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a b s t r a c t

This paper examines the structural changes with temperature and composition in the Yb2Si2O7–Y2Si2O7

system; members of this system are expected to form in the intergranular region of Si3N4 and SiC structural

ceramics when sintered with the aid of Yb2O3 and Y2O3 mixtures. A set of different compositions have been

synthesised using the sol–gel method to obtain a xerogel, which has been calcined at temperatures

between 1300 and 1650 1C during different times. Isotherms at 1300 and 1600 1C have been analysed in

detail to evaluate the solid solubility of Yb2Si2O7 in b-Y2Si2O7 and g-Y2Si2O7. Although Yb2Si2O7 shows a

unique stable polymorph (b), Yb3þ is able to replace Y3þ in g-Y2Si2O7 and d-Y2Si2O7 at high temperatures

and low Yb contents. IR results confirm the total solid solubility in the system and suggest a constant SiOSi

angle of 1801 in the Si2O7 unit across the system. The temperature–composition diagram of the system,

obtained from powder XRD data, is dominated by the b-RE2Si2O7 polymorph, with g-RE2Si2O7 and

d-RE2Si2O7 showing reduced stability fields. The diagram is in accordance with Felsche’s diagram if average

ionic radii are assumed for the members of the solid solution at any temperature, as long as the b–g phase

boundary is slightly shifted towards higher radii.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Rare Earth disilicates (RE2Si2O7) exhibit different polymorphic
forms depending on the RE ionic radius, temperature and pressure
[1,2]. Y2Si2O7 shows, in particular, up to five polymorphs with
increasing temperature at room pressure (y, a, b, g and d, also
called, respectively, y, B, C, D and E); while Yb2Si2O7 exhibits a
unique polymorph (b, also called C) up to the melting point of the
compound. These silicates are important materials in the sinter-
ization of the structural advanced ceramic Si3N4. It has been
shown that when RE oxides (RE¼ lanthanides and yttrium), single
or mixed, are added to the powder of pure Si3N4 as sintering aids,
a glassy disilicate phase (RE2Si2O7) forms in the intergranular
regions, which, upon crystallisation, improves the high-tempera-
ture mechanical properties of the material [3,4]. Knowledge of the
crystalline structures adopted by the RE2Si2O7 intergranular
phase at different temperatures and RE contents is therefore of
great value in understanding the behaviour of these materials.

The aim of this research is to analyse the solid solubility of
Yb2Si2O7 in b-, g- and d-Y2Si2O7 and to describe a temperature–
composition diagram showing the polymorphism of the system.
Study of the solid solubility of Yb2Si2O7 in y- and a-Y2Si2O7 is not
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reported due to the slow kinetics at the stability temperatures of
these phases (o1200 1C) [5].

2. Experimental section

2.1. Synthesis of the xerogel

The following reactants have been used as starting materials:
Yb(NO3)3 �5H2O (99.99% Aldrich Chemical Co.), Y(NO3)3 �4H2O
(99.99% Aldrich Chemical Co.), Si(OC2H5)4 (TEOS, 99% Aldrich
Chemical Co.) and absolute ethanol (AnalaR Normapur). To verify
the amount of water per formula unit present in the nitrates,
thermogravimetric analyses (TGA) were carried out using a SDT
Q600 (TA instruments). Yb2�xYxSi2O7 members with nominal
x¼0.00, 0.40, 0.80, 1.00, 1.20, 1.40, 1.60, 1.80 and 2.00 were
synthesised. A TEOS solution in ethanol (1:3 in volume) was
added over the appropriate amounts of Yb(NO3)3 �5H2O and
Y(NO3)3 �4H2O previously dissolved in 5 ml of absolute ethanol.
The mixture was stirred at 40 1C for 5–7 h and the transparent
gels obtained were dried at 60 1C for 24 h in air. Nitrates were
eliminated by calcination at 500 1C for 2 h at a heating rate of
1 1C min�1. Importantly, only a slight excess of TEOS in the initial
mixture yielded satisfactorily the Yb2�xYxSi2O7 phase, otherwise
oxiorthosilicate phase was obtained in a large proportion.

