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Seven commercial alloys of potential interest for fast-breede - ctor structural
alloys haveJ~ en irrj~ãated in the EBR-II to a fluence of 1.6 X ~ 2 n/cir~~ E > 0.1
MeV , at 455~C (850~’F) and subsequently examined and analyzed using~~ansmission
electron microscopy. Irradiated were Inconel 718, Incoloy 800, Inconel 600, Inconel
625, PE-16, San dvik 12R72HV , and Inconel 744. The experiment was designed to
examine the alloy stability during irradiation and to measure swelling resistance......_~~ ~- 
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Inconel 718 and PE-16 exhibited the best swelling resistance, and Sandvik 12R72HV
and Incoloy 800 had the poorest resistance to swelling. Inconel 744, an experimental
superplastic alloy with a duplex microstructure, exhibited one of the highest swelling
rates known for the austenite phase but showed no swelling for the ferrite phase.
Inconel 625, Inconel 600, and Incoloy 800 showed extensive precipitation of phases
not present prior to irradiation.
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SWELLING AND ALLOY STABILITY OF POTENTIAL FAST-BREEDER-REACTOR

STRUCTURAL ALLOYS IRRADIATED IN NRL EXPERIMENT H-5

INTRODUCTION

Swelling and alloy stability may in many cases limit the life of cladding and duct
materials. Although the structural components of the fast breeder reactor (FBR) will
be subjected to lower fluences than the cladding or duct , dimensional changes resulting
from swelling and phase changes under irradiation must still be of concern because of the
long service lifet ime.

The current experiment consisted of the irradiation of transmission electron micros-
copy specimens of seven commeri cal alloys of potential interest for FBR structural alloys
and their subsequent examination and analysis. The specimens were irradiated in NRL
experiment H-5 in the experimental breeder reactor in Idah o Falls, Idah o (EBR-II reactor),
to a fluence of 1.6 X 1022 n/c m 2 , E >  0.1 MeV , at 455°C (850° F). Materials irradiated
were Inconel 718, Incoloy 800, Inconel ~00, Inconel 625, PE-16, Sandvik 12R72HV , and
Inconel 744. Following irradiation the specimens were examined by transmission electron
microscopy (TEM) to determine the swelling resistance using standard practices for TEM
measurements . The stability of each alloy under irradiation also was qualitatively assessed,
by comparing the microstructures before and after irradiation. A brief commentary on the
phases to be expected in each system has bee.~ included in the discussion section , so that
expec ted phases can be compared with those observed. No attempt has been made to
identify all the phases observed, as this was beyond the scope of the study. Such detailed
characterization should be conducted , however, if an alloy is selected for use in FBR.

MATERIAL S HISTORY AND EXPERIMENTAL
TECHNIQUES

The compositions of the alloys studied in this experiment are given in Table 1. All
alloys were obtained from the International Nickel Company except for the Sandvik
12R72HV alloy, which was obtained from Sandvik Steel Company.

Sheet stock of all the alloys was produced by rolling from a variety of dimensions to
1.58 mm (0.062 in.) with intermediate anneal s in vacuum. The final reduction was from
1.58 mm to 0.08 mm (.003 in.). Following the final reduction the specimens were heat
treated according to the schedules shown in Table 2. After the final heat treatment TEM
specimens 3.0 mm (0.118 in.) in diameter were punched from the sheet. These specimens
were then encapsulated in a subeapsule of 316 stainless steel backfilled with helium. The
specimens were tightly packed with a spacer block to assure good thermal contact with the
capsul e.

The subcapsule was part of a larger assembly designated NRL experiment H-S which
was irradiate d in subassembly X188 in core position 4F2 of the EBR-II reactor. This

Manuscript suhm~tted May 12, 1977
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REED AND SMIDT

Table 1 — Alloy Compositions
_ _ _ _  _ _ _ _ _ _   _ _ _

Materials —
~ 

“ — - - -‘— -— - - ‘—- - -— — p ~~~ 
- I

NI~~~~~~~~~~~~~~~~~~~C~~~~~~~~~~f P S S i ~~~~~~~~~~~~~A1 Cb~~~~Mo Cu~~~~~~~~

IN 600 76.0 15.0 8.3 0.04 0.19 - - 0.27 - - - - 0.30 -

IN 625 62.1 21.9 2.7 0.03 0.07 - - 0.20 
I 

0.26 I 0.14 3.55 9.02 — -

IN 718 53.1 18.3 18.5 0.01 0.20 0.01 0.005 0.10 0.89 0.59 5.20 3.06 - -

IN 744 7.8 27.4 Sal 0.055 0.62 0.016 0.007 0.50 - - - - - -

IN 800 30.5 20.8 47.0 0.09 0.71 - - 0.61 - - - 0.27 - -

PE- 16 43.2 16.4 34.2 0.05 0.06 - - 0.25 1.18 1.24 — 3.16 - 0.21

12It72HV* 150 15~0 Bal 0.10 180 - - 050 0.45
1 . : 

- -

°Nominal compoeition .

