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Abstract

Microstructures of low-tin Zircaloy-2 specimens subjected to quenching from b to a phase have been studied using

optical and scanning electron microscopy (SEM). The specimens were quenched at different cooling rates ranging from

3 to 83 K s�1. Optical microscopy (OM) provided data on the a phase plate width which is correlated to the cooling rate.

All the obtained structures after quenching indicate basket-weave morphology. In addition, OM furnished information

on b phase grain size which is correlated to the holding time in b phase prior to quenching. SEM was used to cha-

racterise the second phase particles in regard to size distribution and mean size in two of the specimens quenched at the

rates of 58 and 6.6 K s�1. One of the specimens was annealed in the a phase after b-quenching, upon which particle sizes

were measured. Physical-based models are used to evaluate and explain the microstructural properties observed in this

experiment.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Many technologically important properties of zirco-

nium alloys, such as their mechanical strength and

toughness, creep and corrosion resistance are essentially

controlled by the presence of precipitated particles of a

second phase and the morphology of the microstructure.

This commonly results from the decomposition of the

body-centred cubic (bcc) b phase to the hexagonal

closed-pack (hcp) a phase and the intermetallic v phase

with their overlapping temperatures. For example, in

Zircaloy-2 (Zr–1.3Sn–0.19Fe–0.lCr–0.06Ni by wt%) the

temperature ranges are b above 1250 K, aþ b between

1150 and 1250 K, aþ bþ v between 1080 and 1150 K

and aþ v below 1080 K [1]. In Zircaloy-2 the interme-

tallic compounds are formed by diffusion of the alloying

elements iron, chromium and nickel from the base Zr
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matrix. The v phase intermetallic, a generic label for

second phase precipitated particles (SPP), together with

the impurities present in Zircaloy have a strong influence

on the kinetics of the phase transformation. In Zircaloy

and other zirconium-base alloys the alloying elements

determine the coexistence region of the a and b phases.

For example, tin and oxygen (around 1200 ppm) stabi-

lise the a phase, expanding the a region of the phase

diagram at higher temperatures, while iron and chro-

mium maintain the b phase stable at temperatures lower

than for pure zirconium [1]. In particular, iron, chro-

mium and nickel are considered as b-eutectoids, because
in their phase diagrams, these elements have an eutec-

toid decomposition in b phase [2].

The b to a phase transformation in Zircaloy com-

monly yields to a so-called Widmanst€aatten microstruc-

ture [3]. This microstructure can manifest itself into two

types of morphology referred to as the basket-weave

structure and the parallel-plate structure, respectively, as

noted by €OOkvist and K€aallstr€oom in Zircaloy-2 [4]. The

basket-weave structure appears as relatively short plates
ed.
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Table 1

Chemical composition of zirconium alloya (by weight)

Elements End 1 End 2

Sn (%) 1.10 1.09

Fe (%) 0.195 0.190

Cr (%) 0.103 0.101

Ni (%) 0.061 0.060

O (ppm) 1200 1200

Si (ppm) 90 90

P (ppm) <40 <40

aLow-tin Zircaloy-2.

A.R. Massih et al. / Journal of Nuclear Materials 322 (2003) 138–151 139
intersecting each other within the parent b-grains. Its
formation is associated with an abundance of nucleation

sites for the a phase, present in the b phase, during

cooling from the b phase temperature region. The par-

allel-plate structure is composed of long plates and

grows from the parent b-grain boundaries. Carbon, sil-

icon and phosphorus are examples of low solubility el-

ements (impurities) which act as nucleation sites for the

basket-weave structure in Zircaloy [4,5]. Other impuri-

ties such as chlorine, magnesium, calcium, sodium, po-

tassium may be present in Zircaloy products. These

impurities are referred to as inclusions or stringers.

Charquet and Alheritiere [6] by examining several hun-

dred industrial Zircaloy-2 and Zircaloy-4 billets (170

mm diameter), that were water quenched from b phase

and contained 50–120 ppm carbon, 20–50 ppm silicon

and 5–10 ppm phosphorous, found that (i) materials

containing stringers form basket-weave structure; (ii)

materials free of stringers form parallel-plate structure.

