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Abstract

This work studies the formation behavior of helium bubbles in 316L stainless steel implanted with 2.5 MeV He ions at
temperatures ranging from 25 to 550°C. The dose and dose rate are 2.5 X 102! ions/m?* and 3.2-3.5 X 10'® ions/m*/s for
each implantation. Bubble structures in each specimen are investigated with transmission electron microscopy. The
temperature dependence of the measured number densities and mean diameters of bubbles exhibits two distinctly different
regimes with different apparent activation energies: the regime between 350 and 550°C with high apparent activation
energies and the regime between 25 and 350°C with low apparent activation energies. The effect of the pre-implantation cold
working is significant on bubble formation only in the regime between 350 and 550°C. Further analysis indicates that the
regime between 350 and 550°C is controlled by He diffusion via the self-interstitial /He replacement mechanism and the
regime between 25 and 350°C is controlled by He diffusion via the interstitial mechanism. The results are compared with
other experimental findings and show consistence with them.

1. Introduction

Previous studies of helium bubble formation in metals
found two distinctly different regimes in the temperature
dependence of both bubble density and mean size: a high
temperature regime characterized by high apparent activa-
tion energies and a low temperature regime characterized
by low apparent activation energies. The transition occurs
around 0.4 of the melting point of metals (in stainless steel
around 600°C) [1]. Further analyses indicate that the high
temperature regime is gas dissociation controlled whereas
the low temperature regime is gas or bubble diffusion
controlled [1,2]. Previous efforts to study the underlying
mechanisms have focused on the high temperature regime
because of some important phenomena such as enhanced
swelling in the presence of helium [3] or high-temperature
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embrittlement resulting from preferential growth of bub-
bles on grain boundaries [4], while fewer efforts have been
paid in the low temperature regime, even for nickel and
stainless steels [1]. The lack of data in the low temperature
regime has made it impossible to get a clear understanding
about fundamental aspects in this regime, such as, the
dominant mechanisms for helium diffusion during bubble
formation, the significance of bubble migration and coales-
cence, the effect of concurrent radiation damage on bubble
nucleation and growth.

In the present work, formation behavior of helium
bubbles in the low temperature regime is studied. Data of
bubble densities and mean diameters are analyzed accord-
ing to the di-atomic nucleation model [5]. Effects of the
pre-implantation cold working on bubble formation are
also studied.

2. Experimental procedure

The material used for this study is austenitic 316L
stainless steel. The composition is listed in Table 1. Two
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Table 1
Composition of 316L stainless steel (wt%)

Element C Mn Si S P Mo Ni Cr Fe
Content 0.025 1.41 0.29 0.015 0.017 2.25 14.14 17.22 Balanced

types of the 316L stainless steel with different pre-implan-
tation treatments were used. One was solution annealed at
1050°C for 1 h in a vacuum of 2 X 10~ Torr. The other
was cold-worked to 20% after the same solution-annealing
procedure. Specimens of both types were cut into dimen-
sions of 10 X 5 mm and were well polished to 0.5 mm in
thickness.

Helium implantation was performed at a 2 X 1.7 MV
tandem accelerator with 2.5 MeV He™ beam which pro-
duced a uniform dose rate in a 4 X4 mm area of a
specimen. Specimens were installed in a specimen holder
which could be heated with built-in tungsten coils by
direct current. The temperature was measured by a thermo-
couple fixed at the specimen surface. The fluctuation of
the temperature was within 15°C during implantation. The
charge of the beam was measured with a hollow Faraday
cup which was installed in front of the specimen holder.
The uncertainty of the measured fluence and flux was
within 30%.

Helium implantation was performed at 300, 400, 500
and 550°C, respectively. A solution-annealed and a cold-
worked specimen were implanted simultaneously to the
same dose level at each temperature. The parameters of the
experimental condition are given in Table 2.

After implantation, specimens were electro-plated with
nickel in NiCl, /NiSO, acid solution to 3 mm in thickness
and then were sliced up to make cross-sectional foils. The
cross-sectional foils were thinned by ion beam milling and

Table 2
Experimental parameters for each implantation

Fluence Flux dpa Cye (max.) Py, (max.)
(ions/m?) (ions/m?/s)  (max.) (appm) (appm/s)
2.5x10%  32-35%10® 9 1x10° 12-1.4

Fig. 1. A typical micrograph of a cross-sectional foils from the
solution-annealed specimen implanted at 550°C.

