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Abstract

The Y,05-SiO; 1:1 composition doped with a weak concentration of europium ions was prepared with the sol-gel technique and
the products studied by X-ray diffraction as a function of temperature in the range from 900 to 1300 °C, using the method of
Rietveld for quantitative evaluation of amorphous and crystalline evolving phases. The amorphous profile of the yttrium
oxyorthosilicate glasses has been described following the “Rietveld for Disordered Materials” method and subsequently included in
the patterns of semicrystalline samples that have been heat-treated for temperatures above 900 °C at 1000, 1100, 1150, 1200 and
1300 °C. The quantitative evaluation of the amorphous phase is obtainable from the Rietveld approach equivalent to the method
after Ruland. This enabled us to study in fine detail the structural rearrangements and growth mechanisms that take place during the
crystal-to-amorphous transformation in terms of coordination numbers, average interatomic distances, average crystallite size and
microstrain and to identify the polymorphous transformation involving the Y,SiOs phase from low-to-high-temperature forms, as

well as some minor quantities of other phases namely a-Y,Si,O; phase, Y>03 and Y 47(Si04);0.
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1. Introduction

The Y,03-SiO, phase diagram [1] is currently being
explored with a variety of synthesis techniques and
below 1400 °C especially in the 1:1 and 1:2molar ratio
because of the optical properties that can be induced
by dispersion in the matrix of rare-ecarth elements
such as Eu’", Tb’* and Ce’*. In correspondence to
the 1:1 molar ratio, the compound Y,SiOs is polymor-
phous according to two monoclinic forms X; and X, of
space group P2;/c n. 14 and B2/b n. 15, respectively
[2,3]. The structural transformation between the X; and
X, forms occurs near to 1200 °C [4] and, in general, the
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host lattice of the X, form is thought to be more suitable
than the X; form for luminescence applications due to
the difficulty in obtaining pure single phase X;-Y,SiOs
and possibly to the different coordination of yttrium
atoms, which eventually are supposed to be substituted
for by the rare-earth element. The second compound in
the system is Y,03—2Si0,, which show an even more
complex polymorphism, since six Y,Si,O; different
structures are reported for it, namely o, f8, 7, §, y and
z. Mixed powder routes and sol-gel processes have been
used for the synthesis of these materials and the range of
phase stability is being investigated as a function of heat
treatment. Crystallization of amorphous sol-gel yttrium
oxyorthosilicate samples is qualitatively observed
around 900°C [5] and subsequent high-temperature
phase transformations are determined mainly from
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powder X-ray diffraction (XRD) patterns. However, the
structural investigations hitherto reported were substan-
tially qualitative and no comparisons of the new
structural data with existing investigations were dis-
cussed in numerical terms apart from one exception
dealing with the low temperature phases of R,SiOs
(R = rare-carth elements) [4].

In this paper we have synthesized by sol—gel technique
the Y,05;-SiO, composition doped with a weak con-
centration of europium ions, and we report the
quantitative structural analysis by the Rietveld method,
which has made possible to follow the evolution from
the amorphous matrix up to crystallization at 1300 °C.

2. Synthesis approach

Yttrium nitrate (Y(NOs3)s-6H,0, Aldrich, 99%),
europium nitrate [Eu(NO3)3-3.5H,0], Tetraethoxysi-
lane (TEOS, Aldrich, 98%) and absolute ethanol (Carlo
Erba 99.8%) were used as reactants in the sol-gel
preparation. Aqueous solutions containing appropriate
concentrations of yttrium and europium nitrates to
give a Eu/Y ratio of 0.001 were mixed with an
ethanolic solution of TEOS and acidified with nitric
acid. The resulting sol was stirred for 180 min at room
temperature and then allowed to gel at 50°C. The
gelation time was of about 3 days. The white dry gels,
X-ray amorphous, were fragmented and powdered in
an agate mortar and subjected to calcination at the
temperature of 900, 1000, 1100, 1150, 1200 and 1300 °C
for 2 h. The concentration of europium ions in the final
samples was checked through a plasma ICP Perkin-
Elmer 2000 and it turned out to be the nominal
(Eug.002Y 1.99803-S105).

