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ÉVOLUTION DE LA MICROSTRUCTURE DES ÉLÉMENTS D'ALLIAGE DE ZIRCONIUM
DE COEURS DE RÉACTEURS NUCLÉAIRES EN COURS DE SERVICE

par

M. Griffiths, C.K. Chow,* C E . Coleman, R.A. Holt
S. Sagat et V.F. Urbanic

On utilise la diffraction des rayons X et la microscopie électronique
analytique pour caractériser l'évolution microstructurale et microchimique
produite par l'irradiation aux neutrons des éléments de Zr-2.5Nb,
Zircaloy-2 et Zircaloy-4 de coeurs de réacteurs nucléaires.

Dans de nombreux cas, il existe une relation évidente entre la microstruc-
ture détériorée par l'irradiation et les propriétés physiques des éléments
de coeurs en cours de service. On peut, par exemple, établir directement
la relation entre la différence de vitesse de fissuration retardée par
l'hydrure entre les bouts d'entrée et sortie des tubes de force de Zr-2.5Nb
de réacteurs à eau lourde sous pression (PHWR) et les variations du taux de
dislocation-a et de la décomposition de phase /9-Zr. Pour les mêmes tubes,
la variation de la résistance à la rupture par fissuration a la même dépen-
dance par rapport à la fluence que la densité des boucles de dislocation
et, en outre, on peut établir la relation entre les améliorations du com-
portement sous corrosion et les diminutions de concentration de Nb dans la
matrice de a-Zr dues à la précipitation du Nb pendant l'irradiation. Dans
le cas des réacteurs à eau sous pression (PWR) et à eau bouillante (BWR),
on peut établir directement la relation entre le commencement de l'allonge-
ment des tubes de guidage de Zircaloy-4 dû au "passage à un taux de défor-
mation supérieur" et l'apparition de boucles de dislocation dans le plan
basai de la microstructure.
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ABSTRACT

X-ray diffraction and analytical electron microscopy have been used to
characterise microstructural and microchemical changes produced by neutron
irradiation of Zr-2.5Nb, Zircaloy-2 and Zircaloy-4 nuclear reactor core
components.

In many cases there is a clear relationship between the radiation damage
microstructure and the physical properties of in-service core components. For
example, the difference in delayed hydride cracking velocity between the inlet
and outlet ends of Zr-2.5Nb pressure tubes in pressurised heavy water reactors
(PHWR's) can be directly correlated with variations in a-dlslocation density
and 0-Zr phase decomposition. For the same tubes, the variation of fracture
toughness has the same fluence dependence as dislocation loop density and, in
addition, improvements in corrosion behaviour can be linked with decreases in
the Nb concentration in the a-Zr matrix due to Nb precipitation during
irradiation. For pressurised water reactors (PWR's) and boiling water
reactors (BWR's), the onset of "breakaway" growth in Zircaloy-4 guide tubes
can be directly correlated with the appearance of basal plane dislocation
loops in the microstructure.
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VALUE AND IMPLICATIONS

The changes in corrosion, fracture, deformation and DHC behaviour of Zr-alloy
core components in operating nuclear reactors are explained with reference to
the evolving microstructure. This understanding will allow the development of
predictive models for these changes and the development of improved fuel
channel componentsi
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1. INTRODUCTION

Zirconium alloys are primarily used in the cores of nuclear reactors because
zirconium has a low neutron capture cross-section. The two main alloy types
used for nuclear reactor structural components are based on either Zr-Sn
(Zircaloy-2 and -4) or Zr-Nb (Zr-2.5Nb). Most of the structural components
in the cores of Pressurised Water Reactors (PWR's) and Boiling Water Reactors
(BWR's) are fabricated from Zircaloy-2 (Zr-l.5Sn-0.15Fe-0.lCr-0.05Ni) or
Zircaloy-4 (Zr-1.5Sn-0.2Pe-0.1Cr). In the CANDU* PHWR's, Zircaloy-4 is used
for fuel sheathing and Zircaloy-2 for guide tubes of reactivity mechanisms.
In addition, Zircaloy-2 calandria tubes separate the hot pressure tubes
(about 560 K) from the cool moderator (about 350 K) in the calandria vessel.
Although Zircaloy-2 was used for pressure tubes in early CANDU reactors, the
current standard material for pressure tubes in CANDU reactors is Zr-2.5Nb.

In this paper, the microstructure and properties of structural components
only will be addressed. All fluences quoted will be for E > 1 MeV.

1.1 Zircalov-2 and -4

In the PWR's and BWR's, Zircaloy-2 (Zr-l.5Sn-0.15Fe-0.lCr-0.05Ni) and
Zircaloy-4 (Zr-1.5Sn-0.2Fe-0.1Cr) are used in the annealed (recrystallised)
or cold-worked and stress-relief-annealed (SRA) condition. The main
structural components are guide tubes (PWR's) and channel boxes (BWR's) that
operate at temperatures between about 560-630 K. The fuel assemblies in
these reactors have proven to be susceptible to lean and bow as a result of
lateral variations in flux [1], and therefore annealed tubes that exhibit
lower deformation rates appear to be the best standard option for reactor
designers. However, accelerated irradiation growth has been identified as a
potential problem for annealed tubes, especially when designers wish to
extend the in-reactor lifetime of the fuel assemblies [1], There is some
concern with corrosion [2,3], in particular with nodular corrosion, and the
effect of irradiation enhancement, but the interest is mainly confined to
fuel cladding [4,5].

In the CANDU PHWR's, Zircaloy-2 is used in an annealed or lightly (0-1.5%)
cold-worked condition as calandria tubes. Reactivity mechanisms within the
calandria vessel are also made from Zircaloy-2. There have been no serious
difficulties with the operation of calandria tubes and reactivity mechanisms
in the CANDU reactors, primarily because of the low stress and temperature
during operation.

Typical temperature and flux profiles for a pressure tube close to the centre
of an operating CANDU reactor are shown in Figure 1. Early CANDU PHWR's had
pressure tubes made from Zircaloy-2 (cold-worked about 20£). These tubes
were susceptible to life-limiting irradiation creep and growth [6], but there
were also problems with corrosion (especially towards the hot outlet end of
the fuel channels) and hydrogen uptake (proportional to the oxidation rate in

CANDU: CANada Deuterium Uranium; registered trademark.



normal operation) [7]. The fracture properties proved to be the most
significant life-limiting feature of these tubes, because of the effect of
hydrogen uptake, resulting in delayed hydride cracking (DHC)—hydride
embrittlement [8]—and because of the degradation of the material's intrinsic
fracture toughness due to radiation damage [9,10].