Table 2 — Preit-radj atj on Heat Treatment

Material Heat Treatment

Inconel 718 1200°C for 1 hr; air cooled
Inconel 600 790° C for 4 hr
Incoloy 800
PE-16 I

Inconel 625 1200°C for 1 hr; cool rate = 490°C/hr
790°C for 10 hr; cool rate = 650°C/hr
650°C for 10 hr; cool rate = 460°C/hr

Inconel 744 870°C fo r 1 hr ; air cooled
455°C for 3 m m ;  air cooled

Sandvik 12R72HV 1200°C for 1 hr; air cooled
20% cold worked , followed by 850°
for 4 hr; air cooled 

- ___________
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subassembly received a total fluence of 2.2 X 1022 n/cm 2 at the core midplane. The posi-
tion of the specimens was 13 cm above the core midplane, where the neutron flux is 0.83
of the value at the core midplane. The ratio of neutron flux with E >  0.11 MeV to the
total flux at this location is 0.87, so that the neutron fluence for E >  0.1 MeV for this
experiment was calculated to be 1.6 X 1022 n/cm 2 . Flux monitors included in the experi-
ment have not been analyzed yet. The capsule was exposed to flowing sodium coolant ,
which at this reactor location and power level had a temperature of 455°C ± 25°C (850° F).
Following irradiation the capsules were decontaminated and returned to NRL for examination
of the specimens.

The specimens were thinned to transparency by electropolishing and examined with a
JEM 200A electron microscope equipped with a side-entry goniometer stage. The microscope
was operated at 200 kV for all observations. Foil thicknesses were determined from stereo
measurements with stereo-pair micrographs taken after tilting the sample symetrically about
the X axis 4 to 5 degrees on each side of 0. Foils were typically 0.1 pm thic k , and the
accuracy of thickness measurements is estimated to be ±20%. Void sizes were measured on
photographs enlarged 3X with the aid of a Zeiss particle-size analyzer.

RESULTS

The microstructural changes observed after irradiation in the H-S experiment are briefly
described for each material in the following subsections. These microstructural changes include
void formation and changes in the precipitate structure. A summary of the characteristics of
the void population and swelling for each alloy is included in Table 3. The phases anticipated
from the heat treatment will be described in more detail in the discussion section and will be
compared with the observations. In a subsequent section , swelling-composition trends are
discussed.

Table 3 — Void Population Characteristics After Irradiation to
1.6 X 1022 n/cm 2 , E >  0.1 MeV , at 455°C (850°F)

Density Mean Diameter SwellingMaterial 
~cm 3) (nm) 

— 

(%)

Inconel 718 5.8 X io’~ 17.3 0.02

Incoloy 800 2.3 X 101’l 26.6 0.26

Inconel 600 1.44 X iO~~ 19.6 0.04

Inconel 625 8.0 X i0~ 11.4 0.08

PE-16 6.6 X j Ø 13 19.4 0.03

Sandvi k 2.6 X 1015 12.7 0.3
12R72HV

Inconel 744 (austenite) 2.8 X 101 5 24.6 2.7
(ferrite) — * — —

(average ) 1.0 X 10~~’ 24.6 1.0

‘Th e ferrite grains did not contain voids.

3 
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Lnconel 718

Inconel 718 is a nickel-base alloy strengthened by -p ” and -y ’ precipi tates (these pli ast ’s
will ut described in detail in the discussion sect ion) . ‘J’ht’sv ordered phases art ’ onl y J a i n t l y
discernible Ifl bright-field microgra~) 1s of the alloy prior to irradiation , and no other
are Present.

Examination of the irradiated specimens revealed a low density of homogen eously distrib-
uted voids , as can be seen in Fig. 1. The void population had a mean diameter of 17.3 11111
and a density of 5.8 X 1013 cm 3 , which produced swelling of 0.02% . No obviou s changes
occured lfl the precipitate structure , as also can be seen in F’ig. 1. The ordered ~~

“ I r t l i p i L l i t
structure in the irradiated specimen is shown in Fig. 2 imaged in dark field wi th  a su l l e r l a t t i l l
reflec t i( ) ii.

Fig. I — Transmission electron micrograp h showing Fig. 2 — Transmission electron micrograp h of 
~~
“

void population in Inconel 718 af ter  i r radiat ion to precipitates in i r rad ia ted  Ineonel 718 imaged in
a flu ence  of 1.6 X 10 22 n/cm 2 , E > 0.1 MeV , at dark- f ie ld  contrast using a ~uper Iatticc ri’f Iec~ion
355°C (850° F)

Incoloy 800

Inco loy 800 is a high-nickel austenitic stainless steel which is solution hardened. Prior
to irradiation the alloy had only a few precipitates , presumabl y carbides . along the grain
boundary and a few precipitates widely scattered in the grain interior.

