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ABSTRACT

The _vp-.d\hrmvvoﬂ " metats and attoys durng ir-ad-at:on with high ene:gy parncies is 8 Dvom_o' L i
Phys.cs and of paramount smpartance +n Nuciear Technatogy. Vosds a¢ fgrmed a8 a{comlqum‘oil‘ VICaNG'8s WG resuk N
swalt«ng as wath 33 v changes of mechan € etectr (o' and magnet:c prope-ties of ma’erals used 1n Pplwer vmoﬁ_

. Ia-stus wouk [sothermat anneaings have buen perfomed barwesn 400 and S00°C whth and without fast neutron

1 MeV! eraddarion Pure FaNv (50 -~ 50at %' way rraciated o the Meiousne ceactor in Grenoble and FelsMO
{50 - SO ar % + S0 ppm } sn the 1EAR 1 reacror ar the insiiuto de Eneegia Atomeea in 530 Paute The toroidal sheped
spec:mens wers fabecared from Johason Mathey zone ref ned :1ngors and weare 'nitially annealed at BOD C dunng 1 h in
hydrogen atmospha:e snd then stowty cooled (4 h) nede the furnace

Magnetic After Effect Measyrements IMAE! perrtted the evaiuai-on of gcuvarion energres during fag neutron
wradraton 11 54 aV) and without rradiat-on (3 t4 eV ta: pure FeN: and respechvety [1 38 eVE and 1232 eV) for
FeN:Mo. S:nce the 1me constants of relaxat'on prOCeEss ave ‘rversely piODO'TON3l 10 the vacancues CONCentration 2
quam-m,g' SValUaT'on Of VICaNCes Luparsaturar-on was made. 1 gecreases from the vaiug 730 at 410°C 1a the value
40 gt 490 C fo- pure FeN:and from 765 10 121 for FeN:Mo 'n the same tempe: sture range

INTRODUCTION

To ‘mprove the technology of the commerciat fast reactors it 1s necessary to Know the mechamism
of the aggromeratron of vacancies and conseguently the mechan::m of void formanion n neutron irradiated
materials at nigh temperatures The first step consists in the study of the equsdibrium concentration of
vacancies with and without rradiation during isothermat annealings grveng us nformations about activation
energies and influence of fast neutrons 'rraciations and impunities on the Magnetic properties of FeNs
alloys In a metal at a given temperature vacancies a‘e Created at a certain rate The equitbrium
concentration of vacances s a function of tempurature and is supposed to obey an Arthenus type law

Since vacancies supersaturation )s a necessary cond:tion for the formation of voids, some words
must be sa:d on the possible mechanisms of void formation during an irradiatron Vacancies occur in most
metals and alloys with any type of :rradiation that disglaces atoms P-esently the experimental studies
eriploy neutron, :on or electron irradiation, each of which has 11s advantages and disadvanmtages Our
samples were irradiated with fast neutrons with mstant flux of 2.3 10’ * n/em’ sec at the Malousine reactor
of the Centre d'Etudes Nucleaires de Grenoble and n core of IEAR 1 swimming pool reactor oi the
Instituto de Energia Atdmica de S3o Pauto with an mstant flux (£ 5 10' £ n/cm? sec The agglomeration of
vacancigs 15 a function of number of atoms displaced and temperature

Rzdation produced vands were first detected n neutron rradiated stainfess steel2) and quickly

Thez paper was presented at the tV Inter Ameescan Contererce an Mate-rats Technoiogy
{7} Instiuto de Energ:a Atérmica - Sao Pauls - Brasit
{***) Centre d Etudes Nuctearre de Grenoble - France
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foltowed by the~ discovery in other metals and sfloys The result of void formation is the swelling
expressed a3 8 relatve volume change V/V, g5 well as in changes of mechenical, electric and magnetic
poperties The effect of sweting becomes critical in commarciat fest reactors and it is for this resson that
there 13 an nremsitive research effort in mmny countries tyg to interpret the mechamisms of void
nuctest-on and growth whici: e a consequance of radiation damage in sohids.

