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SAMEVATTING 

Die uitwerking van hittebehandeling en tweedefasedeeltjies op die korrosieweerstand en mikrostruktuur 
van Zircaloy-4 is ondersoek, veral met betrekking tot die invloed van presipitate op die korrosietempo en -
meganisme in hoêtemperatuur-, hoedrukwater- en -stoomtoetse. Korrosietempometings van monsters wat 
verskillende hittebehandelings ondergaan hot, word aangebied. Hittebehandelings wat utgevoer is, sluit 
in n vinnige af koeling vanaf die betafase. langdurige uitgloeiing by temperature van 500 °C tot 1 100 "C en 
kombinasies van bogenoemde. Die metodes wat gevolg is om 'n klein hoeveelheid Zircaloy-4-plaat te 
vervaardig, en die waameming wat gemaak is, is aangeteken. Die wye reeks mikrostrukture in Zircaloy-4 as 
gevolg van wisselende hittebehandeling en vervaardigingsprosedures word beskryf en met optiese of 
elektronmikroskoopfOvj's toegelig om belangrike verskynsels aan te dui. Kwalitatiewe en semi-
kwantitatiewe chemiese analises van tweedefasedeeltjies deur middel van aftaselektronmikroskopie en 
Auger-spektroskopie uitgevoer. Bewyse vir die bestaan van 'n tinryke presipitaat in Zircaloy-4 word 
aangetoon en bespreek. 

ABSTRACT 

The effect of heat treatment and second-phase particles on the corrosion resistance and microstructure of 
Zircaloy-4 has been examined. In particular the effect of precipitates on the rate and mechanism of high-
temperature, high-pressure water or steam corrosion is discussed. Measurements of corrosion rate are 
presented for specimens which have received various heat treatments. The heat treatments studied 
included a fast cool from the beta field, prolonged annealing at temperatures ranging from 500 °C to 
1 100 "C as wed as combinations of the above. The fabrication of a small quantity of Zircaioy-4 strip was 
undertaken and the methods used and observations made are recorded. The wide range of rnicrostructures 
produced in Zircaloy-4 by the heat treatments and fabrication procedures utilized are described and 
discussed with optical or electron microscope photographs showing the important features. Qualitative 
and semi-quantitative chemical analyses of the second-phase particles were carried out by both the 
scanning electron microscope and Auger spectroscopy. Evidence for the existence of a tin-rich precipitate 
in Zircaloy-4 is presented and discussed. 
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1. INTRODUCTION 

The metal, zirconium, is a very recent arrival to the world of industry. Although the element itself is 
moderately common in the crust of the earth, it is difficult to produce a pure metal from the various 
zirconium silicates and oxides found in the crust due to the extreme reactivity of the metal with oxygen. It 
was only in 1947. when W J Kroll developed the magnesium reduction process that now bears his name 
[1], that substantial quantities of relatively pure zirconium became available. With the advent of nuclear 
power in the early fifties it was discovered that zirconium possesses several desirable properties which 
made it eminently suitable for use as a fuel-cladding material in nuclear reactors. These properties include 
excellent corrosion resistance, good mechanical properties and. most i rtportant of all. a very low thermal 
neutron capture cross section. The latter property has a critical effect on the design and economy of a 
reactor. 

Starting in the fifties, a substantial industry has developed around the production and fabrication of 
zirconium and its alloys. The annual Free World production of zirconium was about 6 800 tons in 1980 [2]. 
Since only a minor proportion of the world's zirconium metal production is at present used in non-nuclear 
applications, the economic viability of this industry is very closely linked to expansion in the world's nuclear 
power generation facilities. 

Zirconium at room temperature has a hexagonal close-packed structure with a typical yield strength of 
345 MPa. At this strength level the metal possesses an elongation of 30 %. There are two properties of 
zirconium which complicate the fabrication of zirconium-based components. The first of these is the strong 
tendency of zirconium to gall, or contact-weld, when subject to sliding or rotating contact with another 
metal. Galling is especially troublesome when cold-working or machining zirconium and zirconium alloys. 
Anotner property of zirconium which causes some inconvenience is its extreme chemical reactivity. For this 
reason welding and neat-treating of zirconium alloys is usually performed under high vacuum, in particular, 
zirconium is easily contaminated with hydrogen, nitrogen or oxygen. Fine zirconium powder or shavings 
require special care in handling as they are dangerously pyrophoric. After all this has been said, it might be 
wondered how zirconium could possibly possess an 'excellent' corrosion resistance. The explanation is 
that zirconium and its alloys are protected from corrosive attack in aqueous media by a very stable 
zirconium oxide surface layer. 

Research into zirconium and zirconium alloy metallurgy has been orientated almost exclusively towards 
practical goals, particularly towards the goal of lengthening the life and reliability of the fuel cladding 
under reactor operating conditions. In this respect the disparate fields of corrosion and creep are 
paramount. In this dissertation the phenomenon of the high-temperature beta-to-alpha phase transforma
tion and the often simultaneous precipitation of intermetallic particles is studied. It is hoped that this work 
may lead to improved understanding of the factors governing the fabrication and service lifetime of the 
Zircaloy-4 fuel element. 

2. THE EFFECT OF HEAT TREATMENT ON STRUCTURE AND MECHANICAL STREK <TH 

2.1 The Beta-to-Alpha Phase Transformation 

Pure zirconium undergoes an allotropic phase transformation at 863 °C [3]. Above this temperature it has a 
body-centered cubic structure (bcc) denoted as/?, whereas below 863 °C it has a hexagonal close-packed 
structure, denoted as a. The situation becomes a little more complex when alloying elements are added to 
the zirconium. Some of these elements such as iron, nickel and chromium stabilize the beta phase while 
others such as tin, oxygen, nitrogen and aluminium stabilize the alpha phase [4,5,6]. The beta stabilizers 
are more soluble in the beta than in the alpha phase and conversely the alpha stabilizers are more soluble in 
the alpha phase. Such a differential solubility can be the cause of an inhomogeneous distribution of 
alloying elements within the Zircaloy. This is dealt with in greater detail in Section 3.4. A second effect of 
the alloying elements is to create a region in the temperature-composition field where both the alpha and 
the bar- phases can coexist. The form of this two-phase region in the pseudobinary Zircaloy-4/oxygen 
ph ise diagram is shown in Fig. 1 [7]. 

Many of the alloying elements and impurities in Zircaloy are capable of precipitating out as discrete second-
phase articles consisting of a chemical compound between zirconium and the element or elements in 
question. Ele ients proven to produce such precipitates are iron, nickel, chromium and carbon. Silicon, 
phosphorus and nitrogen also form second-phase particles but these have not been unequivocally proven 
'a exist in Zircaloys although their existence is often inferred. 
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Fig. 1. 
The pseudobinary Zircaloy-4/oxygen diagram. 

The presence of iron and chromium in Zircaloy-4 and iron, chromium and nickel in Zircaloy-2 causes a 
eutectoid reaction, in which these elements are involved. (See Fig. 2. [8].) The temperatures at which this 
reaction started and finished for Zircaloy-2, heated and cooled at various rates, were determined by 
Intrater [9]. He found that when the Zircaloy-2 was cooled st 100 °C/h, the reaction began on cooling at 
850 °C and ended at 770 °C. Increasing the rate of cooling to 900 °C/h led to the start of the reaction being 
depressed to 820 °C but the reaction was apparently still completed at 770 °C. On heating at a rate of 
100 °C/h, it was found that the reverse reaction began at 815 °C and ended at 875 °C. Heating rates in 
excess of 300 °C/h pushed the dissolution reaction to higher temperatures but the exact start and end of 
reaction could no longer be found from the dilatometric techniques used. 
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The formation of Zr,Fe5Cr2 precipitates on cooling Zircaloy from the beta field has been indirectly observed 
by Chung [7] by means of electrical resistance measurements. This precipitation caused an inflexion in the 
resistance vs. temperature curve of a Zircaloy-4/0.73 % oxygen alloy between 830 °C and 780 °C. The 
dissolution of the particles on reheatfng into the beta phase could not be found using this technique. Chung 
claimed that, on being maintained for long times at 800 °C. the second-phase particles at the alpha grain 
boundaries coarsen and spheroidize. 

It will be shown in Section 2.3 that the precipitation of intermotallic compounds accompanying thep* -— a 
transformation in Zircaloy has an effect on the alpha grain structure of the material. 

An attempt has been made to explain the effect on the transition temperature of alloying metal additions by 
Hume-Rothery [10]. He pointed out that the two allotropes of zirconium differ in electronic structure. The 
alpha phase of zirconium has two unpaired d electrons and an electron each in the outermost s and p 
orbitals. Such a structure may be denoted d 2s 1p 1. Beta zirconium, on the other hand, has the electronic 
structure d 3s'. According to Hume-Rothery, the allotrope with the greater number of unpaired d electrons is 
more able to absorb extra electrons such as those which would be added when alloying with elements to 
the right of Group IV in the Periodic Table. Thus, according to Hume-Rothery, platinum, copper, gold and 
silver stabilize the beta phase and thus lower the transition temperature. Yttrium, tin and aluminium have 
the opposite effect and these stabilize the d2s1 p1 form of zirconium. Thus the presence of these elements as 
solutes causes the a — ft transition temperature to rise. Hurm»- Rothery conceded that this explanation alone 
is not sufficient to explain all the solubility phenomena in zirconium and that the lattice parameters of the 
solute elements also play a role. 

Several transformation mechanisms have been observed tor »he transformation in zirconium. In very pure 
zirconium it has been found that the ft — a transformation takes place via a shear mechanism (martensitic 
mechanism) at high rates of cooling and via a nucleation and growth mechanism at slower cooling 
rates [11,12]. The martensitic reaction is easily distinguished by the surface relief that the reaction induces 
on a previously polished zirconuim surface. The shear mechanism of the martensitic transformation causes 
the resultant alpha phase (often denoted Or') to have a somewhat strained and distorted structure. The latter 
fact is very evident in X-ray diffraction analysis of the transformation product [11]. 

The hexagonal close-packed martensite has a close orientation relationship with the parent beta phase. It is 
found that the basal plane of the hep phase is parallel to a {110} bec plane and that furthermore a 
close-packed direction of type <1120> within the {0001} basal plane is parallel to a cubic <111> 
direction. The overall volume change accompanying the formation of martensite in zirconium is nearly 
zero [12]. 

Theft ~* a transformation was found by Russian workers [13] to produce a large increase in the dislocation 
density of alpha zirconium. They also found that the f} -* a transformation was accompanied by plastic 
strain which was exhibited as slip lines. While the fl — a transformation is generally conceded to form by a 
shear (martensitic) mechanism for fast cooling rates. Akhtar [13.14] found that fcr melt-grown beta 
zirconium transforming for the first time to alpha phase, the transformation occurred by the massive' 
mechanism. In this type of reaction, there is a non-cooperative transfer of atoms across an incoherent 
interface. Long-range diffusion of atoms to the reaction interface does not occur, however, and this 
differentiates this reaction mechanism from the nucleation and growth type. There is also no orientation 
relationship between the alpha and the parent beta phase. A further important characteristic of the massive 
type of transformation is that in contrast to the coherent interface of martensite, the incoherent interface of 
the massive transformation can sweep through prior beta-beta grain boundaries. For this reason and due 
also to the difficulty in nucleating the massive transformation in this case, the resultant alpha grains may be 
much larger than the parent beta grains. 

Akhtar was able to make use of this phenomenon to grow large alpha single crystals. The ability of beta 
zirconium to transform by the massive mechanism to alpha is somehow usually detroyed by the 
transformation itself and subsequent p" •- a transformations in the same material will generally occur by the 
shear mechanism. Nevertheless, Akhtar claimed that occasional instances have been found where 
subsequent transformations occurred by a massive mechanism. Akhtar [14] speculated that the ff — a 
transformation generates some type of substructure in the material that subsequently predisposes it to 
transform martensitically on being rapidly cooled. Note that evidence fcr such a substructure was found by 
the Russian workers [13] reviewed previously. According to Akhtar, the a — ft transformation always 
occurs by the massive mechanism. 
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Woo and Kangri (15) made a comprehensive study of the effect of the cooling rate from the beta field on the 
structure of Zircetoy-4 They found that cooling rates in excess of 1 000*C/s led to a fine acicular 
martensite being formed which they denoted ft'. Cooling rates of between 80 °C/s and 300 °C/s led to the 
formation of basketweave Widmanstitten structure. The structure formed at cooling rates between 
300 *C/s and 1 000 "C/s consisted of a mixture of marteruite and Widmanstitten alpha. At cooling rates 
slower than 80 "C/s coarse 'lenticular' alpha grains were formed. An increased coding rate has the effect of 
narrowing the alpha plates. At slow (80 °C/s) cooling rates the plates are 2-5 urn wide, whereas at cooling 
rates greater than 1 200 °C's the plates are 0.2-1 urn wide, increased oxygen content has the effect of 
enhancing the diffusion-controlled transformation to Widmanstatten alpha and concomitantly decreasing 
the tendency of martensite to form. This trend is also evidenced in increasing alpha plate widths fcr ' 
increased oxygen content at i fixed coohng rate. A mechanism for this behaviour was not offered. The alpha 4 
Widmanstitten plates were found to be bounded by low-density walls of dislocations and precipitates. 
Some precipitates were also present within the plates. Precipitates were even found to bound the walls of 
ft' martensite plates. It seems "impossible therefore, to completely suppress precipitatton even et very fast 
cooling rates. 

Chung and Kassner [7] established the position of the alpha and beta phase field boundaries for Zircaloy-
4/oxygen alloys. They found that the a -» (a + fi) phase boundary is given by 

In C. = -2.28 + 0,535 In (T - 1083) 

where C. and C* are the oxygen concentrations in weight percentage in the alpha and beta phases 
respectively and T is the temperature in degrees kervin. 

The (a + ft) — P phase boundary is given by 

In C, = 5.02 -8220 T ' . j 
I 

This equation is. strictly speaking, only valid for T > 1 280 K and Cp > 0.2. For Zircaloy-4 in the as-received ' Í 
condition, the beta phase boundary wa; established at between 975 °C and 980 °C. 

2.2 Sacond-Phase Particles in Zircaloys 

The presence of precipitates in Zircaloys had been noted by means of optical microscopy by many early 
workers in the field during the fifties [4]. The composition of such precipitates remained a mystery, 
however, until 1962 when Ostberg [16] published the results of an electron microprobe study of second-
phase particles in Zircaloy. He found that the second phase in Zircaloy-2 had a composition of 5 - 9 wt % 
Fe, 0 - 2 wt % Cr, 4 - 9 wt % Hi and 1,5 wt % Sn. The actual analyses varied somewhat from particle to 
particle. Ostberg admitted that he could find no evidence that any of the particles were Zr4 Sn as he had 
claimed in an earlier paper. The particles varied in size from less than 1 pm to 3 fim. Annealing at 800 °C for 
122 d led to coarsening of the particles taking place up to a size of 6 urn. 

A few years later Heinrich [5] also examined the particles in Zircaloy-2 by means of the microprobe. He was 
able to show that there were at least two types of 'segregate' in Zircaloy-2. If the material was annealed in 
the upper alpha range Heinrich found that the iron, nickel and chromium formed two types of segregate, 
one rich in iron and nickel and the other rich in iron and chromium. Both types of segregates occupied 
roughly circular areas 1 um - 3 /im in diameter. In both cases Heinrich found that tin was only slightly 
depleted within the precipitates themselves. The concentratir n of iron, chromium or nickel in the matrix, 
however, was reduced by a factor of between 60 and 80. 

Zircaloy-2 annealed in the alpha-plus-beta field has a somewhat different structure. In this case only one 
type of segregate was found, one rich in iron, chromium and nickel and markedly depleted in tin. The overall 
«egrrjat.on was coarser and had a net-like structure suggesting grain boundary precipitates. Beta-
quenched Zircaloy had a pronounced prallel-banded structure. Tin was low or absent within the inter-
lamellar bands which were found to be rich in iron, nickel and chromium, Heirvrich was not able to show 
whether intertamellar bands were merely enriched in alloying elements or whether the/ actually contained 
discrete precipitates. The modern belief, however, is that even water-quenched Zircaloy contains some Zr-
Fe-Cr precipitates (15,17,18] concentrated in these interlsmeller zones. 

!,ar»»on [19] in a general paper describing the manufacture of Zircaloy-2 tubing, reports that tie 
composition of the second phase in that alloy is approximately 7 % Fe, 7 % Ni, 1 % Cr, 1,5 % Sn and 
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83.5 % Zr. Although Larsson did not give a reference for this data, it seems most probable that it was 
extracted from the paper by Ostberg cited earlier. 

The results of a comprehensive study of the second-phase particles in Zircaloy-4 were published by Vander 
Sande and Bement in 1974 [20]. The particles in a material which had been annealed at 500 °C for 48 h 
were examined. All the particles found in Zircaloy-4 in this study had a ZrCr2 structure. No other types of 
precipitate were found. The average particle size was 0.5 Jim. but the particle density per cm3 varied from 
10* up to and including 10" . The higher particle densities were found for alloys containing relatively larger 
amounts of iron and chromium. For example. 10" particles per cm 3 were found in an alley containing 
2 350 ppm Fe and 1 180 ppm Cr. An alloy containing 1 600 ppm Fe and 630 ppm Cr had ohly 10 8 - 10 9 

particles per cm3. By means of X-ray analysis in the SEM these workers deduced that the second-phase 
particles had the formula Zr„Fe5Cr2. X-ray diffraction revealed that the structure was that of ZrCr2. 

A study by Finnish workers [21 ] found four types of precipitate in Zircaloy-2. Two of these were hydrides 
thought to have been introduced by the process used to make the thin films for the transmission electron 
microscope. The remaining two types of precipitate were denoted 'type A' and 'type B'. Type A was 'rather 
large', being 0.3 - 0.6 fim in diameter, whereas type B was only 0.1 — 0.3 /im in size. Type A corroded faster 
than the matrix during specimen preparation whereas type B did not. The type A precipitate was declared to 
possess a body-centered tetragonal structure with a 0 = 6.5 A and c = 5,5 A and to contain iron, nickel and 
zirconium. The authors noted that this precipitate was probably identical to the one found by Ostberg [16]. 
The type B precipitate was found to have an elongated and rounded shape. Structure determination by 
selected area diffraction was not successful although lattices of the bec, fee, bet and fct types were deemed 
not possible. In the light of present-day knowledge it would seem as if this precipitate was ZrxFe5Cr2 which 
has a hep structure [20]. 

Versaci and Iporski [22] found that although most of the Zr-Fe-Cr precipitates in Zircaloy-4 had the hep 
structure of ZrCr2, some contained alternate layers of fee ZrCr2 and hep ZrCr2. This could be explained if the 
ZrCr2 was actually a Laves phase with the formula Zr (Cr,.e Fe,)2. This phase would possess the hep 
structure, provided that the electron-to-atom ratio in the compound remained in the range 1,80 to 2,23. 
This is satisfied by a phase having the nominal composition of 45 wt % Zr, 37 wt % Fe and 18 wt % Cr, 
giving a Fe:Cr ratio of nearly 2:1. Even if the Fe:Cr ratio should drop to 1:1, the electron-to-atom ratio of this 
phase will still fall in the hep range according to these workers. The observation of some fee ZrCr2 phase 
was interpreted as implying that the composition variations in actual ZrCr2 were so extreme that the 
electron-to-atom ratio of the phase fell out of the hep range and into the fee range, existing at both the 
lesser and greater electron-to-atom ratios. 

Garde [23] conducted a thorough study of the second-phase particles in both Zircaloy-2 and 4. He claimed 
that the size and density of distribution of the second-phase particles was a function of grain size. For 
example, he found that a material with a 5 fim grain size had a lower particle density and smaller particle 
size than a material with a 10/um grain size. No explanation was proffered in support of his conclusion. 
X-ray analysis of the second-phase particles exposed hy fracturing various specimens was also undertaken. 
The particles found on the fracture surfaces of pure' zirconium were rich in iron, whereas the particles 
present on the fracture surfaces of Zircaloy-4 specimens were rich in iron and chromium. Two types of 
particles were found in Zircaioy-2, one rich in iron and chromium and the other rich in iron and nickel, in no 
case was segregation of tin in the particles observed. The ratio of X-ray intensities of iron to chromium was 
found to be 3:1, which is somewhat larger than the 2,5:1 reported by Vander Sande and Bement [20]. Garde 
also found examples of another type of precipitate particle in his studies. The particles were large, for 
example AOfim x 8/im and had faceted surfaces and straight edges. They disappeared after a heat 
treatment of between 750 °C and 800 °C but were found in as-forged Zircaloy. These particles were rich in 
iron with an iron-to-zirconium ratio of 4:1. No other elements could be detected in these particles. 

