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Abstract

When precipitation hardened Alloy 718 is irradiated with high-energy protons (600-800 MeV) and spallation
neutrons at temperatures below ~ 60°C, it quickly hardens and loses almost all uniform elongation. It later softens
somewhat at higher exposures but does not regain any elongation. This behavior is explained in terms of the evolution
of Frank loop formation, disordering and eventual dissolution of the y' and y” strengthening phases, and the steady
accumulation of very large levels of helium and hydrogen. These gases must be dispersed on a very fine scale in the
matrix since no cavities could be found. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In both fusion neutron spectra and in the mixed
proton-spallation neutron spectra generated in acceler-
ator-driven spallation systems, the displacement damage
in typical structural alloys is accompanied by very large
generation rates of both helium and hydrogen. While
helium is generally thought to be an embrittlement
problem mostly for higher-temperature applications,
hydrogen is usually thought to exert its influence on
embrittlement most strongly at lower temperatures, es-
pecially when there are high densities of radiation-in-
duced defects available for trapping, and when large
amounts of helium are being generated concurrently
[1,2].

There is currently a proposal to use an accelerator-
driven system to serve as a fusion-relevant irradiation
facility [3]. The proposed source (target) in this facility
would consist of tungsten rods clad with Alloy 718, a
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concept already successfully demonstrated in the accel-
erator production of tritium (APT) program [4]. The
cladding of such rods typically experiences temperatures
up to 200°C.

Data recently obtained from the APT program on
the changes in mechanical properties of Alloy 718 under
irradiation are potentially useful to the fusion commu-
nity. Hamilton et al. [5] have shown that irradiation of
Alloy 718 with a mixed spectrum of protons and spal-
lation neutrons, causes the alloy to harden very quickly
at irradiation temperatures <60°C. The alloy loses most
of its uniform elongation before 0.5 dpa is attained, as
shown in Fig. 1. There is a tendency for the alloy to
soften somewhat with increased irradiation dose, but
there is no concurrent recovery in the tensile uniform
elongation.

During irradiation in the Los Alamos Spallation
Radiation Effects Facility, helium is being generated in
Alloy 718 at a rate of ~150 appm/dpa, and hydrogen at
a rate that is approximately 10 times higher, but about
one-half of the hydrogen is lost by energetic recoil and
additional losses occur by diffusion [6]. Alloy 718
initially increases in hydrogen content at a high rate
and has retained ~2800 appm hydrogen at ~4 dpa,
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Fig. 1. Effect of dose on yield strength and uniform elongation
of Alloy 718 irradiated with high-energy protons and spallation
neutrons, with irradiation temperatures of 32-55°C and test
temperatures <60°C [5].

indicating that a significant fraction of the hydrogen has
been retained. As the dpa level increases beyond 4 dpa,
hydrogen is retained at a somewhat lower rate, reaching
~5000 appm hydrogen at 10-13 dpa.

In order to determine the microstructural origins of
the observed changes in mechanical properties, Alloy
718 specimens irradiated at doses ranging between ~0.5
and ~13 dpa were examined by transmission electron
microscopy (TEM).

2. Experimental details

Alloy 718 is a y'—y” age-hardenable superalloy con-
taining Nb, Ta, Mo, Ti, and Al The heat of material
used in this study had the following composition:
53.58%Ni, 18.37%Fe, 18.13%Cr, 4.98%(Nb+ Ta),
3.06%Mo, 1.03%Ti, 0.11%Si, 0.48%Al, 0.13%Mn,
0.08%Cu, 0.04%C, 0.001%S, 0.008%P (in wt%). Speci-
mens examined in this study were prepared by EDM and
cut in the form of standard 3-mm TEM disks. These

were heat treated at 1065°C /30 min, air cooled room
temperature then aged at 760°C for 10 h, furnace cooled
to 650°C for a total time of 20 h, and air cooled to room
temperature.

The irradiation was conducted in the Los Alamos
Spallation Radiation Effects Facility at Los Alamos
National Laboratory. Details of the irradiation experi-
ment were published previously [4]. In this specimen
series there was a Gaussian proton flux having a circular
profile in intensity of 2 sigma = 3 cm over the specimen
ensemble.

