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Abstract

Dilatometry tests were performed to study the phase transformation kinetic of nuclear fuel claddings made of Zircaloy-4 upon
fast heating rates (up to 2000 ◦C/s). These tests highlighted that from equilibrium to 500 ◦C/s the temperature at which the
transformation starts shifts towards higher temperatures with increasing heating rates. Above 500 ◦C/s, no impact of the heating
rate was observed. The temperature at which the transformation ends remains close to 960 ◦C with no clear dependence on heating
rate. Metallurgical analyses were carried out and were in agreement with the results obtained by dilatometry. A phase transition
model was identified from equilibrium to 2000 ◦C/s.
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1. Introduction

The thermo-mechanical properties of materials are strongly
related to their microstructure. Subsequently, the study of the
allotropic phase transition has been of great interest for struc-
tural materials, especially the ones used at high temperatures5

[1, 2]. Many previous researchers have shown the impact of
the thermal kinetic on the phase transition of materials. How-
ever, due to experimental difficulties, few studies were devoted
to the analysis of the material phase transition under high heat-
ing rates, the great majority focusing on low heating rates or10

high cooling rates [3, 4]. This present work aims at introducing
some new results about the phase transition of the Zircaloy-4
alloy upon very high heating rates.

Zircaloy-4 is widely used in Pressurized Water Reactor
(PWR) as fuel cladding material. Improving the validity range15

of its thermo-mechanical behavior is an important challenge in
the nuclear safety domain. This is especially true in acciden-
tal situations, where the loading conditions can be very intense.
The Loss Of Coolant Accident (LOCA) and the Reactivity Ini-
tiated Accident (RIA) are the two design basis accidents stud-20

ied for PWR. Heating rates below 100 ◦C/s are expected on the
claddings during a LOCA. It can exceed 1000 ◦C/s during the
post-Departure from Nucleate Boiling (DNB) phase of a RIA
[5]. In both accidents, the temperature of the cladding can reach
upwards of 1000 ◦C.25

Zircaloy-4 presents an allotropic phase transformation
(α→ β) between 800 ◦C and 1000 ◦C upon heating at equi-
librium. Its crystallographic structure transforms from a hexag-
onal closed packed structure, below 800 ◦C, to a body centered
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cubic structure around 1000 ◦C [6]. Between these two tem-30

peratures a two phases mixture is present within the material.
Since the metallurgical state of the material has a strong impact
on its mechanical properties [7, 8, 9, 10, 11] many authors have
devoted their studies to the impact of the thermal kinetic on the
phase transition. Forgeron et al. [7], for instance, investigated35

the phase transformation of Zircaloy-4 and M5 alloy in equi-
librium, heating and cooling conditions. They used calorime-
try and dilatometry techniques to study the effect of the thermal
transient for rates up to 100 ◦C/s. Other methods have also been
used, such as in-situ synchrotron X-ray diffraction (SXRD) or40

resistivity tests [12, 13].
The general literature agrees on the point that the phase trans-

formation is delayed towards higher temperatures as the heating
rate increases. However, the phase transition of Zircaloy-4 has
not been investigated for heating rates above 100 ◦C/s. This45

can be explained by the difficulty of reproducing experimen-
tally well-controlled fast thermal transients. Accurate temper-
ature measurement is difficult at very high heating rates. The
extrapolation of the existing transition models [7, 14] to heat-
ing rates greater than 100 ◦C/s is then not straightforward.50

In this work, dilatometry tests were carried out on as-received
Zircaloy-4 claddings with heating rates up to 2000 ◦C/s. Spe-
cial care was taken to the thermal and the kinematic measure-
ments. The dilatometry conclusions were supported by micro-
graphs. Finally, a phase transformation model based on the55

kinetic equation of Leblond [15] was identified, reproducing
the measurements on Zircaloy-4 samples from equilibrium to
2000 ◦C/s.