Krasevec [24] studied the electron diffraction patterns produced by second-phase particles in Zircaloy-2. 
Within the alpha grains he found irregular-shaped precipitates with the fee ZrCr2 structure. On the alpha 
grain boundaries he found "rather round" precipitates with the hep ZrCr2 structure. He concluded that the 
intragranular fee ZrCr2 was formed at high temperature whereas the hep ZrCr2 on the grain boundaries was 
formed at low temperature. Note, however, that the nucleation mode (grain boundary versus intragranular) 
and the morphology of the particles (rounded versus irregular) would suggest the reverse of what Krasevec 
concluded. Low-temperature nucleation might be expected to cause intragranular nucleation of particles, 
wheie'8 high-temperature nucleation would favour grain boundary nucleation as well as spheroidization of 
the particles so formed. 
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Northwood and Dosen [25] noted that beta zirconium containing iron and over 1 wt% chromium 
decomposes by a eutectoidal reaction to alpha zirconium and an intermetallic Laves phase ZrCr2 which they 
found to contain up to 3 wt % iron. 

Krasevec was one of the few workers who did not report on finding a nickel-containing precipitate in 
Zircaloy-2. Previous workers in the field, namely Ostberg, Heinrich, Vitikainen and Garde, had found such 
precipitates. Work by Lucuta at al [26] throws interesting light on the nature of possible Zr-Ni type 
precipitates in Zircaloy-2. Their work concerned the formation of a diffusion couple between AlSI-type 
304L stainless steel (containing iron, nickel and chromium) and Zircaloy-2. The interdiffusion of these two 
alloys at a temperature of 1 000 °C was utilized to produce a joint of moderate mechanical strength. These 
workers found several phases in the joint including a hexagonal ZrCr2 phase with lattice parameters a = 
5,08 A and c = 8,28 A. The lattice parameters are nearly identical to those reported by Vander Sande and 
Bement for this phase. The mean composition of the phase was 57 wt % Zr, 20 wt % Fe and 23 wt % Cr, 
giving an Fe:Cr ratio of 1:1,15, which is somewhat lower than the ratios reported by Ostberg, Vander Sande, 
Garde and Versaci (respectively 4:1.2,5:1,3:1 and 2:1). Both Vander Sande et al and Versaci have pointed 
out that the ratio of Fe:Cr can vary considerably with ratios of between 1:1 and 2:1 giving a hep phase and 
ratios in excess of 2:1 giving a fee phase. 

Lucuta also identified three bet phases with very similar lattice constants. These were: 
o o 

Zr2Fe with a = 6,37 A and c = 5,59 A, 
Zr,Ni with a = 6,49 A and c = 5,27 A, í o o 

and ZrFe,Niy with a — 6,51 A and c = 5,54 A. 

Van Essen and Buschow [27] have also investigated the structures of Zr2Ni and Zr2Fe and they also found 
them to be body-centered tetragonal. Since the three phases share the same structure and very simifar 
lattice parameters it seems most probable that they form an isomorphous series with Zr2Ni and Zr2Fe being 
the end members of the range. 

The presence or absence of a tin-rich precipitate in Zircaloy is a subject of some confusion. Most of the 
investigations of the intermetallic compounds in Zircaloy performed later than the early sixties did not find 
such a precipitate. However, there is considerable support for the view that such a precipitate could, or even 
should, be present. 

Tanner and Levinson, working in the late fifties [28], reported that a Zr-Fc-Sn phase containing 24,5 % Sn 
and 7 to 8 % Fe could be found in zirconium alloys containing as little as 0,02 wt % Fe and 0,1 wt % Sn. If 
this is indeed so then this phase should be quite common in the commercial Zircaloy-type alloys. These 
workers also determined that the maximum solubility of tin in alpha zirconium was less than 0,06 wt % at 
400 °C. Speich and Kulin [29] used a technique involving strain aging to determine the solubility of tin in 
alpha zirconium, and they reported a solubility of 1 % at 500 °C falling to 0,25 % at 200 °C. This is 
substantially higher than that proposed by Tanner and Levinson but nevertheless the conclusion can be 
drawn that unless the two papers quoted contain gross experimental errors or unless the presence of other 
alloying elements in Zircaloy dramatically increases the solubility of tin, then a tin-containing phase chould 
precipitate from Zircaloy held at about 500 °C and below. It is possible that any iron, chromium or oxygen in 
solid solution in the alpha zirconium would further reduce the solubility of tin. 

A vertical section through the Zr-Fe-Sn ternary phase diagram at 0,5 % Fe was published by Tanner and 
Levinson in the discussion appended to their paper (Fig. 3). It quite clearly shows the Zr-Fe-Sn phase, 
which they denoted the 0 phase, at the 1 Vt % Sn characteristic of Zircaloy. More support for the notion of a 
tin-rich precipitate in Zircaloy comes from work on a binary Zr-1,5 wt % Sn alloy. The paper was published 
behind the Iron Curtain and is available to us only in the form of an abstract at this stage [30] The 
researchers studied the precipitates found in a fully beta-annealed alloy. Besides fine, homogeneously 
distributed hydride particles, they also found coarse particles t\ the alpha plate boundaries. They believed 
this phase to be Zr4Sn. It is of interest to note that Vander Sande and Bement reported finding a phase with 
Zr4Sn structure in a Zr - 5 wt % Sn alloy. However, they did not observe such a phase in Zircaloy. 

Raman and Mukhopadyay [31 ] studied the deformation of martensite in Zr- 1,5 wt % Sn and Zircaloy-2. 
Their work will be discussed more fully in Section 2.4 but it is of relevance here to note that they found 
precipitates in the Zr-Sn binary which they presumed to be Zr4Sn. These precipitates were even found in 
beta-quenched alloy, although in this case they were only about 0,05 fim in diameter. In Zr - 1,5 % Sn 
material which had been quenched from 780 °C (which is in the alpha field), the precipitates were also 
about 0,05 urn in diameter. 



10 

1200 

U 1000 
HI 
ac 
D 

* a + p 
* 

TE
M

PE
RA

 

* cr + ZrFe, 

7 • • 
[" l - r - la+0-r - l a + 

I N 1 Z»sS«b IZfaSn, 

LaJL—i—i i i j 
1 2 3 4 5 6 7 

WEIGHT % TIN 

Fig. 3. 
Vertical section from a proposed Zr-Fe-Sn phase diagram at 0,5 % tin. 

An interesting phase reported by Jeitschko et at [32] was said to have the formula Zr2Sn C, .„. The phase had 
a Cr2AI C-type structure with a 0 = 3,347 A and c = 14,59 A. These workers also described how the 
analogous V-Ga-C phase could be prepared in the laboratory, but did not describe how the Zr-Sn-C phase 
has been made. The gallium-containing phase was prepared by heating a mixture of the pure elements in an 
evacuated quartz capsule at 1 000 GC for 150 h. 

Isanov and Grigorovich [33] examined the ternary Zr-Cr-Sn system at Sn and Cr contents of 4 wt % each. 
They found that the phases a - Zr, ZrCr2 and Zr4Sn were present at room temperature. Since both Cr and Sn 
have low solubilities in alpha zirconium it seems possib that the phases ZrCr2 and Zr4Sn might coexist at 
the concentrations characteristic of Zircaloy as well. 

A patent filed as recently as 1979 [34] claims that Zircaloy contains tin-rich segregates resulting from the 
meiting process. How might such tin-rich segregates arise? Reference to the Zr-Sn phase diagram 
(Fig. 4 [8]) shows how the final fractions of liquid to solidify from the melt will be considerably enriched in 
tin. On cooling to room temperature, these tin-rich zones wili consist of a + Zr4Sn. The patent explicitly 
differentiates betweon the 'normal' second-phase particles which can be redistributed by a beta-quench 
heat treatment, and the tin-rich stringers' which have a thickness of 0,1 to 1 fim and which can only be 
removed by a four- to five-hour heat treatment at between 1 100 and 1 200 °C. 
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Fig. 4. 
The work-hardening of Zircaloy. 
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Other papers which report a tin-rich precipitate associated with Zircaloy are tho*e of Dobson er a/ [35] and 
Pawel er a/ [36]. They found tin-rich precipitates of 0.3 to 1 jun in size present within the oxide lever on the 
surface of steam-oxidized Zircaloy-4. The authors did not attempt to explain the source of these particles 
but at least two options exist namely that the particles were either formed as a result of the oxidation 
process or that they were already present in. or on. the Zircaloy and have merely been incorporated in the 
growing oxide film. While none of the many studies of ihe Zircaloy oxidation process have proposed that 
any new phases besides zirconium oxides are formed, some [17] have noted that the precipitates found in 
Zircaloy-4 may survive the oxidation process and be incorporated into the oxide film. 

Zirconium carbide is a well-known compound and might be expected to occur in Zircaloy as well, due to the 
neglible solubility of carbon in zirconium [37]. (Note, however, that some workers believe that carbon has 
an appreciable solubility in zirconium [6|). In fact Okvist and Kallstrom [37] claimed to have found fee ZrC 
with a lattice parameter of 4.7 A and a size of around 1 u.m in addition to the usual second-phase particles. 
Holt [38]. publishing at the same time and investigating the same problem, concluded that the particles 
found by Okvist and Kallstrom were zirconium phosphides with a NaCI cubic structure and a lattice 
parameter of 5.25 A. It was deemed possible that this phase also contained considerable amounts of 
carbon and silicon. The patent already cited [6] speculates that ZrC is able to nucleate on either zirconium 
phosphide or zirconium silicide particles. According to this view, the particle density of the ZrC can be 
controlled by manipulating the Si and P contents. Too low a content of Si or P in an alloy contaning 
appreciable amounts of carbon, will lead to a coarse ZrC particle with consequent deleterious effects on the 
corrosion resistance of the Zircaloy. The solubility of phosphorus ;n Zircaloy is thought to be of the order of 
5 ppm. However, material produced by Teledyne Wah Char>g. one of the worlds largest Zircaloy producers, 
contains only abc.it 7 ppm P [20], and so zirconium phosphides are not expected to be numerous in such 
materia. In general, the P content should be limited as P-compound* are usually associated with the so-
bailed stringers, causing stringer corrosion. 

Nickel et a/ [39] studied the Zr-C system and reported that Zr-C had a considerable range of homogenety. 
beginning at ZrCg62 and ending at ZrC. In addition, this compound is able to form solid solutions Kith 
oxygen and nitrogen, giving precipitates of the formula ZrC,0,N,. Since Zircaloy invariably contains about 
0.15 % oxygen, 100- -200 ppm C and 30-80 ppm nitrogen, it is most likely that the carbide actually found in 
Zircaloy is of the ZrC„0rN2 type. Other compounds of zirconium with non-metals which have been 
recorded [40] include ZrC,„. ZrN. Zr2C,.„ Zr3Fe3C. Zr(N,Q, Zr5Si3N,. (Zr, Cr) N. Zr4Fe2N. several zirco
nium stlicides, several zirconium phosphides and zirconium silicides with carbon, boron, chromium, iron or 
mckel incorporated into the lattice 

2.3 The) Effect of Second-Phase Particle» on the Alpha-to-Beta Transformation 

Okvist and Kallstrom (37] investigated the two Widmanststten morphologies found when Zircaloy is air-
cooled from the oeta phase. The first morphology consists of numerous parallel plates of alpha and is 
associated with somewhat interior mechanical properties. In the second morphology the elate» arr 
interwoven and lie in many directions. This type is known as the 'basketweave' structure. The basketweeve 
structure was four.J to be correlated with an increased carbon content, for example 100 - 200 ppm. 
wheres3 the parallel plate structure was found in alloys with less than 50 ppm carbon. Electron microscopy 
revealed that the alpha plates in the basketweave airucture nucleated on particles of 0,4 fim diameter an<* 
at « particle density of 5 x 10 s per cm3. These panicles were said to be quite different from the normal' 
second-phase particles. No such nucleating particles were found in the parallel plate Zircaloy. Microprobe 
examination of the particles revealed that they contained carbon. Both electron diffraction and X-ray 
diffraction indicated that the structure was fee with a lattice parameter of between 4.68 A and 4,70 A. This 
matches well with the known ZrC structure. 

The cause of the interwoven basketweave structure is the abundant supply of nucleation sues for the alpha 
pistes within the beta grain. From each such ste (a precipitate particle), the alpha plates could grow on the 
many habit planes provided by the cubic beta structure. Such plates cannot grow very long before they meet 
other plates and so these plates are quite short. In the absence of sucf nucleation sites, the alpha plates 
must nucleate on the grain boundaries. In this case only one habit plane is usually preferred and the nett 
result is a patch of long parallel plates growing into the grain. 

These workers point out that the 'normal' second-phase precipitates are soluble in the beta phase. For this 
reason such particles are unable •*> act as nucleation sites for t^e Widmanstatten plate*. Carbon, however, 
is said to have almost no solubility whatsoever in either alpha or beta zirconium and so ZrC particles can 

http://abc.it
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e ist at all temperatures. Okvist and Kállstróm also note that beta quenching does not actually suppress Zr-
Fe-(Ni or Cr) precipitate formation completely but rather causes a reduction in the size and quantity of such 
particles. Even after a beta quench, however, some large precipitates still exist within the beta grain and 
these are believed to be ZrC. The Zr-Fe-(Ni or Cr) particles were those less than 0,4 fim in diameter 
according to these workers, whereas the carboi. particles were those that were larger than about 0,8 urn. 
Nevertheless, if the above classification were true, then it is evident from the resuits presented that the 
normal second-phase particles were much more common in the high-carbon Zircaloy (8 x 10 s particles 
per cm3) than in the low-carbon Zircaloy (3 x 10 s particler- per cm3). Some of the larger particles showed =» 
very irregular, crystalline shape and this was interpreted as showing that these particles possessed little 
solubility in the matrix. 

The effect of carbon on structure was well demonstrated when these workers added carbon to production-
line Zircaloy which had previously exhibited parallel plate alpha. The new material now yielded 
basketweave Widmanstatten on being appropriately heat-treated. 

In the same issue of the journal that carried Okvist and Kallstrom's article, there is a paper by Holt [38] 
dealing with essentially the same problem. Interesting data presented by the latter include the 
concentration of iron, chromium and tin, both within the alpha plates and on the edges of the plates. In the 
plate itself the concentration was found to be constant at 0,1 % Fe, 0,1 % Cr and 1.0 % Sn. Between the 
plates was an area to which the transition metal alloying elements had been pushed by the expanding alpha 
phase. Here the composition was, on average, 1 % Fe, 0,2 % Cr and 0,9 % Sn. Note that the interplate area 
was highly enriched in Fe and slightly depleted in Sn. 

Holt states that a type of precipitate particle different from the normal kind could be observed in the optical 
microscope. These appeared as bright white spheroids 1,5 /im in diameter. They were ten times more 
numerous in material containing 153ppm C (10 7 particles per cm3) than in material contaning only 
58 ppm C (10 s particles per cm3). Note that these figures are at l;ast 3r. order of magnitude lower than 
those given by Okvist and Kailstrom. The alpha platelets were observed to nucleate on these particles and 
hence the occurrence of basketweave structure was explained. 

Various techniques were attempted in order to extract such particles for selected area diffraction analysis. 
Of the over fifty particles so isolated, six patterns were indexed as NaCi cubi- with a lattice parameter of 
5,25 A. The other forty-four particles "gave a number of patterns which did not correspond to any known 
second phase in zirconium alloys". Holt was not able to find any particles which matched ZrC and instead 
proposed a zirconium phosphide containing unknown amounts of silicon and carbon. 

A later paper by Holt [41 ] casts new light on the problem of basketweave and parallel-plate Widmanstatten 
plates. Holt had originally proposed that the second-phase particles responsible for nucleating the alpha 
were insoluble in the beta phase. In his later paper Holt reported that these particles exhibited what appeared 
to be either dissolution in the beta phase or else coarsening. For example, increasing the time spent at 
1 000 °C before the quench, from three to nine minutes, caused the number of particles observed to drop by 
25 %. Only half as many particles remained after a three-minute treatment at 1 050 °C compared to three 
minutes at 1 000 °C. Ninety minutes at 1 050 °C reduced the number of particles by a factor of 2 again 
compared to three minutes at 1 050 °C. 

This dissolution or coarsening of these particular precipitates also led to an inc. easod tendency for parallel-
plate Widmanstatten to form with increased time and temperature in the beta phase. In this respect Holt 
essentially retracted a statement made in his original paper in which he claimed that increased time and 
temperature in the beta range had no effect on the Widma.istatten structure. 

Corchia and Righini [42] studied the effect of microstructure on the kinetics of the a — (} transformation. In 
particular they found that the presence or absence of the Zr-Fe-(Cr or Ni) precipitates had a profound 
influence on the rate of transformation. In beta-quenched specimens only a small amount of this precipitate 
had formed, consequently much of the beta-stabilizing Cr and Fe remained in solid solution. This resulted in 
far more beta being present at any given temperature during the heating cycle through the two-phasj field 
than in the as-received tube. The tubing that had been furnace-cc oled from the beta phase contained even 
less beta at any given temperature during the heating cycle than the as-received tube. Corchia and Righini 
attributed this difference to the coarser grain size and hence more difficult nucleation of beta in the furnace-
cooled tube. 
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2.4 The Effect of Structure on Mechanical Strength 

The second-phase particles found in Zircaloy-2 and 4 piay a significant role in determining strength and 
mechanical deformation characteristics. Their distribution and effect can be controlled by thermo-
mechanical treatment. In particular, a beta quench followed by aging with or without mechanical 
deformation represents a most important method of controlling the precipitation of the second-phase 
particles. 

One of the early workers in this field was Washburn [43]. He noted that beta-quenched Zircaloy-4 was not 
only slightly harder than alpha-annealed Zircaloy-4, but that it also work-hardened at a faster rate (see 
Fig. 4). 

Washburn did not offer any explanation for the differing behaviour of beta-quenched Zircaloy-4, but the 
explanation may well include some of the following possibilities: 

(a) The beta-quenched material has a fine alpha plate size and is thus stronger (predicted by the Hall-Petch 
relationship S0 » 8, + KD*). 

(b) The beta-quenched material contains a very fine distribution of precipitate particles which is effective 
in raising its strength. (Precipitates have even been found in Zircaloy quenched at very high rates from 
the beta field [15].) 

(c) The beta-quenched material contains more solute in solid solution than the alpha-annealed material 
and is therefore harder ("solid solution hardening"). 

Washburn also found that beta-quenched Zircaloy could only be rolled down to a 40 % reduction in section 
before edge-cracking occurred. In comparison, alpha-annealed material could be rolled down to 60 % 
reduction in section before cracking. 

A French-language review on the fabrication of Zircaloy [44] alludes in several places to the effect of heat 
treatment and second-phase particles on the mechanical properties of Zircaloy. They refer to work by 
Picklesimer in which it was stated that when Zircaloy is annealed in the lower part of the (a + fi) field, the 
iron, nickel and chromium migrate to the edges of the alpha grains and precipitate on cooling in the form of 
intermetallic compounds. Extrusion or other hot work causes an arrangement of these precipitates in so-
called stringers and a subsequent anisotropic structure which cannot be seriously modified by alpha 
annealing or even further deformation. This anisotropy leads to inferior longitudinal mechanical properties. 
On the other hand, if Zircaloy is annealed in the upper part of the two-phase field, then oxygen and tin 
concentrate in the few remaining alpha grains. This is said to cause these grains to harden and to have a 
deleterious effect on the surface finish of deformed products. 

The strain-aging effect exhibited in zirconium and Zircaloy at temperatures ranging from 200 °C to over 
700 °C was studied by Lee [45] in 1969. As with other workers in this field, Lee tried to explain the strain-
aging as due to the interaction of dislocations with impurity atom atmospheres of oxygen, tin or carbon. Lee 
also proposed the interesting hypothesis that part of the strain-aging effect was due to the strain-enhanced 
precipitation of the Zircaloy-2 second phase. Lee claimed that this hardening effect would be more 
prominent at high strain rates such as those occurring during the necking of tensile test specimens. 
Interestingly enough, Lee nofes that the very early workers in the field [46] were of the opinion that strain-
induced precipitation of Zr4Sn was responsible for the strain-aging behaviour of zirconium. 

