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I, INTRODUCTTON,

Among many materials used in nuclear technology
the Nb-Zr allovs can be put in evidence mainly in the fu-
el cladding (Zr-2,5%8b)}, due essentially te the little

cress section of neutrons ahsorption of hoth Zr and Nb
and 2lso in the internal lining of the walls in the reac=-
tor vessel hecause of the good corrosion resistance of

. L)
the alloy: .

The uscs of this allevs will be extended in the
future to the CTR ~ Controlled Termenuclear Reactor as
conponents of the first wall,

In nuclear environments, as in the reactor core,
the nuclear reaction (n,a) produces Fe atoms which can
cause serious troubles to the reactors components,such as
embrittlement (that aprears in grain boundaries) and swe-
lling, This swelling anpears essentiallv through the va-
cancies supersaturation‘z'k) and from the He bubhleés'al
In the case of Termonuclear Reactor, an integrated neu-
tron flux between 19%? to 102% n/em vear is expected
which will nroduce He at a rate in the range 10 and 200
pem/vear‘’?, The purpose of the present paper is to study
the He effect in the Nb-2,5 wt,%7Zr alloy,

11, EXPERTMENTAL PROCEDURES,

Everything that was said before consists of a
fraction of the Radiation Damage, The Radiation Damage
may be studied hy means of various methods, among which,
the most common arey the electrical‘e), magnetic‘gl,mech—
anical and gntical methods,

Practically all studies with the He gas effact
in NXb and Nb-Zr allovs, consider the gas bubbles precipi-
tation during the heat treatments with samnles previously
irradiated in a evelotron, because high fluences in a2 re-
actor implie in a lonz time of irradiation1?9712),
experiments simulate the conditions that will zappear i
the futures reactors, such as HIGR, for example, where
the enviroments are caracterized by high temperatures
and He cooling, Although the helium solubility in metals
is extremely small, Rimmer & CottrellS?showed that the
He may be dissolved substitutionally when the vacancies
are present, In this case one has a high vacancies con-
centration in thermal equilibrium due to the high tempe-~
rature and neutron irradiation,

The present work is the studv of the electrical
properties ot the Nb-2,5 wt%Zr alloy, during irradia-
tion ({(in situy) using an apropriate irradiatdocn device
with contrelled temperature and atmosphere, The samnies
uced in these exveriments were prepared using Nb and Zr
of 92,997 puritvy in an induction furnace with a vaccuum
better than 107° torr, During irradiation these measu -
rements were made using the irradiationsg facilities of
the IPEN's reactor in a fast neutron flux of 5x10 2n/em?s
(E > 1 MeV), For comparison sake the measurements were
made also without irradiation, The method used was the
standard 4 - wires and a DANA - 5300-A digital multimeter
which incorporates an '"Ohms Converter" module, The tempe-
rature was controlled bv RT-300G0- Setaram Electronic Tem—
perature Controller which permits anmealings with x 1 ©C
stability, The experiments were performed with samnles as
rolled, i,e,, without initial heat treatment and with
gsamples annealed at 1000 ©°C during 1 h aund coocled during
7 h in the furnace,

Thnse

ITX, RESULTS,

a) Isothermal annealings without irradiatcioen,

Fipure 1 shows a set of annealings made with
samnles of Nb-2,5wt,%7Z2r allov that was previously melten
in flowing Argon environment, The curves at temperatures
of 511 9C eample 1, 555°C sample 2 and 555°C sample 3,



figure 1

show an increase of the electrical resistivity p with the
time of annealing t, The curve that refers to sample &
was obtained from an annealing at 55509C in vaccuum of
107" torr, A preliminary analysis suppgests the existence
of He dissolution in the =zamprle when Lhe annealing takes
place in the He atmosphere at 1 kgf/cm and, in the case
of sampile 4 there is an evidence of the occurrence of

Argon release that was incerperated in the alloy during
the melting, For this reason and also due to the occurre-
nce of embrittlement of the samples further meltings we-—
re made in vaccuum,

The fipures 2, 3 and 4 show the measurements ta-
ken in the following manner:

i) vaccuum: 1072 torr at 500 ©C sample 5; 107"
torr at 600°C sample 5a; 107 torr without initial heat
treatment samrles 5b at 600°C, 5c at 6500C and 5d at
7000C;

ii) He atmosnhere: 508°C sample 6, 6020C sample
7, 600°C sample 8, 600°C samrle 8a, 700°C sample 8b and
6509C samnle 8c; the following without initial heat trea-
tment 8d at 6009C, 8e at 650°C and 8f at 700°C,

