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Abstract

Particles of Zr;Si in a number of Zr-2.5Nb pressure tubes are found to exhibit segregation of Fe and Nb to the
Zr;Si/matrix interface. On oxidation between 583 and 673 K, an amorphous oxide of the silicide is formed. Neutron
irradiation at 563 K resulted in no significant structural modifications to the silicide. The segregation of Fe and Nb to
the silicide/matrix interface is retained after either oxidation or irradiation. © 2000 Published by Elsevier Science B.V.

All rights reserved.

PACS: 28.41Qb; 61.16Bg; 61.72Ss; 82.80E;j

Zr-2.5 wt%Nb alloy is used as the material for
pressure tubes in CANDU reactors. A significant dif-
ference between Zr—2.5Nb and other zirconium-based
alloys, such as Zircaloys, used in the nuclear industry, is
the nature of second phases and inclusion particles. Zr—
2.5Nb contains both second phases and inclusion par-
ticles; the main second phases being B-Zr, -Nb and the
intermediate ® and Nb-enriched B-Zr phases related to
the decomposition of the metastable B-Zr [1]. In Zirca-
loys, common second phase particles are Zr(Fe, Cr),
and Zr,(Fe, Ni) intermetallics in Zircaloy-2 and Zr(Fe,
Cr), in Zircaloy-4, although zirconium silicide particles
are occasionally observed [2-6]. In Zr-2.5Nb, a variety
of inclusion particles are also present; for example, (Zr,
Nb); Fe intermetallics have been reported [7] as was the
presence of inclusions containing C, P and S [8,9]. Of
more pertinence to the present work is the presence of
silicide particles. Zirconium silicide particles in Zr—
2.5Nb have been identified based on elemental analysis
[8-10] or combined with electron diffraction analysis
[11,12] and appear to be the most dominant inclusion in
the alloy. A variation in the amount of zirconium silicide
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inclusions has been observed amongst different Zr—
2.5Nb pressure tubes and the variation was suggested to
be related to the different levels of deuterium pickup
under reactor operating conditions [12] — the deuterium
pickup being a phenomenon associated with the corro-
sion reaction between the pressure tube and the coolant
at typically between 520 and 570 K. There is thus an
interest in understanding the structural and micro-
chemical changes that take place in the zirconium sili-
cide particles due to corrosion/oxidation or irradiation.
While the influence of oxidation [13,14] or irradiation
[15] of intermetallic precipitates such as Zr(Fe, Cr), [13—
16] or (Zr, Nb);Fe [15] has either been reported, little is
known about the effect on zirconium silicide due to ei-
ther oxidation or irradiation. The work described here
addresses the effects of oxidation and of neutron irra-
diation on the nature of zirconium silicide particles and
on the segregation of Fe and Nb to the particle/matrix
interface.

Various Zr-2.5Nb pressure tube materials (2.5% Nb,
900-1300 ppm O, <1200 ppm Fe, <120 ppm Si, all by
weight) used in the present work were manufactured by
extrusion near 1100 K followed by cold drawing. Fol-
lowing tube manufacturing, the materials were heat
treated for either 24 h at 673 K or 6 h at 773 K. For the
oxidation investigation, one pressure tube material
(H365M, heat treated for 6 h at 773 K) was subjected to
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oxide-forming exposures consisting of 24 h in 673 K
steam followed by a total of 176 days in pH 10.5 lithi-
ated water at 583 K. The overall oxide thickness deter-
mined using Fourier transform infra red spectroscopy
was 2.2 um. For the effect due to irradiation, a section of
an ex-service pressure tube (P3L05, heat-treated for 24 h
at 673 K prior to entering service) exposed to a fluence
of 2.84x10* nm~2 at 563 K was examined. An unirra-
diated section of P3LO0S5 leftover from the initial instal-
lation was also examined.

