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The swelling behavior which results from simu-
lated fusion environment irradiation of Fe-10% Cr
has been characterized with transmission electron
microscopy. Specimens were bombarded at 850 K with:
a "triple-beam" of He+, D+, and 4 MeV Fe++ ions to

0.3, 1, 3, 10, 30, and 100 dpa (displacement per
atom); a "dual-beam" of He+ and 4 MeV Fe++ ions to
30 and 100 dpa; and a "single-beam" of 4 MeV Fe++

ions to 30 dpa. The helium and hydrogen injection
rates were ~10 appm He/dpa and -40 appm D/dpa.
Cavities were observed for damage levels of 3 dpa
and greater. The swelling was <0.1% for damage
levels <30 dpa, but at 100 dpa, there was an
increase in the swelling to 2.5% for the "triple-
beam" irradiation and 1.2% for the "dual-beam"
irradiation. The swelling rates between 30 and
100 dpa correlate well with calculated values
assuming a steady-state swelling-rate regime has
been reached. Calculations show the rapid cavity
growth associated with this swelling increase cannot
be attributed to equilibrium bubble growth. For all
of the bombardments, the cavities with a diameter
greater than 10 nm had a truncated octahedral
morphology with fill} facets and {100} truncations.
Measurements indicate that the surface energy rela-
tionship was Y l n«o.8 ^ioo for these cavities. At
30 dpa, the cavities in the specimen irradiated with
the "single-beam" technique were larger and had a
lower concentration than the specimens irradiated
with dual- and triple-beam techniques. Comparison of
the specimens irradiated with the dual- and triple-
ion beams suggests that deuterium has an effect on
the damage microstructures in Fe—10% Cr.

1. Introduction

Potential uses of ferritic steels currently
include fusion reactor first wall and blanket struc-
tural materials. It is difficult to evaluate
materials for these applications as no prototype
fusion reactors exist. In the fusion environment,
the first wall and blanket structure will be bom-
barded by a large fast-neutron flux, with ~20% of
the neutrons having energies ranging from 10 to
14.1 MeV. The neutrons will cause atonic displace-
ments and the formation of transmutation products.
When considering radiation damage, helium and hydro-
gen are the most important of these transmutation
products. For evaluation of microstructural damage,
ion irradiation procedures involving simultaneous
bombardment of specimens with energetic gas and

heavy ions are often used. The heavy ions create
atomic displacements while the gas ions simulate
the effects of transmutation products. Commonly,
"dual-beam" irradiations with heavy ions and helium
ions are employed. In the "triple-beam" procedure
developed at Oak Ridge National Laboratory (ORNL), a
deuterium component is added to the helium
beam (1—3). The deuterium ions simulate transmuta-
tion produced hydrogen.

In the current investigation, both the dual- and
triple-beam techniques are employed to study cavity
formation in the binary alloy Fe-10% Cr. This alloy
was selected because several of the ferritic
stainless steels being considered for fusion appli-
cations contain ~10% chromium. In addition,
transmission electron microscope (TEM) studies of
the commercial steels are difficult due to their
ferromagnetic-nature and their usually complex pre-
irradiation microstructures. The simpler micro-
structure found in the binary alloy allows more
complete characterization of the damage structures.
In this paper, the swelling behavior observed for
several damage levels is reported.

2. Experimental Procedure

The Fe-10% Cr alloy was fabricated at ORNL from
MARZ grade iron (99.99+%) and IOCHROME chromium
(99.96+%) obtained from Materials Research
Corporation. A full description of the alloy prep-
aration procedure is given elsewhere (4). Rods
(3-mm-diam) were annealed in flowing dry hydrogen
for 24 h at 1400 K, furnace cooled to 1000 K, held
at this temperature for 2 h, and then furnace
cooled. Impurity concentrations for the alloy after
annealing are shown in Table I. The grain size was
~200 pm. Specimens of ~0.5 mm thickness were sliced
from the rods and prepared for ion bombardment using
standard techniques (4). TEM examinations indicated
that the dislocation density was <1012 ur2.

