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ABSTRACT

Yttrium oxide (Y,03) particles were synthesised from a yttrium nitrate solution via ultrasonic
spray pyrolysis (USP) method. The effects of temperature and precursor concentration on mor-
phology and microstructural parameters were investigated. Y,0s3 particles were characterised by
scanning-electron-microscope energy-dispersive spectroscopy, Raman spectroscopy and X-ray
diffraction analysis. Based on X-ray peak broadening, the crystallite size was calculated using the
modified Debye—-Scherrer (MDS) method. Furthermore, the crystallite size, crystal strain and the
energy density of the crystal were evaluated using the Williamson—Hall (W-H) analysis integrated
with the uniform deformation model, the uniform stress deformation model and the uniform
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deformation energy density model. A comparative evaluation of Y,03 crystallite size using the

MDS and W-H methods was carried out.

This is part of a thematic issue on Nanoscale Materials Characterisation and Modeling by Advances Microscopy Methods - EUROMAT.

Introduction

Among rare earth metal oxides, yttrium oxide (Y,03)
has high melting temperature ( ~2450°C), high refrac-
tive index (~2), high thermal conductivity
(13.6 Wm™'K™1), high bandwidth (5.72eV), broad
transmission range (280-8000nm), high corrosion
resistance and high mechanical resistance. The pres-
ence of these features makes Y,0O3 and its compounds
favourable in many applications such as lasers, pro-
jection tubes, fibre optic cables, ultra-fast sensors,
LED displays, flammable labels, safety marks, tem-
perature sensors and high-temperature coatings [1-6].
According to previous reports, Y,O3 particles can
be synthesised by various techniques including com-
bustion synthesis [7], spray pyrolysis [8,9], hydrolysis
and oxidation method [10], citrate precipitation [11]
and sol-gel method [12,13]. Among these techniques,
ultrasonic spray pyrolysis (USP), which is a type of
bottom-up approach, provides significant advantages in
obtaining spherical morphology, homogeneous com-
position and wide chemical composition range. More-
over, nanometre- to micrometre-scale particle sizes can
be achieved by optimising the reaction temperature,
precursor concentration, ultrasonic frequency and gas
flow rate [9,14,15].

Adjusting particle morphology and microstructure
parameters (crystallite size and lattice strain) is essential
to synthesise particles with desired properties. There-
fore, various methods have been improved to deter-
mine the microstructural parameters. To calculate the

crystallite size from X-ray diffraction peak broadening,
lattice strain factor must be considered. Lattice strain is
induced by vacancies, dislocations, secondary phases,
impurities, porosity, mechanical deformations and
thermal effects [16-20]. Crystallite size and lattice
strain together contribute to total X-ray peak broad-
ening. Williamson-Hall (W-H) method, Warren-
Averbach (W-A) method and Rietveld refinement can
be utilised to assess the contribution of strain and
crystallite size on peak broadening. W-A is a detailed
method for the determination of size and strain analy-
sis, which is based on diffracted X-ray beam intensity
assessed in Fourier space. This space is considered as
convolution of broadening of crystallite size and lat-
tice imperfections. This method requires at least two
reflections and it is very difficult to conduct. How-
ever, the W-H method is a simplified method for
differentiating peak broadening caused by size and
strain, since it considers the peak width as a func-
tion of 20 and the size and strain broadenings of
each peak can be divided into two Lorentzian/Gaussian
functions [21,22].

The purpose of this study is synthesising Y,03 par-
ticles using an aqueous yttrium nitrate solution. The
effects of initial precursor concentration and reaction
temperature in the furnace on the morphology and
microstructure of Y,03 were extensively investigated.
The detailed research based on X-ray peak broad-
ening on the Y,Oj3 particles synthesised by the USP
technique has not yet been reported in the archival
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literature. The comparative evaluations of Y, O3 crystal-
lite size attained from the W-H method and modified
Debye-Scherrer (MDS) were carried out. Change in
the lattice strain by the reaction temperature was deter-
mined by the uniform deformation model (UDM),
assuming that the crystal has isotropic nature. Lattice
stress and energy density of crystal (1) were estimated
by the uniform stress deformation model (USDM)
and the uniform deformation energy density model
(UDEDM), respectively.