The first section deals with the experimental setup, the meth-
ods and the phase transition model. The experimental results60

and the identification of the model are presented in the second
section. The third section discusses the important features that
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have to be taken into account to perform a dilatometry test at
high thermal slope. An updated model is also proposed to re-
produce the phase transition under fast heating rates.65

2. Experimental setup and methods

2.1. Specimen and device
Stress-free dilatometry experiments were performed using a

GLEEBLE-3500 device [16]. Specimens were cut from Stress
Relieved Annealed (SRA) Zircaloy-4 (Zr-4) claddings (see the70

chemical composition in Table 1). The microstructure of the
as-received material is composed of thin and elongated grains
and presents a texture having the 〈c〉 direction at ±30 ◦ from
the radial direction of the tube [17]. The samples have an initial
eccentricity of between 1 and 3% [18].75

Sn Fe O Cr C Zr
1.29 0.21 0.13 0.11 0.016 bal.

Table 1: Stress relieved annealed Zircaloy-4 composition (in wt%).

Specimens were 100mm long tubes, with an external diame-
ter of 9.5 mm and a wall-thickness of 0.57 mm. Custom jaws
enabled heating rates up to 2800 ◦C/s to be reached by Joule
heating, with perfect axisymmetric thermal distribution. A pic-
ture of a sample mounted on the device is given in Figure 1.80

One side of the sample is fixed and the other one is free along
its axial direction. The distance between the jaws is 40 mm.

Figure 1: Picture of a sample mounted on the device.

In order to have a constant emissivity on the sample outer sur-
face during the experiments, the specimens were pre-oxidized
during two days in a furnace at 470 ◦C under air environment.85

A uniform oxide layer of 2.5 µm was thus obtained, keeping the
material texture and the material state unchanged. 30 mm were
then sandblasted on each end of the tubular sample to have a
good electric conduction with the jaws.

2.2. Tests processing90

Two kinds of tests were performed to investigate the impact
of the heating rate on the phase transformation. A first batch
of specimens was used to study the phase transformation by
dilatometry. The test procedure of these experiments is depicted
in Figure 2. The sample was first heated at 400 ◦C. After a 10-95

second plateau, the thermal transient was applied until 1100 ◦C.

The temperature was then maintained 60 seconds before cool-
ing down by cutting off the power.

Figure 2: Temporal evolution of the thermal loading applied during the dilatom-
etry tests.

A second batch of specimens was used to perform metallur-
gical analysis by optical microscopy. Similarly to the first tests100

the samples were first heated at 400 ◦C. Then, after a 10-second
hold, the thermal transient was applied until a "quenching" tem-
perature Tq directly followed by a rapid cooling down by cutting
off the power. A cooling rate of around -50 ◦C/s was thus ob-
tained. An example of a temperature record obtained is given105

in Figure 3 for a test carried out with a heating rate of 100 ◦C/s,
until a quenching temperature of 910 ◦C.

The two kinds of tests were performed under primary vac-
uum (around 0.6 mbar) to prevent the sample oxidation.

Figure 3: Example of a thermal response of a specimen from the second batch.
This test was carried out with a heating rate of 100 ◦C/s till a temperature Tq =
910 ◦C (pyrometer measurements).

2.3. Thermal measurement110

A scheme of the device and the means of measurements is
given in Figure 4.

The temperature was controlled during the tests at the center
of the sample using a Metis M322 pyrometer (wavelength of
λ = [1.45 - 1.65] µm, spot size of 2.5 mm). Radiometric mea-115

surement is not intrusive but is very sensitive to the emissivity.
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Figure 4: Scheme of the setup.

The sample emissivity has to be known accurately and must re-
main constant during the tests. Even under secondary vacuum
(around 10−3 mbar), a thin oxide layer develops on the sam-
ple surface at temperatures above 800 ◦C. On as-received mate-120

rial this leads to a significant change of the emissivity that dis-
torts the pyrometer measurements. It is then convenient to pre-
oxidize the samples with a thin oxide layer so that additional ox-
idation no longer modifies the emissivity during the tests. The
samples were hence pre-oxidized with a uniform oxide layer125

that stabilizes the emissivity during the tests. The emissivity of
the pre-oxidized samples was evaluated to be 0.955 +/- 0.015
and remained unchanged during 20 min at 1100 ◦C. The pyrom-
eter leads to an accuracy of around 0.7% of the temperature.