3. X-ray diffraction and the evaluation of crystallinity
fraction

The samples were investigated with a Seifert diffract-
ometer ID 3000 using CuKa wavelength, with a graphite
monochromator in the diffracted beam. Because of the
high-resolution mode needed for the specimens, which
are treated at high temperature, the XRD patterns
were collected with narrow divergent and antiscatter
slits (0.5°), a receiving slit width of 0.lmm and a
step size of 0.04° in the 20 angular range from 12°
to 80°. The crystalline phases were retrieved after a
peak search semi-automatic routine using the data base
PDF-2 [6].

In the case of semicrystalline materials, Ruland [7]
developed an XRD method for evaluating the amount
of crystalline phases in an otherwise amorphous matrix.
After defining the variable s = 2sin 6/, integrating the
volume of substance over the whole of reciprocal space

and normalizing, the crystallinity x. was expressed as

[I(s)s*ds [ f *(5)s? ds
S0 S0

Xer = 5p (1)

[ I(s)s ds f‘ F(5)D(s)s? ds

S0 S0

where I(s) is the total diffracted intensity, I.(s) the
intensity due only to crystalline phases, D(s) is a
“disorder” function,f 2(s) the squared average scattering
factor (coherent +incoherent) calculated with respect to
the chemical composition of the sample and s, and s,
the lower and upper limits of integration, respectively.
The equation is normally split into two factors:

Sfp I(s)s* ds } f 2(s)s2 ds
R(sp) = j;’ and K(sp) = °— )
[ 1c(s)s* ds [f 2(S)D(s)s2 ds

In the absence of disorder (a condition always holding
at the origin of the reciprocal space) D(s) = 1, so that
Ruland used to extrapolate to s =0 the ascending
behaviour observed in a R(sp) vs. slzj plot due to the
background, incoherent scattering contributions and to
disorder effects. Originally, the separation of the
amorphous profile from the crystalline Bragg peaks
was accomplished by tracing empirically a continuous
line. Later, further extensions were proposed in order to
computerize the procedure [§8] and to account for the
case where the crystalline component separates from the
amorphous matrix with a different atomic density [9].

Using the Rietveld analysis, Riello et al. [10,11]
proposed a solution of the problem of semicrystalline
materials due to the presence of an amorphous phase
when its chemical composition or the global sample
composition was known. From then, essentially two
different lines of work have been proposed within the
Rietveld context: the first uses an internal standard and
determines the amorphous fraction by difference be-
tween the measured and expected value of the standard
fraction [12,13], while the second attempts to model
the amorphous scattering in a theoretically sound
fashion “‘compatible” with the structural rules of the
Rietveld method. Though both approaches have their
own merits, the limitations of the first can be easily
recognized since it is assumed that the scattering
contribution of the amorphous component is a part of
the background.

For this reason we have developed further the second
line of work, suggested originally by Lutterotti et al.
[14], which in turn is based on previous work by Le Bail
[15]. Accordingly, the Rietveld approach may in
principle account for the structure of amorphous
samples, once the user is able to supply a reasonable
“pseudo-crystalline” structure factor. In the case of
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amorphous silica, Le Bail started from the P2;2,2,
crystalline structure factor of SiO, in a Rietveld
refinement and reported the modified structure and
microstructure parameters which gave a satisfactory
agreement between calculated data and XRD and/or
neutron diffraction experiments. The limits of such
procedure were discussed in comparison with the
Reverse Monte Carlo technique [16]. After calibrating
the procedure in samples with known quantity of
amorphous SiO, and crystalline Al,O3, Lutterotti et al.
[14], found that such an approach, can supply the
quantitative analysis of the phases including the
amorphous component avoiding the use of any internal
standard. This performance of the Rietveld method
seems trustworthy in as much as the atomic density is
not too different from that of the crystalline counterpart
[17] and a similar behaviour must hold for the nearest
neighbour interatomic distances.