The effect of cooling rate on Zircaloy-4 (Zr–1.5Sn–

0.2Fe–0.lCr by wt%) microstructure on b ! a trans-

formation was studied by Holt [7,8]. Holt performed a

range of cooling rates: 2, 11, 65, 200 and 2000 K s�1

starting from 1123 K. Holt found that by increasing the

cooling rate from 2 to 200 K s�1 finer Widmanst€aatten
plates are produced, while cooling at 2000 K s�1 pro-

duced quenched martensitic structure. As has been

noted by Charquet and Alheritiere [6], in Zircaloy for

cooling rates faster than 1000 K s�1 the martensite

structure is observed, while for very slow cooling rates

6 0.5 K s�1 the needle-shaped structure is no longer seen.

Basket-weave and parallel-plate structures are observed

between these two cooling rate limits.

Woo and Tangri [9] studied the effects of oxygen

content and cooling rate on the microstructure of

b-quenched Zircaloy-4. They examined Zircaloy-4

specimens that contained oxygen concentrations in the

range 0.13–0.91 wt% and were subjected to cooling rates

in the range 90–2000 K s�1. They found that in the

cooling rate of interest, 90 K s�1, as oxygen concentra-

tion was increased from 0.13 wt%, the microstructure
Table 2

Cooling rates obtained from the tests on Zircaloy-2 specimens

Trial

no.

Tq (K) Cooling

medium

Cooling rate (K s�1)

Tq–1073 K, 5 mm depth

1 1273 Water RT 50

2 1323 Water RT 42

3 1323 Water RT 42

4 1323 Water 323 K 23

5 1323 Water 373 K 8

6 1323 Air RT 3.5

7 1373 Water RT 50

8 1473 Water RT 57

9 1303 Water RT
tended toward parallel-plate morphology. This effect

took place in the following order: basket-weave-a !
parallel-plate-a ! lenticular-a.

Here we report the results of an experiment made

to investigate the influence of cooling rate on micro-

structure of low-tin Zircaloy-2 cylindrical specimens

quenched from high-temperature b phase to room tem-

perature (RT), 323 and 373 K. The cooling rates em-

ployed ranged between 3 and 83 K s�1. Using optical

microscope (OM) we have measured b-grain size and a
plate width for the specimens that had undergone dif-

ferent cooling rates. In addition, utilising scanning

electron microscopy (SEM) we have determined the SPP

size for two of the trials with distinct cooling rates (58

and 6.6 K s�1). We also present our analyses of the ex-

perimental data, i.e. the SPP nucleation, growth and

coarsening on b-quenching and -annealing. In addition,

we discuss the dependence of the a plate width on

cooling rate using the classical theory of domain growth.
2. Experimental

2.1. Material

The material chosen was a zirconium alloy with

l.lSn–0.19Fe–0.lCr–0.06Ni by wt% in form of a solid

billet with 100 mm diameter. In this paper the material is
1273–1023 K, 5-mm depth 1273–1023 K, 20-mm depth

58 35

78 39

63 37

26 22

6.6 6.3

3 3

83 34

83 42

74 33
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referred to as low-tin Zircaloy-2, although the Sn con-

tent is only slightly below the ASTM range [10]. The

chemical analysis from the two ends of billet are given in

Table 1. The billet was machined to 40 mm in diameter

from which cylindrical pins with 60 mm length were

produced by cutting.

2.2. Quenching

In order to investigate the effect of temperature and

cooling rate on the microstructure, a number of cooling

tests was performed at Sandvik laboratories in Sandvi-

ken, Sweden. Each cylinder was pierced at one end with
Fig. 1. Temperature (�C) vs. time (min) directly recorded from thermo

and cool-down of Zircaloy-2 specimens b-quenched in water: (a) trial 1

5 specimen quenched from 1050 to 100 �C.
holes at the centre and at 5 mm from the outer surface,

respectively. Both holes were pierced half way through

the cylinder in which thermocouples were placed for

temperature measurements during heat up and cooling.

In the tests the cylindrical samples were subjected to

quenching from different temperatures in the range

1273–1473 K to RT in water and from 1323 K to water

temperatures of 323 and 373 K. One sample was cooled

to ambient RT in air. The samples were heat treated in

a laboratory furnace and then were quenched in a 10 l

tank containing 5 l of water. The water quenching was

performed by plunging the cylinders in the water tank

subjected to vigorous stirring. The cooling rates were
couples located at lateral depths of 5 and 15 mm, during heat-up

specimen quenched from 1000 �C to room temperature, (b) trial
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estimated from the temperature history recordings. The

cooling rates were determined from the quenching

temperature Tq to 1073 K or in the interval 1273–1023 K.

