The Effect of Interstitial Gas Atoms and Injected
Interstitials on Microstructural Evolution in
Self-Ion Irradiated Nickel

D.B. Bullen, G.L. Kulcinski and R.A. Dodd

September 1983

UWFDM-541

Presented at the Third Topical Meeting on Fusion Reactor Materials, Albugquerque, NM,
19-23 September 1983] [J. Nucl. Matls. 122& 123 (1984) 584.

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government, nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.




The Effect of Interstitial Gas Atoms and
Injected Interstitials on Microstructural
Evolution in Self-lon Irradiated Nickel

D.B. Bullen, G.L. Kulcinski and R.A. Dodd

Fusion Technology Institute
University of Wisconsin
1500 Engineering Drive

Madison, WI 53706

http://fti.neep.wisc.edu

September 1983

UWFDM-541

Presented at the Third Topical Meeting on Fusion Reactor Materials, Albuguerque, NM, 19-23 Septem-
ber 1983 [J. Nucl. Matls. 1228123 (1984) 584].


http://fti.neep.wisc.edu/

THE EFFECT OF INTERSTITIAL GAS ATOMS ON MICROSTRUCTURAL EVOLUTION IN SELF-ION IRRADIATED NICKEL*

D.B. BULLEN, G.L. KULCINSKI, and R.A. DODD

Fusion Engineering Program, Nuclear Engineering Department, University of Wisconsin, Madison,

Wisconsin 53706

Annealed foils of pure nickel were injected with He in concentrations of 100 and 600 atomic parts

per million (appm) at room temperature utilizing a 700 kV electrostatic accelerator. Injections

were completed at various accelerating potentials over the range 700 kV to 200 kV. This vari-

ation produced a relatively uniform concentration of interstitial gas atoms extending from a

depth of approximately 1.25 um to the surface of the §§Qp1e. The injected samples wfge irradis
i

ated at temperatures of 525°C and 625°C with 14 MeV N

ions to a fluence of 1 x 10 ions/cm2

and prepared for transmission electron microscopy evaluation utilizing a transverse sectioning
technique. Results show the formation of a void-free zone which extended from the surface to a
depth of 1.25 um. The variation of void number density, average void diameter, and swelling and
a function of depth from the surface is presented for each sample. The results are compared with
previous studies completed without injected gas atoms.

1. INTRODUCTION

Interstitial gas atoms introduced into the
metal matrix of fusion reactor structural
components via (n,p) and {n,a) transmutation
reactions can greatly affect the micro-
structural evolution of materials in a fusion
neutron environment. These gas atoms can act
as nucleation sites for void formation result-
ing in swelling and wmechanical property
changes which will dictate the useful lifetime
of the component. Since few intense sources
of 14-MeV neutrons for materials research cur-
rently exist, electrostatic accelerators have
been employed to produce displacement damage
as well as inject interstitial gas atoms
simu]taneously.1‘7

The purpose of this study is to address the
effect of interstitial gas atoms on depth de-
pendent cavity formation in self-ion irradi-
ated nickel. Utilizing the transverse
sectioning technique developed by whitley,3’4
the effect of injected He on void formation at
525°C and 625°C for 100 appm and 600 appm He

content is investigated. Results show damage
beyond the calculated end of range of the
injected ion. Comparisons are made between
previous cross-section studies with no gas
preinjection and current results.

2. EXPERIMENTAL TECHNIQUE

High purity (99.995%) polycrystalline
nickel foils (1 cm x 0.5 cm) were annealed for
1 hour at 1000°C in an argon atmosphere. The
foils were metallographically polished, but
not electropolished prior to helium implan-
tation. A 700 kV electrostatic accelerator,
described in detail elsewhere,8 was used to
inject 44et jons at energies ranging from 200
keV to 700 kev. Initial injections at 700 kv
accelerating potential were followed by in-
Jjections at decreasing 100 kV increments to
200 kV. This technique provides a relatively
uniform helium concentration from a depth of
approximately 1.25 um to the sample surface.
Implantations were completed in a vacuum of
~ 2.0 x 104 pa. Preinjected samples were then
irradiated with 14 MeV Ni3* ions to a fluence
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of 1.0 x 1016 jons/cm® at temperatures of
525°C and 625°C. Nominal vacuum during the
nickel ion irradiation was ~ 1.0 x 10~5 pa.
Irradiated samples were prepared for TEM study
using the transverse sectioning technique de-
scribed in detail by Mh'it:]ey.9 The samples
were examined using a JEOL 200CX transmission
electron microscope and the depth distribution
of voids was determined by division of the
micrograph into regions of thickness 0.25 um
which are parallel to the irradiated surface.
The void size was determined using a Zeiss
particle analyzer and the foil thickness was
determined using stereo microscopy techniques.

