVTa (ORNL9Cr) and
the JLF-1 HFIR heat (JLF-1). Aged F82H-IEA
(873 k for 30 k h), which contain Laves phase, and
an aged Fe–Ta–C model alloy (923 K for 500 h),
.
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Table 1
Chemical compositions of RAFs (wt%)

C Cr W V Ta Ti N Ni

F82H- IEA 0.11 7.7 2.00 0.16 0.02 0.01 0.008 –
JLF-1 0.1 8.9 1.95 0.20 0.09 0.002 0.0215 –
ORNL9Cr 0.1 8.8 1.97 0.18 0.065 <0.01 0.023 –
F82H + 2Ni 0.1 7.9 1.99 0.19 0.06 0.005 0.004 1.97
Fe–Ta–C 0.015 – – – 0.20 – – –

Table 2
Heat treatment conditions for RAFs

F82H aged (F82H-IEA) + 873 K · 30 k h aging
JLF-1 1323 K/1 h/AC + 1053 K/1 h
ORNL9Cr 1323 K/1 h/AC + 1023 K/1 h
F82H + 2Ni 1313 K/30 min/AC + 1023 K/1 h
Fe–Ta–C 1273 K/1 h + 923 K · 500 h aging
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which contain TaC, were also irradiated for com-
parison. Neutron irradiated F82H-IEA, ORNL9Cr,
JLF-1 and 2 wt% Ni doped F82H (F82H + 2Ni)
[8–10] were provided for detailed TEM analyses.
Details of the chemical compositions and the heat
treatments are listed in Tables 1 and 2. Irradiation
was performed at the DuET facility, at the Inst. of
Advanced Energy, Kyoto University up to 10 or
20 dpa at 573 K or 773 K with 6.4 MeV Fe3+ ion,
and with degraded 1 MeV He+ for dual irradiation.
The helium injection ratio to dpa (He/dpa) was set
to 15 appmHe/dpa for a depth between 500 nm
and 700 nm from the incident surface with an
Fig. 1. STEM images of Fe ion irradiated F82H-IEA and JLF-1
at 573 K up to 10 dpa.
energy degrader. Cross sectional TEM thin film
specimens of the ion irradiated region were made
utilizing focused ion beam (FIB) micro-processor
with a micro-sampling system, HITACHI FB-
2000 A, at the WASTEF facility, JAEA. The details
of the FIB processing are given elsewhere [11]. TEM
observations are performed with JEOL 2200FS and
JEOL 2010FX electron microscopes at the MUS-
TER facility, at the Inst. of Advanced Energy,
Kyoto University.
3. Results

The TEM microstructures of single ion irradiated
F82H and JLF-1 at 573 K up to 10 dpa are shown
in Fig. 1. These bright field STEM images show that
Fig. 2. Size distributions of precipitates in irradiated regions and
un-irradiated regions of F82H-IEA and JLF-1 Fe-ion irradiated
up to 10 dpa.
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the precipitate distribution and morphology in irra-
diated regions are different from those in un-irradi-
ated regions in both steels, and the lath structure
become unclear in irradiated regions. The size distri-
butions of precipitates were analyzed in irradiated
regions (600–1000 nm from irradiation surface)
and un-irradiated regions (2200–2600 nm) (Fig. 2).
The size distributions suggest that the smaller pre-
cipitates became dominant and decreased in number
in irradiated regions of F82H, but in JLF-1, the pre-
cipitates became smaller but the smallest precipi-
tates were gone. These results suggests that these
microstructures are refined in both steels but more
so in JLF-1, and the same tendency was observed
in neutron irradiated JLF-1 at lower dose (5 dpa/
573 K) [10].

The dark filed images shown in Fig. 3 revealed
that the precipitates of M23C6 in irradiated regions
of F82H became amorphous. In aged F82H, the
Laves phase also became amorphous phase (Fig. 4).

Microstructural observations on neutron irradi-
ated RAFs (5 dpa/573 K) were performed with
emphasis on the phase stability of M23C6 (Fig. 5).
It turned out that the amorphization of M23C6 is
very faint in F82H and JLF-1, but the amorphiza-
tion was very obvious in ORNL9Cr and in
F82H + 2Ni. This tendency is in agreement with
the XRD analyses results on extraction residues
from neutron irradiated RAFs which were previ-
ously reported [10], which showed that the X-ray
peaks for all irradiated specimens tended to have
broadening and lower intensity with the median at
Fig. 3. TEM images of Fe-ion irradiated F82H at 573 K up to
10 dpa: (a) bright field image; (b) dark field image; and (c)
diffraction pattern. White circle on (c) indicates the position of
objective aperture to image the dark field image.
about 45�, especially on F82H + 2Ni. Those results
support the presence of amorphous M23C6.

The aged Fe–Ta–C model alloy was irradiated at
773 K up to 20 dpa with single and dual ion beams.
The microstructural observation suggests that the
TaC, which is the dominant precipitate in un-irradi-
ated regions disappeared from irradiated regions in
both single/dual irradiation conditions (Fig. 6). This
instability of TaC due to irradiation was also
observed in XRD analysis results on extraction res-
idues of neutron irradiated RAFs [10] as the MX
peaks for JLF-1 and ORNL9Cr disappeared after
irradiation.

