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Abstract

As an assessment for a possible accelerator beam line window material for the US Spallation Neutron Source (SNS)
target, performance, radiation-induced hardening and microstructural evolution in Inconel 718 were investigated in
both solution annealed (SA) and precipitation hardened (PH) conditions. Irradiations were carried out using 3.5 MeV
Fe™, 370 keV He™ and 180 keV HT either singly or simultaneously at 200 °C to simulate the damage and He/H
production in the SNS target vessel wall. This resulted in systematic hardening in SA Inconel and gradual net softening
in the PH material. TEM microstructural analysis showed the hardening was associated with the formation of small
loop and faulted loop structures. Helium-irradiated specimens included more loops and cavities than Fe™ ion-irradiated
specimens. Softening of the PH material was due to dissolution of the y'/y” precipitates. High doses of helium were
implanted in order to study the effect of high retention of gaseous transmutation products. Simultaneous with the
hardening and/or softening due to the displacement damage cascade, helium filled cavities produced additional hard-

ening at high concentrations.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 61.72

1. Introduction

In the construction materials surrounding the Spal-
lation Neutron Source (SNS) target, considerable
quantities of transmutation products, especially helium
and hydrogen, will be generated due to the exposure to a
high flux of 1 GeV protons and associated neutrons [1].
Inconel 718 is a candidate material for the SNS accel-
erator vacuum window and a back-up candidate for the
mercury vessel. It is anticipated that atomic displace-
ment rates will be high up to ~1072 dpa/s (displacements
per atom/second), during the sub-microsecond beam
pulse period, with a 60 Hz pulse frequency. The time-
averaged displacement rate would be in the range of
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~10~¢ dpa/s. The operating temperature is expected to
be below 200 °C. Besides the radiation-induced dis-
placement damage, various transmutation products will
be generated as a result of nuclear reactions. In partic-
ular, hydrogen and helium will be produced at rates of
~1000 and ~100 appm/dpa, respectively.

Hunn et al. [2] have shown that hardening occurs due
to ion-induced displacement damage as well as due to
the build-up of helium bubbles in ion-irradiated Inconel
718. Fig. 1 compares the percent hardening, relative to
an unirradiated specimen, measured by nanoindenter at
150 nm contact depth for specimens irradiated by
Fe-ions versus He-ions [2]. Hardening increased as a
function of dose and helium concentration. Above a
concentration of about 1 at.% He, the hardening in the
He-implanted Inconel was measured to be greater than
that observed stemming from the Fe-induced displace-
ment damage. In the case of precipitation-hardened
(PH) Inconel 718, Fe-irradiation resulted in a systematic
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Fig. 1. Percent change in hardness at 150 nm contact depth,
relative to unirradiated material, for SA Inconel as a function
of dose from Fe-ions and from He-ions [2].
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Fig. 2. Percent change in hardness at 150 nm contact depth,
relative to unirradiated material, for PH Inconel as a function
of Fe-only and from triple-beam irradiation (Fe+ He at 200
appm/dpa + H at 1000 appm/dpa) [2].

reduction in the measured hardness at 150 nm contact
depth (Fig. 2), while He implantation produced addi-
tional hardening in PH Inconel up to a level of 14 at.%
He concentration and resulted in partial softening at 20
at.% He concentration (Fig. 3).

In order to better determine the contributions of the
different microstructural features on microscopic irra-
diation-induced hardening and/or softening, SA and PH
Inconel 718 irradiated at doses ranging between ~0.01
and ~10 dpa and implanted at ~0.02 and 20 at.% He
level were examined by transmission electron micros-
copy (TEM).

2. Experimental

The nominal composition of the alloy was, in wt%,
53.58 Ni, 18.37 Fe, 18.13 Cr, 4.98 (Nb + Ta), 3.06 Mo,
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Fig. 3. Percent change in hardness at 150 nm contact depth,
relative to unirradiated material, for PH Inconel as a function
of helium concentration from He-injection [2].

