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Abstract—Differential scanning calorimetry (DSC) characterization of tellurite glasses doped with lantha-
num oxide, which improves their crystallization resistance, has revealed a phase transformation specific to
such glasses, in which partial crystallization of a sample is followed by melting of the crystals formed. The
experimentally observed dependence of the decrease of crystallization—melting peaks across a series of
disperse samples of (TeO,) 72(WO3)g.24(La,05)g g4 glass with increasing particle size upon extrapolation to
the size of a bulk sample has been used to assess the crystallization resistance of tellurite glasses for optical
applications. The assessment technique comprises DSC characterization of particle-size-classified glass sam-
ples and the use of a mathematical model for obtaining the degree of crystallization as a function of tempera-
ture and time, a( 7, ) through analysis of nonisothermal DSC peaks representing a partial glass crystallization
process passing into melting. The crystallization resistance of glass is estimated by extrapolating the maxi-
mum o values as a function of particle size to a preform size. Tested for (TeO,) 72(WO3)g 24(La,03)q g4 glass,
the technique offers the possibility of selecting preforms for producing fibers from compositionally new,
chemically pure tellurite glasses at a given phase purity level.
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INTRODUCTION

In a series of tellurite glass-forming systems, which
are of considerable interest as materials for fiber-optic
applications and active amplification and lasing ele-
ments, tungstate—tellurite glasses offer broader
Raman scattering bands and dissolve larger amounts
of rare-earth oxides than do SiO,-based glasses.
Unfortunately, their potentialities have not yet been
completely realized because of the rather high optical loss
(hundreds of dB/km) in tungstate—tellurite glass fibers in
the near- and mid-IR spectral regions [1—3]. The loss is
due to both the presence of residual impurity phases after
purification of the glasses and the formation of crystalline
microinclusions, which, along with other factors, deter-
mine the phase purity of the glass.

When high-purity starting components are used,
the crystallization resistance of tellurite glasses can be
improved by adding, for example, 4—10 mol % lantha-
num oxide. Differential scanning calorimetry (DSC)
curves of massive glass samples containing >4 mol %
La,0; at heating rates in the range 5—10 K/min show

no crystallization events (Fig. 1). Implicit peaks,
attributable to crystallization with some degree of cer-
tainty, defy quantitative analysis at lower temperature
scan rates. At the same time, the crystallization behav-
ior of glasses for optical fiber fabrication is of para-
mount importance because, after mechanical process-
ing, preforms have defects on their outer surface and
possible surface defects on their core/cladding inter-
face. Crystallization at such centers may increase opti-
cal losses in the fiber, especially if fiber drawing con-
ditions have not been optimized.

The influence of surface defects on the crystallization
behavior of glass can be increased and the corresponding
DSC signal can be made reliably measurable by crushing
bulk glass samples. Figure 2 shows DSC curves of size-
classified disperse (TeO,)q 7,(WO3)g24(La,05)g 94 (TWL)
glass samples, which demonstrate a tendency for crys-
tallization processes to become less pronounced with
decreasing particle size. Such a tendency is difficult to
describe quantitatively, because there is no model for
evaluating the degree of crystallization (volume frac-
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Fig. 1. DSC curves of xTeO, - (100 — x — z)WO3; + zLa, 05 glasses with z = 0, 2, 4, 6, and 8% (compact samples in the form of
disks 5 X 1.5 mm in dimensions) at a heating rate of 10 K/min.
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Fig. 2. DSC curves of size-classified TWL glasses: (/) 0.03—0.094, (2) 0.094—0.14, (3) 0.14—0.355, and (4) 0.355—0.45 mm (heat-
ing rate of 5 K/min).

tion of crystals in glass) as a function of temperature tion resistance of tellurite glasses using a mathematical
and time, a(7; ), for observed overlapping crystalliza-  model for analysis of DSC peaks of phase transforma-
tion—melting DSC peaks.

tions in a number of samples differing in particle size,
The objectives of this work are to develop a tech- followed by extrapolation of the degree of crystalliza-
nique for a comparative evaluation of the crystalliza-

tion to the fiber preform size, and to test the technique
INORGANIC MATERIALS Vol.52 No.6 2016
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with application to (TeO,)y7,(WO3)g24(Lay05)g04
glass.

THEORETICAL ANALYSIS

Mathematical modeling of crystallization—melting
processes from DSC curves is based on a modified
semiempirical (MSE) model for crystallization, whose
integral form can be represented as [4]

o=, (1)
(1+1™’

where T = kt is the product of the rate constant k =
Aexp(—E/(RT)) = exp(s — 6/T) and time . The repre-
sentation of the Arrhenius formula using the logarithm
of the preexponential factor, s = In A, and the activa-
tion energy on the temperature scale © = E/R, is more
convenient for calculations.