Voids in the irradiated sample were distributed homogeneousl y except for some denudi ng
along the grain boundaries. Figu r~’ 3 shows the grain-boundary carbides and the void populat ion
1)0th near the grain boundary and in the grain interior.  The void population had a mean dia-
mete r of 26.6 nm and a density of 2.3 X 1014 cm 3 , which produced swelling of 0.26~~.
Following irradiation , the grain-boundary precip itates appeared to have grown s l igh t ly ,  and a
new typ e  of precipitat e appeared in the matrix. These precipitates aj iwar to be rod shaped
and are preferentially aligned , as (an be seen in Fig. 4. The rods are approximately 10 nni in
diameter and 40 nm long .
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U

Fig. 3 — Transmisci ,~n electron niicrograph showing grain-boundary precipitates
and void population both near the grain boundary and in the grain interior of
Incoloy 800 irradiated to a fl uen ce of 1.6 X 1022 n/cm 2 , E >0. 1 MeV , at 455°C
(850°F)

—Iv—- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

Fig. 4 - Transrn i.cion electron mier ograph showing hich~d.’nsit v of pre ferential ly
aligned rod-shaped precipitates in irradiated Incoloy 800

5
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lucunel (iO()

l t n i n o ’ l  600 is a solu t i on—hardened nickel—base alloy . The un i r ra d ia t i d sI let inwn t ; i i i ’ I
prc& il i i t a t t s  along a large fraction of the grain hou ndarv ,  hut  the grain in t er io r  had ii o V ls I  hi
strt i i t u r t ’ .

1- o l lowi n g irradiat ion , voids with a mean diameter of 19.6 nm and dens it  of 1 - I l ‘ i i i

cm~~ were dis t r ibuted homogeneously in the matr ix , as can he seen in Fig. 5 Swi l l i n ~ of t i ~
alloy was fl . O l ~~.. Some denuding of voids along grain boundaries was observed N u n ’ r u -
( l I s l ( n - a t i u t i  loops wi th  a mean diameter of 37.5 nni formod during irrad iation and are I l u  ~t r u t  i i

in l iu.  . r \ fe w smal l precipitates also formed dur ing  irradiation and appear as bla ck ~l o t s  in

l” i i ~ 5.

:-~ 
° 

~~~~~~~~~ 1

—,

~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~

, 
- 

- ~55

.; I :..

1~~~~~~~~~~~~~~~~~~~~

- .- - 

~~~~~ ~~~~~~~~~~~~

Fig . 5 — Transmission electron micrograp h ui Incon  I (tO O i r r a d i a t e d  t o  a f luenc e
of 1.6 X 10 22 n /cm 22 , E > 0.1 MeV , a t  4~~~ ( s ,() I i  ‘.h v ,  i lL
dis t r ibut ion of voids and small prec ip i ta t es  which  appear  as bl ack ~~~~is

Inconel 625

Incone l 625 is a nickel-base alloy with small addit ions of a l u m i n u m  and t i l a i t i t i n i  wh ich
prov ide some strengthening by -y - The preirradiation lw-at t r e a tment  ‘r ~i luc i d a -

structur e which was visi b le under dark-fi e ld imaging condi t ions .

6
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Fig. 6 — Transmission el ect ron micro grap h of i r rad ia ted  Incone! 600 showin g
r ad ia l  o n - i n d u c e d  d i s loca t ion  loops h a v i n g  a mean d i a m e t e r  ( i i  37 5 nm .

I r ra d ia t ion  produced a hornoi~t i t c ou s  d i s t r ibu t ion  of voi ds . a~ sho~ it in F’it .u 7 - I h e
void s had a mean diameter of 11.-i urn and a density of ~.0 1011 (f lt 3 

. Whi ( h produced
swelling of 0. 08~ - Smal l precipitates wer(’ 0h5 e 1 V (( l  ifl the grain in t er ior  of the irradiat ed
specimen and appear as black spots in Fig. 7 The >

‘ precipitate s tru c tu i - i a f te r  i r rad ia t i on
imaged under clark-field conditions is shown in Fig. 8. Figu re 9 shows t lw dis locat ion- loop
structure prod uced by these irradiation condi t ions .

PE-16

PE — 16 is a “ —st re ngthen ec l  nickel-base alloy. h x a m in a t i on  of j ) r eirr adiat  ion hea t - t r e a te d
specimens revealed a un i fo rm ( l i s t r ihu t io n  of -y ’ precipitat es v t i r  iou in d iameter  from 15 t nt
to .l~ t m .

The voi ds  in the  i r radia t ed al lo y . as seen I I I  l - t u .  10. had a mean d iameter  of I ti -I urn
and a ih i t s t t v  of 6.6 >‘ l o t  t I - r n -  , which ~‘aide d 0.03’ swe ll in g.  No s i g n i f i c a n t  I t 1( i I ~~~Isl

in t i n  size of the  prt ’i i p i t n t ~~ wa s no l c i l  a f l i t  i r r a d i a l n i t i  - -  \ hi gh dens i t y  of di - .h i tt t i ~~ti
I oop~ w i t h  avet - a~ i t l i a rn i ter s of a pp r ox i r n a l e ly  20 nm formed d ur ing  i r ra ( l l a t IOn .  as sh own

in Fig. 11.
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Fig. 10 Transmis si . in di-et ro n mic rog raph showing Fig. 11 — Transmission electron micrograph of irra-
void population of PE-16 irradiated to a fluence of diated PE-16 showing dislocation -loo p structure
1.6 X 10 22 n/cm 2 , E > 0 i  MeV , at 455°C (850°F)

Sandvik 12R72HV

Sandvik 12R72HV is an austenitic stainless steel with carbide stabilizers added. The
prescribed heat treatment was intended to strengthen the materi al by producing carbide
precipitation on dislocations produced by 20% cold work. The precipitation was on a fine
scale and difficult to image in the cold-worked material.