For samples 5, 5a, 5b, 5c and 5d, figs,2 and &
no change in p was detected as it was expected,It is as-
sumed that other processes are absent, such as ordering,
phase precipitation etc,, or if existent, have negligi~

ble contribution to p, In this case, one has dp/dt = 0,
On the other hand, for samples 7,8,8a,8b and 8c, figs.2
and 4, o0 increases with time due to He gradually dissol-

o
ved in the 2lloy, and for this case one has dp/de > 02
the same considerations are valid for samnle 6, fig,3
The difference between the behaviours of p in He atmos-
phere and in vaccuum, can be attributed to He, whose dis-
solution is facilitated by vacancies present at high tem~
peratures, The difference in time of annealing in ovder
to reach the saturation depends on various factors which
are: initial heat treatment, thickness, temperature and
He pressure, The thickness of the sample was set to be
~50 um and the He pressure fixed at 1 Kgf/cm?, The expe-
riments were perfomed at varicus temperatures for samples
without initial annealing as well as for samples with i-
nitial annealing, The curves 8a, 8b and 8¢, fig.,4, were
obtained for samples with an initial heat treatment  at
1000°C during 1 h and cooled during 7 h in vaccuum of
1073 torr and the curves 8d, 8e and 8f for samples as
rolled, i,e,, without initial heat treatment, A great in-
fluence of the initial heat treatment can he seen on fig,
4, The difference observed in the hehaviour of 0 can be
attributed to the followingt samples 8d, 8e and 8f, as
rolled, have a high concentration of defects such as,
dislocations, vacancies etc,, owing to the ~977 cold
work, which permits the absorption of a high quantity of
He, and comsequently the rapid increase of p during the
first h of annealing,

After 1 h, p has a small decrease and tends to
the value for samples with initial heat treatment, becan-
se the defects of the cold work are annealed out and the
excess of HBelium atoms is released and the remaining He
atoms migrate to reach a uniform distribution in the ma-
terial, For samples 8a, 8b and 8¢, the defect concentra-
tion of the cold work is very low, and the absorpticn of
He atoms is verw slow and takes place via grain bounda-
ries and vacancies,

The difference in time of annealing in order to
reach the saturation for samples 6 and 7, for examnle,
can be attributed to the fact that:

€000C) > C 0oecC i
CTv ( § Tv (5 ) (1)

where: 1) C.. (T) = vacanciers concentration in thermody=
namic enuxlwﬁr1nn at temperature T, Therefore 1t is ob-



mes dp/dt = 0, after 4 hours of annealing,
figure
figure
figure

S N

b) Tsothermal annealings during irradiation,

There is a smecial interest to know the bezhavi-
our of this alloys in nuclear environments, for this rea-
son measurements during fast neutron irradiation were ta-
ken, The results are illustrated in fies,5 and 6 and, as
it was expected, the irradiation enhanced diffusisn  and
the He originated from (n,3) reaction iead the electrical
resistivity to reach the saturation more ranidly than in
the situation (a), Another factor that contributes to
this fact is:

rr')(608°C) SR 29C) (2)

CTv(i Tv(therm)(ﬁo

where: i) C " )(608”C) =yacancies concentration in
L]

Tviirc
thermodynamic equilibrium at 6080C during irradiation,
{13 C REy g el 4
ii) Tv(therm,)(602 (6))] vacanciss concentration in

thermodvnamic equilibrium at 6029C without irradiation,

Figure 6 shows the curves of p x t for measure-
ments before and during irradiation allowing also a com-
parison between them, It was observed that during irradi-
ation dp/dt decreases more rapidly with the time of ann-
ealing than that without irradiation,

fipure S
figure 6

IV, DISCUSSION,

-

Other informations may be taken from these data,
such ast: diffusion coefficients, relaxation time and ac-
tivation energy of the predominant process in the allov,
This was done for samples with initial heat treatment
where the predominant process is vacancies migration,

a) Relaxation time,

In order te determine the relaxation time the
L |
=

ratio p / o(t) = n(t) was plotted on figures 7 and 8,
These curves mav be well described by:

n(t) = n, + (no = ne)exp(ﬂt/T) €3)

where: i) = n(t) for t + o, i,e,, in the eruilibrium

state, vhen dp/dt + 0;
i1} T = relaxation time,
This relaxatien time may be determined using the
Nagy's methodf 2  yhich mermits its evaluation from the
following expression:

