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cs of Sr0.25Ba0.75Nb2O6 and
Li2B4O7 crystals from 0.25SrO–0.75BaO–Nb2O5–
Li2O–2B2O3 glass

Chang Gyu Baek,a Young Hoon Rim,*b Jae-Hyeon Ko,c Chang-Seok Kimd

and Yong Suk Yang *a

We have investigated the transition kinetics of Sr0.25Ba0.75Nb2O6 (SBN) and Li2B4O7 (LBO) crystals from

0.25SrO–0.75BaO–Nb2O5–Li2O–2B2O3 (SBNLBO) glass under isothermal and non-isothermal

processes. With increasing temperature, there are two consecutive steps of crystallization of SBN and

LBO from the glass. The Johnson–Mehl–Avrami function indicates that the crystallization mechanism of

SBN belongs to an increasing nucleation rate with diffusion-controlled growth. The crystallite size of

SBN ranges from 40 to 140 nm but it is confined to within 30–45 nm for LBO during the whole

crystallization process. The relationship between the nano size and strain of SBN based on the

Williamson–Hall method, and the change of activation energies of SBN and LBO crystallization analyzed

by using the isoconversional model are discussed. A comparison of phonon modes between as-

quenched glass and fully transformed crystals clearly shows that the low dimensional vibration modes in

the structurally disordered glass change to highly dimensional network units with the formation of crystals.
1. Introduction

Strontium barium niobate crystals normally exist in the form of
the chemical compound (SrxBa1�x)Nb2O6 (xSBN) for 0.25 # x #
0.75 and the ferroelectric P4bm tetragonal form of xSBN at room
temperature transforms to paraelectric tetragonal P4b2 at Tc ¼
60–250 �C, depending on x.1,2 xSBN ceramics have been espe-
cially developed for energy storage capacitors because of their
high dielectric constant 3r and relatively low dielectric loss tan d.
At 10 KHz, these values are 3r ¼ 400 and 2700, and tan d ¼ 0.08
and 0.1 for x¼ 0.25 and 0.75, respectively.3,4 They have also been
gaining interest as a thermoelectric material due to their low
thermal conductivity and large thermoelectric power factor.
Nonlinear-optical and electro-optical properties of xSBN with
a high piezoelectric coefficient value can be applied for the
commercialization of domain patterning.5–10 In spite of their
excellent applicability, the synthesis of xSBN ceramics is known
to be complicated by the hydrolysis and moisture of the
niobium compound, with easy formation of an unexpected
BaNb2O6 crystal phase for the Ba rich xSBN compound, and
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thus recent studies have been performed on the formation of
thin lms to avoid these difficulties.11–13

Li2B4O7 (LBO) crystal is a non-ferroelectric and piezoelectric
material at room temperature, it belongs to a tetragonal
symmetry 4 mm with a ¼ b ¼ 9.477, c ¼ 10.286�A. LBO crystal is
a commonly used material in surface acoustic wave substrate,
nonlinear devices for frequency conversion in the ultraviolet
region, and piezoelectric actuator.14,15

One of the advantages of using a glass in synthesizing
a crystalline composite material, which is considered to be any
multiphase material made from constituents with different
physical or chemical properties, is that the produced crystalline
constituents are evenly formed in the sense of size and network
structure because atoms or molecules in a glass state are iso-
tropically distributed. Intensive studies on the formation of
nanocrystals during crystallization of metallic glasses, such as
the preparation of nanocrystalline alloy by devitrication, the
preferential precipitation sequence of metastable phase during
crystallization, and the self-organized nanocrystalline stripe
patterns generated during early crystallization of a nonequilib-
rium metallic glass, have been reported.16–18 As is known, Ba-
rich Sr0.25Ba0.75Nb2O6 crystal is not easily formed as a bulk
and accompanies an undesired crystal phase such as BaNb2O6

during synthesis, caused by structural instability.
One of the aims of this study is to make a Ba-rich strontium

niobate-contained glass with the addition of a glass former
because the strontium niobate glass itself is rarely formed, and
then obtain oxide composite from the glass. The other is the
investigation of crystallization kinetics not only in the view of
RSC Adv., 2020, 10, 14113–14121 | 14113
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Fig. 1 Isothermal DSC curves for the 0.25SrO–0.75BaO–Nb2O5–
Li2O–2B2O3 (SBNLBO) glass as a function of time duration at the given
temperatures. The inset of the figure is the non-isothermal DSC curve
for the glass with the heating rate of 10 �C min�1. The 1st and 2nd

exothermic peaks in the inset are correspondent to the occurrence of
Sr0.25Ba0.75Nb2O6 (SBN) and Li2B4O7 (LBO) crystallization, respectively.
The specific temperatures of the glass transition Tg, crystallization Tc
and maximum crystallization rate Tp are shown.
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scientic importance but also because the size and volume
fraction of crystallites can be easily controlled for application,
once the crystallization mechanism is well understood.

