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THE RESISTANCE OF (Fe,Ni)3V LONG-RAXGE-ORDERED ALLOYS TO KEUTRCN AND ION 1rRRADIATION®
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A series of (Fe,Ni)3V 'ong-range-ordered all~ys were irradfated with ncutrons in the Qak

Ridge Rescarch Reactor (URR) and with 4 eV Ni fons at temperatures above 250°C.

The dis-

placement damage levels for the two irradiations were 3.8 and 70 dpa, and the helium

levels were 29 and 560 at. ppm, respectively.

Trradiaticn in ORR generally increacsed the

yield strength and lowered the ductility of an LRO alloy, but produced relatively little

swelling.

critical ordering temperature, T., and exhibited low swelling.
Adjustment of alloy composition to prevent sigma

disordered and showed greater swelling.
phase formation reduced swelling.

1. INTRODUCTION

Long-range-~ordered (LRO) alloys in the (Fe,Co,
Ni)3V system have bern developed recently at
ORKL for potential wse at zlevated femperatwres
[l1]. These alloys generally exhibit high
strength, excellent ductility, low creep rates,
and good fatipue properties at elevated tempera-
tures below their critical ordering tcmpera-
tures (Tc)' Below these T, temperatures, vhich
vary from approximately 700 to 1000°C depending
on conpositicn, the alloys possess ordered cubic
The first alloy to be developed
s Vot iy et g o L20-13; fes
aicrostractaral response to aeing at elevated
toaperatnres as alroads Seen reported {2}, The
3ime allov «2s {rradfated with L eV Ni ions to
1 lose of T o oaad exhihited very low swelling
{3]. For fusiaon reac:tor applicarions, alloys
slth nlckel instead of cobalt are ore attrac~
tive, md a maber of {Fe,N1);V LRO alleys have
“eea taveloped (To = 570°C).  An early alloy In
TS roup Sis (?aq'g;ﬂi”‘39)31 ar 1R0-~16; it

Lly structures,
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O laded Dy the R $.I=d eactur experiment

Lt <as compicted in tarch 1980, The effect of
that irradiacion exposure at 250, 350, and 550°C
on the nicrustructure and tensile properties of
LRO-15 are preseanted In this paper. Also
lacluded are the maln results of experlae:
using 4 eV N1 {ons where the radiation r. is-
tance of LRO-16 as well as newer (Fe,N1)4V LRO
alloys are coapared to a 20%-cold-vorked 316
stainless steal standard. These experiments
eaployed sinultaneous Injection of leltum and
deuterina to Setter sinulate ‘usion conditions
and provided 1 rapid methoed of screeaing the 1RO
alloys.

2.  EXPERIMENTAL
2.1 Alloy Preparation
Snall (~0.4 kg) ingots of four 1RO alloys were

praduced by rc =elting under argon. e tn-
gots ware clad in ~ol¥bdenun sheet, hot rolled

*
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ffice of Fusion Energy, U.S. Depart-ent of Erergy, under

The 1RO alloys rctained their long-range order after fon irradiaticon below the

Ahove T, the alloys were

at 1100°C, and cold rollad vith internediate
anneals at 1100°C to a final sheet thickness of
0.76 mm. The coaposition and ordering heat
trearment for each alloy are given in Table I.
Also piven is the composition of a 20%3-cold-
worked 316 5§ sheet which was used in the lon
irradiation experiments as a standard for con-
parison purpeses. The IRO-35 alloy was pre-
pared uith rwo different heat treatuents fa an
attempt to vary the gnount of sigwa phase pro-—
duced in the nicrostructure.
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Table 1. Alloy Composition and Heat Treatment

Conlvp_‘tALAut %

Alloy Heat Treatment/

A U Fe TRV T tr We_ Hn ¢ e Cand{tion

LRO-16 46,1 31,0 23080 —~ T = -= = a IS5 min at 1130°C, quench, aged at 605°C for 5.5 days

LRD-35  45.3 31.3 22,6 D4 ~—~ -- -~ a 15 min at 1200°C, quench, aged 3 days at 650°C
plus 30 h a2t AO0°C plus 60 h at 500°C

LRO-35G 45.3 31.% 22,6 0.4 — o~ -~ a 15 min at 1130°C, quench, aged 3 days at 650°C plus
30 h at 600°C plus 60 h at 500°C

LRO~20  37.6 39.5 22.9 - - ~e - a 15 nfn at 1209°C, quench, aged 4 days at 650°C plus
1 day st 600°C plus 2 days at 500°C

LRO~37 37.6  33.3% 22,6 0.4 -~ -~ - a 15 nin at 1200°C, quench, aged 4 days at 650°C plus
1 day at 600°C plus 2 days at 500°C

3659 3.0 136 _zn 000918 2.3 1.9 0.05 10 cold vorked

2Cavbnn occurs as om dmpurity with levels from 100 to 200 wt gpm.