2.2. Calcination experiments

The xerogel of each composition was ground in an agate
mortar and subsequently divided into different portions, which
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were calcined in air at different temperatures between 1300 1C
and 1650 1C and different periods of time (Table 1), using a
heating rate of 5 1C min�1 and a platinum crucible. Finally, the
samples were slowly cooled down to room temperature.

2.3. Characterisation

The global composition of the samples was examined by X-Ray
fluorescence (Panalytical, AXIOS model). Table 2 shows the
agreement between the nominal and real compositions.

An analytical transmission electron microscope (ATEM, Philips
CM20FEG) operating at 200 kV and equipped with an energy-
dispersive X-ray spectrometer (EDX, NORAN Ge detector) was
used to observe the morphology of the samples as well as to
examine chemical composition. The EDA software was used to
index the electron diffraction patterns [6]. EDX analyses on
Yb2�xYxSi2O7 single crystals were carried out to determine
yttrium and ytterbium contents. The quantification included an
absorption correction and the calibration of Cliff–Lorimer factors
for ytterbium and yttrium with respect to silicon, determined
from pure Yb2Si2O7 and Y2Si2O7, respectively. At least 10 rare
earth disilicate single crystals were analysed in each sample to
calculate the mean compositions (results are displayed in third
column of Table 2). A counting time from 100 to 300 s has been
used in order to accumulate enough X-ray counts. The samples
were dispersed in ethanol by sonication and dropped on a
conventional carbon-coated copper grid.

X-Ray diffraction patterns (PANalytical X�Pert Pro Diffract-
ometer, CuKa and X-Celerator detector) were recorded over the
angular range 101o2yo1201 2y with step width of 0.021 and
10 s counting time. The patterns were analysed using the Rietveld
method with the TOPAS software (TOPAS version 4.2, Bruker AXS
Table 1
Polymorphs obtained after calcination of the Yb(2-x)YxSi2O7 compositions at

different temperatures and times.

T (1C) t (h) 0.00 0.40 0.80 1.00 1.20 1.40 1.60 1.80 1.94 2.00

1300 24 b b b b b b b
1400 12 b

36 gþb
72 b bþg bþg

1500 24 bþg bþg gþ(b)

1550 24 bþg bþg
48 g g

1600 24 b b b b bþg
36 g
48 gþb
63.2 g

1650 12 b gþb g g gþd gþd
24 bþg g g g gþd

Table 2
Compositional data obtained with different techniques for Yb2�xYxSi2O7 samples.

�Nominal � FRX �Rietveld �EDX/TEM

b g

0.00 0.00 0.00 (0.00) – 0.00

0.40 0.35 0.36 (0.01) – 0.40

0.80 0.81 0.80 (0.01) – 0.85

1.00 1.00 1.00 (0.01) – 0.96

1.20 1.21 1.26 (0.01) – Non-recorded

1.40 Non-recorded – 1.40 (0.01) Non-recorded

1.60 1.59 1.64 (0.01) 1.58 (0.03) 1.61

1.80 Non-recorded – 1.81 (0.01) Non-recorded

2.00 2.00 2.00 (0.00) 2.00
2009). Refined parameters were background coefficients, zero
correction, scale, unit cell parameters, site occupation factors for
the rare earth sites, isotropic atomic displacement parameters,
atomic positions and microstructure parameters.