The structures of the phases (whether crystalline or
amorphous) were then inserted in the final refinement
using the MAUD program [18] according to the basic
equation of the Rietveld method:

Yei = SZLk
k

.5 0
X eXp (—Bj sin’ Tz)
A

where symbols have the same meaning as in [19].

Capabilities and limitations of the Rietveld refinement
from powder diffraction data have been largely ex-
pounded [19]. Basically, under the general assumption of
a normal distribution of residuals (i.e., the difference
between calculated and experimental data points), the
program is able to supply, within a fair degree of
confidence that in turn depends on the signal-to-noise
ratio of the pattern, the quantitative analysis of the
phases in the sample, their structural parameters such as
unit cell dimensions, crystallographic position of atoms,
as well as the microstructure parameters like the average
crystallite size, anisotropy and the average lattice
microstrain. Because in our patterns we have collected
the intensities in a preset-time mode and ¢ = 1//N, we
expect that a correct fit give uniform distribution of the
difference between the square root of calculated and
experimental intensities rather than the simple linear
difference of the two.

ZNJ ; €xp [Zni(hxj +ky; +1Iz))
k

2
®(20; = 200)PrA + ypi,  (3)

4. Results and discussion

4.1. Amorphous, semicrystalline and crystalline
oxyorthosilicate samples

Fig. 1 shows the XRD patterns (logarithmic scale) of
Y»,03-Si0, gels annealed 2 h at the quoted temperatures.
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Fig. . XRD patterns (data points) and Rietveld refinement (full lines)
of yttrium oxyorthosilicate samples as a function of heat treatment at
the indicated temperatures. Bar sequences of the peak positions
expected from the geometry and lattice parameters of the considered
phases (fingerprints) are reported at the bottom. Moreover, the
residual curve refers to the difference between square root of calculated
and experimental intensities of the sample heat treated at 1000 °C. The
agreement factor R, of fits are also shown.

As usual, data points are from experiment and full lines
are intensities calculated after the fit. At 900°C the
sample is still “X-ray” amorphous with a typical first
halo at 20 = 29.8°, followed by a second broad band
with relative maximum at 26 around 48°. We may note
that the main halo position of the present system is
located midway between a minimum value of 26 = 22°
observed for the case of pure amorphous silica and the
largest values of 20 around 40° pertaining to the glassy
metals. Even in this case we have used the same
arguments of Le Bail [15] and Lutterotti et al. [14] to
fit the amorphous profile of the XRD pattern starting
from the known X;-Y,SiOs structure factor of the low-
temperature crystalline phase (space group P2;/c n. 14).
The results are reported numerically in Table 1 as it
concerns the relevant structure parameters. The values
quoted can at best only be one of an ensemble of
configurations that would fit the data equally well. In
order to pursue further the reliability of the model, data
at higher values of the s scattering vector should be
collected as it was done by Le Bail [15] for the case of
silica glass, which is equivalent to searching for a more
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Table 1

Lattice parameters and atom fractional coordinates of the low-
temperature structure X;-Y,SiOs phase used to account for the
amorphous profile according to Le Bail (sample heat treated at 900 °C)

Unit cell dimensions @ = 8.50(0.09) A, b = 6.82(£0.04) A,
¢ = 6.38(£0.05) A, f = 104(£1)°

Atom X y z

Y1 0.11(10.01) 0.13(40.02) 0.31(40.03)
Y2 0.46(+0.01) 0.62(+0.04) 0.24(40.02)
Sil 0.15(40.04) 0.66(+0.08) 0.32(40.06)
0O1 0.26(+0.04) 0.36(+0.07) 0.61(40.08)
02 0.77(+0.06) 0.11(40.08) 0.15(40.08)
03 0.23(10.05) 0.52(40.08) 0.002(40.004)
04 0.05(10.04) 0.44(40.07) 0.37(40.07)
05 0.41(10.03) 0.37(£0.07) —0.02(£0.03)

The values quoted are one of an ensemble of configurations able to
satisfactorily fit the data.

precise mutual arrangement of atoms from the high-
angle 1k [ terms.