OR™NL-0W5 8- 14762
2.3 lon Irradiati~mn On |~ Tt etk S et Sant REERS Mt
YELD aTS
Disks (3 m 2} of the 140 alloys and the 316 ~ a 2 ARAGILTLD
85 were irradiated with & 5V pickel tans {n the g 1E0G 1~ P a o LAAMATED ]
QORXL dval ion facitity [3] te 70 dpa at 525, > ?::;,—<:::>
570, and 625°C. A few Jiske were irradlated 2 RGO b §-_\“_“‘ —
above T. (670°C). HYeltun and deuterium lons ¥ ‘§.~N§~N‘\‘“‘—~\_h
Zere stnultancously Injected at rates of 8 and o
28 at. ppn/dna, respectivelw. Since ton irra- WS e I
diatton aroduced Jd:image only tu the surface tal
lavers of the disks, special tech-!ques were 7 SR W SUNINS (VNI SURU GNP S S
necded to exaniae Zhese lavers by TEM [6]. S0 R e e e —
yers by TEH (6] 2 S A R B i B S

3.  RESULTS . |
A0 Hffecr o Ve m e s try dation ca Mero-

PR SRR ¢ ry oartivs - ‘i
The teastle cranertrlve of wivvadiated and T i
wwentron-irradiatea 'o=!n oare crwen In Fig. b, N !
The aitimate tensile strength of unirradiated 4 I (2 __J
LRO-16 decreases stightly with increasing test ‘
tenperature (Fig, Wa)] while the »leld strength sCT 300
weraally inereases a2rass the same tenperacure
Tenges The in sicld atvength fs a Fig. 1. Teusile properries of LRO-16 after
Coatare aro T To RO alTars Jnleh makes nentran  rradiation o YR 1.8 pa) showa as
Cen mlent Ty asetunor seated temper s A function L1 teaperdture (Lest tumperature
tnre appiicatioa (7 Staloil and Davies [8] squals frradiation temperature).

e regsed

have shownt St the »ield streogth is
related to a dectease {n the degree of order
and fave proposed that the dislocation oove-~
aents in an LRQ alley olth a low degree of
ostder leave aintiphasc bouadary tails uhich pive
rise to harden{ag. Neutron irradiation caused
additional *tirdening of the alloy at the lower
two teaperatures by creasting defects {n the
nterostructure. At O°C, the yield strength
was uaClaaged by the irradiation, The {rradia-
tinn alsa to refuctions fa rhe sltivate ten~
sile Temce otoat 3327°C) and rather
drisatic Leerilivy [Fig. (b)),

Te:d

ctrength

o355 i1

Scaanlag electron tonraphs of unirradtated
LR0-15 fracture surfaces shoa the typlcal
Jimpled anociited with lactile

T

stractuars frac-

ture [Fig. 2(a)}. “7he spactuens irradfated and
testod at 2307C ex Luicod g ouxed fuctile and
intergranelar frad Coada 2{p)}. Those
tested at 390°C weore similtar, at 550°C a

higier percentaye of the fracture surfaces were
intergranuiar .n nature. Figure 2(c) shows
seviral exposed grain boundaries after testing
at 350°C; the linear striations on the graln
boundary surfaces are thought to be caused by
the {ntersection of deforaatf{on tands Jith the
graln bouadary. These results indicate that the
frradiation wearened a portion of the graln
boundaries.

The aicrostructure the wirradtated LRO-16

is shown ia Fig. 3{a)Y. It consists of an ordered
matrix wid a fine dispersfoan of fce vanadfuan
carbide (VC) particles haviag diancters of ~25
nm. The carblde particles have a larger lattice
patancter and lowet coefff{cient of thermal ex-
paasian than the matrix and, therefore, produced
straia (ontrast in the nicrograph. The carbides
Poaa epltaxial, cude=aa~cabe relatlonship

Shoaed
with the -urrix. The alloy also contafned a
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at 530°C.

small amount of sigma jhase.
was presrat as widely
talning stall, highly faulted prains,

taining scme nlckel, and SAD showed {t to
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raphs of LRG-1{
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fracture sarfices Hefare and after testing.

