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The overall solid-to-solid phase transformation kinetics under non-isothermal conditions in Zr alloys has
been evaluated using a model presented on our preceding note [1]. It uses as input an applied thermal
history and calculates the time/temperature variation of the volume fraction of the new phase in
a M b transition in Zr alloys under heating/cooling, in concordance with experiments.
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1. Introduction

The light-water reactors that make up most of world’s nuclear
energy (electricity) today use Zr-base alloys for structural compo-
nents and fuel cladding [2]. Fabrication of fuel cladding tube com-
monly comprises heat treatments (temperature range of roughly
300–1300 K) that involve time-dependent phase transformation
of Zr alloy from hexagonal (a-phase) to cubic (b-phase) crystal
structure [3,4]. Similarly, under extreme in-service conditions,
e.g., during a postulated loss-of-coolant accident (LOCA), fuel clad-
ding will be subjected to a rapid increase in temperature (up to
1000–1500 K) in steam environment, which not only induces
a ? b transformations, but also leads to rapid oxidation of Zr and
hydrogen uptake, until the reactor core gets reflooded by water
and cladding is quenched to a-phase [5]. Kinetics of phase transfor-
mation affects the microstructure, hence material characteristics of
the final product on fabrication. It is also pivotal for the assessment
of the mechanical properties essential for fuel rod integrity (defor-
mation and burst) during a postulated LOCA.

The crucial parameter for the transformation kinetics is the evo-
lution of the volume fraction of the new phase as a function of time
and temperature under temperature loads which occur in non-iso-
thermal conditions. Empirical-based methods have been used in
the past to simulate Zr-alloy phase transformations under LOCA
conditions [6,7]. More recent modelling efforts are the works of
Forgeron et al. [8] and Brachet et al. [9] and the implementation
of such models in a fuel performance code [10].

In this letter, we employ a method for calculation of the volume
fraction of the favoured phase in Zr alloys as a function of time and
temperature during phase transformation in non-isothermal con-
ditions. It is a sequel to our previous paper, which focused on the
theoretical aspects of the considered model [1].
ll rights reserved.
2. Experimental data on zirconium alloys

We make a short survey of experiments reported in literature
pertinent for the application of our model to zirconium base alloys.
These experiments also provide data for model verification. We
consider the kinetics of phase transformation of Zircaloy-4 (Zr–
1.5Sn–0.2Fe–0.1Cr–0.12O, by wt%) and Zr1%Nb (Zr–1.0Nb–0.12O,
by wt%). Zirconium in solid state undergoes an allotropic transfor-
mation from the low temperature hexagonal closed-packed (hcp)
a-phase to body-centered cubic (bcc) b-phase at 1138 K [2]. On
cooling, the transformation is either bainitic or martensitic
depending on the cooling rate, with a strong epitaxy of the a-plate-
lets in the former b grains [2].

Solid state phase equilibria of Zircaloy-4 have been investigated
experimentally by Miquet et al. [11], who reported a prevalence of
four phase domains: a + v up to 1081 K, a + b + v from 1081 to
1118 K, a + b between 1118 and 1281 K, and b-phase above
1118 K. Here, v refers to the intermetallic hexagonal Laves phase
Zr(Fe,Cr)2, see e.g. [12]. Quenching Zircaloy from b-phase in mod-
erate cooling rates produces two variants of Widmanstätten struc-
ture, namely, the basketweave and the parallel-plate structure
[13,3]. However, at cooling rates greater than 1000 K s�1 a mar-
tensite structure is observed, while for very low cooling rates,
60.5 K s�1, the needle-shaped structure is rarely seen [14].

The equilibrium phase transformation properties of Zr–Nb–O
alloys have recently been surveyed and evaluated in [15]. Hunt
and Niessen [16,17] have investigated the continuous cooling
transformation behaviour of Zr–Nb–O alloys in the composition
range of 0.5–5.7 wt%Nb and 0.14–0.53 wt%O. They identified
nucleation and growth reactions due to the formation of a-Zr at
the b-grain boundaries and the transformation bZr ? aZr + bNb