A type K thermocouple (diameter wires of 0.18 mm) was130

spot-welded at the center of the specimen to obtain an addi-
tional thermal measurement during the temperature plateau and
identify the emissivity of the sample. Due to a eutectic point
between Nickel and Zirconium around 950 ◦C, a thin square
of Tantalum (thickness of 0.025 mm) was inserted between the135

sample and the thermocouple.
The axial thermal profile on the sample was estimated by

Near InfraRed Thermography (NIRT) [19, 20]. This full-field
method links the digital level intensity I of an image (i.e. the
gray level of each pixel) to the temperature T using a radiomet-140

ric model based on Planck’s law:

T =
K1

ln
(

K2

I
+1
) . (1)

In this model, two constants, K1 and K2, are identified using
the pyrometer data during the thermal transient. Using a high
speed camera Phantom V710 at 2000 Hz, an axial thermal pro-
file was characterized on the specimens during the transient and145

the plateau.

2.4. Thermal expansion measurements

The diametrical expansion was measured at the mid section
of the specimen by contour detection method [21]. One high
speed camera Phantom V710 1MPx (1 px ' 23 µm) recorded150

pictures during the tests and a 200 mm macro optic (NIK AF
MICRO-NIKKOR 200MM F/4 D IF-ED) was mounted on the
camera. The software UFreckles [22] was used to perform
the images analysis. In order to avoid problems of radiation
at high temperatures the sample was lighted using a blue LED155

ring (wavelength of λ = 470 nm), and a pass band filter of the
same wavelength was mounted on the optic [23] (cf. scheme
of the setup in Figure 4). The dilatometry measurements are
performed in a 3 mm long portion of the tube, as presented in
Figure 5. This method allows a subpixel precision and leads to160

an accuracy on the thermal expansion of less than 1 µm.

Figure 5: (a) Picture of a sample; (b) example of an image obtained with the
high speed camera. The diametrical expansion is computed between the red
lines by contour detection method and between the orange lines with the optical
dilatometer.

An optical dilatometer (KEYENCE LS-7600) was also used
to obtain an additional measurement of the diametrical expan-
sion with an accuracy of around 5 µm. The length of the mea-
surement area of the dilatometer is around 6 mm. Maximal165

frequencies of 2000 Hz and 7500 Hz could be obtained for
the dilatometer and the high speed camera, respectively. Both
means of measurements led to comparable results but the con-
tour detection method led to less noisy data. Therefore, contour
detection measurements were used to compute the phase frac-170

tions.

2.5. Phase fraction computation
The lever rule is usually used to compute the phase fraction

from the dilatometry curves. The principle of the method is de-
scribed in Figure 6. In order to get proper results the dilatom-175

etry curves are first smoothed using a Gaussian filter. The au-
thors point out that due to its nature, the lever rule method does
not enable an accurate estimation of the phase content in the
boundaries of the dual phase domain (i.e. from 0 to 10% and
from 90 to 100% of β phase).180

2.6. Kinetic model
The kinetic model of Leblond [15] is used to model the

(α → β) phase transformation. This model enables repro-
ducing anisothermal transformations, including diffusion con-
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Figure 6: Scheme of principle of the lever rule method. The phase fraction of
β is computed such as fβ = AB/AC.

trolled transformations and martensitic transformations. The185

Leblond’s evolution equation is given by:

d fβ

dt
=

feq(T )− fβ

τ(T )
, (2)

where feq(T ) is the fraction of β at equilibrium at the tem-
perature T and τ(T ) represents the characteristic time of
transformation, i.e. at a temperature T , fβ tends towards feq(T )
in a time equal to τ(T ).190

It is usual and convenient to describe τ(T ) by an Arrhenius-
type equation such as:

τ(T ) =
[
k0.e−

E
R.T

]−1
, (3)

where k0 is a kinetic prefactor, E is an activation energy and
R is the perfect gas constant. Two constants, k0 and E, have195

finally to be identified. It is chosen to represent the equilibrium
function feq with the equation of Forgeron [7] that is:

feq(T ) = 1− e−[C.(T−T0)]
n
, (4)

where C = 1/(T63.2%−T0), T63.2% is the temperature corre-
sponding to 63.2% of β phase at equilibrium, T0 is the tempera-
ture at the beginning of the transformation at equilibrium and n200

is an exponent to adjust. For Zircaloy-4: C = 1.135 10−2 ◦C−1,
T0 = 809 ◦C and n = 2.187.