The primary chemical composition chosen for our research
is 0.25SrO–0.75BaO–Nb2O5–Li2O–2B2O3. The mixture is melted,
rapidly cooled, and we nally obtain the glass. Both isothermal
and non-isothermal methods for various measurements are
carried out. Theoretical models are adopted to describe the
transitionmechanism from the glass to crystal. A comparison of
local phononmodes between the glass and crystal is found to be
so effective to understand the structural network ordering of
crystal from a disordered glass state.

2. Experimental

SrCO3 (Sigma-Aldrich Chemistry, 99.9+%), BaCO3, Nb2O5 with
the mole ratio 1 : 3 : 4 were well mixed for 1 h. This mixture and
Li2B4O7 powder together were melted in a platinum crucible in
an electric furnace at 1000 �C for 0.5 h and rapidly quenched
onto a copper plate to produce a glass. The obtained sample was
transparent with a yellow color. The formation of the glass was
conrmed by using X-ray diffraction (XRD, Rigaku, Japan) with
CuKa (l ¼ 1.5406 �A), differential scanning calorimetry and
differential thermal analysis (DSC & DTA, Mac Sci., Japan). The
crystal structures and grain sizes obtained from the crystalli-
zation of the glass were determined from the XRD Bragg peak
measured with the step scan mode aer 5 times repetition, in
which the scan step width and the count time were 0.05� and
5 s. The non-isothermal crystallization kinetics of the glass was
carried out by DTA and DSC under a pure argon atmosphere
with the gas ow rate 100 cm3 min�1 and heating rates 4, 5, 6, 7,
8 and 10 �C min�1. TEM measurements were conducted with
the applied voltage of 200 kV. The average crystallite sizes were
calculated by using the Scherrer equation with XRD data and
the image calculation of TEM. Raman spectroscopy (LabRAM
HR Evolution, Horiba Jobin Yvon) measurements, with the
532 nm laser beam source in the wave number range 100 to
1100 cm�1, were conducted to investigate the phonon mode
change between the glass and crystal phases.

3. Results and discussion

Fig. 1 shows the isothermal exothermic curves at 548, 551, 554
and 557 �C as a function of time duration, measured with DTA
during the crystallization of the 0.25SrO–0.75BaO–Nb2O5–Li2O–
B2O3 (SBNLBO) glass. The inset of the gure represents the non-
isothermal crystallization curve with the heating rate of
10 �C min�1. Two exothermic peaks in the inset are originated
from the latent heat release caused by the phase transition from
the glass to crystals. As shown in Fig. 5, the 1st and 2nd

exothermic peaks in the inset are correspondent to the occur-
rence of Sr0.25Ba0.75Nb2O6 (SBN) and Li2B4O7 (LBO) crystalliza-
tion, respectively. The specic temperatures of the glass
transition Tg, the onset of crystallization Tc and the maximum
rate of crystallization Tp, are represented in the gure. The
temperatures for carrying out isothermal measurements are
selected in the supercooled liquid region which is dened as the
14114 | RSC Adv., 2020, 10, 14113–14121
temperature interval between Tg and Tc because the system's
viscosity is low in this region and the atomic or molecular
movements are active, and thus crystallization time can be short
enough to detect heat release with thermal measurement
equipment such as DTA and DSC.