TEMPERATURE AND NEUTRON FLUX PROFILES FOR CANDU REACTORS
Bruce Unit B
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Figure 1
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Typical temperature and flux profiles for a fuel channel
close to the centre of an operating CANDU reactor.

The Zircaloy-2 and Zircaloy-4 components are essentially single-phase alpha
zirconium containing Sn in supersaturated solid solution. They contain Fe
and Cr in the form of Zr(Cr,Fe)2, and Ni (Zircaloy-2 only) in the form of
Zr2(Ni,Fe), intermetallic precipitates that are about 0.1 - 1.0 nm diameter,
depending on fabrication variables. Similar-sized silicide precipitates are
also often observed. Although for Zircaloy-4 Ni is specified as <0.007 vt%,
small numbers of Zr2(Ni,Fe) precipitates have been observed.

The annealed material has an equiaxed grain structure. The grains are
generally about 15-30 fxm in diameter and contain total dislocation densities
of between 0.1-1 x 1014 nr2 (depending on the particular manufacturing route
for the component). The texture is generally similar to that of rolled
plate. For example, for many calandria tubes, most grains have (0001) planes
oriented about 30° from the radial direction in the radial-transverse plane
(Figure 2).
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Figure 2 (a) Schematic diagram of the crystallographic orientation
of most grains in a typical Zircaloy-2 calandria tube.
(b) Basal plane (0001) pole figure for a typical Zircaloy-2
calandria tube.

Zr-2.5Nb

The cold-worked Zircaloy-2 used for pressure tubes in early CANDU reactors
was later replaced by cold-worked Zr-2.5Nb. The main advantage in using Zr-
2.5Nb, apart from superior strength, is the lower rate of corrosion and
hydrogen uptake compared with the Zircaloy-2 pressure tubes [7]. The
operational philosophy is one of leak-before-break (LBB), and therefore an
important characteristic of these tubes is their fracture behaviour.
Dimensional changes due to irradiation growth and irradiation creep are also
a concern [11], but can be accommodated if the in-reactor deformation
behaviour follows a pre-determined course. The same can be said for fracture
toughness of the irradiated core components [12]. Any deviations from
extrapolated behaviour (for example, breakaway growth) will cause unexpected
life-limiting problems. Therefore, it is important to be able to predict the
microstructural development over the projected lifetime of the reactor. So
far, Zr-2.5Nb pressure tubes have performed better than their Zircaloy-2
counterparts, because of lower hydrogen uptake and because they have not
exhibited any obvious signs of breakaway growth [11,12,13].

Zr-2.5Nb pressure tubes for CANDU reactors are formed by extrusion at a
temperature of about 1090 K. They are then 27% cold-drawn, to give a final
tube thickness of about 4.25 mm and an inside diameter of about 104 mm. The
tubes contain a mixture of a-and ç-component dislocations in densities of
about 4 and 1 x 1014 m~2, respectively, and have a dual-phase alpha;'beta
structure. The alpha-phase grains are platelets (containing about 1 wtZ Nb
in solution) having dimensions of about 0.5, 5 and 20 /tm in the radial,



transverse and longitudinal directions, respectively. They are mostly
oriented with {112"0} planes perpendicular to the radial direction, {1010}
planes perpendicular to the longitudinal direction and (0001) planes
perpendicular to the transverse direction (Figure 3).
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Figure 3 (a) Schematic diagram of the crystallographic orientation
of most a-grains in a typical Zr-2.5Nb cold-worked pressure
tube, (b) Basal plane (0001) pole figure for a typical
Zr-2.5Nb pressure tube.

The a-grains are stacked together and usually separated by a non-equilibrium
jS-phase containing about 20 vtZ Nb (and up to 1 vt% Fe). The final auto-
claving treatment (24 h at 670 K in steam) results in partial decomposition
of the /3-phase, with the formation of Nb-depleted w-phase precipitates in a
Nb-enriched matrix (up to about 40 vtZ); the average composition in the
£-phase remains at about 20 vt%. When the a-grains are separated by an a-a
grain boundary, Fe segregation has been observed at the boundary [14,15].

The /3-phase itself has a characteristic texture, with the (200) planes
oriented perpendicular to the radial direction and the (110) planes oriented
perpendicular to the longitudinal and transverse directions (see Figure 4).
The width of the beta phase in the radial direction is about one tenth that
of the alpha phase. The width of the alpha phase is about 0.3 (xm at the end
of the tube (corresponding with the back-end of the extrusion), and 0.5 urn at
the end of the tube (corresponding with the front-end of the extrusion). The
grain size varies along the length of the tubes because the tubes cool during
the extrusion process. Silicides are often present in the tubes. These
silicides generally have a small amount of Fe and Nb associated with them,
and may be mistaken for ZrFe-type precipitates. The Fe and Nb exist as a
layer on the surface of the silicides [15].
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Figure 4 (a) Schematic diagram of the crystallographic orientation
of most ^-grains in a typical Zr-2.5Nb cold-vorked pressure
tube, (b) (110) pole figure for a typical Zr-2.5Nb pressure
tube.

2. EXPERIMENTAL PROCEDURE

X-ray diffraction (XRD) and analytical electron microscopy (AEM) have been
used to characterise microstructural and microchemical changes produced by
neutron irradiation of Zr-2.5Nb, Zircaloy-2 and Zircaloy-4 nuclear reactor
core components. Typical grain structures for the two alloy types are
illustrated in Figure 5. Both unirradiated and irradiated materials were
prepared and examined. For the irradiated materials, care had to be taken to
minimise the volume of material used, because of the residual radioactivity
in the samples. All components analysed were from tubes (guide tubes,
calandria tubes and pressure tubes).