Finally, Infrared Fourier Transform spectra (Nicolet 510 FTIR
instrument equipped with DTGS detectors) were recorded over the
1500–400 cm�1 range with a resolution of 2 cm�1. The measure-
ments were made using dried KBr pellets, which were prepared by
mixing and pressing 1.5 mg of sample with 100 mg KBr.
3. Results and discussions

3.1. Solid solubility of Yb2Si2O7 in b-Y2Si2O7: Study of the 1300 1C

isotherm

3.1.1. X-ray diffraction study

Representative portions of the XRD patterns of different
Yb2�xYxSi2O7 members calcined at 1300 1C for 24 h are shown in
Fig. 1. The diagram of the x¼0.0 sample matches the standard
pattern of pure b-Yb2Si2O7 (PDF 00-025-1345), as expected. Increas-
ing Y content produces very similar patterns, with slight variations
in peak positions and intensity; see, for example, the shift of the
peaks under the dashed lines, the intensity decrease in the
Fig. 1. Selected portions of the XRD patterns of Yb2�xYxSi2O7 samples annealed at

1300 1C for 24 h. Asterisks: X2-RE2SiO5; c: cristobalite. Dashed lines are guides to

the eye to show shift of reflections with composition.



Table 3
Refined atomic coordinates for Yb1.6Y0.4Si2O7 from X-ray powder diffraction data

collected at RT (space group C2/m; a¼6.8162(2) Å, b¼8.8932(2) Å, c¼4.7101(1) Å,

b¼101.95(1)1). Impurities present: 6% (Yb,Y)2SiO5. Fit statistics—Rwp: 7.62,

Rp: 5.74, RBragg: 2.67.

Site x y z Occ. Beq

Yb1 0.5 0.8065(1) 0.0000 0.82(1) 0.87(4)

Y 0.5 0.8065(1) 0.0000 0.18(1) 0.87(4)

Si1 0.7190(4) 0.5 0.4135(6) 1 0.50(8)

O1 0.5 0.5 0.5 1 1.10(22)

O2 0.8689(8) 0.5 0.6980(11) 1 0.60(16)

O3 0.7284(6) 0.6441(4) 0.2291(7) 1 0.60(13)
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diffraction at�201 2y and the progressive resolution of the double
reflection �42.51 2y. This fact results from variations in unit cell
dimensions and composition. Yb3þ is smaller than Y3þ (ionic radius
in octahedral coordination¼0.868 and 0.900 Å, respectively) [7] and
they have different atomic form factor curves. At the other end of
the series, the diagram of the x¼2.0 sample matches the standard
pattern of b-Y2Si2O7 (JCPDS card 00-038-0440). The structure of the
b-polymorph is, therefore, maintained across the Yb2Si2O7–Y2Si2O7

system at 1300 1C. Some weak reflections corresponding to
X2-RE2SiO5 (marked with asterisks) and cristobalite (marked with
c) can be observed in some compositions.

The XRD patterns of all Yb2�xYxSi2O7 compositions calcined at
1300 1C were analysed using the Rietveld method with the TOPAS
software, as described in Section 2. The starting parameters for the
refinement of the structures with xr1 have been taken from those
reported for pure b-Yb2Si2O7 [8] while the refinement of the
structures with x41 was carried out from the parameters reported
for pure b-Y2Si2O7 [9]. Additionally, the oxyorthosilicate and cristo-
balite phases were included in the refinements. Fig. 2 exhibits the
experimental, fitted and difference curves obtained from the refine-
ment of the x¼0.40 composition. The rest of compositions show very
similar fits to this one and are not shown. It can be observed that all
the reflections could be fitted on the basis of a monoclinic unit cell
with space group C2/m, as corresponds to the crystal structure of the
b-RE2Si2O7 polymorph. Table 3 shows the atomic parameters
obtained for the x¼0.40 composition, together with the percentage
of (Yb,Y)2SiO5 impurity and the fit statistics. Atomic parameters for
the rest of compositions are supplied as supplementary information.

Fig. 3 shows the unit cell parameters as a function of Y content.
The same size of the y-axis has been used in the plots of a, b and c

unit cell parameters in order to appreciate relative changes. Both
a and b unit cell parameters increase linearly with increasing Y
content, while c unit cell parameter does not change appreciably
with composition. The b-angle of the unit cell decreases linearly
with increasing Y content, while the unit cell volume increases
linearly. The unit cell parameters behaviour in the system
b-Yb2Si2O7–b-Y2Si2O7 indicates the formation of a complete solid
solution from b-Yb2Si2O7 to b-Y2Si2O7 at 1300 1C. This behaviour
is qualitatively very similar to other thortveitite systems, such as
b-Lu2Si2O7–b-Y2Si2O7 [10] and b-Lu2Si2O7–b-Sc2Si2O7 [11].

