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a b s t r a c t

The erbium–zirconium (Er–Zr) system has been completely reinvestigated experimentally. Particular
attention was paid to the high purity of the raw materials, to the absence of oxygen contamination
and to the control of the high vapor pressure of erbium. Several experimental techniques have been used
to measure the solubility limits at different temperatures, the invariant points and the solidus and liqui-
dus temperatures which were generally found to disagree with what was reported in the literature. As a
result, the phase diagram presently obtained differs significantly from the accepted one and we propose a
complete revision of the system. A thermodynamic assessment using the Calphad approach has been con-
ducted. A set of parameters has been obtained allowing to describe well the experimental measurements.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

This work has been achieved in the framework of the develop-
ment of innovating concepts for fuel cladding in pressurized water
nuclear reactors. This concept implies the insertion of an internal
erbium–zirconium layer in the zirconium fuel cladding [1]. Erbium
is used as a burnable poison able to compensate the initial reactiv-
ity reserve in nuclear Light Water Reactors (LWR). Due to its lower
absorption cross section compared to gadolinium which is
presently used, it is particularly well adapted to achieve very high
burnup in LWR. As a consequence, knowledge of the erbium–zirco-
nium phase diagram is of primary importance to provide informa-
tions on the metallurgical synthesis of the insertion layer and to
understand the interaction between the different layers. We pres-
ent here a complete experimental re-determination of the phase
diagram and, in a second part, a thermodynamic assessment using
the Calphad method.

2. Literature survey

Only a few investigations have been devoted to the study of the
erbium–zirconium system. It was investigated by Armantrout [2],
Love [3] and Copeland and Kato [4]. Armantrout [2] measured
the solubility limit of erbium in zirconium at 1000 �C. Love [3]
measured the erbium solvus using X-ray data. He also investigated
the solidus and liquidus temperatures and recorded differential
thermal analysis (DTA) signals for several Er–Zr alloys. Copeland
and Kato [4] studied the (aZr) to (bZr) transformation. They ob-
ll rights reserved.
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tained three phases in equilibrium in several annealed alloys
which is an obvious indication that the alloys had not reached
equilibrium or that impurities were present in a significant
amount. They report the corresponding peritectoid temperature
and also the eutectic temperature.

All the available data have been compiled by Alcock et al. who
have drawn a phase diagram [5] which is still the reference dia-
gram in compilations [6,7]. This diagram is shown in Fig. 1 together
with the various experimental data. The two invariant tempera-
tures are from [4]. Given the small amount of data, the fact that
some of them are contradictory or are obviously non-equilibrium
data, this diagram should be considered as mainly speculative.
No new experimental data has been made available since then
and no new evaluation of the system has been proposed. No ther-
modynamic data is available either.

3. Experimental determination of the phase diagram

3.1. Experimental techniques

As starting materials, we selected pure de-hafnied zirconium
metal (99.97%) obtained using the van Arkel process and pure dis-
tilled erbium metal (99.95%, China Rare Metals). Samples of 1–2 g
were prepared with precaution in order to avoid oxygen contami-
nation. Erbium was stored in a glove-box under purified argon
atmosphere. The surface oxide of each metal was removed by
mechanical abrasion just prior the melting. Adjusted amounts of
metals pieces were then melted in an arc-furnace under argon
atmosphere (U grade, 800 mbar) purified by melting a zirconium
getter. The samples were melted four times and turned upside
down between each melting to ensure complete melting and good
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Fig. 1. Er–Zr phase diagram redrawn from Ref. [5].
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homogeneity. Several samples were heat-treated at different tem-
peratures to reach thermodynamic equilibrium. To protect the
samples from oxygen contamination, they were sealed in silica
tubes under high vacuum (10�6 mbar) or partial argon atmosphere
(Arcal 1 grade, 200 mbar) for the samples annealed at 1200 �C, and
protected from the silica by a tantalum sheet. The chosen temper-
atures and annealing times were as follows: 500 �C (4400 h),
850 �C (1000 h), 1000 �C (1000 h), 1100 �C (500 h) and 1200 �C
(500 h). After heat treatment, the samples were quenched into cold
water. We made sure that the samples had effectively reached
equilibrium by a careful study of the microstructure before and
Fig. 2. Back-scattered electron SEM micrographs of samples (a and b) Er41.1Zr58.9 heat-tre
of Er66Zr34 heat-treated at 500 �C. In each image, the erbium solid solution appears as t
after the heat treatment coupled with a verification of the phase
homogeneity by electron probe micro analysis (EPMA).