The parameters of the model (Equation 2) are identified using
the dilatometry measurements by minimizing the cost function
defined such as:205

er2(λ) = [Uexp−Unum(λ)]
2, (5)

where λ is the set of parameters to identify, Uexp are the raw
experimental values of thermal expansion and Unum are the nu-
merical values of thermal expansion. Unum is computed as:

Unum =Uα(T ).(1− fβ)+Uβ(T ). fβ, (6)

where Uα and Uβ are the asymptotic linear trends of the mea-
sured displacement in the α and β domain, respectively.210

3. Experimental results

3.1. Dilatometry results
Around 20 dilatometry tests were performed following the

procedure described in Figure 2. The heating rates imposed
varied from 50 to 2000 ◦C/s (see Table 2).215

Exp. no. dT/dt CTE α CTE β

( ◦C/s) (10−6 ◦C−1) (10−6 ◦C−1)
D1 50 12 13
D2 50 9.7 13
D3 75 8.5 12
D4 75 9.5 13
D5 100 8.7 14
D6 100 9.2 16
D7 150 8.8 17
D8 200 9.6 14
D9 200 10 13

D10 350 10 15
D11 500 8.0 12
D12 600 10 12
D13 600 9.6 12
D14 800 9.3 12
D15 1000 8.2 13
D16 1000 9.5 12
D17 1200 9.9 11
D18 1400 11 12
D19 1400 9.9 15
D20 2000 9.7 13

Table 2: Dilatometry tests performed with the associated values of heating rates,
and coefficients of thermal expansion (CTE).

For the experiments carried out with imposed heating rates
greater than 100 ◦C/s, a decrease of the heating rate was ob-
served during the phase transformation. Figure 7.a shows the
thermal response recorded by the pyrometer for a test per-
formed with a heating rate imposed at 2000 ◦C/s. It is observed220

that the heating rate decreases during the phase transition, till
a minimal value of 780 ◦C/s. The evolution of the heating
rate obtained for different specified heating rates are given in
Figure 7.b. It is observed that the heating rate decreases from
around 870 to 950 ◦C, i.e. the range of the phase transition.225

Figure 8 depicts examples of dilatometry curves obtained.
Equation 4 models the equilibrium function feq.

The phase transition domain is characterized in Figure 8 by
the loss of linearity in the coefficient of thermal expansion
(CTE).230

3.2. Identification of the model
The equilibrium (Figure 8) and the tests performed with a

heating rate ranging from 50 to 500 ◦C/s are used to identify
the model described in section 2.6. The equilibrium parameters
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(a) (b)

Figure 7: (a) Pyrometer measurements for a test carried out with a heating rate imposed at 2000 ◦C/s. (b) Evolution of the heating rate for several specified values.
The values on the right correspond to the heating rates imposed during the tests.

Figure 8: Examples of dilatometry curves. The equilibrium curves were ob-
tained using the Equation 4. An offset along the y axis is added on the dilatom-
etry curves for a better readability.

(C, T0 and n) are re-identified to allow some flexibility to the235

identification algorithm and to take into account uncertainties.
Finally, five parameters are identified: C, T0 and n of Equa-
tion 4 and k0 and E of Equation 3. The final values are given in
Table 3.

C ( ◦C−1) T0 ( ◦C) n ln(k0) E (kJ.mol−1)
6.89 10−3 750 4.14 79.62 764.2

Table 3: Identified parameters of Equations 3 and 4.

