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FORMATION ET STABILITÉ DE PRÉCIPITÉS RICHES EN Fe
DANS DES ALLIAGES MONOCRISTAUX DILUÉS DE Zr(Fe)

par

H. Zou, G.M. Hood, J.A. Roy et R.J. Schultz

RÉSUMÉ

On a étudié la formation et la stabilité de précipités riches en Fe dans
deux alliages monocristaux d'a-Zr(Fe) à compositions nominales (I, 50 ppma
Fe, et II, 650 ppma Fe} (la solubilité maximale, à l'état solide, du Fe
dans l'a-Zr est de 180 ppma - 800°C). On a examiné les caractéristiques
des précipités riche en Fe à l'aide de la microscopie optique, de la
microscopie électronique à balayage (MEB) et de la microscopie électronique
à transmission (TEM). Des micrographies de MEB et TEM montrent que, dans
l'alliage II à l'état fabriqué, les précipités de Zr2Fe sont situés aux
filets (fibres). On n'a pas observé de précipités dans l'alliage I à
l'état fabriqué. Pendant le recuit, au-dessous du solvus, le Fe se diffuse
vers les surfaces pour former des précipités de Zr3Fe dans les deux
alliages. Les précipités des surfaces d'alliage I tendent à être étoiles
(0001) ou pyramidaux (1010) et leur répartition est hétérogène. Ls
dissolution des précipités d'alliage I des surfaces de Zr3Fe (recuit au-
dessus du solvus) laisse des caractéristiques analogues à des précipités
sur les surfaces. Les précipités de Zr2Fe de l'alliage II à l'état
fabriqué ne se dissoudent que par le recuit de phase ß.
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ABSTRACT

The formation and stability of Fe-rich precipitates in two a-Zr(Fe) single-
crystal alloys with nominal compositions (I, 50 ppma Fe, and II, 650 ppma Fe)
have been investigated (the maximum solid solubility of Fe in a-Zr is 180
ppma - 800°C). Optical microscopy, Scanning electron microscopy (SEM) and
Transmission electron microscopy (TEM) have been used to examine the
characteristics of Fe-rich precipitates. SEN and TEM micrographs show that
in as-grown alloy II, Zr2Fe precipitates are located at "stringers".
Precipitates were not observed in as-grown alloy I. During annealing, below
the solvus, Fe diffuses to the surfaces to form Zr3Fe precipitates in both
alloys. The precipitates on the surfaces of alloy I tend to be star-like
(0001), or pyramidal (1010), and their distribution is heterogeneous.
Dissolution of Zr3Fe surface precipitates of alloy I (annealing above the
solvus) leaves precipitate-like features on the surfaces. Zr2Fe precipitates
in as-grown alloy II can only be dissolved by 0-phase annealing.
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VALUE AND IMPLICATIONS

The presence of Fe in Zr and Zr alloys accelerates mass transport and appears
to influence corrosion, mechanical properties and irradiation damage. The
purpose of this work is to determine the occurance and stability of second-
phase Fe-rich precipitates in dilute Zr(Fe) alloys as a function of annealing
treatments. This knowledge will guide our understanding of the behaviour of
Fe in Zr-2.5Nb and Zircaloy-2 and help develop better predictive nodels for
irradiation damage and deformation of CANDU fuel channels.
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1. INTRODUCTION

The presence of Fe in Zr alloys appears to have significant effects on such
properties as corrosion, hydrogen ingress, diffusion, irradiation damage and
mechanical strength [1-8}• Identification of the characteristic forms and
distributions of Fe in the simplest alloys - dilute, binary Zr(Fe) - will aid
our understanding of its behaviour in the more complex commercial alloys (Zr-
2.5Nb and Zircaloy-2), where it is also present as a dilute alloying
component.