In Table 2 the results obtained from these tests are

tabulated. We should mention that the samples experi-

enced different temperature histories during the simu-

lated heat treatments. For example, the hold-time in b
phase for the trial 1 was roughly 1 min, while for the

trial 3 it was about 12 min. Temperature histories for

two of the trials (1 and 5) are shown in Fig. 1.

2.3. Metallography

Specimens were taken from each of the b-quenched
cylinder for metallographic analysis. The specimens were

cut out from the middle of each cylinder near the loca-

tions of thermocouples, in the radial depths of 5 and 15

mm, and then were examined by OM and SEM. The OM

examination included characterisation of the morphol-
Fig. 2. Microstructure after b-quenching of trial 1 specimen

(1273 K/water at room temperature), 5 mm from surface: 75

mm width.
ogy of the a phase structure, a-lamella width measure-

ments and measurements of the prior b phase grain size.

Even the presence of zirconium silicides was scrutinised.

For two of the trials, trials 1 and 5 listed in Table 2,

SPP were examined by SEM on specimens taken

from radial depths of 5 and 15 mm. Also for trial 1,

subsequent to b-quenching, the aforementioned para-

meters were studied after annealing the specimen at 973K

for 1 h.

2.4. Results

The morphologies of all the tested specimens indi-

cated the basket-weave a phase structure. As a whole,

higher cooling rates resulted in finer a-lamellae, whereas

lower cooling rates produced coarser a-lamellae. Figs. 2

and 3 illustrate the features of the microstructures for

specimens taken from trials 1 and 5 (Table 2), respec-

tively. Lamella width data vs. cooling rate are plotted in

Fig. 4. Prior b phase grain size vs. hold-time in b phase
Fig. 3. Microstructure after b-quenching of trial 5 specimen

(1323 K/water at 373 K), 5 mm from surface: 75 mm width.



Fig. 4. Optical microscopy measurements of a-lamella thickness after b-quenching of specimens at different cooling rates.

Fig. 5. Optical microscopy measurements of prior b phase grain size, at a lateral depth of 5 mm in the specimens. The time is measured

from temperature history plots from 1273 K to the quenching temperatures Tq listed in Table 2.
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(measured from 1273 K up to the quenching tempera-

tures Tq, Table 2) are depicted in Fig. 5. We should note

that there exists a large spread in b phase grain size and

we have only determined their maxima and minima. The

asterisks shown in Fig. 5 are the mean values of these

extrema.
The results of SEM examinations for SPP are pre-

sented in Fig. 6 for trials 1 and 5. Their corresponding

size distributions are shown in Fig. 7. The average SPP

sizes for these specimens are collected in Table 3. The

table also includes the results for trial 1 after annealing

at 973 Kh�1.



Fig. 6. SEM observations (75 mm width) of second phase

precipitates after b-quenching of Zircaloy-2 specimens, 5 mm

from surface: (a) trial 1 (1273 K/water at room temperature),

(b) trial 5 (1323 K/water at 373 K).
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Since silicon is an important impurity element in

Zircaloy that favours the basket-weave structure, we

have looked for the presence of silicides usually in the

form of Zr3Si using OM for specimens b-quenched at

different temperatures (Table 2). We have observed sil-

icide particles in the size range 1 to 3 lm for specimens

b-quenched even at 1373 K (trial 7). This implies that the

dissolution temperature for Si with a concentration level

of about 100 ppm is around 1373 K; consistent with the

results reported by Charquet and Alheritiere [6].
3. Analysis

The elements Cr and Fe in zirconium alloys are

found in the form of second phase particles (SPP) which

precipitate on b ! a transformation. In Zircaloy-2 the

SPP are mainly Zr(Cr,Fe)2 and Zr2(Ni,Fe), whereas

Zircaloy-4 has only the former unless the Ni impurity

level is high. These precipitates are based on the hcp
ZrCr2 Laves phase and the body-centred tetragonal

Zr2Ni Zintl phase with Fe replacing Cr and Ni in pro-

portions depending on the alloy composition and par-

ticular heat treatment [11,12].