Figure 9 compares some dilatometry curves obtained exper-240

imentally to the ones obtained with the model. The fraction of
β obtained for different heating rates with the model is given in
Figure 10.a. The authors remind that the β fraction is not reli-
able between 0 and 10% and between 90 and 100%. It can be
observed that for all the tests the end of transformation occurs245

around 960 ◦C. It is in good agreement with the results of [10].
On the other hand the temperature at which the transformation
starts increases with the heating rate. The equilibrium curve re-

identified matches well on the equilibrium curve of Forgeron.
The difference in the β fraction remains below 5%.250

The Figure 10.b shows the evolution of the temperature T50%,
at which the phase fraction of β is equal to 50%, obtained by
the model versus the heating rate. From equilibrium to 500 ◦C/s
T50% phase increases from 880 to 933 ◦C. It stabilizes at higher
heating rates.255

3.3. Metallurgical analysis

The as-received microstructure of the samples is presented
in Figure 11. The material is composed of thin and elongated
grains as usually found in the literature [17].

Metallurgical analysis were performed after three different260

heating transients of 50, 100 and 1200 ◦C/s. These experiments
followed the procedure describes in Figure 3. Examples of op-
tical micrographs are given in Figure 12.

After quenching at 910 ◦C the microstructure strongly differs
from the one of the as-received material. For the three heating265

rates, grains are small and equiaxed. It can be deduced that
recrystallization occurred. It is in good agreement with the re-
crystallization kinetics expected from [24, 25]. Some micro α

needles are precipitated within the grains for the experiment
performed at 50 ◦C/s. Fewer α needles are observed for the ex-270

periment performed at 100 ◦C/s. None are observed for the test
performed at 1200 ◦C/s. These micro α needles are character-
istic of ex-β grains at high temperature. Though a quantitative
estimation of the phase fraction is not possible with these mi-
crographs, a qualitative comparison can be done. No, or few β275

grains were present for the experiments performed at 1200 ◦C/s.
Some β grains must have been formed in the material for the
experiments performed at 50 and 100 ◦C/s.

At 950 ◦C the grains still have the same morphology. How-
ever many micro α needles appear within many grains. It is280

characteristic of a high β phase content within the material at
this temperature.
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Figure 9: Examples of dilatometry curves obtained (full lines) and results of
the model (circle marks). An offset along the y axis is added on the dilatometry
curves for a better readability.

Above 980 ◦C, the grain size significantly increases and
macro needles are visible. This steep evolution in the mi-
crostructure can be explained by the full dissolution of small285

α inclusions existing at slightly lower temperature at the ex-β
grain boundaries. This few remaining α phase would prevent
the growth of the β grains by anchoring the grain boundaries.
After full transformation into β phase would then release the
β grain growth and lead to the microstructure observed in Fig-290

ure 12. The grain size continues to increase with the tempera-
ture as shown in Figure 12.d for a sample quenched at 1001 ◦C.

Similar conclusions were obtained by some authors. Trego
evidenced a fast increase of the β grain size at the (α+β)→ β

transition for the M5 alloy [26]. Romero [27] highlighted also295

this phenomenon for the Zircaloy-2 alloy at low heating rates.
These micrographs are in good agreement with the dilatom-

etry curves of Figure 8. In the vicinity of 960 ◦C the (α→ β)
transformation seems complete, and at 950 ◦C a high propor-
tion of β phase is expected. The comparison between the mi-300

crographs of the samples quenched at 910 ◦C are also consistent
with dilatometry results. These observations are also corrobo-
rated by the creep tests and the micrographs performed in [10]
on Zircaloy-4 samples. A steep transition in the creep rate and
a fast increase of the grain size was evidenced in the vicinity of305

970 ◦C.

4. Analysis and discussions

If one wants to perform dilatometry tests with fast heating
transients (i.e.> 50 ◦C/s), two important aspects have to be taken
into account in the test setup : the measurement of the temper-310

ature and the thermal heterogeneity on the thermal expansion
measurement area.

4.1. The measurement of the temperature

The use of thermocouples to measure the temperature during
thermal transients may be inadequate. Systematic error has to315

be taken into account due to the intrusive nature of this mea-
surement technique, especially for fast thermal transients. This
systematic error is favored by high heating rates and large ther-
mocouple wire diameter. Figure 13 shows a comparison be-
tween the pyrometer and a thermocouple measurements, for a320

test carried out with a heating rate of 100 ◦C/s till 1100 ◦C. It is
observed that the values given by the thermocouple are around
25 ◦C lower than the pyrometer ones during the transient. The
use of radiometric measurements becomes then necessary to
avoid such errors. The inertia effect of the thermocouple can325

be estimated at the first order by finite element calculations as
presented in Appendix A.

