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bstract

he nucleation and crystallization of MgO–B2O3–SiO2 (MBS) glass were studied by means of a non-isothermal, thermal analysis technique,
-ray diffraction and scanning electron microscopy. The temperature range of the nucleation and the temperature of the maximum nucleation

ate for MBS glass were determined from the dependences of the inverse temperature at the DSC peak (1/Tp) and the maximum intensity of
he exothermic DSC crystallization peak ((δT)p) on the nucleation temperature (Tn). For MBS glass the nucleation occurred at 600–750 ◦C, with
he maximum nucleation rate at 700 ◦C, whereas the nucleation and crystal growth processes overlapped at 700 ◦C < T  ≤  750 ◦C. The analyses
f the non-isothermal data for the bulk MBS glass using the most common models (Ozawa, Kissinger, modified Kissinger, Ozawa–Chen, etc.)

evealed that the crystallization of Mg2B2O5 was three-dimensional bulk with a diffusion-controlled crystal growth rate, that n  = m  = 1.5 and that
he activation energy for the crystallization was 410–440 kJ/mol.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Knowledge of the nucleation and crystallization processes
n glasses is of great scientific and technological impor-
ance. Data about the temperature range of the nucleation and
rystal growth and the eventual overlapping of these two pro-
esses are vital for the preparation of stable glasses (optical
bers, laser glasses, etc.) as well as for the development of
lass–ceramic materials with controlled microstructures and
roperties. These glass–ceramic materials are constituents of
dvanced microelectronic packaging, where they are mainly
sed as low-temperature co-fired ceramic (LTCC) dielectric
ubstrates. A complete densification and a high crystallinity
re prerequisites for a good mechanical strength and for the
igh Qxf-values of LTCC glass–ceramic substrates. The tailor-
ng of these properties becomes possible when the processes
uring the transformation from glass to glass–ceramics are

ell understood. The parameters that should be known are the

emperature range of the nucleation, the temperature of the max-
mum nucleation rate, the activation energy, the morphology
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ndex (m) and the Avrami parameter (n). Classical methods for
tudying the overall crystallization in glasses are based on the
ohnson–Mehl–Avrami–Kolomogoroff (JMAK) model, which
ssumes isothermal transformations conditions. Such studies
nvolve very time-consuming isothermal experiments in which
he number of crystal nuclei and the crystalline volume frac-
ion are monitored by X-ray diffraction (XRD) and electron

icroscopy as a function of time at selected temperatures.1,2

n contrast, non-isothermal differential thermal analysis (DTA)
nd differential scanning calorimetry (DSC) make possible a
uick determination of the important glass characteristics, such
s the glass-transition temperature (Tg), the onset of the crys-
allization (Tx) and the crystallization peak (Tp). Methods that
ave been developed over the past 30 years for the analysis of
TA and DSC data mean that it is possible to estimate the tem-
erature range of the maximum nucleation rate and determine
he crystallization mechanism and kinetics.1–10 The analysis of
TA (DSC) by means of mathematical models enables determi-
ation of activation energy (E) and Avrami parameter (n), which
s in particular important for the determination of crystallization

echanism.

The present work was undertaken to investigate the

ucleation and crystallization processes in MgO–B2O3–SiO2
MBS) glass with the composition 43 wt.% MgO, 35 wt.%

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.048
mailto:marjeta.macek@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.048
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Table 1
The numerical values n and m for various crystallization mechanisms.

Crystallization mechanism n m

Bulk crystallization with a constant number of nuclei
Three-dimensional growth 3 3
Two-dimensional growth 2 2
One-dimensional growth 1 1
Surface crystallization 1 1

Bulk crystallization with a constant number of nuclei with a crystal growth
rate proportional to t−0.5(diffusion controlled)
Three-dimensional growth 1.5 1.5
Two-dimensional growth 1 1
One-dimensional growth 0.5 0.5

Bulk crystallization with an increasing number of nuclei
Three-dimensional growth 4 3
Two-dimensional growth 3 2
One-dimensional growth 2 1