The Zr-Fe phase diagram has been assessed by many workers [9-11]. The Zr-
rich end of a recent composite phase diagram [10], presented in Figure la,
shows that Zr2Fe is stable between 974 and 775°C, and that Zr3Fe is stable
below 885°C. The eutectoid temperature is 795°C. There have been some
detailed investigations of the solid solubility of Fe in a-Zr [12-15], with
significant disagreements. The recent data [12] presented in Figure lb show
that the maximum solid solubility of Fe in a-Zr is about 180 ppm Fe at the
eutectoid temperature (all concentrations here are in atomic units) and that,
below this, the solubility decreases exponentially with temperature. There
have been a number of studies of the state and distribution of Fe in dilute
binary Zr(Fe) alloys [10,16,17]: these studies have shown that the
distribution of Fe is sensitive to heat treatment. The work of ref.[16]
showed that a-phase annealing of Fe in Zr-600 ppm Fe single crystal alloys
results in rapid redistribution of Fe from internal precipitates to surface-
associated second-phase particles. Current work [17] shows that these
precipitates are Zr2Fe (internal) and Zr3Fe (surface). The Zr2Fe phase is a
non-equilibrium phase at all temperatures for Fe concentrations < 6.7 at%.

In this study, two binary Zr(Fe) single-crystal alloys with nominal Fe
concentrations of 50 ppm (I) and 650 ppm (II) have been used to investigate
the precipitation and dissolution of Fe-rich particles. This provides a
useful background for a consideration of the behaviour of Fe (a dilute
alloying component) in Zircaloy-2 and Zr-2.5Nb.

2. EXPERIMENTAL

2.1 Growth of the Single-Crystal Alloys and Sample Preparation

The single-crystal alloys were grown by electron beam float-zone-melting at a
growth velocity of - 100 /xm/s [16]. The starting material was iodide Zr rod
(supplied by Teledyne tfah Chang). Alloy I was directly grown from the
starting Zr rod. Alloy II was first prepared in an arc-melter under high-
purity argon and subsequently swaged down to 6 mm diameter rods for the zone
melter to produce alloy II. Single-crystal slices exposing basal (0001) or
prism plane (1010) surfaces were slovly cut by diamond saw from the parent
rods. The pieces, roughly 6 mm across the plane surface and about 2 mm
thick, were mounted in plastic resin and then gently ground through
successively finer SIC paper to 3 itm diamond paste. Thereafter, specimens
were chemically polished for 10 to 20 s in 50 H20:40 HN03:10 HF, by volume.



The chemical analyses (Fe content) of the alloys determined by inductively-
coupled plasma emission spectroscopy (ICPES) and neutron activation analysis
gave Fe concentrations of 48±iO ppn and 650±80 for alloys I and II,
respectively.

2.2 Heat Treatment

All annealing treatments vere done with the specimens on a tungsten plate in
a Ta boat inside a quartz tube furnace under ultra-high vacuum (<1.0 x 10*6

Pa). The tungsten plate and Ta boat vere cleaned by electropolishing. The
alloy I specimens vere annealed for tvo hours at 800°C and fast-cooled: no
surface precipitates vere seen after this treatment.

Surface precipitation/dissolution in the alloys vas studied as a function of
annealing treatment in the range 527 to 840°C. One set of as-grovn alloy II
specimens vas up-quenched in a preheated furnace to 1000°C for 2 and 10 rain,
and then quenched in vater. The thickness of specimens for the quenching
treatment vas - 0.5 mm, to reduce the heat transfer time.

2.3 Examination of Precipitates

Optical microscopy, SEM and TEM have been applied to reveal the sizes,
morphologies and distributions of Fe-rich precipitates in the bulk and on the
surface, for both as-grovn and annealed specimens. SEM and TEM, coupled vith
energy dispersive X-ray (EDX) and vavelength dispersive X-ray (WDX) analyses,
have been used to determine the chemistry of the precipitates.

3. RESULTS

3.1 Precipitates in As-Grovn Alloys

Microscopic examination of as-grown alloy I shoved no Fe-rich particles in
the bulk. This could be because there are no precipitates formed, due to the
extremely lov Fe content, or because the precipitates are too fine to be
resolved by TEM vith a resolution of ~ 2 nm.

