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RÉSUMÉ

Un schéma Température-Temps-Transformation (TTT) a été mis au point pour la phase bêta dans
les tubes de force en Zr-Nb 2,5 % (en poids). Les résultats indiquent que la morphologie et/ou
les propriétés physiques de la phase bêta dans les tubes de force ont un effet important sur le
comportement de transformation comparativement à un alliage Zr-Nb 19 % (en poids).
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ABSTRACT
A Temperature-Time-Transformation ( i l l ) diagram has been developed for the p-phase in
Zr-2.5 wt% Nb pressure tubes. The results show that the morphology and/or physical state of
the P-phase in pressure tubes has a significant effect on the transformation behaviour
compared with a bulk Zr-19 wt%Nb alloy.
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1.

INTRODUCTION

CANDU* pressure tubes are made of Zr-2.5 wt% Nb, a material that has a low neutron
absorption cross-section, a high resistance to corrosion in water, a high strength and good
creep resistance. The tubes are fabricated by extruding billets at about 820°C and then coldworking to size. During extrusion, a two-phase structure is formed that consists of hexagonal
oc-zirconium grains (containing up to about 1 wt% Nb) and a grain boundary network of
metastable cubic P-zirconium (containing about 20 wt% Nb) corresponding with the
composition at the monotectoid point of the phase diagram [1], Figure l(a). This metastable
P-phase transforms into other phases with time at temperatures below 600°C. For example,
the final stress relief treatment in an autoclave for the tubes is 24 hours at 400°C, and it
partially decomposes the p-phase relative to the as-extruded state, Figure l(b). A hep cophase is formed that is depleted in the P-stabilising elements, Nb and Fe, with a subsequent
enrichment of these elements in the remaining P-phase. X-ray diffraction (XRD) can be used
to detect the phases present and to determine their composition. For example, Figure 2 is an
XRD spectrum for autoclaved material corresponding with Figure l(b). It shows that the
material contains co-Zr and p-Zr phases. The exact angular position of the peaks is
determined by the crystal structure, chemical composition (variable in some cases), and the
residual stress within the phase.
The equilibrium monotectoid composition of the P-phase should be about 20 wt% Nb, based
on information from the zirconium-niobium equilibrium phase diagram [1], Figure 3. In an
earlier study [2,3], an alloy of Zr-19 wt% Nb was used to study the age-hardening, tensile,
and transformation behaviour of the P-phase. However, recent work has shown that the
transformation behaviour of the p-phase in actual pressure tube material differed in some
instances from that of the model alloy. Therefore, this study has been conducted using
pressure tube material to determine the Time-Temperature-Transformation (TTT)
characteristics of the P-phase. One disadvantage to using pressure tube material is that the ocphase is always the major phase, and it is impossible to detect the formation of small volume
fractions of a due to decomposition of the P-phase. As a consequence, the TTT-diagram
given here shows only the formation of the p and co phases.
2.

EXPERIMENTAL METHOD AND RESULTS

The specimens for this study came from a commercially produced Zr-2.5 wt% Nb pressure
tube. The ingot analysis of this tube showed that the major impurities were 1100 ppm O,
550 ppm Fe and 230 ppm C by weight. The billet was water-quenched from 1050°C and
extruded at 820°C with an extrusion ratio of 10.2 to 1 [4]. The tube was then cold-worked
26.2% to a wall thickness of about 4 mm, but was not autoclaved.
Small coupons, typically < 1 cm2, were cut from the tube (at about 0.5 m from the front-end
of the extrusion) to expose radial- and longitudinal-normal (RN and LN) surfaces. The
coupons were then heated for various times at selected temperatures between 400°C and
600°C, chemically polished with a solution of 45% HNO3, 45% lactic acid (C3H6O3), and 5%
* CANDU: CANada Deuterium Uranium. Registered trademark.