The X-ray pattern of sample annealed at 1000 °C
(second curve from the bottom) represents a challenging
target for our methodology since it contains, besides the
amorphous phase, two crystalline components also,
easily identified with the X;-Y,SiOs phase and an
apatite-like phase Y467(Si04);0 [PDF card n. 30-1457,
space group P63/m n. 176], whose refined values are
ap=9.368(2) A and ¢y = 6.735(2) A, respectively, see
also [20]. As it is customary in the Rietveld fit, at the
bottom of the patterns we have reported bar sequences
of the peak positions (fingerprints) expected from the
geometry and lattice parameters of the considered
phases. The background line (also plotted) varies slowly
and is always positive, which gives further support to the
proposed solution in terms of phase constitution. The
amorphous profile component, whose parameters have
been fixed to the values retrieved in the pure amorphous
Y,03-SiO, sample annealed at 900°C, is plotted
above the background line and turns out to be 40.0
(£2.0)wt%. The apatite-like phase Y467(SiO4);0 is
9.0wt% (£ 1.0) and the X;-Y,SiO5 phase is found to be
present at the 51.0 (+3.0) wt% and its lattice parameters
are in fair agreement with those reported by Ito and
Johnson in the PDF card n. 41-0004 (also quoted
incompletely by Liu et al. [21]) and by Wang et al. [4].

Fractional atomic coordinates are also obtained for
the two yttrium cations Y7~ and Y3;" in ninefold and
hepta-coordination, respectively, similar to those re-
ported by Wang et al. [4]. In addition, a recent
investigation by MAS-NMR of the *Y sites in the
X1-Y,Si05 phase [22] has shown two well distinct
resonance lines for the two coordination sites, the low
field one at 75.2ppm having strong tails with super-
lorentzian character. Furthermore, the unit cell volume

from our lattice parameters turns out to be 400.0
(£0.5) A%, not too distant from the value of 399.0 A’
calculated by Liu et al. [23] from Ito and Johnson data
in PDF card no. 41-0004.

One obvious question for the present Rietveld
technique extended to semicrystalline systems concerns
the error bar related to the quantitative determination.
A major point involves the atomic density of the
“amorphous pseudo-cell” that, in the case of the sample
annealed at 900 °C, is 9% smaller than the value of the
low-temperature yttrium oxyorthosilicate X;-Y,SiOs.
Having transferred the same structure factor for the
amorphous phase to higher temperature means that this
component is not subjected to chemical density changes
during the annealing. As it concerns the crystalline
phases, the most critical parameters that may bias the
refinement to a considerable extent are those related to
the microstructure, e.g., the crystallite size distribution
and the lattice strain. It has been noted [24,25] that
assuming a Voigtian profile shape for description of
peak broadening implies a log-normal-type distribution
for the crystallite size skewed at high size values.

The appearance of the apatite-like phase with
chemical composition O/Y = 2.78, significantly differ-
ent from that assumed for the matrix (O/Y = 2.50) may
arise objections related to the precision of the quanti-
tative procedure adopted here. However, the nominal
composition of these phases is in principle subjected to
changes because of several kinetics, thermodynamics
and chemical factors such as meta-stabilisation of off-
stoichiometric compounds, impurities in the precursors,
different dissolution and/or evaporation rates during
thermal treatment, etc. To sum up, our experience
suggests that, once all the phases are correctly included,
the intrinsic error bar associated with the present
quantitative determination can hardly be larger than
3.0%, while the detection limit, though dependent on
the structure and microstructure of the specific phase in
relation to the others present in the sample, is around
0.5-1%. This detection limit has to be enhanced to a
figure of 4-5wt% in the case of amorphous phases in
semicrystalline systems, but can be also lower in the case
of simple systems with few crystalline phases, using
unconventional X-ray sources.