Pieces of each sample were mounted with phenolic hot (170 �C)
resin with carbon filler, and then mechanically polished on 600/
1200/4000 SiC grinding paper and on cloths with 6 and 3 lm dia-
mond paste. A final polish using a HF – Struers OPS has been used
to smooth the surface. Metallographic examination of the micro-
structure was performed optically and by using a scanning electron
microscope (SEM, 6400 JEOL) with a LaB6 filament. The composi-
tion of each phase has been measured by EPMA (SX 100 CAMECA).
Each phase has been subjected to approximately 30 measuring
points that have been averaged. The associated experimental stan-
dard deviation was lower than 1 at.% showing that each phase was
homogeneous.

The samples annealed at 500 �C required the use of a scanning
transmission electron microscope (STEM, Jeol FEG-STEM 2010).
The sample was cut into a 1 mm thick slice, mechanically polished
to a 100 lm thickness with SiC papers (320/600/1200). Then, elec-
trolytic polishing was used to reduce the thickness (�100 nm
around the hole) until perforation. The microscope was equipped
with an energy dispersive spectroscopy detector allowing the mea-
surement of composition at a very fine level.

X-ray diffraction (XRD) data have been collected at room tem-
perature on a Bruker D8 Advance diffractometer, using slices of
the samples, because of their ductile nature. Due to the strong tex-
ture of the samples, the data have been refined using the Full Pat-
tern Matching technique (background, cell parameters and full
profile fitting with no intensity constraint) as implemented in
the Fullprof program [8].

For the thermal analysis measurements, we have used a multi
differential scanning calorimeter (DSC, HTC SETARAM). The heat-
ing rate was 10 �C/min. For the measurements involving liquidus,
we could not use a conventional DTA system because of the reac-
tivity of the melt with the crucibles and of the high vapor pressure
of erbium leading to contamination of the apparatus. In order to
ated at 1200 �C, (c) Er61.6Zr38.4 heat-treated at 850 �C and (d) bright field TEM picture
he brightest phase.
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obtain the liquidus and solidus temperatures, we used Simple
Thermal Analysis (STA). The sample temperature was recorded
using a Minolta/Land Cyclops 152A pyrometer during progressive
heating or cooling runs at various rates in an induction furnace un-
der argon atmosphere. The incipient melting was generally de-
tected visually, while the complete melting was generally
detected by the fact that, in spite of increasing the power, the sam-
ple temperature remained constant. The experiment was cali-
brated by measuring the melting point of pure zirconium and
was shown to be accurate to within ±40 �C.
3.2. Results

Examples of the microstructure observed for two-phase sam-
ples annealed at different temperatures are shown in Fig. 2. On
the SEM images, the solid solution based on pure zirconium (Zr)
appears darker than the one based on pure erbium (Er). The micro-
graph of the sample Er41.1Zr58.9 heat-treated at 1200 �C (Fig. 2a)
shows a typical Widmanstätten microstructure (Fig. 2b) with re-
precipitated erbium in the zirconium matrix, due to solute rejec-
tion, characteristic of (bZr) ? (aZr) transformation. In Fig. 2c is
shown the microstructure of a sample of composition Er61.6Zr38.4,
heat-treated at 850 �C. The microstructure is finer than the one ob-
tained after higher temperature heat treatment. The microstruc-
ture of the samples heat-treated at 500 �C was even finer and
could neither be visualized by SEM nor analyzed by EPMA. There-
fore, we analyzed these samples by STEM (bright field), as shown
in Fig. 2d. Due to a preferential erosion of the rare earth during
the preparation yielding a lower thickness of (Er) phase, the er-
bium solid solution appears brighter than (aZr) phase. The erbium
solubility limit in (aZr) was obtained from the sample Er42Zr58

while Zr solubility in (Er) was measured from the sample Er66Zr34.
The different phases present in the samples heat-treated at