Finally, the Y and Yb occupations of the unique rare earth site of
the thortveitite structure, obtained from the Rietveld refinements,
Fig. 2. Experimental (crosses), fitted (line) and difference curves obtained from

the refinement of b-Yb1.6Y0.40Si2O7 using space group C2/m. Bottom tick marks:

(Yb,Y)2Si2O7; top tick marks: X2-(Yb,Y)2SiO5.

Fig. 3. Unit cell parameters of Yb2�xYxSi2O7 samples annealed at 1300 1C

(b-RE2Si2O7 polymorph) as a function of composition. Top figure: Circles, up

triangles and squares—a, b and c unit cell parameters, respectively. Bottom figure:

Down triangles and stars—unit cell volume and beta unit cell angle, respectively.

The error bars are approximately the size of the symbols.
are displayed in Table 2. A good agreement is observed between
these occupations and the nominal composition of the samples.
3.1.2. TEM study

Fig. 4A shows a representative TEM micrograph of different
grains of the Yb2�xYxSi2O7 (x¼1.00) sample calcined at 1300 1C.
The typical morphology of the grains consists of rounded particles
with irregular borders, as expected from high temperature calci-
nation. The electron diffraction pattern of the grain marked with
an arrow in Fig. 4A is shown in Fig. 4B. The observed reflections
on the SAED pattern are compatible with monoclinic symmetry
and C2/m space group, which is the one corresponding to the
b-RE2Si2O7 structure. This pattern can be indexed according to the
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Fig. 4. (A) TEM micrograph of rare earth disilicate grains in the Yb1.0Y1.0Si2O7

sample synthesised at 1300 1C. (B) Electron diffraction pattern of the disilicate

single crystal marked with an arrow in (A), compatible with b-YbY2Si2O7 along the

[0 0 1] zone axis. (C) Simulation of the SAED pattern of b-RE2Si2O7 along the [0 0 1]

zone axis (space group C2/m). (D) EDX spectrum of the same grain.

Fig. 5. IR spectra of Yb2�xYxSi2O7 samples calcined at 1300 1C. The uasSiOSi, Y–O

stretching and Si–O bending vibrational modes have been marked with asterisks.
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b-RE2Si2O7 [0 0 1] zone axis, as observed in the simulation
presented in Fig. 4C. The EDX spectrum of the single crystal of
Fig. 4A is shown in Fig. 4D; it shows the characteristic X-ray
emissions lines of Yb, Y and Si, demonstrating the simultaneous
presence of both Yb and Y atoms in the single-crystal. The EDX
spectra of other single crystals of this sample are very similar to the
one presented in Fig. 4D, indicating a high degree of chemical
homogeneity. After a very careful examination, only one of the
studied grains showed a SAED pattern compatible with SiO2 cristo-
balite (not shown), in agreement with the XRD pattern shown above.

The same behaviour is observed in the rest of the Yb2�xYxSi2O7

compositions. Single crystals of disilicate also show X-ray emissions
lines of Yb, Y and Si, with different intensity ratio depending on the
nominal sample composition. This indicates solid solubility in the
whole Yb2�xYxSi2O7 system. The results of the EDX quantification
for Yb and Y carried out on disilicate single crystals of different
Yb2�xYxSi2O7 compositions are presented in Table 2. A good agree-
ment between the nominal and measured compositions is observed.

