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Abstract

It is well established that in Zr alloys, secondary precipitate phases (SPP) have a major influence on the materials properties (corrosion
and mechanical behaviour). Thus, it is of great importance to know the SPP formation and dissolution temperatures and their possible
metastability as a function of the alloy chemical composition, the thermal treatments and the SPP characteristics (crystallographic struc-
ture and chemical composition). The aim of the present paper is to give an overview of the studies performed recently on different alloy
families, i.e., Zr–Fe–V, Zr–Fe–Mo, Zr–Nb–Fe and Zircaloy (Zr–Sn–Fe–Cr) types. High temperature–high sensitivity calorimetry (Seta-
ram HF-DSC) has been extensively applied on these alloys. From the experimental thermograms, we have derived the SPP fraction evo-
lution as a function of the temperature, and also the enthalpy associated with their dissolution upon heating and precipitation upon
cooling. It has thus been possible to study the reversibility of the reactions involved. Depending upon the thermal diffusivities of the
alloying elements, we have shown that the alloys studied can be classified into two sub-groups:

(1) alloys with fast-diffusing elements, such as Cr, Fe, V, showing reversible phase transformations upon heating and cooling;

(2) alloys with slow-diffusing elements, such as Nb or Mo, showing metastable phase transformations, that are characterised by a par-
tial Zr-Beta decomposition and metastable SPP precipitation upon cooling.

In addition, the sensitivity of calorimetric measurements to low fractions of SPP (less than 1%) is demonstrated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is now well established that in-reactor properties and
irradiation behavior of zirconium alloys strongly depend
upon their microstructure. Especially, the control of the
second phase precipitates (SPPs) size, nature, composition
and volume fraction allow to enhance corrosion resistance,
hydriding properties and also to control the grain size [1,2].

Thus it is of interest to quantify systematically the SPP
transformation temperatures and volume fraction.
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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SPP volume fractions in Zr alloys can be determined by
TEM examinations but a good statistic can only be
obtained by performing many examinations which are
quite time consuming [3]. Synchroton facilities allow the
detection of very small volume fraction of precipitates [4],
but one can only have access to this facility a limited time
per year.

Until now, Differential Scanning Calorimetry has been
scarcely used on Zr alloys, and mainly for the determina-
tion of temperatures of the allotropic a! b phase transfor-
mations [5,8]. In this paper, we describe how this technique
can be easily applied for the determination of volume
fractions and temperature existence ranges of SPPs. This
methodology has been already successfully used for

mailto:caroline.toffolon@cea.fr


-8

-6

-4

-2

0

 
H

 (
J/

g
)

Zr-0.55%Nb

Zr-1%Nb

368 C. Toffolon-Masclet et al. / Journal of Nuclear Materials 372 (2008) 367–378
the determination of bNb volume fractions in Zr–Nb
alloys [6].

In this work, we have extended this approach to other
Zr based alloy families such as Zr–Sn–(Fe, Cr), Zr–Sn–
(Fe, V), Zr–Sn–(Mo,Fe) and Zr–Nb–Fe(Sn) in which dif-
ferent kind of SPPs should precipitate.
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Fig. 2. Variation of the enthalpy corresponding to the on heating
bNb! bZr transformation as a function of the pre-annealing time at
570 �C for 3 alloys: Zr–0.55%Nb, Zr–1%Nb and Zr–2.5%Nb from [6].

Fig. 3. TEM micrographs of a Zr–2.5%Nb initially treated at 1045 �C/
5 min and water quenched (a), and a Zr–2.5%Nb initially treated at
1045 �C/5 min, water quenched, and annealed 200 h at 570 �C (b) from [6].
2. Previous studies

We have recently shown that high temperature–high
sensitivity calorimetry (Setaram HF-DSC) can be used to
determine SPPs volume fractions [6]. Indeed, this previous
study concerned precipitation kinetics of the bNb phases in
Zr–Nb alloys with Nb content ranging from 0.55 wt% to
2.5 wt%Nb. The alloys were thermally treated for 5 min
at 1045 �C and then water quenched. The resulting initial
microstructure was constituted by a Nb supersaturated
aZr matrix. The alloys have then been annealed at 570 �C
for different times up to 5000 h to achieve equilibrium con-
ditions. After each annealing time, the alloys were studied
by calorimetry.