-2HF, and examined by XRD using a Rigaku rotating-anode generator operating at 12 kW with
CuKa radiation.
The texture of the P-phase in cold-worked Zr-2.5 wt% Nb pressure tubes is such that the
(110) and (200) reflections are strongest in the LN and RN specimens, respectively, Figure 4.
The RN specimen is also useful for detecting the (2021) reflection from the co-phase.
The composition of the P-phase was obtained from a calibration plot of lattice parameter
against Nb content, Figure 5. The plot was made from measurements on a bulk Zr-20 wt%
Nb and pure Nb (99.8% purity) assuming conformity to Vegard's Law. These plots were then
used to determine the Nb content of the P-phase in the Zr-2.5 wt% Nb coupons once the line
positions of the (110) and (200) reflections had been measured, Figure 6. Measurements on
pressure tube samples heated at temperatures between 400°C and 600°C for times up to
10 000 h were then obtained and a TTT-diagram was compiled from the results.
TTT-diagrams for the Zr-19 wt% Nb alloy [3] and for the P-phase of the Zr-2.5 wt% Nb
pressure tube are shown in Figures 7(a) and 7(b), respectively. As noted earlier, the a-phase
is excluded from the latter diagram, Figure 7(b). As well, the transformation behaviour
shown in Figure 7(b) differs from that shown in the earlier study. Although only one type of
Nb-enriched P-phase (referred to as P ENR in Figure 7) was observed in the earlier work,
two types of Nb-enriched P-phase were observed in the current study for temperatures
between about 425°C and 600°C. After long heat-treatments, the lower of the two Nbenriched P-phases disappeared, leaving the higher Nb content phase, which eventually
becomes the equilibrium P-Nb phase identified previously (Figure 7(a)). As the transforming
p-phase approaches equilibrium, it changes morphology from a filament to discrete Nb-rich
precipitates [6]. At lower temperatures (400°C) the co-phase gradually disappears (see
Figure 6), presumably transforming to a-phase. Where two numbers are shown within
brackets, these are differing estimates of the %Nb in the P-phase using the (3(110) and P(200)
reflections obtained from LN and RN specimens, respectively. These inconsistencies, Figure
8, probably result from interphase or intergranular stresses [5].
Energy dispersive X-ray analysis in a transmission electron microscope has shown that the
true composition lies between the two values for P(110) and p(200) [6], and is consistent
with the residual interphase stresses that are compressive in the radial direction and tensile in
the longitudinal direction. The differences between the lattice parameter measurements for
P(100) and p(200) eventually disappear after 1000 h at 575°C, Figure 7(b), presumably
because the intergranular or interphase stresses have been relieved.
There were no significant effects of impurities on the TTT-characteristics of Zr-2.5 Nb
pressure tubes for Fe content between 0.01 and 0.30 wt%, and (C+O) content between 0.11
and 0.14 wt%. Nb-enrichment did occur slightly faster in lower Fe content material after 1 h
at 550°C but had no pronounced effect on the Nb-concentration in the p-phase after 10 h of
heat treatment, Table 1.
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TABLE 1
Nb content (wt%) measured using (200) planes as a function of heat-treatment
time at 550cC in Zr-2.5 wt% Nb pressure tubes.
Tube Label

Fe Content (wt%)

Nb Concentration (wt%) at 550°C
1 hour
10 hours

B

0.017

p, = 37, p2 = 88

P2 = 92

C

0.017

P, = 37, P2 = 80

P2 = 92

AA

0.157

P. = 34

P2 = 92

BB

0.158

p ] = 34P 2 =80

P2 = 92

3.

DISCUSSION

The results show that the TTT-diagram for the p-phase in the Zr-2.5 wt%Nb pressure tube
differs from that of the bulk Zr-19 wt%Nb alloy in three main respects: (i) the upper limit
for co-phase formation is about 475°C, not 525°C; (ii) there are two metastable p-phases
enriched in Nb (P, and Pj) that form at temperatures between 450°C and 600°C, and (iii) at
temperatures > 500°C, the rate of formation of the Nb-enriched P-phases is more rapid than
for the bulk material. The effects of Nb-content, microstructure, and impurities in the two
materials are discussed.
3.1