3. RESULTS

Figure 1 shows the typical bright field
micrograph of the void microstructure produced
by 14-MeV Ni3* {fon irradiation at 525°C to a
fluence of 1 x 1016 ions/cm®. This sample was
preinjected with 100 appm helium at room
temperature. The helium was uniformly distri-
buted from the sample surface to a depth of
1.25 um. The interface between the plating
and the foil is noted at the left side of the
figure. The incident beam direction is also
shown. A void-free zone extends from the
surface to a depth of approximately 1.25 wm.
This denuded zone was also observed in samples
irradiated to similar fluences at 625°C with
600 appm helium.

The swelling, void number density and mean
void dfiameter as a function of depth for the
525°C irradiation are shown in Figs. 2-4, re-
spectively. Note the decrease in the mean
void diameter and void number density at a
depth of 1 um from the surface for the helium
preinjected case. This corresponds with the
suppression of swelling near the surface as
indicated by the void-free zone shown in Fig.
1. The results of a similar irradiation by 14
Mev Ni3* fons at 625 °C with 600 appm helium
preinjected at room temperature are presented

in Figs. 5-7. The swelling and void number
density decrease at approximately 1 um from
the surface indicative of the void-free zone
which was observed.

In both Figs. 2 and 5 the swelling distri-
bution extends to approximately 3 um from the
surface. A theoretical range profile computed
using Brice's0 computer codes with theoreti-
cal LSS electronic stopping11 for 14 MeV Ni on
Ni is shown on Fig. 1. Comparison of the
theoretical depth for the peak of the damage
curve with the associated micrograph and the
swelling curves in Figs. 2 and 5 shows that
swelling occurs up to 20% beyond the theoreti-
cal end-of-range of the irradiating 14 MeV
N13* fon.

4. DISCUSSION

The formation of a void-free zone which
extends to a depth of approximately 1.25 um
from the surface corresponds with the region
of uniform He concentration produced by the
preinjection. Previous studies of void-free
zones near surfacesl® utilizing HVEM tech-
niques report the thickness of the void-free
zone to be ~ 0.2 um at 525°C and ~ 0.5 um at
625°C in various stainless steels. The thick-
ness of the void-free zone in this study sug-
gests an effect due to the preinjection of He
such as the suppression of cavity growth due
to a high concentration of small clusters.
These results are not entirely unexpected when
one considers the dual-ion and preinjection
studies completed by Agarwal et al.l or Packan
and Farrell.2 Agarwal et al. completed 3-MeV
Ni* fon irradiations of Fe-20 Ni-15 Cr with 15
appm He preinjections as well as dual-ion ir-
radiations. For the preinjected samples,
there was an incubation dose of 13 dpa before
the onset of swelling. Packan and Farrell
carried out similar studies with 4-Mev Nit jon
irradiations of 316 stainless steel. Prein-
jection of 1400 appm He brought about drastic



*suol
e o0} s

IN AW $T 40j 3Aund dbewep |©I}32408Y3} pue Suol 34 Jo abued u3A0 3u0Z 334y PLOA  IJON *MI/SUOL
mm_ +gtN AW ¥T UIIM paeipedd) pue aunjesadway wood je oy wdde goT y3iM pajoafuiaad (N jo foryeumoy
T 3914

(w) H1d3a
0e

%

01 X 1 J0 sajuanyy
ANIONATSOLI LW PLOA

NOWVINVIdWI NNI3H
WHOLINN 40 NOID3Y

IN UOIN ASIN VI AULDACNIAY °H NI
NOILLVINHOA ANOZ 3d44-dI0A

ZWwaysuol g, 01 19d vda




1.8 T T T

. _525 °c
P ox 10'® jons/em?
14 B 100 appm He T
. O No He
»e  l.2F I
— F Lod
an 1.0 : }
=
- <o
- 8 e ‘/ \ \
o SO © o /& o \
k3
w2