850 �C, 1000 �C, 1100 �C and 1200 �C, have been analyzed by EPMA
in order to determine their chemical composition and by XRD for
lattice parameter determination (Table 1).

For each temperature, two samples of different compositions
have been synthesized. As can be inferred from Table 1, no signif-
Table 1
Phase compositions (determined by EPMA) and lattice parameters (determined by
XRD) of the different heat-treated samples.

Equilibrium
temperature
(�C)

Phase Composition
(at.%)

Lattice
parameters
a (Å)

(±0.0005 Å)

c (Å)

Er42Zr58 500 (Zr) Er12.3Zr87.7

(Er) Er85.5Zr14.5

Er66Zr34 500 (Zr) Er12.4Zr87.6

(Er) Er92.5Zr7.5

Er34.9Zr65.1 850 (Zr) Er14.9Zr85.1 3.2786 5.1882
(Er) Er88.7Zr11.3 3.5222 5.5305

Er61.6Zr38.4 850 (Zr) Er15.4Zr84.6

(Er) Er87.9Zr12.1

Er40.5Zr59.5 1000 (Zr) Er26.0Zr74.0

(Er) Er79.0Zr21.0

Er36.0Zr64.0 1000 (Zr) Er25.3Zr74.7 3.3041 5.2156
(Er) Er79.8Zr20.2 3.4889 5.4774

Er30Zr70 1050 (Zr) Er33.0Zr67.0

(Er) Er75.6Zr24.4

Er41.0Zr59.0 1100 (Zr) Er21.0Zr79.0

(Er) Er71.9Zr28.1

Er66.3Zr33.7 1100 (Zr) Er21.8Zr78.2 3.2888 5.2385
(Er) Er67.9Zr32.1 3.4507 5.4177

Er41.1Zr58.9 1200 (Zr) Er34.6Zr65.4 3.2892 5.1950
(Er) Er68.3Zr31.7 3.4470 5.4247

Er66.7Zr33.3 1200 (Zr) Er33.5Zr66.5

(Er) Er69.3Zr30.7
icant differences are observed between the analyses of the two
constituting phases in both samples. This is an additional confir-
mation that the samples are close to thermodynamic equilibrium.
In the XRD patterns, we could only observe reflections correspond-
ing to hcp phases, even for the samples annealed at the highest
temperatures, indicating, that the bcc (bZr) phase could not be re-
tained at room temperature and has retransformed into hcp (aZr)
during quenching in agreement with the microstructure observa-
tions. Therefore, every sample contains two hcp phases corre-
sponding to (Er) and (Zr) solid solutions that could only be
distinguished by comparing their lattice parameters. Both a and c
cell parameters of most samples linearly decrease as a function
of Zr composition (Fig. 3a and b). This is in agreement with the dif-
ference between the atomic radii of Er (1.78 Å) and Zr (1.60 Å).
However, the lattice parameters of the Zr-rich phase of the sample
heat-treated at 1200 �C are very different from what could be ex-
pected from its measured composition. The contraction observed
can be attributed to the strains generated by the (bZr) ? (aZr)
transformation during quenching and/or to solute rejection. Solute
rejection is responsible for lattice contraction because of the larger
atomic radius of Er compared to Zr.