Garde [23] published a study concerning the strain-aging of Zircaloy at 730 °C in 1979. He found that the 
nature, distribution and volume fraction of second-phase particles in Zircaloy was closely connected to the 
presence of a strain-aging effect during tensile deformation. The cause of the strain-aging effect itself was 
claimed to be the interaction of dislocations with atmospheres of substitutional iron atoms. The role of the 
second-phase particles was to act as a reservoir of iron atoms which could furthermore be regulated by an 
appropriate heat treatment. For example. Garde found that the tendency of a specimen to exhibit dynamic 
strain-aging at 750 °C was considerably enhanced by a previous anneel at 800 °C for four hours. (Dynamic 
strain-aging is evidenced by a serrated appearance of the post-yieldpoint tensile test graph - see Fig. 5.) 
His explanation for this observation was that the 800 °C anneal caused considerable amounts of iron to 
dissolve out of the second-phase precipitates and into the Zircaloy alpha matrix. 

By varying the heat treatment in such a way that the iron is contained to a greater or a lesser degree in the 
second-phase particles, the strain-aging of the Zircaloy can be controlled. Garde noted that a finer 
dispersion and smaller volume fraction of second-phase particles implies that more of the iron is in solution 
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Fig. 5. 
Dynamic strain-aginn (schematic). 

in the alpha matrix and hence that the material should show a greater strain-aging effect. Garde was able to 
demonstrate this effect experimentally. 

Choubey and Jonas [47] studied the aging behaviour of Zircaioy-2 containing 4 180 ppm oxygen. They 
found that Zircaloy-2 tensile tested at temperatures above 350 °C exhibited a yield-poim effect. A yield 
point could be induced in specimens tested at as low as 800 °C by aging the specimen for 500 min at that 
temperature. The aging was attributed to the slow dissolution of the Fe-rich and Cr-rich second-phase 
particles found in Zircaloy. The interaction of these solutes with dislocations was believed to be 
responsible for both the yield drop and the substantial increase in flow stress observed to result from aging. 

The aging process was found to be very slow. For example, the process was only complete after 1 440 min 
at 1 000 "C. A study ot the kinetics of aging yielded an activation ei argy for the aging process of 
230 kj.mol' 1. This value is in good agreement with the activation energies fcr the diffusion of iron and 
chromium in beta zirconium (215 kj.mol' 1 and 200 kj.mol' 1 respectively). The relative magnitude of the 
vield-point drop was found to be closely correlated to the fraction of beta phase present. This correlation 
has led Choubey and Jonas to postulate that the aging is caused by the formation of Zr (Fe, Cr) clusters in the 
/)-phase which would interact with dislocations to produce the observed yield point and increase in flow 
stress. Note that evidence for such clusters has been produced by Khaled et al [48] 

The creep resistance of Zircaloy can also be improved by means of an unusual heat treatment by which extra 
carbon is taken into solution by the alpha phase of the Zircaloy. This idea was the subject of a French patent 
granted in 1978 [6]. The carbon is subsequently precipitated as a fine dispersion of ZrC which causes a 
reduction in the creep rate of the material and an increase in its strength. 

The room-temperature solubility of carbon is said to be of thf; order of 100 to 150 oom. Carbon in excess of 
this amount precipitates as ZrC. According to the authors of the patent, carbon present up to as much as 
400 ppm will not have a significantly adverse effect on the corrosion properties of the Zircaloy. The 
carbides formed during any high-temperature beta-phase deformation of the alloy are said to be too coarse 
to contribute to the strengthening of the alloy. Although the solubility of carbon in the beta phase is said to 
be low (120- 130 ppm at 1 000 °C), the authors of the patent claim that carbon is very soluble in a high-
temperaturo alpha phase (up to 4 000 ppm at 870 °C). Note, however, that as mentioned previously, carbon 
is generally believed to have little or no solubility in zirconium. 

The authors of the patent proposed holding the Zircaloy in the two-phase field at temperatures between 
830 °C and 950 °C for a period long enough to dissolve all th» carbon. Below 830 °C, they claim that the 
diffusion rate of carbon is too low, that intermetallic precipitates will form on cooling and that insufficient 
beta phase is present to inhibit the alpha grain growth. The carbide may require up to 30 rt at the annealing 
temperature in order to dissolve completely. The proposed process will lead to a heterogeneous 
segregation of alloying elements with the consequent deleterious effect on corrosion resistance, but the 
authors claim that suffir-'ent cold work will rectify the problem by redistributing the precipitates. By this 
process it is claimed that the yield stress at 400 °C can be improved from 120-130 M Pa to MO -150 MPa. 
Creep elongation in 100 h at a stress of 98 MPa and a temperature of 400 °C was reduced from 0,65 % to 
0,12%. 
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Another interesting method of increasing the mechanial strength of Zircaloy is outlined in a further Fr nch 
patent [49]. In this method the tube is drawn almost to final size. It if then fu'ly annealed at between 650 °C 
and 850 °C. Thereafter tha tube is stressed at between 200 and 350 °C and allowed to undergo from 3 to 
10 % deformation by creep. The strengthening subsequently observed in the tube is claimed to result from 
the interaction of a "complex and uniform dislocation system" produced by the creep with "fine 
precipitates". 

Before the thermomechanical treatment, the Zircaloy was said to contain only a "few" precipitates within 
the g'~in. After the treatment it was claimed that signs of a dislocation interaction with "very fine" ' 
precipitates could be observed at magnifications of 100000 times. It might seem therefore that the < 
precipitates caused the piling up of dislocations around themselves. Further on in this patent it is suggested 
however, that the precipitates actually nucleate on the dislocations. The corrosion resistance of tube 
treated in this manner was found to be equivalent to that of standard tube. 

The previous two papers reviewed, attempted to show that the creep of Zircaloy can be affected by ZrC or by 
an unidentified very fine precipitate. Rosir;ger et al [50] speculated that the creep of Zircaloy-4 in the two 
phase (a + p) field could be related to the distribution of normal second-phase particles. In partial support 
of this motion, they noted that the various sets of data published for the creep of Zircaloy-4 in the (a + /J) 
field did not exhibit good agreement with each other. They attributed this lack of agreement to, amongst 
other things, variability in the second-phase particle distribution. 

Keusseyan etal [51] found that the creep damage in Zircaloy-4 at light-water-reactor temperatures (375 °C) 
included a form of grain boundary cavitation. This phenomenon led to a lowered ductility of test specimens 
when tested at 375 °C. The nucieation of such grain boundary cavities was stated to occur on areas of stress 
corrosion and plastic incompatibility at second-phase particles, grain-boundary steps and grain-boundary 
comers. The effect on such creep damage of varying the second-phase particlt distribution, was not ; 
examined by the authors. 

Japanese workers [52] examined the effect of the beta-quench operation on the tensile properties of 
Zircaloy-2. They found that a beta quench followed by "correct" thermomechanical treatment led to a 10 % 
increase in elongation and an 8 % increase in tensile strength. A beta quench followed by 'incorrect" 
subsequent thermomechanical treatment provided no strength advantage over alpha-annealed material. 
The type of treatment regarded as "incorrect" wout* typically be deformation in the two-phase field. 

Raman et al [31] attempted to determine the mechanisms by which beta-quenched Zircaloy possessed 
greater strength than alpha-annealed Zircaloy. In order to eliminate the role of the alloying elements 
chromium, iron and nickel, they first examined the strength of a beta-quenched Z r - 1,5 % Sn alloy. In this 
case they found that the martensitic structure produced only a very slight (5 96) strengthening. In contrast, 
beta-quenching Zircaloy-2 led to a 30 % increase in strength. Since the martensites formed in the two 
alloys were very similar, they deduced that the increased strength of the quenched Zircaloy was due to a 
combination of solid solution hardening and fine precipitation 

3. THE CORROSION OF ZIRCALOYS 

3.1 Metallurgical Factors Influencing Corrosion 

The excellent aqueous corrosion resistance of zirconium and certain zirconium alloys was first established 
in the early 1950s. As a result of the outcome of these studies, production and fabrication of Zircaloy-2 and 
later Zircaloy-3 and 4 were begun for ihe nuclear industry. Mot long after production began in earnest, 
however, problems were experienced with the corrosion resistance of certain batches of the Zircaloys as 
measured in routine quality-control autoclave tests. The prob'-m arose, specifically, when it was found that 
although Zircaloy-3 produced in the laboratory possessed satisfactory corrosion resistance, production line 
alloys often did not. This phenomenon was first extensively investigated by a team from the Bettis Atomic 
Energy Plant in the USA at the end of the fifties [4,53,54,55,56]. 

A very extensive statistical study of the manufacturing was undertaken but it was only after considerable 
effort that the discovery was made that the anomalously poor corrosion resistance of some lots of Zlrcaloy-
2 and 3 was caused by a coarse precipitation of intermetallic compounds at the alpha grain boundaries. It 
was found that this harmful, coarse precipitate could be suppressed by rapid rates of cooling from within the 
beta phase field and the result was then said to be a fine intragranular precipitate. This structure vas found 
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to possess considerably better corrosion resistance than the first one. It has be«n found that such a heat 
treatment can, for example, reduce the corrosion rate in a 500 °C (10.3 MPal steam test from over 
2 500 mg/dm2/24 h to less than 50 mg/dm*/24 h [17]. 

Other fabrication variables also affected the corrosion resistance, for example Kalish [57] noted that in 
addition to the beta heat treatment, vacuum-melted Zircaloy possessed better corrosion resistance than 
that melted in an argon atmosphere. The reason for this behaviour is not clear although Goodwin et al [4.54] 
suggested that second-phase precipitates were able to nucleate on the walls of gas voids and thus create 
local zones with poor corrosion resistance. These theories are discussed more fully in Subsection 3.3. 

Although the Bettis Plant workers had appeared to have solved the problem in the laboratory by the end of 
1957, industrial implementation still proved to hold some surprises. Their first attempts were carried out by 
heating large ingots into the beta field for a period of time and then allowing these to air-cool (a method 
which had worked perfectly well in the laboratory). To their surprise and chagrin, they found that the 
corrosion resistance of ingots treated in this way was actually impa-ed. A metallographic study finally led 
them to the answer the large ingots cooled so slowly that the re* .Itant microstructure was one of large 
equiaxed alpha grains surrounded by a coarse precipitate of the second phase, whereas the specimens heat 
treated in the laboratory had a Widmanstatten structure with a fine barely discernible precipitate 
distribution (at least at magnifications of around 800x). In order to increase the cooling rate of the 
production ingots they tried flushing the furnace with refrigerated he'ium. a technique which proved 
successful. Modem practise is to actually quench the ingots in water, which ensures an even faster 
cooling rate. 

The developments in the understanding of the factors governing the corrosion resistance o' the Zircaloys 
were comprehensively reviewed by Kass [58] in 1963. 

The basic findings of Goodwin et al on these matters have been confirmed repeatedly by other later 
workers. For example, studies by Koftdo et al [52,59] have shown t.iat the fabrication history of Zircaloy-2 
tubes has a strong effect on subsequent corrosion resistance. They examined three classes of Zircaloy-2. 
namely that which had received no beta quench at all, that which had received a beta quench but which had 
subsequently been subjected to "improper conditions" and finally that which had been beta-quenched and 
subsequently "correctly" worked. 

They found the beta-quenched and correctly workec material had a corrosion resistance approximately 
80 % better than that of the untreated material when measured in terms of weight gain during a 400 °C 
steam test The beta-quenched and incorrectly treated material had a corrosion resistance 50 % worse than 
that of the untreated material. The Japanese workers unfortunately did not specify exactly what was meant 
by "working under improper conditions after heat treatment" but judging from the cumulative evidence of 
other workers this may have been hot working within the two-phase field. (See Subsection 3.4.) 

Other reviews in which this problem is alluded tc have been published by Larsson [19] and Kalish [57]. The 
general modern practice [17] is to beta-quench after forping, hot-work at the top of the alpha field and 
finally cold-work in the alpha field with intermediate alpha anneals at temperatures of between 650 and 
740 °C. 

The question of enhanced corrosion of Zircaloy, especially the so-called nodular corrosion, has received 
renewed attention in the seventies. Trowse et al [60] confirmed once again that beta quenching of 
susceptible material eliminated the problem. Subsequent annealing at 750 °C of the beta-quenched 
material had the effect of restoring the susceptibility of the material, especially if the tubing was abraded 
somewhat (i.e. had a poor surface quality). According to Trowse eta/ the annealing operation had increased 
the siz*? of the intermetallic precipitates bv coarsening to such an extent that nodular corrosion was once 
again initiated. 

The control of intermetallic precipitates in forgings was well described by Schemel in 1962 [61]. The 
effects of stress-relieving, cold-worked tubing are, however, not well documented. It is nevertheiesr 
generally accepted that completely annealed tube possesses better corrosion resistance than stress-
relieved tube [49], The resson for this is that the stress-relieved tube still contains stressed and distorted 
material which corrodes ai a higher rate than the strain-free annealed material. 

A novel method of improving the corrosion resistance of Zircafoy in high-temperature water and steam is 
described in a patent application filed in 1979 [62]. This method utilizes a laser to scan the surface of the 
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Zircaloy tube. By means of the rapid heating and cooling obtained, a surface layer of beta-quenched 
zirconium is formed. The treatment is said by the authors to "produce a surface layer of very fine alpha 
basketweave structure with a fine distribution of iron, nickel and chromium intermetallics dispersed 
therein". 

3.2 Cooling Rat* After Beta Annealing 

The minimum cooling rate necessary to prevent reduced corrosion resistance when cooling from the beta 
field was found by Goodwin et al [4.54,55.56] to be 55 °C/min. If the Zircalcy cooled at less than 
45 °C/min. the resultant structure was said to be one of large, equiaxed alpha grains surrounded by copious 
grain boundary precipitate, whereas at cooling rates higher than 55 °C/min the structure was "martensitic". 
Goodwin et al claimed that these two extremes represented a nucleation and growth-type structure with 
poor corrosion resistance on the one hand and a "shear type" structure with good corrosion resistance on 
the other hand. Of interest here is the fact that later workers have shown that the fi — a transformation only 
takes place by a shear mechanism in specimens cooled at very high rates (1 000 °C/s) [14.15]. Woo [15] 
instead classifies structures formed at intermediate cooling rates as being of the Widmanstitten type, a 
morphology which requires nucleation and growth in the usual sense. 

Bat och [63] notes that a beta quench as such need consist only of rapidly cooling the Zircaloy from the beta-
phase field (for example at a temperature somewhat over 1 000 °C) to the alpha-phase field (at a 
temperature somewhat under 800 °C) at a rate exceeding 65 °C/min. The minimum cooling rate criterion is 
usually met by arranging for the water quenching of Zircaloy ingots although the maximum ingot size which 
can be so treated is stated to be 250 mm. 

A recent study by Bryner[18] is of considerable interest. He compared the corrosion rates in 360 °C water of 
alpha-annealed Zircaloy-4 and beta-quenched Zircaloy-4. In common with other workers he found that the 
corrosion of these two states of Zircaloy was essentially the same when measured in a short-time, low-
temperature water test. However, after a period of two years, the alpha-annealed Zircaloy corroded at a 
gradually increased rate compared to the beta-quenched alloy. He then examined the corrosion films so 
formed by a variety of techniques. In the case of the beta-quenched alloy they observed that the intertamellar 
boundaries in the metal could be followed through into the corrosion film itselv, due to their presence in the 
latter being revealed by a line of small dark spots believed by them to be Zr-Cr-Fe precipitate particles. On 
the other hand, no such delineation of grain boundaries was found in the case of the alpha-annealed alloy. 
In this case the precipitates were distributed through the bulk of the grain in a random manner. 

3.3 Stringers and Stringer Corrosion 

A routine corrosion test for Zircaloy tubing consists of subjecting strip or tuoe specimens to a 400 °C 
(10 MPa) steam environment for periods of up to 200 d. The desired appearance of the material after this 
treatment is a lustrous black caused by the oxide film. Undesirable cor (ion resistance is indicated by 
small, elongated grey or white patches of corrosion product distributed on a brownish surface [4]. The light-
coloured corrosion products are usually noticeably elongated in the rolling direction. 

Several studies have proven that the stringer corrosion is associated with "stringers" of intermetallic 
precipitates elongated by mechanical working. Goodwin et al found by metallographic means that the 
white corrosion product formed over the intermetallic stringers [4]. Heinrich [5] used an electron 
microprobe and was able to show that the stringers of white oxide formed during autoclave corrosion 
testing contained high iron concentrations and lay over intermetallic stringers in the metal. The corrosion 
product stringers had a considerably larger surface area than the intermetallic stringers and thus it can be 
deduced that the intermetallic stringers affect the corrosion resistance of {he metal surrounding them for 
some distance or act a< nuclesnts for areas of corrosion. 

The exact nature of the stringers observed within the metal has been a source of some confusion. Initially, 
Goodwin et al claimed that the stringers in Zircaloy-2 were actually gas-filled voids containing argon at 
(60 KPa) pressure which had been formed during melting and had elongated during subsequent 
mechanical deformation. Nevertheless, these workers found such stringers even in Zircaloy-2 melted under 
vacuum. The effect of such voids, according to these workers, was to act as nucleating sites for the 
intermetallic precipitate. The voids did not seal during fabrication due to the fact that they contained argon 
gas. It was felt that either the intermetallic phase precipitating on the walls of the voids or the adjacent 
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regions depleted of alloying element acted as sites for enhanced corrosion. On the other hand, they 
accepted that the stringers observed in Zircaloy-3 were actually rows of intermetaltic precipitates. 
However. Goodwm and Richards [55] state elsewhere that the voids observed on the stringers may very 
well have been formed by the removal of second-phase particles during etching. This is the explanation 
accepted today and the gas-void theory is not referred to in any papers reviewed in this survey dated latar 
than 1963. 

3.4 Annealing and Deformation in the Two-Phase Field 

There is some uncertainty in the literature amongst the earlier writers c. nceming the effects of annealing or 
deforming in the two-phase f ield While most workers [4.6.44,54.55.58.63.64.65] state that such a 
treatment leads to a deterioration in corrosion resistance, at least one investigator [57] found that rolling 
between 790 and 910 °C (Le. in the a + ^ field) had no significant effect on corrosion resistance. Prior to 
the general acceptance of the undesirable consequences of hot-working in the two-phase field, it was 
common practice, according to Goodwin et ml, to forge starting at 1 000 °C and then roll at 840 °C. 
According to the pseudobinary phase diagram prepared by Chung [7], this would put the forging operation 
initially in the beta field and the rolling operation squarely in the two-phase (o + fi) field. Note that although 
the forging started at 1 000 "C it could finish at a temperature as low as 800 °C. 

The reasons for not doing mechanical deformation in the (a+ f i ) field are generally accepted as arising from 
the differential affinity of the alloying elements for either the alpha or the beta phases. This leads to some 
alloying elements becoming concentrated in the alpha phase and some in the beta phase. On cooling to 
room temperature, the resultant structure is inhomogeneous with zones or regions of high concentration of 
intermetallic precipitates. 

According to most workers [4,5.6], the Fe. Cr and Ni (if any) will partition preferably to the beta phase, in 
which they have a greater solubility. During deformation in, or slow cooling through, the two-phase region, 
this will lead to the beta phase becoming progressively enriched in Fe, Cr and Ni. The last few beta grains to 
transform to alpha on cooling will form precipitate-rich areas. Note that during deformation these beta 
grains will become elongated and thus on transformation to alpha, elongated stringers of intermetalfic 
precipitates will be formed. 

It is also generally stated [4,5.6] that Sn, O, N and Al are more soluble in the alpha than in the beta phase and 
are therefore concentrated in alpha grains formed during treatment in the two-phase region. The preference 
of tin for the alpha phase was initially not clear. Kalish and Cobb [57], reviewing the field in 1961. claimed 
that tin is more concentrated in the beta phase than in the alpha. This belief was also propounded in an early 
report by Goodwin et al [54]. Later reports by Goodwin et al [4] represent the conventionally accepted view 
that tin segregates to the alpha phase on annealing or deforming in the two-phase field. (See the Zr-Sn 
phase diagram Fig. 6.) 