Some basic dess are now gererally accapted, namely: void formation occurs st temperstures
wheve both vacancies and interstitials a7e mobile. During & steady rratdistion st o COnstant temperature sn
equ b um stare i resched in which the losses (annihitation) of point defects are squal to the crestion rate,
the rats of loss beng proportions! to point defect concentration ility. The mobility of interstitish
beng grester than thar of vacancies. the interstitial concentration o genevally lowsr than that of vacancies.
For this resson the study of vacancies wper-saturstion must be made st temperstures high encugh for
vacancies mobitity At lower temperstures the vacsncies loss their mobility and sre siviihilsted by
rmtarstitls which are st mobile. On the other hand the annesiing temperature must be low snough for the
thermal concentrat'on of vacancies be lower then that of radistion inducsd vecancy concentration,
Otherwise there would be no superssturation of vacancies The temperature range for void forimstion in
stainless stee!, for fast neutron ivadiation, 15 appeoximately 360 - 650°C'6' We admit the same
femperarure range for FeNi slloys vis a vis its mechanical smilarity with stainless steel

EXPERIMENTAL PROCEDURE AND RESULTS

The temparature range explored extends form 400°C to §14°C which corresponds to a typical
temperature range {from 03 T 10 05 T, whers T, is the meiting temperature) in which void formation
was derected, In our specific experiment the temperature is limited by 514°C and 320°C respectively Curie
pont and Order disorder transformation temperature

The mechanism which permits the detection of the vacancies movement is the sstablishment of
short range order It s supposed that the migration of vacancies permits the reorismiation of atom pairs
{E G. FeFe N:Ns o FeNt) Tha spontaneous magnetization commands this reorientation snd progressively
establishes the shost range order which tends to materialize the geometry of the internal magnetic
amisotropy After demagnetization, during the retaxation process at a given temperature, the Bloch walls are
agitated by a weak (“ImQe} aiternating {35 Hz) magastic field As a consequence of this a progressive
immob:tization of Bloch walls occurs permituing the detection of an exponential decrease of the initial
permeabilty. This is a well known sxperimental technigue called Magnetic After Effect (MAE) and it
permits an easy evsluation of the time constant and activation energy from the experimental curves of
permeabsinty disaccommodation'3) 15

The directionai short range order once established during an isothermal annealing must be
completely destroyed before & subsequent annealing is made st a given temperature in sensa 10 have
reprcductble experiments The sample treatment obeys the following sequence:

al the sample tempersture is increased to & temperature above the Cuvie point where it is
thermally demagnetized

b} a demagnetizing alternating magnetic field is applied untii the sample reaches the
pre established annealing temperature, assuring thus the maintenance of the disorded state.

¢} the anneating temperature once stabilized, the sample iz demagnetized and a weak (-1 mOe}
siternating (35 Hz) magnetic field is aplied which permits @ reversible displacement af the
Bloch walls {Rayleigh region) and the measurement of the corresponding disaccommodation
process

The samples with primary and secondary windings were placed in a devicu with a furnace having a
controlled atirosphere which can ba used for unnestings out or inside the reactor core. The experimentsi
apparatus is a classice! set for MAE measurements, consisting basically of .



1 — Lock in ampiifier
2 —~ Temperature regulator
3 — Annseting furnece with controlled atmosphecs

The sampies were of ror0ulal shape 0.3 mm thick, having an external dismeter u? 17.4 mm. The
witia* thermat treatment consisted of an annesiing et 800°C during 1 hour in hydrogen followsd by » siow
coolng {- 4 h inude the furnace. The samples were made at the Camre d’Etudes Nuciesires de Grenoble
starting from metals refingd by zone meiting.

The time constants were calculated by means of the Brissonesu method{11.{2) from the most
+epresantative isathermat anneating. The initial permasbility obeys the fotiowing phenomenologics! law,
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where

g - imitial permeabstty

o — mitial vetue of u

Ly, — final value of

t =~ time

T - 1ime constant of the disaccommodation process

Figure 1 show: the effect of vacancy diffusion during irrediation with fest neutrons. This
particular behaviour of i during irradiation induces a great relative error on the vaiues of 11, ; on the other
hand 1t is very difficu’t 10 obtein stable velues of 1yo without irradistion. For instance, this fact made
disregard an experimental point gt 420° without irradiation of FeNiMo (50 ~ 50 at % + 60 ppm} due to the
deteroration of a thermocouple which impeded the stabitization of M and hence the determination of My,.
The actwation energy of FelN: (50 - 50 at %) without irradiation was siso datermined by the inagnetic
ansotropy merhod giving results comparable o the one obwmined by MAE (fig. 2.

Assuming that the vacancy diffusion can be expressed by an Arrhenius law

Ea
TET. 8 KT

where

7, ~— time constant at infinite temperature

E; — Activation energy
T -~ temperature in °K
k - Boltzmann constant

and knowing that the relationship between the concentration of vacancies and the time constant is given by

1
7 a G,
the ratio
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gives us 3 guantitative information sbout the supersaturation of vecancies.

Table 1 shows the sctivation energies, time constants, with and without irradiation as well as the
vacanciss supersaturation of SeNi t:iD—SOII%)X

Table 1
FeNi (50-50 a1 %)
. 7 (sec) 7 irrad, (sec)
Temp, (C) Supersat. of Vac.