Ion bombardments were performed in the dual Van
de Graaff accelerator facility at ORNL (1-3). For
the dual-beam procedure, He+ and 4 MeV Fe^+ ions
were employed. For triple-beam irradiations, D+

ions were also used. The energy of the He+ or
He+/D* beam was ramped sinusoidally at 2.5 x 10-2 Hz
between 0.2 and 0.4 MeV. This technique distributes
the gas ions throughout the damage region created by
the heavy ions. A discussion of the damage profiles
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Table I. Impurity concentrations in Fe-10% Cr
specimen materials (wt ppm)

Element Concentration Element Concentration

cH
N
0
Aff
As
B
Ba
Br
Cl
Ca
Co
Cu
Ga
Ge

34
2
4
6
2
20
2
4
5
40
4
4
30
50
20

K
Mg
Mn
Mo
Na
Nb
Ni
P
S
Sb
Sn
Ta
V
W
Zn

7
<3
10
<2
4
2
20
10
20
2
70
<3
1

<10
10

and the implanted helium and deuterium profiles for
these irradiation conditions has been presented
elsewhere. The specimens were irradiated at ~7 x
10"3 dpa s"1. The desired gas concentration to
displacements ratios were 10 appra He/dpa and 40 appm
D/dpa, the ratios expected for a ferritic steel
first wall (6,7). Actual values of these ratios for
each specimen examined are listed in Table II. The
irradiation temperature (Tj) was ~850 K (~575°C)
which in a previous study had been determined to be

the temperature at which the peak swelling occurred
(4,8). Damage levels of 0.3, 1, 3, 10, 30, and
100 dpa were attained in the triple-beam irra-
diations. Dual-beam experiments were performed for
damage levels of 30 and 100 dpa. An additional
experiment was also conducted with a single ion beam
(4 MeV Fe + + only) to 30 dpa. Actual irradiation
parameters for the specimens examined are given in
Table II. Irradiation temperatures, Tj, were
measured with an infrared pyrometer. The displace-
ments per atom (dpa) shown in Table II are calcu-
lated from the heavy ion flux measured for each
specimen periodically during the experiment.

In these irradiations, as in most ion irra-
diations, the damage region is within a few microme-
ters of the irradiated surface. In specimen
preparation for TEM examination, the first step was
the controlled removal or "sectioning" of the
damaged region to a depth of 0.85—0.9 (xm, followed
by backthinning. The sectioning depth was selected
based on the damage-depth profile for iron irra-
diated at 850 K using the triple-beam technique
(4,5). The specimens were sectioned in a vertical
jet apparatus with an 80$ ethanol—20$ perchloric
acid solution cooled to ~225 K. Backthinning was
performed at ~285 K with a Tenupol electropolishing
apparatus and an electrolyte of 900 ml acetic acid,
100 ml methanol, and 100 ml perchloric acid. The
specimens were examined at 120 kV in a JEM 120C TEM
equipped with a special objective lens pole-piece
for the observation of magnetic materials. Several
of the specimens were also examined in a JEM 120CX
TEM or a Hitachi 1 MV high voltage electron
microscope (HVEM).

Table II. Irradiation parameters and quantitative experimental data*

848

848

853

849

855

844

867

847

858

841

Nominal
dpa

0.3

1.0

3

10

10

30

100

30

100

30

dpa

0.3

1.0

3

10

10

26

101

26

108

35

He
(appm/dpa)

9

8

8

10

12

9

9

15

7

—

D
(appm/dpa)

29

26

28

20

39

29

29

—

—

—

Dislocation
Density
(m/m3)

3.7 x 1013

3.9 x 1013

6.8 x 1O13

1.1 x 101(*

5.7 x 1013

3.2 x 1013

4.8 x 1013

1.4 x 1013

9.7 x 1012

2.1 x 1013

Com
(m";

**

**

3.5 x

2.6 x

3.2 x

-.4 x
(1.6 x

/2.0 x
\7.9 x

5.7 x

M . O x
\ 2.5 x

7.0 x

')

1019

1019

1019

1019

1020

1019
1019

1019

1022
1020

1018

Cavity Parameters
Vol av
diam
(nm)

9

23

21

S\22/

40)
84/

21

2.5)
44 /

37

Swelling
(X)

0.001

0.02

0.02

0.09

2.5

0.03

1.2

0.02

•Brackets indicate a bimodal distribution.

**None observed.



3. Results

Triple-Beam Irradiations

Cavities were observed in specimens irradiated
to 3 dpa and above. Typical cavity microstructures
for each fluence are shown in Figure 1. The cavity
distribution was reasonably homogeneous in all spec-
imens. Zones with no cavities were found near the
grain boundaries in the specimens irradiated to
10-100 dpa (no grain boundaries crossed the electron
transparent regions of th,= 3 dpa specimens). The
denuded zones are extended to shout 500 nm from the
grain boundaries in the 30 and 100 dpa specimens
(Figure 2). No cavities were observed on the grain
boundaries. Cavities were often observed in asso-
ciation with dislocations. Lines of cavities were
found as well (Figure 3), another possible indica-
tion of cavity growth on dislocations.