The decomposition and evolution of SPP in alloys

usually take place by nucleation, growth and coarsening.

In dilute alloys such as Zircaloy-2, we suppose that

during the early stages of decomposition, nucleation and

growth occur by diffusional growth of isolated and non-

interacting precipitates with uniform size. At a later

stage of the precipitation process, i.e. towards the end

of the nucleation-growth, a spectrum of particle size

distribution is established. This causes the growth of

larger particles at the expense of smaller particles, which

dissolve again giving rise to a change of particle size

distribution. This process is referred to as coarsening or

the Ostwald ripening. The coarsening is a slower process

than nucleation-growth. In our evaluation here, we treat

these processes separately and assume that during b-
quenching of Zircaloy only nucleation and diffusional

growth is operative.

3.1. Nucleation and growth of SPP

3.1.1. Theory

The alloying elements Fe and Cr in Zircaloy are in

solid solution in the high temperature phase (b phase). As

temperature is lowered into bþ a region the alloying

elements precipitate to form Zr(Cr,Fe)2. Fluctuations in

composition in the two phase region (bþ a) lower the

free energy of the alloy and hence resulting the formation

of stable second phase nuclei. These nuclei then grow by

diffusion in the concentration gradient field of the de-

pletion zone. This implies that the homogeneous solid

solution in the bþ a phase is metastable leading to nu-

cleation and growth of second phase, sometimes generi-

cally referred to as v phase. For the purpose of our

evaluation we assume that Zr(Cr,Fe)2 precipitates in

Zircaloy are spherical with mean radius R.
Suppose the homogeneous solid solution is quenched

not too deeply into the metastable regime of the misci-

bility gap. If in this region the solution is isothermally

heated for a certain duration, a distribution of mi-

croclusters containing atoms of alloying elements Fe and

Cr will form within grain boundaries. The formation of

stable nuclei requires that a potential barrier has to be

overcome (typically of the order of kBT , kB being the

Boltzmann constant). Thermodynamic stability is

reached when the supersaturation Dc ¼ c� c1 ¼ 0,

where c is the solute concentration in the material and

c1 is the terminal solubility of the solute.

The alloying elements in the matrix reach the nucleus

of SPP, beyond the critical range, by diffusion. The

concentration field cðrÞ outside the spherical particle of

radius R, in a steady state, is given by cðrÞ ¼ �ccþ
ðR=rÞðcR � �ccÞ, where �cc is the mean concentration



Table 3

Mean SPP size measured by SEM at radial depths 5 and 15 mm

Trial

no.

Cooling rate (K s�1) Mean size (lm)

5-mm

depth

20-mm

depth

5-mm

depth

15-mm

depth

1 58 35 0.14 0.13

5 6.6 6.3 0.31 0.30

1 (973 Kh�1) 0.14 0.18

Fig. 7. Size distributions of second phase precipitates obtained by SEM after b-quenching of Zircaloy-2 specimens, 5 mm from surface,

where N is the number of particles and D the particle diameter: (a) trial 1 (1273 K/water at room temperature) with Dm ¼ 75 nm,

Nm ¼ 74, (b) trial 5 (1325 K/water at 373 K) with Dm ¼ 50 nm, Nm ¼ 107.
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(Appendix A). Moreover, it can be shown that the

growth rate of the particle is described by

dR
dt

¼ Dks 1

�
� Rc

R

�
1

R
; ð1Þ

where D is the solute diffusivity (Appendix A). The

concentration ratio ks and the critical radius for nucle-

ation Rc, respectively are given by



Table 4

Values of parameters for SPP in Zircaloy [13]

Interfacial tension c ¼ 0:5–1:0 Jm�2

Molar volume Vm ¼ 9:0� 10�6 m3 mol�1

Solubility limit c1ðT Þ ¼
1091:27 expð�18515:73=RT Þ
ppm, T 6 Ttr
c1ðT Þ ¼ c1ðTtrÞ þ 40

3
ðT � TtrÞ,

otherwise

Threshold temperature Ttr ¼ 1080 K

Molar gas constant R ¼ 8:3145 Jmol�1 K�1
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ks ¼
�cc� c1
cp

and Rc ¼ a
c1

�cc� c1
; ð2Þ

where cp is the composition of the precipitate,

a ¼ 2cVm=RT , c is the surface tension of the precipitate,

Vm is its molar volume ðcp ¼ 1=VmÞ and R is the gas

constant. The values for these parameters for SPP in

Zircaloy are listed in Table 4 [13]. We should note that

the expression for c1 given in Table 4 is obtained by

fitting the solubility limit vs. temperature data in the

interval 8736 T 6 1123 K from a phase diagram [14].