In contrast to alloy I, precipitate-like stringers, - 1.0 to 10 fim long and
0.5 urn vide, have been observed In as-grovn alloy II (Figure 2). These
stringers seem to be aligned and approximately parallel vith each other, vith
a spacing of 10 to 20 fim. This is suggestive of the "cellular structures"
formed during fast, unidirectional solidification of tvo component alloys
[18]. More strikingly, TEM micrographs, see Figure 3, shov that the
stringers are composed of arrays of Fe-rich precipitates.

These precipitates have various shapes: spherical, cuboidal, ellipsoidal and
plate-like, vith vidths of 0.05 to 0.2 ftm. They have been identified as
Zr2Fe [17]. In most cases, the discrete particles are lined up along the
stringers (Figure 3a). In a fev cases, rovs of precipitates in the stringers
(Figure 3b), a feature of the eutectic, have been observed.



3.2 Surface Precipitates on Annealed Specimens

Figure 4 shows typical features of the precipitates appearing on the surface
of alloy I, annealed at 527°C for 288 h. Less dense precipitates of similar
size have been observed on a specimen annealed at 600°C for 240 h. Only a
few surface precipitates have been found after annealing at 7C0°C (24 h) and
none after 24 h at 800°C: the observations are consistent with the increasing
solubility of Fe. Metallogaphic observations showed that surface
precipitates tend to decorate scratches and emerging boundaries, with
associated denuded zones.

Alloy II exhibited surface precipitates for anneals in the range 650°C -
820°C. Figure 5a shows that for a specimen annealed for 8.5 h at 650°C the
precipitates are mostly aligned, representing the stringer structure. The
SEM micrograph in Figure 5b shows that after 146.4 h at 727°C, the stringer
pattern has completely disappeared and is replaced by dense and random
surface precipitates.

Elemental X-ray mapping (Figure 5c) indicates that all the surface
precipitates are Fe-rich; no other elements were detected in the
precipitates. They have been identified as Zr3Fe [17].

Figures 4 and 5 show the heterogeneous nature of the surface precipitate
distributions. Some of the precipitates appear to form linear arrays (e.g.,
Figure 5a) and some are situated in clusters (Figure 4b), likely resulting
from non-uniform surface microstructures; e.g., sub-boundaries and stringers.

A variety of irregular shapes of the surface, second-phase particles has been
observed. The precipitates on the basal plane of alloy I (Figures 4b,c) tend
to be "star-like", while precipitates on the prism plane (Figure 4a) give it
a "studded" appearance. They generally appear to be two to four microns
across. The enlarged SEM micrograph (Figure 4c) shows that the arms of the
precipitates on the (0001) surface are apparently aligned with certa.'n
crystallographic orientations with the substrate. These orientational
relationships are less evident for particles on prism plane substrates and
not so evident for alloy II.

Examination of the bulk internal structures following extended a-phase
annealing shows no precipitates in alloy I and no surface-like precipitates
for alloy II; the stringers have only partially disappeared after 8.5 h at
650°C. This means that the Zr3Fe precipitates cannot form in the bulk (or
even in-situ on the stringers), but only on the free surfaces of the single
crystals. This observation is consistent with conversion electron and
transmission Mdssbauer spectroscopy (CEMS/THS) measurements [17].

3.3 Dissolution of Precipitates

The stability of surface precipitates was examined by high-temperature
annealing. Figure 6, the same area as Figure 4b, shows an optical micrograph
of the (0001) surface after annealing at 800°C for 48 h. Under the optical
microscope, the star-like precipitates seemed to only lose their a n s and
edges. However, both SEH-EDX individual probe examination and mapping show
no sign of Fe on these particle-like sites or anywhere else on the surface.



This indicates that all the Zr3Fe precipitates were dissolved in a-Zr and Fe
atoms have moved back to the a-matrix. The time-scale for the dissolution of
the precipitates is not inconsistent with a process controlled by volume-
diffusion of Fe [1].

The surface precipitates on alloy II cannot be dissolved by a-annealing: they
can, however, be dissolved by a+fi annealing, since the Fe solubility is much
higher in 0-Zr (see Figure la). Figure 7a shows the microstructure of alloy
II annealed for 24 h at 843°C. The stringer pattern has disappeared and a
two-phase structure, a-Zr + y3-phase islands has formed. Some elongated
islands suggest that Zr2Fe stringers dissolve by in-situ, /3-phase formation.