For damage levels >10 dpa, the observed cavities
had a crystallographic shape. Figure 3 shows
micrographs of the cavities in a specimen irradiated
to 30 dpa taken near the <100> and <110> poles with

g = <330>. Analyses of the cavity shapes shown ii
these micrographs indicated that the cavities had -i
truncated octahedral shape. The cavity facets are
on {111} with truncations on {100}. Comparisons of
the micrographs taken near the <100> and <110> poles
with computed images of truncated octahedral cavi-
ties ({111} facets, {100} truncations) for these
orientations (9) supported this conclusion.

The data for the measured dislocation density,
cavity concentration (N c), volume-averaged cavity
diameter (d c), and calculated cavity volume fraction
(swelling) are given in Table II. In addition, the
cavity data are depicted in Figure 4. The cavity
diameters were measured assuming a circular projec-
tion with approximately the same area as the
crystallographic projection. For 30 and 100 dpa, as
indicated in Table II, the measured cavity diameters
had a bimodal distribution. In a histogram of the
measured cavity diameters for the 30 dpa specimens,
about 20% of the cavities were found in a peak cen-
tered at ~7 nm while the remaining 8055 were in a
peak centered at ~20 nm. The volume-averaged cavity
diameters for these peaks were 8 and 22 nm. At
100 dpa, the two peaks were less distinct. The

Figure 1 - Cavity microstructures found in triple-beam ion-irradiated Fa-10% Cr. Tj~850 K.
marker is 200 nm. (a) 3 dpa, (b) 10 dpa, (c) 30 dpa, and (d) 100 dpa.

Scale

Figure 2 - Zones denuded of cavities found near grain boundaries in triple-beam ion-irradiated
Fe-10% Cr. Scale marker is 250 nm. (a) 30 dpa and (b) 100 dpa.



lower peak (~20% of the cavities) had a volume-
averaged diameter of 40 nm and the upper peak (~80%
of the cavities) had a volume-averaged diameter of
84 nm. In Figure 4, the values at 30 and 100 dpa
for the volume-average cavity diameter and the
cavity concentration are the values calculated for
the entire distribution. Between 30 and 100 dpa,
the swelling increased from <0.1% to 2.5%. The
possibility of an additional population of very
small cavities was considered likely, especially at
the higher damage levels. If present, however,
these cavities are too small (<2 nm diam) to be
visible with TEM.

According to Wuiff's theorem, the ratio of the
surface energy, T^kl» t0 tne perpendicular distance,
dhki > between diametrically opposite (hkl) planes
which serve as faces of an equilibrium bubble is a
constant (10,11). This relationship has been used
to measure the ratio of the surface energies of dif-
ferent low index planes for cavities in copper, alu-
minum, and molybdenum (12). The relationship
T n i / d n i = Yioo/dioo was used to determine the sur-
face energy ratio for the cavities found in the

30 dpa specimen. Both d m and dioo were measured
for a number of cavities from the cavity projection
for a <110> beam direction. Additional measurements
of dioo were made for each cavity from a projection
for a <100> beam direction. The average value for
the Tm/YjQQ ratios calculated from these measure-
ments was 0.77 with a standard deviation of 0.06.

Dual Beam Irradiations

The cavity microstructures observed in the spec-
imens irradiated using the dual-beam technique are
shown in Figure 5. At 30 dpa, large (~21 nm av
diam) crystallographic cavities were observed. Soma
of the contrast effects in the micrographs also
suggested a background population of not clearly
resolvable cavities. At 100 dpa, the cavity distri-
bution was definitely bimodal. In addition to the
large (44 nm av diam) crystallographic cavities,
there was a high (~4 x 1 0 " m"3) concentration of
small, 2.5 nm av diam, cavities observed in the
thin areas of the foil (Figure 5c). These small
cavities did not have an observable crystallographic
shape. The quantitative cavity parameters are shown
in Table- II. These data are plotted with the
triple-beam data for 30 and 100 dpa in Figure 6.
For the 30 and 100 dpa triple-beam specimens, the
cavities in the two parts.of the bimodal distribu-
tion are within the same general size class, i.e.,
have average diameter within a factor of three.
Therefore, in Figure 6, the values for the entire
distribution are used for these data points. For
the 100 dpa dual-beam specimen, however, the cavi-
ties in the two parts of the bimodal have more than
an order of magnitude difference in the average
diameters. In Figure 6, the values for each part of
the bimodal distribution are shown for this specimen.