Effect of Nb-Content

The transformation behaviour of the bulk alloy (19 wt%Nb) could differ from that of the Pphase in a pressure tube (20-26 wt%Nb, as measured by XRD). Studies by Hehemann [7],
Cheadle and Aldridge [3], and Griffiths et al. [6] indicate that increased Nb-content in the Pphase results in a decrease in the rate of enrichment, and an increase in the time required for
the onset of co-phase formation. This study, however, shows that the rate of enrichment in
pressure tubes is faster than in the Zr-19 wt%Nb bulk alloy at temperatures > 500°C, even
though the Nb-content is slightly higher in the p-phase of the pressure tube. In addition, the
onset of CD-phase formation occurs at about the same time in both materials, suggesting that
the onset of co-phase formation is not significantly altered by slight variations in the Nbcontent of the p-phase.
3.2

Effect of Microstructure

It is possible that the high dislocation density introduced during the final cold-working of the
pressure tubes enhances the rates of transformation of the P-phase. However, comparison
between an as-extruded and an as-extruded + cold-worked tube shows that there is no

-4significant effect on the stability of the co-phase and on the formation of two P-enriched Pphases. Although the rate of Nb-enrichment appears to be enhanced by about 10% in the
cold-worked case, it is not possible to draw any conclusions from this measurement, because
of the effect of increased intergranular stresses on the lattice parameters. Residual stresses
present in the dual-phase structure could be important if there were stress-enhanced
transformations of the type responsible for the oc-phase texture generated during hightemperature extrusion [4]. Apart from this, there is no clear indication that intergranular
stresses should lower the upper temperature limit for œ-phase formation ((i) above), because
one might expect stresses to promote co-phase formation rather than suppress it [8]. The
remaining feature that can be considered is p-phase morphology, and one can explain the
differences outlined above as follows:
(a) The discrepancy in the temperature dependence of co-phase formation may be explained
by the morphology of the thin p-filaments in the pressure tube material. If one considers
the changes at 500°C, the co-phase is not detected by either XRD or TEM (transmission
electron microscopy) analysis in the material heat-treated for 1 h at 500°C (Figure 9).
However, if the material is given an intermediate heat-treatment of 1 h at 700°C (to
coarsen the P-phase) prior to the treatment of 1 h at 500°C, co-phase formation is
detected by XRD and TEM. The co-phase is depleted in Nb and Fe [6], Figure 10.
There is no significant change in the. composition of the P-phase after the heat-treatment
for 1 hour at 700°C that could account for the enhancement of co-phase formation. The
stability of the P-phase in this latter case can be explained by the presence of a zone
denuded of co-phase close to the a/p interface. This denuded zone may be the result of a
lowering of the vacancy supersaturation near boundaries [8]. The lower vacancy
concentration close to the boundary limits the diffusion-assisted nucleation of the
precipitates that one normally expects in an isothermal transformation of the type
described here. The denuded zone will increase with increasing temperature, and is
likely to be a limiting factor for co-phase formation when the P-filaments are thin, as in
the case of Zr-2.5Nb pressure tube material.
(b) The formation of two metastable p-phases enriched in Nb (PJ and PJ) in the pressure
tube material may also be explained in terms of the P-filament morphology. Some Nbenrichment occurs in the p-phase filaments due to co-phase formation (a hep Zr-rich
phase), and accounts for a general low level of enrichment. However, the co-phase
formation cannot account for the two-component p-phase structure, especially at the
higher temperatures (500°C-600°C), where co-phase formation does not occur. Nb-rich
precipitates are observed at the ot/p-interfaces for heat-treatments corresponding to the
two P-phase regions, Figure 9. As a result, one has two components of P-phase: one a
Nb-rich precipitate at the a/p-interface and the other corresponding to the untransformed
(or, at best, slightly enriched) P-phase. For a heat-treatment of 1 h at 450°C, Nb-rich
precipitates are also observed along the interface of the p-phase filaments, the filaments
themselves showing evidence of internal decomposition due to co-phase formation and
therefore some enrichment of the remaining p-phase, Figure 11. Nb-enrichment has been