XRD specimens about 1 cm2 area x 0.5 mm thick were prepared by cutting slices
out of the tube perpendicular to each of the three principal tube axes,
Figures 2 and 3. Each specimen vas then chemically polished to remove at
least 0.025 mm (the depth of damage for the diamond vheel used to cut the
specimen). TEM specimens were prepared by punching 3 mm diameter discs from
0.1 mm thick slices whose surface was perpendicular to the longitudinal
direction of the tubes. Foils were then made by electropolishing with a
solution of 10Z perchloric acid in methanol at about 230 K, with a current
density of about 1 A cm'2.

XRD can be envisaged as a reflection of X-rays off planes parallel with the
specimen surface, to a depth of about 5 /xm; the diffraction angles are
typically > 30°. Electron diffraction occurs during transmission of
electrons through thin foils that are about 0.1 /xm thick; the diffraction



angles are typically <1°. Therefore, to image c-component defects with basal
diffracting planes in Zr-2.5Nb pressure tubing using TEM, one would use a
foil that was normal to the longitudinal or radial direction, LN and RN
foils, respectively. These are also the best conditions to image 0-Kb
precipitates in the a-phase. To analyse the same defects or planes with XRD,
one has to select a slice that is parallel with the basal planes, i.e., a TN
slice (normal to the transverse direction).

Figure 5 Electron micrographs showing typical grain structure in:
(a) Zircaloy-2 calandria tube; and (b) 25% cold-worked
Zr-2.5Nb pressure tube.

The LN(10Ï0)a, TN(0002)tt, 1^(110)^ and RN(OO2);3 XRD_lines were analysed using
a Rigaku rotating anode diffractometer. The RN(1120)a diffraction lines were
measured using a Siemens diffractometer because of. angular limitations using
the Rigaku spectrometer. CuKa radiation (wavelength=0.154 nm) was used in
each case. The specimens were rotated in the focusing plane to increase the
scanning area and sample as many grains as possible.

Dislocation densities were determined using a Fourier transform method of
X-ray line-broadening analysis on diffraction peaks from the hep a-phase
corresponding to prism planes (a-component dislocations) or basal planes
(ç-component dislocations) [16]. Because intergranular residual stresses
also affect line-broadening, and therefore the accuracy in terms of an



absolute value of dislocation density, integral breadths only have been used
to represent dislocation densities, unless noted otherwise.

Crystallographic planar spacings were determined from the peak positions
using the average of peak maximum and centre of gravity, because peak shapes
varied and the peak maximum in itself was not necessarily representative of
most of the material. The a-phase <a> lattice parameters were calculated
from the (1120) or (2020) interplanar spacings, and the [ç] lattice
parameters were calculated from the (0002) interplanar spacings.

The Nb concentration in the bcc 0-phase of Zr-2.5Nb pressure tubes was
estimated from the position of the (200) and (110) peaks measured using RN
and LN specimens, respectively. The diffraction angle was then compared with
calibration curves obtained from standard samples of Zr-20Nb (water quenched
from the 0-phase) and pure Nb.

The state of the dislocation structure and /3-phase morphology was studied
using Philips EM300G (100 kV) and CM 30 (300 kV) electron microscopes.
Microchemical analyses were obtained by energy dispersive X-ray analysis
(EDXA) using a Link AN10000 analyser and ultra thin window (UTW) detector,
and by parallel electron energy loss spectrometry (PEELS) using a Gatan Peels
analyser. The spatial resolution for microchemical analysis was estimated at
about 5-8 ma, depending on probe size used and foil thickness.

3. RESULTS

3.1 Microstructure Evolution in Zircalov-2 and -4

3.1.1 Dislocation Structure

Zircaloy-2 and -4 components operate at about 350 K (calandria tubes and
reactivity mechanisms in PHWR reactors) and 580 K (guide tubes and channel
boxes in PVR and BWR reactors). At both temperatures the predominant form of
damage is a-type loops (Figure 6). The loops are < 5 nm in diameter at the
lower temperature, but about 10-20 nm diameter at the higher temperature.

There is no evidence of c-component loop formation at 350 K for fluences up
to about 6 x 1025 n.nr2, although there are some indications of possible
helical climb of ^-component network dislocations onto basal planes
(Figure 7). From XRD line-broadening, calculations indicate that the <a>
dislocation density increases from about 0.1 (as-received) to about 1 x 1014

nr2 (irradiated) after a fluence of about 3 x 1025 n.nr2 at about 350 K.
However, recent work indicates that these values are probably underestimated
[16]. There is a small increase in the measured c-component dislocation
density from about 0.01 to about 0.03 x 1014 n.nr2.

At about 570 K, ç-component defects form after an incubation period of about
4 x 1025 n.m*2. There is a corresponding acceleration in the rate of
irradiation growth, Figure 8. It was originally proposed that the ç-
component defects were vacancy sinks [17]. Later analysis showed that the
defects were vacancy ç-component loops with basal habit planes [18].



Figure 6 Comparison of a-type dislocation loop structures in:
(a) a Zircaloy-2 calandria tube irradiated at 350 K to a
fluence of 6 x 1025 n.nr2; (b) a Zircaloy-4 guide tube
irradiated at 580 K to a fluence of 1 x 1025 n.nr2.

Figure 7 Effect of irradiation on c-component dislocation structure
in Zircaloy-2 calandria tubes irradiated at about 330 K;
(a) unirradiated; (b) irradiated to a fluence of 7 x 1025

n.nr2. The lines parallel with the basal plane (arrowed in
(b)) appear to be helical loops viewed edge-on in this
micrograph.
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Correlation of breakaway growth with the appearance of
c-component dislocations in Zircaloy-4 irradiated at
about 570 K. The loops (arrowed in the micrographs) appear
as lines parallel with the basal plane when imaged edge-on
with a 0002 diffracting vector.



10

3.1.2 Second-Phase Structure

At about 350 K, the Zr(Cr,Fe)2 and Zr2(Ni,Fe) intermetallic precipitates, and
also silicides, in Zircaloy-2 or -4 become amorphous, Figure 9(a). The
amorphous transformation occurs at low fluences (<1 x 1025 n.nr1) [19].

