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THE STABILITY OF y* AND y" IN INCONEL 706 UNDER NEUTRON IRRADIATION*

L. E. Thomas
Hanford Engineering Development Laboratory
Richland, Washington

Inconel 706, a commercial y'-y" hardenable Fe-Ni-Cr base superalloy was
examined by transmission electron microscopy after neutron irradiation up 1.0
15 x 1022 n/cm2, E >0.1 MeV, at hOO to 735°C. Compared with other y'-hardened
superalloys, this alloy is exceptionally resistant to irradiation-induced
swelling and creep. Phase instabilities found after irradiation include the.
replacement of y" by y' at 1+00 to 500°C, and redistribution of y' and y" to ir-
radiation-induced dislocations at 550 to 650°C. These instabilities are shown
to result from segregation of nickel and niobium to point defect sinks. The
dislocations formed during irradiation are extrinsic Frank partial loops which
grow within y'; stacking faults produced by growth of these dislocations are
identical to thin sheets of n-phase. However, the presence of n-phase as
stacking faults within y' does not accelerate replacement of y' and y by 1.
The y' rather than n remains the stable phase. During either thermal aging or
irradiation above 650°C, stable n forms at the expense of both y' and y . In
general, the behavior of this alloy under irradiation makes it attractive for
nuclear energy applications requiring high strength up to 650°C.

* This work was supported by the Department of Energy.



Introduction

As part of a program to develop alloys for fast breeder reactor core ap-
plications, swelling and phase stability under high fluence neutron irradiation;
are being studied in a number of steels and iron-nickel base superalloys.

Among these alloys. Inconel alloy 706 is a y"-y"™ hardenable superalloy with at-
tractive strength, fabricability, weldability and creep resistance properties.
The present paper describes the stability of this alloy under neutron irradia-
tion to 1.5 x 1023 n/cm2, E >0.1 MeV, at 400 to 735°C.

* The precipitation behavior of alloy 706, like that of the closely related
alloy 718, 1is described extensively in published work (1-U). Age hardening in
these alloys occurs by precipitation of finely-dispersed, coherent y' and y"
in an austenitic matrix. The y" phase is D022 or<3ered- Ect N”Nb and forms as
disk-shaped particles on {100} matrix planes, whereas the y' is Ll2-ordered fee
Ni3 (Ti,Nb,Al). Both phases have parallel orientation relationships with the
matrix. Heat treatments used for optimum thermal stability of the y' and y
produce a "compact" or "envelope" morphology in which cuboidal y' particles are
completely enclosed by y" disks (3). Despite the presence of both phases, how-
ever, coherency strengthening by y" 1is said to be responsible for most of the
strength increase after aging (5)-

During prolonged thermal aging above 650°C the creep and tensile strengths
of these alloys deteriorate due to particle coarsening and replacement of the
v' and y" by coarse DC”-ordered hep p (nominally NisTi) and orthorhombic
Ni3Nb-6 (1,2). The "overaging" reactions accelerate rapidly with increasing
temperature; y' and y" are regarded as metastable with respect to n and 5.
Commercially recommended heat treatments use n or 6 formation at grain bound-
aries to limit grain growth and improve creep rupture life (1).

Previous studies of alloys 706 and 718 using nickel ion bombardment to
simulate neutron irradiation showed excellent swelling resistance (6) but poor
phase stability under irradiation (7)* Ion bombardment at 475 to 725°C pro-
duced stable intragranular p-phase at the expense of preexisting y' and y".
The neutron irradiation work reported here confirms the swelling resistance of
alloy 706, but gives a very different view of phase stability under irradia-
tion.