For examination in the transmission electron micro-
scope (TEM), plan-view oxide foils were prepared from
mechanically thinned 3 mm disc. The metal at the cen-
tral portion of the disc was dished using electropolishing
at 233 K with a 10% perchloric acid/90% methanol
electrolyte. Final thinning to electron transparency was
achieved using an ion-mill operated with Ar* ions be-
tween 4 and 6 kV. Foils of the bulk alloy were prepared
by electropolishing using a 10% perchloric acid/90%
methanol electrolyte at 233 K. A JEOL 2010 TEM (200
kV) equipped with a LaBg filament was used for the
examination of the thin foils. Oxide foils were addi-
tionally examined in a JEOL 2010F TEM (200 kV)
equipped with a Field Emission Gun (FEG) source.
Each of the microscopes was equipped with an Oxford
instrument energy dispersive X-ray (EDX) spectroscopy
system. The EDX detectors are of the ultra-thin window
type and are capable of detecting light elements. A
nominal 7 nm probe was used for analysis in the 2010
(LaBg) microscope, while a nominal probe size of 0.7 nm
was used in the 2010F (FEG) microscope.

Silicide particles were observed in a number of dif-
ferent Zr-2.5Nb pressure tube materials. Analysis of
electron diffraction patterns showed that the crystal

Fig. 1. Zirconium silicide particle in Zr-2.5Nb pressure tube
P3L05. Inset shows [001] zone diffraction pattern from the
silicide particle.

structure of the silicide particles was consistent with
Zr3Si [17]. Fig. 1 shows an example of a Zr;Si particle in
unoxidised, unirradiated pressure tube P3L05, a mate-
rial known to contain a higher than usual density of
often large silicide particles [12]. The associated (a) Si-K
and Zr-L, (b) Fe-K and (¢) Zr-K and Nb-K portions of
EDX spectra, acquired using a nominally 7 nm probe,
are shown in Fig. 2. Virtually identical results were ob-
tained from silicide particles in the reference, unoxidised
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Fig. 2. (a) Si—-K/Zr-L portion; (b) Fe-K portion; (c) Zr—K/Nb-
K portion of EDX results from unoxidised silicide/a-Zr inter-
face in pressure tube P3L05. All spectra have been scaled to the
same (Zr-Ko + Nb-Ka) peak intensity.
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H365M pressure tube and in a material that had re-
ceived no cold-work and heat-treated for 1250 h at 583
K, ie. at a lower temperature than the P3L05 and
H365M materials. Present EDX results show that Fe
was clearly present at the silicide/metal interface, while
the level of Fe was below the detection limit in the o-Zr
and at the centre of the silicide, Fig. 2(b). Similarly, Nb
was concentrated at the interface, even though a small
but above background amount of Nb was present
throughout the silicide and in a-Zr, Fig. 2(c). A similar
segregation of Fe and Nb around silicide particles in
another Zr-2.5Nb alloy was reported by Griffiths et al.
[10].

The observation of Fe and Nb segregation to the
silicide/matrix interface in a number of pressure tubes
further supports earlier observations that interfacial
segregation is a common characteristic of Zr-2.5Nb
pressure tube material [18]. The segregation does not
appear to be influenced by different number densities
and sizes of the silicide particles. The absence of sensi-
tivity to post-extrusion heat treatments indicates that the
segregation of Fe and Nb is a phenomenon established
prior to or during the extrusion stage of pressure tube
production.

Fig. 3 shows an oxidised silicide particles in an oxide
foil. An enlarged portion of the particle is shown in
Fig. 4(a). The main structural characteristic of the par-
ticle is the speckled image contrast. The speckled con-
trast did not vary with tilting of the foil in the TEM and
is typical of amorphous materials. The amorphous na-
ture of the oxidised silicide particle was confirmed by
diffuse rings in the microdiffraction pattern shown as
insert in Fig. 3. The amorphisation of silicide particles
resembles the oxidation behaviour of B-Nb. Oxidised
under similar conditions, B-Nb ultimately formed an
amorphous oxide [19], on account of a low Nb mobility,
relative to that of O, at the oxidation temperature [20].

()

(b)

In the case of zirconium silicide, a similar mobility/
temperature consideration may account for the forma-
tion of an amorphous oxide structure, which may be
additionally favoured by the covalent nature of the SiO,
bonds.

