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Abstract

This work reports the study of changes of surface topography and bulk structure of 316L stainless steel (SS) irra-
diated at 773 K with 51.4 MeV C-ions to a fluence of 1.14 x 10?? ions/m?. The calculated damage levels at the surface
and at the damage peak position were 0.9 and 124 displacements per atom (dpa), respectively. The changes of surface
topography and bulk structure were checked at room temperature by the use of scanning probe microscopy (SPM),
scanning electron microscopy (SEM), 1 MV high voltage electron microscopy (HVEM) and transmission electron
microscopy (TEM) with cross-section technique. The experimental results suggested that high dose carbon ion irra-
diation led to (1) serious pitting, flaking, and crazing along grain boundaries of the irradiated surface; (2) voids formed
in the area around the damage peak and mean void swelling is about 4%. The void swelling data deduced from the SEM
and TEM observations were the same within the experimental error. Furthermore, some phase change has been de-
tected in the carbon ion stop region. All these observed phenomena were interrelated and have been discussed. © 1999

Elsevier Science B.V. All rights reserved.

1. Introduction

The interaction of fast neutrons with solids results in
a wide variety of phenomena including defect produc-
tion, irradiation creep, void swelling, changes in surface
topography, and so on. The confident design of nuclear
power plants requires knowledge of these phenomena
that develop in structural components during their ser-
vice in radiation environments. Because radiation dam-
age phenomena in reactors are a consequence of two
elementary processes, that is, lattice atom displacement
and helium production by (n,x) reaction, both processes
can be reproduced separately or simultaneously by ion
beam bombardment. Previous investigations of radia-
tion phenomena at surfaces and in bulk induced by
single ion impacts or by a certain dose of irradiation
have been made using field ion microscopy (FIM) [1],
transmission electron microscopy (TEM) [2] and scan-
ning probe microscopy (SPM) [3]. Some more studies
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have been reviewed by Garner and Gells [4]. Unfortu-
nately, the lack of studies on surface morphological
changes associated with bulk structure variation made it
difficult to completely evaluate and explain the funda-
mental aspects of irradiation occurring in a given ma-
terial under a given set of irradiation conditions. The
aim of the present work is to study surface morphology,
void formation and the correlation between them in
316L SS under high energy heavy ion irradiation.

In the present work, changes of surface topography
associated with bulk void swelling of 316L SS irradiated
with 51.4 MeV C-ions have been studied experimentally.
In the following, the experimental procedure was dem-
onstrated at first, then experimental results were given
and finally, the correlation between surface changes and
bulk damage was discussed.

2. Experimental procedure

Solution-annealed and 20% cold-worked 316L SS
sample (200 um in thickness, preparation procedure was
shown in Ref. [5]) was mounted on a sample holder
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which could be heated with built-in tungsten coils by
direct current and could be used to measure in situ the
irradiated ion fluence. The sample was covered by a
copper mask (1 mm in thickness) with a central hole of 8
mm in diameter. This sample was irradiated at 773 K
with 51.4 MeV C-ions delivered from the injector of
Heavy Ion Research Facility in Lanzhou (HIRFL) to an
ion fluence of 1.14 x 10?2 ions/m?. During the irradia-
tion, the C**-ion flux was limited to less than 5 mA/m?
and the measured sample temperature fluctuations were
within 15 K.

After irradiation, the sample was kept at room tem-
perature. At first, surface morphological changes were
checked by the use of SPM (EPM-810). Then the sample
was prepared as cross-section specimens [6] which were
used to study bulk void swelling and microstructural
changes by the use of SEM (JEM-120X), TEM (JEM-
2000FX) and HVEM (JEM-1000), respectively. Ac-
cording to the obtained micrographs, mean diameters of
voids at different depths along the ion-incident direction
were determined manually and the corresponding bulk
void swelling was deduced.

Two methods were used to determine bulk void
swelling. One based on SEM observations which was
denoted as void swelling Sx and another based on TEM/
HVEM observations which was denoted as void swelling
Sg. They are

Sa=+ fAAA x 100%, (1)
Sp = % x 100%, (2)

where A, V and AA, AV represent the measured area,
volume and the parts of them occupied by voids, re-
spectively. Specimen thickness under TEM/HVEM ob-
servations, ¢, was determined by diffraction fringes of an
electron beam on the wedge foil. Because V'=1t4 and
AV=1tAA, Sx and Sp have the same meaning.

Theoretical distributions of damage level and doped
C-atom concentration along the projectile range of the
incident C-ion in 316L SS were calculated by the use of
TRIM code.

3. Experimental results
3.1. Irradiation induced changes of surface topography

Fig. 1 shows the SPM photographs of surface mor-
phological changes of 316L SS after carbon ion bom-
bardments where (a) and (b) correspond to the shielded
and the exposed regions, respectively. The comparison
of them suggests that serious flaking and sputtering
occurred in the exposed region. Fig. 2 shows the Y-axis
modulation image (vertical scan modulated with video

Fig. 1. SPM photographs of surface changes from unirradiated
(a) to exposed (b) region of 316L SS sample surface bombarded
at 773 K with 51.4 MeV C-ions to a fluence of 1.14 x 10* ions/
m?. Serious flaking and sputtering occurred in the exposed re-
gion.

signal) of the fringe area of the irradiation spot. It shows
that a horizontal step appeared at the boundary corre-
sponding to the conversion from the shielded region to
the exposed area, the exposed area as a plateau raised

Fig. 2. Y-axis modulation SPM image obtained at the fringe
area shielded region and exposed area. The exposed area is as a
plateau raised from the initial surface and crazing along grain
boundaries appeared on it.
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from the initial surface, and cracks along grain bound-
aries occurred only in the exposed area.