1.03 Ti, 0.11 Si, 0.48 Al, 0.13 Mn, 0.08 Cu, 0.04 C, 0.001
S, 0.0008 P. Three millimeter diameter and 0.25 milli-
meter thickness disks were prepared by mechanical and
electrochemical polishing prior to irradiation. After final
polishing with 0.1 pm diamond paste, specimens were
solution annealed (SA) at 1065 °C for 30 min. Some
specimens were also hardened by thermal aging at 750
°C for 10 h followed by 650 °C for 20 h. This thermal
aging resulted in the formation of y" and y” precipitates.
Irradiations were carried out at 200 °C with various
combinations of 3.5 MeV Fe™, 370 keV He™ and 180
keV H' ion beams using the Triple Ton Facility (TIF) at
ORNL [3]. The ion energies were chosen for the maxi-
mum gas atom deposition and damage to occur near a
depth of 825 nm. For the depth calculations, the com-
puter code, Stopping and Range of Ions in Matter
(SRIM-2000) was used [4]. The procedure for the dpa
calculation is described in [5]. The average concentra-
tions about the 825 nm peak for the He and H injections
were calculated as the mean between the two half-max-
imum points, these numbers were used to calculate the
appropriate ion fluencies to give ~200 appm He/dpa
and 1000 appm H/dpa for triple (Fe* 4+ He"™ + H") ir-
radiation and 14000 appm He/dpa for the He-only ir-
radiation. The initial damage distribution from the
Fe-irradiation was calculated in terms of dpa using the
NRT formula, using a displacement energy of 40 eV [6].
Damage rates from the Fe-irradiation were from 10~ to
3 x 1073 dpals, with associated gas injection rates of
0.02-0.6 appm He/s and 0.1-3 appm H/s. He-injection
rates for the higher concentration He-only implants
went as high as 2 appm/s. The SNS will operate with an
average dose rate of 107° dpa/s, in a pulsed mode with a
damage flux during the pulse of around 102 dpa/s and
corresponding transmutation rates up to 2 appm He/s
and 10 appm H/s. The ion fluxes were lower than the
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SNS beam-on rate, however, in this recombination
dominant regime of high dose rate and low temperature,
we expect irradiation variable shifts [7] to be minimal.
TEM specimens were prepared by electrochemically
removing =700 nm from the ion bombarded side of the
disks and then thinning from the unirradiated side until
perforation occurred. This procedure produced TEM
foils with thicknesses of ~100 nm on average and al-
lowed examination of the microstructure at the peak
damage region between 700 and 800 nm original depth.
Damage microstructure was examined using a JEM-
2000FX transmission electron microscope operated at
200 keV. The foil thicknesses were measured by thick-
ness fringes in order to quantify defect density values.

3. Results and discussion

3.1. Microstructural evolution of irradiated SA Inconel
718

Fig. 4 shows the microstructural evolution of SA
Inconel 718 as a function of displacement damage from
Fe-only and triple-beam irradiation, and from He-ion
irradiation. In order to investigate the possible role of
trapped gas in the observed hardening, helium was im-
planted by itself and to higher concentrations. In the
cases of the Fe-only and triple irradiation (Fe+ He at
200 appm/dpa + H at 1000 appm/dpa) the doses in dpa
are shown. In the case of the He ion irradiation the peak

Fe

He

Fe+He+H

helium concentrations are shown. Corresponding dpa
production for the He-only irradiation was 0.7 dpa/l
at.%He. The electron micrographs were taken with
beam direction B close to [0 1 1]. Defect clusters, such as
vacancy or interstitial type small loops, Frank type
faulted loops, and cavities were examined after the
various irradiation levels. Quantitative measurements
are given in Table 1. At lower dose levels, small loops
only were observed in all irradiation conditions. These
images were obtained on the diffraction conditions:
B=[011], g=200, (g, 5g). The number densities of
small loops in each condition were in the range of 1022~
10 m~3. At 0.1 dpa and higher dose levels, Frank type
faulted loops were observed on {111} planes, which
were identified by relrod streaks from stacking faults in
weak-beam dark-field images. The He-only irradiation
induced a slightly higher faulted loop density compared
with the other irradiation conditions. Since faulted loops
tend to unfault and become perfect loops when the sizes
become larger, the actual number density of faulted
loops decrease at high dose levels. Cavities were ob-
served in He-ion and triple-beam irradiations at higher
dose levels, especially at 2-20 at.% helium. As seen in
Fig. 1, irradiation-induced hardening increased as a
function of the irradiation dose and helium concentra-
tion level, and the hardening in the high dose He-im-
planted Inconel was measured to be greater than that
observed stemming from the Fe-induced displacement
damage. The amount of hardening observed for the
helium-injected specimens could not be explained by