The cavities were often observed in association
with dislocations. At 100 dpa, as shown in
Figure 7, some of the dislocations appeared to be
pinned along their length, possibly by small cavi-
ties. Cavities with ~4 nm av diam were found at

Figure 3 - Crystallographic cavity shape observed in
triple-beam ion-irradiated (30 dpa, Ti~850 K)
Fe-10% Cr for beam direction near (a) <100> and
(b) <110>. Scale marker is 200 nm.
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Figure 4 - Quantitative cavity parameters measured
for triple-beam ion-irradiated Fe-10% Cr. Tp850 K.



Figure 5 - Cavity microstructures found in dual-beam ion- i r radiated Fe—10S Cr. Tj~85O K. (a) 30 dpa,
(b) 100 dpa, and (c) 100 dpa, high magnification micrograph showing the 2.5 nm-av-diam cavit ies over focused
image.
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Figure 6 - Comparison of the cavity parameters for
single-, dual-, and triple-beam irradiations.

50 K.

Figure 7 - Dislocations observed in the 100 dpa
specimen (dual-beam irradiation). Note the cavities
along the dislocations. The bowed appearance of the
dislocations marked by arrows suggests pinning by
small cavities. Scale marker is 200 nm.

grain boundaries in the 100 dpa specimen (Figure 8).
The alignment of many of these cavities (Figure 8a)
suggests that they are associated with grain boun-
dary dislocations or ledges. Next to the boundary
shown in Figure 8b, there appears to be a narrow,
<50 nm wide zone with no cavities. From 50 to
200 nm from the grain boundaries, the concentration
of the small, 2.5 nm av diam, cavities increased to
the concentration found further from the boundary
(Figure 8b). In contrast, the closest of the larger
crystallographic cavities were about 500 nm from the
boundary. This distance is comparable to that
observed for the denuded zones in the 30 and 100 dpa
triple-beam specimens.



Figure 8 - Grain boundaries observed in dual-beam ion-irradiated Fe—105 Cr, 100 dpa, over focused images,
(a) Aligned cavities found on the grain boundaries, (b) Note the decrease in cavity concentration ~200 nm
from the boundary. Next to the boundary is a narrow zone (~50 nm wide) denuded of cavities. Scale markers
are 50 nm.

The crystallographically-faceted cavities had
the same shape as those in the triple-beam speci-
mens. For the cavities found in the 30 dpa speci-
men, the surface energy ratio, Yin/ Yioo. calculated
from measurements of d m and dioo was 0.78 with a
standard deviation of 0.06.

Single Ion Irradiations

The micrograph in Figure 9 shows the cavity
microstructure found in Fe—10% Cr irradiated with
4 MeV Fe + + ions to ~30 dpa. The measured
microstructural parameters are found in Table II.
The cavities were larger (37 nm av diam) and had a
lower concentration (7 x 1018) than those in the
30 dpa specimens from the dual and triple beam irra-
diations. The single beam cavity data are plotted
with the data from the other irradiations in
Figure 6.

Other features of the cavities were similar to
many of those presented earlier. The cavities were
associated with dislocations, no cavities were found
at or near grain boundaries, the crystallographic
shape of the cavities was the same as that found for
the triple- and dual-beam irradiations, and the sur-
face energy ratio, Y m A i o o » calculated from the
d m an<* dioo measurements was 0.81 ± 0.06.