F(t) = ln{-{n(t) - n(t + At)]} {4)

for At = 10 and 15 minutes (At << 1), Figure 9 illustra-
tes this procedure,

figure
figur
figur

@ m°
o 00~

b) Aetivation Energy,

The activa
suming that the rel
of Arrhenius:

: a -
tion energv E mav be determined as-
axation time follows the relatienship

T Taexp(Ea/kT) (5)



Figure 10 shows the evaluation of the values
! B : gL :
E,= 1,16 eV and E_ =0,99 eV of the activation energy wi-

thout irradiation fer two differents lots of sampl s,and

a - . . "
E; = 0,93 eV, the activation energy during fast neutrons
irradiation,
. ) . .
Rimmer ®’ has evaluated the activation energy

for e dissolution in Cu as been 2,5 eV when the dissolu-
tion takes place interstitially and 1,0 eV when substitu=-
tionallv, Ullmaier ‘®’ in his review paper shows calcula-
tions in which the formation energy for He in interscici-
als sites is very high ( ~ 4 eV) compared with that neces
sary to put it in vacancies sites ( 1 eV ) and that the
migraticn energv for interstitial Ve is very low (~0,2eV)
resulting from this,that all He atoms migrate to vacan-
cies sites, i,e,, to substitutional sites, In present
work the mcre realistic, substitutional site model is a-
dopted but it is necessarv to consider the He dissoluti=
on via grain boundaries since the samples are in rolyeris
talline state, Helium Release experiments 14-15V 50 aus™
tenitic steels lead to calculations of 1 eV for the acti-
vation energy between 500 and 600°C which is in good ag-
greement with our result,

figure 10 « figure 11 - figure 12

c) Diffusion Coefficients,

The diffusion coefficients are given by 13,

D = (at/), 0T (6)

o
where: a2 = 3,29 A = lattice parameter for Nh with cecc
structure, Tahle T represents the values obtained for re-
laxation time, activation energy and diffusion coeffici-
ents,

TABLE 1
Experiment |Temperature| Relaxation| Diffusion [Activaticn
Time Coeff, Energy
T(C) | T (min) [DAOEH | a2
(em®/s) e
: 600 100 75
Wkt out 650 34 22,1 0,99£0,09
irradia~ 700 26 28,9
tion, 508 312 2,4
600 60 20t 1,1620,10
602 42 175
o 488 272 2
S 542 247 3.1 0,93%0,09
ot 603 40 18,8
tion,

d) Vacancies Supersaturation,

As the vacancies concentration is inverselv pro-
portional to the relaxation time (C_ = 1/1), one defines
the vacancies supersaturation to the relationship:

i Tw/Td & Cvdlcvw £

where: i) T =relazation time for the annealings hefore
w

irradiation,
T, = reiaxation time for the annealings du-
t

ring irradia iy
ue § is a cuantitative exrression of how
many times the varancies concentration present during ir
radiation is larger than that present without irradia=-
tion, Tt is a necessarvy condition to the cavity forma-
tion and for the swalline of the material.



tion curves for FeNi and FeNi with impurities, An intro=
duction of a little guantity of Gr (0, ,lat, 7)Y toiFelNi gl
loy, improves the material characterictics hecause the
vacancies supersaturatiecn is reduced markedly, thus this
allov will bhe better to nuclear environments than the o-
thers, p,ex,, FeNiMo (50-50 at,Z+50 npm), The vacancies
supersaturation curve for Nb-2,5wt,%Zr is piven in the
figure 12, and it can be seen that this material is more
indizated for power reactors than those of the figure 11,
Jahte T; compares the values of § determined by
G.Lucki et Al, *for FeNi with impurities bv means of
MAE - Magnetic After Effect with that for Nb-2,5wt.%ZZr by
means of resistivity, for a temperature close tc 4900C