-5observed at the oc/p-interface after heat-treatment at 400°C [6], Figure 12, but does not
appear as a second component of P-phase in the XRD analysis, probably because the
volume fraction is too small in this case for detectability.
Variability in the degree or rats of decomposition of the P-phase filaments is also
observed in the two-component range, especially at higher temperatures. Figure 13
shows a typical p-phase structure in material heat-treated for 1 h at 550°C. Some
filaments remain intact (pj) and some are completely decomposed (p^. Therefore, a
combination of variability in decomposition rate and nucleation of Nb-rich phases at the
oc/p interfaces can explain the formation of a two-component P-phase structure compared
to the more uniform transformation for the bulk material.
The p! and p 2 components described here are distinct from the phases reported elsewhere
[9,10], for quenched and aged materials. In the latter cases the Nb-rich precipitates
formed from a supersaturated a-phase and were either needles aligned along the a-axes or
precipitates at twin boundaries.
(c) The p-phase morphology could also account for the more rapid formation of Nb-enriched
P-phases on heating between 500°C and 600°C, nucleation of Nb at the oc/p interface
being more rapid than enrichment, due to precipitation in the bulk material.
3.3

Effect of Impurities

Although we are considering the transformation behaviour of a binary alloy, the role of
impurities must be considered, especially when the impurity content can be as high as 0.3
wt%, as is the case for Fe (this translates into a concentration in the P-phase of about 3 wt%).
Oxygen content varies less than Fe content; in actual fact, the oxygen in pressure tubes is a
required addition for increased strength and is typically about 0.12 wt%. Iron is simply an
impurity and ranges from about 0.05 wt%-0.15 wt% for most tubes.
The two impurities O and Fe have opposite effects in terms of the phase diagram; oxygen is
an a-stabiliser and Fe is a P-stabiliser. Oxygen in particular has a marked effect, as it
increases the a + P / p transus temperature [11]. One might expect that Fe would have the
opposite effect. There is little data to show the effect of O and Fe on the monotectoid
temperature, although work on pressure tube materials shows that the monotectoid
temperature is 590°C [12], and not 610°C for the Zr-Nb binary diagram of Lundin and Cox
[1], Figure 3. This was confirmed in the present work from heat-treatments at 600°C, after
which the P-phase composition reverts back to the nominal monotectoid composition. One
might attribute the lower monotectoid temperature for pressure tubes to the presence of more
Fe or less O, compared with the material used to derive the phase diagram shown in Figure 3.
There is no consensus about the precise monotectoid composition. The best that can be said
is that it is > 17 wt% Nb [12,13]. If one looks at the microstructure of the Zr-19 wt% Nb

-6alloy used by Aldridge and Cheadle [2,3] it appears that some other second phase (possibly
a-phase) has formed, and it is therefore conceivable that the monotectoid composition for
their alloy was > 19 wt% Nb. In addition, we have examined nominal 20 wt% Nb material
slow-cooled from the (a + p) - phase and have observed a-grains, indicating that the
monotectoid composition may, in fact, be > 20 wt% Nb. XRD data using a quenched 20
wt% Nb alloy as a standard show that the Nb concentration in the P-phase is between 20
wt% Nb (110) and 26 wt% Nb (200) for an as-extruded and cold-worked pressure -tube. This
is consistent with the value of about 21 wt%Nb obtained from TEM analysis, see section 3.4.
Although impurities can affect the phase diagram, there is little evidence in the present work
that Fe or O in the range of 0.05 wt% - 0.15 wt% has any significant effect on the
transformation kinetics of the p-phase below the monotectoid temperature. As Fe is a pstabiliser, one might have expected to see some effect in the transformation kinetics for low
and high Fe content. However, because Fe is a rapid diffuser, it quickly precipitates during
heat-treatment, forming an Fe-rich layer at the a/p interface at low temperatures, Figure 12,
or discrete precipitates at higher temperatures, Figure 14. Therefore, the Fe could only
significantly affect the transformation kinetics in the early stages of heat treatment, as
observed (Table 1).
3.4