The irradiated materi al had a high density of small voids , many of which appeared to
be preferentially aligned in strings, as can be seen in Fig. 12. When the dislocation structure
of the same area is imaged (Fig. 13), the alignment of the strings appears to be along the
dislocation lines. A number of small precipitate s which have formed or coarsened during
irradiation can also be seen in Fig. 13. The swelling in this alloy is quite high at 0.3%. The
mean diameter of the voids is small , 12.7 nm , but the density is high , 2.6 X 1015 cm 3.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~ 4....j 
~~~~~~~~Fig. 12 -- f ,--in sm is.’, i i . i i  i - l i s - l r n n  micrograph show- Fig. 13 — Dislocation structure of the same area as

ing a h igh  d i - n s i t v  of voids aligned in strings in shown in Fig. 12. Comparison of the two micro-
12R72HV irradiated to a flue~ ce of ~.6 X 1022 graphs show that the strings appear along the dislo-
n/cm 2 , E > 0.1 MeV , at 455 C (850 F) cation lines.

9
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Inconel 744

Inconel 744 is a superplastic dup lex alloy consisting of small austenite grains in a ferri te
matrix. Figu re 14 shows the small grain size , 2.28 pm diameter , and unusual banding of t in -
dislocation substructure in this material.

Voids were observed to form in onl y Par t of the grains , as shown in Fig. 15. Art anai y ’~i--
of a typ ical area showed that 37Y~ of the area contained voids and 63% did not. This corresponds to
the expected ratio of austenite and ferrite , and this identification has been confirmed by elec-
tron diffraction pattern s from selected grains. The grains which contain voids have a swell in g
of 2.7’~ , with a void density of 2.8 X 10~~ cm 3 and a void mean diameter of 24.6 urn.  The
remaining graij is contained no voids , and when the data are adjusted to reflect the total area ,
the overall swelling for the Inconel 744 is cak-ulated to e 1%.

_  
F

___

~~~~~~~

. ~~~~~ 
,

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~,,

~~~~~~ ~~~~ 
- -

~~ •
-~~~~~

-~~ - --

.t ~~~~~~~

- ~~~~~~~~~~~~~

Fig. 14 — Transmission electron micrograp h show Fig. 15— Transmission electron micrograp h of irra-
ing small grain size and unusual banding of the diated Incone l 7-4 4 showing the hi gh dens i ty  ot
disloca t io n sub st ru ct ur e of In conel 744 irradia ted voids formed i n the au sten ite grai ns an d the absence
to a fluence of 1.6 X 1022 n/c m 2, E > 0,1 MeV , of voids i n the ferri te grai ns
at 455°C (850° F)

The grains which do not contain voids hav e small clusters of dislocation loops , as shown
in Fig. 16. Dark-field TEM techniques were used in searching for precipitates in these grains ,
bu t none were found.

DISCUSSION

- - e alloys surveyed for swelling resistance and alloy stability in this irradiation cover a
wide range of commercial alloy compositions across the ‘y-phase region in a Fe-Cr-Ni ternary
diagram as well as one duplex alloy. The alloy compositions are indicated on the Fe-Cr-Ni
ternary phase diagr am for 650°C (1200° F) shown in Fig. 17.

10
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Fig . 16 — Transmission electron micro gr ap h showi ng  small cl i i ’ . t  c r ’ . of d i s loca t ion
loops in the ferr i t ic  ma t r ix  ut  i r rad i a t e d  1 nconel 7 I I
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REED AND SMIDT

As desc ri bed in the previous section on results, significan t changes were observed in
the rni cr (istrut -Lures of all the alloys examined as a consequence of this irradiation to a
fluence of 1.6 X 1022 n/cm 2 , E > 0.1 MeV , at 455°C (850°F) . These chan ges in micro-
structure indicate potential swelling and alloy stability problems. Swelling is of concern ,
because it (-an produce dimensional changes in compoent size and shape. None of the
swelling values found in this experiment were excessively large , hut then the fluence was
fairly low for near-core LMFBR applications. Experience with AISI Type 316 stainless
steels I 1) has shown the swelling rate to increase linearly after an incubation period. Most
of the alloys studied here were still in the incubation region. The swelling values observed
in Incoloy 800, San dvik 12R72HV , and Inconel 744 therefore indicate poor swelling resistance
can he expected at higher fluences.