Fig. 2. Typical morphologies of bubbles in the peak-dose region
in (a) the solution-annealed specimen and (b) the cold-worked
specimen implanted at 300°C.

Fig. 3. Typical morphologies of bubbles in the peak-dose region
in (a) the solution-annealed specimen and (b) the cold-worked
specimen implanted at 400°C.
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Fig. 4. Typical morphologies of bubbles in the peak-dose region
in (a) the solution-annealed specimen and (b) the cold-worked
specimen impfanted at 500°C.

(@)

Fig. 5. Typical morphologies of bubbles in the peak-dose region
in (a) the solution-annealed specimen and (b) the cold-worked

specimen implanted at 550°C.
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Fig. 6. The size distribution of bubbles in the solution-annealed
specimen implanted at 550°C. Ny is the number of counted
bubbles and Ng™* is the number of bubbles in the class with the
highest frequency.
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Fig. 7. The cross-sectional profiles of (a) number density and {(b)
mean diameter of bubbles in the solution-annealed specimen
implanted at 550°C.
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were investigated in a transmission electron microscope of
JEM-200FX. Foil thickness was determined according to
diffraction fringes of electron beam on the wedge foils.
Number densities and mean diameters of bubbles at differ-
ent depth along the ion-incident direction were determined
manually from the micrographs. About 100 to 300 bubbles
were counted at each depth (50 nm interval) along the
incident direction. The relative uncertainties for measured
bubble densities were within 30% and the absolute uncer-
tainties for mean bubble diameters were within 1 nm.

213

3. Experimental results

A typical cross-sectional morphology of a foil is shown
in Fig. 1. The black band in the matrix which is parallel to
the Ni/SS interface is the peak-dose region where most of
the implanted helium stopped. Figs. 2-5 show typical
morphologies of bubbles in the peak-dose region in each
specimen. It is obvious that bubble structures change with
temperature as well as pre-implantation treatment. Figs. 6
and 7 show the size distribution and the cross-sectional
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Fig. 8. Temperature dependence of (a) number densities and (b) mean diameters of bubbles in peak-dose region of specimens. The open
symbols refer to data points from solution-annealed specimens and the full symbols refer to cold-worked specimens, where O@ refer to the

present results, and O M refer to our previous results [7].
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profiles of number density and mean diameter of bubbles
in the solution-annealed specimen implanted at 550°C. It is
found that the size distribution is monomodal, the density
and mean diameter of bubbles change with depth. Because
different depth along the ion-incident direction corre-
sponds to different concentration of helium or dpa level,
the depth dependence of the measured bubble densities and
mean diameters would reflect the dose dependence of
bubble evolution. However, the diffusion of helium along
the concentration gradient would result in significant devi-
ation of the actual helium concentration from the theoreti-
cal value given by TRIM calculation, especially at the
depth shallower than the peak-dose region at elevated
temperatures [6]. Therefore, only data of bubbles in the
peak-dose region in each specimen are used in the follow-
ing analysis. These data and the data from our previous
implantation at 25°C [7] are plotted as a function of
temperature in Fig. 8.

In Fig. 8 two well-distinct regimes can be distinguished
for both Cy and Dy. The transition occurs around 350°C.

The mean values of the apparent activation energies,
when fitting the different branches to an Arrhenius behav-
ior, are as follows.

In the regime between 350 and 550°C

Eéfj‘= 1.0eV, Ef—)cl;=0.37 eV. (n
In the regime between 25 and 350°C
ng: =—0.02eV, E%CB‘ =0.005eV. )

It is noticeable that the difference in bubble density
between two pre-implantation treatments is very little in
the regime between 25 and 350°C, while bubble density in
cold-worked specimens becomes significantly higher than
in solution-annealed specimens in the regime between 350
and 550°C, which will be discussed later.