The proton energy varied from the incident energy of
800 MeV down to ~600 MeV, and there were also
spallation neutrons over a wide range of energies at
fluxes an order of magnitude lower than that of the
protons [6]. Six irradiated specimens were chosen for
TEM analysis depending on the proton beam intensity
at their locations. The irradiation temperature varied
somewhat with dose rate, such that the temperature was
~32°C at the lowest dose, 0.6 dpa, and ~55°C at 13.4
dpa.

Thin foil samples were prepared for TEM examina-
tion by conventional jet electropolishing methods, in 5%
perchloric acid, 95% ethyl alcohol at —25°C and 55 V.
TEM examinations were conducted with JEOL 2010F
FEG-STEM, JEOL 2000E and JEOL 1200EX electron
microscopes.

3. Results
3.1. TEM characterization of unirradiated Alloy 718

The microstructure of the unirradiated Alloy 718 was
found to contain spheroidal ¥ and disc-shaped y” pre-
cipitates with sizes in the range of 10-26 and 12-47 nm,
respectively. The vy and y” phases represent ordered
variations of the fcc lattice. ¥/ has a cubic L1, ordered
structure based on Ni3(Ti,Al). y” has a tetragonal DO,,
ordered structure based on Ni;Nb [7]. Also observed
were inhomogeneously dispersed inclusions, and exten-
sive thermal twinning. TEM-EDS analysis was per-
formed to identify some inclusions that were observed.
The inclusions were shown to be Nb-rich carbides with
an average composition between (80-86)%Nb, (7—
11)%Ti, and small amounts of Mo, Ni, Cr, and Fe. No
overaging phases such as n were observed in the au-
stenitic y matrix. In the [00 1] lattice image shown in
Fig. 2 the ¥ is distinguished from the fcc matrix by its
doubled lattice spacing. In addition, lattice imaging of
unirradiated 718 revealed that the intragranular y' and
v" particles usually occur in pairs, each y” particle
sharing an interface with a y' particle and showing evi-
dence of coherency strain along its interface with the
matrix.
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Fig. 2. High-resolution electron micrograph of y'—y” structures
in unirradiated Alloy 718. [00 1] lattice image.

3.2. TEM characterization of irradiated Alloy 718

Phase stability. Under mixed proton and spallation
neutron irradiation, the y' and y” phases seem to have
disappeared at doses as low as 0.6 dpa. As shown by
Fig. 3, the y” and y” superlattice diffraction spots
observed in the unirradiated samples were absent after
irradiation. The Nb-rich carbides were still present,
however, and were still crystalline after irradiation.

Unirradiated | ..
. - @8-S

Fig. 3. [001] Selected-area electron diffraction patterns from
Alloy 718: (a) showing y" and y” reflections, (b),(c),(d) showing
disappearance of y' and y” reflections after irradiation.

Fig. 4. Faulted Frank loops, in (a) 3.8 and (b) 13.4 dpa sam-
ples, imaged with one of the (111) relrods. Corresponding
diffraction patterns are shown as insets.

Fig. 5. High-resolution electron micrograph of radiation-
induced Frank loop near edge-on in irradiated Alloy 718, 1.5
dpa. [01 1] lattice image.

Radiation-induced defects. {11 1}-faulted Frank dis-
location loops were observed at all dpa levels. The loops
produced distinctive satellite spots around the funda-
mental matrix diffraction spots. The satellite spots arise
from extended diffraction streaks (relrods) perpendicular
to the four sets of {111} planes. Essentially identical
intensities of satellite diffraction spots from the four
(111) relrods indicated similar Frank-loop populations
on all four {111} planes. The Frank loops were imaged
with a (111) relrod in specimens at 3.8 and 13.4 dpa, as
shown in Fig. 4. Fig. 5 also shows the high-resolution
[01 1] 1attice image of an edge-on Frank loop at 1.5 dpa.
Small (black-spot-damage) and larger faulted Frank
loops were visible in all samples, and they increased in
size with increasing dose.

The possibility of cavity formation was investigated
in Fresnel contrast. This technique enables the detection
of cavities as small as 1 nm [8]. However, no cavity
(bubble and/or void) formation was found in the sam-
ples examined between 0.6 and 13.4 dpa (Fig. 6).