Experimental Details

Inconel 706 was obtained as 38 mm diameter bar stock (heat no. 48C5HK)
from Huntington Alloys. Table I gives the composition in weight percent ac-
cording to a vendor-independent wet chemical analysis. Following the heat
treatments given in Table I, specimens were machined to 3.0 mm diameter by
12.7 mm long right cylinders and irradiated in EBR-II in sodium-filled sub-
capsules. The subcapsules operated at constant temperatures from 400 to 650°C
controlled by heat losses through an inert gas gap and calibrated by thermal ex
pansion difference temperature monitors. Specimens examined in the present

Table I. Inconel 706 Composition (Wt.$) and Heat Treatments

Fe Ni Cr Ti Al Nb C Si
37.4 41.5 16.1 1.7 0.3 2.9 0.03 0.1
Solution-

10650C/1 hr/wW
Treated (ST): / r/Wo

Solution-Treated 954°C/l1 hr/WQ + 843°C/3 hr/AC + 718°C/
and Aged (STA): 8 hr/FC to 621°C/18 hr/AC



workT were irradiated to peak fluences of 5-9, 10.0 and 15~.? x n/cm2,
E >0.1 MeV. Table II gives t'he fraction of the

pealc fluence received by each subcapsule. Specimens irradiated to 2 x 10
n/cm2 at U27°C and 3.*+ x 1022 n/cm2 at 735°C were also examined.

Table II. Fraction of Peak Fluence Received by Each
Constant-Temperature Subcapsule

Design Temperature Fraction of
(°c) Peak Fluence
1400 0.67
1427 0.8U
510 0.95
538 0.89
593 1.00
650 0.99

For transmission electron microscopy (TEM), specimens were gang-sliced

into 0.025 cm thick disks using a slow-speed diamond saw and jet electro-
polished in 10% perchloric acid, 90% butanol at 65 V. This method provides
self-supporting, centrally-perforated 3 mm diameter specimens. Most examina-
tions were performed on 100 kV and 200 kV transmission/scanning transmission
electron microscopes equipped for semi-quantitative elemental analyses of
microbeam-selected specimen regions by energy-dispersive X-ray (EDX) spectro-
metry. The void, precipitate and dislocation structures of both irradiated
and unirradiated specimens were examined systematically using a standard set
of diffraction conditions to image all microstructural features in a given
specimen region. Dark-field images formed with various precipitate, matrix
and relrod reflections near a [00l1] matrix orientation were used to distin-
guish y' and y" phases and to identify thin sheet structures such as stacking
faulbs or g-phase plates.

The EDX microanalysis capability was used in combination with selected
area electron diffraction to identify g-phase particles at grain boundaries

and also to determine phase compositions. EDX analyses involved positioning
a 10 nm diameter electron beam probe on selected particles in specimen regions
50 nm or less in thickness and analyzing the X-rays generated. The analyses

inevitably included contributions from matrix regions around the particles,
but were adequate for simple phase characterizations.

Void swelling was analyzed by automated recording and data processing of
void image sizes, which were measured from micrographs using a device similar

to a Zeiss particle size analyzer. Specimen thicknesses were measured from
stereoscopic pairs of micrographs, and the wvoid shapes were taken into account
in measuring void volume fractions.. Errors in swelling measurements are
estimated as *10% of the measured values. However, the irregular distribu-

tions of voids at low void densities probably caused a sampling uncertainty
of about 100%.

Results
Preirradiation Microstructures

The STA treatment for alloy JO6 produces uniformly dispersed intra-
granular Y' arid v" with a mixed envelope morphology consisting of isolated Y"

disks and cuboidal y’ enclosed by y” disks. Some Y' nucleates on dislocation”,
end these particles contain internal (ill) stacking faults which can be imaged.



using their relrods (8). Figure 1 shows the y' and one of the three y" wvariants
g = [100] dark-field. Although the.stacking faults within y' constitute local |
hep stacking within the Ll2-ordered structure and therefore are identical to
thin sheets of n-phase (9,10), the faults show no tendency to coarsen into
stable n. Grain boundaries in the STA alloy contain cellular n-phase which
forms during the solution and stabilization parts of the heat treatment.
Electron diffraction and EDX microanalysis showed only hep-n at grain bound-
aries. Although 6-phase at grain boundaries has been reported in alloy JO6
with the same STA heat treatment as that in the present work (1,1+), we found

no 6. Difficulties in identifying 6 by electron diffraction were mentioned by
these same authors, and in view of their comments and the present results, the
previous identifications of 6 in this alloy are questionable.

In the ST condition, alloy 706 is an essentially single phase solid solu-
tion with no second phases apart from primary MC carbides.