4. Discussion

Cavity Growth Modes

One notable feature observed in this investiga-
tion was the dramatic increase in the swelling be-
tween 30 and 100 dpa. For the triple-beam
irradiations, the increase in the swelling was pri-
marily due to an increase in the volume-averaged
cavity diameter from -20 nm at 30 dpa to ~75 nm at
100 dpa. As an explanation for this rapid growth,

the possibility that all of the cavity growth
occurred as equilibrium bubble growth was con-
sidered. The number of helium atoms per cavity,
"eq; required to stabilize the cavities as
equilibrium bubbles was calculated using the high-
density equation-of-state developed by Wolfer (13).
The values for neg, assuming a surface energy of
2J/m2, obtained for the volume-averaged cavity
diameters for each fluence are compiled in
Table III. Also found in Table III are the values
for the total amount of helium required for all of
the observed cavities to be equilibrium bubbles.
Assuming that all of the available helium is in the
observed cavities, a comparison of the available
helium concentration to the amount required for
equilibrium bubbles suggests that, in general, the
apparent "bubble character" of the cavities
decreases with increasing damage level. For
example, considering the triple-beam data, at 3 dpa
there was about a factor of four more helium

Figure 9 - Cavity microstructures found in Fe—10X Cr
irradiated with 4 MeV Fe++ ions. Tp850 K, 30 dpa.
Scale marker is 200 nm.



available than is required for all cavities to be
equilibrium bubbles. At 100 dpa, only ~50% of the
helium required for equilibrium bubbles was
available. This suggests that the cavities are not
growing as equilibrium bubbles at 100 dpa. I f par-
tit ioning of mobile helium to the dislocations is
considered, the amount of helium available for the
cavities is significantly reduced, especially at the
lower fluences. In addition, the available helium
would also be reduced by the presence of a high con-
centration of small, helium-containing cavities that
were not observed in the TEM examinations. This
possibility is supported by the high concentration
of 2.6-nm-diam cavities observed for the 100 dpa
dual-beam irradiation. Such a population of small
cavities was not observed at 30 dpa, suggesting
that, at 30 dpa, there could be a population of
cavities too small to be seen with TEM.

Many features of the cavity distributions at 30
and 100 dpa (tr iple beam) suggest that the rapid
cavity growth may result from the cav.ity radius
exceeding the cr i t ical cavity radius, r c r i t , or from
the number of gas atoms in the cavity exceeding the
cri t ical number, n*, required for bias-driven cavity

growth (14). Both experimental and theoretical
investigations are in progress to determine r c r l t

for Fe-10% Cr.

Clearly, experiments at several fluences between
30 and 100 dpa would be helpful in determining the
correct explanation for the rapid cavity growth. An
understanding of this mechanism would further the
development of fer r i t i c alloys with even greater
swelling resistance.

Swelling Rate

Referring to the swelling curves in Figure 6, i t
could be inferred that the steady-state swelling
regime is reached between 30 and 100 dpa. If i t is
assumed that this regime begins at about 30 dpa, the
steady-state swelling rate is ~0.03%/dpa for the
triple-beam irradiation and ~0.02%/dpa for the dual

beam irradiation. This is much lower than the
swelling rate of 0.12%/dpa reported by Oohnston
et a l . (15) for 5 MeV nickel-ion bombardments of
85/£ Fe-15% Cr specimens which had been preinjected
with 25 appm He.

The swelling rate is expected, however, to be
sensitive to the balance of the sink strengths of
the microstructural components. The maximum values
occurs when the cavity sink strength. 2itdcNcZ

c,
equals the dislocation sink strength, ZdL; where L
is the dislocation density and Zc»d are the respec-
tive sink capture efficiencies. Recent calculations
by Sniegowski and Wolfer (16) have predicted that
the maximum steady state swelling rate for fe r r i t i c
alloys is~0.14S/dpa for a vacancy relaxation volume
of —0.5Q and an interst i t ia l relaxation volume of
0.9Q, where a is the atomic volume. In this calcu-
lat ion, vacancy reemission from the cavities is
ignored. Assuming that V = Zd = 1, at 100 dpa for
the dual-beam irradiation, the cavity sink strength
is 1.1 x lOi-nr2 while the dislocation sink
strength is 9.7 x io12 m"2. Thus, the cavity sink
strength is a factor of ~11 greater than the dislo-
cation sink strength. Applying these values to the
equations used by Sniegowski and Wolfer yield? a
steady-state swelling rate of ~0.04%/dpa — within d
factor of two of the experimental results. For T j ,
~850 K, vacancy reemission should probably be
included in the calculation, which would lower the
calculated swelling rate and improve agreement with
the measured values. For the triple-beam i r ra -
diation, i t seems likely that there is a high con-
centration of small cavities similar to that found
in the dual-beam irradiation. If a 4 x IO22 m~3

concentration of 1-nm-diam cavities is assumed, the
calculated swelling rate is ~0.06%/dpa — once again
in good agreement with measured value. In these
calculations, i t has been assumed that the small
(<2.5 nm av diam) cavities are growing by bias-
driven growth and have the same capture efficiency
as the larger cavities. I f this is not the case,
the cavity sink strength would change, and the
calculated swelling rates could be quite different
(14).