Fig. 2(a) shows the integrated exothermic heat of the DTA
curve at each isothermal temperature as a function of time
duration, obtained from Fig. 1, which is proportional to the
transformed crystalline SBN volume fraction from the SBNLBO
glass. The transformation kinetics under isothermal condition
can be described with the Johnson–Mehl–Avrami (JMA) equa-
tion written as follows,19,20

x(t) ¼ 1 � exp [�(t/s)n] (1)

with

sðTÞ ¼ s0 exp

�
� E

kBT

�
(2)

where x(t) is the transformed crystalline volume fraction aer
time t, s(T) is the time constant dened as the time to reach to
a certain x at each temperature with the prefactor s0, n is the
Avrami exponent which describes a transition mechanism of
nucleation and growth, E is the activation energy of crystalli-
zation, kB is the Boltzmann constant. The inset of the gure
shows the process to obtain the exponent n, from the relation-
ship of the transformed crystalline volume fraction as a func-
tion of time, where the symbols are the data and the lines are
the t with eqn (1). The average value n ¼ 3.0 at different
heating temperatures indicates that the crystallization mecha-
nism of SBN from the glass belongs to the increasing nucleation
rate with a diffusion controlled growth.21 In Fig. 2(a), the lines
on the data are the results obtained by applying n ¼ 3.0 to eqn
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01541e


Fig. 2 (a) Normalized integrated heat flow of each exothermic peak at
different temperatures from Fig. 1, which is directly proportional to the
SBN crystal volume fraction transformed from the SBNLBO glass. The
symbols are data and the lines are the fit with the JMAmodel of eqn (1).
(b) Isothermal isoconversion plot during the SBN crystallization.
Crystallization activation energy E through the entire transition is
shownwithin 10% changewith the average value of 5.5 eV. The inset of
the figure shows the process to obtain E from the slope of the plot ln t
vs. 1/T at crystallized volume fraction x ¼ 0.4.
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(1). As can be seen in the gure, the lines are relatively well t to
the data in the early stage of crystallization, but slightly deviate
in the late stage of crystallization. Let us consider the model
kinetics and experimental results, in the phase transformation
process accompanying nucleation and growth as in the case of
crystal formation (product phase) from a glass (mother phase).
When crystals keep growing and the grain sizes become larger
with a constant or decreasing nucleation rate on isothermal or
non-isothermal heating, normal impingement occurs with the
fraction increase of a product phase. And this effect of growth
interruption between grains appears as a delayed crystalliza-
tion, and the time to reach to a certain x is longer in the
experimental data, compared with the amount of time in the
JMAmodel. Meanwhile, when the grain growth is disturbed and
the crystallites are restricted to nano size with a homogeneous
nucleation rate, the data are rather well t to eqn (1) through the
whole range of crystalline volume fraction x. In Fig. 2(a), at the
late stage of crystallization, the time to reach to a certain x of the
experimental data is faster than that of the JMA model, which is
one of the cases that nucleation rate increases with the progress
of crystallization, and the increase of crystalline volume fraction
is more dependent on the increasing number of nuclei than the
growth of grains.22 Fig. 2(b) is the isoconversion plot of crys-
tallization activation energy E as a function of crystallized
volume fraction x. This model-free isoconversional analysis can
be applied to both isothermal and non-isothermal methods and
this plot allows the dependence of the activation energy on the
extent of transformation reached from the mother phase of the
glass to the produced crystalline phase. The isoconversional
methodology based on the reaction rate is explained elsewhere
in detail.22 The standard result obtained is ln t¼�ln(fo/v(x)) + E/
kBT, where v(x) is the integration of rate equation and fo the pre-
exponential frequency factor, and we can obtain E from the
slope of the plot ln t vs. 1/T at each x. The isothermal process to
obtain E from the slope mentioned above at x ¼ 0.4, for the
different 4 isothermal temperatures, is shown in the inset of
Fig. 2(b). The energy values in the gure, through the whole
process of SBN crystallization of the SBNLBO glass, range 5.3–
5.7 eV within 10% against the average value of 5.5 eV, indicating
that the crystallization time–temperature-transition relation-
ship from the glass is relatively well kept through the entire
crystallization process. In the case of the JMA model of ther-
mally activated reaction kinetics in homogeneous systems,
written in eqn (1) and (2), the activation energy E and pre-
exponential factor ko are assumed not to vary during phase
transition. But it is known that those parameters may vary with
the progressive change of x, caused by complex reactions, the
heterogeneity of the samples, defect formation, reactivity
change, and the variation of those characteristics can be
recognized by the isoconversion E variation.23,24 Although E do
not change drastically through the whole process of trans-
formation, yet the result of a little E change indicates that the
SBN crystallization kinetics in the SBNLBO glass involves one or
more minor effects mentioned above.