throughout the grains. Increasing the niobium content slowed
the phase transformation both at the grain-boundaries and in the
bulk. On the other hand, increasing oxygen raised the temperature
of both reactions, causing intergranular nucleation to occur earlier
and intragranular nucleation to occur later.
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Toffolon et al. [18] have examined the influence of oxygen con-
tent on a/(a + b) and (a + b)/b transition temperatures in Zr1%Nb
employing calorimetry. Their data indicate that increasing the oxy-
gen content, from about 0.1 wt% to 0.27 wt%, will increase the
(a + b)/b transition temperature from 1185 K to 1265 K, while the
a/(a + b) temperature varies in the range of 900–910 K. They also
studied the influence of niobium content in the range of 0.5–
2.5 wt% in Zr alloys containing 0.12-0.13 wt% oxygen. They ob-
served that raising the niobium content lowers both the (a + b)/b
temperature (by about 15 K) and the a/(a + b) transition tempera-
ture, where the latter remains constant for Nb contents P1 wt%.

The overall a M b transition in Zircaloy-4 has been studied by a
number of workers in the past [19–24] and more recently in [8,9],
which include also experiments on Zr1%Nb (M5TM) alloy and the
effects of hydrogen on phase transformation behaviour. Forgeron
et al. [8] studied a M b transition of the Zr alloys by determining
both their equilibrium (steady-state) temperature-dependence
and their transient behaviour, with respect to the fraction of vol-
ume transformed, for the heating/cooling rates from ±0.1 to
±100 K s�1. More specifically, they determined the equilibrium
behaviour of a/b-phase fraction as a function of temperature by
means of calorimetry measurements. They used low heating/cool-
ing rates from 0.1 K/min to 20 K/min. Moreover, they carried out
direct measurements of the a/b-phase fraction by employing im-
age analysis techniques on samples annealed for a few hours at dif-
ferent temperatures then quenched to room temperature. For
kinetic measurements, they made use of dilatometric equipment,
where thermal cycles were applied on tubular samples, 12 mm in
length, in vacuum or helium gas. According to Forgeron et al. [8],
the uncertainty of the relative phase fraction in calorimetric mea-
surements was less than 5%.

In a subsequent paper, Brachet et al. [9] extended Forgeron
et al.’s work in order to investigate the influence of hydrogen con-
tent on the kinetics of a M b transformation.1 Their results under
quasi-equilibrium conditions indicate that hydrogen expedites the
phase transition, i.e., the transition from a- to the (a + b)-domain
starts at lower temperature with increasing hydrogen content. The
hydride precipitation/dissolution temperatures, i.e., the inverse solu-
bility limit for hydrogen in Zircaloy-4 and Zr1%Nb alloy under the
same kinetic condition have been determined by Brachet et al. [9].
Their results for the precipitation temperature as a function of
hydrogen concentration at a cooling rate of 0.167 Ks�1 indicate that
Zr1%Nb alloy has a lower precipitation temperature than Zircaloy-4
for hydrogen concentrations less than 700 wppm. The effect of
hydrogen on the a M b phase transformation in Zircaloy-4 versus
Zr1%Nb alloy was also alluded by Brachet et al. (2002). They dis-
played plots of a/(a + b)/b phase transformation temperatures of Zir-
caloy-4 and Zr1%Nb alloy as a decreasing function of hydrogen for
heating rate of 10 Ks�1, with Zr1%Nb alloy transition temperatures
remaining below that of Zircaloy-4 at most by around 30 K.

3. The model

We denote the transformed volume fraction by variable y,
which is a function of time t and temperature T with the property
0 6 y 6 1. Following [1,25], we consider that y is not too far from
its steady-state or equilibrium value ys(T) at a given temperature T,
and write

dy
dt
¼ ysðTÞ � y

scðTÞ
; ð1Þ

where sc is a characteristic time of phase transformation. Note that
1 Hydrogen is absorbed in Zr alloys during normal in-reactor service, mainly as a
result of oxidation.
Eq. (1) is controlled by two external temperature-dependent func-
tions, i.e., sc(T) and ys(T), with ys(T) being the fraction of a new phase
formed at temperature T after infinitely long time and 0 6 ys(T) 6 1.
Both these functions are material specific temperature-dependent
quantities and can be deduced from experimental data on proper-
ties of a particular material or derived from appropriate models ver-
ified with such data as has been done below. Under non-isothermal
conditions, the temperature follows a path which may be an arbi-
trary function of time, and hence Eq. (1) needs to be solved
numerically.