The corresponding differential form of the model,
which defines the crystallization rate ¢, is the result of
the differentiation of the degree of crystallization (1):

G = 62_(: — kOC:c _ knpal—l/(np)(l _ (Xl/p)1+1/n_ (2)

First, the MSE model functionally corresponds to

the semiempirical model & = k'ot? x (1 — ar)” [5]. Sec-
ond, at p = 1 the number and meaning of its parame-
ters correspond to a simplified version of the well-
known Kolmogorov—Johnson—Mehl crystallization
model [6, 7], which characterizes the process by the
activation parameters 4 and E and the power-law
dimensional parameter n. Finally, mathematically
reflecting the asymmetry of the DSC crystallization
peak, the parameter p extends the fitting capabilities of
the MSE model to four-parameter semiempirical
model.

A single, incomplete crystallization process, pass-
ing into melting, can be considered from the viewpoint
of a reversible reaction underlying the A <> *A phase
transformation of substance A from a supercooled,
liquid state to a crystalline state, *A. The symbol of a
crystalline state of the substance and the quantities
(see below) related to this state are labeled by an aster-
isk in the position of a front superscript. The known
expression [8] for the rate of a reversible heteroge-
neous reaction under diffusion control has the form

J—_L=expCi—f)
I, oxp(i—f)
Baca BiaCea

_ exp(-(*i — [i)/2) — exp(Cfi ~ [1)/2)
xXp(CR-D)2) _exp((-M)f2”
Baca LN

The second symmetrized form was obtained by
multiplying the numerator and denominator by

e (P2 The exponent of supersaturation, equal to
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the difference between reduced chemical potentials
(divided by RT), *l — i, separates the reactant flow
(Bc) (makes it a determining factor) and reduces the
importance (¢) for the reaction product, allowing the
latter to admit its equality with the starting B.,c., =
Baca = Pc. Here B is the mass transfer coefficient and
c is the concentration of a component of the reaction.
Using the hyperbolic tangent function, we obtain

J =Bctanh (—@)

In the problem under consideration, where the role
of a flow quantity (Bc¢) is played by the crystallization
rate (2), the rate of the crystallization—melting process
is, by analogy, supplemented by the thermodynamic

o
factor tanh(— uz u):

& = kpntanh (—@)alfl/("p)(l - (xl/p)l+l/". (29

In what follows, a necessary consistency between
the differential and integral forms is ensured by the
functional extension of the parameter x:

w0
fi = ntanh(=g), & = “2 H 3)
Subsequent differentiation of the integral form
a=—1 )
(1+1"”

with respect to time, which does not influence the
temperature-dependent function 7, leads to an expres-
sion that formally corresponds to (2), where the
parameter 7 is replaced by 7, as a result of which the
rate of the crystallization—melting process contains
the necessary thermodynamic factor:

o= kﬁpal—l/(ﬁp)(l _ Ocl/p)lJrl/ﬁ‘ (5)

For the process under consideration, which takes
place in a relatively narrow temperature range, where
the enthalpy of the transition, L, can be thought to be
constant, supersaturation can be expressed [9]
through the temperature of the transition from crystal-
lization to melting, 7,,, and a dimensionless constant

S = L. Note that, for a device calibrated at a par-

m

m
ticular heating rate, the point where a DSC curve
intersects the abscissa will correspond to the melting
point:

g= i ™ :lL(l_T_m) :S_m(l_T_mj‘ (6)
2 2RT, T 2 T

In comparison with an isothermal version of the
model, represented by expressions (3)—(6), in its non-
isothermal version Eq. (5) is changed. Note that dif-
ferentiating Eq. (4) with respect to time requires taking
into account all quantities that depend on the sample

INORGANIC MATERIALS  Vol. 52 No.6 2016
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Parameters of the kinetic model for incomplete crystallization DSC peaks passing into melting for four size-classified

(TeO3)g.72 (WO3)g 24(Lay03)g o4 glass samples

Size fraction, mm 0.03—0.094 0.094—0.144 0.144—0.355 0.355-0.45
n 5.41 5.9706 3.8253 3.1384
Po 0.54898 0.5989 0.7984 1.2359
sp=InA[s7] 50.974 50.536 43.974 38.296
0/T,, 64.3565 63.57 58.22 51.00
Ap 8.42977 10.035 12.968 17.93
As 304.588 257.0 307.93 387.96
a 49.543 47.433 40.104 29.138
10.063 12.787 24.475 36.241
b 1.0176 1.0126 1.0159 1.0219
1.2405 1.1714 1.1031 1.0847