Table I I I . Comparison of the available helium with the helium required for equilibrium
bubbles for each specimen. Also shown is rteq, the number of helium atoms per cavity

required for a cavity with diameter dr. to be an equilibrium bubble*

Nominal
Irradiation dpa

3

Triple beam

10
10
30

100

Dual beam
30

100

Heli urn
available

(atoms m"3)

2.0 x 102-
8.5 x 102-
1.0 x 1025
2.0 x 1025

7.7 x lO25

3.3 x 1025
6.4 x 1025

dc
(nm)

9
23
21

i 3
\22
(40
\84

21
1 2 . 5
144

1.
1.
1.
1.
1.
4.
2.

1.
6.
5.

neq
(atoms)

4 x
3 x
1 x
1 x
2 x
5 x
1 x

1 x
1 x
- x

10-
10s

105

10-
105
105

106

105

102
105

3.
2.
3.
4.
1.
2.
7.

5.
~4 .

2.

"c
(m-3

5 x
6 x

2 x
4 x
6 x
0 x
9 x

7 x
0 x
r x

X
1019
1019
1019
1019
1020
1019

1019

1019
1022
1020

Total helium
required for

equilibrium bubbles
(atoms

4.9 x
3.4 x
3.5 x
4.8 x
1.9 x
9.0 x
1.7 x

6.3 x
2.4 x
1.4 x

m-3)

1023

102-
102-
1023)
1025/
IO2-!
1026/

102-
1025)

•The small brackets indicate bimodal distributions.



Tnese swelling rates are much lower than the
~U/dpa usually found for the steady-state regime in
austenitic materials. If a rate of ~0.03%/dpa is
sustained at higher fluences, the swelling would
reach 6% at about 200 dpa, roughly equivalent to
20 HWyr-nr2 (6). Once again, additional experiments
at intermediate damage levels between 30 and 100 dpa
would help to clarify the location of the steady-
state swelling regime and would allow more accurate
projections of the long range swelling behavior.

Cavity Shape

For thermal equilibrium, the expected morphology
of cavities is that which produces the minimum sur-
face energy, y> f° r a specific volume. This shape
can be derived from a Wulff construction. In bcc
materials, the expected surface energy relationship
for the low-index planes is Y 1 1 0 < T 1 0 0 < Y l l l t as
has been found, for example, in molybdenum (12).
Thus, the expected and commonly observed morphology
in bcc materials is a truncated dodecahedron with
{110} facets and {100} truncations. It is not con-
sidered unusual, however, to observe cubic cavities
with {100} sides. These types of cavity morpholo-
gies have been reported for irradiated ferritic
materials. Kulcinski et al. (17) reported
"truncated octahedral" cavities with {110} faces and
{110} truncations in neutron-irradiated iron.
Ohnuki et al. (18) have reported cubic cavities with
{100} faces in C+ irradiated iron.

The cavity morphology observed in this investi-
gation, a truncated octahedron with {111} facets and
{100} truncations, is the morphology usually found
in irradiated fee materials. Previous investiga-
tions have reported a similar morphology for
neutron-irradiated iron (19) and iron-chromium
alloys (20). The formation of truncated octahedral
cavities with {111} faces could be due to surface
energy variations caused by impurities preferen-
tially segregating to a specific set of planes.
Impurities have been shown to affect cavity shape.
For example, in fee copper, bubbles with {100} and
{110} facets are reported for "clean" foils while
bubbles with {111} and {100} facets develop in
regions exposed to oxygen (12). This is consistent
with preferential adsorption of oxygen on the {111}
and {100} planes in copper. In the current study,
measurements of the surface energy ratio, Yni/1fioo>
from the cavity geometry in the Fe-10% Cr specimens,
indicated that T m - 0.80 Yioo- This relationship
was not significantly affected by the irradiation
procedure. The observation of no {110} facets
suggests that Y u o is greater than both Y ^ and
T l o o . Thus T U 1 < Y 1 0 0 < Y 1 1 0 - exactly the oppo-
site of the expected surface energy relationship.