For computation of y as function of time and temperature, the
two functions ys(T) and sc(T), which appear in Eq. (1), need to be
specified. Let us first consider the former. The experimental data
for the temperature dependence of steady-state volume fraction
under phase transition suggest that ys(T) has an S-shaped or sig-
moid form. For this reason, we have selected for the a M b transi-
tion in Zr alloys a relation of the form

ys ¼
1
2

1� tanh
T � Tcent

Tspan

� �� �
; ð2Þ

for the equilibrium b-phase volume fraction at temperature T. Here,
Tcent and Tspan are material specific parameters related to the center
and the span of the mixed-phase temperature region, respectively.
They are determined from the measured phase boundary tempera-
tures Ta and Tb through

Tcent ¼
Ta þ Tb

2
; Tspan ¼

Tb � Tcent

2:3
: ð3Þ

Here, Ta and Tb are defined as the temperatures that correspond to
99% a- and b-phase fractions, respectively.

The relation for sc(T) or its inverse, the rate parameter k ¼ s�1
c ,

in general, depends on both the nucleation rate and growth rate
of the new phase, which are strongly temperature dependent. It
is usual to adopt an Arrhenius-type relation for the rate parameter
(see [1] and references therein)

kðTÞ ¼ k0 exp � E
kBTðtÞ

� �
; ð4Þ

where k0 is a kinetic prefactor, E the overall effective activation en-
ergy and kB the Boltzmann constant. Here, E is an effective activa-
tion energy, which combines the activation energies of nucleation
and growth. Rationalization of this combined effect is discussed in
[26,27]. The material-dependent parameters in relations (2) and
(4) for Zircaloy-4 and Zr1%Nb alloy are identified in Appendix A.
In addition, the temperatures for the onset of phase transitions for
a ? a + b and b ? b + a are material-dependent quantities which
are stated in detail in Appendix A. These quantities are heating/
cooling rate (Q = dT/dt) dependent which have been taken into ac-
count in our formulation.

4. Computations

We first depict and compare the temperature dependence of the
equilibrium volume fraction of the transformed phase for Zircaloy-
4 and Zr1%Nb alloy using Eq. (2). Fig. 1 (top) shows this compari-
son. It is the plot of Eq. (2) or the solution of Eq. (1) at very low heat
ratings (Q < 0.1 Ks�1). The symbols represent experimental data
[8]. It can be seen that the considered correlations fit the data pret-
ty well. Moreover, we note that the transition temperature for
Zr1%Nb occurs at a lower temperature and also the volume of
the transformed phase shifts to lower temperature (niobium is a
b-phase stabilizer). The effect of hydrogen on phase transformation
of Zircaloy-4 is shown in Fig. 1 (bottom). The results are in agree-
ment with experimental data of Brachet et al. [9]. Again, we ob-
serve that as hydrogen concentration is increased, the a ? a + b
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Fig. 2. Volume fraction of b-phase as a function of temperature for Zircaloy-4 at
different heating/cooling rates (top/bottom); the symbols represent measured data
[8].
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Fig. 1. Equilibrium volume fraction of b-phase as a function of temperature. (Top)
Comparison between Zircaloy-4 and Zr1%Nb alloy. The symbols represent mea-
sured data [8]. (Bottom) Influence of hydrogen in Zircaloy-4 on phase transforma-
tion, see ref. [9].
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Fig. 3. Volume fraction of b-phase as a function of temperature for Zr1%Nb alloy at
different heating rates, the symbols represent measured data [8].
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transition temperature is lowered and the volume fraction of the
favoured phase is shifted to lower temperatures.