3.1.3. IR study

The IR spectra of the samples in the Yb2�xYxSi2O7 system
annealed at 1300 1C are shown in Fig. 5. The spectrum of the
sample with x¼2.00 is in agreement with that published by Diaz
et al. [12] for b-Y2Si2O7. The spectra of the rest of compositions in
the Yb2�xYxSi2O7 system are similar to the one of pure b-Y2Si2O7,
the only appreciable difference being the position of the signals
marked with asterisk in the figure. The bands in the IR spectrum
of b-Y2Si2O7 were assigned to 18 vibrational modes [12]. The
1100–1077 cm�1 band corresponds to stretching vibrations of
silicon atoms against oxygen atoms in Si–O–Si bonds, nasSiOSi.
The remaining high-frequency modes correspond to Si–O stretch-
ing motions involving apical (nonbridging) oxygens. The lower
frequency modes are more difficult to characterize, because single
Y–O and Si–O vibrations coexist in similar spectral ranges [13,14].
It was stated that the modes from 600 to 500 cm�1 are mainly
due to Y–O stretching, and those from 500 to 400 cm�1 are modes
with a large component of Si–O bending. It is remarkable that the
absence of observable bands in the spectral region 600–800 cm�1

of any composition ascribed to the nsSiOSi mode in bent disilicate
anions. This mode is absent in the infrared spectra of linear
disilicate anions as there is no dipole change involved. This fact
suggests, therefore, a value of 1801 for the SiOSi angle of the Si2O7

unit across the b-Yb2Si2O7 to b-Y2Si2O7 system. However, in spite
of that this mode was not observed in the b-Sc2Si2O7–b-Y2Si2O7

related system, where 29Si and 89Y Magic Angle Spinning Nuclear
Magnetic Resonance (MAS-NMR) spectra revealed a value of the
SiOSi angleo1801 for the intermediate compositions [15,16]. Due



Fig. 6. (a) Plot of uas(SiOSi) frequency vs. total electronegativity of Si in different

b-RE2Si2O7 compounds (RE¼Lu, Sc, Y and Yb) and (b) plot of Pauling electro-

negativity of lanthanides vs. atomic number Z.
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to the paramagnetic nature of Yb3þ , NMR spectra cannot be
recorded on the members of the b-Yb2Si2O7–b-Y2Si2O7 to check
the SiOSi angle across this system. However, the uas (Si–O–Si)
band located in the 1100–1077 cm�1 region of the IR spectra
could provide some additional information. The analysis of the
evolution of the maximum with composition either will help
confirm the linearity of the SiOSi bond suggested by the
non-observation of the nsSiOSi mode or will inform the variation
of that angle with composition.

Lazarev [17] showed that the wavenumber of the uas mode
was determined by the SiOSi bond angle and by the electronega-
tivity of the groups (R and OR0) directly bounded to the silicon,
R3Si–OR0. Both factors influence the pp–dp interaction between Si
and O, therefore increasing the force constant, KSi–O. The vibration
frequency increases as a consequence of a polarity change of the
s–SiO bond.

The group electronegativity sum of a given Q00 silicon site is
determined as follows [18]:

X
ENðQnÞ ¼

X
ENðOSiÞþð4�nÞ

X
ENnf znf=

X
znf

� �
ð1Þ

where n represents the total number of framework tetrahedra
coordinated to a given silicon tetrahedron. In our case, n¼1
because we are dealing with pyrosilicate structures. ENnf repre-
sents the group electronegativity value for nonframework ligands,
and znf is the formal charge of a nonframework cation. In the case
of YxYb2�xSi2O7, the group electronegativity sum of the Si site is
obtained by adding the group electronegativities of the four
groups bonded to the silicon as follows:

X
ENðQ1Þ ¼ ENðOSiÞþ

3

2
ðxENðOYÞþð2�xÞENðOYbÞÞ ð2Þ

To obtain electronegativity values of groups of atoms, like OSi,
OY and OYb, Hual et al. [19] proposed that the group electro-
negativity should be equalized within the margin of groups
belonging to the centres of positive and negative charges or
within groups belonging to the symmetry centres. Therefore,
the electronegativity of a group AB, EN(AB), should be

ENðABÞ ¼

P
niPni
xi

ð3Þ

where ni is the number of atoms or smaller groups in group AB
and xi is the electronegativity of an atom or smaller group.