3.2. Irradiation effects in the bulk

Fig. 3 shows the microphotographs of void forma-
tion in the irradiated sample by use of a cross-section
technique [6]. Fig. 3(a) is a SEM image which represents
an overview of void distribution along the direction
of the incident C-ion beam. Voids scattered within 2.3
pum (damage level from 5.3 to 63.0 dpa) and the strip-like
void area parallel to the irradiated surface. Fig. 3(b)
is a HVEM image corresponding to the area of voids
with dense number density. The measurements and
analyses yield average void swelling Sy =3.9% and
Sp=1(4.23 £ 0.52)% which are of the same value with
the experimental error. The measured void swelling peak
position is located at about 25.1 um (Sp = 6.4%) whereas
theoretical dpa peak position should be at about 26.4
um. There is a significant position difference between
these two peaks. Fig. 4 shows the measured void num-
ber distribution versus void diameter. Most voids are of
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Fig. 3. SEM (a) and HVEM (b) microphotographs of void
formation in the irradiated 316L SS: (a) represents an overview
of void distribution along the direction of the incident C-ion
beam and (b) shows the area of voids with dense number
density.

one to two hundred nanometers but the size of little
voids can reach up to a magnitude of 1 pum.

4. Discussion
4.1. Surface morphology and void swelling

The significant surface morphological changes and
void swelling have been shown in Section 3. For void
swelling measurements, the agreement between S, and
Sp values suggests that both SEM and TEM/HVEM can
be used to detect void swelling, especially for the con-
dition that the formed voids are of relatively large di-
ameters. The accuracy of S, is mainly limited by the
resolution of SEM and the accuracy of Sp is mainly
limited by the determination of the thickness of the
analyzed specimen. For the surface morphological
changes, the flaking and cracking that occurred at the
surface were driven by an anisotropic compressive stress
limited in the damaged volume and released at the ex-
posed area. Here, the exposed surface was free. The
anisotropic compressive stress state was only determined
by the ratio of the local swelling rate and the creep
compliance. Because the total volume change was ac-
commodated by movement of mass perpendicular to the
sample surface [7,8], the height & of the plateau raised
from the initial surface could be given by a rough
estimation
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Fig. 4. The measured void number distribution versus void
diameter. Most voids are of one to two hundred nanometers.
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Sa
= AR 3
AR, ()

where AR is the visible void’s spreading depth width
along the incident ion path and S, the average void
swelling in AR. In the present study, Sx=3.9%,
AR=2.3 um and we have 4 =90 nm.

h

4.2. Shift of swelling peak

In principle, large void swelling corresponds to the
region that was damaged due to a large dpa value.
However, the above experimental observations show
that there is a significant difference between the mea-
sured void swelling peak position (25.1 pm) and the
theoretical dpa peak position (26.4 um). This was mainly
due to from two reasons:

(1) Surface flaking led to the measured void swelling
peak position shifting towards the irradiated surface. As
was shown in Fig. 1(b), a step of about 1 pm height
existed between different grains which implies that a
certain thickness of the initial surface was corroded by
the incident ion beam. The removed thickness corre-
sponds to the forward shift in the measured void swell-
ing peak position.

(2) Doping in the carbon atom stop region. For 51.4
MeV C-ion irradiation on 316L SS, theoretical peak
position of carbon atom deposition is at about 26.7 pm
(FWHM ~1 pm, carbon concentration 1.6 x 10%® at-
oms/m*). The diffusion of the implanted carbon atoms
results in the combination of carbon atoms with the
vacancies created by cascade collisions between incident
ions and the target atoms. It can decrease the growth

rate of void formation [9,10]. Furthermore, high con-
centration of doped carbon atoms will result in a new
phase change formation. Fig. 5 shows the carbon en-
riched phase formed in the carbon atom stop region.
The existence of carbonates leads to a decrease of void
swelling [10]. Thus, the doping of the implanted carbon
atoms can also result in the shift of the void swelling
peak position to the irradiated surface.

5. Summary

Surface topography and bulk structure changes of
316L SS have been studied experimentally. The experi-
mental results suggested that high dose carbon ion ir-
radiation led to (1) serious pitting, flaking, and crazing
along grain boundaries of the irradiated surface; (2)
mean void swelling around the damage peak is about
4%. Both SEM and TEM observations were used to
determine void swelling and the deduced data are the
same with minor experimental error. The flaking and
cracking that occurred at the surface were driven by an
anisotropic compressive stress and correlated with the
total volume change. The shift of the swelling peak
mainly resulted from surface flaking and carbon atom
doping in 316L SS.
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