The stability of the Zr2Fe was also examined by up-quenching alloy II
specimens to 1000°C, in the single /?-phase region, and holding for 120 and
600 s, followed by down-quenching. Figure 7b shows typical quenched
microstructures. Both optical and SEM micrographs show that the stringer
structures have disappeared. SEM-WDX data show that the Fe levels in the
matrix between the stringers are less than 20 ppm in the as-grown crystal II,
but after the 1000°C annealing they are about 770 ppm; i.e., approximately
overall composition of the alloy. This shows that the Zr2Fe precipitates
have been dissolved in fi-Zr in less than 120 s, again indicative of control
by fast Fe volume diffusion [1].

4. DISCUSSION

4.1 The Formation of Zr?Fe

The formation of the non-equilibrium phase Zr2Fe is the result of cellular
solidification during the single-crystal fabrication processes [18]. The way
in which such alloys solidify depends in rather a complex way on temperature
gradients, cooling rates, growth rates and composition. During the float-
zone-melting, the solidification is fast and close to unidirectional; i.e.,
heat flow is mainly along the axis of the Zr rods.

When the electrode starts to move, the initial planar solid/liquid interface
(see, e.g., Figure 8a from ref.[18]) tends to break up, due to a large
solidification range for alloy II and a high rate of solidification. The
temperature gradient ahead of the initially planar interface is gradually
reduced below the critical value. The first stage in the breakdown of the
interface is the formation of a cellular structure. The formation of the
first protrusion causes Fe to be rejected laterally and pile up at the root
of the protrusion (b). This reduces the equilibrium solidification
temperature, causing recesses to form (c), which in turn trigger the
formation of other protrusions. Eventually, the protrusions develop into
cells growing parallel to the direction of heat flow (d).

The Fe rejected from the solidifying liquid concentrates into the cell walls,
which solidify at the lowest temperatures (d). The tips of the cells,
however, grow into the hottest liquid, and therefore contain the least Fe.
Even if the Fe concentration is much less than the minimum equilibrium value
(6.71) for the appearance of the eutectic composition (100 times less for



alloy II), the liquid between the cells may reach the minimum composition, in
which case the cell walls will contain a second phase. Note that each cell
has virtually the same orientation as its neighbours, and together they form
a single grain, in the present case a single crystal.

The eutectlc does not always solidify as a two-phase Mixture. When the
volume fraction of the eutectic in the microstructure is very snail it can
form a so-called "divorced eutectic". The minor phase then often appears as
isolated islands (i.e., Zr2Fe in alloy II in Figure 3a) and the other phase
(/3-Zr) forms by the thickening of the cell. In the present case, the Fe
concentration in alloy II is about 100 times less than that needed to form
equilibrium Zr2Fe (see Figure 1); therefore, the amount of liquid at cell
boundaries which may reach the eutectic composition is so small that only
discontinuous and parallel stringers are formed from the eutectic reaction
(liquid-Zr — > Zr2Fe + /9-Zr, see Figure 1). In a few cases, the liquid
domain is large enough to show typical eutectic structures (i.e., the
lamellar form shown in Figure 3b). Such Zr2Fe stringer patterns are not
observed in alloy I, due to the much lower Fe concentration.

Zr2Fe is a non-equilibrium and metastable phase at any temperature for alloy
II. It can form and persist to low temperature through rapid solidification
and fast cooling. These conditions are met during the growth of Zr-Fe
single-crystal alloys using the float-zone-melting technique. The electrode
velocity is about 100 nm/s, and hence the estimated time for the temperature
to drop from the melting point 1863°C to about 800°C (about 10 mm) is ~ 100
s, and from 928 to 795OC, - 10 s.