Some change in the precipitate phase or distribution was observed in almost all the
samples . Changes of this nature can influence the strength and long-term stabilit of the
alloys and hence is also of concern. Since most commerical alloys are metastable , it is not
surprising to find precipitate growth under irradiation conditions where the vacancy concen-
tration is increased. Point-defect trapping of solute atoms may also lead to transport and
segregation of solutes at interfaces or defect sinks. Some changes are less expected , such
as the appearance of “new ” phases under irradiation 12 1. Damage to the y’ strengthening
phase in nickel-base alloys, which results in changes in precipitate size and distribution , has
also been observed [3) .

The present discussion will summarize the physical metallurgy for these alloys to put
the changes observed into perspective and to note potential problems. In many cases the
heat treatments used in this experiment differed somewhat from that of commencal practice.
These differences will be noted.

Inconel 718

inconel 718 is a nickel-base alloy strengthened by -y ” and y ’. The literature on the phys-
ical metallurgy of the alloy has recently been reviewed and summarized [4] , so no effort to
provide a complete bibliography will be made. The presence of 0.4A1 and 0.9Ti produce
some ~~

‘
, Ni3 (A1,Ti), but the primary strengthening phase is ‘y” body-centered-tetragonal

Ni 3 Nb. Commercial heat treatments normally consist of either (1) a solution anneal at
980°C (1800° F) for 1 hr followed by air cooling to 720° C (1325° F), aging at 720°C for
8 hr , fu rnace cooling for 20 hr to 620°C (1150° F), aging at 620°C for 8 hr , and air coolin g
or (2) a solution anneal at 1050°C (1925° F) for 1 hr followed by air cooling to 760°C
(1400° F), aging at 760° C for 10 hr , furnace cooling at 55°C/hr to 650°C (1200° F), aging
at 650°C for 8 hr , and air cooling. Heat treatment 1 may produce a Laves phase (Ni , Fe,
Cr) 2 (Nb , Mo, Ti), which is harmful to ductility and ties up strengthening elements. Heat
treatment 2 avoids the Laves phase but probabl y form s NbC along the grain boundaries.
Both heat treatments produce 

~~~

‘ and v”, and long aging converts some of the 7” to a more
stable orthorhombic form of Ni 3 Nb.

The heat treatment received by the material in the 1-1-5 experiment consisted of a sol-
ution anneal at 1200° C (2190° F) for 1 hr , air cooli n g to 790°C (1455° F), ag ng at 790°C
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for 10 hr . air cooling to 650°C (1200°F), agin g at 650°C for 10 hr , and air cooling. This heattreatment probably produced some NbC at grain boundaries and somewhat greater conversionof -y” to Ni 3Nb than the commercial heat treatments . None of these differences are signi-
ficant.

No attempt has been made to identif y and analyze all the phases present in the lnconel
718 used in this experiment. A qualitative comparison of the microstructural features wi th
those described in the literature 151 confirms the presence of 

~~

‘ and -y ” . In the irradiated
specimen the presence of ‘y ” was confi rm ed by imaging the precipitates in dark field with a
superlattice reflection. There were no immediately obvious changes in the precipitate morpho-
logy in this Inconel 718 as a consequence of irradiation. Another irradiation of the same
material at 748° C to a fluence of 9.0 X 1021 n/cm 2 , E >  0.1 MeV , showed a m ore obvious
coarsening of the y” precipitates.

Inconel 718 is one of the alloys being extensively studied in the National Alloy Develop-
ment Program for cladding and duct applications , and extensive high-fluence data should soon
be availabl e from that program. Ion bombardment of Inconel 718 has been found to accelerate
the aging of the metastable ‘y ’ and 7” phases to form the i~ phase, Ni 3 Ti [6).

The swelling resistance of Inconel 718 appears to be quite good , wit h only a few scattered
voids foun d in these specim ens , f o r  a swelling of 0.02%. A previou s irradia tion experiment on
Inconel 718 at 540°C arid a fluence of 7.4 X 10 21 n/cm 2 , E >  0.1 MeV, showed 0.1% swelling
[7].  Another specimen irradiated at 748°C to a fluence of 9.0 x 1022 n/cm 2 , E >  0 I  MeV ,
had no voids.

Incoloy 800

Incoloy 800 is a solid-solution-strengthened 3ONi-2OCr austenitic alloy. Recently pro-
duced heats of Incoloy 800 have smal l additions of aluminum and titanium to provide some
-t” strengthening. The heat used in the H-5 experiment however was an older version of
Incoloy 800 which did not have the titanium and aluminum additions.

The usual commercial heat treatment is a solution anneal at 1120 to 1150°C (2050 to
2100° F) for 1 to 2 hr . This produces a few titanium cyanonitride precipitates that are stable
up to the melting point. Chromium carbides form in the 540 to 1090° C (1000 to 200O~ F)
range and can lead to sensitization to corrosion in the 540 to 760°C (1000 to 1400° F) range.
In the heats containing aluminum and titanium , 7’ will form during long-term aging in the
565 to 595°C (1050 to 1100° F) ran ge 181 . Titanium cyanonitride , M23 C6, and -y ’ have
been reported in a fatigued specimen of Incoly 800 [9] -

Heat treatment given to the material in the H-S experiment consisted of a solution anneal
at 1200° C (2100° F) for 1 hr , air cooling to 790° C (1455° F) aging at 790° C for 14 hi and
then air cooling. This heat treatment was intended to precipitate the 

~~

‘ to minimize changes
in properties during irradiation and was selected before it was realized that the material used
in this experiment was an older heat not containing aluminum and titanium. A few large
globular precipitates were present in the specimen after this annealing treatment, but no
other precipitates were visible.

13
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Following irradiation a high density of rod-shaped precipitates was uniformly dispersed
throughout the matrix . A similar precipitate was also observed in lncoloy 800 irradiated at
540°C to a fluence of 7.4 X 10~l n/cm 2 , E > 0.1 MeV , in a previous experiment 17 1- The
precipitate has not been identified at this time.

Swelling in Incoloy 800 in this experiment was 0.26% , one of the highe r values observed
among these alloys. The previous irradiation experiment at 540° C and 7.4 X 1021 n /cm 2 . E
> 0.1 MeV , prod uced 0.064% swelling. This is appreciable swelling for such a low fluence ,
thereby indicating Incoloy 800 has poor swelling resistance. The peak swelling temperature
for lncoloy 800 is estima ted to be between 450 and 550°C.

Inconel 600

Inconel 600 is a solid-solution-strengthened l5Cr-8Fe nickel-base alloy 1 101. The com-
mercial heat treatment consists of a solution treatment at 1120° C (2050° F) for 12 hr followed
by air cooling. This produces a few large titanium carbonitride precipitates randomly dispersed
in the material. Chromium carbides precipitate in the range 540-to 980°C (1000 to 1800° F)
both at grain boundaries and in the matrix. This may leave the material sensitized to corrosive
attack if aged in the range 540 to 760°C (1000 to 1400° F). Predominan t carbides are Cr 7 C3 and
M 23C6.

The heat treatment given the Inconel 600 used in the H-5 experiment consisted of a
solution anneal at 1200°C (2190°F ) for 1 hr , air coolin g, and an aging treatment at 790°C
(1455° F) for 4 hr and air cooling to precipitate the carbides. This produced carbide precipita-
tion along the grain boundaries , bu t no l)reciPitates were observed in the matrix . Irradiation
produced additional precipitation in the form of a fine dispersion of platelets . The dislocatioa
structure produced by this irradiation is in the form of loops. Small spherical preci pi tates which
have not been identified are also observed on these loops.

Swelling in Inconel 600 under these conditions is 0.04%. The voids are homogeneously
distributed and do riot appear to be associated with the precipitates. The aging treatment may
have removed some elements from solid solution that would contri bute to swelling resistance.
Another experiment without the second aging treatment would be of interest to compare the
effect of heat treatment on both swelling resistance and alloy stability .

In conel 625

Inconel 625 is a 2OCr-3Fe nickel-base alloy with additions of 9Mo and 3.5Nb to provide
solid-solution strengthening [11]. Additions of aluminum and titanium also lead to some
formation of 