While it is generally accepted that annealing or deforming in the two-phase field is deleterious as far as the 
final corrosion resistance of the Zircaloy is concerned, there are nevertheless some incentives for 
deforming in this temperature range, most notably being the fact that Zircaloy is softer at these higher 
temperatures and therefore requires an extrusion press or roiling mill of lower capacity. A French patent [6] 
describes performing mechanical work on the Zircaloy in the two-phase field and thereafter repairing the 
heterogeneity induced by this treatment by a cold reduction in section size down to at least one third of the 
previous cross section. This cold reduction has the effect of breaking up and dispersing the segregated 
structure to some extent. 

The idea of beta-quenching tubular products to eliminate the deleterious effect of hot extrusion or hot 
rolling has been tested on a laboratory scale. An important problem is the plastic deformation of the tubular 
product associated with the beta-to-alpha phase transformation. The introduction of this technique into 
commercial production does, of course, necessitate specialized equipment. 

Another French patent [64] gives a variation on the normal Zircaloy heat treatment and fabrication 
procedure. Instead of the usual forging in the beta field, followed by a beta quench and thereafter 
subsequent working in the alpha field, they suggest forging in the uppermost part of the two-phase field 
(960 °C - 980 °C), followed by a beta quench from 1 060 °C. Thereafter a minimum reduction of 40 % at the 
top of the alpha field (760 °C) is specified a< necessary to break up the heterogeneities formed during the 
forging in the two-phase field. 
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Fig. 6. 
The zirconium-tin phase diagram. 

The stated propose for the 970 °C treatment in this case was to "dissolve all impurities". The time at this 
temperature is limited, however, to 30 min only to prevent excessive grain growth. During forging the 
temperature of the billet is allowed to fail but not below 760 °C. Reheating of the ingot to prevent the 
temperature going below 760 'C is permitted. The authors of the patent admit that this treatment doe* lead 
to precipitation on thu grain boundaries. 

Heinrich [5] was one of the first investigators to use the electron microprobe on Zircaloy in an effort to 
e'ucidate the segregation and corrosion processes. He found that Zircaloy annealed in the two-phase field 
contained a coarse "net-like" segregate rich in Fe, Cr and Ni, and poor in Sn. He inferred that this segregate 
was piesert or the alpha grain boundaries. 

Since the Zircaloy had been annealed in the (a + /J) field, it is possible that beta nucleated on the existing 
alpha grain boundaries and that this formed the origin for the rich area* of the net-like segregate he 
observed. Such net-like structures of precipitate have been observed in the work conducted for this 
dissertation. 

In a recent paper Johnson and Horton [66] report that quenching from either the pMield or the (or+p) field 
had a beneficial effect on the tendency of Zircaloy to undergo nodular corrosion. Slow cooling from either 
the two-phase field or the 0-field was found to impair corrosion resistance. The assertion that quencning 
from the two-phase field is sufficient to ensure adequate resistance against nodular corrosion is remarkable 
but is supported in other work such as that performed by Sheppard and Tyzack [67] and Williams et al [68]. 
While a fast cool from the two-phase field may suppress tha formation of any large intermetallic precipitate 
particles, there will still be a heterogeneous distribution of alloying elements. From the work reported 
above, therefore, we may be able to draw the conclusion that nodular corrosion, at least, is instigated by 
large intermetallic particles alone and not by heterogeneities in alloying element distribution. 

3.5 Th« Rol« of Carbon, Silicon and Phosphorus 

In this section the role of carbon, silicon and phosphorus is discussed in so far as this is known, with respect 
to the corrosion resistance of Zircaloy. Besides this effect, these elements also have an effect on the 
structure of Zircaloy. (See Section 2.) 

In the pjï ' it has been stated [69] that carbide particles impaired the corrosion resistance of Zircaloy in 
high-temperatu'? wu'er by means of the damaging effect they *vere alleged to have on the adjacent 
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protective oxide film of the Zircaloy. The deleterious effect of carbon on the corrosion resistance of Zircaloy 
is certainly well established {6.58], although the exact mechanism of its effect is still to be explained. 

While the deleterious effect of carbide particles has been established, it is possible that carbon held in 
solution does not have a damaging effect. The room temperature solubility of carbon in Zircatoy-4 is said to 
be 100-1 SO ppm [6: with the excess C present as ZrC. Carbon is also only sparingly soluble in the beta 
phase, namely 120-130 ppm at 1 000 °C rising tc 200 ppm at 1 100°C[6). It would therefore seem as if 
carbon cannot be taken into solution by Zircaloy to any appreciable extent. This premise is rejected by the 
authors of the French patent already referred to [6]. They claim that C is soluble up to 4 000 ppm in a high-
temperature (870 °C) alpha piiase. They propose a treatment in the (a + ft) range between 830 and 950 °C 
to take the carbon into solution. The dissolved carbon can thereafter be precipitated to give a strong 
precipitation hardening effect The corrosion resistance of the alloy is somewhat lowered by such a 
treatment. 

The French patent described above also alludes to the effect of Si and P on the carbide morphology. Too low 
a concentration in these elements (< 10 ppm) will lead to a coarse carbide size distribution due to the fact 
that the carbides are believed to nucleate preferentially on silicide or phosphide particles of very small size. 
A somewhat gree*er concentration of Si and P leads conversely to a finer ZrC distribution. If we make the 
assumption that • coarse ZrC particle distribution in a Zircaloy matrix causes inferior corrosion resistance, 
then the inference may be made that a minimum Si or P level is desirable in Zircaloy containing some 
carbon impurity [6]. Note however, that in practice the phosphorus content is very low. (See earlier 
comment in Section 2.2.) 

Goodwin et al [4] also allude to the effect of Si on the susceptibility of the corrosion rate of Zircaloy to heat 
treatme.it. They suggest that a silicon content of up to 300 ppm leads to a decreased corrosion rate in slow-
cooled specimens as opposed to the corrosion rate of slow-cooled specimens containing normal levels of 
silicon. In a later paper [70] Rubenstein et al showed even more convincingly that Si in amounts of 200 to 
300 ppm was beneficial in alleviating the ill effects of a slow cool from the beta field. No explanation was 
offered for this behaviour. The maximum allowable concentration of Si in Zircaloy is 120 ppm. 

3.6 The Mechanism of Corrosion 

One of the first attempts to elucidate the observed corrosion behaviour of Zircaloy-2 and 4 by means of the 
classic high-temperature corrosion theory was that of Heinrich (5] in 1964. He reasoned that oxygen ions 
must diffuse through the oxide layer to the metal oxide interface and there react with the zirconium metal to 
form an oxide. The oxide layer would, therefore, in this case be built up from the inside. To balance the 
inward flow of the oxygen ions it is necessary that oxygen ion vacancies diffuse outward through the 
zirconium oxide lattice. Therefore, the presence of any metal ion in the oxide film which would decrease the 
concentration of oxygen ion vacancies, would reduce the corrosion rate because of ;ne reduction in the 
inward diffusion rate of oxygen ions. 

This effect can be achieved by the substitution of pentavalent and hexavalent cations in Zr+4 sites. The nett 
effect of such additions is to increase the amount of negative charge (i.e. oxygen ions) required to balance 
the positive charge of the cations. Such an increase in the negative charge naturally leads to a decrease in 
the concentration of oxygen ion vacancies permitted. Conversely, the substitution of a divalent or trivalent 
cation in the place of Zr*4 leads to an increase in the oxygen ion vacancy concentration and hence an 
increase in the corrosion rate. Heinrich proposed that interstitial solutes of any kind will require a balancing 
increase in the oxygen ion concentration and will therefore decrease the corrosion rate. 

Consider the role of tin in the light of the above theory. Its ionic radius is such that it can form a 
substitutional solid solution in the oxide and furthermore, it has a valence of three. Tin, therefore, is 
predicted to increase the corrosion rate and this is observed in practice when the tin content rises above 
0,5 % in iponge zirconium [58]. Heinrich found that tin was fairly uniformly distributed in both the metal and 
the oxide. 

However, iron, chromium and nickel present a different picture. Due to the fact that iron and nickel were 
observed to dissolve in the oxide film and furthermore actually have a beneficial effect, Heinrich deduced 
that they must be present interstitially. This is difficult to believe due to the relatively large size of these 
ions. He was not able to find chromium in the oxide film and advanced the theory that a Cr202 film present 
on the surface of any chromium-rich particle acted as a barrier to the diffusion of Cr. Heinrich found two 
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distinct types of alloy-element-rich segregates, namely a Zr-Ns- Fe-rich segregate and Zr-Cr-rch segregate. 
He proposed that if the Zr-Fe-Ni segregate were co3rse!y distributed, then distribution of the beneficial Fe 
and Ni ions in the oxide would be mhomogeneous and that as a result such an alloy would have reduced 
corrosion resistance. Conversely, heat treatment to produce a fine distribution of the intermetallics will 
result in an even distribution of Fe and Ni through the oxide film and hence a reduced corrosion rate. 

While Hein»ich made ar\ important pioneering contribution to the study of the corrosion mechanism, the 
conclusions he drew are regarded by modem workers as being somewhat wide off the mar,. In particular, 
while an inward flow of oxygen ions is accepted, the balancing outward flow of charge is believed to consist 
of electrons and not oxygen ion vacancies. The alloying elements iron and chromium are furthermore 
believed to have a more significant effect due to the intermetallic particles they form than to any effect they 
might exhibit on the diffusion of oxygen ions through the oxide film. 

In 1970 Shirvington and Cox [71J published a paper in which they asserted that the factor controlling the 
rate of corrosion of some zirconium alloys was not oxygen diffusion but rather the electronic conductivity of 
the film. They noted that the relative importance of any low-resistance electronic pathways (for example 
intermetallic second-phase particles) is determined by the resistance of the oxide matrix to electron flow 
and also by the ease of charge flow along the surface between intermetallics and sites of oxygen reduction. 
They noted that Zircaloy-2. which had been worked and alpha-annealed, had 10 4 internetallic precipitates 
per cm2 of surface, whereas crystal bar zirconium and Zr-2 % Sn alloy only had about 1Q2 precipitates/cm2. 
This difference in intermetallic cc ncentration led to Zircaloy-2 specimens having an oxide film with a 
resistivity an order of magnitude lower than that for crystal-bar Zr. These workers were able to demonstrate 
that those zirconium ailoys whose corrosion rate was controlled by electron flow could be increased by 
providing an electrical short circuit between the metal and the outer surface of the oxide. Typical materials 
exhibiting this behaviour included "crystal bar" zirconium, which ;s a high-purity form of zirconium. 
Zircaloy-2. on the other hand, did not exhibit this behaviour and thus Shirvington and Cox concluded that 
the rate-controlling step in the corrosion of this material is not electron conduction. 

Later work in 1975 by Ramasubramanian [72) postulates a conflicting view to that of Shirvington and Cox. 
Ramasubramanian also studied the effect of intermetallics on the oxidation of zirconium alloys but he 
declared that the rate of corrosion of Zircaloy-2 is controlled by electron flow through intermetallic 
particles. He stated that beta-quenched Zircaloy had its alloying elements held in solution whereas slow-
cooling Zircaloy from the beta field resulted in the alloying elements becoming segregated to the edges of 
the coarse alpha lamellae and thereafter being precipitated out as intermetallic precipitates in these areas. 
Such a structure according to Ramasubramanian, gives rise to a highly conductive oxide film with inferior 
corrosion properties. He noted that oxide films formed in slow-cooled Zircaloy-2 as well as Zr-Fe binaries, 
possessed conductivities 10 4 imes those of beta-quenched Zircaloy-2, Zr-Sn, Zr-Cr and Zr-Ni binaries. 
Based on this evidence, he claimed that a Zr-Fe intermetallic was the most deleterious as far as corrosion 
resistance was concerned. He also pointed out that the electron flow occurred through the bulk of the oxide 
as we!1 as the sites of intermetallics. The nett result of the presence of an intermetaH'C would be to cause a 
rise in the corrosion potential at the site and an increase in the corrosion current. 

In later work by Urquhart efa/[T 7] in 1978, the theories of Shirvington and Cox receive reinforcement. Quite 
aside from the effect of precipitates however, Urquhart et al state that during a 500 °C 10 MPa pressure 
steam test, accelerated corros on follows when the normally protective oxide film is disrupted by porosity 
or damage. This disruption leads to a destruction of the electrical equilibrium around such a flaw and the 
consequent breakdown of the film. If a precipitate was the relevant flaw then this theory would agree well 
with one advanced earlier for zirconium carbides [69] (see 3.5). 

These workers r.oted that intermetallic precipitates provide sites for electron transport through the oxide 
film and that furthermore, while cold-worked and alpha-annealed Zircaloy possesses a "random" 
distribution of precipitates, beta-quenched material had "a two-dimensional network of precipitates along 
grain boundaries or sub-grain boundaries". 

Urquhart et al declared that in the case of alpha-annealed material, the electron-conducting intermetallics 
become solated as the film thickness increases and thus cease to conduct current. This leads to a rapid rise 
in the potential difference across the film and a consequent high r„te of corrosion under the 500 CC steam 
environment which they used. 

On the other hand, in the case of beta-quenched material, the intermetallic precipitates form a semi-
continuous film around the lamellae. Such a structure remains electrically conducting even for thick oxide 
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films. Conversely the result of the continued conductivity of the film is a lowered potential difference across 
the film and a lowered corrosion rate. 

The effect of slow-cooiing from the beta field is also dealt with in this paper. The authors noted that as the 
cooling rate from the beta field is reduced, the lamellae become broader and the potential difference across 
the oxide film in the middle of a lamellae gradually rises. Eventually, corrosion is initiated in the centres of 
the lamellae. In this view, corrosion is accelerated not by the presence of an intermeta'lic precipitate but 
rather by the lack of it. 

Lunde and Videm [73] were able to observe that the oxide film thickened mote slowly near mtermetallic 
particles in Zircaloy than at other suds. In the centre of lamellae, far from any intermetallic particles, the ft 
oxide film eventually grew so thick that it cracked under its own internal stresses. Nodular ccncston, in 
particular, was shown by these workers to be associated with areas possessing a low density of 
intermetallic particles. According to this view, beta-quenching leads to a fine relatively uniform distribution 
of precipitates which in turn impede nodular oxide film growth by reducing the tendency of the film to crack 
Slow-cooiing from tne beta phase leads to a coarse distribution of precipitates with targe precipitate-free 
areas. It is in these areas that enhanced oxide film growth and consequent nodular corrosion takes place. 
Once nucleated, however, the nodules can grow and they do so by spreading outwards and trnckeni.ig 
Lunde and Videm noted that grain boundaries with a profusion of precipitates acted as a temporary barrier 
to the spreading of the nodule. 

Note mat in this theory there is no need for any continuous film of precipitate to be present on the 
bcondartes of lamellae in the /{-quenched material. This occurrence was required by the theory of 
Urquhart et al. The corrosion resistance of ̂ -quenched material is conferred instead only by the profusion 
of evenly distributed precipitate particles. Even Urquhart and co-workeis were forced to admit that the 
continuous film of intermetallic required by their theory to bound the alpha lamehae probably did not exist. 
They surmounted the problem by proposing that the discrete precipitate particles comprising tne film were 
separated by only 200 - 300 A and that the oxide zones between the precipitates had been doped oy 
alloying elements in such a way that thev were electrically conducting. The exact mechanism by which 
enhanced electronic conduction might actually decrease the corrosion rate in Zircaloy is not known. Bear ir. 
mind that in most of the other zirconium alloys investigated, an enhanced flow of electrons from metal to 
outside surface of oxide film actually increases the corrosion rate. 

Bryner [18] in a 1979 paper proposes the following mechanism for the corrosion of Z.rcaloy in 360 °C 
water. Initially the corrosion reaction is diffusion-controlled with the oxygen difusing, not through the bulk 
of the film, but rather down grain boundaries and sub-grain boundaries running through the thickness of the 
film. At this stage the corrosion reaction follows the characteristic parabolic kinetics of diffusion-controlled 
corrosion. As the film thickens, however, compressive stresses in the fflm norma! to the through-thickness 
direction lead to "closure" of easy diffusion paths and hence a slowing down in the reaction. 

At some stage the compressive forces in the film exceed the fiims mechanical strength and buckling takes 
place with concomitant cracking of the film. These cracks provide new pathwavs for oxygen diffusion and 
the corrosion reaction undergoes a transition to a more rapid rate. It is found that beta-quenched alloys 
have films with lower residual stresses than alpha-annealed alloys and thus do not undergo the corrosion-
rate transition as rapidly or frequently. Thus in general, a beta-quenched alloy will have a lower corrosion 
rate than an alpha-annealed alloy. 

This theory makes no reference to intftrmetallie precipitates or their absence and if they do play a role, then, 
according to this theory, it will be in reducing the stress in the oxide film, perhaps as described by Lunde and 
Videm. 

It has been shown recently that precipitates can play a deciding role in the corrosion process, even in the 
unlikely case of iodide bar zirconium. Ploc [74] studied the corrosion of pure' zirconium in dry oxygen at 
350 °C for periods cf up to three years and found in this case that breakway oxidation of zirconium was 
closely associated with the spalfing at ox id"? at the sites of Al-rich and Si-rich precipitates. By using X-ray 
fluorescence, these workers were able to sr>ow that a 0,1 to 0,3 jum precipitate was present in the centre of 
the 20 /xm spelled region. Ploc postulate'* that the spalled region was due to lateral cracking and crack 
grow'h emanating from the site of the parucle and spreading outwards through the oxide film. 

Ploc expressed surpriss at his discov ery of a "large numbet of inclusions, 200 nm in diameter, in a relatively 
pure material'. Tne precipitates are easily explained, however, if we assume that the iodide bar zirconium 



23 

contains, for example. 25 ppm each of Al and Si. Assuming that these elements form an intermetallic 
precipitate with Zr on a roughly equal mass basis, we find that the matrix may contain 0,01 vol. % of Zr-AI-Si 
precipitate. Since the precipitate was observed as particles of 0,2 jum in diameter, we can estimate, using 
the foregoing crude analysis, that the meta! should contain around 10 4 precipitates per square 
centimetre. Note that it is possible that Ploc's Al/Si-rich precipitate formed during the three years during 
which he held his specimen at 350 °C. 

One of the most recent studies on the oxidation of Zircaloy was that of Ramasubramanian [75]. In this study 
it was demonstrated that electron transport through oxide films of corroding Zircaloy-2 takes place through 
a conductive, doped oxide present over the intermetallic precipitates. The intermetallic precipitates were 
claimed to consist predominantly of zirconium and iron. Corresponding to the electron flow, there is an 
inward migration of oxygen ions. In the case of zirconium metal itself, the electron flow is believed to occur 
through doped patches of oxide film overlying impurities in the metal. Due to the relative purity of zirconium 
metal, there are far fewer suitable sites for such conduction. From the preceding paper it might be deduced 
that a total absence of intermetallic precipitates should lead to an oxide film of high resistivity and hence a 
lower corrosion rate. 

Th« role of intermetallic particles in promoting nodular corrosion was discussed by Sheppard and Tyzack 
[67]. In direct contrast to the other workers discussed previously, they claimed that nodular corrosion was 
initiated at the site of large intermetaPic particles. The enhanced oxide growth was believed to result from 
an accelerated rate of corrosion at these sites due to enhanced electron conduction. While the position of 
the nucleus of the oxide nodule may be in dispute, the fact is that the nodules can grow to a diameter of over 
a thousand microns. At these sizes the nodules are probably somewhat insensitive to the distribution of 
micron-sized and smaller intermetallics. For this reason, the hypothesis of Lunde and Videm appears more 
credible in so far as the fact that while both beta-quenched and furnace-cooled Zircaloy possess 
precipitates, only furnace-cooled Zircaloy prossesses large precipitate-free areas of surface. 

One of the most recent studies of the Zircaloy corrosion process was that of Woolsey and Morris [76]. These 
workers used ion beam induced nuclear reactions to measure the concentration of oxygen and deuterium in 
the oxide layer. They demonstrated that the rate-controlling step in the corrosion of Zircaloy-2 in 355 "C 
water is the diffusion of oxygen along grain boundaries in the oxide film. As the film thickens, the rate of 
oxygen diffusion slows and hence the corrosion rate slows. However, at a critical thickness, there is a 
sudden increase in the corrosion rate due to the generation of new corrosion pathways in the film. These 
workers proposed that the enhanced post-breakaway corrosion rate was caused by the opening up of pores 
in the previously protective fi'm. They declared that cracks as such did not make a significant contribution to 
the accelerated corrosion rate. Note that this contradicts Bryner, who found that the increase in the 
corrosion rate, occurring at the so-called 'breakaway' point, was actually caused by cracking of the 
previously protective oxide film. 