The unexpected shape could also be a result of
non-equilibrium conditions during cavity growth.
Further experiments — e.g., postirradiation
annealing — would show if the cavities have a non-
equilibrium shape. -

Gas Effects

Comparisons of the cavity parameters for the
single-, dual- and triple-beam irradiation proce-
dures are found in Figure 6. For 30 dpa, the cavi-
ties observed in the specimen bombarded with only
Fe + + ions are larger and have a lower concentration
than the cavities in the specimens bombarded with

both gas and Fe + + ions. This result 1s consistent
with the helium effects observed for other
materials. For example, a higher concentration of
smaller cavities has been observed in austenitic
stainless steel irradiated with a dual beam of
nickel and helium ions as compared to the cavity
distribution found in specimens irradiated with only
nickel ions (21,22).

Comparison of Fe- 10S Cr specimens irradiated
with the dual- and triple-beam procedures yields a
more complex relationship. For 30 dpa, the average
cavity diameters are about the same while the cavity
concentration is higher for the triple-beam irra-
diation than for the dual-beam irradiation.
However, at 100 dpa this relationship is reversed
—the observed cavity concentration is much higher
for the dual-beam irradiated specimen. The distri-
bution found at 100 dpa for the dual-beam procedure
was clearly bimodal (i.e., >99% of the cavities were
found to have an average diameter of 2.5 nm while
<1% of the cavities had an average diameter of
44 nm). It seems probable, as suggested earlier,
that a similar concentration of cavities which are
too small to be seen with TEM exists in the triple-
beam specimens. If only the larger cavities
observed at 100 dpa for both bombardments are con-
sidered, however, the average cavity diameter is
larger and the concentration is lower for the
triple-beam irradiations than for the dual-beam
irradiations.

In a similar study with an austenitic alloy
(similar in composition to type 316 stainless
steel), the average cavity diameter was somewhat
larger, and the cavity concentration was slightly
lower for triple-beam irradiation than for dual-beam
irradiation at 10 dpa (Ti ^ 900 K). The opposite was
reported for 70 dpa — the average diameter was
smaller, and the concentration was higher for the
triple-beam irradiation than for the dual-beam (21).
These relationships varied erratically for other
irradiation temperatures (22). Moreover, at 70 dpa
for the austenitic alloy, comparing the dual- and
triple-beam data shows that, in general, the
variation in the average diameter and concentration
was not significant, i.e., much less than a factor
of two for the diameter and less than an order of
magnitude for the concentration, regardless of irra-
diation temperature (22). As discussed earlier, at
100 dpa in the ferritic alloy of this study, the
differences in the dual- and triple-beam specimens
are more substantial. Further study is required
before the differences between the dual- and triple-
beam irradiations can be clearly defined and
understood. These preliminary results do suggest,
however, that deuterium (hydrogen) may play a more
significant role in the swelling evolution in the
ferritic alloys than has been reported for austeni-
tic alloys.

5. Conclusions

This investigation of the swelling charac-
teristics for ion-bombarded Fe-10% Cr has shown:

1. There was a dramatic increase in the average
cavity diameter between 30 and 100 dpa for dual-
and triple-beam irradiation. Calculations have
shown that growth as equilibrium bubbles was not
responsible. Examination of specimens irra-
diated to intermediate damage levels would aid
in understanding the cavity growth mechanisms.



2. The swelling rate between 30 and 100 dpa was
estimated as 0.02%/dpa for dual-beam irra-
diations and 0.03%/dpa for triple-beam irra-
diations. Calculated values for the steady
state swelling rate for the sink strengths
measured at 100 dpa are within a factor of two
of these experimental values.

3. The cavities were truncated octahedra with {111}
facets and {100} truncations, the morphology
commonly observed for fee materials.
Measurements of the cavity geometry yielded a
surface energy ratio, *niAioo» of ~0.80.

4. Cavities were found on the boundary only in the
dual-beam specimen at 100 dpa. For both the
dual- and triple-beam bombardments, no large,
crystallographic cavities were observed within
500 nm of trie grain boundaries. For the dual-
beam specimen at 100 dpa, the denuded zone for
the small, 2.5 nm av diam, cavities was <50 nm
wide.

5. At 30 dpa a smaller concentration of larger
cavities was observed for single ion (Fe*+)
irradiation than for dual- or triple-beam irra-
diations.

6. Comparisons of specimens irradiated with the
dual- and triple-beam procedures suggests that
deuterium may have a significant role in the
cavity evolution for ferritic materials.
Further study is required before this difference
can be clearly defined.
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