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Abstract
The microstructures, prior and posterior to volumetrically remarkable swelling, of
heavily neutron-irradiated specimens of compositionally-modified SUS316 based steel were
carefully studied and characterized by using transmission electron microscope(TEM) and
high resolution TEM to make clear an onset mechanism of radiation-induced swelling as well
as an effect of neutron irradiation on microstructure.
As the results of TEM study, it was demonstrated that the microstructural evolutions,
including radiation-induced swelling, depended strongly on the irradiation condition. The
relationship between the onset of swelling and microstructural evolution is quite complicated
but the effects of irradiation temperature on microstructural changes appear to be relatively
large. The onset mechanisms of swelling at a specific temperature or temperature range are
discussed from the viewpoint of microstructure in this paper.
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1. Introduction
Structural materials of fusion and fission reactors suffer serious damage caused by irradiation
with high dose/energy neutrons. A large amount of irradiation data of austenitic steel has ever been derived
from irradiation experiments by employing a variety of fission reactors, consisting of the basis of present
understanding on irradiation response of this type of material [1-8]. At the same time, an effort to further
understandings on irradiation behavior by utilizing various irradiation tools has been continued still now.
One of most important issues of irradiation behavior in austenitic steel is dimensional instability
induced by irradiation. In the early studies on austenitic steel irradiated in fast reactor, it was demonstrated
that appropriate compositional and fabricational modification were effective to retard an onset of swelling
and also that there was a high possibility to prolong an incubation or transient regime of swelling [1].
In our recent work, the microstructures, prior and posterior to volumetrically remarkable
swelling, of heavily neutron-irradiated specimens of compositionally-modified SUS316 based steel
(PNC316) were carefully studied and characterized by using transmission electron microscope (TEM).
The objective of this study is to make clear an onset mechanism of radiation-induced swelling as
well as an effect of neutron irradiation on microstructure from the viewpoints of microstructure.
[LF]

2. Experimental
A chemical composition of PNC316 stainless steel was Fe-16Cr-14Ni-2.5Mo-0.25P-0.004B
-0.1Ti-0.1Nb in wt% and a compositional design concept of this material can be found elsewhere [5]. The
chemical composition and heat treatment condition are shown in Table 1.
The PNC316 cladding tubes were neutron-irradiated at fuel-free condition using the core
materials irradiation rig (CMIR) through a successive irradiation campaign in the experimental fast
reactor JOYO. The irradiated cladding tubes were unloaded at the end of every campaign for the interim
measurements of the outer diameter and/or density. After that, the tubes were reloaded for obtaining data
at a higher dose. Details of the irradiation conditions are shown in Table 2.
Microstructural observations were done with the foil specimens prepared from the irradiated
tubes by a conventional TEM operated at 400kV and a high resolution TEM (HRTEM) at 200kV. And then,
microchemical analyses were conducted with extraction carbon replica for the reduction of radioactivity by
using energy dispersive spectrum (EDS) devices equipped with TEM and HRTEM.
3
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3. Results and Discussion
Figure 1 shows swelling as a function of irradiation dose in successively irradiated PNC316. In
this figure, the swelling data determined from the measurements of density and/or outer diameter of the
cladding tubes irradiated in JOYO is plotted together with those irradiated in other reactor. When
irradiation dose increased up to 25.0 x 1026 n/m2, the swelling has occurred except in the case of 706C at
where densification rather than swelling was implied. The swelling at 502C was raised up around the
doses of 16.8 to 20.6 x 1026 n/m2 but those at 569, 589 and 628C still remained low at the similar doses of
19.2 to 20.2 x 1026 n/m2.
Microstructures prior and posterior to swelling at 502 and 569C are shown in Fig.2 (a)-(e)
together with the as-received one for the comparison. As-received microstructure of PNC316 exhibits
elongated grains parallel to working direction, high dislocation density and deformation twins, all of which
is attributed to the 20% cold-working of final tube fabrication process. The grain boundaries are free of
second-phase precipitation with only a few large precipitates scattered randomly throughout the
single-phase austenite matrix as shown in Fig.2 (a). When irradiated at 502C up to the doses of 20.6 x
1026 n/m2 (Fig.2 (c)), void distribution in the matrix distinctly changed into homogeneous while that was
heterogeneous at the doses of 16.8 x 1026 n/m2 (Fig.2 (b)). On the other hand, microstructural comparison
at 569C are shown in a pair of micrographs (Fig.2 (d) and (e)), indicating that both size and number
density of void increased as the dose increased, though it was larger in size and much lower in number
density than those at 502C.
Precipitate distribution in the microstructures of PNC316 irradiated at each condition, which is
considered to be one of most significant microstructural factors directly related to microstructural stability
during irradiation and also strongly influenced on an onset of swelling, are indicated in Figs.3 and 4. At
502C, as shown in Fig.3 (a) and (d), the relatively small size (< 100nm) of precipitate formed during
irradiation and their distribution appeared to be relatively uniform. It was found, from the total analyses of
selected area diffraction pattern (SAD) and EDS, that there were several types of precipitate formed on
grain boundaries and in the matrix, such as carbide and intermetallic phase. In the case of irradiation at
569C, the blocky types of precipitate were frequently observed as seen in Fig.3 (b) and (e) and were
4