A calculation based on diffusion-controlled dissolution indicates that Zr2Fe
precipitates formed from the eutectic reaction at 928°C (see Figure 1) may
partially dissolve during cooling through the 0-phase region. Slower cooling
may allow the Zr2Fe precipitates to dissolve, leaving Fe-rich "stringer
regions", which may undergo a eutectoid transformation to a-Zr and Zr3Fe
precipitates. Although there is no evidence to support this [17], there is a
possibility of a limited presence (<10Z) of Zr3Fe precipitates in as-grown
alloy II.

4.2 The Formation of Zr3Fe

Zr3Fe precipitates form on the surface, but not in the bulk, of both alloys,
with extended or-phase annealing below the solvus. Bulk optical and electron
microscopical examinations, along with results from THS and CENS [17], show
no internal precipitate formation in alloy I and a steadily diminishing Zr2Fe
content in alloy II. The kinetics of formation of surface Zr3Fe are in line
with the known diffusivities of Fe in a-Zr and a-Zr(Fe) alloys.

The apparent inability of Zr3Fe to nucleate in the bulk single-crystal matrix
may possibly be attributed to a high lnterfacial energy between the Zr3Fe and
Zr matrix, and to the large difference (- 15?) in molar volume between Zr3Fe
and a-Zr.



5. SUMMARY

The principal findings of this investigation are:

1. Rapid, unidirectional solidification of dilute Zr-600 ppm Fe alloys
results in the formation of a meta-stable, but persistent, Zr2Fe second
phase.

2. In Zr-50 ppm Fe alloys, bulk, internal precipitation of a
microscopically visible second phase does not occur, even with extended
annealing below the solvus.

3. Extended a-phase annealing of dilute Zr(Fe) alloys below/above the
solvus results in the reversible formation/dissolution of the stable
second-phase, Zr3Fe, at/from surfaces, but not in the bulk. The sizes,
morphologies and distributions of surface Zr3Fe precipitates are
related to orientation, Fe composition and the alloy thermal history.
The precipitates are not homogeneously distributed and appear to have a
orientational relationship with the substrate. The particles on (0001)
surface of alloy I are star-like and on (1010), pyramidal.
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Figure 1 a) The Zr-rich corner of Zr-Fe phase diagram,
b) The solid solubility of Fe in a-Zr.



Figure 2 Optical micrograph of stringers in as-grown
alloy II, showing the alignment and parallel
orientation of stringers.

Figure 3 TEM micrographs of Zr2Fe precipitates in stringers of as-grown
alloy II, showing the morphologies and sizes of the precipitates,
(a) single precipitates lined up along the stringers; (b) row of
precipitates in stringers.
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Figure 4 Surface precipitates for alloy I annealed at 527°C for 288 h,
shoving precipitate sizes and distributions, (a) Optical
micrograph of pyramidal precipitates on a (1010) surface; (b)
Optical micrograph of star-like precipitates on a (0001) surface;
(c) SEM micrograph of precipitates on a (0001) surface,
illustrating the arms and edges of the precipitates and
orientations of the arms.
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Figure 5 Surface Zr3Fe precipitates for alloy II, showing precipitate
sizes and distributions, (a) Optical micrograph of precipitates
on surface formed at 650°C for 8.5 h, showing the strings of
precipitates; (b) SEM micrograph of random precipitates formed
at 727°C for 146.5 h, (c) Fe image of (b).
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Figure 6 Optical micrograph of a (0001) surface of alloy I after
dissolution annealing at 800°C for 48 h, demonstrating the
precipitate-like features remained (the identical area as in
Figure A.b).

10/tm

Figure 7 Optical micrograph of alloy II after dissolution annealing.
(a) a + /9-islands at 843°C for 24 h, showing the disappearance of
stringers; (b) quenched microstructure after 120 s at 1000°C,
illustrating the dissolution of Zr2Fe precipitates.
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Figure 8 The formation of cellular microstruetures. (a) initial planar
solid/liquid interface, £-Zr left and liquid Zr right;
(b) and (c) the breakdovn of planar interface; (d) cellular
solidification, solute (Fe) enrlchaent in the liquid between the
cells (qualitatively represented by the density of the dots) and
eventually eutectic in the cell walls.
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