Fig. 1 shows a comparison of the portions of thermo-
grams obtained upon heating after different times of
annealing treatments of a Zr–2.5 wt%Nb alloy. The bNb

precipitation occurring during the annealing treatments is
underlined by the endothermic peak corresponding to the
bNb! bZr re-transformation upon heating. The area of
this peak is increasing as a function of the annealing time.
It has been demonstrated that the area of this endothermic
peak was proportional to the amount of bNb phases precip-
itated during the annealing treatment.

Similar studies have been performed for two other Zr–
Nb alloys: Zr–0.55 wt%Nb and Zr–1 wt%Nb. It was then
possible to determine the precipitation kinetics of bNb as
a function of the annealing time. It can be observed on
Zr–0.55 wt%Nb that the bNb fraction after long term
annealing at 570 �C is very low. This is consistent with
the Nb solubility in the aZr matrix, which is known to be
close to �0.50% at 570 �C [7] (see Figs. 2 and 3).
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Fig. 1. Zr–2.5%Nb, initially treated at 1045 �C/5 min, water quenched
and annealed at 570 �C. Comparison between thermograms obtained
upon heating at 10 �C/min after 2, 20 and 500 h of annealing respectively
from [6].
3. Experimental methods

3.1. Experimental materials

Part of the materials have been supplied by CEA-DRT-
LTMEX. Most of them have been fabricated as small
ingots by arc-melting and hot and cold rolling to produce
small sheets (�1 mm thick). The other experimental mate-
rials have been supplied by AREVA-NP-CEZUS under
different geometries (sheets or thick/thin tubes).

The detailed chemical compositions of the different
alloys studied are reported in Table 1.

Three sets of materials can be found. The first set corre-
sponds to pure Zr with different amounts of oxygen, the
second one corresponds to Zr–Sn(Fe, Cr,V) type alloys.
The third one can be divided into two subgroups: the first
one corresponding to Zr–Sn–Mo–(Fe) and Zr–Nb(Fe)
alloys with low iron contents (61000 wt ppm Fe) and the
second one corresponding to the same alloys with higher
iron contents (>1000 wt ppm).
3.2. High sensitivity calorimetry

These experiments were performed using a Setaram
Multi HTC high-temperature high-sensitivity calorimeter.
Experiments are conducted under inert gas (pure argon



Table 1
Chemical composition of the experimental alloys studied

Alloys families Reference Chemical composition (wt%)

Sn Fe Cr V Mo Nb O (wt ppm) Suppliers

Pure Zr Zr Van Arkel – – – – – – �50–100 CEA/DRT/LTMEX
Zr (300 ppm O) – – – – – – �300 AREVA-NP- CEZUS

Type Zircaloy Zr–Sn(Fe,Cr) Zy4 1.2 0.2 0.1 – – – 1200 AREVA-NP-CEZUS
Zr–Sn(Fe,V) Zr–1.2Sn–0.6Fe–0.3V 1.2 0.6 – 0.3 – – 1200 CEA/DRT/LTMEX

Zr–1.2Sn–0.3Fe–0.6V 1.2 0.3 – 0.6 – – 1200 CEA/DRT/LTMEX
Zr–1.2Sn–0.4V–(0.04Fe) 1.2 <0.02 – 0.5 – – 1200 CEA/DRT/LTMEX

Fe 6 1000 ppm

–Zr–Sn–Mo(Fe) Zr–1.2Sn–0.5Mo–(0.03Fe) 1.2 <0.02 – – 0.5 – 1200 CEA/DRT/LTMEX
Zr–0.55%Nb – 0.025 – – – 0.55 1250 AREVA-NP-CEZUS

–Zr–Nb(Fe) Zr–1%Nb – 0.025 – – – 1 1250 AREVA-NP-CEZUS
Zr–2.5%Nb – 0.120 – – – 2.5 1100 Wah-Chang

Fe > 1000 ppm

–Zr–Sn–Mo, Fe Zr–1.2Sn–0.2Fe–0.2Mo 1.2 0.2 – – 0.2 – 1200 CEA/DRT/LTMEX
Zr–1.2Sn–0.6Fe–0.7Mo 1.2 0.6 – – 0.5 – 1200 CEA/DRT/LTMEX
Zr–1Nb–0.75Fe <0.003 0.75 0.004 – – 1 1300 AREVA-NP-CEZUS
Zr–2Nb–0.45Fe <0.003 0.45 0.005 – – 2 1300 AREVA-NP-CEZUS