It is also worthy to analyse the values of CTE obtained at dif-
ferent heating rates. The CTE should not be dependent of the
heating rate without activation of metallurgical phenomenon330

(i.g. phase transformation or elements dissolution) in the mate-
rial. Such a dependence is observed when using thermocouples
to measure fast thermal transients.

For the tests supporting the present study, the CTE in the α

domain is found to be equal to 9.6.10−6± 0.9.10−6 ◦C−1 and335
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(a) (b)

Figure 10: (a) Fraction of β obtained. The black dashed curve corresponds to the equilibrium of [7], the full lines correspond to the model computed with the true
experimental thermal data. The heating rates correspond to the set points. (b) Evolution of the temperature at which the phase fraction of β is equal to 50% as a
function of the heating rate (results of the model).

Figure 11: Optical micrograph of the as-received material (polarized light, ra-
dial cut).

the CTE in the β domain is found to be equal to 1.32.10−5±
1.5.10−6 ◦C−1 (cf. Table 2). These values were found relying
on the pyrometer temperature measurements. No impact of the
thermal slope was observed on the CTE.

4.2. Homogeneous temperature area340

The thermal measurements can usually be considered as lo-
cal, if a thermocouple or a pyrometer are used. Conversely, the
thermal expansion measurements are usually performed over a
more or less important area (cf. Figure 5). Consequently, the
thermal expansion recorded corresponds to the average value345

within this area. It is then important to notice that a thermal
heterogeneity in the sample may lead to significant errors in the
phase fraction computation. This is because the phase transi-
tion may not occur simultaneously throughout the area where
the thermal expansion measurements are performed. It follows350

that the phase fraction obtained cannot be linked to the temper-
ature measured locally.

To study the impact of a heterogeneous temperature in the
thermal expansion measurements area a bar of Zircaloy-4 hav-
ing a length L is numerically simulated. The CTE of the α and355

β phases are set equal to 9.6.10−6 ◦C−1 and 1.33.10−5 ◦C−1,
respectively. Forgeron’s model (Equation 4) is used to simulate
the phase transition. The bar is heated from room temperature
to 1200 ◦C with a parabolic axial thermal distribution. Five lev-
els of heterogeneity are simulated. The phase fraction is then360

recomputed in the whole area using the lever rule method. The
results are presented in Figure 14. For thermal heterogeneity of
{5, 10, 20, 50, 100} ◦C the maximal differences in the phase
fraction measured with the reference are around {1.5, 3, 7, 18,
32}%, respectively. The estimation of the thermal heterogene-365

ity in the thermal expansion measurement area, by full-field
method for instance, is then necessary to avoid an averaging
effect.

The thermal distribution on the samples in the dilatometry
tests was estimated using the NIRT method. Figure 15 shows370

an example of an image obtained with the associated thermal
profile. A homogeneous temperature area of about 7mm was
observed at the center of the sample, with an acceptable ther-
mal heterogeneity of 5 ◦C. The temperature and the diametrical
expansion were measured in this area.375

The temperature variation through the section was estimated
to be lower than 4 ◦C by finite element calculations (cf. Ap-
pendix A). It has then a small impact on the phase fraction com-
putation (< 1.5%).

4.3. Impact of the mechanical deformations380

Finite element calculations were performed to study the im-
pact of the mechanical deformation on the phase fraction com-

7



(a)

(b)

(c)

(d)

Figure 12: Optical micrographs for the experiments performed at: (a) 50 ◦C/s, (b) 100 ◦C/s, (c-e) 1200 ◦C/s (polarized light, radial cut).
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Figure 13: Comparison between the pyrometer and a thermocouple (type K,
Wires diameter of 0.18 mm) at 100 ◦C/s.

Figure 14: Impact of a quadratic thermal heterogeneity within the thermal ex-
pansion measurement area on the phase fraction computation. 5 values of ther-
mal heterogeneity are presented for a bar of length L.

