ELSEVIER

Available online at www.sciencedirect.com

sc.sucs@n.“w

Journal of the European Ceramic Society 26 (2006) 2761-2767

ELRRS

www.elsevier.com/locate/jeurceramsoc

Investigation on crystallization and influence of Nd** doping
of transparent oxyfluoride glass-ceramics

Yunlong Yu, Daqin Chen, Yao Cheng, Yuansheng Wang *, Zhongjian Hu, Feng Bao

The State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences;
Graduate School of the Chinese Academy of Sciences, Fuzhou, Fujian 350002, China

Received 7 February 2005; received in revised form 18 May 2005; accepted 24 May 2005
Available online 20 July 2005

Abstract

Nd* doped transparent oxyfluoride glass-ceramics containing LaF; nano-crystals were prepared by melt quenching. Differential thermal
analysis (DTA) showed that the addition of NdF; decreased the LaF; crystallization temperature. The kinetics studies indicated that the
crystallization was a diffusion-controlled growth process with zero nucleation rate for the whole process. LaF; crystallization activation energy
and crystalline size as the function of NdF; doping lever exhibit the closely related evolutions. For the crystallized samples, transmission
electron microscopy (TEM), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS) and absorption spectroscopy experiments
evidenced the homogeneous distribution of spherical LaF; nano-crystals (10-20 nm) with the incorporation of Nd>* ions in the lattice among
the oxide glassy matrix, which is important for obtaining desirable luminescent performance of the material.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare-earth doped transparent oxyfluoride glass ceramics,
in which rare-earth ions selectively incorporated into the flu-
oride nano-crystals immersed in an oxide glassy matrix, can
offer excellent luminescent properties due to the combina-
tion of the advantages of both fluorides and oxides: low
phonon energy environment of fluoride crystalline for lumi-
nescentions, and good mechanical and chemical properties of
oxide matrix.'?> This new material has attracted great atten-
tion in the continuous research for the novel optoelectrionic
devices.

Nd3* is one of the most widely studied luminescent ions,
and Nd** doped crystalline,? glass* and ceramics® have been
applied in many fields. Compared with other lanthanide ions,
however, only a few works have been devoted to the research
on Nd3* doped transparent oxyfluoride glass-ceramics. It
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was reported that Nd>* jons are difficult to be incorpo-
rated into crystalline phase for oxide glass-ceramics,®’ and
Nd** doped oxyfluoride glass-ceramics containing Pb(Cd)F,
are susceptible to proceed spontaneous devitrification dur-
ing glass preparation which was not observed when dop-
ing the same glass matrix with Er’*, Eu*, Yb3*, or Tm3*
jons.® The LaF3 crystals are considered to be a more suit-
able host for rare-earth ions than Pb(Cd)F, because the
solid-solubility of rare-earth ions can be superior, owing
to the similar ionic radius and the same valence for La
and other rare-earth ions. %10 In this work, we studied
the crystallization behavior and the influence of Nd** dop-
ing of oxyfluoride glass-ceramics containing LaF3 crys-
tals.

2. Experimental

The glass-forming compositions are 41.25i0;-
29.4A1,03-17.6NaCO3-11.8LaF;-xNdF; ~ (x=0, 0.5,
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1, 2, 3 and 4) in mol%, accordingly, the samples are named
in the following text as samples 1-6, respectively. High
purity reagents (>3N) were used as the starting materials.
The mixed batches were melted in a covered platinum
crucible under the air atmosphere at 1350 °C for 1h. The
melt was then poured into a copper mold to proceed rapid
quenching. The obtained glassy samples with 3-4 mm
thickness were annealed to release the stress at the tem-
peratures 20-30 °C below the glass transition temperatures
(Tg) determined by DTA (NETZSCH-TA4). The annealed
samples were then cut into about 2 cm square coupons. To
investigate the crystallization microstructure, the samples
were heat-heated at 10 °C/min to 650 °C or 670 °C, and held
for 8 h, respectively.