Fig. 4. Microstructural evolution of SA Inconel 718 as a function of dose from Fe-only and triple-beam irradiations, and as a function

of implanted helium concentration from He-injection.
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Table 1
Summary of number densities and mean sizes of defect cluster, Frank loop and cavities for SA Inconel 718
Irradiation Dose He (at.%) H (at.%)  Defect cluster Frank loop Cavity
(dpa) Number Mean size Number Mean size Number Mean
density (nm) density (nm) density size (nm)
(m~?) (m~?) (m~?)
Fet 0.01 - - - - - -
0.1 7.0x 102 1.1 - - - -
1 9.0x 102 1.6 - - - -
10 2.0x 103 <2.0 3.8 x 10 20.9 - -
He* 0.014 0.02 - - - - - -
0.14 0.2 9.0x 102 1.1 - - - -
1.4 2 1.0x 103 <2.0 3.0 x 10% 5.2 32x102% 1.0
7 10 2.0x 103 <2.0 <1.0x10% <20 8.5x102 1.0
Fe" + He" + H" 0.01 0.0002 0.001 - - - - - -
0.1 0.002 0.01 8.0x10%2% 1.2 - - 1.0x 10*2 1.0
1 0.02 0.1 9.0x 102 1.2 - - 2.0x 102 1.0
10 0.2 1 2.0x 103 <2.0 2.0 x 102 19.3 1.0x10% 1.2

displacement damage alone. This effect was accompa-
nied by the production of observable helium bubbles [8].
Helium bubbles are considered to be a weak barrier for
dislocation motion [9]. However, hardness measurement
data reported in other work [10] indicated that, when
helium bubbles were present in high concentration
(above 1 at.%), the barrier strength was augmented as
bubbles grew, particularly when helium clusters began to
become identifiable as bubbles under TEM.

3.2. Microstructural evolution of irradiated PH Inconel
718

A second set of specimens was prepared in the PH
condition by thermal aging as described above. In the
unirradiated state, the PH material was considerably
harder than its SA counterpart, as expected due to
the high density of ¥ and y” precipitates. Fig. 5 shows
the microstructural evolution of PH Inconel 718 as a

Fig. 5. Microstructural evolution of PH Inconel 718 as a function of dose from Fe-only and triple-beam irradiations, and as a function

of implanted helium concentration from He-injection.
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Table 2
Summary of number densities and mean sizes of defect cluster, Frank loop and cavities for PH Inconel 718
Irradiation Dose He H Defect cluster Frank loop Cavity
0, 0,
(dpa) (@) (at%) Number Mean Number Mean Number Mean
density (m—) size (nm) density (m™*) size (nm) density (m™) size (nm)
Fe* 0.01 5.5 x 10% 1.3 - - - -
0.1 2.3x10% 1.1 - - - -
1 <5x10% <2 5.0 x 10% 4.7 - -
10 <5 x10% <2 9.1 x 10% 13.6 - -
He* 0.014 0.02 3.5x 10% 1.1 - - - -
0.14 0.2 2.3 x 10% 1.4 - - - -
1.4 2 <5x10% <2 1.1 x10% 4.1 1.8 x 103 1.1
7 10 <5x10% <2 3.2 x 10% 8.2 2.8 x 103 1.5
Fe" + He" + H™  0.01 0.0002  0.001 3.0 x 10% 1.1 - - - -
0.1 0.002  0.01 1.1 x10% 1.4 - - -
1 0.02 0.1 <5x10% <2 1.2 x 102 3.7 - -
10 0.2 1 <5 x10% <2 6.5 x 10% 10.2 1.6 x 10% 23

function of displacement damage from Fe-only and tri-
ple-beam irradiation, and as a function of implanted
helium concentration from He-injection. Quantitative
measurements are given in Table 2. Small loops only
were observed at lower dose levels in all irradiation
conditions. The number densities of small loops in each
condition were in the range of 3 x 10%-3 x 10% m™3,
which is higher than that in SA Inconel 718. Frank type
faulted loops were observed with high number density at
> 1 dpa, and some unfaulted loops were present at
higher dose level. In the PH Inconel 718 case also, the
He-injection induced a slightly higher faulted loop
density compared with the other irradiation conditions,
and cavities were observed in the specimens irradiated
with He-ion and triple-beam at higher dose levels, es-
pecially at 2-20 at.% helium concentration level.