Void Swelling

Both ST and STA alloy 706 are highly resistant to void swelling. Voids
appear at fluences below 2 x 1022 n/cm2, but grow little or not at all with
increasing fluence. The voids are cubo-octahedra which form mainly
in association with n and other structures that were present before irradia-
tion. Locally high void concentrations and sizes occur at cellular n regions
in the STA alloy, as shown in Figure 2; however, these relatively high swelling
regions contribute negligibly to the total swelling, and were excluded in swell-
ing analyses.

The analysis results given in Table III for the peak fluence of ib.J
x 1022show maximum swelling of 0.1%, the same as is observed at 6 and 10
x 1022 n/cm2. Void densities remain less than 1 x 10It+ cm—3, and the void
sizes give no indications of void growth efter 6 x 1022 n/cm2. Scatter in the
void density, size, and swelling results for different fluences at a given ir-
radiation temperature probably reflects measurement uncertainties. These re-

in

sults indicate that void swelling in STA Inconel 706 ceases after 6 x 1022 n/cm2.

Table III. Void Swelling in STA Inconel 706

Irradiation

Temperature Void Density Mean Size* Void Swelling
(°c) (Voids/cm3] (nm) (%)

Peak Fluence (x 1022 n/cm2)
6 10 14 6 10 14 6 10 14

1400 5.4 x 1013 - 26 0.04
1427 3.0 X 1012 1.6 x 1014 4,5 x 1013 12 25 28 <0.01 0.10 0.04
1+82 — — 2.6 x 1013 _ - 43 _ _ 0.09
510 2.1+ X 1013 1,3 x 1013 1.2 x 1013 41 30 45 0.09 0.01 0.05
538 - - 1.1 x 1013 Y/ - - 0.06
503 _ 1.7 x 1012 — - 69 - 0.02 -
650 No Voids No Voids No Voids

* Equivalent sphere diameter.

Specimens irradiated at 650°C contain no voids, but do show small (5 nm
diameter) features thought to be bubbles of transmutation—induced helium.
Helium bubbles were found only at (and above) 650°C, and are distinguished
from voids by their size and occurrence along dislocations, grain boundaries
and g-phase particles. Figure 3 shows these bubbles associated with the



dislocations bounding stacking fault n-phase plates.

Phase Stability

Neutron-irradiated alloy 706 shows several complex and interrelated
microstructural changes involving phase stability. These include the dissolu-
tion of y" at low fluences and temperatures, formation of incipient n-phase as
y'-coated stacking faults produced by growth of irradiation-induced Frank dis-
location loops, Y' and. Y" redistribution to point defect sinks, precipitation
from solution, particle coarsening and transformation of ¥' and v" ho stable
H- Figure 4 shows the irradiation temperatures at which these effects occur,
and the following paragraphs describe the observations in more detail.

The Disappearance of y” During irradiation at 400 to 510°C, the y" pro-
duced by STA treatment dissolves and is replaced by y' which forms on irradia-
tion-induced dislocation loops. Very little YY" remains in STA specimens after
2 x 1022 n/cm2 at 430°C, and there is none after 4 x 1022 n/cm2. The y" dis-
appearance at low irradiation temperatures, as well as enhanced y" precipita-
tion and coarsening at 650°C, is apparent in selected area diffraction patterns
from the [00l1] matrix orientation, in Figure 5- In unirradiated specimens the
y" reflections appear streaked along <100> directions due to the shape and
limited thickness of the y" particles. These reflections disappear completely
after irradiation at 400°C, and are weak and diffuse at 510°C, indicating a de-
crease in y" volume fraction and changes in particle shape. At 650°C, the y"
reflections are more intense and less extended, indicating coarsening. However,
the y' diffraction spots remain relatively unchanged at all irradiation tempera-

tures. Also, no further change in the y" reflections occurs with increasing
fluence after 6 x 1022 n/cm2.

To confirm that the y" disappearance is due to irradiation, an unirra-
diated STA specimen was thermally aged for 15,000 hours at 430°C. This treat-
ment produced no detectable change in the original y' or y", in contrast to the
marked changes in both of these phases after a few thousand hours in reactor.

In ST specimens, y', but not y", forms during irradiation below 510°C.
Both y' and y" precipitate from solution during irradiation at 510 to 650°C.