Bulk crystallization with an increasing number of nuclei with a crystal
growth rate proportional to t−0.5(diffusion controlled)
Three-dimensional growth 2.5 1.5
Two-dimensional growth 2 1
One-dimensional growth 1.5 0.5
Surface crystallization 1 1
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2O3 and 22 wt.% SiO2. In a separate study we found
hat the glass–ceramics prepared from this glass exhibited a
ielectric performance comparable with that of commercial
aO–B2O3–SiO2 glass–ceramics. In order to be able to control

he content of crystalline phase and consequently the dielec-
ric properties, a detailed nucleation and crystallization study of

BS glass was performed. The main focus was on the determi-
ation of the temperature range of the maximum nucleation rate,
orphology, crystallization mechanism and activation energy

or the crystallization (E). The DSC data were analyzed with dif-
erent models in order to verify the appropriateness of the DSC
echnique for the study of crystallization in the MBS glasses. The
rystallizations of bulk and powder MBS glass were examined
nd comparisons made.

. Theory  of  nucleation  and  crystallization

.1. DTA/DSC  methods  for  the  study  of  nucleation  in
lasses

Marotta et al.11 and later Ray et al.1,10 proposed non-
sothermal DTA and DSC techniques as very useful tools for
etermining the temperature dependence of the nucleation rate.
hese authors suggested the following procedure: (1) heat the
lass isothermally for a given time at a sufficiently low tem-
erature to promote crystal nucleation; (2) perform the DTA
DSC) measurements on this glass with a constant heating
ate to crystallize it; and (3) repeat the procedure using dif-
erent nucleation temperatures (Tn). It is to be expected that
he obtained DTA (DSC) curves differ in terms of Tp and peak
eight (δT)p. The variation of Tp and the height (δT)p with
n reflects the difference in the nuclei density. A plot of the

nverse peak temperature (1/Tp) or the (δT)p as a function of
n gives the nucleation-rate-like curves, which agree with the
etermined temperature range of the nucleation and the max-
mum nucleation rate. The validity of both approaches was
onfirmed by many authors.5,7 The peak position method (1/Tp

s. Tn) is additionally supported by the non-isothermal, solid-
tate, phase-transformation theory. The relation between the
umber of nuclei (N) and Tp (Eq. (1)) was suggested by Marotta
t al.1,5,11

n N  =  ln β +
(

E

RTp

)
+  constant (1)

When DSC measurements are performed with a constant
eating rate (β), then ln β is also constant, and thus the logarithm
f the number of nuclei (ln N) should be inversely proportional to
he peak temperature (Tp). Although the derivation of this rela-
ionship is based on a few assumptions, the method was proved
o be valid for several oxide glasses.1,4,6,10 The Augis–Bennett
ethod agrees with the classical JMAK theory and therefore it
s based on the same assumptions, which are described below
Section 2.2).

c
i
b
t

.2.  Determination  of  crystallization  mechanism  and
inetics

The theoretical basis for the interpretation of solid-state
hase-transformation kinetics was developed by Johnson et al.12

n the literature, the theory is most commonly presented in a sim-
lified form, which describes the variation of the crystallized
olume fraction (α) with time, i.e.,

 =  1 −  exp[−(Kt)n],  (2)

here K  is defined as the effective overall reaction rate, which
s assumed to have an Arrhenian temperature dependence

 =  K0 exp

(
− E

RT

)
. (3)

 represents the effective activation energy of the overall crys-
allization process, which is expressed as

 ≈ (En +  mEg)

n
, (4)

here En and Eg are the effective activation energies for nucle-
tion and growth, respectively. In the case when the nucleation
requency is negligible over the temperature range of the DSC
easurement, then E ≈  Eg. The JMAK theory is based on a

ew assumptions, which are the following: (a) isothermal trans-
ormation conditions, (b) spatially random nucleation (c) the
rowth rate of the new phase is dependent on temperature, but
ndependent of time, (d) the Arrhenian temperature dependence
f K  and hence the variation of the nucleation frequency and
rystal growth rate in an Arrhenian manner. The last condition

s usually not fulfilled for a broad temperature range, but it can
e a good approximation for the narrow temperature range of
he DSC peak.12
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Although JMAK theory describes isothermal crystalliza-
ion processes it also represents the basis for an interpretation
f non-isothermal DSC (DTA) results. DTA (DSC) measure-
ents performed with different heating rates provide very useful

ata for a determination of the crystallization mechanism. The
vrami parameter (n) is obtained from the Ozawa relation (Eq.