At irradiation temperatures in the range of 550 K - 580 K, the Zr2(Ni,Fe)
precipitates remain crystalline, whereas the Zr(Cr,Fe)2 precipitates become
amorphous, Figure 9(b). In some cases, the amorphous transformation is first
observed at the edge of the precipitate and advances inwards with increasing
fluence; there is also a depletion of Fe (and possibly Cr) corresponding with
the amorphous zones [19], Figure 10(a). Quantitative analysis indicates that
the amorphous zone is coincident with a decrease in the concentration of Fe
and, to a lesser extent, Cr below the stoichiometric composition, Figure
10(b). In addition to the depletion of Fe and Cr from within the precipitate
boundaries, there is preferential erosion of the Zr(Cr,Fe)2 precipitates in
directions parallel with the basal plane [20,21]. Post-irradiation annealing
shows that the concentration of Fe and Cr in the matrix increases around the
precipitates especially in directions parallel with the basal plane, and
these are the regions in which the basal plane c-component loops form [20],
Figure 11. The silicides remain crystalline. EDX profiles of material
irradiated at 673 K show that Fe and Ni is segregated at the silicide/matrix
interface. These elements are detected at the silicides before irradiation,
and it appears that more material is accumulated at the interface during
irradiation.

Figure 9 Effect of irradiation on crystal structure of precipitates
in Zircaloy-2 tubes irradiated at: (a) about 350 K to a
fluence of <1 x 1025 n.nr2; (b) about 550 K to a fluence
of 2 x 1025 n.m-2.
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Figure 10(a) Depletion of Fe and coincident amorphous transformation
for Zr(Cr,Fe)2 intermetallic particles in Zircaloy-4
guide tubes irradiated at about 570 K - micrographs and
corresponding spectra illustrating the depletion of Fe.
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Figure 10(b) Depletion of Fe and coincident amorphous transformation
for Zr(Cr,Fe)2 intermetallic particles in Zircaloy-4
guide tubes irradiated at about 570 K - composition
profile for a fluence of 3.5 x 1025 n.nr2.

Figure 11 Micrographs of microstructure around intermetallic
particles in Zircaloy-4 irradiated at 580 K to a fluence
of 8 x 1025 n.nr2: (a) as-irradiated; (b) as-irradiated
plus 1 hour at 873 K. ç-component dislocation loops (A)
and Fe-rich secondary precipitates (B), visible after
post-irradiation annealing, surround the intermetallic
particle in a plane parallel with (0001).



13

3.2 Microstructure Evolution in Zr-2.5Nb Pressure Tubes

3.2.1 Dislocation Structure

Irradiation at about 550 K results in the production of a high density of
small (about 15 nm diameter) <a>-type dislocation loops, Figure 12. There is
no clear evidence for ç-component loop formation, although Nb-rich
precipitates with a ç-component strain field are observed after irradiation,
Figure 13.

Figure 12 Micrographs showing a-type dislocation structure (a) before
and (b) after irradiation of Zr-2.5Nb pressure tubes in a
PHWR reactor. A high density of small (10-20 nm diameter)
dislocation loops are visible in (b).

XRD analysis shows that there is an increase in a-type line broadening with
neutron fluence (i.e., in the core of the reactor, Figures 14-17), whereas
very little appears to be happening to the c-type line broadening, Figures 18
and 19. The broadening does not appear to be very dependent on tube
orientation, (i.e., front-end (F) or back-end (B) of the extrusion at the
inlet). The variation in prism plane broadening along the tubes can be
attributed to <a> type dislocation loop formation, with a higher density of
loops at the cooler inlet end (about 520 K) than the outlet end (about
580 K). There appears to be a general sharpening in the basal lines in the
irradiated part of the tubes that can be explained by splitting of ç-
component dislocations [12]. The degree of sharpening tends to be higher at
the ends of tubes and there is less sharpening at the tube centres. This can
best be attributed to increased climb of c-component dislocations with
increasing fluence. In general, dislocation density changes tend to saturate
by fluences of about 1 x 1025 n.nr2, although long-term, lower-rate increases
may occur at higher fluences.
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Figure 13 Micrographs showing ç-type dislocation structure (a) before
and (b) after irradiation of Zr-2.5Nb pressure tubes in a
PHWR reactor at about 550 K to a fluence of 9 x 1025 n.nr2.
There is no apparent change in the c-component dislocation
structure except for some splitting of the network
dislocations into partials. Precipitates, believed to be
0-Nb, are observed after irradiation (arrowed in (b)).
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PRESSURE TUBE (2020) XRD DATA AS A FUNCTION OF POSITION
Une Broadening
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Figure 14 X-ray line broadening (integral breadths) of (2020)
diffraction lines as a function of position for Zr-2.5Nb
pressure tubes operating in CANDU reactors for 2-12
years.

PRESSURE TUBE (2020) XRD DATA AS A FUNCTION OF FLUENCE
UNE BROADENING
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Figure 15 X-ray line broadening of prism (2020) lines as a function
of fluence for Zr-2.5Nb pressure tubes operating for 2-12
years.



16

PRESSURE TUBE (1120) XRD DATA AS A FUNCTION OF POSITION
Una Broadening

a-TYPE INTEGRAL BREADTHS
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Figure 16 X-ray line broadening (integral breadths) of (1120)
diffraction lines as a function of position for Zr-2.5Nb
pressure tubes operating in CANDU reactors for 2-12
years.

PRESSURE TUBE (1120) XRD DATA AS A FUNCTION OF FLUENCE
UNE BROADENING
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Figure 17 X-ray line broadening of prism (1120) lines as a function
of fluence for Zr-2.5Nb pressure tubes operating for 2-12
years.
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PRESSURE TUBE (0002) XRD DATA AS A FUNCTION OF POSITION
Una Broadening
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Figure 18 X-ray line broadening (integral breadths) of (0002)
diffraction lines as a function of position for Zr-2.5Nb
pressure tubes operating in CANDU reactors for 2-12
years.