T*, K/s 8.09 x 1073 293 x 1074 3.85x 1074 6.54 x 1074

514 x 1073 3.61 x 1073 1.65 x 1073 9.68 x 107*

Normalization constants for heating rates of 2, 5, and 10 K/min are Cy, = 326.85, 299.63, and 254.10 uV s/mg, respectively. The auxil-
iary parameters a, b, and T™* of function (8) in the upper lines determine the change in the main model parameter p in going from crys-
tallization to melting, and those in the lower lines determine the change of the parameter s according to formulas (7).

temperature. If it is a linear function of time,

T=T,+ Tt, the rate of the crystallization—melting
process takes the form

o=k (1 + E(k—' +%1n 1))ﬁpoc171/('~"’)
T k ﬁ Al
Yosisifi  TAp ()
x(1—a’’)"""+—=Ewalno,
Tp

where 7 is the temperature scan rate.

The distinction between the kinetics of the crystal-
lization and melting processes in the model under
development is taken into account by changing its
parameters after T}, is reached:

P = po+w,Ap,
s—e/T =S —60/T+wk(As—A6/T).

A rather sharp, but continuous change from the
crystallization parameters at w = 0 (denoted by the
subscript “0”) to melting parameters (w = 1) is
ensured by auxiliary “inclusion” functions:

w=0.51+tanhX), X =aT/T, —b-T*/T). (8)

In deriving (5'), the derivatives of these functions
should also be taken into account:

w’= T(dw/dT) =0.5a(T/T,, )/cosh?X. C)

Note that, like (9), all of the primed derivatives are
taken with respect to a relative temperature change:

TmSm
T'sinh(-28)’

(7)

i'li = k'[k =0,/T +w,As.  (10)
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The change in the rate constant in (10) due to some
uncertainty in the activation energy for melting is only
referred to As; that is, A® = 0.

EXPERIMENTAL

(TeO,).72(WO3)0.24(La,03)004 glass samples were
studied using conventionally calibrated DSC-404 F1
Pegasus instrument. Measurements were performed in
flowing Ar (80 mL/min) at heating rates of 2, 5, and
10 K/min, using platinum crucibles, which are the
least reactive with such glasses, and disk-shaped sam-
ples weighing 30 mg.

The glass was prepared using high-purity tellurium
dioxide [10] and commercially available extrapure-
grade tungsten and lanthanum oxides. The total con-
tent of 3d transition metals in the glass-forming oxide
mixture was under 1 ppm [11, 12]. The glass was pre-
pared by the crucible melting of a glass batch in a her-
metically sealed quartz glass chamber under a purified
oxygen atmosphere. The bulk glass preparation pro-
cess [12] included melting of a batch for several hours
at 800°C, followed by melt casting into a quartz glass
mold and annealing at the glass transition tempera-
ture. From the bulk glass, we prepared disks =5 mm in
diameter and =2 mm in thickness by mechanical pro-
cessing (cutting, grinding, and polishing). In such
glass samples, containing 4—10 mol % lanthanum
oxide, no crystallization was detected by DSC at a
heating rate of 5 or 10 K/min (Fig. 1).

Samples with a particle size distribution in the
range 30—450 um were prepared by comminuting the
glass in an agate mortar. Next, each sample was classi-
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Fig. 3. Crystallization—melting DSC peaks of four size-classified disperse samples in the size ranges (a) 0.03—0.094, (b) 0.094—
0.144, (c) 0.144—0.355, and (d) 0.355—0.45 mm at three heating rates: (/) 2, (2) 5, and (3) 10 K/min. The solid lines represent
calculation by Egs. (3), (4), (5'), and (6—10) with model parameters evaluated from experimental data processing results (see the

table).

fied into four size ranges using sieves. The above
model was used in DSC data processing for overlap-
ping crystallization and melting peaks, which followed
devitrification step in DSC curves.

RESULTS AND DISCUSSION
The DSC signal, which is proportional to the spe-
cific heat flux Q,_, = 40, _ ¢.Q,, and in turn, can be

expressed through the rate of the process ¢ using the
specific heat of the process Q,,, has the form

Spsc = COy = CGLOy = Cy0, (11)
where Cy= CQ,,isthe instrumental or normalization con-
stant, whose dimension is [ Cy] = [Spsc/6 ] = uVs/mg, and

o is determined by formula (5') and the related equa-
tions of the model: (3), (4), and (6)—(10).