4. Discussion

A very significant observation is the absence of any
type of cavity, even though levels of ~1830 appm helium
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Fig. 6. Kinematic through-focal image series from 13.4 dpa Alloy 718. From left to right: under-focus, focus and over-focus, showing

that no cavities are observed in the matrix.

and ~5000 appm hydrogen were reached at 13.4 dpa. In
the irradiation temperature range 32-55°C, it appears
that there is insufficient mobility of helium atoms to
allow nucleation and growth of bubbles or voids.

The disappearance of the y' and y” precipitates at a
dose well below ~1 dpa is also thought to be very sig-
nificant. This is somewhat different from the behavior
observed in Inconel 718 at a somewhat higher temper-
ature, ~288°C, in a boiling-water reactor (BWR). Both
the disappearance of y” and redistribution of Yy were
reported [9]. In the BWR study y” disappeared after
doses of between 2.5 and 3.5 dpa. After doses of 2.5—
6 dpa, the original y' particles were visible, but just
breaking into smaller discrete particles. After 20 dpa,
only a few of the original y' particles were still visible,
and the matrix contained finer dispersed y' particles. The
redistribution indicates that a new balance between
dissolution and thermally induced diffusion has occurred
at this higher temperature. Carsughi et al. [10] also ob-
served the disappearance of Yy and y” in Inconel 718
after irradiation with 800 MeV protons to ~10 dpa at
temperatures below 250°C.

At low irradiation temperatures, thermal diffusion is
very limited and cascade-induced mixing can become the
most important short-range transport mechanism. Un-
der 600-800 MeV proton irradiation, very large cascades
are thought to be produced. At only a level of 0.6 dpa, it
is difficult to see how complete dissolution of these
precipitates and redistribution of the contained solutes
could occur. It is thought to be more likely that mixing-
induced disordering of the Yy and y” occurs initially,
leading to the rapid loss of order-induced imaging in the
microscope, but not the immediate dispersion of the
concentrated solutes that comprise the precipitates.
Redistribution of the solutes is then thought to follow as
the dose increases. This scenario is consistent with the
dose scale on which the various changes were observed
in the yield strength. Complete dissolution by 0.6 dpa
would lead to a softening that is inconsistent with the
initial hardening observed. This scenario will be tested

by future examination of specimens irradiated to
<0.1 dpa, where it is hoped that the disordering may be
captured in progress [11].

If we assume that the now-disordered precipitates are
still present and thereby retain most of their hardening
capability, as solute-rich regions in the matrix, then the
formation of a high density of black spot damage and
Frank loops is obviously responsible for the initial in-
crease in strength. At 0.6 dpa the gas generation is
thought to be insufficient to account for the initial
hardening. The later partial softening is thought to re-
sult from a more complete mixing-induced redistribu-
tion of the solutes comprising the precipitates. A loss of
strength is usually accompanied by an increase in duc-
tility, but mechanical testing has shown a dramatic drop
in total elongation occurring prior to ~0.6 dpa. This loss
is not recovered at higher doses where partial softening
occurs. This behavior may be the result of the increasing
accumulation of helium and especially hydrogen with
increasing dose.

5. Conclusions

After irradiation at 32-55°C and doses ranging from
0.6 to 13.4 dpa, precipitation hardened Inconel 718 ir-
radiated with a mixed spectra of high-energy protons
and spallation neutrons first hardens at <1 dpa and then
softens slightly at higher dpa levels. The initial harden-
ing is accompanied by a near-total loss of uniform
elongation that is not recovered when the alloy later
softens.

Characterization of the microstructure has revealed
marked irradiation-induced changes. A wide range of
both small and large faulted Frank loops is formed,
providing a contribution to hardening. Based on dif-
fraction evidence, both the ¥ and y” precipitates have
apparently disappeared by 0.6 dpa, which should lead to
softening. It is postulated that the precipitates initially
are only disordered at 0.6 dpa but that the solutes they
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contained are not fully redistributed back into the ma-
trix. Thus, the precipitates retain the majority of their
original hardening contribution while effectively disap-
pearing from view. The subsequent softening is thought
to be associated with more effective redistribution of the
solutes at higher doses.

In spite of large levels of retained helium and hy-
drogen, no cavities were found even at the highest doses.
These gases are therefore, dispersed on a very fine scale,
and this may account for the fact that the initial strong
loss of uniform elongation is not partially recovered
when the alloy later softens.
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