The non-isothermal method was employed to evaluate
the kinetics of crystallization. DTA measurements were car-
ried out in air at the heating rates of 5, 10, 15, 20 and
25 °C/min, respectively. The samples used were bulk glass
pieces (5—-10 mg). To identify the crystallization phase, XRD
analyses were carried out with a powder diffractometer
(DAMX?2500), using Cu Koy as the radiation, at 40kV and
100 mA. The 26 scan range was 5°-85°, with a step size
of 0.05° and a resolution of 0.01°. The microstructure of
samples was analyzed by TEM and high-resolution TEM
(HRTEM) with JEM-2010 transmission electron microscope
equipped with EDS and CCD imaging systems and oper-
ated at 200kV. TEM specimens were prepared by dispersing
fine power grinded from bulk sample in ethanol, followed
by ultrasonic agitation, and then depositing onto a carbon
enhanced copper. Optical absorption spectra were recorded
by an UV-near-infrared spectrophotometer (Lambda900) at
room temperature to monitor the changes of the environmen-
tal structure of the Nd** ions.

3. Results and discussions
3.1. Thermal analysis

The as-made samples 1-5 were visually transparent,
appearing blue-purple due to Nd**. Sample 6 was translu-
cent due to spontaneous devitrification during melt quenching
revealed by HRTEM observation. Therefore, only samples
1-5 were further investigated in this work.

The DTA curves for the as-made samples with different
NdF;3 content are shown in Fig. 1. A unique exothermic peak
appears for all the curves, indicative of the LaF; crystalliza-
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Fig. 1. DTA curves of the as-made samples doped with x mol% of NdFs.
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Fig. 2. The apparent crystallization activation energy for samples 2 and 5
estimated by Ozawa’s equation as a function of fractional conversion. Lines
are drawn as guides for the eye.

tion from the glass matrix confirmed by XRD analysis. With
increasing of NdF3 doping, the peak position shifts to the
lower temperature side, e.g. from 667 °C for sample 1 to
642 °C for sample 5, indicating the hastening of crystalliza-
tion onset. For as-made sample 1, the nucleus of crystalliza-
tion was generated by the over-melted liquid itself,!" and the
nucleation was homogenous. For the NdF3 doped samples, it
is possible that the impurities, i.e. NdF3, acted as the seeds to
prompt the crystallization based on heterogeneous nucleation
at a lower temperature.

Table 1

Theoretical kinetic model functions

Symbol Equation Mechanism o)

IMA Johnson-Mehl-Avrami Random nucleation and growth or diffusion-controlled growth (1 —a)[=In(1 — )]~
Ay Prout-Tompkins law Ramiform nucleation induced by the interference of growing nucleus o(l —a)

B> Phase boundary reaction, cylindrical symmetry a(l —a)'?

Dy Wert-Zener Diffusion-controlled continuous precipitation o1 —a)
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Fig. 3. The experimental data of f{or) for samples doped with different con-
tent of NdF3 and the various theoretical f{o) curves based on different
mechanisms.
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Fig. 4. Evolution of the apparent crystallization activation energy of LaF;
estimated by Ozawa’s equation as a function of the NdF3 content. Lines are
drawn as guides for the eye.

The crystallization kinetics of amorphous solids has been
extensively studied by thermal analysis, such as DTA or DSC.
The equation of the crystallization kinetics could be usually
expressed in the following form:

da

—E
Tl Aexp (RT) flo) (D

Table 2
The Avrami exponent n estimated by Ozawa’s equation for the samples
doped with different content of NdF3

T (K) X

0 0.5 1 2 3
908 1.50 1.49 1.12 1.03 1.14
913 1.48 1.44 1.10 1.08 1.11
918 1.42 1.40 1.13 0.92 1.12
Average value 1.47 1.44 1.12 1.01 1.12
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Fig. 5. XRD patterns of sample 3 in the states of as-made and heat-treated
at 650 °C, respectively.