~~~

‘ but not in large enough quantities to influence the hardening. The most
commonly used heat treatment is a solution anneal at 1040 to 1200°C (1900 to 2200° F)
for 1 to 2 hr [121. A modified heat treatment that provides higher strength includes an
intermediate anneal at 1040°C (1900° F) for 1 hr air cooling, aging at 540 to 700°C (1000-
1300° F) for 16 hr and air cooling [12) - The complex composition of this alloy leads to a
variety of phases , many of which depend on the heat treatment employed. A comprehensive
stu dy of precipitat ion behavior in this system has been reported by Schnahel et al. [131.
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The treatment given the material in the 11-5 experiment consisted of (Table 2) solution
treatment at 1200° C (2190° F) for 1 hr , ai r cooling , and double aging at 790° C (I450~F) for
10 hr and at 650°C (1200° F) for 10 hr. An anal ysis of the TTT diagrams for Inconel 625
[18] suggests this heat treatment would produce a mixture of M 23 C6 with lesser amounts of
M6C, of MX , which is mostly Mn(CN), and of 

~~~~, which is body-centered-tetragonal Ni 3 Nb.
A small amount of the stable orthorhombic Ni 3Nb phase or i~ Ni 3TI migh t possibly form at
longer aging times and somewhat higher temperatures. The microstructure of the unirrad iated
Inconel 625 showed extensive precipitation along the grain boundaries , probably M 23c6, but no
pr. “ t -~tes were readily visible in the matrix. High-magn i fication photomicrographs gave some

- , contrist around a coherent phase , most likel y 7’ .

of the specime:~ following irradiation showed extensive precipitation in the
for - ~elets or rods and spherical precil)itates on irradiation-produced dislocation
1oo~ .~~. 

;. o:~~~. ~d structu re was observed and readily imaged in a dark fie ld with the super-
lattice reflection, Ii. occupies a fairly large volume fraction in the structure ari d is probably
~~~

“
, although not positively identified yet.