From the foregoing discussion emerges the underlying discovery that while the corrosion of most 
zirconium alloys is rate-controlled by electron transport, that of Zircaloy-2 is controlled by oxygen diffusion 
in environments of liquid water and by electron transfer in steam environments. This also explains why heat 
treatment of the Zircaloy has a most pronounced effect on the corrosion rate in steam (i.e. at temperatures 
above 375 °C) and almost no effect on the corrosion rate in water. 

3.7 Stress Corrosion Cracking of Zircaloy 

The iodine-induced stress corrosion cracking (SCC) of Zircaloy is believed to be an important factor 
underlying the pellet-cladding interaction (PCI) failures reported from in-service fuel rods. The PCI failure 
phenomenon restricts the ability of nuclear power r,tation3 to be utilised in a load-following capacity as 
power ramping is one of the prime causes of this failure mechanism. It has been found [77] that tubes which 
are nominally similar in terms of the commonly measured metallurgical and physical parameters may, in 
fact, possess widely varying susceptibilities to SCC. The reasons why this should be so have not yet been 
clearly established, although residual stress, heat treatment (annexing versus stress relieving), surface 
condition, crystallography texture and the distribution of so-called chemical heterogeneities have all been 
claimed to have an influence. 

3.7.1 Role of chemical heterogeneities 

A comprehensive survey of stress corrosion cracking in Zircaloy [78] found that although the factors 
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mentioned above all played a role in determining the susceptibility of Zircaloy to iodine-induced SCC, the 
actual site of crack initiation was, in virtually all cases, found to represent what these workers termed a 
"chemical heterogeneity" in tne Zircaloy. 

These inhomogeneities were generally enriched in Fe, Cr, Al and Si, but enrichment in Sn, Mn and Ti was 
also occasionally found. In addition, the interstitial solutes 0, C and N were present in these 
inhomogeneities to greater or lesser extents. It appears that the composition of these inhomogeneities 
varied greatly, even within the same specimen. Neither were the: e inhomogeneities present in all materia', 
for example they were apparently absent or rare in tubing provided by at least one manufacturer. Cubiciotti 
etal did not make it clear whether they regarded these inhomogeneities as constituting a separate phase in 
the Zircaloy, although from the electron micrographs published by them, one is led to believe that this was 4 
the case in many instances. The chemical inhomogeneities of variable composition were said to be quite 
distinguishable from the 'normal' second-phase particles of the Zr,Fe5Cr2 type by virtue of their large size 
(from 1 /xm to 50 /tm compared to the 0,5 /im characteristic of the Zr„Fe5Cr; phase). A technique which 
proved useful in revealing these inhomogeneitier under the electron microscope was argon ion milling. 

A mechanism for the iodine-enhanced SCC of Zircafoy was also proposed. This involved the reaction of 
gaseous Zrl 4 with regions of enriched iron concentration. (The Zrl 4 is present as a gas at reactor operating 
temperatures). The reaction is driven by the fact that a mixed Fe/Zr tetra-iodide is relieved to be more stable 
than a pure zirconium tetra-iodide. The iron-rich regions or inclusions are selectively attacked cither by the 
Zrl 4 diffusing along the interface between the inclusion and the matrix or by diffusion through the bulk of the 
inhomogeneity itself. Such attack produces a pit which provides an ideal stress concentration for further 
crack development. This model is, however, unable to explain the additional factors known to influence the 
iodine-induced SCC of Zircaloy. Perhaps the role of the second-phase particles or chemical heterogeneities 
is chiefly to provide a site for crack initiation, whereas the otherfactors control the rate of propagation of the 
crack. 

One parameter which seems closely linked to tiie initiation of cracks is the condition of the internal surface 
of the tube. Cubiciotti et al found that polishing the inner surface of Zircaloy tubes subjected under tensile 
stress to high-temperature, iodine-contaminated environments led to a dramatic improvement of the SCC 
resistance of some tubes, although not all cubes were affected in this way. 

3.7.2 The effect of heat treatment 

The effect of heat treatment on the SCC of Zircaloy is not yet well understood. Cubiciotti er al [77] reported, 
for example, that while a one-hour treatment at 500 °C led to a very substantial improvement in the SCC 
resistance cf the two lots of t'ibing which they investigated (improvements in the 'time to failure' by factors 
of between 2 and 7 times), a 24-hour heat treatment at 500 °C had only a slight effect on the one tube lot 
and even led to a drastic decrease in the SCC resistance of the second tube lot (a time to failure' of 0,1 h as 
opposed to 20,87 h!). Since both lots of tubes satisfied the relevant ASTM specification for Zircaloy tubes, 
it is clear that some important factors are being overlooked by manufacturers and investigators alike. 

The effect of different heat treatments within a given lot of material is, however, somewhat clearer. Jonesef 
al [79] examined the SCC behaviour of a certain lot of Zircaloy-2 tubing, some of which had been stress-
relieved and some annealed. Reference to Fig. 7 will show that the stress-relieved material is superior, 
either in terms of load-carrying capac.'v for a given failure time or time-to-failure at a given stress. It is 
found, however, that at long failure times the annealed material shows larger failure strains than the stress-
relieved tubing. Thus, according to the authors, annealed Zircaloy might be superior to stress-relieved 
Zircaloy in cases where the loading was of the fixed-displacement, hoop type. 

In contrast to the fairly pronounced influence of heat treatment on the SCC of Zircaloy, the variation in 
chemical composition from Zircaloy-2 to Zircaloy-4 was found to have no significant effect (see Fig. 8). 

4. EXPERIMENTAL TECHNIQUES 

4.1 Introduction 

The melting, casting and heat treatment of zirconium-based alloys is complicated by the fact that zirconium 
is relatively reactive chemically and has a high affinity for oxygen, nitrogen and carbon. Contamination at 
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Fig. 7. 
Comparison of the iodine SCC of siress-reiis^d end enneelei Zircaloy-2. 
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Fig. 8. 
Cor.pahson of the iodine SCC of Zircaloy-2 end Zirceloy-4. 

high temperatures with nitrogen and carbon leads to the formation of a hard, refractory zirconium nitride 
and carbi Je respectively. Oxygen contamination causes a surface oxide film as well as increased oxygen 
content of the allov. Zirconium is actually able to dissolve its own oxide. For the above reasons it is 
necessary to :;se specialized techniques in order to successfully melt and heat-treat zirconium and its 
alloys 

4.2 B0«htv« Arc Furnace 

Zirconium alloys are ,iost often produced i.i the laboratory using an arc furnace with a tungsten electrode 
and a low-pressure atmosphere of inert gad. See Figs. 9 and 10 for details of such a furnace. The substance 
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tungstan electrode 
copper hearth 
water cooling for hearth 
water cooling for electrode 
glaas window 
to vacuum pumps 
needle valve for argon 
vacuum tight gland (allows electrode to move) 

Fig. 9. 
Schematic diagram of the beehive arc furnace. 

to be melted is placed in a cavity in a water-cooled copper mould and an arc is struck between the 
substance and the tungsten electrode. 

A typical arc dissipates about 15 kW of heat, which is sufficient to melt all but the most refractory 
substances. The copper mould remains cool during this process due to its high intrinsic heat conductivity 
and the water cooling. The copper is protected from attack by the molten metal by a thin film of recently 
solidified zirconium. This technique allows manufacture of alloys which are otherwise so reactive when 
molten that they cannot bo contained by the known refractories without contamination, 
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Fig. 10. 
Photograph of the beehive arc furnace. 

In the work performed forxhis dissertation the raw mat— ial used was Zircaloy-4 tubing. The tubing was cut 
into 60 mm lengths and then flattened in a vice. The strips ":o produced were cleaned in a-etone. dried and 
then placed in a rectangular cavity in the mould of the Beeh've Arc Furnace. The apparatus v\, as next pumped 
down to 3 x 1 0 2 Pa by an arrangement consisting of an oil diffusion pump and a roughing pump in series. 
After this the chamber was isolated from the vacuum pumps and backfilled with spec-pure' argon to a low 
pressure. It is necessary to backfill with argon or else the arc between the electrode and the mould wil l flash 
over to the furnace chamber walls. Melt ing takes place within twenty to thirty seconds of the arc being 
directed onto the zirconium strips. After this the button of alloy was allowed to cool, the furnace was 
opened up, the button turned over and the process repeated. This two-stage melting process was employed 
to ensure a homogeneous button of alloy. 

4.3 Vacuum Annealing Furnace 
The furnace used for the heat treatments was a horizontal ret yrt-type furnace. (See Fig. 11 for the details.) A 
two-stage system of vacuum pumps consisting of a turbo-nolecular pump backed by a roughing pump was 
able to evacuate the silica tube down to 4 x 10 3 Pa. A tnermocouple was inserted into the tube through a 
vacuum-tight seal. The thermocouple, which was connected to a digital display giving a direct readout in 
degrees Celsius, was tested at the melting point of high-purity aluminium (660 C) and was found to read 
3°C below the correct temperature. 

LËL. 
I e 

a: furnace 
b: quartz tube 
c: turbo-nolecular 

pump 

d: roughing pump 

e: trolley 
t temperature and vacuum instruments 

g: thermocouple 

Fig. 11. 
Diagram of the vacuum annealing furnace 
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A temperature profile along the length of the furnace tube is shewn in Fig. 12. Superimposed on this data is 
a fifth-order polynominal 'itted by least squares regression. It is seen that there is a zone of approximately 
40 mm in which the temperature is constant to within 5°C. The position of this zone w<th respect to a 
reference point on the outside of the furnace was determined and ell heat treatments were performed with 
the centre of the specimen positioned as close as possible to the middle c* this zone. The tip of the 
thermocouple was also positioned as close to the centre of this zone as possible. The temperature in the 
hottest part of the furnace tube was found to be 30°C greater than the setting on the temperature controller. 
In addition to a variation of temperature along the length of the furnace tube, the furnace also showed a 
cyclic variation of temperature with time. This variation arose from the ON/OFF switching of the controlling 
circuits of the furnace. This variation was only a few degrees Celsius at lower temperatures but it rose to 
10°C for a nominal central furnace temperature of 1 050°C 
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Fig. 12. 
Temperature profile down length of furnace tube. 

The specimens were placed on a Zircaloy furnace boat so as to prevent oxygen pick-up from the silica tube 
Some specimens were sealed into evacuated silica capsules. These specimens could thus be ^eat-treated 
without the vacuum pumps. 

By rapidly withdrawing the silica retort tube containing ihe specimen from the furnace, it was possible to 
cool at the rate of 20°C/s. This greatly exceeds the so-called critical cooling rate for Zircaloy of 0,8°C/s [4], 

4.4 Metallography 

The usual metallographic procedure for Zirca'oy-2 or Zircaloy-4 is to grind the specimens down to a 600 grit 
finish and then to follow this with chemical polishing and etching with various reagents. The most widely 
used mixture is 45 H 2 0:45 HN0 3 :8 HF by volume [1 ]. The specimen may be swabbed with or dipped into 
this reagent for about 30 s. While this method is suitable for optical viewing of the alpha grains in the 
Zircaloy, the reagent attacks the intermetallic precipitates more rapidly than thy matrix. SEM microscopy of 
specimens so etched thus reveals only pits where the precipitates once were. 

The first worker to identify the elements present in the intermetallic precipitates in Zircaloy-2, used a 
reagent consisting of H 20, HN0 3, HF and glycerol. The proportions used were not stated. This reagent had 
the advantage that it resulted in the particles standing out in relief. Okvist and Kailstróm [37] used a related 
reagent with the composition by volume of 56 glycerol : 8 HN0 3 : 8 H 2 0 : 5 HF : 3 HCI. This reagent 
consistently produces a surface on which the second-phase particles stand out clearly. 

In order to test whether the etching reagents might exercise any effect on the measured chemical 
composition of the second-phase precipitates in the Zircaloy, a series of specimens were prepared by 
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mechanical polishing only. Due to the difference in hardness between the soft alpha grain interiors and the 
harder, precipitate-ric'n grain boundaries, it was possible to discern some surface detail optically. However, 
despite a number of attempts using different polishing mediums, it was not possible to pinpoint 
unambiguously the locations of any precipitates. 

Another method attempted was that of anodizing the surface produced after a light chemical polish with the 
standard H 2 0-HN0 3 -HF reagent mentioned previously. The anodizing electrolyte consisted of 35 ml H ? 0 : 
60 ml ethanol: 20 ml glycerol : 1 0 m l iactic acid: 5 ml H3PO4 and 2 g citric acid. Twenty volts was maintained 
over the surface to be anodized for five to ten seconds [80]. The result was very suitable for optical viewing 
but did not appear to offer any advantage for viewing in the SEM compared :o the glycerol-HCI-HF-HN0 3-
H 2 0 reagent. 

It was fo i i "d that under the optical microscope, the precipitates become strikingly visible when dark-field 
il 'umination was used. Suitable etchants were of the glycerol-HNO 3-H 20-HF type. 

Argon ion etching was attempted on polished specimens, but the surface detail produced proved to be too 
indistinct to ei\3ble the positions of particles :o be pinpointed. 

4 .5 Electron Microscope 

Trie bulk of the work was carried out on a JEOL JSM-U3 scanning electron microscope, but some work was 
carried out on other SEM's at other institutions for comparison and checking purposes. 

The SEM specimens were usually platelets of metal which had been suitably polished and etched or else 
polished specimens mounted in plastic. The former method was found to give the best image quality as a 
charge build-up on the surface of plastic specimen holders degraded the image somewhat. 

A method which proved to be unsuccessful in the present work involved fracturing a heat-treated Zircaloy 
strip under a tensile load and examining the fracture surface for exposed precipitate particles. The Zircaloy 
strip was heat-treated for 20 minutes at 1 050°C, followed by a fast cool to room temperature and then a 
three-hour anneal at 700°C followd, once again, by a fast cool to room temperature. However, it was not 
possible to pinpoint the position of any precipitate particles under the SEM. The fracture surface is shown in 

160 x (SEM) 
Fig. 13. 

Fracture surface of Zircaloy-4 strip. 
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Some work was undertaken on carbon replica specimens on a JEOL-JSEM-200 transmission electron 
microscope. The replicas were prepared by evaporating an exceedingly fine film of carbon onto the 
specimen by means of an arc struck between two graphite electrodes The operation was carried out in a 
vacuum. 

The bulk of the chemical analyses with the scanning electron microscope were performed by X-Ray Energy 
Spectrometry (XES). This is a technique for rapid, simultaneous multi-clement analysis which is especially 
suited for use in conjunction with an electron microscope. In this technique, the energies of the X-rays 
generated when the beam of electrons in the microscope strikes a spot on the specimen surface, are 
measured and analysed by a computer. The X-rays are generated when the incident beam of electrons 
excites the electrons of the specimen atoms into higher energy states. When these electrons relax into their 
ground-state configurations, thev release characteristic quanta of energy in the form of X-rays. The intensity 
of the peak, in the X-ray spectrum, associated with a given element is a measure of the concentration o* the 
element in the spot under consideration. The smallest volume capable of being analysed by the XES system 
used in the present work was said to be about one cubic micron. Since most of the particles analysed were 
smaller than this, it can be deduced that there was a very strong contribution from the matrix to the signals 
obtained. 

4.6 Autoclave 

The autoclave used for the high-pressure, high-temperature corrosion testing was a LECO-developed, six-
vessel system. The pressure used was 10 MPa and the temperatures used varied from 315 to 410°C. 
Corrosion testing was conducted for fourteen days at a time. 

4.7 Rolling Mill 

A small laboratory rolling mill was available to roll down material produced in the Beehive Arc furnace. The 
top and bottom surfaces of the as-cast button were milled down to a flat finish before rolling was 
commenced. 

5. RESULTS 
5.1 Melting and Casting of the Zircaloy Buttons 
5.1.1 Microstructure of the ingot 
The dendritic structure of the as-cast ingots was clearly visible on their upper surfaces (Fig. 14). The grains 

100 x (SEM) 
Fig. 14. 

Surface dendritic structure of cast Zircaloy-4 buttons. 
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formed as the alloy solidified into the beta phase were relatively large, being 4 to 6 mm in diameter. 
Subsequent transformation to alpha on cooling led to the formation of Wtdmanstátten lamellae within the 
body of these grains. The lamellae were mostly of the kind described bv Woo and Kangn [15J as the 
basketweave type' (Fig. 15). The microstructure will be described in greater detail in section 5.3.1. 

Fig. 15. 
Basket-wease' Widrranstatten structure of button. 

200 x (OPTICAL) 

5.1.2 Interdendritic shrinkage 
T h e surface of the as-cast ingot was found to contain several fine cracks . Examination of these with the 
electron microscope showed them to actually be the result of interdendritic shrinkage occurring during 
solidification. This arises when, if for any reason, good feeding of the liquid metal does not occur during the 
solidification process. The solid dendrites naturally occupy a smaller volume than the liquid metal from 
which they form and so numerous fine cavities may be left in between the dendrites after the metal has 
solidified (Figs. 14 and 16). The shrinkage was most visible on the boundaries between adjacent beta 

Fig 16. 
Close-up of intcrdendritic shrinkage crack. 

300 x (SEM) 
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grains- Examination of individual dendrities under the electron microscope revealed the surface relief 
resulting from the transformation of beta to Widnanstatten alpha (Fig. 17). 

500 x (SEM) 
Fig. 17. 

Surface relief produced by beta-to-alpha phase transformation. 

5 .2 Fabrication of Zircaloy Strip 

5.2.1 Lot A 

The material for both Lot A and Lot B waó cast in the Beehiva Arc Furnace and roller* in the laboratory rollin*, 
mill wi th intermediate chemical cleaning and intermediate annealing in i.h^ Vacuum Annealing furnace. For 
Lot A the as-cast ingot was first milled on the upper and lower surfaces »i order to imparl a good surface 
finish. The strip was then repeatedly passed through the roils unti l it had undergone a true strain 
deformation of 3 0 % . The material was then chemically f tched in a bath of H 2 0, H N 0 3 anc' HF and then 
annealed at 704 —708°C for 90 min. The next succession of roil ing passes caused a 15 % deformation. The 
material had a Vickers hardness of 225 - 235 VPN at this stage After being annealed foi 11 5 min at 695 -
700°C, the hardness had dropped to 210 to 215 VPN. The strip was next given a 48 % reduction in the 
rolling mill, after which its hardness had risen to 2 4 0 - 2 4 5 VHN. A final anneal of 105 min at 6 9 5 - 700°C 
was carried out. The final hardness of the alloy was between 210 and 214 VPN. 

5.2.2 Lot B 

This material had an as-cast hardness of 178 - 180 VPN. The ingot was also milled on the upper and lower 
surface. The first roll ing session induced a reduction of 10,5 % which was followed by chemical cleaning 
and an anneal of 110 min at 745 - 750°C 

The material was then deformed another 12 %, at which stage it was decided to anneal again. The hardness 
at this point in the process was 218 - 225 VPN. The next anneal was at 710 - 7 1 5 C for 100 min and 
caused the hardness of the material to drop to 200 - 205 VPN. A 38 % rolling reduction was then carried 
out, after which the hardness was measured again and found to be 235 - 2 4 0 VPN. A final anneal of 704 to 
709°C for 120 , in led to the material hardness dropping once again to around the 200 VPN mark. 

This lot of material proved to have a somewhat lower hardness than that of Lot A ;20O VPN as opposed io 
210 VPN). The reason was suspected to be accidental contamination of Let A with air during melting and 
subsequent chemical analysis proved that this was indeed the case. Whereas Lot B material contained 
1 300 ppm of oxygen. Lot A contained 1 890 ppm of oxygen. Commercial Zircaloy contains from 1 000 to 
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1 500 ppm of oxygen, depending on the mechanical strength desired, with higher oxygen contents giving 
increased mechanical strength and hardness. Both iots were found to contain about 230 ppm of carbon. 
Commercial Zircaloy may contain up to 270 ppm of carbon [58]. 

The average efficiency of the fabrication process expressed as the mass % of final processed strip over mass 
of Zircaloy charged to the Beehive Arc Furnace was 65 %. The losses arose chiefly from the necessity to mill 
the upper and lower surfaces of the ingot. 