The PH Inconel 718, which contains ¥ and y” pre-
cipitates with 10-50 nm size in the matrix, was still
harder than the SA Inconel after 10 dpa of irradiation
with Fe-ions. However, in contrast to the SA Inconel,
displacement damage in the PH Inconel produced a net
softening effect (Fig. 2). The triple-beam irradiation
showed the same result as for specimens irradiated with
Fe-ions alone. Similar softening has been observed in
specimens irradiated by 800 MeV protons [11], 1 GeV
protons [12] and 5 MeV Ni-ions [13]. Fig. 6 shows
the microstructure evolution of Yy and y” precipi-
tates with associated diffraction spots as a function of
displacement damage from Fe-only irradiation. These
images were obtained on the diffraction conditions:
B = [001]. As seen in Fig. 6, the ¥ and y” superlattice
diffraction spots observed in the unirradiated sample

0 dpa 0.01 dpa 0.1 dpa 1 dpa 10 dpa

Fig. 6. Microstructure evolution of ¥ and y” precipitates with associated diffraction spots as a function of dose from Fe-only irra-

diation.
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Fig. 7. Microstructures and diffraction patterns as a function of helium concentration for He-implanted PH Inconel 718.

were gone by 1 dpa. This indicates the cause of softening
to be the loss of coherency of the y' and y” precipitates,
in agreement with findings from 800 MeV proton irra-
diations [11,14]. Even though the Fe-ion irradiation also
introduced radiation defects, the loss of the precipitates
outweighed the hardening contribution from these de-
fects. Fig. 7 shows the microstructures and diffraction
patterns as a function of helium concentration for He-
implanted PH Inconel 718. By 0.2 at.%, the precipitates
had begun to disappear and their diffraction spots be-
came less intense. At 14 at.%, the diffraction spots for ¥/
and y” precipitates were almost gone, although some
residual contrast still remained in the dark field images.
This may suggest that a structural homogenization was
occurring while a compositional inhomogeneity between
the matrix and post-precipitate zones still persisted. By
20 at.%, there was no further evidence of the precipi-
tates. The specimen implanted with 20 at.% helium
showed no rings in the diffraction patterns associated
with the break-up of the precipitates. This indicates that
the ¥ and y” precipitates did not become amorphous,
but rather they dissolved back to into solution. As
shown in Fig. 3, a net hardening as a function of helium
concentration was observed by 14 at.% helium concen-
tration, and at 20 at.% He, which corresponded to 14
dpa, some softening was evident. This shows that the
build-up of helium in the lattice and its associated de-
formation pinning occurred at a greater rate than the
disordering of the Y and y” precipitates until 14 at.%
helium concentration level. The 20 at.% helium im-
plantation resulted in some reversal of the hardening
due to the dissolution of the y" and y” precipitates.

4. Conclusions
Ion-irradiation-induced hardening in Inconel 718,

both in the SA and the PH condition, has been examined
by using nanoindentation technique and TEM.

4.1. SA Inconel 718

At lower dose levels, only small loops were observed
at all irradiation conditions. The irradiation condition
did not strongly affect small loop nucleation. Frank type
faulted loops were observed at higher dose levels. The
He-injection induced a slightly higher faulted loop
density compared with the other irradiation conditions.
Cavities were observed in the specimens irradiated with
He-ions and triple-beams at high dose levels. Irradia-
tion-induced hardening increased as a function of irra-
diation dose and helium concentration. The larger
amount of hardening observed for the helium-injected
specimens would be due to helium bubble formation,
which act as greater barriers to dislocation motion than
the small loops and faulted loops.

4.2. PH Inconel 718

The number densities of small loops were higher than
observed in SA Inconel 718 as a function of dose. The
He-injection induced a slightly higher faulted loop
density compared with the other irradiation conditions,
and cavities were observed in the specimens irradiated
with He-ions and triple-beams at higher dose levels. In
the Fe-irradiated sample, the y' and y” superlattice dif-
fraction spots were gone by 1 dpa, indicating the cause
of softening to be the loss of coherency of the y" and y”
precipitates. Even though the Fe-ion irradiation also
introduced radiation defects, the loss of the precipitates
outweighed the hardening contribution from these de-
fects. In the He-ion irradiated material a net hardening
as a function of helium concentration was observed up
to 14 at.% helium concentration, and some softening
was evident at 20at.% He. This shows that the defor-
mation pinning was affected at a greater rate by the
build-up of helium in the lattice than by the disordering
of the ¥ and y” precipitates up to 14 at.% helium. The 20
at.% helium implantation resulted in some loss of the
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hardening due to the dissolution of the y' and y” pre-
cipitates.
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