We also performed non-isothermal DTA measurements on
the crystallization of the SBNLBO glass. The result of
exothermic heat ow with the heating rates of 4, 5, 6, 7,
This journal is © The Royal Society of Chemistry 2020
8 �C min�1 is shown in Fig. 3(a), where the rst and second
exothermic curves correspond to the occurrence of SBN and
LBO crystallization, respectively. The inset of the gure shows
the process to obtain crystallization activation energy E with the
Kissinger model. The Kissinger equation of non-isothermal
application with a constant heating rate is written as d(ln a/
Tp

2)/d(1/Tp) ¼ �E/R,25,26 where, the exothermic peak tempera-
ture Tp is the temperature when crystallization rate becomes
maximum and R is the gas constant, a is the heating rate, and
activation energy E is obtained from the slope of plotting ln a/
Tp

2 vs. 1/Tp. The activation energy 5.7 eV for SBN crystallization
is very close to the value 5.6 eV obtained from the isothermal
process at x ¼ 0.4 and to the values through the wide range of x
as well in Fig. 2(b), suggesting the validity of application of this
equation to describe transition kinetics from the SBNLBO glass.
The JMA model of eqn (1) is originally derived for isothermal
reaction kinetics and the exponent n reects the nature of the
RSC Adv., 2020, 10, 14113–14121 | 14115
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transformation mechanism concerning nucleation and growth.
Nevertheless, the isothermal method is oen limited by
restrictions on the temperature regions experimentally avail-
able because of time duration or detection limit. The non-
isothermal method can overcome these measurement difficul-
ties and allow us to elucidate reaction parameters E and n.
Fig. 3(b) is the plot to obtain the Avrami exponent n using the
modied Ozawa equation, one of the non-isothermal models,
for the second crystallization of LBO with the heating rates of 4,
5, 6, 7, 8 �C min�1. The model27 is written as ln[�ln(1 � x)] ¼
�1.052 mE/RT � n ln a + const, where a is the heating rate and
m is the dimension-related constant, and the plot ln[�ln(1 � x)]
vs. ln a gives n. The value n ¼ 4.0 shown in the gure indicates
that the system is in a constant nucleation with the interface
controlled growth.21

Fig. 4 is the non-isothermal isoconversional plot of E for SBN
and LBO crystallization as a function of crystallized volume
Fig. 3 (a) Non-isothermal DTA curve for the SBNLBO glass with
various heating rates of 4, 5, 6, 7, 8 �C min�1. The 1st and 2nd

exothermic peaks are correspondent to the occurrence of SBN and
LBO crystallization, respectively. The inset represents the activation
energies of each crystallization obtained using Kissinger method. (b)
The plot is to obtain the avrami exponent n using the modified Ozawa
model for LBO crystallization with the non-isothermal process of (a).
The value n ¼ 4.0 indicates that the system is in a constant nucleation
with the interface controlled growth.

14116 | RSC Adv., 2020, 10, 14113–14121
fraction, obtained from the measured data in Fig. 3(a) with
Kissinger–Akahira–Sunose (KAS) and Flynn–Wall–Ozawa (FWO)
models. The KAS and FWOmodels are described as ln(ai/Tx,i

2)¼
const� Ex/RTx,i and ln ai¼ const – 1.052Ex/RTx,i, respectively. Ex
is obtained as a slope of the linear plot ln ai against 1/Tx,i for the
FWO model and ln(ai/Tx,i

2) against 1/Txi for KAS model, where
subscript i is the ordinal number of an experiment carried out at
a given heating rate.28,29 By repeating the procedure for a set of
different x we obtain a dependence of Ex on x. Activation ener-
gies in Fig. 4(a), 5.3–6.1 eV for the SBN crystallization, are very
close to the values obtained from the isothermal process in
Fig. 3(b). The non-isothermal isoconversion result for the
second crystallization of LBO in Fig. 4(b) exist in the range 3.4–
4.0 eV. The activation energies as a function of x obtained by
using the isoconversional model, whether the process is
isotherm or non-isotherm, do not much deviate from the
average values within 10%, indicating that nucleation and
growth keep their processes without drastic change through the
whole crystallization interval.