For non-isothermal conditions Eq. (1), with the initial condi-
tions y(0) = 0 on heating and y(0) = 1 on cooling, is used in order
to calculate the volume reaction of b-phase as a function of tem-
perature. The Runge–Kutta method of order 4 and 5 [28] was used
to integrate Eq. (1). The effect of heat rating Q on the fraction of the
transformed phase for Zircaloy-4 under heating/cooling is shown
in Fig. 2. The symbols denote the measurement points while the
lines are calculations according to the aforementioned model.
The corresponding calculations and data for Zr1%Nb subject to
heating are shown in Fig. 3. Hence, as jQj is increased, the trans-
formed volume fraction shifts to higher/lower temperatures under
heating/cooling, respectively.
2 f = 1 � exp(�ktm), where f = y/y is the degree of transformation.
5. Discussion

The method utilized here to calculate the volume fraction of the
favoured phase as a function of time and temperature can be ap-
plied to any input thermal history since we solve Eq. (1) numeri-
cally. The question that may arise is how well this approximate
equation compares with the prevailing exactly solved models in
isothermal conditions. Integrating Eq. (1) gives

y=ys ¼ 1� exp �
Z t

t0

k½TðsÞ�ds
� �

; ð5Þ

with k ¼ s�1
c . For isothermal conditions, Eq. (5) yields

y=ys ¼ 1� e�kðt�t0Þ; ð6Þ
where t0 is the incubation time for the onset of phase transforma-
tion. This relation is a special case of the Avrami model [29,30] re-
lated to site saturation transformation on grain surfaces under
isothermal conditions with Avrami’s exponent m = 1.2 Moreover,
as has been shown by Cahn [30], equation of form (6) is theoretically
exact for the systems in which the nucleation rate is sufficiently ra-
pid such that site saturation occurs early in the reaction period, see
ref. [1] for a more detailed discussion.

This type of model has been used in the past to describe b(bcc)-
to-a(hcp) phase transition in Zr–2.5 wt%Nb under isothermal
conditions [31] and in Ti–6 wt%Al–2 wt%V, e.g. [32], where
Widmanstätten side-plates form during continuous cooling.
More specifically, Higgins and Banks [31] measurements on
s
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Fig. 4. Onset of a ? a + b phase transition temperature versus heating rate: (Top)
Zr–Fe alloy, calculated according to Eq. (B.3) versus measured data in [35]; (Bottom)
Zr1%Nb alloy, where the model fit is based on Eq. (B.3), while the empirical fit is
relation (A.3); the square symbols denote measurements [8].
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Zr–2.5 wt%Nb at an isothermal temperature of 1076 K showed that
m � 0.95, which is close to the theoretical value of m = 1. Likewise,
experiments by Holt on Zircaloy-4 under continuous cooling (in
the temperature range of 1123–1203 K) show that m � 0.9
[19,20]. Similarly, our data analysis of the experimental work of
[24] on Zircaloy-4 at temperatures 1163 K and 1223 K indicate that
m � 0.93. Hence, the model we have used in our analysis has a
sound theoretical basis (the nucleation rate is high and site satura-
tion occurs early during reaction) for describing the overall phase
transformation of Zr alloys in the temperature range of interest
(1100–1300 K).

Comparing now our model with the early approach of Holt et al.
[7], which was also used later by Brachet et al. [9], we note that
Holt et al.’s approach is merely an ad-hoc formula with virtually
no theoretical justification. It expresses the volume fraction rate
(of the new phase) directly to the temperature deviation from
equilibrium with a power dependence (/jTeq � Tj2.5, where Teq is
the equilibrium temperature of the new phase). Whereas, Eqs.
(1) and (5) rest on the generic theory of solid-to-solid phase trans-
formation [33] and is related to the diffusion-limited precipitation
of the new phase on grain boundaries [1].

We should point out that our model, as it stands, is not applica-
ble to Zr1%Nb alloy under b ? (b + a) phase transition under perti-
nent cooling rates. This is because we have not found analogous
data in literature, as presented in Fig. 2(b), for Zr1%Nb alloy to
compare the model with. It has been reported that, cooling from
b-phase even at low cooling rates (down to 0.1 Ks�1), some Nb-en-
riched b-Zr in a metastable state is retained in the a-domain at
room temperature [34]. Furthermore, Shebaldov et al. [34] point
out that b-quenching Zr1%Nb at cooling rates greater than
80 Ks�1, the alloy transforms by a diffusionless mechanism (mar-
tensitic transformation) to an hcp (a

0
) structure. For cooling rates

below 80 Ks�1, the presence of Nb-enriched b-Zr may be due to a
slow diffusion of Nb in Zr matrix which affects the full reversibility
of b M a transition [18]. This phenomenon may be modelled phe-
nomenologically by altering (increasing) the characteristic time
constant sc of the phase transition. To do this, however, experi-
mental data for Zr1%Nb, as in Fig. 2(b), are needed.