Confirmation of such detection limits is retrieved
from the analysis of the sample heat treated at 1100 °C,
whose pattern is reported in Fig. 1, third curve from the
bottom, together with background and amorphous
component fitting lines extracted from the refinement.
The amorphous phase component turns out to be
14.0wt%. Its existence can hardly be perceived in a
linear intensity scale, but it appears well justified in a
logarithmic scale of intensity, where the signal-to-
background ratio is properly evaluated. As it concerns
the lattice parameters of the X;-Y,SiOs phase structure,
which amounts to ca. 77.0 (+3)wt% of the entire
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specimen, they remain essentially unchanged with
respect to the sample treated at 1000 °C, with a cell
volume of 399.8 (+0.5) A’. The average crystallite size
{d) is now 60 (+10)nm and the average lattice
strain (&) = 0.0020 (4+0.0002). Furthermore, the apa-
tite-like phase Y447(Si04);0 now amounts to 13.0
(£1)wt% and its refined lattice parameters are ag =
9.361(£0.001) A and ¢y = 6.729(x0.0007) A.

The pattern of the specimen heat-treated at 1150 °C
(fourth pattern from the bottom) suggests that the
amorphous component almost totally disappears. In
fact, the quantitative determination gives a 3% value for
it, that is, below the estimated detection limits for an
amorphous phase. The refinement using crystalline
phases retrieved from the PDF-2 data base gives only
a slightly superior agreement factor between calculation
and experiment to the point that the amorphous
component in this specimen is not clearly supported
numerically. The X;-Y,SiO5 phase has increased to 83.0
(£2)wt%, with a unit cell volume of 398.3 (40.5) A3,
closer to the value reported by Wang et al. [4] from their
refinement. The average crystallite size {d) remains at
58 (£ 6) nm, but the lattice strain (&) decreases slightly
to a figure of 0.0015 (£0.0002).

The apatite-like phase Y4¢7(Si04)30 now amounts to
120 (£1)wt% and its lattice parameters are ay=
9.360(£0.001) A, ¢o = 6.729(£0.0007) A, not much dif-
ferent from the previous temperature treatment of 1100 °C.
In addition to this, we observe here a 2.0 wt% of the high-
temperature phase X,-Y,SiOs with relative lattice para-
meters a = 10.400(£0.001) A, b = 6.719(£0.0007) A,
¢ = 12.490(£0.001) A and § = 102.54°(+0.05°), giving a
cell volume of 852.0 (+0.8) A*. Wang et al. [4] reported the
transition temperature from X; to X, phase at 1190 °C,
while the appearance of the X, phase was detected as a
function of calcining temperature between 1200 and
1300°C by Liu et al. [21]. Similarly, Kang et al. [5]
observed the crystal structure change of Y,SiOs:Ce
phosphors after annealing above 1200 °C. It is clear that
these temperatures are referring to the almost complete
phase transformation and do not disagree with our
observation.

In the pattern of the sample annealed at 1200 °C (last
but one curve from the top of Fig. 1) there is no
amorphous phase and it can be easily seen that X,-Y»SiOs,
with its 82.0 (£2)wt% fraction, is the dominant phase.
The refined lattice parameters a = 10.417(30.001) A,
b = 6.723(£0.0007) A, ¢ = 12.483(£0.001)A and f =
102.76°(£0.05°), give a cell volume of 852.64 (+0.8) A’
in excellent agreement with the data of Maksimov et al. [3].
The average crystallite size {d) is 110 (+15)nm and the
lattice disorder (&) = 0.0002 (£0.0001), certainly small.