In Eq. (1), D is the diffusion coefficient (diffusivity)

for the participating alloying elements, namely Fe and

Cr in Zircaloy. The relation for the temperature

dependence of the diffusion coefficient is given by

D ¼ D0 expð�Q=RT Þ where the constants D0 and Q
are listed in Table 5 based on the work of Pande et al.

[15] for lattice diffusivity, see also [16]. Pande et al.

measured the diffusion coefficients of Fe and Cr in Zir-

caloy-2 in both a and b phases. Their data show the

presence of two phase aþ b region. The diffusivity in

this region is most likely a weighted average of the dif-

fusivities of each phase, amount of which varies during

the transition. We have plotted the diffusivity as a

function of temperature in Fig. 8(a) using the data

presented in Table 5.

3.1.2. b-quenching
The mechanism for the growth of SPP is the atomic

mobility (diffusivity) of substitutional solutes in the alloy

toward the nucleus of the second phase and the driving

force for precipitation (solubility limit). The latter being
Table 5

Diffusion constants for Fe and Cr in Zircaloy-2 [15]

Element Temperature (�C)

650–780 980–1250

D0

(m2 s�1)

Q
(Jmol�1)

D0

(m2 s�1)

Q
(Jmol�1)

Fe 2.56· 10�12 103 400 1.03· 10�6 195 800

Cr 2.91· 10�10 149 000 6.31· 10�6 213 600
the free energy change during precipitation. For exam-

ple, in Zircaloy-2 the diffusivity of chromium and iron

determines the growth rate of Zr–Cr–Fe particles. In b-
quenched Zircaloy-2 the particles form a chain-like

network along grain boundaries, Fig. 6 (see also [17]).

Hence the appropriate diffusivity for the solutes would

be the grain boundary diffusivity rather than the lattice

diffusivity, given in Table 5, based on the work of Pande

et al. [15]. To our knowledge, there are no specific data

on grain boundary diffusivity in Zircaloy-2 reported in

literature. However, it is known both theoretically and

experimentally that the diffusivity of substitutional sol-

ute elements in grain boundaries are substantially larger

than in the matrix, especially at lower temperatures [18].

For example, the measurements of Agarwala et al. [19]

show that the diffusivity of Cr in zirconium grain

boundary is significantly higher than in the matrix both

in a and b phase but primarily in a phase, see also [16].

The data of Agarwala et al. indicate that the ratio of

the grain boundary to lattice diffusivity is Dgb=Dl ¼
1255:66 expðQ=RT Þ, with Q ¼ 25300 Jmol�1, Fig. 8(b).

Hence, based on the these observations it is justifiable to

increase the diffusivities for Cr and Fe in Zircaloy in the

grain boundaries relative to their diffusivity in the lattice.

For computational convenience we have multiplied

the effective diffusivity of the considered solutes by a

factor of 450, i.e. we put Deff ¼ 450D. We use Eq. (1) to

calculate the particle growth during quenching by taking

the cooling process as a series of isothermal increments.

Meaning that, the cooling time is divided into a number

of time steps, where at each time step the temperature is

kept constant with its value less than the previous time

step. Particle growth at each time step is calculated and

the particle size is updated. More specifically, we rewrite

Eq. (1) in the form

du
ds

¼ u� 1

u2
; ð3Þ

where u ¼ R=Rc and ds ¼ ðDeff=R2
cÞdt. Eq. (3) is discre-

tised and solved by Euler’s method according to

unþ1 ¼ un þ h
un � 1

u2n
; ð4Þ

where n is an iteration index and h is a scaled time step

increment:

h ¼ Tq � Tf
qt

Deff

R2
c

ks
N
: ð5Þ

Here Tq is the starting (quenching) temperature (in b
phase), Tf is the effective final temperature, qt is the

cooling rate and N is the number of time increments.