The rate dependence of phase transformation stems from the
fact that both nucleation and growth of a new phase are strongly
temperature dependent mechanisms. Especially, the nucleation
rate is a transient entity, and there is an associated delay time until
it reaches its steady-state value [33]. So as the temperature rate is
increased under heating, nucleation occurs less rapidly, requiring a
higher temperature for formation of a new phase. This phenome-
non is manifested in the start temperature for phase transition.
In literature, the start temperature of first order phase transition
has been related to the temperature dependence of the incubation
time for nucleation. For example, Zhu and Devletian [35] studied
the equilibrium and heating/cooling rate dependence of certain
Zr and Ti alloys. Using differential thermal analysis experiments,
they found that as the cooling rate is increased, the phase transi-
tion temperature (Tb?b+a) is reduced, whereas on heating (Ta?a+b)
the situation is converse. Building on the theoretical work of Rus-
sell [36] on heterogeneous nucleation, in particular the incubation
time for nucleation on grain boundaries, Zhu and Devletian [35]
obtained a relationship for the start of phase transformation when
the heating/cooling rate Q is constant, in the form

Z Ts

T0

ðT � T0Þ2 T�1e�Eb=kBT dT ¼ CQ ; ð7Þ

where Ts is the temperature at which the first critical nucleus is
formed, T0 the equilibrium transition temperature, Eb the activation
energy for boundary diffusion of the involved elements in parent
phase, and C is a constant.
Zhu and Devletian [35] experiments were carried out at very
low heating/cooling rates (jQj < 0.4 K/s) for the alloys examined.
For some experimental Zr alloys, Zr–Fe and Zr–Fe–O, they found
that Eb/kB � 9900 K. We have noted that with a choice of
C = 8.5 � 10�5 Ks, Eq. (7) fit their data on phase transition temper-
ature vs. heating rate for Zr–Fe alloy excellently (Fig. 4 top), see the
underlying calculations presented in Appendix B. However, when
we naively extrapolated the calculations to heating rates of 0.1–
100 K/s (with the same model parameters), the change in the
a ? a + b transition temperature was appreciably underestimated
compared to the data presented in [8] for Zr1%Nb alloy. Fig. 4 (bot-
tom) shows the results of calculations, according to Eq. (B.3), with
C = 3.68 � 10�3 Ks and the measured data on Zr1%Nb alloy [8]. Also
in this figure, the empirical relation Eq. (A.3) is depicted as a func-
tion of heating rate. Obviously, more data points are needed to
ascertain the consistency of the model (and/or its selected param-
eters) or the reliability of the empirical power law.

We should mention that prudence needs to be exercised when
applying the aforementioned models out of their experimental
range of validity, that is for a given material and for particular met-
allurgical (grain size, microstructure) conditions. Nevertheless, the
model for the overall phase transformation of the Zr alloys pre-
sented in this note captures the available data adequately. Thus,
it can be used in predictive computer codes for the type of materi-
als and conditions evaluated in this paper, when analyzing clad-
ding behaviour under high temperature transients.
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Table 1
Parameters in Eq. (2) used for calculation of the equilibrium phase transformation.

Material Tcent (K) Tspan (K) Data source

Zircaloy-4 1159 44 [8]
Zr1%Nb 1129 49 [8]

334 A.R. Massih / Journal of Nuclear Materials 384 (2009) 330–335
ported by the Swedish Radiation Safety Authority under the Con-
tract No. SKI2007/611, 200806001.

Appendix A. Material-dependent model parameters

The material-dependent parameters in our model for phase
transformation are summarized in this appendix. We start by spec-
ifying the parameters Tcent and Tspan appearing in Eq. (2) and in Ta-
ble 1. The hydrogen concentration dependence of these quantities
for Zircaloy-4 are: Tcent = 1159 � 0.096w and Tspan = 44 + 0.026w,
where 0 6 w 6 1000 wppm (weight parts per million hydrogen)
based on the data presented in [9]. For the parameters in Eq. (4),
we have used best fit values k0 = 60457 + 18129jQj (s�1) and E/
kB = 16650 (K), where Q = dT/dt is the heat rate (Ks�1) in the range
0.1 6 jQj 6 100 Ks�1, for both Zircaloy-4 and Zr1%Nb alloy [1].