Eq. (1) can be rewritten as:

flo = AT exp <E) 2
dr RT
where « is the fractional conversion, de/df the reaction rate, A
the pre-exponential factor, E the apparent crystallization acti-
vation energy, R the gas constant, T the temperature and f{or)
the kinetic model function. Several kinetic model functions
from the literatures!2!3 are listed in Table 1. The value of E
at a fixed fractional conversion can be evaluated by Ozawa’s

non-isothermal method!#:15:
din(®))  E 3
d(1/T,) R

where f is the heating rate, T,, the temperature corresponding
to the fixed fractional conversion «. The apparent crystalliza-
tion activation energies for samples of different NdF3 content
were obtained from the slopes of Eq. (3). Fig. 2 shows the
activation energies for samples 2 and 5 as a function of frac-
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Fig. 6. Evolution of the lattice parameters (a and c¢) of hexagonal LaF3 as
the function of NdF3 content. Lines are drawn as guides for the eye.
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Fig. 7. Evolution of the mean crystalline size of LaF3 in the samples heat-
treated at 650 °C as a function of the NdF3 content. Lines are drawn as guides
for the eye.

tional conversion «. Within the limits of the experimental
errors, the activation energy of sample 2 or 5 is basically
the same for different fractional conversions, which revealed
that the crystallization mechanism is invariable for the whole
crystallization process. The curves of fla) as a function of
the fractional conversion « can be calculated from Eq. (2).
The theoretical curves corresponding to various mechanism
models (shown in Table 1) and the experimental data trans-
formed from Eq. (2) are shown in Fig. 3, which revealed that
only the JMA model is in agreement with the experimental
results.

The average values of E for the whole crystallization pro-
cess as a function of the NdF3 content are shown in Fig. 4. It
is verdict from Fig. 4 that E for samples with low (<1 mol%)

Fig. 8. TEM bright field image for as-made sample 3, the inset shows the
corresponding electron diffraction pattern.

NdF; content did not change remarkably compared to that of
sample 1. However, it decreased abruptly when NdF;3 content
reached 2 mol%. When NdF3 content was further increased
to 3 mol%, it kept unchanged again.

Avrami exponent, n, which is a parameter related to the
nucleation and growth mechanism and dimensionality of

crystal, can be obtained by Ozawa’s equation'*:

d{In[— In(1 — )}
d In(B) ,

where « is the fractional conversion at a fix temperature 7.
Almost all the Avrami exponents calculated from the slop of

=-n @)

Fig. 9. TEM micrographs of sample 1 heat-treated at 670 °C. (a) Bright field
image showing the distribution of LaF3 crystallites, and (b) high-resolution
image of a crystallite embedded in the glassy matrix.
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the plots of Eq. (4) are in the range of 1.0-1.5, as listed in
Table 2.

The good agreement between the experimental data and
the theoretical curve of the JMA model implies that the crys-
tallization of the samples follows the JMA kinetics model.
The values of activation energy (ranging from 208.1 to
278.7kJ/mol for samples with different NdF3; doping) and
Avrami parameter further indicate the crystallization for all
samples being a diffusion-controlled growth process with
zero nucleation rate.'® The decreasing of crystallization acti-
vation energy when NdF3 content reached 2 mol% is proba-
bly due to the seeding effect of NdF3 and the non-bridging
function of fluorine anions which reduces the network con-

Fig. 10. TEM micrographs of sample 3 heat-treated at 670 °C. (a) Bright field
image showing the distribution of LaF3 crystallites, and (b) high-resolution
image of a crystallite embedded in the glassy matrix.

nectivity and structural stability of oxide glassy matrix.!” The
later is also responsible for the experimental phenomena that
melt viscosity reduced with increasing of NdF3 content dur-
ing preparation of the glass sample.

3.2. XRD analysis

The typical XRD patterns for the sample 3 in the state of
as-made and heat-treated at 650 °C respectively are shown in
Fig. 5. For the as-made sample it exhibited typical amorphous
feature, while for the heat-treated sample several hexagonal
LaFs3 crystalline peaks emerged from the glassy hump, indi-
cating the crystallization of LaF3; from the glass matrix.