Irradiation-Induced Dislocations, Stacking Faults and Incipient n-Phase.
Irradiation-induced dislocations in alloy 706 consist of Frank faulted
loops (a/3<111> Burgers vectors) that form entirely within y' and grow slowly
without unfaulting. In most other fee alloys under irradiation, Frank loops
form in the alloy matrix and unfault at relatively low fluences by interacting
with other dislocations. Diffraction contrast experiments on the irradiation-
induced Frank loops in alloy 706 showed that these dislocations all formed
from interstitials, 1i.e., the faults are extrinsic type, as 1s usually the case

in irradiated fee alloys. Each extrinsic stacking fault within y' consti-
tutes seven planes of hep stacking in the Ll2-ordered structure (9). Conse-
quently, the dislocations are identical to thin sheets of n-phase. However,

this "incipient" n exists only by its identity as faulted y', and at most
irradiation temperatures shows no coarsening at the expense of its y'
coating.

The incipient n formed during irradiation gives prominent <111> relrods
which extend completely between all matrix reflections, indicating that the
faults are about an atom plane in thickness. Faults on all four {111} planes

in an STA specimen irradiated at 510°C are imaged together with dislocations
in Figure 6 by using the [200] matrix reflection and its satellite <111> rel-
rod spots near a [001] matrix orientation. Dark-field micrographs taken with
g = [100] and g = [1 1/2 0] (in fee matrix notation), respectively, show all
the y' plus one y" variant, and a single y" variant from the same specimen



area. Comparison of these micrographs and the v,-y" structures before irradia-
tion (Figure 1) shows that y'-coated stacking faults extend entirely through
the original y' particles, distorting the particles in apparent shape and size.
The presence of <111> relrod satellites around y' superlattice reflections in
the inset diffraction pattern in Figure 6 also indicates that the stacking
faults are inside the y' particles. Matrix and y' fundamental reflections
superimpose, so that the presence of relrod satellites around the fundamental
diffraction spots does not mean that thin {ill} sheet structures exist in the
alloy matrix.

y'-y" Redistribution. Figure 6 also shows that the original y' particles
in-STA material are redistributed onto Frank loops, and that y' has precipitate!
at voids and Frank loops in the matrix. In addition, the relatively few re-
maining y" particles appear changed in shape and location; the envelope mor-
phology of y" on y' particles is lost.

A similar set of y', y" and <111> relrod micrographs from an ST

specimen irradiated at 510°C, in Figure 7, shows extensive precipitation of y'
and y" from solution. Enhanced y' precipitation occurs at the irradiation-in-
duced dislocations, and regions around the dislocations are denuded of y"
particles. The denuding of y", but not y', around dislocations suggests that
elemental components of the N”"Nb-y" phase are preferentially attracted to
point defect sinks and precipitated as y'. To determine which elements are
segregated at the dislocations, individual particles of the irradiation-induced
y' were examined by energy-dispersive X-ray microanalysis. These analyses
showed that the y' on dislo'cations is highly enriched in niobium and contains

. relatively little titanium. Thus, the disappearance of y" during irradiation
at 400 to 500°C can be attributed to radiation-induced segregation of niobium
to point defect sinks, and its subsequent reprecipitation as y'. Niobium
should be an oversized atom in this alloy (11), and its observed concentration at
point defect sinks is especially noteworthy because it violates the "rule" that
oversized solutes move away from sinks (12).

H-Phase Formation. Since y' 1is regarded as metastable with respect to
n-phase, the presence of incipient n as stacking faults in y" raises the ques-

tion of whether neutron irradiation accelerates the y'+n transformation. Elec-
tron diffraction patterns from specimens irradiated up to 10 x 1022 n/cm2 at

400 to 600°C show <111> relrods extending completely between matrix reflections
and no diffraction maxima due to n-phase. Also, the vyl reflection intensities
are undiminished after irradiation. These observations indicate that y- rather
than n remains the stable phase during neutron irradiation.

After 13,000 hour irradiation (10 x 1022 n/cm2) at 650°C extended {111} stack-
ing fault structures develop within grains, and cellular n grows at grain boundaries
in STA specimens. The extended {ill} stacking faults do not appear coated with v',
although y'-coated faults are still present, as shown in Figure 8. Also, coarsened
and redistributed y' and y" remain, and diffraction spot intensities indicate little
loss in y', y" volume fraction after irradiation. Even at this fluence the n
is too thin to produce distinct intensity maxima in diffraction patterns. As
shown in Figure 9, <111> relrods extend completely between fundamental reflec-
tions, and partially between y' superlattice reflections, but show no intensity
maxima from the n-phase. However, the relrods do produce diffraction "spots"
on [1l11l] =zone axis patterns that could be misinterpreted as n

reflections.