Experimental
Synthesis of Y, 03 particles

Sub-micrometre Y, O3 particles were synthesised using
the USP method using a 0.1 and 0.4mol L™! aque-
ous solution of yttrium nitrate hexahydrate (Y(NO3)3-
6H,0, purity >99.9%) under a 0.5Lmin™"! air flow
rate at 700 and 900°C reaction temperatures. The
yttrium nitrate salt purchased from Acros Organics was
dissolved in deionised water and stirred for 30 min by a
magnetic stirrer. The prepared precursor was atomised
by an ultrasonic nebuliser with 1.7 MHz and by air flow
through a quartz tube (0.7 m length and 0.02 m diame-
ter). The precursor is carried into the heated furnace
(Nabertherm, R 50/250/12). During the experiments,
the air flow and ultrasonic frequency were 0.5 L min~!
and 1.7 MHz, respectively, and the process time was 3 h.
Synthesised particles were collected in washing bottles
filled with ethanol, afterwards ethanol was evaporated
in drying oven at 70°C for 300s to obtain Y,O3 parti-
cles. A summary of experimental parameters is given in
Table 1.

Characterisation of Y, 03 particles

X-ray diffraction patterns were recorded in 26 steps
of 0.02° between 10° and 90° using a Rigaku Miniflex
diffractometer with Cu-Ko radiation at a wavelength
of 0.154051 nm operating at 15mA and 30kV. The
X-ray analysis of single-crystal silicon was conducted
under the same conditions to determine instrumental
peak broadening. Particle size and surface morphol-
ogy of Y,O3 particles were revealed by field emission
scanning-electron microscopy (FE-SEM, JEOL JSM
700F). For this purpose, the prepared samples were
coated with platinum to obtain a conductive surface
operating at 5mA. The chemical composition of par-
ticles was analysed by energy-dispersive spectroscopy

Table 1. Process parameters of Y03 synthesised from different
precursor concentrations and reaction temperatures.

Reaction Solution con- Flow
Sample temperature centration rate Frequency
Q) (molL™) (Lmin~") (MHz)
1 700 0.1 0.5 17
2 900 0.1 0.5 17
3 900 0.4 0.5 17

(EDS). Moreover, Raman measurement was recorded
in the range of 100-1000 cm™! by a Raman Spectrom-
eter (HORIBA Jobin Yvon HR 800 UV). Phase compo-
sition and full width at half maximum (FWHM) were
determined using X’Pert HighScore Plus software with
digital library of crystallographic cards ICDD (Inter-
national Centre for Diffraction Data). Based on the
FWHM, the crystallite size was estimated by the MDS
method. In addition, crystallite size, lattice strain-stress
and the energy density of crystal were calculated using
the W-H method.

Results and discussion
Morphological characterisation of Y,03 particles

To investigate the effects of initial precursor concen-
tration and reaction temperature on the Y,O3 particle
size, SEM micrographs of Y,O3 with different magni-
fications were revealed by FE-SEM. In Figure 1(a,b),
the SEM images of the synthesised particles with
0.1 mol L™! precursor concentration at 700°C are rep-
resented. Figure 1(a,b) shows particles with a size range
of approximately 400-800 nm. Moreover, it can be
observed from micrographs in Figure 1(c,d) that par-
ticle sizes are in the range of 400-1200 nm, additionally
as observed at magnification 50.000 x their surfaces are
relatively smoother. Y,O3 particles synthesised from
0.4mol L~! initial precursor concentration at 900°C
reaction temperature are illustrated in Figure 1(e,f).
The size of the particles synthesised with these condi-
tions is between 650 and 1600 nm. Particles synthesised
from 0.4 mol L™! solution have a relatively rough sur-
face due to higher precursor concentration. It can be
noticed that as the reaction temperature and precur-
sor concentration increase, the particle size increases
and the particle size distribution becomes broader.
The values of the mean particle size are 542, 648 and
1073 nm obtained from SEM micrographs as shown in
Figure 1(a,c,e), respectively. Particle size distributions
of Y, O3 synthesised with various experimental param-
eters were obtained from SEM micrographs are given in
Figure 2.

As shown in the energy-dispersive spectroscopy
(EDS) analyses of particles in Figure 3, it is clear that
yttrium nitrate salt is completely decomposed at 700
and 900°C reaction temperatures.

Structural characterisation of Y, 03 particles

X-ray diffraction patterns of Y,O3 synthesised from
different precursor concentrations and reaction tem-
peratures are given in Figure 4. All diffraction peaks
that are attributed to C-type bixbyite structure space
group la-3 (206) conform with standard JCPDS data
with card number (#41-1105) [23]. The planes (211),
(222), (400), (134), (440) and (622) of C-type bixbyite
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Figure 1. SEM micrographs of Y,03 synthesised from (a,b) 0.1 mol L~ solution concentration at 700°C (b—d) 0.1 mol L~ solution
concentration at 900°C and (e,f) 0.4 mol L' solution concentration at 900°C with various magnifications.
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Figure 2. Particle size distribution of Y03 synthesised with
various experimental parameters.

cubic phase of Y,O3 are observed at 20 = 20.54°,
29.21°, 33.85°, 43.57°, 48.63° and 57.74°, respectively.
Figure 4 illustrates the intensity of XRD peaks increas-
ing with reaction temperature and solution concen-
tration. These results affirm that crystallite size is
increased and crystallinity is improved [16].