–Zr–Nb–Fe(Sn) Zr–2Nb–0.75Fe <0.003 0.75 0.005 – – 2 1300 AREVA-NP-CEZUS
Zr–1.1Nb–0.5Sn–0.4Fe 0.5 0.4 – – – 1.1 1350 AREVA-NP-CEZUS
Zr–0.4Nb–0.5Fe – 0.45 – – – 0.4 6000 AREVA-NP-CEZUS
Zr–0.5Nb–0.5Fe – 0.45 – – – 0.5 600 AREVA-NP-CEZUS
Zr–0.85Nb–0.5Fe – 0.47 – – – 0.85 600 AREVA-NP-CEZUS
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Fig. 4. Schematic representation of the deconvolution of two enthalpic
peaks obtained by calorimetric measurements.
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or helium) for typical heating/cooling rates ranging from 1
to 10 �C/min. The method used to determine the relative
amounts of b- (or a-) phase fractions from the experimental
thermograms as a function of temperature has been already
presented in [8]. The same method has been extended to
evaluate the relative amounts of SPPs. When the SPP
and the allotropic a M b phase transformations take place
in the same range of temperatures, a deconvolution of the
different enthalpic peaks is applied, assuming that they
have both a Gaussian form, as illustrated in Fig. 4.
3.3. TEM examinations on carbon extractive replica

The SPP stoichiometries were determined using a scan-
ning energy dispersive device (STEM/X-EDS). The carbon
replica technique allows the determination of particle
chemical composition without matrix contribution. This
technique consists in sputtering a carbon layer on the spec-
imen surface, followed by an electro-etching procedure in
order to collect the replicas [9].
4. Experimental results

4.1. Second phase particles

Due to the very low solubility limit of Fe, Cr, Ni and V
in aZr at low temperatures (6700 �C), different kinds of
SPPs can precipitate. Thus, the phases precipitated in this
case are namely: LAVES Phase type, that is Zr(X1,X2)2

with an hexagonal compact (MgZn2 type) and/or a cubic
centered (Cu2Mg type) crystallographic structure. We have
chosen to describe the chemical compositions of the SPPs
by their atomic stoichiometry Zr(X1,X2)2 as presented in
Table 2. One exception concerns the fcc (Zr, Nb)4Fe2 phase
in the ZrNbFe system which is denoted: (Zr, Nb)4Fe2.

In Zy-4 alloys, as expected, only hexagonal Zr(Fe,Cr)2

LAVES phase type SPPs are precipitated [10].
Two phases have been observed by Petkov and Svechni-

kov [11] in the Fe–V–Zr system: they both correspond to
Laves phases. The first one is hexagonal Zr(Fe1 � XVX)2

corresponding to the average chemical composition
Zr1/3Fe1/3V1/3 and the second one is cubic Zr(Fe1 � XVX)2

corresponding to the average composition Zr33Fe17V50

[12]. In our study, microstructural studies of Zr–
1.2 wt%Sn–0.6 wt%Fe–0.3 wt%V and Zr–1.2 wt%Sn–
0.3 wt%Fe–0.6 wt%V alloys show that hexagonal
Zr(Fe, V)2 phases are the only secondary precipitated
phases in these alloys.



Table 2
Typical stoichiometries of the intermetallic phases precipitated in the different alloys

Alloys type Zr–Sn, Fe, Cr Zr–Sn, Fe, V Zr–Sn–Fe, Mo Zr–Nb, Fe, (Sn)

Intermetallic
phases

Zr(Fe,Cr)2 Zr(Fe,V)2 Zr(Fe,Mo)2 and/or
Zr0.6(Fe,Mo)

Zr(Fe,Nb)2 and/or (Zr,Nb)4Fe2 and/
or bNb (Nb � 80–90%)
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Fig. 6. Portions of thermograms (a) and bZr phase fraction deduced from
calorimetric measurements (b) performed upon heating at 5 �C/min on Zr
Van Arkel and Zr containing 300 ppm O.
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Three kinds of ternary Fe–Mo–Zr phases can be
found in alloys containing these elements: hexagonal
Zr(Fe1 � XMoX)2 with an average chemical composition
Zr1/3Fe1/3Mo1/3 [13], cubic Zr(Fe1 � XMoX)2 with average
chemical composition Zr33Fe63Mo4 [13] and hexagonal
Zr9FeMo4 with average composition Zr64Fe7Mo29 [14].
In our study, two kinds of SPPs have been found in the
Zr–Sn–(Fe,Mo) alloys studied, Zr(Fe, Mo)2 Laves phases
(hexagonal and/or cubic) and Zr0.6(Fe,Mo) corresponding
to Zr9FeMo4 phase.