Regarding the starting temperature for the onset of phase trans-
formation, experimental data on Zircaloy-4 and Zr1%Nb alloy indi-
cate that this quantity is temperature rate dependent [8]. In our
modeling of this effect, for Zircaloy-4, we have related the onset
of a ? a + b transformation temperature (heating) by fitting a
power law relation to the experimental data reported in [8,9],
which gave (in kelvin)

Ta!aþb ¼
1083� 0:152w for 0 6 Q < 0:1 K=s

ð1113� 0:156wÞQ0:0118 for 0:1 6 Q 6 100 K=s

(

ðA:1Þ

for 0 6 w 6 1000 wppm. Also, a time (temperature) lag at the start
temperature of phase transformation from b ? b + a is observed on
cooling, which is not symmetric with the one on heating, i.e., from
a ? a + b. Based on a few data points on Zircaloy-4 reported in [8,9],
we estimate that (in kelvin)

Tb!bþa ¼
1300 for � 0:1 < Q 6 0 K=s

1302:8� 8:333jQ j0:477 for � 100 6 Q 6 �0:1 K=s:

(

ðA:2Þ

Note that no hydrogen content dependent terms are included in Eq.
(A.2), since no experimental data are reported in literature for Zir-
caloy-4 containing hydrogen under cooling. It is conceivable that
a similar hydrogen concentration dependence as in Eq. (A.1) is in
force under cooling. Similarly, for Zr1%Nb alloy, a best fit relation
to the data reported in [9] under heating gives (in kelvin)

Ta!aþb ¼
1060 for 0 6 Q < 0:1 K=s

1118Q 0:023 for 0:1 6 Q 6 100 K=s:

(
ðA:3Þ

No data are reported in literature in the Q-range of interest for
Tb?b+a under cooling for the Zr1%Nb alloy. Nor we found experi-
mental data on the effect of hydrogen for this alloy under heat-
ing/cooling in the Q-range of interest.
Appendix B. Calculation of start temperature for phase
transition

Zhu and Devletian [35] using the classical nucleation theory à la
Russell [36] found an effective field relation for the incubation
(induction) time tinc for nucleation in the form
tinc ¼
CT

ðT � T0Þ2
expðEb=kBTÞ; ðB:1Þ

where T0 is the equilibrium transition temperature, Eb the activation
energy for boundary diffusion of the involved elements in the initial
phase, and C is a constant. If the heating/cooling rate Q is constant,
the additivity rule [33] for continuous heating/cooling is expressed
in temperature space asZ Ts

T0

dT
tincðTÞ

¼ Q ; ðB:2Þ

where Ts is the temperature at which the first critical nucleus is
formed. Substituting now Eq. (B.1) into Eq. (B.2), Eq. (7) of the text
is obtained.

The integral in Eq. (7) can be evaluated by a simple change of
variable u = 1/T and making use of the general tabulated formula,
or repeated partial integrations (see entry 2.324 in [37]) to obtain

e�q=Ts

2
TsðTs � 4T0 � qÞ � eq=Ts ð2T2

0 þ 4T0qþ q2ÞEi
�q
Ts

� �� �
¼ CQ ;

ðB:3Þ

where q � Eb/kB and Ei(�) is the exponential integral defined by
EiðzÞ ¼

R1
�z dte�t

=t (for z < 0), where the principal value of the inte-
gral is taken, and evaluated in [38]. Eq. (B.3) can be solved for Ts

as a function of Q for a given C, T0 and q, the latter two quantities
being material-dependent parameters.

As an example, for a Zr–Fe alloy, Zhu and Devletian [35], based
on measurements carried out at very low heating rates (jQj < 0.2 K/
s), found that T0 = 1069 K and Eb/kB � 9900 K. Moreover, we have
noted that with a choice of C = 8.5 � 10�5 Ks, Eq. (B.3) fit their data
on the start phase transition temperature vs. heating rate for Zr–Fe
alloy excellently, see Fig. 4 (top). For Zr1%Nb alloy using the data
reported in [8] in the Q-range of 0.01 to 100 K/s (only four data
points) we have found a best fit value of C = 3.68 � 10�3 Ks, using
the aforementioned value for q and T0 = 1053 K, see Fig. 4 (bottom).
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