4. Discussion

According to previous theoretical work, a bubble nu-
cleus composed of two helium atoms is quite stable, i.e.,
di-atomic nucleation in the low temperature regime (below
600°C for stainless steels), bubble formation is thus diffu-
sion-controlled [1,5]. For negligible mobility of bubble
nucleus the dependence of Cp and 53 upon He produc-
tion rate Py, and effective He diffusion constant Df. is as
follows:

o (Pu( D))
where the exponents «, B vary with the state of bubbles.
For two limiting cases: (1) equilibrium bubbles containing
ideal gas, a=1/2, B=1/4 and (2) non-equilibrium
bubbles containing gas with constant density, a=3/7,
B=1/7. Accordingly, the apparent activation energies for
Cy and Dy are as follows:

ES'=aEY,  Ef =BEY, 4

_ ety B
DBG(PHelDI-g s 3

where E™ is the effective energy of helium diffusion
which varies for different mechanisms of helium diffusion.
The proper form of DY for various mechanisms of He
diffusion has been discussed in detail elsewhere [5,8,9]
The apparent activation energies for three typical mecha-
nisms are summarized in Table 3 as predicted by the

theories [2,5].

4.1. Bubble formation in the regime between 350 and
550°C

In this regime, our apparent activation energies given in
Eg. (1) are found to be consistent with He diffusion via the
self-interstitial /He replacement mechanism in the case of
equilibrium bubbles (where o =1/2, 8=1/4) and sub-
stantially above the ones for helium diffusion via the
vacancy mechanism or the interstitial mechanism as pre-
dicted in Table 3, indicating bubble formation is limited by
the replacement mechanism in this regime. Helium diffu-
sion via the replacement mechanism has also been identi-
fied to control bubble formation in He-implanted Ni [2].

Since our apparent activation energy for Cj is a bit
higher than the theoretical value given in Table 3, possibil-
ities are laid open for processes such as bubble migration
and coalescence which would result in reduction in bubble
density and result in increment in apparent activation
energy [10]. Here we would like to discuss another possi-
ble process, i.e., thermal instability of di-atomic nuclei of
bubbles at temperatures near the transition from the di-
atomic nucleation regime to the multi-atomic nucleation
regime controlled by He dissociation from bubbles [11].
According to previous computer simulation using various
atomic potentials, the binding energy of helium within
bubbles would decrease with decreasing size of bubbles
especially in the range below 10 helium atoms, the value
would be 0.2-0.4 eV for di-atomic nucleus [12,13]. Con-
sidering the thermal dissociation of di-atomic nucleus at
temperatures near the transition, the apparent activation
energy for Cz would be

Table 3

Apparent activation energies for three typical mechanisms of
helium diffusion, where EM is the energy of vacancy migration,
EM is the energy of interstitial migration of helium, EN =13eV,
EM=0.15 ¢V for 316L SS. For two limiting cases: (1) equilib-
rium bubbles containing ideal gas, a =1/2, 8=1/4; (2) non-
equilibrium bubbles containing gas with constant density, a =

3/7, B=1/7

r5_ on,
Self-interstitial /He replacement mechanism o £} BEY
Vacancy mechanism aEM /2 BEN /2
Interstitial mechanism aEM BEM
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where E, is the binding energy for di-atomic nucleus.
Good agreement is found between the value of apparent
activation energy given in Eq. (5) and our data. Our recent
numerical calculation also indicated that including ther-
mal-dissociation term in the rate equations would result in
increments in the apparent activation energies [14].

Since in this regime Cp/PY/? and Dy P}/* are ex-
pected to be independent of Py, we normalize our data of
Cg and Dy and for comparison, data from other implanta-
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Fig. 9. Temperature dependence of (a) number densities and (b)
mean diameters normalized to He production rate Py, =1 appm/s
according to di-atomic nucleation model. O refer to data points
from solution-annealed specimen in our work, and A refer to data
points in the work of Choyke et al. [15].

Table 4
List of experimental conditions for data presented in Fig. 9

Key Material Py (appm/s) Cy, (appm) dpa Ref.

A 304SS 0.013 195 3 [15]
O 316LSS(SA) 1.3 1x10° 9  our work

tion [15] to a He production rate of 1 appm /s. The results
are plotted in Fig. 9 and the corresponding implantation
conditions are listed in Table 4. It is obvious in Fig. 9(a)
that the data band of C, indeed narrows down substan-
tially by this normalization procedure, indicating the mech-
anism underlying bubble nucleation is the same for the
different implantation conditions with dose varying from
195 appm to 10° appm He. The data band of bubble size
in Fig. 9(b), however, doesn’t narrow down by this nor-
malization procedure, indicating bubble growth is still
limited by other parameters such as dose (He concentration
as well as dpa level) besides the He production rate and
the effective He diffusion coefficient.