E,=315sV E, =154 eV
410 282x10° 389x10° 7244
442 251 x10° 1.22x 10F 206.5
450 146 x 10° 955x 10 1831
460 7.33x10° 473» 10 787
480 1.95 x 10° 351x 10 658
490 104 x10° 280x 10 398

The same values for FeNiMo {50 50 at % + 50 ppm) are comp:led on Tabls 2.

Tsbie 2
FoNiMo (5050 st % + 50 ppm)
7 (sec) 7irrad. (sec))
Temp. {°C) Supersat of Vac.
€,=232eV E,=136eV
e e e et e e e mom B S

410 463 x 10° 61.00 76475
420 283 x10* 4410 506.37
440 786 x10* 21 80 358.45
460 316 x 10° 12.89 245.16
480 1.19 x 10° 7.34 162.12

The disparity of vacancies supeisaturation behaviour sesn on Fig. 3 cannot be expiained in a
simple way howsver the following must be taken into account. The Mo impurity stoms due to their large
size cause distortions in crystal lattice and associote themseives with vacanciss forming ciusters which are
not sasly destroyed, thus producing an imbalance in the equilibrium concentration of vacancies. For pure
FeN¢ (60 - 50 at %) the thermal vacancies concentretion tends to the values of irrsdiation induce of
vacanciss concemretion reducing in this way the superassturation. in FeNiMo the Mo atoms somehow
avosd the annibiiation of the surplus vacancies produced during fast neutron irradiation giving as a result a
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higher supersaturstion st high temperatures |t is intavesting to point that even & small amount of an
impurity (50 ppm) produces s noticesbly different behaviour on the vecanciss supersaturation curve
(tig. 3). Prasently experiments ara parfomed on FeNiMo (49 — 40 — 2 at %) FeNiSi (49 - 40 - 402 st %)
snd FeNi {50 - 5O at % + 50 ppm) in sente to complement the informations of this work

-ﬂwﬂv

x

' o
~ o | 0
g o | 1N
p -]
Q S
ROU 'y
+ ’ 1%
z L 2
~ O
N Q
w mu ..6
] ° ¢ w
3 /1

s L~
- I
2 Jie s |V
S _O V=
N o ﬂg -”
(4
W M4 c ™
[ L
\ S
\ /

‘O‘Ir%b.\.\o\\\ L b

Figurs 1 — Enhancement of diffus,on induced by fast neutron irrediation during an isothermal annealing
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Figure 2 — Activat:on energies for FeNi (50 - 50 at %) and FeNiMo (60 - 50 at % + 50 ppm) with ard
without fast neutron irradistion



Figure 3 — Supersaturation of vacancies in FeNi (60 — 50 at %) and FeNiMo (50 — 50 at % + 50 ppmj in
the temperature range of 410 —~ 480°C.



RESUMO

A tormago de cavidedes sm metsis ¢ ligas durante uma ircadisgBo cam particulas 9o olta energid & UM probleme
de invergese em fisica @ de grande importincis em teCnologe nuciesr As cavidedes séo formades como consaquineia de
sgiomyracle de & o resuitam em diisteclo bevi como ne modificacko de propriadudes macinicas, sletricas @
megneticas de materigis UtihZados em restores de potdnacis.

Neste trabatho foram fenos racorimantos entre 400 e 500°C com o sem wrachaclio de neutrone rigsides
(E 21 MeV: FeN: (50 - BO% st} puro foi irradiado no reator Meionsrwe em Genoble o FeRiMo (60 - 50% st +50 ppm} no
caroco do 'EAR 1 do Instituto de Energis Atdmice, em Slo Pauto. As smastres de forma 10s0:del forsm feites de meteriel
fo.mmwobhnmhhqm»mbwwnwm O tretamentc tOVMHCO: IMCitl EOMINTIL AUM rECOTHTENTD &
chmﬂu'lMromnmhhMoMﬁwmfnmomumm e farno.

As madidas do Efeito Megnetico Posterior (EMP) permitivam s determnsnacio das enbrpes de stvaclo du ente 8
wradisglo neutronica (1,56 oV o sam irrachacho (5,14 oV) pars FelNi purc & (1.36 sV) @ (2.32 ¢V} respectivements pars
FeNiMo. Considersndo quumammmamnmmmmmi
conwmr-;lod' , UMe o q ; da supersstursco lscuner pods ser feite; #ta decrazce 4o vaior 700 a
410Cw|400400 C para FeNi puro o dy 765 pars 121, pers FeNiMO na Mesma amptviude de empeTature.
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