5.3 Variation in Microstructure wi th Heat Treatment and Fabrication History 
5.3.1 As-cast material 
The as-C3St materia! was characterized by the easily visible remains of the large (4 — 6 mm diameter) beta 
grains formed during solidification. Within these outlines were colonies of interwoven 'basketweave' 
Widmanstátten alpha lamellae (Fig. 1 5). Some patches of parallel plate lamellae were found on some grain 
boundaries (Fig. 18). Theapparent thickness of the plates as measured on the plane of intersection exposed 
by the specimen preparation process ranged from 7 to 12/xm. The plates were bounded by rows of 
precipitates of 0,4 to 0,6 f tm diameter (Fig. 19). Individual plates were further divided into elongated sub-
grains with apparent thicknesses (as measured on the plane of intersection) of 3 to 5 nm. In several places 

300 x (OPTICAL) 
Fig. 18. 

Parallel-plate and basketweave structures in the same specimen. 

5 800 x (TEM) 
Fig. 19. 

Alpha plates bounded by rows of precipitates. 
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precipitates were found which appeared to measure up to 3 /Am across but some of these may have 
consisted of several closely situated smaller precipitates (Fig. 20). 

5 4 5 0 x (TEM) 
Fig. 20. 

Clumps of precipitates and interlamellar eutectoid. 

In many places on the surface of the specimen, three- or four-sided areas of eutectoid were observed. These 
were actually probably four- or five-sided polyhedra with concave sides (Fig. 21). The second phase within 
the eutectoid appeared roughly spherical and hence the eutectoid should be classified as being of the 
"degenerate" type. These zones of eutectoid decomposition product typically measured about 5 - 1 0 / im 
across and thus can also be seen under the optical microscope. These areas represent the very last fraction 
of Deta to transform during the cooling process fol lowing solidification. The precipitates within such areas 
are relatively small, being 0,1 to 0 , 4 / i m in size. 

4 0 0 0 x (TEM) 
Fig. 21. 

Interlamellar patch of eutectoid. 

In several places an unusual cellular structure was observed (Fig. 22). The impression gained from the 
carbon replica is one of an array of four-sided cells of alpha zirconium with each cell delineated by 
precipitates. The cells typically measured 3 x 8 jum and the entire arra\ of cells was typically 30 jum long. 
Tiiese cells are discussed further in Section 6. 
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3 030 x (TEM) 
Fig. 22. 

'Cellular' structure piod"ced by intersecting lamellae at right-angles. 

5.3.2 As-received tubing 

The Zircaloy tubing used as a source of Zircaloy for this work represented the fins! product of e normally 
complex manufacturing process. The material had been subjected to the usual casting in a vacuum arc 
furnace, then forging, beta-quenching, extrusion and pilgering with various steps of intermediate 
machining, chemical cleaning and annealing. The final heat treatment applied to the cold-worked tube is a 
stress-relieving treatment. Under the optical microscope, the microstructure is observed to consist of 
small, jagged alpha grains which are somewhat elongated in the transverse direction. A typical grain might 
measure 1C - 2 0 f i m (Fig. 23) 

150 x (OPTICAL) 
Fig. 23. 

Optical micrograph of as-received material. 

Under the SEM the precipitate particles become visible. These were seen to be distributed in a random 
fashion through the matrix o f alpha grains. The precipitates varied in si?e from 0.4 /Lim up to an apparent 
size of 6 fim (Fig. 24). It is likely, however. that some of the apparently large precipitates actually consisted 
of several closely clustered smaller precipitates. 



36 

1 l O O x ( S E M ) 
Fig. 24. 

Electron micrograph of dS-received materia/ 

5.3.3 Cold-worked and annealed str ip 

The method of manufacture of this material has been discussed in Section 5.1 andb.2. The mtcrostructures 
of Lot A and Lot B proved to be similar. T >e rolling and annealing operations resulted in a structure of lung 
narrow alpha grains, typically measuring 6 x 9 / t m , with each grain boundary being delineated with strings 
of small precipitates of around 0,5 /xm diameter (Fig. 25). A first examination produced many exan.oles of 
particles wi th an apparent diameter of 2 - 4 jam, but a closer look 3t the particles' in question revealed that 
they actually consisted of several clustered smaller particles. The rows of precipitate particles on the grain 
boundaries are undoubtedly identical to the so-called stringers reported in the early literature on Zircaloy. 

1 100 x(SEM) 
Fig 25 

Cold-woiked and annealed strip (HEM). 
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5.3.4 Material fast-cooled from the beta field 

All specimens which had been held in the beta field for a short t ime and subsequently rapidly cooled, 
exhibited a structure of alpha Widmanstátten lamellae. Close examination of the microstructure under 
poiarized light showed that each prior beta grain was occupied by a family of alpha lamellae having two or 
three common orientations. The outlines of the prior beta grains were clearly revealed as the lines of 
discontinuity between two adjacent families of alpha lamellae (Fig. 26 and 27). Comparison with the as-
cast Zircaloy micostructure {Fig. 15) shows that the lamellae were about the same apparent width in the 

150 x (OPTICAL) 
Fig. 26 

One miriL.a at betatizmg temperature then fast-cooled. 

150 x (OPTICAL) 
Fig. 27. 

Fr.e minutes at betatizing temperature then fast-cooled. 

plane section (7 jum), but that the lamellae of the heat-treated material were far less interwoven than those 
of the as-cast material. The greater beta grain size in specimens held for five minutes in the beta field 
compared to those held for only one minute in the bt;ta field was readily apparent. (The sizes were about 
3 000/u.m and 2 000 jum respectively as measured in the plane of intersection corresponding to the 
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prepared surface of the specimen). The second-phase particles were small in both cases referred to above, 
being between 0.1 and 0,5 /u.m. and they were distributed almost exclusively on the grain boundaries or 
sub-grain boundaries of the alpha lamellae. Occasional large particles (1 - 4/xm) were also observed. 

In order to test the hypothesis that the period of time for which the specimens were held within the beta 
field was insufficient to fully dissolve the precipitates, a specimen of as-received tube was rapidly heated 
into the beta field and held at 1 100°C for five hours. This heat treatment should have been sufficient to 
dissolve any beta-soluble precipitates. The specimen was enclosed in an evacuated silica capsule which 
protected it to a large extent from oxidation. After the necessary period at 1 100 C, the silica capsule was 
plunged into water and broken using pliers. There was a certain amount of delay in this process and this 
caused fine Widmanstátten alpha to be formed rather than a'-martensite. The alpha lamellae had an 
apparent width of 4 - 6 fim compared to the 7 - 10 fim of the specimens cooled by merely withdrawing 
them from the furnace. The largest precipitate particle visible in this material appears to be 1 /zm and the 
bulk of the particles are less than 0,3 ju.m in diameter. Once again, the particles are located mainly on the 
boundaries and sub-boundaries of the alpha lamellae (Fig. 28). These precipitates are discussed further in 
Section 6.1.2. 

1 100 x (SEM) 
Fig. 28. 

Five hours at 1 100 °C then fast-cooled. 

5.3.5 Slow-cooled from the beta field 

This heat treatment is widely reported to result in a material wi th coarse grain-boundary precipitates and 
poor corrosion resistance in high-temperature steam. An optical micrograph showing the resultant 
microstructure when a specimen is furnace-cooled from a betatizing temperature of 1 040°C is shown in 
Fig. 29. The alpha lamellae are now 30 to 40 jum across as measured in the plane section. The precipitate 
particles are generally about 1 /urn in diameter with several particles, however, being up to 3 \im in 
diameter. The large particles were mostly to be found on the alpha grain boundaries but a few existed on 
sub-grain boundaries and a very few did not seem to be associated with any type of grain boundary at all. 

5.3.6 Slow-cooling from the beta field followed by an upper alpha field anneal 

In order to test the hypothesis that particles formed in the two phase (a + P) field might differ from those 
stable in the alpha field, a number of different heat treatments were carried out These are described in this 
and the fol lowing subsections, 
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ISO x (OPTICAL) 
Fig. 29. 

Slow-cooled from the beta phase. 

The structure produced by furnace-cooling a specimen from the beta field fol lowed by an anneal in the 
upper alpha field at 730°C for two hours, is similar to that produced by furnace-cooling alone. This similarity 
in structure was expected since the solute supersaturation caused b> cooling the material after a beta 
anneal was relieved by precipitation in the upper (<* + ff) field. The two-hour anneal in the upper alpha field 
was expected to provide evidence for the occurrence or absence of any composition change reactions :n 
the precipitates. This is a subject taken :.p more fully in the nex» section. 

5.3.7 Fast-cooling from the beta field followed by an upper alpha field anneal 

If slow-cooling through the (a + /?) field did produce a precipitate of different composition than that 
thermodynamically stable in the alpha field, then this heat treatment would be unlikely to produce such a 
precipitate. The observations made in this regard are referred to Section 5.4. The material was subiect tn a 
heat treatment consisting of a 20-min anneal at 1 050°C followed by a fast cool to room temperature. 
30 min at room temperature whi le the furnace cooled down to 730°C and then a rapid reheat to 730 C To' 
130 min. The heat treatment was concluded with a fast cool to ror>m temperature. 

The material possessed the usual alpha Widmanstatf»n structure formed by fast cooling from the beta fpf»l<J 

No recrystallization or grain growth of the alpha lamellae appeared to have taken place over rhe 130-mm 
period of the upper alpha anneal. Several triangular or quadrilateral areas of eutectoid decomposition 
product were visible under the electron microscope. The precipitate particles were roughly the same size as 
those formed by a fast cool from the beta phase alone, but at least one particle appeared to have a size 
greater than 1 0 / i m (Fig. 30). 

5.3.8 Anneal in the upper alpha-plus-beta field 

If any precipitates formed in the (a + fi) phase field are different from those formed in the upper a field, then 
annealing an as-received tube for 90 min in the upper (a + fi) field at 940' C would produce such 
precipitates. Examination of the microst'ueture produced by this treatment showed that it consisted of 
recrystallized alpha grains wi th patches of precipitate-rich alpha on the grain boundaries. These patches 
had existed as beta at the annealing temperature end had transformed to alpha plus precipitate on being 
cooled to below the eutectoid point. This point is placed at about 8 5 0 X . (See Section 2.1.) 

5.3.9 Anneal in the lower alpha-plus-beta field 

This sppcimt.. received a heat treatment consisting of a 30 mm cnntal at 860 to 865 C fol lowed by a f.»st 
cool to room temperature. The structure is one of equnxed alpha grains about 40 / im in size in which are 
dispersed intragranular precipitates of 0.5 ^im to 2 ^im in size. Many or the alpha grsii boundaries arc 
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1 500 x (SEN!) 
Fig. 30. 

Fast-cooled from the beta phase and then annealed at 700 C. 

delineated wi th precipitates of about 0,5 um in size. It is clear that the small quantity of beta formed at 
these temperatures nucleated at the alpha grain boundaries (Fig 31). 

1 100 x (SEM) 
Fig. 31. 

Annealed in lower alpha-plus beta field. 

5.3.10 Annealing as-received tube for seven hours in the upper field 

The seven-hour, 720°C heat treatment accorded to this specimen resulted in it possessing large (30 -
40 Um) equiaxed alpha grains. In the interior of the: grains were dispersed fairly coarse (1 - 2 um in 
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diameter) precipitates. The long anneal had clearly caused considerable coarsening of the second phase to 
take place. It was reasoned that the precipitate fo*med in this heat treatment would, for all practical 
purposes, be the- equilibrium precipitate in Zircaloy (Fig. 32) 

1 100 x (SEM) 
Fig. 32. 

Seven hours in upper alpha field. 

5.4 Determination of the Composition of the Particles 

5.4.1 General 

It wi l l be remembered from the discussion -n Section 2 that several types of precipitate panicle have been 
reported as occurring in Zircaloy-4. The most widely reported particle is Zr xCr vFej but a Zr„Fe v phase and a 
Z r A C x O v N z have also been reported. It was attempted in this study to identify these particles in the Zircaloy 
specimens available and to investigate the effect cf heat treatment on them. Almost all the specimens were 
prepared for analysis in the SEM by grinding followed by chemical polishing. In most cases the 
etchónt/chemical polisher used was HN0 3-HF-HCI-H 20-glycerol (see Section 4.4), After photographs had 
been taken of suitable areas of the specimen surface, qualitative analyses of selected points were earned 
out using the microscope's attached EDAX system. (See Section 4.5 for a discussion of this facility.) 

5.4.2 Results 

in almost all instances where precipitates were analysed, they were found to contain tin in amounts 
considerably greater than the amount in the background matrix. Iron and chromium were also found in 
varying amounts in the precipitates. In order to test the possibility that the technique of specimen 
preparation might influence the chemical analysis, several different techniques of specimen preparation 
were attempted (see Section 5.4.3). The qualitative analyses obtained on the SEM at the Nuclear 
Development Corporation (NUCOR- formerly the Atomic Energy Board) are tabulated in Table I. (Zirconium 
is ignored in the table but was always present.) Figures 33 and 34 show typical spectra obtained by this 
method 

Several analyses of the particles were undertaken on the SEIV at the Geological Survey. In this case the 
machine had computet software which enabled a semi-quantitative analysis to be made. The results 
showed that t in produces a substantially stronger signal than the same atomic proportion of iron or 
chromium. This means that although the qual'tative analyses tabulated in fable I record tin as strong', this 
comment applies only to the signal and not to the actual atomic proportion of tin in the sample. 



42 

TABLE I 
CHEMICAL COMPOSITION OF PRECIPITATES AS DETERMINED ON NUCOR EDAX 

HEAT TREATMENT SIZE (fim) EOAX ANALYSIS 

As-cast in arc furnace 0 . 5 - 1 
2 - 5 

Strong Fe only 
Strong Sn. much weaker Fe peak 

As-received tubing 0 , 5 - 1 
1 - 3 

Strong Fe, weaker Cr, even weaker Sn 
Sn, Fe and Ci peaks have approx. equal altitude 

Fully processed strip 0 . 3 - 5 Strong Sn, weaker Fe. weakest Cr, bigger particles give relative
ly more Sn 

Betatize one minute then fast-cool 0,2 - 0.5 
3 - 5 

Weak signals from Fe. Cr and Sn 
Strong Sn. weaker Fe and Cr peaks 

Betatize 10 minutes then fast-cool 0.3 - 0,5 
2 - 3 

Sn, Fe and Cr peaks have apprcx. equal heights 
Sn peak strong, Fe peak about as high 

Betatize five hours then water quench 0,1 - 0,5 Sn the strongest, followed by Fe and then Cr 

Furnace-cooled from beta field + two 
hours in upper alpha field 

1 - 1 . 5 

2 - 1 0 

Some precipitates had only Sn, some had Sn, Fe and Cr with 
peak heights decreasing in that order, some even had Fe 
strongest with Sn weakest 
These contained Sn only or with very weak Fe and Cr 

Betatize. fast-cool + three hours in 
upper alpha 

0 . 7 - 2 

2 - 1 0 

Strong Sn. strong Fe. strong Cr (approx. equal heights) 

Strong Sn. no Fe or Cr 

Furnace-cooled from beta phase 0 . 5 - 1 
2 - 6 

Sn, Fe and Cr with either Sn or Fe the strongest 
Strong Sn, weaker Fe, even weaker Cr 

Anneal in lower two-phase field 1 - 5 
1 - 5 

(intergranular) Sn, Fe. Cr 
(intragranular) Fe and Cr only 

As-received + seven hours in upper 
alpha field 

0 , 5 - 2 

2 - 5 

Equal Fe and Cr peaks with little or no Sn 

Strong Sn, weak Fe or Cr peaks 

Fig. 33. 
XES spectrum of iron-rich particles. 

A3 an example of the accuracy of this method, an analysis of the matrix in a specimen slow-cooled from the 
beta phase provided an average iron content of 0,17 % and an average tin content of 1,27 %. Chromium lay 
below the limit of detection of the instrument. This analysis is very close to the Zircaloy-4 composition of 
1,2 to 1,7 % Sn, 0,18 to 0,24 % Fe and 0,07 to 0,13 % Cr. The explanation for the low chromium may have 
b«en that almost all the chromium is incorporated in the intermetallic precipitates. 
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Fig. 34. 
XES spectrum of Zirca/oy-4 matrix. 

Analyses of the precipitates in the same specimen provided an average iron content of 9,8 %, an average 
chromium content of 5,3 % and a tin content of around 0,5 96. The results are similar to those published by 
Ostberg for precipitates inZircaloy-2 except, of course, that the precipitates in Zircaloy-4 contain no nickel. 
(See Section 2.2.) The chromium content of the Zircaloy-4 precipitates is about 5 % compared to the 0 to 
2 % Cr found by Ostberg. The extra chromium is, no doubt, due to the absence of nickel in Zircaloy-4. The 
amounts of iron and chromium remained relatively constant from precipitate to precipitate including 
analyses of precipitates from a specimen heid in the upper alpha field at 710°C for seven hours. The amount 
of tin in the precipitates varied unpredictably from 0,5 % to nearly 3 %. Ostberg also reported this variation 
although he only found up to 1,5 times the matrix concentration of the tin in the precipitates. In the present 
work the tin was found in the precipitates at levels of between 0,5 and 2,5 times that in the matrix. The iron 
and the chromium are concentrated in the precipitate by factors of about 50 times more than their mean 
levels in the specimen. 

5.4.3 Comparison of various specimen preparation techniques 

Several methods of specimen preparation have been tried in this work in order to establish whether the 
techniques used had any effect on the chemical composition of the precipitates as measured by the EDAX 
system. The first etchant used was 45 H 2 0 : 45 H N 0 3 : 10 HF. This etchant is widely used when preparing 
zirconium specimens for optical micrography. It has the disadvantage that it selectively dissolves the 
precipitate particles if etcning is continued for too long. The chemical analyses obtained from the 
precipitates on the surfaces of specimens prepared with this reagent did not, however, differ in any way 
f iom those obtained with the glycerol-based reagent recommended by Okvist and Kállstróm. This Idtter 
reagent had the advantage that it attacked the particles more slowly than the matrix, leaving the particles 
raised above the surface of the specimen. For this reason, use of this reagent produced the best 
photographs of the specimen structure. The HCI content of the Okvist and Kállstróm reagent might have 
had an effect on the chemical composition of any precipitates and so it was left out of the reagent as an 
experiment. The specimen structure so revealed proved to be less clearly defined than that produced by the 
normal reagent but the chemical composition of the particles was the same. 

A technique whicn has proved popular for optical microscopy of zirconium alloys is anodizing. The method 
of anodizing used in this work is detailed in Section 4.4. The resultant specimen was found to be very 
suitable for viewing under the optical microscope and eliminated the need to use polarized light. Electron 
microscope examination of the specimen revealed the precipitate particles as dark spots against a lighter 
background. Qualitative EDAX analysis of the spots revealed a strong' tin presence once again. Figure 35 
shows a typical area of the specimen, 
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1 100 x (SEM) 
Fig. 35. 

Anodised specimen. 

It was felt that the strong tin signal produced by the particles might have been an artifact introduced by the 
etching process. Two non-chemical specimen preparation techniques, namely mechanical polishing and 
ion etching, were used to test this hypothesis. In the case of mechanical polishing, it was hoped that the 
difference in hardness between the precipitate-rich interlamellar zones and the precipitate-poor 
intralamellar zones would lead to surface relief being developed on the specimen during polishing with 
alumina powder on a soft cloth. This proved to be the case, the lamellae being clearly distinguishable when 
viewed using the Nomaski interference technique in the optical microscope. However, the surface relief so 
produced proved, under the SEM, to have such a low topography that a satisfactory SEM image could not be 
obtained. The precipitates could thus not be analysed in this specimen. 

Ion etching provides another non-chemical way of differentiating the phases present on the surface of a 
specimen. However, the technique wi l l only work if the physical nature of the phases is such that 
evaporation under the ion bombardment occurs substantially more for some of the phases than for the 
others. The Zircaloy specimens were pretreated by mechanical polishing fol lowed by a very light chemical 
polish. Ion etching was undertaken at a voltage of 3 kV and a current of 4 mA in an atmosphere of argon at a 
pressure of 8 x 10 2 Pa. The process was allowed to continue for five hours and then the specimen was 
removed for examination under the SEM. As in the case of mechanical polishing, the surface relief of the 
specimen proved to be too low to produce a satisfactory image. It was therefore also not possible in this 
case to obtain the analysis of a particle. 

Consideration of the foregoing results led to the idea that a polish attack treatment should solve the 
problem of low surface topography while also eliminating any possible deposition of tin from the etchant 
solution on the particles. The polish attack was carried out with a solution of 8 H N 0 3 : 6 HCI: 5 HF : 8 H 2 0 : 
160 glycerol. Prominent characteristics of the topography so revealed were the interlamellar zones which 
corroded less rapidly than the bulk of the specimen. It proved impossible, however, to locate the position of 
any particular precipitate particles and so an EDAX point analysis was not possible. 

