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Abstract

The phase transformation of y(fcc) to a(bec) is observed in thin film specimens of austenitic 304 stainless steel
implanted with 100 keV ions at room temperature. The orientation relationships between the induced o(bcc) and the
austenitic y(fcc) matrix are determined to be (011),/(111), and [111],//[011],. The relationship is followed by the
Kurdjumov—Sachs (K-S) rule rather than the Nishiyama—-Wasserman (N-W) rule in this experiment, though the latter
relationship was well observed in the previously reported experiments of implantation of austenitic stainless steels with
noble gases or other heavy ions. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 64.70.—p; 81.30.Kf; 61.80.—x

1. Introduction

The austenitic stainless steel is one of the most im-
portant materials in industry. It is also considered as the
prospective candidate for the first wall materials of fu-
sion reactors and the structural materials in the active
zone of fast breeder reactors [1]. Researches have been
carried out extensively for basic understanding of the
behavior of the austenitic stainless steel in radioactive
circumstances.

The first evidence for the occurrence of a marten-
sitic phase transformation of y(fcc) to a(bcc) in au-
stenitic stainless steels after ion implantation was
obtained with electron microscopy from 18/8 and 316
steels implanted with phosphorus [2,3]. Further re-
searches with transmission electron microscopy
(TEM), glancing angle X-ray diffraction (GXRD),
Rutherford backscattering (RBS), conversion electron
Mossbauer spectroscopy (CEMS), revealed that im-
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plantations with other energetic ions, such as Sb [4],
inert gas ions (He, Ar, Kr and Xe) [5-9] and the
constituent element ions (Fe, Ni and Cr) of the au-
stenitic stainless steels [7,8], also induce the phase
transformation. The orientation relationships of the
transformed o-phase to the y-matrix were observed
and considered to agree with the Nishiyama-Wasser-
mann (N-W) rule (110),/(111), and [110],//211], in
the experiments of ion implantion of austenitic stain-
less steels, such as the experiments of P and Sb ions
implantation of 18/8 and 316 stainless steels [2-4], and
other experiments of ion implantation into austenitic
stainless steels [8].

In our recent experiment, thin film specimens of 304
austenitic stainless steel (304SS) were implanted with
100 keV Xe ions to a fluence of 1.0x 10?! ions m~2 at
room temperature in a high-voltage transmission elec-
tron microscope (HVTEM). The orientation relation-
ships between the induced o(bcc) phase and the
austenitic y(fcc) matrix were found to follow the
Kurdjumov—Sachs (K-S) rule, namely, (011),/(111),
and [111],//[101], rather than the N-W rule, though it
was reported to be the mostly observed relationship in
ion implantation experiments of austenitic stainless steels.
In this paper, we report and discuss the experimental
results.
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2. Experimental

Thin foil disks, 3 mm in diameter and 0.2 mm in
thickness, were cut out from the commercial grade
304SS foils, annealed at 1373 K for 0.5 h, then prepared
into TEM specimens by electrolytical polishing using a
twin jet technique in a solution of 90% acetic acid and
10% perchloric acid at 289 K. The Xe ion implantation
was carried out at room temperature using ION/HVEM
system which consists of 1000 keV HVTEM (JEM-
ARM 1000), 200 and 30 keV ion implanters [10]. The
accelerating voltage of Xe ions was 100 kV and the in-
cident angle of the ion beam was 45°. The projected
range and straggling of 100 keV Xe ions in 304SS cal-
culated by TRIM code [11] were 17.9 and 6.2 nm, re-
spectively. The electron beam was switched off during
Xe ion implantation in order to eliminate the damages
by electron irradiation. The specimens were implanted at
a flux of 2.3x10'7 ions m~2 s~!. The largest fluence was
1.0x10%" ions m~2. CTEM and HRTEM observations
were performed at room temperature with the JEM-
ARM 1000 TEM operated at 1000 kV during and after
the Xe ion implantation.

3. Results and discussion

Defects were observed in the specimen implanted to a
fluence larger than 2.0 x 10'® ions m~2. The density of the
defects increased with increasing the Xe ion fluence.
After the specimen was implanted to a fluence of
4.3x10" ions m~2, extra spots were observed in selected
area diffraction (SAD) patterns, suggesting that a phase
transformation took place. Increasing the Xe ion im-
plantation fluence, the fraction and the particle size of
the induced phase increased. Fig. 1 shows the result of a
specimen implanted to a fluence of 1.0x 10% ions m™2.
Figs. 1(a) and (b) give a bright field (BF) micrograph
and the corresponding SAD pattern, respectively. New
phase zones with sizes ranging from 10 to 30 nm are
observed in Fig. 1(a) as shown by arrows. Extra spots
are seen in the SAD pattern indicated by arrows in
Fig. 1(b). Since the electron beam of the HVTEM was
switched off during the Xe ion implantation, the mor-
phology change and the new phase formation are con-
sidered as the results of the Xe ion implantation. As the
fluence reached to 1.0 x 10! ions m~2, it was observed that
almost all of the austenite y(fcc) phase was transformed.