identified as intermetallic laves and G phase. The precipitate distribution has scattered before swelling but
aligned gradually with increasing the dose. It is highly possible that the aligned direction was parallel to
deformation twin observed in the unirradiated microstructure. The pair of microstructures irradiated at
628C (Fig.3 (c) and (f)) exhibits that both precipitate and void fairly grows, at the maximum, to the size
of a few hundreds nanometer with heterogeneous distribution and low number density. Most of precipitate
identified was intermetallic laves phase. Much higher magnification images of the microstructure after the
onset of swelling are shown in Fig.4 (a)-(c). Comparison of these micrographs revealed that
microstructures at 502 and 569C (Fig.4 (a) and (b)) possessed a acicular precipitate, which was identified
as a hexagonal Fe2P, with the size of a few nanometers wide and a few of ten nanometers long and that
nothing except cavities was formed in that at 628C. Figure 5 (a)-(c) are HRTEM image of this specific
Fe2P precipitate, SAD and its schematic drawing, illustrating coherency of interface and orientation
relationship of precipitate/matrix. These provided evidence that the interface between Fe2P and matrix is
incoherent and that (1-211) of Fe2P is parallel to (111) of austenitic matrix. All results of precipitate
identification are summarized in Table 3.
As was shown in numerous TEM micrographs, it was demonstrated again that the
microstructural evolutions, including radiation-induced swelling, are strongly dependent on the irradiation
condition. Although the relationship between the onset of swelling and microstructural evolution is quite
complicated but the effects of irradiation temperature on microstructural changes appeared to be large. In
the case of this study, it could be considered the following two microstructural features when the swelling
increased remarkably; mobility or mean free path of radiation defects, density of defect sink site such as
grain boundary, dislocation and interface among different phases. As seen in the as-received microstructure,
dislocation before irradiation existed with tangled and highly dense. During irradiation density of
dislocation slightly decreased but it would be almost reached to the constant state under irradiation.
Therefore, as to the onset mechanism of swelling, it was possible to consider as the followings. At
relatively low temperature (502C) where the difference in mobility between interstitial and vacancy is
large, void heterogeneously nucleated in the austenitic matrix. According to the dose increment the
distribution of void gradually changed into a homogeneous state due to not only the growth of existed void
but also nucleation of new void, leading to the remarkable swelling. Next, at medium temperature range
5

(569-628C) where the difference in mobility between interstitial and vacancy is getting smaller, the
frequency of the void nucleation decreased but once void nucleation occurred the void grow remarkably,
leading to the swelling.
Of particular concern, but of little surprise, was the finding that the fine Fe2P was distributed
stably in the austenite matrix after the onset of swelling and also that the Fe2P effectively trapped cavity on
the interface of Fe2P precipitate/austenite matrix. Because it was believed so far that the dissociation of
acicular Fe2P during irradiation reduced the trapping effect on helium atoms and consequently swelling
was induced [5,7].
[LF]

4. Summary
The microstructures, prior and posterior to volumetrically remarkable swelling, of heavily
neutron-irradiated specimens of PNC316 were carefully studied and characterized by using TEM and
HRTEM. It was demonstrated that the microstructural evolutions, including radiation-induced swelling,
depended strongly on the irradiation condition. The relationship between the onset of swelling and
microstructural evolution is quite complicated but the effects of irradiation temperature on microstructural
changes appeared to be relatively large. As the results of TEM study, it was concluded that the onset
mechanisms of swelling differed at each irradiation temperature.
[LF]
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Table 1