We have measured the peritectoid temperature by DSC using
samples of composition Er40Zr60 (Fig. 4) and Er25Zr75. The mea-
sured temperature during heating is 1045 ± 20 �C. The solidus
and liquidus temperatures have been investigated by STA. The ob-
tained temperatures are listed in Table 2. In one occasion, the STA
measured temperatures have been confirmed by a DTA measure-
Fig. 3. Lattice parameters (a) a and (b) c of the hcp phase as a function of zirconium
composition in the samples heat-treated at 850 �C, 1000 �C, 1100 �C and 1200 �C.



Fig. 4. DSC signal of a sample of composition Er40Zr60 (the baseline has been
subtracted).

Table 2
Thermal analysis results. The temperatures corresponding to the different events are
indicated in �C.

Sample Liquidus Solidus Peritectoid Allotropic or
solvus

Technique

Zr 1840 905 STA
Er10Zr90 975 DSC
Er20Zr80 1550 950 STA
Er25Zr75 1045 1010 DSC
Er35Zr65 1480 1450 1050 STA
Er40Zr60 1045 DSC
Er45Zr55 1430 1400 STA
Er52Zr48 1406 1385 STA
Er60Zr40 1390 1375 STA
Er66.5Zr33.5 1415 1405 DTA
Er68Zr32 1415 1390 STA
Er80Zr20 1450 1420 STA
Er90Zr10 1490 1460 STA

Fig. 5. Simple Thermal Analysis curves of pure Zr and Er20Zr80 (heating and
cooling).
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ment. As an example, Fig. 5 presents two curves obtained by this
technique on pure Zr and Er20Zr80, respectively. Pure Zr was con-
sidered as a calibration sample, and allowed an evaluation of the
error on the temperature measurement. Both curves present inflec-
tions related to the (aZr)–(bZr) transformation indicating that even
solid state transformations can be detected by this technique. For
Er20Zr80, as for most studied samples, it is quite difficult to distin-
guish liquidus and solidus temperatures, which is an indication
that they are very close.

As-cast samples were systematically observed by metallogra-
phy in order to estimate the eutectic composition. Samples with
compositions ranging from 30 at.% Zr to 70 at.% Zr have been syn-
thesized by steps of 5 at.% Zr (see Fig. 6). The observation of the eu-
tectic microstructure in the samples Er55Zr45 and Er50Zr50 allows to
locate the eutectic point at the approximate composition 45–
50 at.% Zr.

The proposed phase diagram, obtained from the measurements
described above, is shown in Fig. 7.

4. Thermodynamic modeling

The system was assessed with the CALPHAD method [9]. This
technique consists in describing the Gibbs energies of all the
phases present in the system as a function of temperature and
composition.

4.1. Pure elements

The Gibbs energies of the pure elements are defined with re-
spect to their stable states at 298.15 K and 105 Pa (hcp for Er, hcp
for Zr). The Gibbs energies used for the pure elements in both
structures and in liquid state are those proposed by the Scientific
Group Thermodata Europe database (SGTE) [10].

4.2. Solution phases

Liquid, hcp and bcc phases were modeled using the substitu-
tional solution model. The Gibbs energy of each phase u (Gu) is
described as a function of the molar fraction of the elements xEr

and xZr as the sum of three terms: reference (ref Gu), ideal (idGu),
and excess (exGu).

Gu ¼ ref Gu þ idGu þ exGu ð1Þ

where:

ref Gu ¼ xErG
u
Er þ xZrG

u
Zr ð2Þ

idGu ¼ RTðxEr ln xEr þ xZr ln xZrÞ ð3Þ

exGu ¼ xErxZr

Xn

v¼0

mLu
Er;ZrðxEr � xZrÞm ð4Þ

The models are consistent with the zirconium alloys database
[11]. The excess parameters (Lu

Er;Zr) have been evaluated using the
experimental data and can be, or not, temperature dependent.
The hcp phase has been modeled with a miscibility gap in order
to take into account the (Er) and (aZr) phase separation.