Two ternary intermetallic phases can be found in Zr–
Nb, Fe, (Sn) alloys: a Laves phase with a hexagonal struc-
ture Zr(Nb,Fe)2 (average chemical composition:
Zr35Nb35Fe30) and a fcc phase (Zr, Nb)4Fe2 (average chem-
ical composition: Zr60Nb10Fe30) [15–20]. Moreover, cubic
centered bNb phases can be found.

4.2. Pure Zr

In this study, experiments on pure Zr were performed in
order to have a reference for the experiments on Zr alloys.
The endothermic and exothermic peaks on the thermo-
grams (Fig. 5) correspond to the allotropic reaction
aZr M bZr. It can be seen from this thermogram, that the
allotropic transformation is reversible and the hysteresis
between heating and cooling at 5 �C/min is very weak
(�20 �C).

Two kind of alloys were studied in this part of the work:
one containing �50 wt ppm O (Van Arkel) and the other
one containing around 300 wt ppm O. It can be seen from
Fig. 6 that oxygen has a strong influence on the transus
temperatures. These experiments point out the necessity
to check oxygen contents of Zr alloys before and after per-
forming calorimetric experiments because of potential in-
situ oxidation.
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Fig. 5. Typical thermogram obtained by calorimetry for a thermal cycle
(heating/cooling rate = 5 �C/min) on pure Zr (Van Arkel).
4.3. Group 1: Zr–Sn(Fe,Cr) and Zr–Sn(Fe,V) alloys

In this group except Sn, the alloying elements, Fe, Cr
and V, are fast diffusing elements and their solubility limit
in the aZr solid solution is very small.

The results obtained by calorimetry for two typical
alloys, that is, Zy-4 and Zr–1.2 wt%Sn–0.04 wt%Fe–
0.4 wt%V, are shown below.

4.3.1. Low-tin Zy-4 (Zr–1.2 wt%Sn–0.2 wt%Fe–
0.1 wt%Cr)

Fig. 7 represents a typical thermogram obtained on Zy-4
alloy (heating/cooling rate = 5 �C/min) showing two peaks
both on heating and cooling. Considering their respective
temperature ranges upon heating, we assume that the first
endothermic peak corresponds to the Zr(Fe, Cr)2! bZr

transformation, and the second one corresponds to the
allotropic aZr! bZr transformation. On cooling, the exo-
thermic peaks correspond to the inverse reactions that is
bZr! aZr and bZr! Zr(Fe, Cr)2.
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Fig. 7. Typical thermogram obtained by calorimetry on low-tin Zy-4: Zr–1.2 wt%Sn–0.2 wt%Fe–0.1 wt%Cr.
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1 Because of the low Fe fraction, we did not detect the re-transformation
of (Zr, Nb, Fe) ternary intermetallic compound. However, due to the very
low solubility of Fe in aZr, it is likely that this reaction occurs (even for a
nominal Fe content < 1000 wt ppm), but the volume fraction of SPP
involved is too low to be clearly detected.
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The precipitation sequence is schematically represented
in Fig. 7. The reactions are reversible upon heating and
cooling. The enthalpy associated to the transformation of
the SPPs is very high compared to its volume fraction (less
than 1 vol.%) and compared to the enthalpy associated to
the full allotropic aZr M bZr transformation.

4.3.2. Zr–Sn(Fe,V)

The thermogram and the associated precipitation
sequence obtained for the Zr–1.2 wt%Sn–0.04 wt%Fe–
0.4 wt%V alloy (Fig. 8) are very similar to the one obtained
for Zy-4. The reaction upon heating and cooling is revers-
ible. The enthalpy associated to the transformation of the
SPP is very high compared to its volume fraction (�1%)
and also compared to the enthalpy associated to the allo-
tropic transformation.

4.4. Group 2: Zr–Nb–Fe(Sn) and Zr–Sn–Mo, Fe alloys

The alloys of this group are characterised by the associ-
ation of fast and low diffusing alloying elements, respec-
tively (Fe, Cr) and (Nb, Mo).
4.4.1. Fe content < 1000 ppm

4.4.1.1. Zr–Nb–Fe(Sn). For a Zr–2.5 wt%Nb–0.1 wt%Fe
alloy, two1 peaks are observed upon heating and only
one upon cooling (Fig. 9). The schematic representation
of the precipitation sequences associated to the thermo-
grams clearly show that for this alloy the reaction is not
reversible upon heating and cooling. On heating, a very
classical precipitation sequence is observed: we assume that
the first peak corresponds to the transformation
bNb! bZr, and the second one to the allotropic transfor-
mation: aZr! bZr.