4.2. Bubble formation in the regime between 25 and 350°C

In this regime, the limited number and accuracy of data
points hamper a detailed analysis. While the very small
apparent activation energies for both C, and Dy may
favor the helium diffusion via interstitial mechanism ac-
cording to Table 3. For the ion implantation associated
with production of large amount of point defects in the
material, helium diffusion via the interstitial mechanism
will not dominate if the replacement mechanism is not
suppressed efficiently. We may assume that the trapping of
helium to vacancies or vacancy clusters is so strong in this
temperature regime that He atoms lose their mobility as
soon as they are trapped. Accordingly, only a small amount
of the implanted helium would participate in the formation
of bubbles via the interstitial migration which range is
limited crucially by the highly-dispersed vacancies or va-
cancy clusters, while a large amount of the implanted
helium would be trapped in submicroscopic vacancies or
vacancy clusters and lose their mobility. Such an interpre-
tation is favored by other two evidences. First, it is found
that in this regime there is little difference in bubble
density between two pre-implantation treatments:
solution-annealing and cold-working (see Fig. 8), indicat-
ing the long-range transportation of helium via the replace-
ment mechanism or the vacancy mechanism is suppressed
efficiently, to the dislocations which were introduced by
cold working, thus the enhancement of bubble nucleation
by dislocations is insignificant because of the existence of
strong trapping of helium in matrix. Second, the previous
positron annihilation study of annealing behavior of he-
lium-implanted Ni shows that there is a plateau stage in
the temperature dependence of lifetime components in the



216 C.H. Zhang et al. / Journal of Nuclear Materials 245 (1997) 210-216

Fig. 10. A typical morphology of bubbles on dislocations in
solution-annealed specimen implanted at 550°C.

range below 500°C [16], indicating bubbles as well as
submicroscopic vacancy clusters are quite stable in this
regime, the later would be strong traps resisting long-range
transportation of helium.

4.3. Effect of pre-implantation treatment on bubble forma-
tion

In Fig. 8, the difference in bubble density between two
pre-implantation treatments: solution-annealing and cold-
working treatment is quite little in the regime between 25
and 350°C where bubbles are observed to be homogenous
in matrix, while bubble densities in cold-working speci-
mens are significantly higher than in solution-annealed
specimens in the regime between 350 and 550°C where the
preferential nucleation of bubbles are found on disloca-
tions (see Fig. 10). The difference in the effect of disloca-
tions on bubble nucleation between the two regimes may
reflect the different characteristics of two diffusion mecha-
nisms: in the higher temperature regime the long-range
diffusion of helium via the replacement mechanism would
increase trapping possibility of helium on dislocations,
therefore the nucleation of bubbles on dislocations would
increase and made bubble density in cold-worked speci-
men higher than in solution-annealed specimen; while in
the lower temperature regime the short-range diffusion of
helium via the interstitial mechanism would decrease sub-
stantially trapping possibility of helium on dislocations
thus prevent nucleation of bubbles on dislocations, as a
result, there would be insignificant difference in bubble
density between two pre-implantation treatments. Such an
explanation is in consistency with the arguments made in
Section 4.1 and Section 4.2.

5. Conclusions

In the range between 25 and 550°C, the temperature
dependence of number densities and mean diameters of
bubbles in helium-implanted 316L stainless steel exhibits
two distinctly different regimes with transition occurring

around 350°C. The apparent activation energies provide
evidence that bubble formation in the regime between 350
and 550°C is controlled by He diffusion via the self-inter-
stitial /He replacement mechanism and the regime between
25 and 350°C is controlled by He diffusion via the intersti-
tial mechanism. Good correlation is found in bubble den-
sity between our result and others result after normaliza-
tion procedure according to the standard di-atomic nucle-
ation model, indicating the mechanism underlying bubble
nucleation is the same for different conditions. In the
regime between 25 and 350°C, effects of dislocations on
bubble formation is insignificant because long-range trans-
portation of helium to dislocations is suppressed efficiently
by strong trapping of helium in vacancies or vacancy
clusters, while in the range between 350 and 550°C the
nucleation of bubbles is enhanced significantly in cold-
worked specimens because of the significant long-range
transportation of helium to dislocations via self-intersti-
tial /He replacement mechanism and preferential nucle-
ation of bubbles there.
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