The lattice parameters of LaF3 crystalline phase were
evaluated from the position of XRD peaks, and are shown
in Fig. 6 as a function of NdF3 content. Obviously, both a
and ¢ decrease slightly but monotonously with increasing of
Nd** doping. Since the radius of Nd** ions (0.0995 nm) is
smaller than that of La** jons (0.1061 nm), it may be due to
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Fig. 11. The histograms based on TEM observations showing crystalline
size distributions of (a) sample 1, and (b) sample 3.
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the incorporation of Nd** ions into the LaF3 lattices by par-
tially substituting La>*. With increasing substitution of Nd>*
for La>*, more lattice shrinkage was resulted.

From the XRD peaks width and Scherrer equation, the
mean sizes of LaF3 crystallites for different samples were
estimated and plotted as a function of NdF3 content in Fig. 7.
The mean crystallite size was almost the same when NdF3
content is low (<1mol%). It abruptly increased for about
35% when doping lever was adjusted from 1 to 2 mol% and
further higher. It is remarkable that the evolutions of the mean
crystallite size and the crystallization activation energy versus
the doping lever are closely related. A decrease in E means
the reducing of barrier for crystallization, indicating that the
samples with higher NdF3 content are more susceptible to
crystallize,'® which explains why the high-doped samples
had larger crystalline size after the identical thermal treat-
ment.

3.3. TEM observation

The TEM bright field image and the corresponding elec-
tron diffraction pattern of the as-made sample 3 are shown in
Fig. 8, demonstrating a typical glassy structure. TEM images
for samples 1 and 3 heat-treated at 670 °C are presented in
Fig. 9(a) and Fig. 10(a), respectively, showing many spher-
ical crystallites precipitated homogeneously from the glass
matrix. The particle size distribution for samples 1 and 3 is

shown by the histogram in Fig. 11, which reveals that the
crystallites are mostly sized 16—17 nm. Compared to the case
for NdF; free sample, the number density of crystallites in
sample 3 is relatively higher with their size remains almost
unchanged. HRTEM images reveal the detailed lattice struc-
ture of individual LaFj3 crystallite, as shown in Fig. 9(b) and
Fig. 10(b). It is noted that there are some lattice defects, e.g.
micro-twins, existed inside the nano-crystallites.

The EDS spectra with nano-sized probe obtained from
the glass matrix and from the crystallite shown in Fig. 10(b)
are exhibited in Fig. 12. The spectrum of the glass matrix
shows high content of Si, Al, the relatively weak La peaks
are due to existing of LaF3 clusters in glass matrix or con-
taminating from the LaF3 crystallites. The Nd concentration
is under detecting limit. As a comparison, the spectrum from
the crystallite is rich in La and Nd, the weak Al, Si peaks are
due to contamination from the glass matrix, indicating that
Nd3* ions concentrated mainly inside the crystallites.

3.4. Absorption spectrum

The changes of the Nd3* site environmental structure as
the result of host transition from glass to glass-ceramics may
cause the difference in optical spectroscopy. The absorption
spectra of the Nd>* ions of the sample 3 in as-made state and
heat-treated state are exhibited in Fig. 13. It is evident that for
the crystallized sample the absorption band centers shift to

Si

(a)

5 6 Kev 7

(b)

Fig. 12. EDS spectra of sample 3: (a) from glass matrix, and (b) from the crystallite shown in Fig. 10(b).
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Fig. 13. Room temperature absorption spectrum of sample 3 in the states of
as-made and heat-treated at 650 °C, respectively.

lower wavelength side, and more resolved Stark components
of the band are obtained. The band shift and Stark splitting
are the signs for the transformation of environmental structure
of Nd3* site from amorphous to ordered crystalline, which
confirms the incorporation of Nd3* ions into LaF; crystallites
during crystallization.

4. Conclusion

The crystallization kinetics was studied for 41.25i0;-
29.4A1,03-17.6NayCO3-11.8LaF3 glass samples with dif-
ferent NdF3 doping. After thermal treatment, only hexagonal
LaF3 nano-phase crystallized from the glass matrix in a mech-
anism of diffusion-controlled growth process with zero nucle-
ation rate. The doped Nd>* ions incorporated into the LaF3
crystals resulting in the shrinkage of the lattice. Besides, they
played the role as nucleating agent producing a downshift
of crystallization temperature. The crystallization activation
energy and the size of crystallites are also affected by doping
of NdFj3.
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