.6F /‘

7

et

3.0
3. 50

Depth (um)
FIGURE 2

Swelling vs. depth for 14 MeV Ni3* jon irradi-
ated Ni preinjectsdawith 100 appm He. No He
data from Whitley.”:
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FIGURE 3 i
Void number density vs. depth for 14 MeV N3t
ion irradiated Ni preinjectsd with 100 appm
He. No He data from Whitley. -4

reductions in swelling due to profuse initial
nucleation of cavities. The authors propose
that these cavities competed with one another
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Mean void diameter vs. depth for 14 Mev Ni3*
fon irradiated Ni preinject§d4 with 100 appm
He. No He data from Whitley.”»
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swelling vs. depth for 14 MeV Ni3* ion
irradiated Ni pre’in‘]'ect:?d4 with 600 appm He.
No He data from Whitley.>®

allowing a very limited cavity growth. This
mechanism may also explain the observation of
the denuded zone in this work. The high
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Mean void diameter vs. depth for 14 Mev Nid*
jon irradiated Ni preinjectgd with 600 appm
He. No He data from Whitley. 4 ’

initial concentrations of He (100 and 600
appm) could act as nucleation sites for sub-
microscopic cavities which, at the low damage

levels present in the preimplanted region {< 2
dpa), had not yet grown to a size readily
detectable by TEM observation.

The formation of voids well beyond the
theoretical end of range of the irradiating
ions observed in this study has been noted in
other studies in Ni utilizing the transverse
section technique. whitley3’4 noted void for-
mation up to 20% beyond the theoretical end-
of-range calculated using Brice's code.
Fenske et a1.l3-15 noted a peak in the swell-
ing distribution at depths 8 to 15% deeper
than the theoretical projected range profiles
for 20 keV and 500 kev He™ ion irradiations of
nickel. The observations in this study, as
well as those of Whitley and Fenske et al.,
have been attributed to inaccuracies in the
electronic stopping data used to calculate
range profiles as shown by Attaya16 and
Fenske.l?

The transverse sectioning technique used in
this study was also employed by Nhitley3’4 in
studies of 14 MeV Ni3* jon frradiated nickel.
The primary difference between the Whitley
procedures and this study is the method of
introduction of the interstitial gas atom.
Whitley demonstrated the existence of a gas
effect using comparisons of thoroughly out-
gassed samples and samples prepared in the
standard manner. Noting a drastic reduction
in cavity formation and swelling in the out-
gassed samples, Whitley hypothesized a hydro-
gen interstitial effect where the hydrogen was
introduced during the electropolishing stage
of sample preparation. In this study the
electropoiishing step was omitted and inter-
stitial gas atoms were implanted with an ac-
celerator. This allowed for a quantification
of gas content and the subsequent effects pro-
duced during irradiation. Comparison between
Whitley's results and current results is, how-
ever, useful and is shown in Figs. 2-7.
Whitley's data is plotted along with present



data for the same d{rradiation conditions,
where the Whitley data is designated as having
no He.

A comparison of the data in Figs. 2-4 for
the 525°C irradiation shows relatively good
agreement between Whitley's results and this
study. Whitley had comparable swelling, al-
though in his specimens, the average void di-
ameter was smaller and the void number density
was larger than in this study.
ations are most 1ikely due to differences in
the hydrogen gas content of these samples.
Figures 5-7 allow comparison for the 625°C
irradiations. The variation in observed
swelling for this study 1s most likely due to
the higher gas content of the He preinjected
sampies, although quantitative gas content for
the Whitley data is unavailable. Figure 6
shows a greater void number density for the
preinjected samples while the average void di-
ameter is smaller indicating a larger number
of smaller voids which results in lower swell-

These vari-

ing.

5. CONCLUSIONS

A void-free zone corresponding to the area
of preinjected He was observed. This 1is
attributed to the formation of an extensive
number of small clusters which were nucleated
on He interstitials. The total damage in this
region was not sufficient (< 2 dpa) to produce
observable swelling. Void formation was ob-
served up to 20% beyond the theoretical end-
of-range of the irradiating 14 Mev Ni3* ion.
This is probably due to inaccuracies in the
electronic stopping power used in the theo-
retical calculations. Qualitative comparisons
made between this work and the work of Whitley
suggest that high interstitial gas content may
delay the onset of swelling due to the for-
mation of numerous small clusters.
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