From data processing (Fig. 3, solid lines) for crys-
tallization—melting DSC peaks (data points) by non-
linear regression, we determined model parameters
(table) that quantitatively characterize the crystalliza-
tion process followed by the melting of the crystallized
part of the sample.

One result of practical importance is that these
parameters can be used to calculate the temperature—
time diagram a( 7, f) of the process in question, which
is determined by Eq. (4) and expressions (6)—(8),
which appear in it. A partial case of the a(7, ) depen-
dence is presented in Fig. 4 for the size fraction 0.03—
0.094 mm.

INORGANIC MATERIALS Vol. 52
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Fig. 4. Degree of crystallization as a function of relative temperature for a sample with particle sizes in the range 0.03—0.094 mm

at heating rates of (/) 2, (2) 5, and (3) 10 K/min.

Fig. 5. Maximum degree of crystallization as a function of
the square of the average particle size z for size-classified
disperse samples (data points) and theoretical fits (solid

2\2
L+(c/2?)
lines): Olyax = — with parameters L = 0.3064,
2

1+(%/2)

0.1899, and 0.1546, C = 7.03 x 107, 1.32 x 1073, and
1.45 % 1073, Z = 0.1634, 0.1083, and 0.0961, and D =
1.226, 1.568, and 1.732, corresponding to temperature
scan rates of (/) 2, (2) 5, and (3) 10 K/min.

INORGANIC MATERIALS Vol.52 No.6 2016

The tendency for the primary crystallization—
melting DSC peaks to decrease with increasing parti-
cle size in disperse samples of the glass under investi-
gation (Fig. 3) is evidenced by the plots of the maxi-
mum degree of crystallization against average particle
size in the samples in Fig. 5. The first data points in the
curves in Fig. 5 correspond to the peak (maximum)
values o, in Fig. 4. Fitting functions for these depen-
dences (see the caption to Fig. 5) allow one to make far
extrapolation for estimating the degree of crystalliza-
tion in a preform of finite size. For a cylindrical pre-
form 12 mm in diameter and 60 mm in length (surface
effective cube size of 20.4 mm), such an estimate at
heat treatment rates of 2, 5, and 10 K/min gives o,,,, =
2.1 %1075, 4.6 x 1077, and 7.8 x 10~%. At an effective
preform size of 30.5 mm, we obtain o, = 7.6 X 10~°,
1.3 x 107, and 1.9 x 1078, These data confirm that the
glass in question has high crystallization resistance.

CONCLUSIONS

A mathematical analysis of DSC peaks of sequen-
tially coupled phase transitions in tellurite glass com-
prises two components:



610

(1) a kinetic model (unavailable in the literature)
for an incomplete glass crystallization process passing
into melting, which allows one to extract the degree of
crystallization as a function of temperature and time,
a(7, 1), from nonisothermal data, and

(2) a nonlinear regression procedure, which
extrapolates the degree of crystallization to the size of
a bulk sample using a number of maximum values of
the degree of crystallization, o,,,.

Tested  with  application to  (TeO,)q 7
(WO3).24(Lay03)g04 tellurite glass, the technique is
expected to accelerate a search for additives and choice
of their optimal concentrations raising the crystalliza-
tion resistance of glasses for fiber-optic applications.
In particular, in the case of two glasses tested for crys-
tallization behavior, it is sufficient to compare data
processing results for four DSC curves of size-classi-
fied disperse samples for each glass obtained at a given
heating rate in a narrow range of crystallization—melt-
ing temperatures.

The increasing current interest in such an indepen-
dent, nonoptical test for crystallization behavior,
which requires samples as small as 30 mg in weight, is
aroused, in particular, by the revival—on a modern
basis—of a production technology for sintering a mix-
ture of inorganic oxide powders. A modern version of
such technology, based on high-purity components,
employs approaches for the fabrication of microstruc-
tured fibers [13, 14].

To characterize the proposed technique, it is rea-
sonable to conclude that it describes crystallization
primarily on already present and grinding-induced
surface (heterogeneous) centers of formation of a new
phase. At the same time, the semiempirical version of
crystallization theory used here effectively takes into
account the homogeneous component as well, with-
out detailing its fraction. Note that the experimental
DSC data processing procedure requires no informa-
tion about the forming phase, nor its identification is
needed.

The proposed model for analysis of crystallization—
melting DSC peaks, with the possibility of determining
a(T, 1), is of interest on its own for characterization of
glass-forming systems, whose characteristics are typi-
cally related to the degree of crystallinity of glass.
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