Figure 15: Results obtained by NIRT (a) Example of an image obtained with the
high speed camera (temperature computed by NIRT); (b) Axial thermal profile
extracted from the red line.

putation. More details of the modelling are given in Ap-
pendix A. The calculations show that the mechanical deforma-
tion is negligible compared to the total deformation and do not385

affect the phase fraction computed by the lever rule method.

4.4. Taking into account the saturation effect

The impact of the heating rate on the phase transformation
kinetic appears to saturate above 500 ◦C/s, at least within the
uncertainties range of our means of measurement. Figure 16390

shows the phase fraction obtained for the tests performed with
heating rates varying from 500 to 2000 ◦C/s. These curves were
computed using the lever rule method described in section 2.5.

Figure 16: The full lines represents the evolution of fβ for the experiments
carried out with heating rates above 500 ◦C/s (Exp. no. D12 to D20 in Table 2).
The circle marks represent the function F500(T ).

To take into account this saturation effect a function F500 was
defined to model the phase transformation kinetic for heating395

rate above 500 ◦C/s. The same shape of Equation 4 was used
so that:

F500(T ) = 1− e−[C2.(T−T2)]
n2
, (7)

where C2, T2 and n2 can be linked to C, T0 and n. The identified
function F500 is depicted with the circle marks in Figure 16 and
the three associated parameters are given in Table 4.400

C2 ( ◦C−1) T2 ( ◦C) n2

1.36.10−2 865.4 4.18

Table 4: Parameters of the function F500(T ).

The Equation 2 can now be updated such as:

d fβ

dt
=


feq(T )− fβ

τ(T )
if fβ > F500(T )

F500(T )− fβ

dt
otherwise.

(8)
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5. Summary and conclusions

The phase transition of Zircaloy-4 cladding was evaluated
during fast thermal transients. Around 20 dilatometry tests were
performed with heating rates ranging from 50 to 2000 ◦C/s. It is405

shown that special care must be taken to the thermal measure-
ments and the thermal homogeneity in the thermal expansion
measurement area. A careful use of thermocouples is recom-
mended during "fast" thermal transients. The thermal hetero-
geneity must also be accurately determined in the thermal ex-410

pansion measurement area to avoid an averaging effect that may
distort the dilatometry curves.

The tests evidenced several facts: (i) from equilibrium to
500 ◦C/s the temperature at which the transformation starts
shifts towards the high temperatures with increasing heating415

rates, (ii) above 500 ◦C/s the heating rate effect saturates, (iii)
the temperature at which the transformation ends (around 960
◦C) does not seem to be impacted by the heating rate.

A kinetic model based on Leblond’s equation was identified.
A function of saturation was added and the equilibrium equa-420

tion was re-identified using the equilibrium data of [7]. This
model is able to reproduce the phase transition of Zircaloy-4
claddings from equilibrium to heating rate till 2000 ◦C/s and
probably above considering the observed saturation of kinetic
aspects. Further analysis will have to be conducted in order to425

use this model under cooling.
Experiments were carried out to perform metallurgical anal-

ysis. The micrographs confirmed that the transition in the pure
β domain is expected at a temperature that is not significantly
affected by the heating rate of about 960 ◦C. The optical mi-430

crographs showed also a high fraction of β phase at 950 ◦C
for experiments performed at 50, 100 and 1200 ◦C/s. It is in
good agreement with the phase fraction found in the dilatom-
etry experiments. Furthermore, all the results of this study are
in good agreement with the creep results of [10] performed in435

post-DNB conditions.
It is worth noting that the phase transformation kinetic is in-

fluenced by the metallurgical state of the material. Nguyen [12]
for instance, observed significantly faster phase transformation
on recrystallized Zircaloy-4 than on the same alloy in a stress440

relieved annealed metallurgical state. Additional testing is re-
quired to quantify the influence of the different parameters that
may be coupled to the phase transformation (residual stress, lat-
tice defects, initial microstructure...).

Data availability445

The raw and processed data of the current study are available
from the corresponding author on request.
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Appendix A. Finite element modelling of the experiments

Two modellings are performed to simulate the dilatometry
experiments. A coupled thermal-electrical calculation is carried
out to estimate the temperature variation through the cladding
thickness and the inertia effect of the thermocouple. A thermo-455

mechanical calculation is performed to assess the impact of the
mechanical deformations on the phase fraction computation.
Both modellings are carried out using the Abaqus commercial
software.