Fig. 6a shows the relationship between the uas band position
and the group electronegativity sum of the silicon site in a set of
b-RE2Si2O7 compounds (RE¼Sc, Lu, Y and Yb), calculated using
Eqs. (2) and (3). Three of the compounds show a linear relation-
ship (R2

¼0.93) between both parameters, given by the following
equation:

uas ¼ 429:064þ83:964
X

ENðQ1Þ ð4Þ

while Yb2Si2O7 does not fit the line. According to Eqs (2) and (4)
and using the uas value obtained from the IR spectrum of Yb2Si2O7

(Fig. 5a), the EN(OYb) should be 1.860, while the calculation from
Eq. (3) using the Pauling electronegativity of Yb gives 1.667. To
clarify this disagreement, the Pauling electronegativity values of
the lanthanide elements have been plotted against Z in Fig. 6b. A
linear relationship (R2

¼0.96) is observed, given by the following
equation:

Xp ¼ 0:41069þ0:0122Z ð5Þ

which is in good agreement with the periodic character of this
property, with the exception, again, of Yb. The Pauling electro-
negativity of Yb has been recalculated from Eq. (5) and it has been
used to calculate the actual EN(OYb) using Eq. (3). This calculation
gives EN(OYb)¼1.849, which is close to 1.860.
The group electronegativity sums of Si in the b-Yb2�xYxSi2O7

system have been calculated using the recalculated EN(YbO) value.
The position of the uas band has been plotted vs. the electronega-
tivity sums of Si (Fig. 7), and a linear correlation (R2

¼0.98) has been
obtained, given by the following equation:

uas ¼ 120:34þ122:87
X

ENðQ1Þ ð6Þ

This linear relationship confirms the solid solubility of
Yb2Si2O7 in b-Y2Si2O7 in the whole compositional range, from a
short range order point of view. This fact, together with the
absence of the us SiOSi band, suggests that there is no change in
the SiOSi angle across the Yb2Si2O7–b-Y2Si2O7 system.
3.2. Solid solubility of Yb2Si2O7 in g-Y2Si2O7: Study of the 1650 1C

isotherm

3.2.1. XRD study

Fig. 8 shows the XRD patterns of the samples with xZ1.40
calcined at 1650 1C for 24 h. The patterns are very similar to
each other and match the PDF 00-042-0167 corresponding to
g-Y2Si2O7, with slight variations in peak positions and intensities
resulting from changes in unit cell dimensions and contents. No
reflections corresponding to b-Yb2Si2O7 are observed for these



Fig. 7. Plot of uas(SiOSi) frequency taken from Fig. 5 vs. total electronegativity of Si

in b-YxYb2�xSi2O7 (x¼0.00–2.00).

Fig. 8. Selected portions of the XRD patterns of Yb2�xYxSi2O7 samples with

xZ1.40 calcined at 1650 1C for 24 h. Tick marks correspond to reflections of

g-Y2Si2O7 (PDF 00-042-0167).

Fig. 9. Experimental (crosses), fitted (line) and difference curves obtained from

the refinement of g-Yb0.4Y1.60Si2O7 using space group P21/c. Bottom tick marks:

g-Yb0.4Y1.60Si2O7. Top tick marks: Cristobalite.
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compositions. Therefore, b-Yb2Si2O7 does not segregate from
Y2Si2O7 but a unique phase g-RE2Si2O7 is formed in the composi-
tional range 1.40rxr1.80 at 1650 1C. This fact indicates that even
though pure Yb2Si2O7 crystallises as b-Yb2Si2O7 at any temperature
[2] there is some degree of solid solubility of Yb2Si2O7 in g-Y2Si2O7.