On cooling, only one peak is observed corresponding to
the reaction: bZr! aZr + b�Zr. Indeed, the analysis of the
resulting microstructure after cooling shows that the pre-
cipitated phases inside the aZr matrix are metastable bZr

enriched in Nb (�15–20 at.%) denoted: b�Zr.



⊕ : The Zr(Nb,Fe)2 volumic fraction is too small to be detected clearly by calorimetry, but TEM 

examinations show that this SPP is present even for low Fe content.
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Fig. 9. Typical thermogram obtained by calorimetry on Zr–2.5 wt%Nb–0.1 wt%Fe.
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The precipitation sequences are presented in Fig. 9,
showing the non-reversibility of the reaction. Upon heat-
ing, the enthalpy associated to the transformation of the
SPP is very high compared to its volume fraction and also
compared to the enthalpy associated with the allotropic
aZr! bZr transformation. As discussed previously [20],
on cooling, Nb enriched bZr phases have not enough time
to fully transforms into the aZr + bNb equilibrium phases
because of the quite low ending transformation tempera-
ture (�600 �C) compared to the low diffusivity of Nb
atoms. Thus, a metastable b�Zr phase, enriched with Nb
(�10–15 at.%) is retained at low temperature. It is then
necessary to perform quite long annealing times (>100 h)
below 600 �C to decompose the b�Zr phase into aZr + bNb

equilibrium phases.

4.4.1.2. Zr–Sn–Mo, Fe. A similar behaviour is observed for
the alloy: Zr–1.2 wt%Sn–0.5 wt%Mo–0.03 wt%Fe. The
reaction upon heating and cooling is not reversible
(Fig. 10). After one thermal cycle, a metastable b�Zr

enriched in Mo (�15 at.%Mo) is retained at room
temperature.
4.4.2. Fe content > 1000 ppm

For the alloys containing more than 1000 wt ppm, the
presence of one or two ternary Zr–Nb–Fe SPP is systemat-
ically detected by calorimetry, thanks to a higher Fe
content.

4.4.2.1. Zr–Nb–Fe(Sn). For the alloy Zr–0.8 wt%Nb–
0.5 wt%Fe, two or three peaks are observed on heating
(see Fig. 11). We assume that the first and second ones cor-
respond to the transformation of the SPPs and the second
(or the third) one to the allotropic aZr! bZr transforma-
tion. On cooling, two peaks are also observed, but the
shape of the peak corresponding to the precipitation of
the SPPs is very different from the one obtained on heating.
In-situ neutron diffraction experiments [20] and TEM
examinations have shown that two metastable SPPs can
be retained at room temperature after the high temperature
thermal cycle: a ZrxFe�y and a b�Zr phase (bZr enriched in Nb
(�15–20 at.%Nb)).

Just as in the previous alloys studied, the enthalpies
associated to the transformation of the SPPs are very high
compared to their volume fractions.
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Fig. 11. Typical thermogram obtained by calorimetry on Zr–0.8 wt%Nb–0.5 wt%Fe.
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Fig. 12. Typical thermogram obtained by calorimetry on Zr–1.2 wt%Sn–0.2 wt%Mo–0.2 wt%Fe.
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4.4.2.2. Zr–Sn–Mo, Fe. A similar behaviour is observed for
the alloy: Zr–1.2 wt%Sn–0.2 wt%Mo–0.2 wt%Fe. The reac-
tion upon heating and cooling is not reversible (Fig. 12).
After one thermal cycle, two metastable phases can be
retained at room temperature: ZrxFe�y and b�Zr phases (that
is bZr enriched in Mo (�15 at.%Mo)).