A.1. Coupled thermal-electrical calculation460

The sample and the thermocouple are modelled using 8-node
linear brick elements "DC3D8E". The cladding is modelled
with an eccentricity of 3% [18] as schematized in Figure 17.a.
The model is composed of 61626 elements and 6 elements are
used through the cladding thickness. All the degrees of free-465

dom are prescribed at one extremity of the sample and the other
one has unconstrained displacements along the axial direction.
The sample is heated by Joule heating from 20 ◦C to 1100 ◦C.
Several heating rates are tested from 1 to 2000 ◦C/s. The in-
ternal and external radiation is modelled. The convection is470

neglected, assuming that the experiments take place under vac-
uum. The material properties used to model the sample and
the thermocouple are given in Table 5. These values are set to
represent at the first order Zircaloy-4 and Chromel for the sam-
ple and the thermocouple, respectively. Figure 18 presents the475

finite element modelling.

Property Sample TC
Specific heat (J.kg−1.K−1) 375 600
Thermal conductivity (W.m−1.K−1) 25 19
Electrical resistivity (µΩ.cm) 130 70.7
Density 6,6 8,7
Emissivity 0,9 0,9
Young’s Modulus (GPa) Eq. (9) 186

Table 5: Material properties used to model the sample and the thermocou-
ple (TC).

E = 116.1−59×10−3.T (K) [GPa]. (9)

Figure 17.b shows the circumferential thermal distribution
obtained for a heating rate of 100 ◦C/s. The temperature vari-
ation within the section is around 4 ◦C. It has then an accept-
able impact on the phase fraction computation, lower than 1.5%480

(cf. Figure 14).
Furthermore, the calculation enables obtaining a first order

estimation of the inertia effect of the thermocouple. At 1000 ◦C
and for a heating rate of 100 ◦C/s, the temperature in the vicin-
ity of the thermocouple is 20 ◦C lower than the temperature485

obtained at the opposite side of the tube. The authors point out
that the inertia effect would be more important with a more re-
alistic representation of the welding point. The size of the cold
area generated by the thermocouple is negligible compared to
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(a) (b)

Figure 17: (a) Scheme to visualize the eccentricity Ξ imposed. wmin and wmax
correspond to the minimal and maximal values of wall-thickness, respectively.
(b) Temperature distribution obtained through the cladding section for a heating
rate of 100 ◦C/s and a sample eccentricity of 3%.

the size of the area where the thermal expansion measurement490

is performed. The cold area at the welding point has then no
impact on the phase fraction computation.

Figure 18: Results obtained for the thermal-electrical simulation for a heating
rate of 100 ◦C/s.

A.2. Thermo-mechanical calculation

An axisymmetric calculation is also performed to estimate
the impact of the mechanical deformations on the phase frac-495

tion computation. The model is composed of 7020 elements
"CAX4R" and 10 elements are used through the cladding thick-
ness. The coefficient of thermal expansion of the material is
set using the mean value of thermal expansion obtained dur-
ing the dilatometry experiments. The phase transformation is500

simulated using the Equation (8). Thereby, the contraction ob-
tained during the phase transformation is modelled. The sam-
ple is heated at different heating rates using the experimental
temperature profiles measured by Near InfraRed Thermography
(cf. Figure 15.b). A temperature variation of 4 ◦C is imposed505

through the thickness. The jaws are cooled during the experi-
ence so the temperature at the extremities of the sample was set
at 20 ◦C. The Figure 19.a shows the axisymmetric model and
the Figure 19.b shows the axial thermal profile imposed to the
cladding at the end of the test.510

Figure 19: Thermo-mechanical modelling: (a) axisymmetric model; (c) axial
thermal profile imposed to the cladding at the end of the test. The experimen-
tal points are obtained by NIRT and a polynomial function is used to fit the
experimental points.

The phase fraction is computed at the end of the calculation
using the lever rule method at the middle of the sample in an
area 5 mm long. A difference lower than 1.5% is obtained
compared to the true phase content present at the middle of the
sample.515
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