Comparison with TEM Data

The accuracy of the XRD analysis is only as good as the standards used and the metuod of
extrapolation. Rodgers and Atkins [14] have shown that Nb in solution obeys Vegard's law;
i.e., the lattice parameter is inverse linearly proportional to the Nb concentration. In this
respect the calibration method used here is valid, although slight errors might exist because
only two standards are used (20 wt% Nb and 99.8 wt% Nb) and, in addition, ihere may be
impurity variations that alter the lattice parameters.
The accuracy of the XRD data was compared with EDX-analysis using a TEM. Using the
quenched 20 wt% Nb alloy as a standard, EDX-analysis showed that the composition of the
p-phase in the as-received pressure tube material was 21.3 ± 1.8 wt% Nb [6]. This compares
well with the XRD data giving 20 wt% (110) - 26 wt% (200). For fully transformed
material, however, a discrepancy existed with the TEM data, giving 88.0 ± 3.1 wt% Nb,
compared with 95 wt% Nb from the XRD data. The EDX-analysis underestimates the XRD
data by about 8% in each case. The discrepancy may be accounted for in terms of the effect
of stress on the XRD measurements; dilatational components could exist even when the
deviatoric components are relaxed. Differences in purity between the standards and actual
pressure tube material and deviations from Vegard's Law could also affect the results.
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CONCLUSIONS

A TTT-diagram has been derived for Zr-2.5Nb pressure tubes. Apart from the insensitivity to
changes in the cc-phase volume fraction, there are differences between this and previous work
on a bulk P-phase material that can mostly be attributed to the morphology of lie P-phase,
the width and number of the ot/p interfaces being a significant factor in determining the
transformation characteristics of the pressure tube materials.
5.
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Figure 1 Electron micrographs showing the state of the P-phase (arrowed): (a) prior to. and
(b) after autoclaving of extruded and cold-drawn Zr-2.5 wt% Nb pressure tubes.
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Figure 2 Diffractometer scans from a radial-normal specimen of cold-worked Zr-2.5
wt% Nb pressure tube H737 given 24 h at 400°C, showing the relative intensities of
a, (3, and co-phase reflections. The diffraction angles are shown on the bottom
scale. Peaks for co (2021) and 0(200) correspond with diffraction angles (20B) of
about 51° and 53°, respectively [2].
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Figure 9 Electron micrograph showing P-phase filament in pressure tube H737 after
heat-treatment for 1 h at 500°C. There is no evidence for œ-phase, although some
Nb-rich precipitates are observed at the a/p interface (arrowed).
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Figure 10 Micrograph and composition profile for B-phase in Zr-2.5 wt% Nb after heating
for 1 h at 700°C and then for 1 h at 500°C. There is a denuded zone of
co-phase particles (arrowed) at the cc/B interface. The co-phase is depleted, and the
B-phase is enriched, in Nb and Fe.
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i

Figure 11 Electron micrograph showing the state of the P-phase in pressure tube H737 after
heat-treatment for 1 h at 45O°C. Nb-enrichment/precipitation is observed at the
p interfaces (arrowed)

-18 -

Figure 12 Micrograph and composition profile for p-phase in a Zr-2.5 wt% Nb
pressure tube after heating for 24 h at 400°C. The filament contains
CD-phase particles (arrowed), and there is segregation of Nb and Fe
at the oc/p interface.
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Figure 13 Electron micrograph showing the state of the P-phase in pressure tube
H737 after heat-treatment for 1 h at 550°C. Nb-rich precipitates are
formed at the cx/p interface or from completely decomposed (discontinuous)
P-phase (PJ). Other segments of P-phase remain relatively intact (PJ).

-20Counts

400-

300-

200-

100-

10

15
Energy (keV)

i§<li®MMlisl3Kp*'

1

.-fv

Figure 14 Electron micrograph showing a P-phase filament containingfan Fe-rich
precipitate (arrowed) in pressure tube H737 after heating for 1 h at 550°C.
The corresponding EDX spectrum for the Fe-rich precipitate is also shown.
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