Likewise, the X; phase and also the high-tempe-
rature X, phase show two Y®' sites with Y-O
six-fold coordination number. The apatite-like phase
Y4.67(5104);0 is present in proportion of 8.0 (+1)wt%

with lattice parameters ap = 9.355(£0.001) A and ¢y =
6.726(£0.0007) A. There is still 3.0 (1) wt% of the X;-
Y,SiO5 form, structural data of which is not possible to
be speculated. In addition, there are small quantities of
two further phases, namely cubic Y,O3 in the concen-
tration of 2.5wt% (£1) (Space group Ia-3, lattice
parameter ayp = 10.593 £ 0.001 A) and the «-Y,Si,O,
phase (triclinic, space group_P-1, refined lattice para-
meters  a = 6.596(£0.0007) A, b = 6.640(0.0007) A,
¢ =12.036(£0.001)A, o =94.71°£0.07, f=91.14°+
0.07 and y=91.79£0.07) in the concentration of
3.5 (£1)wt%. The presence of cubic yttria in X;-
Y,Si05:Eug ¢; powders prepared by the sol-gel method
and heat treated at 1100 °C during 3 h was surmised by
Yin et al. [26] from low-temperature emission spectra,
though in a structural context different from ours. The
presence of the o-Y,Si,0; phase, with lattice parameters
slightly different from those reported in the PDF card
no. 38-0223, may be related to separation of the small
fraction of yttria from the Y,SiOs matrix during the
phase transformation according to the simple reaction
2Y,S105—- Y,05 + Y,Si,05. Note that, when this occurs,
the Y,03/Y,S1,07 weight ratio amounts to ca. 0.65 not
far from the outcome of our Rietveld refinement.

Finally, in the pattern of the specimen treated at
1300 °C (top curve of Fig. 1) we do not find any
trace of the low-temperature X;-Y,SiOs phase. The
sample consists of 81.0 (£2)wt% of the X,-Y,SiOs;
phase (with crystallite size <{d) grown to 160+
20nm), the rest being due to 7.0 (£1)wt%
apatite-like Y467(Si04)30 with lattice parameters
ap = 9.360(£0.001) A and c¢o = 6.731(£0.0007) A, 7.0
(£ wt%, o-Y,81,0; phase (refined lattice para-
meters a = 6.589 + 0.0007 A, b = 6.629 £ 0.0007 A, ¢ =
12.044 +0.001 A, o = 94.66° £+ 0.05, S = 90.80° £ 0.05
and y =92.03+0.05) and the remaining 5.0% (1)
cubic Y,03 (a = 10.601 £ 0.001 A).

1004 Q  Amorphous component

X1-Y,SiO, X2-Y,SiOq

80+

% weight

900 1000 1100 1200 1300
Temperature / °C

Fig. 2. Kinetics of phase evolution as a function of heat-treatment
temperature from quantitative evaluation with the Rietveld method.
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Fig. 2 shows the kinetics evolution of the observed
phase transformations. Above 900 °C the amorphous
phase starts to devitrify, with an exponential decay as a
function of the temperature, which is completed at
1150°C. The full curve of the amorphous component
does not interpolate precisely the data evaluated by
XRD, probably because we have assumed that the
devitrification process starts at 900°C, so further
experiments are necessary to establish precisely this
temperature onset. Simultaneously, the low-temperature
X1-Y5SiO5 starts to form and reaches its maximum
at 1150°C, while a secondary apatite-like phase
Y 4.67(S104);0 gradually increases. Between 1150 and
1200 °C we observe the transformation from low to
high-temperature form of Y,SiOs. Other minor phases
than Y,447(S5104)30 develop during this process, namely
triclinic «-Y,Si,O; and cubic Y,03, which, altogether
with the apatite-like phase, seem to be favoured at high
temperature at expenses of the X,-Y,SiOs phase. Of
course, more experiments should be done using the
present refinement procedure in order to deepen these
aspects.