To confirm the solid solubility of Yb2Si2O7 in g-Y2Si2O7 a
Rietveld refinement was performed for compositions 1.40rxr
1.80 annealed at 1650 1C. Fig. 9 shows the experimental, fitted
and difference curves obtained from the refinement of g-Yb0.4

Y1.60Si2O7. Cristobalite was added as secondary phase (less than
6% in all compositions). The rest of fits are very similar and are not
shown. All reflections could be fitted on the basis of a monoclinic
unit cell with space group P21/c, corresponding to the crystal
structure of the g-rare earth disilicates [20]. Unit cell parameters
as a function of composition are shown in Fig. 10. Values of the
unit cell parameters corresponding to pure g-Y2Si2O7 (sample
annealed at 1600 1C) have also been plotted. The same size of the
y-axis has been used in the three plots to appreciate relative
changes in a, b and c parameters. Both b and c unit cell parameters
increase linearly with increasing Y content, while the a unit cell
parameter does not change appreciably with composition. The
b angle of the unit cell decreases with increasing Y content, and
the unit cell volume increases linearly. The linear behaviour of the
unit cell parameters with composition is a clear indication of
the solid solubility of Yb2Si2O7 in g-Y2Si2O7 in the compositional
range 1.40rxr2.00 at high temperature.

Finally, the Y and Yb occupations of the unique rare earth site
of the g-RE2Si2O7 structure in the corresponding stability range,
obtained from the Rietveld refinements, are displayed in Table 2.
A good agreement is observed between these occupations and the
nominal composition of the samples.

3.2.2. TEM study

The incorporation of Yb in the structure of g-Y2Si2O7 has been
analysed by TEM-EDX. Fig. 11A shows a representative micro-
graph of several grains of the Yb0.2Y1.8Si2O7 sample. The electron
diffraction pattern of the grain marked with an arrow in Fig. 11A
appears in Fig. 11B. This pattern is compatible with the g-Y2Si2O7

[0 0 1] zone axis, as inferred from the simulation presented in
Fig. 11C. The EDX spectrum of this single crystal (Fig. 11D) shows
the characteristic X-ray emissions lines of Y and Si and also some
low intensity peaks corresponding to Yb. This demonstrates the
incorporation of ytterbium into g-Y2Si2O7 at high temperature
and high yttrium content.



Fig. 10. Unit cell parameters of Yb2�xYxSi2O7 samples annealed at 1650 1C

(g-RE2Si2O7 polymorph) as a function of composition. Top figure: Circles, up

triangles and squares—a, b and c unit cell parameters, respectively. Bottom figure:

Down triangles and stars—unit cell volume and beta unit cell angle, respectively.

The error bars are approximately the size of the symbols.

Fig. 11. (A) TEM micrograph of grains corresponding to the Yb0.2Y1.8Si2O7 sample

annealed at 1650 1C. (B) Electron diffraction pattern of the grain marked with an

arrow in (A). (C) Simulation of the electron diffraction pattern of g-Y2Si2O7 along

the [0 0 1] zone axis. Grey spots correspond to not-allowed g-Y2Si2O7 reflections

that could be observed in the experimental diffraction pattern due to double

diffraction phenomena. (D) EDX spectrum of the grain marked with an arrow

in (A).
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3.3. Yb2Si2O7–Y2Si2O7 phase diagram

Once the solid solubility of Yb2Si2O7 in b- and g-Y2Si2O7 has
been demonstrated, additional calcinations were carried out in
order to determine the phase boundaries among the different
polymorphs. Limitation in the maximum temperature of our
furnace has hindered carrying out an exhaustive analysis of the
solid solubility of Yb2Si2O7 in d-Y2Si2O7, and only transition
temperatures for some Y-rich compositions have been deter-
mined to eventually draw the corresponding phase boundary.

The behaviour of the Yb2�xYxSi2O7 members with 1.00rxr2.00
calcined at temperatures Z1300 1C for different times has been
summarised in Table 1. Compositions with xr1.00 show, exclu-
sively, the b-RE2Si2O7 polymorph after calcination at any tempera-
ture. The member with x¼1.20 crystallises as b-polymorph at
temperatures o1650 1C and the XRD pattern shows some reflec-
tions of g-RE2Si2O7 after annealing at 1650 1C for 24 h. The x¼1.40
member behaves in a similar manner, although transition to the g
polymorph is observed after 24 h annealing at 1550 1C. The XRD
pattern of the x¼1.60 composition shows reflections of both the
b- and g-polymorphs after calcination at 1400 1C for 72 h; pure
g-RE2Si2O7 is observed after calcination at higher temperatures and
longer times. The x¼1.80 member shows partial transformation to
the g-polymorph after calcination at 1400 1C for 72 h. The x¼1.94
annealed at 1650 1C for 12 h shows mainly reflections of g-RE2Si2O7