In our computations we have selected the following

values as input: Tq ¼ 1073 K, Tf ¼ 873 K, N ¼ 4000,

u0 ¼ 1:01, and the pertinent data in Tables 4 and 5

with c ¼ 1 J s�1. The results of our computations are



Fig. 8. (a) Diffusivity vs. temperature for Fe and Cr in Zircaloy-2 [15]. (b) The ratio of the grain boundary diffusivity to the lattice

diffusivity vs. temperature for Cr in a phase of zirconium [19].
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displayed in Fig. 9. It can be seen from the plots that the

SPP radii stabilise to R � 0:16 and 0.05 lm for qt ¼ 6

and 60 K s�1, respectively. These values are of the same

order as the particle diameters listed in Table 3.

3.2. Annealing in a phase

An annealing test made on trial 1 pin (973 Kh�1

after b-quenching) showed very little or no SPP growth,

Table 3. This effect can be evaluated using a coarsening

theory, which we have attempted to do in the present

section.

To evaluate the annealing test (973 Kh�1, see Table

3), we may apply the coarsening second order kinetics of
Kahlweit [20], which has been validated for SPP in

Zircaloy by Gros and Wadier [13]. Kahlweit’s model is

based on the Lifshitz and Slyozov theory of coarsening

[21]. Lifshitz and Slyozov derived the following formula

in the asymptotic limit for the mean particle radius as a

function of time t:

R3 � R3
0 ¼

4

9
Dac1t � aLSt; ð6Þ

where R0 is the initial particle radius prior to annealing,

D is the solute diffusivity and other symbols were defined

earlier in the text and their values are given in Table 4.

Gros and Wadier [13] identified the temperature de-

pendence of the kinetic coefficient aLS and obtained the



Fig. 9. Nucleation and growth of an SPP during b-quenching. Particle radius R vs. time at cooling rates qt ¼ 6 K s�1 and qt ¼ 60 K s�1.
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following working equation for the mean particle dia-

meter D:

D3 �D3
0 ¼

K

T 2
exp

�
� Q
RT

�
t; ð7Þ

with K ¼ 1:11� 10�11 m3 s�1 K2 and Q=R ¼ 18700 K

for standard Zircaloy-4.

Let’s use relation (7) to predict particle size growth in

Zircaloy. We assume D0 ¼ 140 nm (measured result)

and compute D as a function of time for two tempera-

tures T ¼ 973 and 1053 K. The results are presented in

Fig. 10. The computation is in agreement with the

measurements reported in Table 3. It shows that after

1 h of annealing at 973 K the particle size increases from

D0 ¼ 140 nm to D ¼ 143 nm, i.e. hardly any growth that

can be detected by SEM. In conclusion, the Lifshitz–

Slyozov theory seems to explain the small growth of SPP

observed during this annealing.

3.3. Lamella growth in a phase

The formation and growth of the a-lamella structure

may be described by the kinetic theory of phase order-

ing. In this context we regard growth of ordered do-

mains (here a-lamella) the size of which increases at a

constant rate during cooling from the b phase. The

characteristic size of the domain is considered to be the

lamella thickness (or plate width).
A theory of domain growth was originally formulated

by Lifshitz [22] and it is based on the argument that the

driving force for domain growth is the specific energy of

all the boundaries. Accordingly, the time evolution of the

mean domain size L is described by the growth law:

L2 � L2
0 ¼ 2Kt; ð8Þ

where K ¼ DEa2=kBT ; E is the surface energy density

for a-domain, a is the atomic distance, kB is the Boltz-

mann constant, L0 is the initial domain diameter, and D
is some diffusivity.

Using Eq. (8) we now attempt to fit the experimental

data, presented in Fig. 4, to this equation in order to

identify the parameters for this kind of cooling in Zir-

caloy. Let us rewrite (8) in the form

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2
0 þ 2KDTq�1

t

q
; ð9Þ

where DT is the temperature interval over which the

cooling rate is measured. We select the data measured

only at lateral depth of 5 mm. The result of our exercise

is depicted in Fig. 11, where we used L0 ¼ 0:1 lm and

C0 ¼ 2KDT ¼ 135:246 lm2 K s�1. As can be seen the fit

is quite satisfactory bearing in mind the scatter in the

measurements.