4. Discussion

The amorphization of M23C6 in F82H or other
9Cr ferritic/martensitic steels has been reported by
Fig. 4. (a) Bright field and dark field images of Fe ion irradiated
aged F82H-IEA, irradiated at 573 K up to 10 dpa, and magnified
images of Laves (indicated by open block arrow) and M23C6 in
(b) irradiated region and (c) un-irradiated region with diffraction
pattern from the area. White circles on diffraction patterns
indicate the position of objective aperture to image dark field
images.



Fig. 5. TEM images of neutron irradiated RAFs, up to 5 dpa at 573 K. Dark field images DF1, 2 and 3 were taken by selecting the
arrowed region of each diffraction pattern.

Fig. 6. TEM bright field image of Fe–Ta–C model alloy
irradiated by (a) single ion and (b) dual ion at 773 K up to
20 dpa. Black contrasts in un-irradiated region correspond to
TaC. Magnified bright field images of 20 dpa region of (c) single
ion irradiated and (d) dual ion irradiated region, and (e) un-
irradiated region.
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Dai et al. [3,5] Schaublin and Victoria [4], Jia et al.
[6], and Sence et al. [7]. Schaublin examined F82H
at room temperature and 523 K with proton and/
or neutron irradiation, and suggested that the amor-
phization of M23C6 was observed only for specimens
which were irradiated at room temperature [4]. Jia
examined an F82H microstructure which was irradi-
ated up to 10–12 dpa in the temperature range of
413–633 K at SINQ, and concluded that the glass
transition temperature (Tg) was 508 K [6]. The
results provided by Dai and Sence on the M23C6

amorphization after lower temperature irradiation
are also in good agreement with the result of Jia.

However, the results provided in this work dem-
onstrate the amorphization of M23C6 at 573 K, well
above the value for Tg given by Jia. This discrep-
ancy could be interpreted by the generalized Lind-
eman criterion (GLC) theory for radiation induced
amorphization (RIA) provided by Okamoto et al.
[12]. Based on GLC, the RIA occurs when the mean
square displacement of the phase reaches a critical
value, and this condition depends on how the dis-
placements were induced and accumulated. It
should be noted that there is a threshold tempera-
ture (Tx; Tx > Tg) below which the radiation
induced re-crystallization could not occur. In the
temperature range between Tg and Tx, the material
cannot be 100% amorphous, or re-crystallized.
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The amorphization of M23C6 observed in Fe ion
irradiated F82H at 573 K is possible because the
displacement damage induced by Fe ion is highly
efficient at producing damage compared to proton
or neutron irradiation. The higher threshold
temperature for RIA with heavy ion irradiation
compared to light ion irradiation has also been
observed for various inter-metallic materials [12].
The Tg of M23C6 under Fe ion irradiation must be
below 773 K as there is no amorphization observed
in that specimen.

The amorphization of M23C6 observed in neu-
tron irradiated RAFs could be interpreted as the
phenomenon between Tg and Tx. Differences for
JLF-1 could arise because JLF-1 is tempered at
higher temperature (1053 K) compared to other
RAFs, and that makes the driving force for recovery
stronger than for the other RAFs. The amorphiza-
tion of M23C6 in F82H + 2Ni could be understood
as the result of the complex composition of
M23C6, because the chemical analyses on extraction
residues indicates the presence of Ni in M23C6, and
an increase in the mean square displacement and an
increase in the threshold temperature of RIA.

The amorphization of Laves phase observed in
aged F82H is expected, as the Laves phase, typically
Fe2W, is an inter-metallic and its melting tempera-
ture is above 1300 K. This result provides an
alternate interpretation for the results reported by
Kohno et al. [13] that the temperature time condi-
tion for the appearance of Laves phase under irradi-
ation shifted to the higher temperatures compared
to thermal aging condition, because this result sug-
gests that the Laves phase would not appear as the
stable phase below Tg of Laves phase, although the
Laves phase must be present under thermal equilib-
rium conditions at that temperature.

The size distribution change of M23 C6, and re-
solution of TaC could be understood with the
GLC theory, because the theory predicts that the
temperature dependence of the diffusion coefficient
under irradiation changes around the temperature
range between Tg and Tx, and the effect of irradia-
tion on diffusion is significant below that tempera-
ture in comparison with thermal diffusion. Since
the melting temperatures for Cr23C6 and TaC are
1823 K and 4258 K, Tx of M23C6 or TaC could
be assumed to be well above 573 K, and this sug-
gests the possibility that the size distribution
change or re-solution occurs with the help of diffu-
sion enhanced by irradiation. This interpretation
could also apply for the density change of defect
clusters above Tg which was also reported by Jia
et al. [6]

5. Summary and conclusions

Irradiation effects on precipitation were investi-
gated in detail utilizing ion irradiation in which irra-
diation condition could be controlled with high
accuracy, as well as on neutron irradiated speci-
mens, with the emphasis on the phase stability of
precipitates. The conclusions obtained were as
follows:

(1) Radiation induced amorphization of M23C6

were observed in Fe ion irradiated F82H at
573 K, but not at 773 K, and the glass transi-
tion temperature Tg of M23C6 in F82H could
be estimated between 573 K and 773 K.

(2) Radiation induced amorphization of Laves
phase as observed in Fe ion irradiated aged-
F82H at 573 K.

(3) The size distribution change and re-solution of
TaC, which was observed in ion and neutron
irradiated RAFs and in a Fe–Ta–C model
alloy, could be related to the radiation induced
amorphization and the radiation enhanced
diffusion at that temperature range.
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