In the Debye-Scherrer method, crystallite sizes,
which are calculated from each diffraction peak in the
pattern, should have the same value. However, because
of a systematic error, same crystallite size cannot be
obtained from each diffraction peak. To eliminate the
error, Debye-Scherrer Equation (1) can be rearranged
using the least square method. By this rearrangement,
the MDS method was evolved [24,25].

Rk
" Bcost

The following equation can be achieved when loga-
rithm is taken from both sides:

kX 1
In(B) =In <3> +In <c050> (2)

where B is the peak broadening, k is the shape factor,
A is the wavelength of Cu-Ko radiation (A = 0.154051
nm), D is the crystallite size of synthesised particles and
0 is the Bragg angle. Plots of In(8) versus In(1/cos6) of
Y,03 particles are drawn in Figure 5. Crystallite size
was estimated from the y-intercept of the fitted line as
shown in Figure 5.

The crystallite size, lattice strain, lattice stress and
energy density of crystal can be estimated by the W-H

(1)
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Figure 3. EDS analyses of Y,03 synthesised from (a) 0.1 mol L~ solution concentration at 700°C, (b) 0.1 mol L=" solution concen-
tration at 900°C and (c) 0.4 mol L~ solution concentration at 900°C.

analysis. Four main peaks that are assigned to (222),  of crystallite size (8p) and lattice strain () to total
(400), (440) and (622) planes were selected for carrying ~ peak broadening are described in Equation (4).
out the W-H analysis. It should be taken into consider-

2 2 i
ation that instrumental peak broadening has an impact Pkt = [Brneasured ~ Pinstrumental] 3)
upon the total peak broadening and this relation can be

Prxt = Bp + Bs (4)

expressed in Equation (3). Moreover, the contributions
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Figure 4. Indexed XRD patterns of Y03 particles synthesised
from (a) 0.1 mol L~" solution concentration at 700°C, (b) 0.1 mol
L~ solution concentration at 900°C and (c) 0.4 mol L~ solution
concentration at 900°C.

The strain-induced broadening stemming from
crystal imperfection and distortion is defined in the
following equation:

&~ B/ tan b (5)

Debye-Scherrer equation can be rearranged with
Equation (5) and that results in the following equations:

kA
- Bp cos O ©)
= K 4 0 7
ﬂhkl—(DCOS9)+(€tan ) (7)
kA i
Bhii cosb = (B) + (4esin0) (8)

where By is the total peak broadening, k is the
shape factor, A is the wavelength of Cu-Ka radiation
(A = 0.154051 nm), D is the crystallite size of synthe-
sised particles, € is the lattice strain, B is the FWHM of
the peak and 6 is the Bragg angle.

Figure 6 represents the UDM of Y, O3 particles. The
individual contribution of crystallite size and lattice
strain was evaluated by the UDM. Crystallite size and
strain can be calculated from the y-intercept and the
slope of the fitted line as shown in Figure 6, respectively.
Based on the fitted line, the crystallite size and lattice
strain values of Y,O3 particles synthesised by vari-
ous experimental parameters were examined. Results of
microstructural parameters of Y,O3 particles are pre-
sented in Table 2. With a decrement in the reaction
temperature from 900 to 700°C, the crystallite size of
Y,0; synthesised from 0.1 molL™! solution concen-
tration decreases due to the lattice contraction. The
negative slope of the UDM analysis of Y,O3 particles
synthesised from 0.1 mol L™ solution concentration at
700°C indicates the presence of compressive strains in
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Figure 5. MDS analyses of Y,03 particles synthesised from (a)
0.1molL~" solution concentration at 700°C, (b) 0.1 molL™"
solution concentration at 900°C and (c) 0.4molL~" solution
concentration at 900°C.

the lattice [23,26,27]. As expected, crystallite size val-
ues evaluated by the MDS method differs from the ones
calculated by the W-H method owing to the negli-
gence of the lattice strain. Similar observations have
been reported in previous studies [17,20,24,28]. Due
to the presence of compressive stresses in the lattice,
the MDS method calculates higher crystallite sizes than
the W-H method. In the case of tensile stresses, the
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Figure 6. UDM analyses of Y503 particles synthesised from (a)
0.1molL~" solution concentration at 700°C, (b) 0.1 molL~!
solution concentration at 900°C and (c) 0.4 mol L~ solution
concentration at 900°C.