Fig. 5(a) shows the XRD patterns measured at room
temperature for the rapidly cooled samples when tempera-
tures of the as-quenched SBNLBO glass reach to 576, 578, 582,
587, 592, 615, 635 �C with the heating rate 10 �C min�1. The
XRD pattern at 30 �C is from the SBNLBO glass. At the rst
Fig. 4 Non-isothermal isoconversion plot during the (a) SBN and (b)
LBO crystallization of the SBNLBO glass using KAS and FWOmethods.
The inset of the figure shows the process to obtain crystallization
activation energy E at crystallized volume fraction x ¼ 0.3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) XRD patterns during the crystallization of the SBNLBO glass, taken at room temperature for the samples quenched at the given
temperatures after annealing those with the heating rate of 10 �C min�1. The progressive increase of Bragg peak intensities with temperature is
recognized. In (a), the Miller indices are correspondent to the Bragg peaks of SBN crystal. (b) shows the XRD patterns after 5 times repetition of
measurement condition in (a). This improved XRD intensity and statics by increasing the measurement time is to find the Bragg peaks for LBO
crystal. (c) Williamson–Hall plot to estimate the grain size–strain relationship obtained from Bragg peak widths corresponding to different Miller
indices for SBN and LBO tetragonal crystals. It is seen that the strain 0.3% with the 57 nm/LBO crystal is stronger than that 0.1% of larger size 96
nm/SBN crystal. The strain outer layer with a heavy color is shown for the ideal spherical shape. The inner diameters are 42 nm/LBO and 86 nm/
SBN crystals.
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crystallization in the temperature range 576–592 �C (ref. the
inset of Fig. 1), a tetragonal SBN with the lattice parameters
a ¼ 12.508 �A, c ¼ 3.957 �A appears. At the second stage of
crystallization from the onset temperature 603 �C (ref. the
inset of Fig. 1), a tetragonal LBO with the lattice parameters
a ¼ 9.486 �A, c ¼ 10.328 �A starts to appear and the XRD peak
intensities of LBO increase, while the XRD patterns of SBN
remain without change with the increase of temperature. This
indicates that the 0.25SrO–0.75BaO–Nb2O5–Li2O–B2O3

(SBNLBO) glass stoichiometrically transforms into Sr0.25-
Ba0.75Nb2O6 (SBN) and Li2B4O7 (LBO) crystals. The whole
phase transformation process can be simply written as
SBNLBO glass / SBN crystallization + LBO glass / LBO
crystallization + SBN crystal, and all the glass compositions
fully participate in crystallization. Finally, the SBN and LBO
crystal phases coexist as a composite. In Fig. 5(a), we only show
the Miller indices corresponding to the Bragg peaks of SBN
This journal is © The Royal Society of Chemistry 2020
crystal. The scattering intensity of SBN crystal is much
pronounced compared with those of LBO crystal and the Bragg
peaks of LBO crystal in Fig. 5(a) are hardly seen, caused by the
small atomic scattering factors for low atomic numbers
constituting LBO crystal. The experimental condition of XRD
measurements of Fig. 5(a) was the step scan mode with the
scan step width 0.05� and the count time 5 s. We improved the
XRD intensity and statics by increasing the measurement time
to nd the XRD patterns for LBO crystal. Fig. 5(b) is the XRD
patterns aer 5 times repetition of measurement with the
same condition described in Fig. 5(a). The LBO Bragg peaks
(112), (213) and (332) at the diffraction angles 21.7�, 33.5� and
44.0�, respectively, clearly appear at the elevated temperatures
of 615 and 635 �C. In the gure, it is observed that LBO crys-
tallization still doesn't occur at 592 �C, as can also be recog-
nized from the thermal measurement on the inset of Fig. 1. It
is normally accepted that the broadening of XRD Bragg peak
RSC Adv., 2020, 10, 14113–14121 | 14117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01541e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:4

8:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
width at different Miller indices is originated from the scat-
tering of small grains. Strain gives rise to the distortion of
lattice parameters and it increases with the decrease of grain
size because the surface tension is larger for smaller crystal-
lites. And thus X-ray scattering from the strain effect also
contributes to the XRD peak broadening. One of the models to
separate the size and strain effects is Williamson–Hall anal-
ysis.30,31 In the model the full width at half maximum of the
Bragg peak b is written as b ¼ bsize + bstrain ¼ l/(D cos q) +
h tan q, where bsize and bstrain are the size and strain effects,
respectively, and h is the apparent strain. By plotting b cos q
against sin q for different Bragg peaks, we can obtain the grain
size l/D from the intercept of a linear extrapolation and the
strain h from the slope. The Williamson–Hall plot, for the SBN
and LBO crystallites quenched at 582 �C and 635 �C respec-
tively, is shown in Fig. 5(c). As can be seen in the gure, the
size and strain of SBN are 96 nm and 1.0 � 10�3 (0.1%) and
those values of LBO are 57 nm and 2.9 � 10�3. In the case
when the strain effect is not considered for XRD peak broad-
ening, as depicted in Fig. 6, the grain sizes of SBN and LBO are
86 nm and 42 nm at the same conditions in Fig. 5(c). This
indicates that more than 10% of XRD peak broadening is
originated from strain effect. It is also observed that the value
Fig. 6 (a) The size variation of nano grains as a function of annealing tem
SBN and LBO, respectively. The evolution of Bragg peaks (b) SBN (530), (
width.

14118 | RSC Adv., 2020, 10, 14113–14121
of strain, from the size–strain relationship of the SBN and
LBO, becomes larger for the smaller grain size. We can gure
out the strain ratio for the small particles having different
grain sizes. In the case when a grain shape is spherical, a strain
can be set as proportional to 1/R32 with R the radius of particle,

then the total strain is
Ð b
a

1
R
dR. We apply this method to

experimental results. If we choose the integration intervals
a and b to be the half of the grain sizes with and without
considering strain effects in the experimental results
mentioned above, 21–28.5 nm for LBO and 43–48 nm for SBN,
we can obtain the integrated value of �2.8 times higher for
LBO compared to that of SBN, which is very close to the
experimental result of 2.9. Schematic spherical shapes are
presented in Fig. 5(c) where the outer sphere corresponds to
the case when the strain effect is considered.

Fig. 6(a) shows the change of the grain sizes of SBN and
LBO crystals as a function of annealing temperature. Fig. 6(b)
and (c) are the magnied Bragg XRD patterns for SBN(530) and
LBO(112) to show the evolution of peak narrowing with
increasing temperature, caused by the growth of SBN and LBO
crystallites, respectively. The size of small crystal grains
appearing in the XRD Bragg patterns can be calculated using
perature. The sizes are in the range of 40–140 nm and 30–45 nm for
c) LBO (112) crystals are shown. The insets are the change of the peak

This journal is © The Royal Society of Chemistry 2020
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the Scherrer equation D ¼ pl/b cos q, where D is the crystallite
size, l the X-ray wavelength, p the shape factor and is set as 1.0,
b the full width half maximum (FWHM) of Bragg peak and q

the scattering angle. The instrumental XRD peak broadening
is corrected in calculating grain size using the relation b ¼
[bM

2 + bI
2]1/2, where bM and bI are the measured and instru-

mental values of FWHM, respectively. As indicated as a hori-
zontal dotted line in Fig. 6(a), for the large crystallites of the
SBN phase above 590 �C, TEM is used because the accuracy
determining the grain size using the Scherrer equation with
XRD patterns normally deviates over �100 nm. As can be seen
Fig. 7 TEM images of (a) as-quenched glass and (b) partially crystal-
lized sample, and the corresponding SAED pattern with the scale bar of
5 nm�1 in the inset of each figure, a grain boundary of nanocrystal is
shown in the inset of (b) with the scale bar 10 nm.

This journal is © The Royal Society of Chemistry 2020
in the gure, the small 40 nm crystallite of SBN at 576 �C grows
up to 140 nm at 670 �C. Meanwhile, the LBO crystallites
remain as small sizes within 30–45 nm in the temperature
range 605–670 �C. The change of the grain size in Fig. 6(a)
indicates that the SBN crystallization process from the
SBNLBO glass is governed by nucleation and growth, but the
growth process of LBO is restricted and nucleation is domi-
nant on its crystallization.

Fig. 7 shows the transmission electron microscope (TEM)
images and the selected area electron diffraction (SAED)
patterns for the (a) as quenched glass and (b) partially crystal-
lized sample with nanograins.