together with some low intensity reflections of the d-polymorph.
Finally, the XRD pattern of the Y-rich end-member (x¼2.00)
annealed at 1400 1C for 36 h shows reflections indicative of partial
b to g-Y2Si2O7 transformation.

All the data presented above have been summarised in Fig. 12a,
which represents the polymorphism in the temperature–com-
position phase diagram of the Yb2Si2O7–Y2Si2O7 system. The
diagram is dominated by the b-RE2Si2O7 polymorph, displaying
more reduced stability fields in g- and d-polymorphs. The diagram
is similar to those previously reported for the Lu2Si2O7–Y2Si2O7

system [21] and the Sc2Si2O7–Y2Si2O7 system [15]. The three
systems share one end-member (Y2Si2O7) while the other end-
member (Lu2Si2O7, Sc2Si2O7 and Yb2Si2O7) shows exclusively the b
polymorph at any temperature. Therefore, the similarity between
the temperature–composition diagrams is not surprising. The main
difference between them is the width of the b-field, which shows
the smaller area in the Yb2�xYxSi2O7 system and the maximum one



Fig. 12. (a) Temperature–composition diagram of the Yb2Si2O7–Y2Si2O7 system as

a function of temperature and composition. (b) Polymorphism, as a function of

average radii, in the systems Yb2Si2O7–Y2Si2O7 (dotted symbols), Lu2Si2O7–

Y2Si2O7 (solid symbols) [21] and Sc2Si2O7–Y2Si2O7 (open symbols) [15] compared

to phase boundaries of Felsche [2] for pure rare earth disilicates. Circles:

b-RE2Si2O7. Squares: g–RE2Si2O7. Triangles: d-RE2Si2O7.
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in the Sc2�xYxSi2O7 system, showing the Lu2�xYxSi2O7 system an
intermediate value. Pomeroy et al. (2005) [22] suggested that the
phase stabilities of a disilicate solid solution behave just like the
phase stabilities of a silicate with RE ionic radius equal to the
average of the radii of the rare earths in the solid solution (‘‘radius
criterion’’). In Fig. 12b all experimentally determined phase stabi-
lities have been plotted versus the average of the radii of the rare
earths in the three solid solutions. In addition, the phase stability
boundaries of Felsche [2] have been plotted in the diagram. Most of
the polymorphs of the three systems are in accordance with this
radius criterion, although, in view of the stability phases observed at
1300 and 1400 1C, it seems that the b�g phase boundary should be
slightly shifted to higher radii. Therefore, a prediction of phase
stabilities of solid solutions of rare-earth disilicates is possible
according to Felsche’s diagram [2] if average ionic radii are assumed,
as long as the b–g phase boundary is slightly shifted towards higher
radii. However, it is important to note that partial solid solutions of
rare-earth disilicates that do not have any polymorph in common
might not obey to this simple rule (e.g. the La2Si2O7–Y2Si2O7 system
[23]).
4. Conclusions

Yb2Si2O7 and Y2Si2O7 form a complete solid solution at 1300 1C
showing the b-RE2Si2O7 modification. In addition, Yb2Si2O7, which
shows a unique polymorph (b-Yb2Si2O7) up to the melting point, is
soluble in g- and d-Y2Si2O7 at low Yb contents and high tempera-
tures. The temperature–composition diagram of the Yb2Si2O7–
Y2Si2O7 system is dominated by the b-RE2Si2O7 polymorph, and is
in accordance with Felsche’s diagram if average ionic radii are
assumed for the members of the solid solution, as long as the b–g
phase boundary is slightly shifted towards higher radii. This shift is
also valid for other rare earth disilicate systems.
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