5. Discussion

5.1. SPP’s types and metastability as a function of the
alloy family

From the above results, calorimetry appears to be a
powerful tool in order to follow the phase transformations
Table 3
Typical data concerning SPPs phase transformations

Alloys type Zr–Sn(Fe,Cr) Zr–Sn(Fe,V)

SPPs type Zr(Fe,Cr)2 Zr(Fe,V)2

Transformation/
precipitation
temperature of
SPPs (in �C)

�800 �780–850

Typical diffusion
distance (2

ffiffiffiffiffi

Dt
p
Þ

in bZr after 5 min
at the precipitation
temperature

kFe � 60 lm
D(Fe� 800 �C) =
2.8E�12 m2 s�1 [23]

kFe � 60 lm
D(Fe� 815 �C) =
3.4E�12 m2 s�

kCr � 10 lm
D(Cr� 800 �C) =
1.2E�13 m2 s�1 [23]

kV � 1 lm D

4.6E�16 m2 s�
progress upon heating/cooling, even for low volumic frac-
tions of SPPs. However, these determinations need some
complementary direct microstructural investigations
(TEM and/or neutron diffraction) to identify clearly the
different types of SPPs.

The different alloys studied in this work can be sepa-
rated into two groups of alloys. The first group con-
sisting of Zircaloy type and Zr–Sn(Fe, V) alloys, is charac-
terized by reversible transformation reactions upon heating
and cooling. On heating, the allotropic aZr! bZr transfor-
mation reaction starts around 800 �C. The transformation
of SPPs also takes place around 800 �C and is assumed
to be an ‘inverse eutectoid’ type reaction: SPP + aZr!
bZr.
Zr–Nb–Fe(Sn) Zr–Sn–Mo, Fe

Zr(Nb,Fe)2(Zr,Nb)4Fe2bNb Zr(Fe,Mo)2

�600–760 �700–750

1 [23]

kFe � 25 lm D(Fe� 680 �C) =
5.8E�13 m2 s�1 [23]

kFe � 35lm D(Fe� 680 �C) =
1.1E�12 m2 s�1 [23]

(V� 815 �C) =
1 [24]

kNb 6 1 lm D(Nb� 680 �C) =
7.2E�16 m2 s�1 [25]

kMo 6 1 lm
D(Mo� 725 �C) =
6.7E�16 m2 s�1 [23]



Table 4
Alloy Zr–0.5%Nb–0.5%Fe: phase precipitated after heating at 5 �C/min
and cooling at 200 �C/s from 790 and 805 �C, as observed by TEM on
carbon replica

SPPs type after quenching
from 790 �C

SPPs type after quenching
from 805 �C

(Zr,Nb)4Fe2 Zr3Fe*

Zr3Fe*

b�Zr b�Zr

200
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The second group of alloys corresponds to Zr–Sn–Mo,
Fe and Zr–Nb–Fe(Sn) alloys. The transformation reactions
of these alloys are not reversible upon heating and cooling
even for slow heating/cooling rates. Non reversibility of the
transformation reaction has been previously confirmed by
in-situ Neutron diffraction experiments on two ZrNbFe
alloys: Zr–1 wt%Nb–0.75 wt%Fe and Zr–2 wt%Nb–
0.45 wt%Fe [20]. In these alloys, the equilibrium SPPs
present at low temperatures are respectively a FCC
(Zr, Nb)4Fe2 phase (a = 12.1 Å) and/or a HCP Zr(Nb,Fe)2

phase (a = 5.5 Å and c = 8.7 Å). After transforming these
Fig. 13. TEM micrograph of a carbon replica obtained on a Zr–
0.5 wt%Nb–0.5 wt%Fe annealed 1000 h at 550 �C (before the calorimetric
cycle).
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SPPs into bZr phases upon heating, it is shown that meta-
stable ZrxFe�y and b�Zr phases can precipitate upon cooling.

For Zr–Sn–Mo, Fe alloys, we have observed that 24 h
annealing at 700 �C was not enough in order to fully trans-
form the metastable b�Zr phase (enriched in Mo) into equi-
librium intermetallic phases (ZrMo2 or Zr(Fe, Mo)2). The
slow transformation kinetics of metastable b�ZrðMoÞ phase
has been confirmed by different authors: among Domagala
et al. [21], the isothermal transformation b! a + ZrMo2 is
achieved after 24 h at 700 �C for an alloy containing
1.3 wt%Mo and after 1 week for an alloy containing
5.4 wt%Mo. Zakharova and Vasil’eva have also studied
the transformation kinetics of metastable b�Zr phases in
two different alloys Zr–14 wt%Nb–12 wt%Mo and Zr–
24 wt%Nb–9 wt%Mo at three temperatures: 350, 550 and
750 �C [22].