Swelling in Inconel 625 was 0.08%, nearly the same as swelling in Inconel 600, which
has approximately the same major-component composition. A comprehensive effort to identify
the precipitated phases and kinetics under irradiation should he mounted it Inconel 625 is to
be used in FBR service.

PE-1 6

PE-16 is a l6Cr-43Ni-35Fe alloy strengthened by y ,  which is N i 3( A1,Ti) . The alloy is
included in the National Alloy Development Program for LMFBR cladding and duct app licatio ns.
More extensive information on stability under irradiation and swelling at high fluences wil l
soon be avaj labhj . The recommended heat treatment for PE-16 includes a solution treatment at
1040°C (1900° F) for 2 to 4 hr followed by double aging between 700 and 900° C (1290 and
1650° F) to pre( ip i t l t e  

~~~

‘
. The vendor recommended a ~rcatment of 800°C (1475° F) for 2 hr

and 700° C (1290 1’) for 16 hr with air cooling. Sklad et al. [14) have recently reported a
study on PE-16 which employed two heat treatments: (a) 1040°C for 2 hr , 800°C for 2 hr ,
and 700°C for 16 hr with air cooling and (b) 1040°C for 4 hr , 900°C for 1 h r and 750°C
for 8 hr with air cooling. Treatment (a) produced 7 with a mean diameter of 22 nm , and
treatment (b )  produced precipitates with a mean diamete r of 10 rim.

The heat treatment employed for the material in the H-5 experiment was devised without
benefi t of data sheetc on optimum strengths and was intended simply to produce the appro-
xi mate phases. A typical superalloy heat treatment was used consisting of a solution anneal
of 1200°C (2190° F) for 1 hr followed by aging at 790°C (1455° F) for 4 hr and air cooling.
This heat treatment produced 

~~~

‘ with a somewhat larger diameter of 25 rim.