3(d)]. Contrast analvsi{s experi-
"M showed that the loops were

rature. The nicrograph in Fig.
that many of the VU particles In
hive di<calved shile the VC par-

tetragonal with a, = 5.88 na and ¢, = 0,46 m
X o e A o tlclve {a the nish-an Bausdaries have
fgure 3(d) shows tha nrdered nsoand anti- “ lf ' ) e 2umdard of
0. e . Kt N v tes <
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N . A Frate phase oo in it S
tion; when all APSs are Imagea <lacitancoulsy, " ! ',. c
N ; . . N i X o oral T : VO precipi-
the donains ippear aned oa aiape. Irradia- Cation. hut . . b eral
Latiy el thesa pre [ v the grain
tion at the lower teaperatures produced about » M o o X N
. . T boundavivs where {iifusiun was wre rapid.
four times more dislocations than were found in s \ P w
. . - stace the specinmens were ated hck to thedr
the watrradiated material as shown in Vg, ¥e) ‘ A ; : Yo teetlag. it
c - . P . espec otenreratnres for feasd N 0
for 2950°C, ‘“ost of the lisincotions were suall ' ¢ > ) N o o
. s . ) L N Sas b ussibie o leleret ‘he ffect of the
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the specinens tested at 250°C showed oaly weak
sup: Tlattice teflections and mist bave ben dis-
ordercd to somz extent by the irrzdiatfon. Only
a few cavities were observed at 350 and 550°C,
with calenlated swellfng values of 0.009 and
0.07%, respectively. There were no cavities
observed at 250°C,

The results of the tensile tests aad ricrostruc-
tural evaluatisons f{ndicate that at 250 and 350°C
neutron irradiition hirlens the alloy by pro-
ducing small interstitial disln~ation loops and
other dislocatiuns. 1he fracture surfaces of
ti.o Irradiated specinzns alen exhibited sonme

wis found to in-—
5507C. Possible

intergranular svparatio-
crease in speociouens test
explanatinne for the -ned prafn boundaries
include the lpeed wepregation of
elements such a3 welies ta the grain boundaries,
At the temperatures, dn oes, and helinm produc-
in this wrimant, ecovi-
lae ur onexistent Jhich

tion rates cacountered
ty proadaction sery
indicates that the allay {s relatively low

swelling. ‘Mowev>r, the presence of sigma phase
11w undesirable and for

in the Lko-16 was pener,
this reason, <cveral other {Fe Ni)4% LRN alloys
with different coapesiticns hive “eon produred
~ this phase. The

in an ttempt tn elinin:

results of radiation screoning experimeats on
some of these newer allsys will e described
next.

3.2 “ffect af Ton Trroadistien on ticrosiructare

Tie M N ot i T ¢
[N - T ATt
v T croture in Vil
Wt Tas o iay
3 ~ 7 itots een gt

¥s tad less swelling than the
rv low swelling s

all af the
I1h 35 (20
observed in
the two il
excupt that

pared to TRO-16,

tion, oHne P 1t L ]
{acreased the Ialtte L0 atald fue Ler,
with higher content - ‘n LRO-20
L20-37 palr, citan. oo addition fwd o little

20-10 hed Jonsidedadle

effect on the .svlling.
sigma phase in {ts atcrosiructure <hile LRO-39
contain:d a much smaller cavuent. LRO-20 and
LRO~17 were completely free of sigma phase.
Since LRO-16 had greater wwelliny than the other
LRO alloys, it would appear that the presence of
sigma phase tenlded to increase swelling. SBven
20Te convincin the oo jarison of the ~well-
ing results > LR0-35 and LRO-35G.  Both
groups of speci sabriceted frum the

~ia teated to oproduce a
iha.e in the micro-
ctractare.  ‘lth wore ~izto oo B at, the
swelling was greater than ia LRD-35 (Fig. 4) but
still less than LRO-16. " ith the exceptlion of
LRO~35 and La0-35G, all i the LRO alloys had
high values of swelling ihove T, (Fig. 4). It
is beliered that this sharp increase in swelling

was lue te the Tass of srdor hove Te orather
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Fig. 4. Swallinz roasured in IR0 alleys and 316
5S (20% C4) sfter aickel ion Irradiation (70 dpa)
with sirulzaneous »=lium and deuterium {njection,

than a furtuitous cise in the swelling curves
for these 1RO alloys. All of the LRO alloys
frradiated belo: T. retained their long-range-
ordered structures as shown by the presence of
superlattice reflections in thelr electron dif-
fraction pirteras.  S¥periacatal evidence that
<itmiftoanr reorlerfian Md oot occur wfler the
: i

teothe

T . . : PR v T
Coc e v i RS &1 Pard ot ove T.