Another variation on the specimen preparation theme involved immersion of the specimen in the standard 
HN0 3-HF-HCI-H 20-glycerol reagent for about three minutes. Swabbing of the specimen surface with 
cotton wool was not undertaken. The specimen proved, on examination under the electron microscope, to 
have some deposits or particulate material on 'ts surface (Fig. 36). EDAX analysis of the deposits revealed 
that they possessed the same composition as that of (he precipitates. This matter is taken up again in 
Section 6. 



150 x (SEM) 
Fig. 36. 

Particulate deposits on specimen. 

5.4.4 Work with carbon replicas 

The SEM is usually limited to meaningful magnifications of up to 5 000 times. No increase in infotmation is 
obtained when greater magnifications are used unless the specimen, microscope and operator are each in 
outstanding condition. In order to overcome this limitation it was decided to produce carbon replicas of the 
chemically polished specimen surface. The actual specimen chosen for this work was an as-cast button 
produced in the Beehive Arc Furnace. The surface was ground in the normal way and then lightly chemically 
polished so as to remove the striations induced by the grinding. This specimen was next coated with a thin 
fi lm of a proprietar/ compound known as 'Victawet' by evaporating a few crystals of the 'Victawet' in a 
nearby resistance-heated tantalum holder. The 'Victawet' is extremely deliquescent and enables the carbon 
film deposited on it to be removed with the aid of water. 

After this process had been completed, a large current was accidentally allowed to flow through the 
tantalum holder. The holder promptly melted and, it was discovered later, microscopic quantities of 
tantalum were deposited on the specimen surface. Finally, the carbon film itself was deposited by a nearby 
carbon-to-carbon electric are which was allowed to burn for four seconds. The carbon fi lm was separated 
from the substrate by carefully sliding the specimen into a beaker of clean water and allowing the 'Victawet' 
to dissolve. The carbon fi lm floated off easily provided that it was not too thick. The film was next transferred 
to a fine copper mesh specimen holder, at which stage it w?s ready for the transmission electron 
microscope. 

Typical areas of the carbon replicas are shown in Figs. 19 to 22. The replica surface should have been very 
smooth except for precipitates and grain and sub-grain boundaries, but it can be seen that there is a general 
graininess present. It is believed that this was due to the inadvertent incorporation of tantalum into the 
replica. This was confirmed when an SEM EDAX analysis of parts of the film showed a strong tantalum 
signal. 

Besides revealing the fine structure of the interlamellar zones, the carbon replica also included numerous 
particles that had been extracted from the specimen (Fig. 20). Unfortunately these proved to be too thick for 
penetration by the electron beam of the TEM and so an electron diffraction determination of their structure 
was not possible. The particles were examined in the SEM, however, and they proved to be rich in tin, wi ih a 
little zirconium and only traces of iron (Fig. 37). Note the tantalum contamination caused during sample 
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Fig. 37. 
XES spectrum of particle extracted on carbon film. 

preparation. The strong copper peak came from the copper specimen holder, whereas the tantalum came 
from the specimen preparation as explained previously. 

5.4.5 Use of the electron microprobe 

While the SEM's EDAX facility is able to provide a qualitative or even semi-quantitative analysis of a 
precipitate particle, the electron microprobe is the instrument reputedly best able to produce an accurate 
chemical analysis of a small area. With this view in mind, some time was spent -with the electron 
microprobe facility at the Geological Survey. It was unfortunately found that the instrument at the latter 
institute could not be sufficiently accurately positioned on any particular precipitate. The positioning itself 
was performed wi th the aid of a low-power optical eyepiece wi th cross hairs. The cross hairs themselves 
appeared to be thicker than the precipitate particles. Several analyses were attempted in the hope of 
striking at least one precipitate but to no avail. 

5.4.6 Auger spectroscopy 

Auger electron spectroscopy is a modern technique cf surface analysis which was first successfully applied 
in 1968. In this technique an incident beam of electrons or X-rays is allowed to fall on the area of interest. 
Some of the incident electrons or X-rays will ionize core-le>'el electrons in the atoms of the sample. The 
vacancy created by the promotion of a core-level electron to a higher-energy state is immediately filled by 
anothar electron from the atom and this transition must release energy. The energy cart be released either 
as an X-ray of characteristic energy or it can be transferred to another electron in the atom which is 
consequently ejected. This ejected electron is known as the Auger electron and can be detected by a 
suitable detector. The energy earned by the Auger electron depends characteristically on the atom from 
which it originated and also, to some extent, on the nature of the chemical bends surrounding the pa rent 
atom. Since at least two energy states and three electrons must take part in the Auger process, it is clear 
that neither hydrogen nor helium atoms can be detected by this technique The Auger electron itself 13 no ' 
able to penetrate more than about 2 0 Angstrom of the sample and so the technique is of value for surface 
analysis only. By including an inert gas ion-etching device in the Auger spectrometer, it is possible to 
continuously etch away the surface and thus obtain a concentration profile reaching from the surface of the 
specimen into its interior. 

For the work in this dissertation, the surface composition w=ts measured on samples which r ,1 been 
ground and chemically polished in the same way as those for the SEM. The surface was analyst •••: two 
conditions, namely after a short argon ion etching and durinq a prolonged argon ion etching. The p.. ,iose of 
the argon ion etching was to remove any surfacr contaminants which might have cóused erroneous results 
in the analysis. The results showed firstly that the surface was heavily contaminated with the elen.wnts 
oxygen, nitrogen and carbon. These were present in amounts of 12 %, 9 % and 7 % respectively on 
precipitate particles after the light ion etch. (As in the rest of the dissertation, all percentages are >n mass % 
unless otherwise noted.) After a period of prolonged argon ion mil l ing, the levels of 0 , N andC had dropped 
to 4 %, 1,5 % and 1,5 % respectively o:i the particles 



4 7 

The levels of 0, N and C in the matrix dropped from 19 %, 7,5 % and 6 % to 0.5 %. 1 % and 1 % respectively 
for the two surface conditions analysed. Some potassium contamination (0.5 %) was found on the surface 
after the l ight argon ion etch but this disappeared during the prolonged etching. Argon contamination 
remained constant at 0.25 %. 

Iron and chromium were found in the precipitate particles to the level of 2 % and 1 % respectively but could 
not be detected in the matrix. The iron and chromium levels were the same for both the lightly etched and 
the prolonged etch surfaces. Tin was present to 6 % in the precipitates but only to about 1.2 % in the matrix. 
The latter is of course the normal t in level in Zircaloy and partially confirms the accuracy of the technique. 
The results from this technique are further discussed in Section 6. 

Auger spectroscopy is also able to provide some indication of the chemical environment of a given element 
and in this case it was found that the carbon produced a characteristic carbide peak. Since the carbon was 
approximately equally abundant on both precipitates and matrix, it must be presumed that what had been 
observed was not actually microscopic-sized zirconium carbide precipitates but rather sub-microscopic 
zirconium carbide-type bonding between carbon-containing contaminants and the specimen. 

5.5 Corrosion Testing 

5.5.1 Introduction 

In Section 3 the differences in corrosion rate and mechanism for Zircaloy exposed to high-pressure, high-
temperature water on the one hand and high-pressure, high-temperature steam on the other, have been 
discussed. Reviewing briefly, it was found that corrosion in liquid water was controlled by the rate of 
diffusion of oxygen through the oxide fi lm, whereas corrosion in high-temperature, high-pressure steam 
was controlled by electron conduction through the sites of intermetallic particles. The effect of heat 
treatment on the corrosion rate of Zircaloy is very closely linked to which of the two mechanisms is 
operative. It has been found that heat treatment has only a slight effect on the corrosion rate in high-
temperature water but has a potent effect on corrosion in high-temperature steam. Corrosion tests in both 
environments were carried out for this project and the results confirmed the expected difference in 
behaviour. 

5.5.2 High-temperature, high-pressure water 

Four lengths of tube were prepared for this experiment by heat treating in the vacuum annealing furnace. 
The heat treatments are shown in Table II. After being heat-treated, the tubes were degreased and then 
chemically etched in a bath of 3 % HF, 40 % H N 0 3 , balance water. This composition of chemical bath was 
chosen so as to correspond as closely as possible wi th the industrial method of chemically etching Zircaloy. 
In industry, the freshly etched Zircaloy is then immediately plunged into a stop bath' containing 15 % 
aluminium nitrate in 1 normal nitric acid. The function of the 'stop bath' is to stop the etch reaction and also 
to dissolve anv fluorides which may have formed on the surface during or immediately after, etching. It has 
been shown [81 ] that surface fluorides have a very disadvantageous effect on corrosion performance in the 
autoclave. An aluminium nitrate stop bath was also used in this case. Note, however, that while the 
industrial tube is etched at various intermediate siages during the manufacturing process, the final 
chemical treatment is y degreasa only. 

The autoclave test itself was carried out at 350 °C, 10 MPa for 14 d. Table II 3hows the corrosion rates 
measured. 

TABLE I I 
H I G H - T E M P E R A T U R E , H I G H PRESSURE W A T E R 

SPECIMEN 

1 
HEAT TREATMENT 

0 
1 
2 
3 
4 

as received, s.andatd tubing 
1 020 °C for 1 mm. fast cool 
1 06O°C '.or 5 min, fast cool 
Furnace ccol from 1 0 r>0 ' C 
950 °C for 80 mm, fast cool 

CORROSION RATE 
mg/dm 2 /24 h 

1,20 
1,29 
1,29 
1,16 
1,27 
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5.5.3 High-temperature, high-pressure steam 

Specimen preparation for this test was very similar to that for the high-temperature water test. This 
corrosion experiment was carried out at 410 "C, 10 MPa for 14 d. It can be seen from Table III that the 
various heat treatments produced quite considerable changes in the corrosion properties of the tubes. The 
standard ASTM high-temperature steam test [82] is actually carried out at 400 C and the normal maximum 
corrosion rate permitted is 2,7 mg/dm 2 /day. It can be seen that that fast-cooled specimens and. 
surprisingly, the upper two-phase annealed specimens, are within the corrosion limit even although the 
test that provided these data was at a temperature 10 C greater than that permitted in the standard ASTM 
te.it. The as-received tube has a relatively high corrosion rate but it is not possible to say whether this 
corrosion rate would have been less than 2.7 mg /dm 2 / d at 400 °C or not. 

TABLE I I I 
H I G H - T E M P E R A T U R E . H I G H - P R E S S U R E S T E A M 

SPECIMEN HEAT TREATMENT CORROSION RATE 
mg/dm 2 / 24 h 

0 
1 
2 
3 
4 

as received, standard tubing 
1 01 5 °C for 1 min, fast cool 
1 060 °C for 5 min, fast cool 
Fjrnace cool from 1 050 °C 
935 °C for 4 0 min 

4.92 
2.38 
2.71 
8.75 
2.39 

The dramatic difference in appearence b- tween the tube which underwent accelerated corrosion and that 
which did not is shown in Fi«j. 37. A close-up view cf the oxide pustules on the furnace-coded specimen is 
shown in Fig. 38. 

I 100 » (SEM) 
Fig 38. 

Oxide pustules on corroded tube. 

6. DISCUSSION OF RESULTS 

6.1 Microstructures Observed 
6.1.1 The microstructure of the as-cast button 

The small pool of liquid Zircaloy-4 in the Beehive Arc Furnace solidified by the nucleation and upward 
growth of dendrites from the chilled copper/melt interface. The dendritic nature oi xhp. solidrf'cation 
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process can be seen in the SEM photograph of the melt surface in Fig. 14. The interdendritic shrinkage 
cavities found in the as-cast buttons have not been reported or referred to in any of the papers reviewed in 
the course of the present work and so. if they actually occur on the full-size ingots, then they are probably 
not deleterious. The cavities presumably would close up when the Zircaloy was forged or extruded. The 
surface relief caused by the shear nature of the p* -* a Widmanstitten transformation is visible on the 
surface of the dendrites in Fig. 17. It is of interest to note that surface relief manifestations are often 
regarded as a diagnostic feature of martensitic reactions but strictly speaking, this is not true. Surface relief 
effects attend many non-martensitic solid-state reactions including the Widmanstátten-type. diffusion-
controlled nucieation and growth reaction. See Clark and Wayman [83] for a discussion of this point. 

The beta grain size of the as-cast button is relatively large (diameters of 4 to 6 mm), especially considering 
the rapid cooling rate (from 1 800 °C to less than 700 °C in about 15 s). undergone by the specimen after 
the arc was removed. The large grain size indicates a lack of suitable grain nucleants in the liquid metal. 
There are. however, three refractory zirconium compounds which are solid at the solidification temperature 
of zirconium (1 863 °C). It might have been expected that these solid compounds would have exerted a 
grain-refining effect on the solidification process if they had. in fact, been present. The compounds are ZrC 
with a melting point of 3 420 °C. ZrN with a melting point of 2 960 "C and Zr 3Sn 2 with a melting point of 
1 985 °C [8] Since the carbon content of the Zircaloy button was over 200 ppm and the nitrogen content 
was over 100 ppm. and since carbon and nitrogen allegedly [8] have a negligible solubility in solid or liquid 
zirconium, the presence of solid ZrC and ZrN in the melt was expected. The coarse beta grain size actually 
observed suggests either that these impurities were dissolved in the liquid zirconium or that, although 
present, they were ineffective beta grain nucleants. 

Due to the relatively refractory nature of Zr 3S'i 2. it might be expected that if any of this phase had formed as a 
result of inhomogeneities in the arc melting conditions, then the solid Zr 3Sn 2 may have become frozen into 
the solidifying Zircaloy. A patent already referred to [34] dealt with the elimination of 'tin-rich segregates' 
formed in this way. As seen in Section 5.4, particles containing tin in amounts up to twice that of the matrix 
were plentiful in the material studied here. 

A factor seemingly at variance with the presumed lack of refractory beta grain nucleants is the well-
developed basketweave structure of the alpha phase nucleated when the temperature of the cooling button 
fell from 975 °C to below 800 °C (Fig. 15). As mentioned previously in Section 2.3. the presence of the 
basketweave alpha structure was said by both Holt [38] and Okvist and Kalistrom [37] to indicate a plentiful 
supply of second-phase particles on which the alpha could nucleate. The only sources for any such 
precipitates in as-cast Zircaloy cooling for the first time from the beta phase are either refractory 
compounds previously, present in the melt or perhaps precipitates nucleated during cooling through the 
beta phase for the first time. It has already been noted that there are at least three candidate compounds for 
the first possibility. Of these compounds the only ones likely to precipitate out of the cooling beta phase are 
of the ZrC/ZrN type since tin has a high solubility in the beta phase. As seen in Section 5.4.6 Auger 
spectroscopy did reveal a carbide signal from these Zircaloy specimens but the spatial location of any 
c ~udes could not be determined by the instrument due to their small size. The possibility also exists that 
the entire carbon content of the specimens as measured in the Auger spectrometer was in fact due to 
contamination of the surface of the specimen by hydrocarbons. As mentioned in Section 5.3.1. a i unusual 
cellular structure was observed on carbon replicas studied under the TEM Woo ind Kangn [15] also 
observed these structures and they declared them to be arrays of alpha lamellae seen edge on. The smallest 
dimension of such a rectangular structure will be approximately equal to the width of such a lamellae. In the 
case at hand, the alpha lamellae are at least 3 pm thick when measured by this method. The identity of the 
precipitate responsible for nuc,eating the basketweave alpha phase will be discussed again in Section 6.2. 

6.1.2 The cold-worked and annealed specimen* 

There were two major types of cold-worked and annealed material studied in this work. The first was the 
commercially available Zircaloy-4 tubing and the other was the laboratory-cast and cold-rolled material. 
From Section 5 4.2 it can be seen that there appeared to be no difference in the chemical composition of 
the precipitates present in both materials but there was, as has been seen, s substantial difference in the 
microstructure. 

In the as-received tubing there were no 'stringers' of precipitates and the precipitates were randomly 
distributed through the matrix. In the laboratory-produced strip, however, the microstructure was 
dominated by long lines of precipitate particles (Fig. 24 and 25). The drd.-natic difference in precipitate 
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distribution between the two materials may be attributed to the much greater amount of hot and cold 
deformation perforrred on the commercial tube, "i he original wall thickness of the commercial Zircaloy-2 
iubesheii was Í45 mm, whereas the final wall thickness of the tube is less than 1 mm. Such severe 
deformation completely destroyed tha lamellar structure formed when the start ingot was originally water-
quenched after a beta anneal. The Zircaloy strip produced in the laboratory, on the other hand, was only 
reduced from 5 mm thickness to about 2 mm. In this case the precipitates bounding the a'pha lamellae 
formed when the Zircaloy was originally cast, have been aligned in the long, almost parallel structures so 
aptly named 'stringers'. Some of the precipitates in many of the specimens seemed to be over 3 /im in size. 
Unfortunately, it proved difficult, even under the electron microscope, to ascertain whether these 
apparently large precipitates were not merely an agglomerate of several smaller particles. One observation 
made on nearly all the specimens (see Table I) was that the larger precipitates invariably proved to be 
overwhelmingly tin-rich, whereas the smaller precipitates gave relatively stronger iron and chromium 
signals. These two different types of precipitates will be further discussed in Section 6.2. 

6.1.3 Microstructures formed by coding rapidly from the beta phase 

A number of specimens were rapidly cooled from temperatures in the beta field ranging from 990 °C up to 
1 100 °C. The temperature drop typically took place at a rate of 20 °C/s down to about 700 °C. The 
temperature drop thereafter was somewhat slower. Although this is a relatively rapid cooling rate and well 
in excess of the 1 °C/s minimum recommended cooling rate for Zircaloy afte* /{-annealing (See 
Section 3.2). it is considerably slower than the 1 000 °C/s required to produce a -martensite. The structure 
produced was in fact that of 'basketweave' alpha Widmanstatten lamellae with an apparent plate width of 
about 7 fim. Careful study, under polarized Hght, of the 'basketweave' alpha formed within the prior beta 
grains, revealed that the myriad of interwoven lamellae represented only three of four orientations of the 
alpha lattice. There are two teasons why this is so. Firstly, there is a close relationship between the 
orientation of the Widmanstitten alpha plates and that of the parent beta lattice. Holt [38] reports that the 
alpha nucleus in this reaction is typically a flat plate with its (1 0 1 0)a faces precipitating on the (112)p 
habit. This crystallographic relationship limits the number of permissible alpha orientations within a given 
prior beta grain to twelve possible orientations. Secondly, only some of these orientations will, in fact, 
nucleate in a given beta grain and those that do will rapidly grow to fill the grain. The prior beta grain 
boundaries are usually easily recognizeable as lines of mismatch between adjacent families of alpha 
lamellae (Fig. 26). 

According to Woo and Kangri (15], increasing the rate of cooling from the beta field leads to the mean plate 
width of the alpha lamellae decreasing. For example, the mean plate width was 5 / im at a 100 °C/s cooling 
rate, whereas at rates greater than 1 000 °C/s the plate width was only 1 fim. The decreased plate width at 
the higher cooling rates is explained primarily by the greater undercooling experienced by the rapidly 
cooled specimens. This in turn leads to the transformation reaction taking place at a lower temperature with 
a lower attendant rate of diffusion and a greater rate of alpha plate nucleation. These two factors lead to a 
finer alpha structure. 

However, the structure of specimens cooled rapidly from the beta phase was not only determined by the 
cooling rate. Conditions of treatment in the beta field itself also played a significant role in determining the 
microstructure. It was found in this work that the beta grain size grows rapidly in the beta field, up to a 
limiting diameter of about twice the wall thickness of the tubular specimens. From Figs. 26 and 2 / it can be 
seen that four minutes at 1 060 °C has led to a 35 % increase over the grain size produced by one minute at 
1 020 °C from about 200 fim diameter to about 270 (im diameter. This relatively rapid grain growth is of 
importance industrially, particularly when Zircaloy is soaked for some hours at 1 000 °C. While a lengthy 
beta heat treatment has the undesirable effect of leading to a large beta grain size, it a'so ensures a mort 
complete dissolution of those second-phase particles which are soluble in the beta phase. For example, as 
discussed in Section 2.3, Holt (411 found that a three minute heat treatment at 1 000 °C was insufficient to 
dissolve all of the precipitates. However, even after 90 min at 1 050 3C. some undissolved precipitates may 
still remain. 

