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The m i c r o s t r u c t u r c s of annealed zirconium,
Zircaloy-2. and Zr-2..rj wtZ Nb a l l o y and of
Zr-2 .5 Nb con ta in ing n1 were s tud ied a f t e r
neutron irradiation to fluences rsl x. 1025
n»ra~2 i n the temperature range 573 to
923 K. The principal form of damage was
dislocation loops which increased in size and
decreased in density with increasing temperature
and which did not exist above 773 K. The Burgers
vector of the loopr. was consistent with a/3 <̂J J 20^.
Half or more of the loops were of vacancy type.
No dislocation networks or voids were seen. It
is argued that, the bias of loops for self-
in ters t i t ia l atoms in n~zirconiura is very weak,
permitting competitive vacancy and in ters t i t ia l
loops, preventing growth of loops into gross
dislocation structure, and depressing the vacancy
super-saturation so that, voids cannot arise.
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II tf£ STRUCTURE IN ZIRCONIUM AUDYS tEUTRON IRRADIATED AT 573 TO 923 K

R.W. Gilbertl arid K. Farrell2

IChalk River Nuclear laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada KQJ JJO
2Qak Ridge National Labortory, Oak Ridge, TN 37830 U.S.A.

INTRODUCTION. Zirconium alloys are resistant to void formation! and associated swelling,
but a re subject to radiatiqrr-enhaixed creep2, radiation growth-̂  and radiation hardening^,
a l l of viiich are dependent on the damage microstructures. Information on the micro-
structures will aid in understanding these phenaiiena. Vfe have examined specimens of zirco-
niun, Zircaloy-2, and Zr-2.5 wt% Nb irradiated a t each of 573,673,773, and 923 K to fluences of
1.3, 1.2, 1.0, and 0.7 x 1025 n-nr2, respectively, in tie Oak Ridge Reactor. Foils ware electro-
polished using a 4:1 ethyl alcohol-.perchloric, acid solution at. 240 K and rixamined at 100 kV
in a Phill ips E-I300G electron microscope using a doobl e axis I iJ t stage.
OBSERVATIONS. Annealed Crystal Bar Zirconium. Dislocation loops ware present after i r r a -
diat ion at 573 and 673 K (Fig.1,2)* Tne median diameter increased with irradiation temper-
ature from 18.6 to 50 nra and corresponding loop concentrations decreased fran 5 x 1021 to
5 x 1020 nr3 respectively. Both in t e r s t i t i a l and vacancy loojs ware observed, and in
specimens irradiated at 673 K vacancy loops predaninated. At 773 and 923 K no loops were
evident. A few, £31016 nr~3, cavities ware found in some-1 specimens, often on grain boun-
daries or at inclusions.

Annealed Zircaloy-2. Specimens irradiated at 573 and 673 K contained dislocation loops
with median diameters and densities of 6.5 nm, 1.9 x 1022 ur3 and 60 nm, 2.8 x 1020 nr~3,
respectively,(Fig.3,4). At 673 K, vacancy loops predominated over in ters t i t ia l loops. A
few cavities were found.
Zr-2.5 wt% Nb, Slow Cooled from 1 h at 1073 K. This structure consisted of large grains of a-Zr
containing islands of/3-Zr. After irradiation a t 573 and 673 K, tlie cr-grains were fi l led with
dislocation loops,(Fig.5,6), median sizes 7 nm and 37 run respae lively. A fine precipitate
of/3-Nb was also present. At 773 K dislocation loops ware absent and the/3-Nb precipitates ware
in the form of large needles. At 923 K the structure consisted of large equiaxed a-grains containing
islands of /3-Zr and no irradiation damage contrast VHS evident, A few cavities were observed.
Zr-2.5 wt% Nb, Water Quenched from 1273 K and Aged 24 h at 773 K. This structure vas
ent i re ly a' rrartensite. Aging for 24 h a t 773 K had produced a Mgh concentration of/3-Nb
precipi tates . "Black spot" damage was seen in specimens irradiated at 573 and 673 K, the
loops being difficult to distinguish from the precipitate. ND radiation-induced loops were
seen in specimens irradiated at 773 or 923 K.
Zr-2.5 wt% Nb, Water Quenched from 1123 K and Aged 24 h at 773 K. This structure was composed
of a matrix of a1 mdrtensite containing islands of a-Zr. Irradiation a t 573 and 673 K
produced dislocation loops in both phases. Tne loops were clearly revealed in thea-phase,
while in the a' martensite they were difficult to resolve due to tlieir small size and the presence of
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precipi ta te . The loop size increased with increased i r radiat ion temperature. Loops
were not found in specimens irradiated a t 773 and 923 K.
DISCUSSION, tfeutron i r rad ia t ion a t 573 and 673 K produced both vacancy and i n t e r s t i t i a l
loops that increased in size with increasing irradiat ion temperature. Few dislocation
l i n e s anerged and, a t 773 K, there ware sparse tangles, implying that development of gross
dis locat ion structures from growth and climb of loops i s s t in ted. The presence of fewer larger
loops a t 673 K shows a decline in the number of point defects t in t survive recombination
or absorption. Thus, the number of point defects involved decreases with temperature
toward zero at 773 K, about 0.42 of the extrapolated melting temperature of « -Zr . This i s
s ignif icant ly lover than the 0.5 Tm upper l imi t observed for survival of damage in fee
meta ls . The presence of a mixture of vacancy and i n t e r s t i t i a l loops which progressively
increase in size and decrease in density with increasing i r radiat ion temperature shows that
there i s a waak bias for i n t e r s t i t i a l s and thus no excess of vacancies to ficJ. void
formation. The few cav i t i e s are character is t ic of gas Kibbles, probably helium generated
from (n,a) reactions. Vfe conclude that die damage structure in neutron irradiated zirconium alloys i s
determined and controlled by a very waak bias of loops for i n t e r s t i t i a l s .
REFERENCES
1. D. l e e , E.F. Koch, and J.H. Rosolowski, J . Nucl. Mater. 50, (1974). 162-74.
2 . E.F. Ibrahim, J . Nucl. Mater. 46, (1973). 169-82. DISTRIBUTION OF TUIS DOLOlliM is UNLIMITED
3 . P.M. felly, pp. 123-26 in Physical Metallurgy of Reactor Fuel Elements, Proc. In te rn . v-\

Conf., Berkeley .England, 1973, eds. J.E. fferris and E.C. Sykes, Rib. the 1-btals Society, London, 1975. v

i pp.400-15 in Zirconium in Nuclear Applications, ASTM STP 551, 1974.



iJtmmtM
*̂-.J

FIGURE 1 .573 K FIGURE 2 673 K

Annealed Crystal Bar Zirconium

FIGURE 3 573 K FIGURE 4 673 K

Annealed Zircaloy-2

FIGURE 5 573 K FIGURE 6

Zr-2.5 wt% Nb, n-Phase

673 K

FIGlfRES 1 TO 6: Dislocation Loop Structures in Zirconium Alloys Irradiated in
the Oak Ridge Reactor at 573 K and 673 K to Fluences of
1.3 and 1.2 x J O 2 5 nyi"2 respectively.