rorained ~roerced upon coonliag to room

cerperatare,

ThHe nicke! ien {rradiation sereening experiments
fncr-asing the nicuel content of
illavs poraits ane to foabri-
At are free of s{:ma phase

indicate *
the (e,

sate ordered allaye

Jistant to swellfing than

ind somea
SHone i1 . saer el coutabaly o1t phase.
The presciace of ot phase by have Lnoreased
the aance ptibility of 0 alioys to swelling by
comoving specifie clogeats froa the atrix, up-
setting the stolchivaetry and reduclng the
degree of order., With a lower Jegree of order,
vacancy -digration w~uuld be eahanced and Intersti-
tial vacancy rec Vination lessened. (Schulson
has propesed that recoambination should be
cnhanced in order~d alloys [10].) Such a mecha-
aisa would encourage cavity growth., Similarly,
~ahanced vgoancy iyratlon with lesses In recoa-—
bination =ight als  oiplain why swelling
facreased Jdrinatically whea the alloys were
irradiated {5 their disordered state above T,
The addition of titaninm to the alloy was more
efiective {n reducing s«clling {n tne LRO-16-
LRO-35 conmpirison when the nickel content was
~31%., However, the nrchanfsa vnadbling the

liny was clouded by the fact that a
ition als2 teonded to reduce the
13a phase preseat. Therefore, one

reduced s
titantun 3l
asaunt of
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cannet b2 sure whether (1) titanium was acting
intrinsically Jn scme way to restrict cavity
formation and/or grow<th, or (2) the titanium was
merely moving the alloy compositionally away
fron the sigra phase field. The fact that the
swelling neasured Iz LRO-20 and LRO-37 was
nearly fdentical helow T, and nelther contained
signa phase tends (o support! the second explana-
tion. At the irradiation temperatures used, it
appears that bulk ditfucion was raptd cnough to
enable the 1RO slloys ie reorder. At lower tem~
peratures, irradiatien may quickly disorder an
LRO alloy. The vse of nickel fon frradfation
with sizultaneously injected heliun and
deuteriun i¢ a rapid znd convenient method to
screen LRO alloys with regard ta thelr radfation
resistance in fusisn cavironments. Detailed
respanse of the allay's ~icrostructure to radia-
tion can be studied with virtually no hazards of
radioactivity, and creliminary optirization with
regard to ther ;anfical ireatwent and/or com-
posftion can b2 conducted. “hen wsed in conjunc
tion with reactar irradiations, fon irradfation
can shorten the total time In developing reactor
materfals.

4. CORCLUSIONS

The (Fe,X1)3V alloy, LRO-i0, was {rradiated in
ORR at 250, 357, aag 350°C to danmage and helium
levels of 3.8 dpa and 29 at. ppa, roespectively.

o cenerally
+1d streanth of

or
g i [ loops
FRR AP S
. The i tactility
of - atoal THe lseses
Ay w2 o] on arden-=
{ng and radiati to grain

boundariecs.

3. The swelling in 250,
350, snd 33070 EXTINSTIN Tow with
values f 0, N WS, respectively,

Disws st te,
dpa with < Mo
aeousLy ¢
28 at.
conditions.

g alauvs st frradiosted to 70
i fons dbuve 970°C .ad simultas
Toale ppaydpa e lons and
>laulate fusion reactor

1. All of the LRO alloys remained ordered
when {rradiated “lows the critical ordering
teaperature (T, = 670°C).

2, All of the LRO alloys had less swell-
g due o cavities than d 35 (201 CW) below

Shove T, Tost of the LR0 allays exhibited

in
Te
hi

. cr
grer ssciling prodahly Secuause the 1lloys
were disordered.

3. The LAU 1lloys, LRO-20 and 130-37,
that zontaiqcd hijher 1ickel zontents ta pre-
vent signa phase foraation also exhibited lower
swelling. The jrasence of sizsa phase is
thought to lower the degree of order In the

alloy and decreasc futerstitial/vacancy recombi~
nation. The titaniua additiens appear to
i{mprove the sszlling resistance of the LRO
alloys by preventing cor minimlzing sigma phase
formation.
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