At temperatures above 650°C, Widmanstatten n-pbase forms rapidly as coarse
plates both in irradiated and thermally aged alloy 706. The n forms at the ex-
pense of both y' and y", and EDX microanalyses of large n plates in both irra-
diated and unirradiated specimens yield a characteristic formula N13(Tig.sNbg.4AIO0.!

for this phase which is usually regarded as stoichiometric N”Ti.

The y' + y"->n transformation is complete after 3.7 x 1022 n/cm2 (irradia-
tion time of 6,700 hours) at 735°C, as shown in Figure 10. Comparison with a



thermal control specimen aged for 7,000 hours at 735°C indicates that the

transformation to n may be slightly faster during irradiation. Areas contain-
ing coarse y' and y" remain after the thermal aging treatment but not after
irradiation. However, the differences in temperatures needed to produce these
microstructural differences are small enough (less than 50°C) to fall within
the temperature uncertainties of the irradiation experiments. Thus, neutron
irradiation accelerates the transformation of y' and y" to n slightly, if at
all. ©No 6-phase forms during thermal aging or irradiation in alloy 706.
Discussion

Swelling Behavior

Compared with other Fe-Ni-Cr based superalloys, alloy 706 shows exceptional
swelling resistance and phase stability behavior. For example, the well-known
y' hardenable superalloy, Nimonic PEl6, with about the same base composition as
alloy 706 but with Ti and Al as hardeners instead of Ti and Nb, shows no satura-
tion of swelling during neutron irradiation. After 10 x 1022 n/cm2 in the same
irradiation test described in this paper, STA Nimonic PEl6 swelled about twenty

- times as much as STA alloy 706. Ternary Fe-Ni-Cr alloys show low swelling near

this base composition (13,1i+) but exhibit continued void growth like Nimonic PEl6.

The cause of the swelling resistance in alloy 706 is not clear, but appears

related to the formation of irradiation-induced dislocations within y'. In STA
706, regions of locally high, sustained swelling were found associated with cel-
lular n which formed at grain boundaries before irradiation. The dislocation

structures in these regions consisted of Frank and prismatic loops with no y' coat-
ings, and EDXEmicroanalyses showed that the compositions of the y'-free matrix
were the same in cellular and non-cellular regions. Thus, the inhibited swell-
ing in alloy 706 is related to microstructure rather than to composition.

To grow at the y'-matrix interface, irradiation-induced dislocations in y' re-
qgquire Ni and Nb, Ti or Al - as well as a net flux of interstitial atoms. EDX micro-
analyses showed that the irradiation-induced y' on the dislocations contains
mainly Ni and Nb, implying that both of these solutes segregate strongly to point
defect sinks during irradiation. The irradiation-induced y' forms initially by
precipitation from solution and by redistribution of the original y' and y" formed
by STA treatment. During irradiation, however, .the y' and y" which form at sinks
are continuously redistributed. Dissolution of y' and y" particles and the dif-
fusional transport of solute to point defect sinks can therefore be seen as the
limiting steps in dislocation growth and consequent swelling.

On the other hand, the chemical potentials of the irradiation-induced
vacancies and interstitials may be large enough to cause the dislocations to climb
outside the y' structure. If this 1is the case, atomic order at the dislocation
must be restored by rearrangement of the adjacent y', since the dislocations exist
entirely within the y' phase. Another possibility to be considered is that dis-
locations within y' grow slowly because they have no strong bias for preferential
absorption of interstitials. The interfacial strains between y' particles and
the matrix in Inconel 706 may reduce the strain field of interstitial Frank loops
growing within the y' so that their preference for interstitial atoms is decreased.
;This could occur if the irradiation-induced y' has a smaller lattice parameter
than the matrix. However, lattice parameter measurements from electron diffrac-
tion patterns do not show significant differences in d-spacings between the matrix
and vy'.