We have carried out Raman spectroscopy measurements to
investigate the change of phonon modes between the glass at
30 �C and the crystal at 650 �C, and the spectra are shown in
Fig. 8(a) and (b). The wave number scanned in each gure is in
the same range 150–1100 cm�1 and the scattering intensities
are normalized for the easy comparison of different spectra.
The spectra are investigated in detail with the deconvolution
of 10 peaks as labelled in the gure as P1–P10. The vibration
modes corresponding to those peaks are assigned as follows;
P1 (centered at 190 cm�1): bending vibration of the BO4

tetrahedra,33 P2 and P3 (240 and 290 cm�1): O–Nb–O bending
vibration of distorted NbO6 octahedra,34 P4 (550 cm�1): Nb–O
stretching of NbO6 octahedra,35 P5 (620 cm�1): Nb–O stretch-
ing of less distorted NbO6 octahedra with non-bridging
oxygen,36 P7 (690 cm�1): Nb–O stretching of less distorted
NbO6 octahedra with non-bridging oxygen,36 P8 (710 cm�1):
B–O stretching of BO3 asymmetric planar deformation,33 P10
(995 cm�1): stretching of Nb]O double bond.35 The spectral
line shape of as-quenched glass in Fig. 8(a) is very different
from the crystalline one in Fig. 8(b). Various vibrational modes
existing in the disordered glass network structures originated
from the low dimensional arrangement or distorted units of
atoms and molecules are overlapped and the spectral line
shape is appeared broad in Fig. 8(a). The largest intensity peak
P9 centered at 820 cm�1 in the glass state can be mostly
assigned to the vibration of Nb–O stretching mode of much
distorted NbO6 octahedra.37 With the formation of SBN + LBO
crystals at 650 �C, the intensity of P9 in the glass phase dras-
tically decreases, meanwhile, the peak P6 centered at 640 cm�1

which is assigned as symmetric Nb–O stretching vibration of
NbO6 octahedra with 3-dimensional network strongly
increases.38 This indicates that Nb–O branch is very Raman
scattering sensitive in the system during crystallization and
the change in vibration energy and intensity can be a direct
representation of transition from the disordered glass network
to high dimensional crystal structure. It is observed that the
Raman scattering intensity from both Li2O–2B2O3 glass and
LBO crystal are so weak compared with the scattering from
Nb–O, and it is hardly seen in the spectra. But we can still
identify the occurrence of the LBO crystalline modes of P1 and
P8 at 650 �C. The simplied view of the intensity changes of
Raman spectra P1–P10 for the glass and crystal phases is
shown in Fig. 8(c) as a bar graph, and the drastic change in
vibration modes can be easily found.
RSC Adv., 2020, 10, 14113–14121 | 14119
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Fig. 8 Raman spectra for (a) as-quenched SBNLBO glass, (b) fully crystallized sample at 650 �C, which corresponds to SBN + LBO composite
crystals. The deconvoluted peaks corresponding to the specific vibrational modes are labeled as P1–P10. (c) A bar graph of the peak intensity
changes between (a) and (b).
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4. Conclusions

We have studied the crystallization mechanism, the change of
phonon modes and activation energies and the relationship of
strain and size for nano grains during the formation of Sr0.25-
Ba0.75Nb2O6 (SBN) and Li2B4O7 (LBO) crystals from 0.25SrO–
0.75BaO–Nb2O5–Li2O–2B2O3 (SBNLBO) glass.

We have found that a two step consecutive crystal formation
of SBN and LBO occurs by heating the glass and the crystalli-
zation mechanism of SBN is governed by an increasing nucle-
ation rate with the diffusion controlled growth. The growth of
crystal grains is restricted with the average sizes of 40–140 nm
and 30–45 nm for SBN and LBO, respectively, through the whole
crystallization process and the strain of these nano crystals
becomes stronger with the smaller size. The change of the
activation energies of SBN and LBO with respect to the crystal
volume fraction obtained using the isothermal and non-
isothermal isoconversional plot exists within narrow values
through the entire crystallization interval, indicating nucleation
and growth keep their process without drastic change.

Our specic interest on the connection between the macro-
scopic feature of crystallization and the microscopic molecular
vibration suggests that the population of the phonon density can
14120 | RSC Adv., 2020, 10, 14113–14121
be directly proportional to the crystal volume fraction and the low
dimensional and distorted vibration modes in the glass state
change into the high dimensional units with crystal formation.
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