4.2. Comparison with the Ruland method

We have plotted in Fig. 3 the R(s,) data vs. s of
semicrystalline samples heat treated at 1000 and
1100 °C, respectively, after correcting total intensities
1(s) for the background (shown in Fig. 1) as determined
by the Rietveld approach. Both functions R(s,) have a
similar behaviour in that they initially oscillate and then
stabilize in a wide s° range corresponding to a 20-scale
from 40° to 80°, approximately. The important initial
oscillations are expected because the integrals appearing
in the R(s,) fraction are computed in a narrow range
and are arbitrarily supposed to replace the theoretical

18

16 { 5% Nl 1000 °C
15 X,= 1/1.64 =061
1443

o

2 3

o 13 Jal-
Hop
2] fin
11 1 1100 °C
ol X = 1/1.17 =0.854
0.9 ; . ; ; : :
0.0 01 0.2 03 0.4 05 0.6 07

squared scattering vector sp2 | A2

Fig. 3. R(s,) function of samples treated at 1000 and 1100 °C.
According to Ruland, the crystallinity is retrieved from extrapolation
to s> = 0 of the “regular” portion of R(s,) at wide angles as shown in
the inset.

infinite range of integration. Increasing the upper limit
of integration makes this approximation (Vainshtein
law) better and better respected as it can be assessed by
the observed constancy of the R(s,) factor at higher s,
apart from some little oscillations. If we take the inverse
of the constant values extrapolated to s = 0, as reported
in Fig. 3 for the two samples, we obtain crystallinity
fractions x. in very good agreement with the data
coming from the Rietveld method, keeping in mind that
Xam = (1 — x¢r). For the sample annealed at 1150 °C we
expect the R(sp) curve to oscillate close to 1 (100%
crystallinity).

The possibility of verifying texture and accounting for
it in terms of different models is peculiar of the Rietveld
method, while the Ruland method assumes absence of
important anisotropic effects or texture, which, how-
ever, is a general pre-requisite in order to fulfil the
correctness of the normalization procedure to the total
coherent and incoherent independent scattering. The
normalisation is carried out in the Rietveld approach
when using the scattering factor for each element in
the unit cell (or pseudo-unit cell) to calculate and
match the observed intensities coming from crystalline
and amorphous phases in conjunction with the
background separation without considering the inco-
herent contribution. Also, Ruland [7] and Vonk and
Fagherazzi [9] were used to correct the ascending
behaviour of R(s,) function, ascribed to incoherent
scattering, disorder of first and second kind type and
background, through the K(s,) function. However,
disorder of the first kind is described in the Rietveld
approach by the so-called temperature factors Bj of
atomic species and we have discussed above the
numerical correlations that exist with the background
behaviour. On the other hand, disorder of the second
kind, also referred to as paracrystalline disorder
according to Hosemann and Bagchi [27], refers to lattice
strain and is described by the Rietveld codes with
various procedures devised to account for the peak
overlapping and to separate microstrain from the
crystallite size effects. The close agreement with the
two methods is also obtained because there is no
significant change in composition between crystalline
and amorphous component. When this happens in the
Ruland method one should apply the corrections
reported by Vonk and Fagherazzi [9,28].

5. Conclusions

From the precise analysis of XRD patterns of yttrium
oxyorthosilicates according to the Rietveld method a
considerable amount of very useful structural and
microstructural information can be obtained. The phase
analysis was carried out quantitatively, with sufficient
degree of precision even in the case of complex peak
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envelopes due to the presence of several phases,
amorphous and crystalline, as it was verified from
the agreement factors of the refinement and from
inspection of final residuals, presented just in one
case in this work. The refinement technique allows
the precise determination of atomic positions in the
unit cell which, when coupled with the lattice para-
meters, supply the interatomic coordination distances.
The structural evolution of yttrium oxyorthosilicate
material as a function of heat treatment has permitted
to follow the amorphous-to-crystalline transformation
occurring in the temperature range from 900 to 1100 °C
and the most important structural rearrangements
pertaining to the low-temperature X;-Y,SiOs phase.
Further analysis of the powder patterns during the
refinement allowed to retrieve the presence of other
minor phases such as the «-Y,Si,O; phase, Y,O;
and Y447(S104);0, showing that the decomposi-
tion phenomena may not lead to a polymorphous
product. The X;-Y»SiOs phase is involved in a further
transformation to the high-temperature X,-Y,SiOs
form between 1150 and 1200 °C. Average crystallite
size and microstrain can be followed for the detected
phases across the whole thermal treatment from 900
to 1300 °C.
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