Chemical compositions, heat treatment and cold-working conditions of PNC316
Chemical composition (mass%)

PNC316

C
0.056
Mo
2.59

Si
0.80
Ti
0.077

Mn
1.91
Nb
0.091

P
0.028
B
0.0037

S
0.002
N
0.003

Cr
16.50
Cu
0.03

Ni
13.77

Solution annealed at 1095ºC for 1 min. and then used in the 20% cold-worked condition.

Corresponding Author : Shinichiro Yamashita
Column width : one column
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Table 2

Irradiation conditions of PNC316

CMIR campaign No

1

2

3

4

5

Remark
Temperature (ºC)

Cumulative time (hr.)

3840

9880

14520

18740

23540

Cumulative dose
(upper value in 1026
n/m2 and lower one in
dpa)

3.5;
17.5

8.9;
44.5

13.0;
65.0

16.8;
84.0*

20.6;
103.0*

502

4.1;
20.5

10.6;
53.0

15.5;
77.5

20.2;
101.0*

25.0;
125.0*

569

4.1;
20.5

10.5;
52.5

15.3;
76.5

19.8;
99.0

24.3;
121.5

589

3.9;
19.5

10.1;
50.5

14.8;
74.0

19.2;
96.0*

23.6;
118.0*

628

4.1;
20.5

10.6;
53.0

15.5;
77.5

20.1;
100.5

25.0;
125.0

709

* Microstructural observations were done for the specimens irradiated under the conditions indicated by
the asterisks.

Corresponding Author : Shinichiro Yamashita
Column width : one column
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Table 3

Summary of precipitate of PNC316
Irradiation condition

Specimen ID
As-received
H6EU32T
L9EU32T
H6EU52T
L9EU52T
H6EU22T
L9EU22T

Precipitate

Temp. (ºC)

Dose
(x 1026 n/m2)

Matrix

Grain boundary

-

-

MC

No precpitate

16.8

MC, M6C or M23C6, (G), Fe2P

M6C or M23C6

20.6

MC, (M6C), Fe2P

M6C or M23C6

20.2

MC, G, Fe2P

M6C, Laves (or G)

25.0

MC, Laves, G, Fe2P

M6C, Laves (or G)

19.2

Laves

M6C, Laves

23.6

Laves

M6C, Laves

502
569
628

Corresponding Author : Shinichiro Yamashita
Column width :one column
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Figure captions

Fig. 1 Swelling as a function of irradiation dose in successively irradiated PNC316.

Fig. 2 Low magnification microstructure of (a) unirradiated and (b)-(e) irradiated PNC316. Irradiation dose
and temperature are (b) 16.8 x 1026 n/m2 and 502 ºC, (c) 20.6 x 1026 n/m2 and 502 ºC, (d) 20.2 x 1026 n/m2
and 569 ºC, (e) 25.0 x 1026 n/m2 and 569 ºC, respectively.

Fig. 3 Comparison of microstructures before and after radiation-induced swelling; (a) 16.8 x 1026 n/m2,
502 ºC, (b) 20.6 x 1026 n/m2, 502 ºC, (c) 20.2 x 1026 n/m2 , 569 ºC, (d) 25.0 x 1026 n/m2, 569 ºC, (e) 19.2 x
1026 n/m2, 628 ºC, (f) 23.6 x 1026 n/m2, 628 ºC.

Fig. 4 Cavities and radiation-induced precipitates observed in the microstructures of PNC316 irradiated to
(a) 20.6 x 1026 n/m2 at 502 ºC, (b) 25.0 x 1026 n/m2 at 569 ºC, but only cavities observed in that of PNC316
irradiated to (c) 23.6 x 1026 n/m2 at 628 ºC.

Fig. 5 (a) High resolution image of acicular Fe2P precipitate embedded in the austenite matrix. (b) Selected
area electron diffraction pattern from the area including Fe2P and (c) schematic drawing of diffraction
pattern. Arrow indicates the cavities attached on the surface of Fe2P.
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