Dislocation loop growth was not measured in the present work, but appears to
proceed very slowly after 6 x 1022 n/cm2. This indicates slow irradiation creep

in alloy 706 as well as low swelling. However, continued growth of the disloca-
tions indicates that excess vacancies are accumulating during irradiation.
Whether the vacancies are trapped by solutes, stored by the y' structures or

are simply present in small concentrations in accord with the observed slow
growth of the dislocations is unclear. It is clear, however, that these

excess vacancies do not produce significant wvoid swellim?.



Y'-y" Stability Under Irradiation

Until recently, precipitate stability in Yv'-containing alloys under irradia-
tion was thought to be controlled by recoil dissolution (disordering and removal
of atoms by energetic cascades) and radiation-enhanced diffusion. The Nelson-
Hudson-Mazey (NHM) model (15) based on these concepts predicted ' dissolution
(15) at low irradiation temperatures and the establishment of an equilibrium y’
size independent of the initial particle size. The model was based on experiment-
al observations in ion and neutron irradiated Nimonic PE16 and similar alloys (16).

Subsequent neutron irradiation work has not supported either the NHM model
or the experimental observations on which it is based. For example, in Nimonic
PE16 irradiated to a peak fluence of 10 x 1022 n/cm2 at k30 to 650°C, Gelles
(17,18) found no evidence of y’ particle dissolution or an equilibrium ) size.
Gelles also showed that the Y' precipitate behavior under neutron irradiation
is controlled by coarsening (Ostwald ripening), and Yy’ redistribution to point
defect sinks. The coarsening is enhanced by about four orders of magnitude at
i+25°C due to irradiation-enhanced diffusion, and is similar to thermal coarsen-
ing at 650°C.

Radiation-enhanced precipitation from solution, precipitate redistribution
due to solute segregation at point defect sinks, and enhanced precipitation
from solution also account for the Y' stability behavior observed in neutron
irradiated alloy JO6. Formation of a point defect sink structure that consists
mainly of interstitial-type Frank loops in y' 1is 31l additional important factor
in the y! behavior. However, the disappearance of y” during irradiation at UOC
to 500°C, i.e., at temperatures where y’ and y" al-6 stable under thermal aging,
superficially resembles the particle dissolution predicted by the NHM model.

The present observations indicate that y" dissolution occurs by radiation-
induced segregation of nickel and niobium to Frank loops, and reprecipitation
of these elements as y'. The observations include y"” denuding around y'-coatec
Frank loops in ST specimens, EDX microanalyses showing that the y' on loops is
enriched in niobium, and the redistribution of y" as well as y' to Frank loops
during irradiations above 500°C. Below 500°C, no y" forms in ST specimens dur-
ing irradiation and y', but not y", precipitates during thermal aging. Thus,
y" may be thermodynamically unstable below 500°C. Nevertheless, the possibiliijy
that irradiation-induced formation of N”Nb-y' at the expense of preexisting
y" 1is an example of altered phase stability cannot be excluded on present

evidence.

In previous work on nickel ion bombarded alloys 706 and 718, Bell and
coworkers (7) reported that the y' and y" dissolved and were replaced by stable
n-phase at irradiation temperatures from U75 to 725°C. The n-phase consisted
of thin plates on {ill} habit planes, and was identified by the observation
that the n plates produce relrod intersections which appear as spots consistent
with n—phase in diffraction patterns taken at a [ill] matrix zone axis.

The n formed by ion bombardment appears similar to the y'-coated n found
after neutron irradiation. However, the diffraction evidence cited in the ion
bombardment study does not prove the phase identity. As shown in Figure 9,
any structure which gives <111> relrods extending completely between matrix
spots will produce extra spots on [ill] zone axis diffraction patterns because
of relrods extending from upper and lower layers of the reciprocal lattice.

The presence or absence of diffraction maxima along the relrods can be deter-
mined from [0il] zone axis patterns showing two sets of <111> relrods in the
plane of the diffraction pattern.