Ir radia ti on produced no notable change in the 7’ precipitate structure. A fine dispersion
of precipitates did form during irradiation however , with some in the matrix , some at tached
to the irradiation-produced dislocation loops , and some associated with voids. In the work
repor ted by Sklad et a!. [111 PE-16 was irradiated at several temperatures to fluences up
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to 4 .0 x 1022 n /cm 2 , E > 0.1 MeV. Specimens irradiated at 450° C, as in the present
experiment , were reported to show some redistribution of 

~~~

‘ on to dislocation loops produced
during the irradiation and some coati ng of voids.

Swel I in~ in the PE-iG was measured at 0.03%. This value agrees well with that found
in the Skiad study [14) for comparable temperatures and fluences: 0.02% for hea t treatment
(a) and 0.03% for heat treatment (b). The heat treatment seems to influence the temperature
dependence of swelling at higher fluences. Heat treatment (a) gave maximum swelling at 500°C,
and heal treatment (b ~ seemed to produce a plateau from 425°C to 500°C and on ly ha lf
the swelling at 500° C as heat treatment (a). Additional studies are required to map the alloy
stability and swelling response of PE-16 at high fluence s if the material is to be used in FBR
structura l app lications.

Sandvik 12R72HV

Sandvik 12R72HV is a l5Cr-l5Ni austenitic stainless steel with 1.2Mo for solid-solution
hardening and 0.5Ti for precipitation hardening [151. The steel is made by vacuum melting
by the consumable-arc process. The heat treatment recommended consists of a solution alli;(-al
at 1150° C (2100° F) for 1 hr , air cooli ng, follo wed by light cold working of 10-20% , and an
age at 700 to 900°C (1300 to 1650° F) to produce precipitation of titanium carbonitrides
on the disloca tion network. M 93 c~6 also forms at the grain boundaries during this heat treat-
ment.

This practice was followed for the heat treatment of the Sandvik 12R72HV used in the
H-5 experiment. A solution anneal at 1200° C (2190° F) for 1 hr with air cooling, was followed
by 20% red uction in thick ness by cold rolling, aging at 850° C (1560° F) for 4 hr , and air
cooling. This heat treatment led to precip itation of M 23 C6 along the grain boundaries and
a fi ne dispersion of precipitates on the dislocations produced by the cold-worked structure.

Irradia tion coarsened the precipitates on the dislocation structure but caused no other
major changes. A hig h density of voids with an unusual elongated morphology was produced
by this irradiation. Many of the voids appear in strings along dislocation lines. It appears
that either certain elements in atmospheres near dislocations favor nucleation of voids or these
elements redistribute onto the voids and reduce the surface energy so that the voids grow
preferentially along the dislocations . Swelling of 0.3% in this alloy was quite high for the
fluence. Other irradiation data on Sandvik 12R72HV have been reported by Atomics
International 1161 for 500°C and a fluence of 4 X 1022 n/cm 2 , E >  0.1 MeV . A foil specimen
given only a solution anneal showed 1.8% swelling from TEM measurements , and a tensile
specimen given an aging treatment showed a change in immersion density of 1.1%. These
experiments indicate Sandvik 12R72HV has poor swelling resistance and is not likely to be
suitable for extended LMFBR service.

liiconcl 744

Inconel 744 is an 8Ni-27Cr-Fe base alloy with a duplex structure consisting of a fine
dispersion of austenite grains in a ferrite matrix [17]. With proper heat treatment the
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material is superplastic. It was included in this experiment to survey the response of such
a structure to irradiation and not because of any potential FBR applications. Heat treatment
suggested by the vendor included a solution anneal at 1050° C for 15 mm , cold work , an anneal
at 815°C (1500° F) for 1 hr , and a water quench followed by another anneal between 425 and
540°C (800 and 1000° F) 1171.

The thermomechanical treatment employed in this experiment consisted of a solution
anneal at 1050° C (1925° F) for 15 mm , a 50% reduction in thickness by cold rolling, and
anneals at 870° C ( 1600°F) for 1 hr and at 455°C (850° F) for 3 mm and air cooling. This
treatment produced a fine-grained structure with a few globular precipitated randomly scattered
through the structure. The a phase is also expected to form in this alloy upon aging at tempera-
tures below 700° C (1290° F) for longer than 1 hr. Aging for 100 hr will produce up to 50%
o phase [171.

Irradiation produced a most unusual response in this material: high swelling in the austenite
phase and no swelling in the ferrite phase . The swelling of’ 2.8% observed in the austenite phase
is extremel y high for a commerical-purity Fe-Cr-Ni alloy. The ferrite grains on the other hand
had no voids at all and a dislocation structure consisting of small loops just barely resolvable
and a high density of unresolvable loops appearing as black spots. An average of swelling over
th ent ire specimen gave about 1%, a val ue which is st ill extremely high for this fluence for a
com mercial alloy.

GENERAL COMMENTS ON SWELLING TREN DS

The alloys surveyed in this study cover a wide range of nickel compositions in the ~ field
of the Fe-Cr-Ni phase diagram. Johnston et al. [181 surveyed this same region for swelling
resistance using ion bombardment to produce the damage. They found a strong correlation
between swelling resistance and nickel content , with the lowest swelling at nickel contents
above 35%. Many of the alloys used in their survey were also used in the present study, and
in general there is close agreement with the trends observed. Watkin [19] reported a similar
survey of swelling resistance in commercial alloys after irradiation in the Dounreay fast reactor
(DFR) to fluences of 2.26 and 5.02 X 1022 n/cm 2 , E >  0.1 MeV. Swel’ing data were reported
for an irradiation temperature of 600° C and compared with several correlation parameters such
as equivalent nickel content , percent a phase, and electron vacancy concentration. A low-
swelling region was observed after neutron irradiation in the same composition range as observed
by Joh nston et a!, by ion irradiation [181 .

The results from the present experiment show good agreement with these surveys. The
swelling resistance of Inconel 600, Inconel 625, PE-16, and Sandvik 12R72HV , which were
examined in the ion-bombardment experiment [18], were found to closely parallel those trends
in the current neutron irradiation. The general compositional trends observed after 600° C
irradiation in the DFR [191 were also apparent in the current experiment. PE-16 was the only
alloy common to all three studies and was found to be at or near the lowest swelling in all
three studies. Inconel 718, which was not included in either of the other studies , exhibited
slightly lower swelling than PE-16 and is in the same composition range. The Incoloy 800
appeared to have less swelling resistance than Johnston et al. [181 found , and this may be a
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reflection of the absenc-e of titanium and aluminum additions in the heat used in this study.
Finally, the austenite phase in the Incone l 744 exhibited the highest swelling rate that has
been reported for any Fe-Cr-Ni alloy. A linear extrapolation to the fluences in the DFR
experiment [19] would give a swelling value of 9.3% as compared with 4.5% for AIS ! type
316 stainless steel and 6% for FV 548.

CONCLUS 1ONS

Swelling resistance and alloy stability under neutron irradiation have been surveyed in
seven commercial alloys of potential interest for FBR structural mate rials. Inconel 718,
Incoloy 800, Inconel 600, Inconel 625, PE-16 , Sandvik 12R72HV , and Inconel 744 were
irradiated in EBR-II to a fluence of 1.6 X 1022 n/ cm 2 , E >  0.1 MeV , at 455°C. The
follo wing observations and conclusions were reached:

• inconel 718 and PE-16 exhibited the best swelling resistance.

• Sandvik 12R72HV and Incoloy 800 exhibited the poorest swelling resistance of the
common commerical alloys.

• Inconel 744 , and experimental superplastic alloy with a duplex microstructure,
exhibi ted one of the highest swelling rates known for the austenite phase but
showed no swelli n g in the ferrite phase.

• Inconel 625, Inconel 600, and Incoloy 800 showed extensive precipitation of phases
not present prior to irradiation. These reactions should be studied in greater detail
to ascertain the kinetics of the processes and to determine the effects of this precipi-
tation on mechanical properties , if these alloys become leading candidates for FBR
structural materials.
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