The EDX analyses of various locations on and
around the oxidised particle were conducted using a
nominal 0.7 nm probe. The locations of analyses are
marked in Fig. 4(b) and the results are shown in Fig. 5.
Fig. 5(a) shows the presence of Si in the oxidised particle
but not in the adjacent ZrO,. Fig. 5(b) shows that Fe
was depleted in the centre of the particle and in ZrO,.
The highest amount of Fe detected was at the interface
between the oxidised silicide and ZrO,. At locations
mid-way between the particle centre and the interface,

Fig. 3. Oxidised zirconium silicide particle showing speckled
contrast typical of amorphous material. Inset shows microdif-
fraction pattern confirming amorphous nature of the oxidised
silicide particle.
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Fig. 4. (a) Portion of oxidised silicide particle shown in Fig. 3; (b) schematic diagram showing locations of EDX analyses.
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Fig. 5. (a) Si-K/Zr—L portion; (b) Fe-K portion; (c) Zr-K/Nb—
K portion of EDX results from oxidised silicide/ZrO, interface.
See Fig. 4(b) for locations of analysis. All spectra have been
scaled to the same (Zr-Ka + Nb-Ka) peak intensity.

minor but detectable amounts of Fe were present. Minor
amounts of Nb were generally present throughout the
oxidised precipitate and ZrO,; however Nb was sub-
stantially concentrated at the particle/ZrO, interface as
shown in Fig. 5(c). (The interfacial Nb segregation is
also evident in the Nb-L portion of spectra, Fig. 5(a).)

The Nb/Zr ratio at the oxidised silicide/ZrO, inter-
face, Fig. 5(c), superficially appears different than at the
unoxidised interface, Fig. 2(c). However, the extent of

segregation before (Fig. 2(c)) and after (Fig. 5(c)) oxi-
dation cannot be directly compared, due to the different
probe sizes available in the different microscopes.
Nevertheless, present results show that the interfacial
segregation of Fe and Nb associated with silicide
particles did not diminish as a result of oxidation. Such a
retention of elemental distribution after oxidation is
consistent with the correspondence between the micro-
structures of Zr-2.5Nb alloy and its oxide, especially
with respect to the segregation of Nb and Fe in B-Zr
regions [19].

The high spatial resolution EDX results in Fig. 5(b)
show that some Fe appear to be present in regions
adjacent to the oxidised silicide interface. A similar Fe
distribution in the unoxidised silicide is expected to be
present which would not be observable in the EDX
results obtained using a coarse electron probe as shown
in Fig. 2.

A zirconium silicide particle from the irradiated
pressure tube P3LO0S5 is shown in Fig. 6. The presence of
lattice fringes throughout the silicide shows that the
crystallinity of the silicide was not affected by neutron
irradiation. Analysis of electron diffraction patterns
confirmed a Zr;Si crystal structure with lattice parame-
ters indistinguishable from those of Zr;Si in unirradiated
pressure tubes. The associated comparison of EDX
spectra obtained from the centre and edge of the particle
is shown in Fig. 7. The main findings are essentially
similar to those from unirradiated silicide, Fig. 2, i.e. Fe
and Nb are both segregated to the silicide/matrix inter-
face. In the case of Nb, an appreciable background level
was present due to the irradiated nature of the sample.
Despite this interference, the presence of Nb segregation
to the interface is evident in Fig. 7(c).

Fig. 6. Zirconium silicide particle showing lattice fringes in
irradiated pressure tube P3LO05 (fluence 2.84x 10 nm~2 at
563 K). Inset shows associated diffraction pattern.
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Fig. 7. (a) Si-K/Zr-L portion; (b) Fe-K portion; (¢) Zr-K/Nb—
K portion of EDX results from irradiated but unoxidised sili-
cide particle in pressure tube P3L05. All spectra have been
scaled to the same (Zr-Ka + Nb-Ka) peak intensity.

Under present irradiation and corrosion conditions,
neither oxidation nor irradiation affected the segregation
of Fe and Nb, suggesting that the silicide/matrix inter-
face persisted as a strong sink for these elements. The
association of Fe with Nb is consistent with results of
near-edge structure investigations showing segregated
Fe in Zr-2.5Nb alloys existed in a form more akin to
ZrNbFe than pure metallic iron or known compounds
with zirconium [21].

In summary, segregation of Fe and Nb to the silicide/
matrix interface in Zr-2.5Nb pressure tube materials is
observed. The segregation is not sensitive to the thermo-
mechanical history of the pressure tube and is not in-
fluenced by the inclusion density. The silicide particles
become amorphous when oxidised at between 583 and
673 K. Neutron irradiation at 563 K up to 2.84x10%
nm~2 did not cause significant structural changes. The
presence of Fe and Nb segregation to the silicide/matrix
interface is qualitatively unaffected either by irradiation
or by oxidation.
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