PRESSURE TUBE (0002) XRD DATA AS A FUNCTION OF FLUENCE
UNE BROADENING

c-TYPE INTEGRAL BREADTHS

• 521K-526K

+ 538K-548K

* 553K-563K

1 2 3 4 5 6 7 8 9 10

FLUENCE/1025N.M-2

Figure 19 X-ray line broadening of basal (0002) lines as a function
of fluence for Zr-2.5Nb pressure tubes operating for 2-12
years.
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3.2.2 Phase Structure

The precipitates that form in the a-phase (Figure 13(b)) are generally very
small (5-10 nm) and of insufficient volume to give coherent X-ray
diffraction. There is often a denuded zone for the precipitates close to the
a/p interface. EDX-analysis has shown that they are Nb-rich, as expected for
precipitates forming from a solid solution supersaturated with Nb [22,23].
Precipitation of Nb from the a-phase should produce £-Nb (85-90X Nb)
according to the phase diagram, and this is consistent with the electron
diffraction patterns. There are no observations of Nb precipitation in the
a-phase in out-of-flux sections of pressure tube, either at the inlet or
outlet, indicating that the precipitates are the result of irradiation. The
visibility of the /3-Nb precipitates is dependent on temperature and fluence,
there being little evidence for their existence at the inlets (520 K) for
fluences up to 3 x 1025 n.m"2, or at the tube centres (550 K ) , for fluences
< 2 x 1025 n.m"2. At outlet temperatures, (about 570 K ) , however, fi-Ub
precipitates are coarse enough for unambiguous identification even at low
fluences (1-2 x 1025 n.nr2). A loose Nb-rich deposit is often found on the
surface of electropolished samples, especially close to /3-phase regions (a
source of Nb). This deposit on the a-phase has an appearance similar to the
small y3-Nb precipitates described above. Care must be taken not to confuse
redeposited Nb on the foil surface with the bulk Nb-rich precipitates. The
redeposited Nb can be identified by stereo-microscopy or through-focus
imaging. There is no change in the crystal structure of the pre-existing
silicide precipitates (analysed as Zr4Si), apart from an apparent increase in
Fe (and possibly Nb) at the precipitate/matrix interface.

If one represents the change in lattice parameters after irradiation as a
strain relative to a stress-free state (ao=0.3232 nm, co=0.5149 nm), there is
a general expansion of the a-phase lattice in the irradiated part of the
tubes, which can be attributed to the precipitation of Nb from supersaturated
solid solution [24,25], Table 1. The expansion is especially relevant to the
Nb case, because similar measurements for P2G16—a Zircaloy-2 pressure tube—
show a lattice contraction with irradiation, Table 2. There is no
corresponding expansion for out-of-flux sections of the Zr-2.5Nb pressure
tubes, Table 3, indicating that the lattice expansion is an irradiation-
induced phenomenon. The lattice parameter changes usually saturate by
fluences of about 2 x 1025 n.m-2.

The /3-phase is originally a single-phase non-equilibrium structure containing
about 20 vt% Nb. It transforms to a-phase and an enriched 0-phase (20-45 vt%
Nb) during the final autoclaving treatment of the pressure tubes prior to
installation in the reactor. The autoclaving is generally for 24 hours at
673 K, but can be up to 120 hours in multiples of 24 hours. The composition
of the /?-phase changes significantly with multiple autoclaving treatments,
and therefore is a source of variability from tube to tube [24]. The /3-phase
transformation produces a complex structure, making it difficult to
distinguish unirradiated from irradiated structures, Figure 20. Additional
decomposition of the /?-phase during service in-reactor can be monitored by
XRD and is illustrated as a function of position in Figure 21.
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Table ]

SPEC ID

P3J{W(F)

P3J09(B)

P3J09/3.5 m

P3F13(F)

P3F13(B)

P3F13/0.8 m

P3F13/2.7 m

P3F13/5.2 m

P4F17(F)

P4F17(B)

P4F17/3.1 m

P4N16/2.8 m

P4K10/4.3 m

B2X14(F)

B2X14/4.0 m

B2P12(B)

B2P12/2.8 m

L: Lattice

FLUENCE/
1025 n.m-2

0

0

7.5

0

0

6.6

8.2

4.5

0

0

1.3

7.3

6.9

0

3.0

0

7.6

strains for Zr-2.5Nt

«il{1120}

0.03

0.01

0

0.04

0.04

-0.01

0

0

0.06

0.04

0.03

0

-0.03

0.05

0.01

0.04

-0.01

£22{1010}

0.01

-0.01

0.06

-0.01

0

0.05

0.06

0.05

0

-0.01

0.04

0.04

0.05

-0.02

0.04

-0.04

0.08

» pressure

€33{0002}

-0.01

-0.03

0.06

-0.03

-0.01

0.02

0.06

0.01

-0.02

-0.02

0.02

0.05

0.04

-0.03

0.04

-0.03

0.05

tube specimens

XÇ.ll±e22±i3 3l
3

0.01

-0.01

0.04

<0.01

0.01

0.02

0.04

0.02

0.01

<0.01

0.03

0.03

0.02

0

0.03

-0.01

0.04

There is Nb enrichment of the 0-phase during service, which increases on
traversing from the inlet to outlet in the pressure tubes. The tubes sampled
had been in service for between about 2-12 years. It is clear that the
change in composition is very temperature sensitive. There appears to be no
enhancement with irradiation. The process may actually be suppressed, as
suggested by the steep slope at the outlet end, which corresponds to a very
shallow temperature profile and near zero fluence. Full transformation to
equilibrium a-phase (0.6 wt% Nb) and /3-phase (85-90% Nb, depending on
temperature) is sluggish and requires a high temperature (close to the
monotectoid temperature at about 873 K), or a long time period (many 1000's
of hours at reactor operating temperatures of about 573 K ) .
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Figure 20 Structure of the 0-phase in Zr-2.5Nb pressure tube material
(a) before and (b) after irradiation to a fluence of about
6 x 1025 n.nr2 at about 550 K. There is no apparent change
in the structure due to irradiation.