TABLE. FL
Allov TL2C) g

¥eNi(50-~50at,%) 490 39,90
FeNiMo (50=50 at 2+

50 prm) 480 16212
FeNiCr(49,95~49,95~ 0 1

st %) 490 51,00
Nbi =2 5wk A e 500%10 145

V, CONCLUSIONS,

There is an evidence that He dissolution occurs
in the Nb-2,5wt,%Zr allov when the isothermal annealings
are made at high temperature and He atmosphere, This He
dissolution mav be detected bv means of electrical resis—
tivity p, This process of He diffusion is followed bv an
efective interaction of the atoms with other defects maln
ly with vacancies and vacancies clusters, and this 1qtera
ction affects markedly the electrical resistivity, At temn
perature 600 ©C, p increases until to reach the saturati:
on , During fust neutron irradiation this saturation is
reached more rapidly than those without irradiation, This
isothermal annealings has permited to calculate the resla-
xation time (1), diffusicn coefficients (D) and activati-
on energy E® for the defecte of the lattice structure of
the alloy with He impnurity, mainly the vacancies,In order
to obtain the migration energy of the Fe in the Nb-2,5wt,
Z Zr alloy, it will be necessary other exper1reﬂta of p
with and without irradiation in vaccuum and in He atmos-
phere at various temperatures,Also the He release of this
alloy willbe made with samples previously annealed in He
atmosphere and with samnles previously irradiated in the
reactor core and with o particles in the cyclotron,

Another parametey sstimated was the vacancies
supersaturation S, The wvalue obtained here § =1,15 for
T = 500 °C cleosed to S = 1,0, the limit for T =+ T
(T ~2,400 °C), is very 6es1rab1e for the alloys’ of
nuglear designs, This wvalue of S, which is lesger than
those for FeNi and FeNi with impurities of Cr, §i and
Mo, may be explained in terms of cross section ¢ for
fast neutrons absorption, In the table III are given the
o for the principals elements that form the alloys cited
above,

TABLE T31

Element (Nh  {ir Te Ni Cr | 5i Mo
Cross

section

g (b) AL L SiE i8S PGS AR 3,1 | B 16 265

This permits the conclusion that Nh-Zr alloy,
are more "transparents" to fast mneutrons than the other
alloys and the consequence of this is that the vacancles
concentration during neutron irradiation defers very 153
tle frem that without irradiation, So it is possible to
choose the wa2 5wt 7}r allov as the materlal for nuclc



as the fuel cladding due to low fast neutron abéorption,
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Isothermal annealings without irradiation, a-sam
vrle 2, as rolled, He atm,, b-sample 1, as rolled
He atm,, c~sample 3, after initial heat treatmen
t, He atm,, d-sample 4, after initial heat trea-—
tment, vaccuum, All samples melted in Arpon at-
mosphere,

Figyl

Fig,2 - Tsothermal annealings without irradiation,In He
atmosnhere: a-sample 7, b-sample 8, In vaccuun:
d=sample 5 (1072 torr), e-samnle 5a (10°" torr)
The curve c, was calculated bv the equation

plt) = P+ (oo - plexp(-t/1),

Fig,3 - Isothermal annealing without irradiation, in He
atmosvhere,

Fig,4 = Tsothermal annealings without irradiation, The
effect of heat treatment on He dissolution,Sam-
ples 5b,5¢c,5d without initial heat treatment,Vac
cuum, Samples 8a,8b,8c with initial annealing,He
atm, Samples 3d,8e,8f without initial annealing,
He atmosphere,

Fig,5 - Isothermal annealings during irradiation, He atm,
a-sample 11, b-sample 10, c-sample 9

Fig.,6 - Isothermal annealings:
In He atm: a,c,d - without irradiation
b,e = during irradiation
In vaccuum:f, g - without irradiation

Fig.,7 - Plot of OD/ 0 x t without irradiation,
(x) curve calculated by
n(t) = 0,655+0,34exp(-t/60),

- Plot of no/ 8 x t during irradiztiom,
{(x) curvé calculated by
n(t) = 0,693+0,307exp(-t/44),

Fig,9 - Evaluation of the Relaxation Time by Nagy's
method,

Fig,10 - Evaluation of the Activation Energy,

Fig,11 - Vacancies Sunersaturation curves for FeNi with
and without impurities,

Fig,12 - Vacancies Supersaturation curve for Nb=2,5wt,7
Zr alloy,
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