4.3. Results

The optimization has been carried out using the Parrot module
of the Thermo-Calc software [12]. All the experimental data ob-
tained in the present work have been used to assess the system
with uncertainties and weights chosen in order to reach a satisfac-
tory agreement with all the data. Due to the uncertainties of the lit-
erature data, none of them have been used. The starting values for
the parameters have been taken from the assessment of the Gd–Zr
system by Zinkevich et al. [13]. The obtained final parameters are
given in Table 3 after rounding to the last significant digit. The
phase diagram, calculated with these parameters, is shown in



Fig. 6. Typical microstructures obtained on different as-cast samples observed by optical metallography showing (a) primary Er-crystals (sample Er60Zr40), (b) eutectic
microstructure (sample Er55Zr45) and (c) primary Zr-crystals (sample Er40Zr60).
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Fig. 7. Experimental results of the present investigation and proposed Er–Zr phase
diagram.

Table 3
List of optimized parameters (J mol�1).

Phase Parameter

Liquid 0Lliq
Er;Zr ¼ 14;200

1Lliq
Er;Zr ¼ 2650

bcc 0Lbcc
Er;Zr ¼ 15;742þ 5:1T

1Lbcc
Er;Zr ¼ 281

hcp 0Lhcp
Er;Zr ¼ 21;150þ 1:5T

1Lhcp
Er;Zr ¼ 9060� 5:5T

Fig. 8. Experimental results of the present investigation and calculated Er–Zr phase
diagram.

Table 4
Invariant reactions with corresponding experimental and calculated temperatures.

Invariant reaction Texp. (�C) Tcalc. (�C)

Liquid ? (Er) + (bZr) 1380 1397
(Er) + (bZr) ? (aZr) 1045 1031
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Fig. 8. A comparison between experimental and calculated invari-
ant temperatures is given in Table 4.
5. Discussion

5.1. Experimental determination of the phase diagram

The solubility of erbium in hexagonal zirconium increases dras-
tically (up to approximately 30 at.% Er) as a function of tempera-
ture up to 1000 �C. The sudden decrease between 1000 �C and
1100 �C is in good agreement with the DSC measurement of the
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peritectoid transformation temperature (1045 �C). The given
transition and the solubility limits are also in excellent agreement
with a DSC run on a sample of composition Er25Zr75 (see Fig. 7 and
Table 2).

The solubilities of Er in (bZr) and of Zr in (Er) reach 40 at.% at the
eutectic temperature. The large homogeneity domain of these two
solid solutions is in good agreement with the small composition
range in which eutectic microstructure has been evidenced. The eu-
tectic temperature has been determined by means of STA (1380 �C).

The STA technique we have used has allowed investigating both
liquidus and solidus temperatures. For every sample, these tem-
peratures were very close. The proposed diagram is in profound
disagreement with the one drawn in Ref. [5] based on the few
experimental data described in Section 2. The discrepancies may
be attributed to the low purity of the materials used, the possible
oxygen contamination and the absence of phase composition
analysis.

5.2. Assessed phase diagram

The optimized phase diagram reproduces well the experimental
results, except for the calculated low temperature solid solubilities
which are found to be smaller than the experimental values. We
purposely did not add parameters to force the low temperature
solubilities in order to keep the model as simple as possible and be-
cause we cannot exclude that the samples annealed at 500 �C had
not reached equilibrium. The calculated peritectoid temperature is
very close to the experimental one. The eutectic reaction occurs
17 �C above the experimental one which is in the range of the
experimental error.

6. Conclusion

We have re-determined and modeled the erbium–zirconium
phase diagram. Several experimental techniques (several thermal
analysis techniques, EPMA, TEM, XRD) have been used to investi-
gate the phase equilibria and phase transformations. The obtained
results lead to a new version of the phase diagram very different
from the one available in the literature. It is mainly characterized
by large terminal solubilities on both sides, unusual for Zr-rare
earths systems. The erbium–zirconium system has been assessed
using the Calphad approach. The experimental and calculated dia-
grams are in good agreement.
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