\

A possible explanation for the apparent lack of y' stability in ion bom-
barded alloy 706 is that the y' redistributed as faulted dislocation loops dur-
ing—ice-. 1irrari-iation mav not have enough time to coarsen as stable y!. The



ion irradiations achieve the 'same number of atomic displacements in a few

hours as neutron irradiations do in a few thousand hours. Higher damage rates
allow irradiation-induced particle dissolution processes to compete more ef-'
fectively with thermal reordering, so that the apparent disappearance of y' and
y" under ion bombardment is a kinetic effect. Under neutron irradiation, vy'
and y" clearly remain stable up to temperatures where thermally-induced n for-
mation occurs.

Conclusions

Compared with other iron-nickel based superalloys, alloy JO6 shows excep-
tional swelling resistance and unusual phase stability behavior during neutron
irradiation. The y' and y" strengthening phases are thermodynamically stable
up to 650°C where they coarsen and are replaced by hep n-phase. Both y' and
y" are redistributed by radiation-induced flow of Ni and Nb to point defect
sinks (mainly dislocation loops) and the y" disappears in favor of Nb-rich y'

during irradiation below 500°C. Incipient n-phase forms as stacking faults
within y* at all temperatures from 400 to 650°C. However, the vy', y'"n trans-

formation is accelerated only slightly by irradiation. Overall, the resistance

to irradiation-induced swelling and creep, and maintained stability of the
strengthening phases during high fluence neutron irradiation at 400 to 650°C,

make this alloy an attractive candidate for fast breeder reactor core compo-
nents.
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FIGURE CAPTIONS

Y'-y" microstructure of unirradiated STA 706. g = [100] dark-field
micrograph shows all ¥' anci one of the three y" variants, Y' particles
formed on dislocations contain {ill} stacking faults.

Voids in STA 706. Cellular p-phase region at grain boundary shows
locally high swelling after 8.U x 1022 n/cm2 at U27°C.

Helium bubbles at stair rod and Frank partial dislocations bounding
stacking fault p-phase in STA 706 after 1U.6 x 1022 n/cm2 at 650°C.

Stability behavior in irradiated alloy 706 at fluences from 2 to
15 x 1022 n/cm2.

[001] selected area diffraction patterns from STA alloy 706 showing Y"

dissolution during irradiation at UOO to 510°C. Also showing enhanced
Y" precipitation and coarsening at 650°C. Y' remains stable during
irradiation.

Selectively imaged v¥'s Y" stacking fault (relrod image) micro-

structures in the same' area of neutron irradiated STA alloy 706 after
5-7 x 1022 n/cm2 at 510°C. Inset diffraction pattern shows reflections

used for imaging. The Y' particles are distorted by internal faulting
and Y' redistribution to Frank partial dislocations bounding the faults.

Y',Y", <111> relrod and void microstructures in the same area of
irradiated ST 706 after 5-7 x 1022 n/cm2 at 510°C. Enhanced Yy' pre-

cipitation at dislocations occurs at the expense of surrounding y"

p-phase, ! Y" in STA alloy 706 after 10 x 1022 n/cm2 (13,000 hours
in reactor) at 650°C. Transformation of y’ and y" 1o Widmanstatten p is
sluggish at 650°C in reactor.

[0i11] selected area electron diffraction pattern from STA 706 after

10 x 1022 n/cm2 (13,000 hour irradiation) at 650°C, showing extended
<111> relrods but no distinct diffraction maxima from p-phase. Extra
spots (arrowed) on [ill] zone axis pattern (b) are due to <111> relrods

extending from upper and lower reciprocal lattice layers as shown in
(c). These spots do not establish the presence of p.

Widmanstatten p-phase formed from ¥Y' and y” in STA Inconel 706.
(a) Neutron irradiated to 3.U x 1022 n/cm2 (6,700 hours) at 735°C.

(b) Thermally aged 7,000 hours at 735°C.
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Initial Y"-Y" Microstructure of STA Inconel 706 (Before Irradia-
tion)



~“phase region at grain boundary showing relatively

high swelling after 8 x 1Q22 n/cm2 at 427*‘C.
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Y'»Y" Dislocation and Void Microstructures
Neutron Irradiated ST Inconel 706
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Widmanstatten n phase in Neutron Irradiated STA Inconel 706 After
3.4 x 1022 n/on2 (E >0.1 MeV) (6,700 Hours) at 735°C.

Thermally-Aged Inconel 706 Showing Widmanstatten n Phase and Un-
dissolved Y! and y" After 7,000 Hours at 735°C.
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