For a Zr–1 wt%Nb alloy, we have already shown that it
was necessary to anneal up to 2000 h at 570 �C in order to
fully transform the metastable b�Zr (enriched in Nb) into
equilibrium the aZr + bNb phases [6]. Thus, for this group
of alloys, the determination of SPPs fractions and existence
temperature ranges by calorimetry has to be limited to the
first heating. Furthermore, in a previous study [20], we
pointed out the necessity to perform a long-term pre-
annealing treatment in the a temperature range in order
to obtain the quasi-equilibrium phase fractions.

The reversibility and non-reversibility of the transforma-
tion reactions can be simply estimated by calculating the
diffusion distance in the matrix (2

ffiffiffiffiffi

Dt
p

where D is the diffu-
sion coefficient and t is the time) of the different alloying
elements at the typical precipitation temperatures (after



Table 5
Pre-annealed Zr–Nb–Fe(Sn) alloys: Calculated SPP’s fractions and associated re-transformation (DHSPP!bZr) enthalpy deduced from calorimetric
thermograms

Alloys composition Pre-annealing treatment
(in h/�C)

Calculated atomic fraction of SPP’s
(including bNb) (%)

DHSPP!bZr upon heating at
5 �C/min (J/g)

Zr–0.55%Nb 5000/570 0.15 1.5
Zr–1%Nb 5000/570 0.6 4
Zr–2.5%Nb 5000/570 2.2 12
Zr–1Nb–0.75Fe 1800/570 3.3 11
Zr–2Nb–0.45Fe 1800/570 3.5 15
Zr–2Nb–0.75Fe 1800/570 4.61 18
Zr–1.1Nb–0.5Sn–0.4Fe 1800/570 2.45 12
Zr–0.4Nb–0.5Fe 1000h/500 2 10
Zr–0.5Nb–0.5Fe 1000/500 2.2 12
Zr–0.85Nb–0.5Fe 1000/500 2.5 12
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5 min). Typical values are reported in Table 3. It clearly
appears that Nb and Mo are much slower diffusing atoms
than the Fe, Cr and V ones.

Moreover, the typical diffusion distance of Nb and Mo
in bZr at the typical SPP’s precipitation temperatures
appear to be too small to allow the full precipitation of
equilibrium SPP’s upon cooling, even at low cooling rates.
5.2. Particular case: Successive SPP’s re-transformations

upon heating

In some cases, two intermetallic SPPs were initially pre-
cipitated and this was illustrated by the existence of two
endothermic peaks upon heating on the associated thermo-
grams. In order to determine which phase was the first one
to be transformed upon heating, we performed heatings at
5 �C/min up to different temperatures and then a quench-
ing at 200 �C/s from these temperatures to room tempera-
ture. This is illustrated here on the alloy Zr–0.5 wt%Nb–
0.5 wt%Fe. The equilibrium SPPs precipitating at low tem-
peratures are: Zr(Nb,Fe)2 and (Zr,Nb)4Fe2 (see Fig. 13).
Two convoluted peaks corresponding to the SPPs phase
transformation were then detected by calorimetry upon
heating. The initial and final transformation temperatures
of the SPPs were deduced from the thermograms. Two hea-
tings were performed: one stopped at a temperature corre-
sponding to the end of the first peak (i.e., �790 �C) and the
other one at the end of the second peak (i.e., �805 �C) as
illustrated in Fig. 14.

The resulting microstructures have then been character-
ized by TEM-EDS analysis on carbon extractive replica.
The results are presented in Table 4. The resulting micro-
structure after cooling from 790 �C is constituted by meta-
stable Zr3Fe* and Nb enriched b�Zr and (Zr, Nb)4Fe2 SPPs.
This shows that (Zr, Nb)Fe2 is the first SPP that re-trans-
forms upon heating.

This also shows that the calorimeter is sensitive enough
to detect the successive on-heating re-transformation of
two SPPs with a low volumic fraction (61%).
5.3. Correlation between the SPP’s fractions and the

measured calorimetric enthalpy upon heating

The SPPs volume fractions have been calculated taking
into account the alloys’ nominal composition, the chemical
compositions of the phases, the solubility limit of Nb in aZr



Table 6
Typical data concerning aZr/bZr allotropic phase transformation compared to the SPP’s transformation/precipitation temperatures