It would be worthy to make predictions of lamella

width vs. time directly by using Eq. (8) or the corre-

sponding differential equation, dL=dt ¼ K=L, provided



Fig. 11. Data on a-lamella width measured by OM at a lateral depth of 5 mm for b-quenched specimens that were subjected to

different cooling rates and the fit according to Eq. (9).

Fig. 10. Particle diameter vs. time using the Lifshitz–Slyozov law expressed by Eq. (7) with D0 ¼ 140 nm.
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the temperature dependence of the diffusivity and the

value of the surface energy density are known for Zir-

caloy. This pursuit, however, is attempted elsewhere

[23].

3.4. Grain growth in b phase

The basket-weave structure in a phase appears as

relatively short plates that grow from copious nucleation

sites in the prior b phase. The plates in the basket-weave

structure intersect each other within the prior b phase

grains. On the other hand, the parallel-plate structure is

made-up of long plates that form and grow from the

prior b-grain boundaries [24]. It is known that large

prior b-grain size promotes parallel-plate structure,

whereas small prior b-grain size favours basket-weave

structure. Also impurities in metals hamper grain

growth [25]. Hence, the study of the b phase grain

growth is important for characterising the microstruc-

ture morphology of the a phase.

Most of the normal grain growth theories for iso-

thermal annealing predict a time law of the form [26]

G ¼ ktn; ð10Þ

where G is the mean grain size, n is a constant and k is

another constant which exhibits Arrhenius temperature

dependence. Furthermore, there are scatter in experi-
Fig. 12. Prior b phase grain size for Zircaloy-2 vs. hold-time in b
mental values for n, with a maximum value of 0.5 and a

mean value in the vicinity of 0.4 for polycrystalline

metals [27].

We have made a least squares fit to the mean prior b-
grain size data depicted in Fig. 5. In the evaluated

temperature interval we find the following relation ac-

cording to Eq. (10):

G ¼ 37:8t0:435: ð11Þ

Here G measures in microns and t in seconds, see

Fig. 12.

Despite its importance there is a paucity of experi-

mental data on Zircaloy b-grain size and its time/tem-

perature dependence in open literature. We are only

aware of the work of Holt [7] and Fong and Northwood

[25] on Zircaloy-4 samples, containing different levels of

impurities. Fong and Northwood determined the mean

prior b-grain size of specimens after simulated heat

treatment and b-quenching in water by OM using four

test-lines intersecting at 45� with intercepts perpendicu-

lar to the test-lines. For example, for the their sample B

with a similar impurity level as ours, namely (Si, C, P) ¼
(89, 150, <50) ppm, at T ¼ 1323 K, our fitting exercise

gives G ¼ 78:4t0:19. Holt’s data, although less certain [8]

than the latter work, are in the same order as predicted

by this relation. This means that their Zircaloy-4 speci-

mens exhibit much less b phase grain growth than we
phase (DT ¼ Tq � 1273 K) and the fit according to Eq. (11).
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predict for low-tin Zircaloy-2 with Eq. (11), provided

everything else is equal.
4. Conclusion

The effect of b-quenching rate on the microstruc-

ture of low-tin Zircaloy-2 has been studied using OM

and SEM. In the employed cooling rates, ranging from

3 to 83 K s�1, all the tested specimens indicated the

Widmanst€aatten a phase basket-weave structures. We

have attempted to show that physically-based models

can be used to explain certain important microstruc-

tural observations made for Zircaloy subjected to b-
quenching.

We classified the decomposition and evolution of

SPP during b ! a transformation to nucleation, growth

and coarsening stages. We used classical homogeneous

nucleation and growth kinetic theory to calculate the

mean SPP size under cooling conditions. In particular,

we simulated the tests, one with low cooling rate, the

other with relatively high cooling rate to retrodict the

mean SPP size. Our selected models only contain mea-

surable parameters such as the diffusivity, the surface

energy, the terminal solubility, etc., which we have taken

from the literature. We found that the theory satisfac-

torily estimate the particle size obtained after quenching.

Also employing the coarsening theory of Lifshitz and

Slyozov we could retrodict the mean particle size mea-

sured after the annealing test (973 Kh�1) on one of the

quenched specimens.