According to the UDM, it is presumed that strains
in all crystallographic directions are uniform. However,
owing to the anisotropic nature of Young’s modulus
of crystals, this assumption is inapplicable. For this
reason, Equation (8) is modified to Equation (9) by
applying Hooke’s law (o = Ye).

kA 4o sin0

g=— 427 9
Bhid cos D+ Yim )

where o is the stress of the crystal and Y is the modu-
lus of elasticity along the direction [hkl]. Lattice stress
along the direction can be estimated by the USDM.
Young’s modulus of cubic crystal can be calculated by
the following relation:
(o) EEEED
The values of Si;, Sip and Siy were found as
582x 10712, 1.76 x 1072 and 14.93 x 107! Pa”!,
respectively. Moreover, elastic compliances S11, S12 and
Sa4 that can be calculated from the corresponding
elastic constants Cy1, Cyp and Cy4 are 233, 101 and
67 GPa, respectively [29]. The graphs were plotted with
(4sinf)/Ypiq on the x-axis and Bpgjcosd on the y-axis, as
depicted in Figure 7. The lattice stress values and crys-
tallite sizes were evaluated from the slope and intercept
of the fitted line on the y-axis.

Particle size increases with an increment in the pre-
cursor concentration owing to the increased probability
of collision of primary particles, as reported in many
research works [30,31]. In the case of larger particle
size, the transport velocity of the particles in the fur-
nace with constant flow rate decreases. Therefore, lat-
tice strain increases and this behaviour is attributed to
the extended residence time of the larger particles in
the furnace [32]. In addition to this phenomenon, the
slower cooling rate of the larger particles can promote
to an increment in lattice strain.

Moreover, it should be emphasised that enhance-
ment of lattice strain (positive or negative direction)
may adversely affect the particle surface characteristic.

In the UDEDM, the energy density (1) present in
crystal can be calculated from the following relation:

MDS method calculates smaller crystallite sizes than 8}21k1 Yik
the W—H method. w=- (11)
Table 2. Microstructural parameters of Y, 03 particles synthesised with various experimental parameters.
Williamson Hall

MDS UbM UDSM UDEDM
Sample D (nm) D (nm) ex 107 D (nm) ex 1074 o (MPa) D (nm) UkIm™3) ex 107 o (MPa)
1 11.14 10.40 —122 10.40 —12.22 —209.10 10.40 127.50 —1221 —208.76

18.48 19.72 5.82 19.72 99.62 19.70 29.03 5.82 99.51
3 21.10 25.40 14 25.50 14.03 240.26 25.53 168 14.01 239.54
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Figure 7. USDM analyses of Y,03 particles synthesised from
(@) 0.1 mol L~ solution concentration at 700°C, (b) 0.1 mol L™’
solution concentration at 900°C and (c) 0.4mol L~ solution
concentration at 900°C.

Equation (12) can be obtained by applying Equation
(11):

B o= 44 9( 2”)é (12)
Lkl COS 0 = — sinf| —
D Yhi

Graphics of (4sin6)/ (Yhia/2)'/? (TPa)~1/2) versus
Bhicost are drawn in Figure 8. Furthermore, crystal-

lite size and the energy density of crystal are estimated,
respectively, from the intercept on y-axis and slope of
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Figure 8. UDEDM analyses of Y,03 particles synthesised from
(a) 0.1 mol L~ solution concentration at 700°C, (b) 0.1 mol L'
solution concentration at 900°C and (c) 0.4 mol L~ solution
concentration at 900°C.

linearly fitted data. Results of microstructural parame-
ters of Y,Os3 particles are listed in Table 2.

Figure 9 exhibits Raman spectra of Y,O3 particles
synthesised with 0.1 mol L™! precursor concentration
at 700°C reaction temperature. In the results of Raman
spectra, the most intense band of the Y, O3 was located
at approximately 377 cm™! which is compatible with
previous works in the literature [33].
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Figure 9. Raman spectra of Y,03 particles synthesised from
0.1 mol L~ solution concentration at 700°C.

Conclusion

Sub-micrometre Y,O3 particles were successfully
synthesised via a single-step and cost-effective USP
method at 700 and 900°C from an aqueous precursor
of yttrium nitrate salt (0.1-0.4 mol L™!). The synthe-
sised particles had a regular, spherical morphology and
non-agglomerated characteristics. The X-ray diffrac-
tion analyses indicate that Y, O3 particles have a C-type
bixbyite cubic structure. The obtained results from the
MDS analysis were compared with the W-H analysis to
estimate the crystallite size of all synthesised particles.
UDM, USDM and UDEDM are quite convenient meth-
ods to determine crystal distortion of particles which
influence the material properties. The experimental
results verified that reducing solution concentration
and the reaction temperature decrease the crystallite
size and mean particle size.
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