PRESSURE TUBE BETA PHASE XRD DATA AS A FUNCTION OF POSITION
NB CONCENTRATION FROM (110) DIFFRACTING PLANES

% NB CONCENTRATION
70, -,

40F-

30!-

20! •

10:

0 -

• F-INLET

+ B-INLET

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Distance Irom In lo t (m)

Figure 21 0-phase composition as a function of position relative to
the inlet for Zr-2.5Nb pressure tubes operating for between
2-12 years in CANDU reactors.
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Table 2: Lattice strains for Zircaloy-2 pressure tube specimens

SPEC ID

P2G16(F)

P2G16(B)

P2G16/4.1 m

P2G16/5.5 m

FLUENCE/
1025 n.m-2

0

0

7.2

7.0

fin{1120}

+ 0.06

+ 0.03

- 0.11

- 0.13

e22{1010}

- 0.01

+ 0.01

- 0.01

- 0.02

€33{0002}

- 0.02

- 0.01

- 0.03

- 0.03

Iiii±£22+Ê33I
3

0.01

0.01

-0.05

-0.06

Table 3: Lattice strains for Zr-2.5Nb pressure tube specimens from
the rolled-joint region

SPEC ID

P3F13/0.1 m

P3F13/6.2 m

P3L09/6.2 m

P3J09/0.1 m

B2P12/0.1 m

B2P12/6.2 m

B2J11/6.2 m

FLUENCE/
1025 n.m-2

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

€n{U20}

+ 0.04

+ 0.03

+ 0.02

+ 0.02

0

0

0

e22{loTO}

+ 0.02

+ 0.03

+ 0.02

+ 0.05

0

- 0.02

+ 0.01

€33{0002}

- 0.03

- 0.03

- 0.01

- 0.04

- 0.04

0

- 0.03

ie.11 ±£2 2 ±133!
3

+ 0.01

+ 0.01

+ 0.01

+ 0.01

< 0.01

- 0.01

< 0.01

The Nb concentrations within the /?-phase are not uniform and the compositions
measured by XRD represent some average or modal value. Because the
components are determined from lattice parameter measurements, they are
affected by residual internal stresses. Measurements for the (200) planes
normal to the radial directions are consistently lower than kfor the (110)
planes normal to the longitudinal directions; the actual values presumably
lie somewhere between the two. The two measurements converge for fully
transformed or single-phase material [24]. The absolute values for Nb
concentration can be verified by direct measurements using energy-dispersive
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X-ray spectroscopy. The XRD and TEM-EDX data are compared in Table 4; errors
for EDX data are random errors determined from measurements on 5-10
precipitates or /3-phase regions. XRD data are from (110)^ and (200)^
measurements (the true composition lying somewhere in the range defined by
these data [24]) and the TEM data are averaged over a /3-phase filament, where
possible. It is clear from Table 4 that there is reasonable agreement
between the XRD and TEM data for as-extruded material. It appears that the
XRD data overestimate the Nb concentration in fully transformed material by
about 5%, given that the TEM-EDX data are close to the values from the phase
diagram [25]. For intermediate states, the TEM measurements average the
composition of the /3-phase, even though some degree of internal decomposition
has occurred (as evidenced by the XRD data and EDX profiles across'the p-
phase) and one obtains roughly the same values for composition (averaged over
the /3-phase) as in the as-extruded case.

Table 4: Comparison of XRD and TEM data for the composition of the /3-phase
in Zr-2.5 Nb pressure tubes after various heat-treatments

PT

PT

PT

PT

H737

H737

H737

1037

MATERIAL

(as received)

+ 24 h @

+ 1000 h

+ 24 h @

673 K

@ 850 K

673 K

% Nb in /3-Phase (XRD)*

20 - 26

44 - 61

95

47

% Nb in

21.

87.

20.

/3-Phase (EDX)

36 ± 1

99 ± 3

25 ± 1

.78

.09

.36

* Numbers refer to L(110)-R(200) measurements, respectively.

The Fe concentration in the /3-phase typically varies from about 0.5-1.0wt%
for low (500 ppm) and high Fe (1000 ppm) tubes. The Fe itself is not
distributed homogeneously throughout the material and, like the Nb within the
0-phase filaments, is only homogeneous within a given section of 0-phase
filament in the as-extruded state, Figure 22. During autoclaving, internal
decomposition occurs within the /3-phase filaments, and the Fe and Nb are
redistributed. The formation of Nb- and Fe-depleted «-phase particles within
the j8-phase filaments during autoclaving results in Nb- and Fe- enrichment in
the remainder of the filament. The Fe and Nb are also often segregated at
the a//3 interface in autoclaved pressure tubes (24 hours at 673 K). This
effect is particularly marked in double- and triple-autoclaved tubes, Figure
23. The autoclaving heat-treatment produces an intermediate non-equilibrium
state of the /3-phase; the equilibrium structure of fully transformed Zr-2.5Nb
consists of equiaxed a-grains and 0.1-1 /zm diameter precipitates of Zr-88ZNb
and (Zr,Nb)3(Fe,Cr), Figure 24.

The whole of the /3-phase is depleted of Fe after irradiation to high fluences
(>5 x 1025 n.nr2), Figure 25. The small Fe peak for the a-phase in Figure 25
is an instrumental error due to scattering of electrons onto the pole-piece



23

of the electron microscope and, as such, is dependent on specimen thickness
and hole size. The remaining Nb-rich phase at the a/fi-interface is clearly
defined in the irradiated material (the initial Nb-enrichment being
supplemented from the a- and y3-phases during the period of operation in-
reactor). The depletion of Fe from the 0-phase is observed in irradiated
sections of pressure tubes, but not in the low flux sections from the ends.
The Fe depletion increases with fluence and is complete after a fluence of
about 3 x 1025 n.m"2; i.e., the Fe signal in the /8-phase cannot be
distinguished from that in the a-phase at this point. It can be concluded
that the Fe depletion from the 0-phase is the result of Fe-dispersion
uniformly throughout the material [22], and is a radiation-induced effect.
It is unlikely to be a radiation-enhanced effect, because thermal treatment
results in decomposition of the y3-phase and precipitation of the Fe, Figure
24.

PRESSURE TUBEIClie - ÇTO FHBSE

4.

4.1

Figure 22 X-ray map showing distribution of Fe and Nb in Zr-2.5Nb
pressure tube material prior to autoclaving. Most of the Fe
and Nb is segregated in the £-phase (arrowed).