In Section 3.3 we analysed the Widmanst€aatten
structures of Zircaloy obtained on b ! a cooling. We

applied Lifshitz’s growth law to model the experi-

mental data on a plate width vs. cooling rate. The

outcome is satisfactory. The physical constants ap-

pearing in Lifshitz’s theory (diffusion coefficient, sur-

face energy, etc.) were, however, fitted to the data.

Subsequently, we analysed grain growth during an-

nealing in b phase prior to quenching. Although the

measured average prior b-grain size data fit well

against general theoretical predictions, a large scatter

in the data suggests that prudence needs to be exer-

cised to draw any definite conclusion on these results.

More careful experimental data on b-grain growth and

grain size distribution are needed for a more explicit

resolution. Also, for a more detailed analysis of SPP,

additional microscopy measurements including trans-

mission electron microscopy are desirable. As a final

remark, the role of all the existing impurities in Zir-

caloy on the microstructure has not yet been properly

systematised. Research in that direction is valuable.

Microstructure and composition govern the alloy’s

performance (corrosion, creep, strength, etc.) during

service, which can be optimised and controlled through

improved fabrication.
Appendix A. Equations for particle nucleation and growth

The equations used in our analysis for nucleation and

growth of second phase precipitates are derived in this

section. The minimum energy required to form a nucleus

of radius R from a metastable solid solution is expressed

by

Fmin ¼ Sd cRd�1

�
� 1

d
leffR

d

�
; ðA:1Þ

where d is the dimension of the system, S3 ¼ 4p, S2 ¼ 2p,
c is the interfacial surface tension and leff is the chemical

potential difference per unit volume between the meta-

stable and stable phases. Fmin can be considered as a

potential barrier for the formation of stable nucleus. It

has a maximum when R ¼ Rc, where

Rc ¼
cðd � 1Þ

leff

: ðA:2Þ

From chemical thermodynamics the change in chemical

potential is related to the concentrations according to

leff ¼
RT
Vm

ln
c
c1

� �
; ðA:3Þ

where Vm is the molar volume of the precipitate, R is the

gas constant, T is the temperature, c is the solute con-

centration in the matrix and c1 is the terminal solubility

of the solute. The saturation concentration above the

surface of the particle of radius R can be calculated by

combining Eqs. (A.2) and (A.3), which yields

cR ¼ c1ea=R � c1 1
�

þ a

R

�
; ðA:4Þ

where cR is the composition of matrix at the matrix/

particle interface and a ¼ cðd � 1ÞVm=RT . Eq. (A.4) is

the well-known Gibbs–Thomson relation.

Because the concentration of substitutional elements

in Zircaloy is relatively small, the concentration around

a particle of radius R can be regarded as equal, at each

instant, to the steady state distribution cðrÞ which obeys

the Laplace equation

r2cðrÞ ¼ 0; ðA:5Þ

with boundary condition

cðRÞ ¼ cR andr!1cðrÞ ¼ �cc: ðA:6Þ

The unique solution of Eq. (A.5), for the spherically

symmetric concentration, satisfying Eq. (A.6) is

cðrÞ ¼ �ccþ R
r
ðcR � �ccÞ: ðA:7Þ

The diffusive flux at a particle surface is equal to the rate

of change of the particle radius according to



A.R. Massih et al. / Journal of Nuclear Materials 322 (2003) 138–151 151
dR
dt

¼ D
cp � cR

� �
oc
or

����
r¼R

; ðA:8Þ

where D is the solute diffusivity and cp is the composi-

tion of the precipitate. Hence, the diffusive flux with Eq.

(A.8) gives

dR
dt

¼ D
R

�cc� cR
cp � cR

: ðA:9Þ

The steady-state ansatz (A.5) used for the kinetics of

particle growth, where one sets oc=ot ¼ 0, is sometimes

referred to as the invariant field approximation. It offers

an accurate description of growth if ð�cc� cRÞ=ðcp � �ccÞ �
1, [28].

Using Eqs. (A.2)–(A.4) we can write Eq. (A.9) in

terms of the critical radius at the onset of nucleation Rc

and the critical concentration (solubility limit) c1, viz.

dR
dt

¼ D
�cc� c1
cp

 !
1

�
� Rc

R

�
1

R
; ðA:10Þ

where we assumed cp � cR. This is the same as Eq. (1) in

Section 3.1, where we introduced ks ¼ ð�cc� c1Þ=cp.
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