While the usual industrial practice is to soak the Zircaloy ingot at the betatizing temperature for an hour or 
so, at least one manufacturer has seemingly introduced rapid induction heating of the ingot. In the latter 
case, the ingot remains within the beta field for only a few minutes before being water-quenched. It is 
expected that an ingot heated for only a short time in the beta field would be far more likely to form 
'basketweave' alpha than an ingot of identical composition which was heated for some hours in the beta 
field. 
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Reference to Fig. 28 shows that even when a specimen is water-quenched from the beta field, some 
precipitates will be subsequently present in the a'-martensite matrix. While it is true that Holt has found 
that short beta anneals may not result in all of the precipitate dissolving, the five-hour anneal utilized here 
should have dissolved any precipitates which were capable of being dissolved. The precipitates are also 
distributed in an interlamellar fashion and so could only have been formed during the formation of the alpha 
lamellae^-The individual precipitate particles in this case are about 0,5 /im in size. The formation of what 
^mounts to a relatively large precipitate during water-quenching might cause surprise since the time 
available during the cooling cycle is to short to allow leisurely diffusion to take place. 

It is possible, however, to estimate from theory what the interparticle distance between precipitate 
particles should be. For example, following on from Fick's Second Law of Diffusion, the diffusion distance, 
x, possible in time t, is approximately 

x = 2 v D.t 

where D is the diffusion coefficient [84]. 

Since the time of quench is less than one second and the diffusion coefficient of chromium at the 
temperature of precipitation (about 820 °C, see Section 2) is 3 x 10 1 3 cm 2/s [85], then the expected 
interparticle distance is 

d = 2.x = 4 V D.t = 4 v D.1 (1 second) 

= 0,02 fim 

This distance is substantially smaller than the approximately 1 fim actually observed. The discrepancy can 
be partially resolved, however, if we consider that the diffusion coefficient, due to the abundance of 
quenched-in vacancies retained from the beta-annealing temperature [86], was much bigger than 3 x 10 1 3 

cm2/s. In fact, the diffusion coefficient was probably closer in value to that pertaining at 1 000 °C, namely 
1 x 1 0 1 0 cm 2/s. In this case the average interparticle spacing becomes 0.4 jtim, which is somewhat closer 
to that which is actually observed. The precipitate formed when Zircaloy is cooled from the beta to the alpha 
phase is generally acknowledged to be formed by a eutectoid reaction [87], but the morphology of the 
eutectoid is somewhat unusual in that it consists of approximately spherical intermetallic particles buried in 
a matrix of alpha phase. This would suggest that surface energy considerations played a minor role in the 
precipitation reaction. 

6.1.4 Structures produced by other heat treatments 

The specimens which had been furnace-cooled from the beta phase, possessed a structure ccntaining 
coarse elongated alpha grains. The cooling rate was about 5 °C/min, which allowed ample opportunity for 
diffusion of alloying elements to occur. The structure contained precipitates which were somewhat coarser 
than those produced in specimens rapidly cooled from the beta phase (1 to 10 |tm compared to 0,1 to 0,5 /xm). 
The coarse alpha grains and the relatively coarse particles are the result of two independent processes 
which occurred during the cooling process. The slow cooling led to almost no undercooling occurring 
during the phase transformation. The nucieation rate of both alpha and precipitate was thus low, and 
secondly, those that did form had adequate time to coarsen substantially. 

The possibility has been raised [16] that the precipitate formed by cooling rapidly from the beta field might 
differ in composition from that formed under conditions closer to equilibrium. Such a difference might be as 
a result of the elements comprising the precipitate particle having significantly different diffusivities. The 
elements with the higher diffusion coefficients would be somewhat ennc'.ied in precipitates formed by 
rapid cooling provided, of course, that the chemical affinity of any competing elements was similar. 
Reference to Table I in Section 5.3 shows that if any such differences do occur, then they must be at a level 
which the qualitative and semi-quantitative analyses carried out for this work were unable to show. Even 
precipitate particles which had been subjected to a seven-hour anneal at about 700 °C provided the same 
qualitative analyses as the beta-quenched specimens. 

The conclusion which can be drawn from the proceeding discussion is that the precipitates produced when 
Zircaloy is rapidly cooled from the beta phase are the same equilibrium or quasi-equilibrium precipitates as 
those in commercial-quality Zircaloy tubing. The type of heat treatment thus does not appear to have an 
effect on the composition and type of precipitates but only on their size and distribution. It is also possible, 
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of course, that the Zr-Fe-Cr and the Zr-Sn precipitates found are only metastable in the sense that 
prolonged high-temperature anneals (say for periods of greater than 10 000 h) may lead to an even more 
stable precipitate forming. However, there has been no indication, in any of the literature reviewed for this 
dissertation, that prolonged heat treatments at reactor operating conditions (about 350 °C) lead to any 
precipitate composition or structure changes. 

It has been mentioned in Section 2.1 that precipitates form in Zircaloy when it is cooled below about 
850 °C. The structure of specimens annealed at temperatures between this and the top of th'e two-phase 
field was investigated by the two heat treatments described in Sections 5.3.8 and 5.3.3. In the first case, an 
anneal at 940 °C produced a structure of alpha grains immersed in a matrix of beta. When this structure was 
rapidly cooled, the beta phase decomposed to Widmanstatten alpha plus precipitates. The composition of 
these precipitates appeared identical to the precipitates found in specimens subjected to other heat 
treatments. An anneal in the lower part of the two-phase 'eld produced a structure consisting chiefly of 
alpha grains but with each alpha grain surrounded by a thin envelope of beta. On being cooled, this grain 
boundary envelope of beta transformed to alpha plus precipitates. The precipitates observed in specimens 
which have been annealed between 860 °C and 975 °C therefore result from the fast cooling operation and 
they most definitely did not exist while the anneal was taking place. 

A patent already referred to [34] mentioned the existence of tin-rich 'segregates' formed as a result of 
inhomogeneities in the mei*>ng process. Since tin-rich precipitates were common in all of the material 
studied, the heat treatment suggested by the patent as a means to eliminate tin-rich precipitates was 
attempted. (See Section 5.3.4.) The resulting microstructure consisted of relatively fine alpha lamellae with 
a fine interlamellar precipitate. The interlamellar morphology of the precipitate demonstrates, as discussed 
in Section 6.1.3, that it formed during quenching. The precipitates themselves, however, proved to be just 
as tin-rich as in any of the other specimens. 

6.1.5 The Nature of the Precipitates 

The results obtained in this study indicate that in addition to the well-known Zr„Fe5Cr2 precipitate, there 
appears to be a second precipitate which is not only larger in size but also appreciably tin-rich. The normal' 
Zr„FesCr2 precipitates had sizes of less than 1 /im, whereas the tin-containing precipitates were between 1 
and 5 ju,m in diameter. These larger precipitates often contained some iron and chromium in addition to the 
tin. The zirconium content of these precipitates could not be determined, however, due to the 
overwhelming zirconium signal from the surrounding matrix. The finding of a second, larger type of 
precipitate in Zircaloy is in agreement with the findings of Holt [38], Okvist and Kallstrom [37] and 
Cubiciotti et al [77]. Holt identified this type of precipitate as a phosphide, whereas Okvist and Kallstrom 
identified these particles as carbides. Cubiciotti noted that in addition to the normal second-phase 
particles, there were also large ( 1 - 5 /urn) particles containing tin, iron, chromium and oxygen. The method 
used by Holt involved dissolving the matrix in a solution of 10 % bromine in methyl acetate. Of trie fifty 
diffraction patterns obtained, six were identifiable as phosphides whereas the remainder could not be 
matched to any known phase. The phosphorus content of commercial Zircaloy is furthermore exceedingly 
low (< 5 ppm), and so only a small proportion of the precipitates could be phosphides in any case. 
Recognizing this, Holt concluded his paper by surmising that the unidentified precipitates were probably 
zirconium carbonitrides. Okvist and Kallstrom did not find any phosphides but instead proved by X-ray 
diffraction and the electron microprobe that some of the particles were zirconium carbide. Curiously, 
neither group of workers reported the result of any SEM EDAX analysis of the particles. It remains possible, 
iherefore, that the particles they investigated contained substantial amounts of tin. In the work performed 
for this dissertation, the Zircaloy used had a carbon content of 200 ppm. (The Zircaloy used by Holt has a 
carbon content of 60 to 150 ppm whereas that used by Okvist and Kallstrom had a carbon content of 50 to 
140 ppm.) Since carbon is regarded as having a very low solubility in alpha zirconium, it is reasonable to 
assume that carbide precipitates must exist. The identification of such carbides is oddly lacking in several 
recent papers [20,21,22,24] which investigated the precipitates present in Zircaloy. The experimental 
technique described for these papers is characterized by the preparation of thin films of Zircaloy for TEM 
observation. It seems very likely that the large ( 1 - 5 /xm) tin-containing precipitates have physical and 
chemical properties such that thin (0,1 fim) films could not be prepared which contained them. It is thus not 
surprising that the workers who studied this problem with the use of a transmission electron microscope 
did not report finding the tin/carbon precipitate. As far as the precipitate itself is concerned, it seems most 
likely that the Zr2SnC,.x phase reported by Jeitschko et al [32] is the most likely candidate. The low 
solubility of tin in alpha zirconium at low temperatures, as reported by Speich and Kulin [29], is a further 
piece of evidence indicating that a tin-containing phase must precipitate at these temperatures. 
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Although the tin/carbon precipitate can be pinpointed or. the surface of a specimen by means of EOAX 
analysis, a structure determination of the particles is not easily achieved- If the particles had been much 
smaller, say less than 0.3 j&m. then they would have beer, transparent to electrons srtd the structure could 
have been determined by electron diffraction analysis in the TEM. The usual way to determine the structure 
of larger particles is to collect at least 100 mg of particles together and then to subject The powder to X-ray 
diffraction analysis. An attempt was made in this study to isolate the particles from the matrix. Holt's 
reagent consisting of bromine in methyl acetate was tried but with no success. More success was obtained 
by immersing the specimens in the standard HF-HN0 3-glycerol reagent used throughout this tnesis. It was 
reasoned that since the t in-r i rh particles are more slowly attacked by the polishing solutions and if the 
treatment is carried out without any swabbing of the surface, then a layer of relatively Icose precipitates 
should remain on the surface of the specimen. As mentioned in Section 5.4.3. this was found to be the case. 
EDAX analysis of the particles confirmed that they had the same composit ion as the in situ tin-rich 
precipitates- It was hoped that the act of completely dissolving the matrix in the cliemical reagent would 
release sufficient precipitate particles to enable X-ray diffraction studies to be undertaken. This proved not 
to be the case, however, since the particles themselves were also dissolved by the reagent although at a 
lesser rate than the matrix. 

6 .3 Corrosion of Zircatoy 

6.3.1 Corrosion tasting in the autoclave 

The high-temperature water test described in Section 5.5.2 confirmed the findings of recent researchers 
(outlined in Section 3.6) in so far as heat treatment was not found to have a measurable effect c.n the rate of 
corrosion in the 14-day water corrosion test. 

The results from the high-temperature steam test described in Section 5.5.3 concurred with the widely held 
belief that heat treatment can have a major effect on rate of corrosion in high-temperature steam 
environments. In addition, the high-temperature steam test confirmed the recently published discovery 
that quenching from the two-phase field is just as beneficial as quer rh ing from the beta field itself. It 
appeared as if prolonged annealing in the beta ' ield slightly reduced the high-temperature steam corrosion 
resistance after quenching. In particular, a one,-minute anneal at 1 0 1 5 ° C led to a corrosion rate of 
2.4 mg/dm 2 / 24 h. whereas five minutes at 1 060 °C led to the corrosion rate in a similar specimen 
increasing to 2,7 mg /dm 2 / 24 h. The increased corrosion rate may be due to the increased beta grain size 
accompanyi ng the longer, hotter anneal. The specimen quenched from the two-phase field had a corrosion 
rate of 2,4 mg /dm 2 / d . The furnace-cooled specimen had the coarsest microstructure and, as expected, had 
the relatively high corrosion rate of 8.8 mg/dm 2 /d . The as-received tube had the intermediate corrosion 
rate of 5 m g / d m 2 / d as has been predicted by various workers (17,71]. 

The above results confirm that the optimum corrosion resistance is obtained by a quench from either the 
alpha-plus-beta or the beta field. A recently published patent which deals wi th this subject (68) notes that 
either heat treatment is equally effective in en^ ring a low corrosion rate, provided that any heat treatment 
in the two-phase field is performed above 870 C. The significance of this temperature is that below it. 
some Zr,Fe sCr 2 precipitates might not have su"icient time to dissolve in the matrix. This would result in 
some large scattered particles being present in the quenched material. The reason why such a siate of 
affairs is undesirable wi l l be discussed in Section 6.3.3. 

6.3.2 Effect of heat treating in the two-phase f ield 

There is a wide.y held belief that any kind of thermomechanical treatment of Zircaloy which takes place in 
the two-phase, alpha-plus-beta field (i.e. between 810 °C and 975 °C) is harmful to the corrosion 
resistance of the alloy. This viewpoint was discussed in Section 3.4. However, the most recent work on the 
subject [60,66,67,68] has shown that a quench from the alpha-plus-beta field confers a similar corrosion 
resistance enhancement on the Zircaloy as a quench from the beta field. The quench from the two-phase 
field, however, takes place at a lower temperature and so not only uses less energy for heating the heat-
treatment furnaces but also uses potentially cheaper furnace equipment. The metallurgical advantages of 
such a process include the fact that less oxidation of the material wi l l take place during heat treatment and 
that grain growth wil l be less severe. 

The accelerated pustular corrosion observed on Zircaloy specimens which have been slow-cooled from the 
beta phase (Fig. 39} is normally only an in-service problem in boiling water reactors (BWRs) but 
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2.7 x (OPTICAL) 
Fig. 39. 

Effect of heat treatment on corrosion in high-temperature steam. 

nevertheless it is desirable that even Zircaloy destined for pressurized water reactors (PWRs) should be free 
of this potential weakness. A US Patent [68] recommends a heat treatment consisting of a 3 to 30-second 
anneal at 870 °C followed by a fast cool at a minimum cooling rate of 20 °C/s to room temperature. If the 
quench rate should rise above 400 °C/s (as for example in water quenching) then the beta phase will 
transform to a'-martensite instead of the desired lamellar-alpha plus precipitate structure. According to the 
patent of Williams et al [68], a martensitic structure does not have the same excellent corrosion resistance 
as the Widmanstátten alpha structure. 

Cooling from the two-phase field at less than 20 °C/s results in coarse precipitates and a material with 
inferior corrosion resistance. According to Williams et al, however, if as little as 1 % of the precipitate is 
present on the grain boundaries, then adequate corrosion resistance will be obtained. It is clear, however, 
that if too much of the precipitate is present on the grain boundaries, as for example in specimens furnace-
cooled from the beta phase (Fig. 29), then poor corrosion resistance will result in high-temperature steam. 
The patent of Williams et al does not agree well with the generally accepted fact that some time is required 
in order to dissolve the intermetallic precipitates. For example, whereas some workers speak of several 
minutes at 1 000 °C being too short to dissolve all of the precipitates, Williams et al recommend several 
seconds only s: the relatively low temperature of 870 °C. It is thus clear that th? heat treatment 
recommended in the patent will lead to only a small fraction of the intermetallic precipitates being 
dissolved and subsequently reprecipitated on the lamellar boundaries. 

The good corrosion resistance produced by beta quenching the starting ingots in the Zircaloy tube-
manufacturing process is considerably lowered by the various subsequent annealing stages to which the 
materidl is subjected [60]. As mentioned in Section 3, however, it is not possible to beta-quench tightly 
toleranced components due to the considerable dimensional distortion accompanying the process. A beta 
or an alpha-plus-beta field quench is possible, on the other hand, for the channel and sheet Zircaloy 
sections used in the core of a BWR [68]. 

6.3.3 The mechanism of corrosion 

Any proposed model for the corrosion of Zircaloy must be able to explain the effect of heat treatment on the 
corrosion resistance. As has been seen in Section 3, the corrosion rate of Zircaloy in high-temperature, 
high-pressure steam is intimately bound to the nature of the precipitate morphology. Although the earliest 
workers [4] had thought that quenching from the beta field led to a suppression of precipitate formation, it is 
now believed that this does not occur for normal quenching rates nor is it, in fact, desirable [68] from the 
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corrosion point of view. The optimum structure for corrosion resistance is one consisting of fine alpha 
lamellae with a copious, fine-grain boundary precipitate. According to one school of thought, impaired 
corrosion resistance occurs when large p recipitate particles are present [67]. In this case the oxide 
corrosion pustule is thought to nucleate on such a precipitate. The other school of thought [1 7] holds that 
the enhanced corrosion begins at a position on an alpha grain surface which is situated at too great a 
distance from the clectricall',' protective influence of the precipitates. As mentioned in Section 3, 
precipitates are believed to protect by virtue of their lowering of the potentia. difference across the oxide 
fi lm. The second school is the more extensively supported by experimental evidence [73] and thus seems at 
this» stage, tc be the more likely. 

In terms of the above model, the deformation of Zircaloy in the two-phase field as such is not undesirable, ' 
but the slow cooling from 860 °C which invariably follows such deformation certainly is, leading, as it does, 
to coarse alpha grains and coarse precipitates. 

The effect of precipitate morphology on the ete-trical characteristics of the f i lm and hence on the corrosion 
resistance is sufficient to explain th .- effect of heat treatment on the rate of corrosion of specimens held in 
high-temperature, high-pressure steam. For example, well-annealed, highly processed Zircaloy possesses 
rounded precipitates which are randomly distributed through the volume of the grain. Such precipitates 
become electrically isolated as the oxide film thickens. A fine intergranular distribution of precipitates wil l 
always remain conducting, however, due to the very short distance between individual precipitates in the 
three-dimensional network. Such a structure, as is produced by a quench from the beta field, possesses 
excellent corrosion resistance. On the other hand, a specimen which has been slow-cooled from the beta 
phase possesses very coarse alpha grains in addition to a coarse intergranular distribution of precipitates. 
The central portion of the exposed surfaces of such alpha grains are far froir the electrical influence of tne 
conducting precipitate p. nicies. These regions, therefore, are subjected to a considerable potential 
difference between metal and environment which leads in turn to a rapid breakdown of the protective oxide 
fi lm. 

The rate-controlling step in high-temperature, high-pressu.e water corrosion is the diffusion of oxygen 
through the oxide f i lm. This process is regulated by the thickness and integrity of the oxide fi lm and thus 
cannot be directly influenced by heat treatment. 

6.3.4 Stress corrosion cracking 

It was mentioned in Section 3.7 that there are several parameters which have a strong effect on the stress 
corrosion cracking of Zircaloy tubes. Some of these parameters, such as residual stress, surface condition 
of the inside of the tube and crystallographic texture, fall outside the scope of this dissertation and wi l l not 
be discussed any further. Factors which do fall within the srope of this work are the final heat treatment 
accorded to the tube as well v , the role of precipitates in abetting the cracking process. With regard to the 
heat treatment received by the final tube, it has been found that stress-relieved tubing possesses a notably 
better resistance to SCC than annealed tubing. 

The site of nucleation for the stress corrosion cracks has been reported [77,78] to be chemical 
'inhomogeneities' containing Fe, Cr, Sn, Si, C, OorN . These precipitates were said to range in size from 1 to 
50 fim in diameter. It would seem as if these precipitates may be the Zr 2SnC,. x precipitates discussed 
in this study. The largest precipitates observed by the corrosion researchers may simply have been agglomera
tions of smaller precipitates. The conclusion may be drawn thct the heat treatments described in this work 
which controlled the precipitate morphology may thus also be able to regulate the susceptibility of Zircaloy-4 
to stress corrosion cracking. Further work is necessary to prove or disprove this hypothesis. 

7. CONCLUSION 

This study has been concerned with the important effect that second-phase particles have on the 
metallurgical properties of Zircaloy-4. The type of heat treatments which can effect the second-phase 
particle distribution are of the same type as those widely used during the industrial fabrication of Zircaloy-4 
tubing. The structural changes discussed in this work are therefore also likely to occur in industrial practice. 
Since many of these factors influence the quality of the final product, they should be carefully considered. In 
general, the optimum structure is that of fine basketweave lamellae with a fine interlamellar distribution of 
precipitates. This ideal is, however, unattainable in the final product with the present method of Zircaloy-4 
tube manufacture. 
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