DISCUSSION

In-Reactor Deformation

The formulation of mathematical models for in-reactor deformation is
dependent on knowing how and why the microstructure evolves during
irradiation. In the past, many of the key parameters in mathematical models
have been based on assumptions about the microstructure that had not been
verified experimentally. They were therefore rigidly applied only to
specific systems and could not be applied to "anomalous" behaviour.
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Perhaps the most notable recent advance in the understanding of in-reactor
deformation from a microstructural evaluation is in the assessment of
breakaway growth. Holt and Gilbert [17] clearly showed that the onset of
breakaway growth coincided with the appearance of ç-component defects in the
microstructure, Figure 8. Later analysis showed that these defects were
vacancy ^-component loops [18]. Because the ç-component loops were

DtlA-lMASE tENlRl <:
AlPHA-PMASf « "310»

Figure 23 Micrograph map and EDX spectra showing distribution of Fe
and Nb in Zr-2.5Nb pressure tube material after autoclaving
for 48 hours at 673 K. Fe and Nb are concentrated at the a/0
interface.

often found close to intermetallic particles that were dissolving during
irradiation (and they were also observed in impure but not pure Zr [13]), a
qualitative mechanism has been proposed to account for c-loop formation (and
breakaway growth) after an incubation period in-reactor [13]. In effect, the
stability of the ç-component loops is related to the solute content in the
matrix. When this is increased by the dissolution of intermetallic
precipitates, the ç-component loops are stabilised and can grow very large
(~ 1 |zm). Fe appears to be an important element in this respect, because it
is readily dispersed during irradiation both in the Zircaloys and in Zr-
2.5Nb. If one assumes that the ç-loop density is proportional to the growth
rate, the breakaway phenomenon can then be simply modelled [13]. A mechanism
such as this would then be consistent with the temperature dependence for
breakaway growth [26], the rate of solute dispersion increasing with
temperature. Irrespective of the models proposed to explain the
microstructural development in Zr-alloys exhibiting breakaway growth, there
is clear evidence that the breakaway phenomenon is intimately linked to
ç-component loop formation.
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Figure 24 X-ray map showing distribution of Fe and Nb in Zr-2.5Nb
pressure tube material after heat-treatment at 773 K for
750 hours.

Breakaway growth has been a significant problem in predicting the deformation
behaviour of guide tubes and channel boxes in PWR and BWR reactors, and it
has already been positively identified in 25Z cold-worked, Zr-2.5Nb pressure
tubes after irradiation to fluences of about 6 x 1025 n.m*2 at 673 K in EBR-
II [13,27]. There is potential for accelerated irradiation growth in Zr-
2.5Nb pressure tubes at power reactor temperatures (about 570 K), especially
when one considers that one of the factors that could contribute to the
effect is dispersal of elements such as Fe during irradiation. However,
there have been no indications of breakaway growth from dimensioning data or
from the XRD data. The sharpening of the basal diffraction lines with
irradiation indicates that some c-component dislocation climb (splitting into
partials) is occurring, and this is verified by HVEM observations [22,28].
HVEM observations [28] also show that Nb has a significant effect on
suppressing c-component dislocation climb on basal planes; the climb rate is
slow relative to the basal climb observed in materials that exhibit breakaway
growth. Careful monitoring of the microstructure should indicate whether a
breakaway condition is achieved at higher fluences than those that have been
achieved so far. Recent data for Zircaloy-2 calandria tube material
irradiated in the Advanced Test Reactor (ATR) indicates that breakaway growth
may be occurring for fluences >3 x 1026 n.m"2 at 330 K [29], but this is not
a significant problem, the threshold fluence being greater than the expected
lifetime fluence for this particular reactor component.
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Breakaway growth and c-component loop formation are observed in many
m a î ? u î a l S V e S ? e c i a l l y at elevated temperatures [13]. One material that
exhibits the highest rates of accelerated growth is the experimental pressure
tube alloy EXCEL. EXCEL exhibits very high growth rates during irradiation
at about 673 K. The specimens contain large numbers of ç-component vacancy
loops on basal planes with Burgers' vectors of l/6<2023> [13,27]. X-ray

Î f a«4° n ?«ita s h ? W i n c r e a s e s in the a-component dislocation density from
about 0.3 x 1014 m-2 to a b o u t n x 1Q14 n.a. the ç-component dislocation
density increases from about 0.06 x 1014 nr2 to about 5.7 x 1014 nr2.

X-RfiVl 0 - 20 KtU
Llv t i 210i Prcscti 210* Rtiulninst OJ
R o l l 378J 44H Dead

P3L09 BRCK-END OFFCUT

BLPHfl PHASE US BETf» PHflSE
< b > <dois>

X-RRV: 0 - 20 K«U
Llvd 300» P r t i t t i 300s Re
R«»U 389s 23* D u d

< 4.5 7.040 k«U 9.6 >
FS= IK ch 362» HO cts
|HEH2:P3LO9 flLPHfl PHBSE /HEMI1
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flLPHft-PHRSE US BETfi-PHfiSE

n C u K
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MEH2tP3L09 H263 RLPHf) PHflSE 11EH1

Figure 25 EDX spectra showing: (a) Fe concentrated in the 0-phase in
an as-fabricated Zr-2.5Nb pressure tube; and (b) Fe depleted
from the 0-phase after irradiation to a fluence of about
9 x 1025 n.m-2 in a CANDU reactor.

4.2 Fracture Toughness

Fracture toughness of the pressure tubes is a concern for the safe operation
* V*e.,reactors [12]. Irradiation results in the formation of a high density
ol dislocation loops, which harden the material and lower the fracture
toughness compared with the unirradiated state. Figure 26 plots the crack
growth toughness (dJ/da) of irradiated pressure tubes removed from CANDU
reactors. The fracture plane was on the TN plane and the crack propagated in
the longitudinal direction. Crack growth toughness is the linear slope of

Ï ^ A C T Ï ^ Î Ï Ï ? 0 6 ^ V e bStWeen the °'15 and 1.5 mm exclusion lines, according
to ASTM E 1152. This parameter has been used to characterize the fracture
toughness of irradiated pressure tube materials [12]. The a-type dislocation
density measured from (1120) planes perpendicular to the radial axis is also
plotted on Figure 26, which shows that dislocation density and fracture
toughness approaches saturation after fluences of about 1 x 1025 n.m-2.