Fig. 2 presents a set of high-resolution transmission
electron microscopy (HRTEM) micrographs and the
corresponding SAD pattern of a specimen implanted to
a fluence of 1.0x10% ions m~2. Fig. 2(a) shows a rela-
tively large area in which the induced phase and the
matrix are identified. The matrix of y-phase in fcc
structure is in [0 1 1] direction. A part indicated by o(bcc)
is a crystal of bee structure in [1 1 1] direction. The lattice

Fig. 1. Structure change of an austenitic 304 stainless steel
specimen implanted with 100 keV Xe ions to a fluence of
1.0x 10% ions m~2 at room temperature: (a) a bright field (BF)
TEM image; (b) the corresponding selected area diffraction
(SAD) pattern.

planes of the bce structure part are well consistent with
the extra spots in the SAD pattern shown in Fig. 2(b),
which confirms that the induced phase is in bcc struc-
ture. The induced bce phase is considered as a marten-
site (o), since the lattice parameter obtained from both
the diffraction pattern analysis and the HRTEM ob-
servation agrees with that of martensite, and that this
kind of phase transformation were observed previously
in ion implanted 304SS and other austenitic stainless
steels [2-9]. Based on this consideration, the bec part in
Fig. 2(a) and the extra spots in the SAD pattern in Fig.
2(b) are indicated and suffixed to ao. Figs. 2(c) and (d)
show lattice images of the martensite bce and the matrix
fce parts, respectively. Two figures were enlarged from
the bce and the matrix areas in Fig. 2(a) or the area close
to Fig. 2(a) in the same TEM negative film. The lattice
plane (111), in the matrix is oriented parallel to (011),
of the induced a-phase, as shown in the figures, so that
the orientation relationships are obtained as (011),//
(111), and [111],//[011],. These orientation relation-
ships are confirmed to consist with the K-S rule,
namely, (011),//(111),and [L11],//[101],, from the
simulation of diffraction patterns. The K-S rule is one of
the most commonly observed relationships of o/y in
conventional martensite transformation in steels but
seldom observed in the previously reported ion im-
plantation experiments. Only in a series of experiments
of nitrogen-implanted 304 steels, the martensite was
found to form in a ‘y to € to o’ transformation sequence
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Fig. 2. HRTEM micrographs of an austenitic 304 stainless steel specimen implanted with 100 keV Xe ions to a fluence of 1.0 x 10% ions
-2

m~* at room temperature. (a) a relative large area; (b) the SAD pattern correspond to (a); (c) and (d) enlarged images of a bcc
martensite area and a matrix area within or nearby (a).

Fig. 3. An SAD pattern of an austenitic 304 stainless steel specimen implanted with 100 keV Xe ions to a fluence of 1.0x 10?° jons m—2

at room temperature (a) and a simulated diffraction pattern (b) in [111], +[011],.
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and the o/y orientation relationship was found to follow
the K-S rule [12]. It is probably that the ion implanta-
tion induced martensite transformation and orientation
relationship of o/y depend on the ion species or experi-
mental conditions. There are also some areas observed
with HRTEM which could not be explained as the
matrix nor the bec martensite structure. Such an area is
indicated by X in Fig. 2(a). Further work should be
carried out to clarify the nature of this area.

Fig. 3 gives an SAD pattern of a specimen in which
the phase transformation was induced and the simulated
diffraction pattern using the MacTempas program.
Crystal face orientations corresponding to the diffrac-
tion spots of the matrix and the transformed a-phase in
the SAD pattern are shown by the full-line and the
broken-line, respectively. In Fig. 3(a), the matrix is in
[011], and the a-phase is in [1 1 1], direction. The (011),
spot overlaps with the (111), spot in the Fig. 3(a), which
means that the two lattice planes parallel to each other
and have almost the same lattice spacing. Fig. 3(b) gives
the simulated diffraction pattern corresponding to Fig.
3(a), namely, [111],+[011],, using the parameters of
the two phases and the relationships of martensite to the
matrix. The diffraction spots indicated by ‘dot’ sign are
those of the fcc y-phase, and those indicated by ‘plus’
sign are those of the bce a-phase. The simulated results
are well consistent with Fig. 3(a). This consistency
confirms the orientation relationship between the o-
phase and the y-phase obtained in the previous para-
graph.

4. Conclusion

The phase transformation of y(fcc) to a(bec) is ob-
served in thin film specimens of austenitic 304 stainless
steel implanted with 100 keV Xe ions at room temper-
ature. The orientation relationships between the induced
ai(bce) phase and the austenitic y(fcc) matrix are deter-
mined to be (011),//(111), and [111],//[011],. The re-
lationship is followed the Kurdjumov-Sachs (K-S) rule
rather than the Nishiyama—Wassermann (N-W) rule in
this experiment though the later relationship was well

observed in the previously reported experiments of im-
plantation of austenitic stainless steels with noble gas
ions or other heavy ions.
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