Groups Group 1: Zr–Sn(Fe,Cr,V)
Zircaloy type alloys

Group 2: Zr–Mo, Nb–(Fe,Cr,Sn) alloys

Alloys type Zr–Sn(Fe,Cr) Zr–Sn(Fe,V) Zr–Nb–Fe(Sn) Zr–Sn–Mo, Fe

Ta/a + b �810–825 �C �780–800 �C �600 �C �725 �C

Phase b�Zr retained at 20 �C No No Yes (%Nb � 15–20%) Yes (%Mo � 15%)

Isothermal transformation kinetic of b�Zr – – Slow � 2000 h at 570 �C Slow > 24 h at 700 �C

SPPs Zr(Fe,Cr)2 Zr(Fe,V)2 Zr(Nb,Fe)2,(Zr,Nb)4Fe2,bNb Zr(Fe,Mo)2

Transformation/precipitation temperature of SPPs �800 �C �780–850 �C �600–760 �C �700–750 �C
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and assuming that all the available amount of Fe had pre-
cipitated. This strong assumption is consistent with the fact
that the equilibrium solubility limit of Fe in aZr at low tem-
peratures is known to be less than �100 wt ppm [23]. For
instance, for an alloy containing aZr + Zr(Nb,Fe)2 + bNb

phases, this leads to the following equations:

f1 [Nb]aZr + f2 [Nb]Zr(Nb,Fe)2 + f3 [Nb]bNb = [Nb]alloy

f1 [Fe]aZr + f2 [Fe]Zr(Nb,Fe)2 + f3 [Fe]bNb = [Fe]alloy

f1 + f2 + f3 = 1

where:

f1: aZr molar fraction
f2: Zr(Nb, Fe)2 molar fraction
f3: bNb molar fraction
[Nb]aZr: Nb concentration in aZr (solubility limit)
[Nb]Zr(Nb, Fe)2: Nb concentration in Zr(Nb, Fe)2

[Fe]Zr(Nb,Fe)2: precipitated Fe fraction
[Nb]alloy: Nb nominal concentration in the alloy
[Fe]alloy: Fe nominal concentration in the alloy
[Nb]bNb: Nb concentration in bNb (�80–90 at.%)
[Fe]aZr � 0 and [Fe]bNb � 0

Pre-annealed Zr–Nb–Fe(Sn) alloys have been studied by
calorimetry. Long-term enough pre-annealing treatments
at low temperature (<600 �C) were performed in order to
guarantee a full precipitation of the SPPs (in order to
achieve quasi-equilibrium fractions).

The enthalpies were determined from the calorimetric
thermograms assuming gaussian peaks (for deconvolution)
as illustrated in Fig. 15.

The values of the enthalpies determined from calorimet-
ric measurements are reported in Table 5.

Figs. 16 and 17 represent the correlation between the
amount of initial SPP’s and the re-transformation enthalpy
determined by calorimetry upon heating at 5 �C/min for
the different alloys studied.

Taking into account the various nominal chemical com-
positions of the alloys studied and the uncertainty of the
measurements, the calorimetric determinations show a
quite good correlation with the total amount of SPP’s.
High sensitivity-high temperature calorimetry appears to
be a useful facility to estimate the fraction of SPP’s and
the re-transformation temperature ranges upon heating.

6. Conclusion

This work allowed to demonstrate that high tempera-
ture DSC is sensitive enough to detect phase transforma-
tions of SPPs even for small volume fractions (�1%) as a
function of temperature in low alloyed Zr alloys.

Different kinds of alloys were studied: they can be sepa-
rated into two groups as summarized in Table 6.

Group 1: Zr–Sn(Fe,Cr, V) Zircaloy type alloys.
Group 2: Zr–Mo, Nb–(Fe, Cr,Sn) alloys.
These two groups are mainly characterized by:

(a) Allotropic phase transformation aZr/bZr:
Group 1: this reaction is reversible, with low hystere-
sis (650 �C)
Group 2: this transformation is not fully reversible,
and the hysteresis is higher.

(b) Re-transformation/precipitation of the SPPs:For
group 1, the transformation/precipitation of SPPs
takes place at �780–850 �C.
It takes place at lower temperatures for the alloys of
group 2: 600–760 �C for Zr–Nb–Fe(Sn) alloys and
700–750 �C for Zr–Sn–Mo, Fe alloys, respectively.
For these 2 last alloys, due to the low diffusivity of
Nb and Mo, it is thus necessary to perform long-term
enough annealing treatments to obtain quasi-equilib-
rium SPP’s precipitated fractions in the aZr low tem-
perature range.
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