Other factors, such as fi-Hb precipitation in the a-phase and dissolution/
dispersion of Fe, could contribute to the degradation of fracture toughness
[l/]. It has been shown that irradiation-enhanced precipitation of /3-Nb in
the a-phase may degrade the fracture toughness of Zr-2.5Nb pressure tube
material, which can not be recovered by heat-treatment at 500°C for 20 min,
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or at 550°C for 10 min, although the contribution due to dislocation
substructure was removed [30]. It has also been shown that Fe is dispersed
from the 0-phase by irradiation, although the role of Fe in determining the
fracture toughness is not yet clear. It has been proposed [13] that the
dissolution and redistribution of alloying elements such as Fe could be
responsible for the breakaway growth phenomenon, and consequently lower the
fracture toughness due to the increase in dislocation density associated with
breakaway growth.
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Figure 26 Comparison of a-type dislocation density and fracture
toughness as a function of fluence for Zr-2.5Nb pressure
tubes irradiated in CANDU reactors.

There is a significant variability in fracture properties from tube to tube
other than that due to irradiation; B2P12 in Figure 26 is an example. The
most likely cause of this variability is the distribution of impurities
[12,31]. Tubes, such as B2P12, that were ̂ -quenched before extrusion tend to
exhibit lower c-component line-broadening, compared with non /3-quenched
tubes. The more homogeneous microstructure due to )3-quenching may also
contribute to the higher toughness of the material.

4.3 Corrosion

The main microstructural/microchemical variables that have been identified as
possibly affecting corrosion in Zircaloy-2 and -4 guide tubes, channel boxes
and calandria tubes and in Zr-2.5Nb pressure tubes are: (i) the presence and
distribution of precipitates (especially Fe-rich [3]) and (ii) solute
concentration (Sn, Nb, Fe, etc.) [2,32]. These change with irradiation and
the mechanisms are being widely investigated to determine in detail how these
changes would affect the corrosion process. Coarse precipitates in
Zircaloy-2 are known to initiate nodular corrosion in BWRs, and there is
still debate as to whether initiation is at or between individual
precipitates. Nevertheless, nodular corrosion can be minimized by heat
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treatments that produce a fine distribution of second-phase particles. In
the case of solute elements, there is some evidence suggesting that
increasing the solute concentration (Fe, Cr) of the matrix is beneficial for
nodular corrosion resistance [33]. Dissolution of precipitates by
irradiation could be a benefit in this case, due to the resulting increase in
matrix concentrations of the transition alloying elements. There is also
some evidence that decreasing the supersaturation of Sn in Zircaloys [2] and
Nb in Zr-2.5Nb alloys [32] improves the corrosion resistance of these alloys.
Irradiation could be beneficial in both cases by enhancing the rate of
precipitation of Sn and Nb from supersaturated solid solution [23,32].

In the case of Zr-2.5Nb pressure tubes, corrosion resistance can be improved
by thermal ageing treatments that totally decompose the beta zirconium
filaments surrounding the alpha zirconium grains [34]. However, the
corrosion suppression for Zr-2.5Nb observed during irradiation cannot be
accounted for by such thermal decomposition during irradiation at 573 K.' The
improved corrosion properties of Zr-2.5Nb pressure tubes due to irradiation
has been demonstrated by post-irradiation corrosion experiments, an example
of which is shown in Figure 27. Here, unirradiated and pre-irradiated
specimens were polished and oxidized in identical out-reactor conditions.
The preirradiated Zr-2.5Nb pressure tube material oxidizes at a substantially
lower rate than unirradiated archive material from the same tube, which
suggests that microstructural differences as a consequence of the irradiation
are largely responsible for the observed difference. The difference in
oxidation resistance of these samples has been correlated quite well with
evidence for Nb precipitation in the alpha phase of the irradiated material,
but not in the unirradiated material (Figure 13). Apart from TEM
measurements, lattice parameter measurements are used as a measure of the Nb
content in the alpha phase (Tables 1, 2 and 3).

Weight Gain (mg/dm2)
400

300

200

100 -

100 200 300 400 500

Time (days)
600 700

Figure 27 Oxidation of Zr-2.5Nb pressure tube material in the
irradiated (7.25 x 1025 n.nr2) and unirradiated condition.
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Measurements of irradiated Zr-2.5Nb pressure tubes show that the lattice
parameter changes have saturated (equilibrium is reached) after fluences of
about 2 x 1025 n-nr2.

4.4 Delayed Hvdride Cracking (DHO

Two microstructural factors that have been identified as affecting the DHC
behaviour of Zr-2.5Nb pressure tubes are (i) dislocation density [35] and
(ii) 0-phase continuity [36]. The former affects DHC because DHC velocity
increases with hardness, and the latter affects DHC because the continuity of
the /?-phase affects hydrogen diffusion rates (the /8-phase being a short-
circuit path for hydrogen diffusion). XRD analysis has shown that" there is
significantly increased 0-phase decomposition at the outlets compared with
the inlets of pressure tubes; in CANDU reactors the coolant enters at about
530 K and exits at about 570 K. Line-broadening measurements also show a
general increase in <a> dislocation density during irradiation (higher at the
inlet, as expected from theory [37]). The combination of increased fi-phase
decomposition and lower dislocation densities at the outlet compared with the
inlet is consistent with the lower-than-expected DHC rates observed at the
outlets of pressure tubes [35]. The data are summarized in Figure 28.
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Figure 28 Variation in crack velocity as a function of neutron
fluence for Zr-2.5Nb pressure tubes irradiated in CANDU
reactors.
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5. CONCLUSIONS

1. Microstructure analysis has provided insight into the breakaway growth
phenomenon exhibited by PWR guide tube and BWR channel box materials;
i.e., breakaway growth is due to c-component loop formation that is, in
turn, dependent on the purity of the material and microchemical changes
that occur during irradiation.

2. The fracture properties of Zr-2.5Nb pressure tubes have been monitored
during irradiation and the changes that occur can be linked directly to
the high density of a-type dislocation loops that form within the first
1 x 1025n.m-2, E > 1 MeV.

3. Corrosion of the Zircaloys and Zr-2.5Nb is affected by irradiation. In
the former case, it is difficult to separate the effect of radiolysis
from microstructural changes during irradiation. In the latter case
there appears to be an improvement in corrosion with the precipitation
of Nb decreasing the extent of Nb supersaturation in the a-phase.

4. High DHC rates at the inlet compared with the outlet for Zr-2.5Nb
pressure tubes in CANDU reactors can be explained in terms of a higher
dislocation density at the cool inlet and increased /?-phase
decomposition at the hot outlet.
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