5)), where α  is the volume fraction crystallized at a tempera-
ure T, when heated with heating rate β.12,13 α  is determined
rom the crystallization exotherm as the ratio between the par-
ial area (S  at T) and the total area under the crystallization
eak.1

d  ln(−ln(1 −  α))

d  ln β

∣∣∣∣
T

=  −n  (5)

According to Yinnon and Uhlmann the Ozawa method is
traightforward and involves no assumptions in addition to those
nvolved in the JMAK relation.12 The Avrami parameter (n) is
elated to the dimensionality of the crystal growth (m′) with the
ollowing equation

 =  a  +  m′b,  (6)

here a refers to the nucleation rate, with 0 for a zero nucleation
ate, 1 for constant nucleation rate, a  > 1 for an increasing nucle-
tion rate and a  < 1 for a decreasing nucleation rate; b relates to
he mechanism of growth, with a value of 0.5 for a diffusion-
ontrolled process and 1 for an interface-controlled process.13

he product m′b represents the morphology index (m), which
ppears in several equations for a determination of the activation
nergy (E). From the description written above it is inferred that
n the case of diffusion-controlled growth (b  = 0.5) m  assumes
he values of 0.5, 1 and 1.5 for one, two and three-dimensional
rowth, respectively, and 1, 2 and 3 for the interface-controlled
rowth (b  = 1) of crystals with the respective dimensions. The
elation between n, m  and m′ (Eq. (6)) could be helpful for finding
he crystallization mechanism, which is important for a determi-
ation of the right kinetics parameters. The numerical values of

 and m  for various crystallization mechanisms are summarized
n Table 1.2

DTA and DSC methods have often been used to determine the
inetic parameters of glass crystallization under non-isothermal
onditions. The kinetic parameters are derived from the experi-
ental data with the help of several mathematical treatments that

re based on different assumptions. However, because of this,
hey can give contradictory results.12 Several studies have been
erformed to evaluate the reliability of non-isothermal thermal
nalysis methods for the determination of the effective activation
nergies (E). The authors generally agreed that the nucleation
nd crystallization mechanism must be known before the anal-
sis of the experimentally derived data is performed.1–13 The
ystematic research of Ray et al. showed that reliable values of E
or many glasses could be obtained by non-isothermal methods,
aking into account the right crystallization mechanism.1,8,10
erivations of the equations for the determination of E from
he DSC measurements are well described in the literature.12

hus, only a short summary of the most common methods is
iven here. The Kissinger model is most frequently used for

m
s
v
f
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he study of reaction kinetics in chemistry. However, there are
ome limitations when using the Kissinger equation (Eq. (7)) for

 crystallization study of glasses. The Kissinger equation only
ives the correct values of E when the crystal growth occurred
n a fixed number of nuclei (zero nucleation rate (a  = 0)).1–3,9

his is in the case of surface crystallization (n  = m  = 1) or other
rystallization mechanisms with n  = m. When the plot ln(β/Tp

2)
ersus 1/Tp gives a straight line, the E  is calculated from the
lope E/R, where R  is the gas constant.

n

(
β

T 2
p

)
=  −

(
E

RTp

)
+  constant (7)

The Kissinger method leads to incorrect values for E  when the
uclei are formed during the DTA (DSC) measurement (a  /=  0).
atusita and Sakka proposed a modified form (Eq. (8)) of the
issinger equation, which enables the determination of E for
ther crystallization mechanisms (m  /=  n).3 In the case of a
inear dependence of ln(βn/Tp

2) versus 1/Tp the mE  value is
btained from the slope.

n

(
βn

T 2
p

)
=  −

(
mE

RTp

)
+  constant (8)

The value of E  can also be evaluated by the so-called
zawa–Chen (Eq. (9)) and modified Ozawa–Chen (Eq. (10))

quations.12,15 These two methods also require that the mea-
urements are performed with different heating rates. For the
elected, fixed crystallized fractions α  the plots ln(Tα

2/β) and
n β  versus 1/Tα should be straight lines with slopes of E/R  and
E/nR, respectively. A detailed description and derivation of

he Ozawa–Chen methods is given in Ref. [12]. The derivation
f Eq. (9) is based on the assumption that E/RT  �  1, which is
enerally true for the crystallization of oxide glasses.

d ln(T 2
α /β)

d(1/Tα)

∣∣∣∣
α

= E

R
(9)

d ln β

d(1/Tα)

∣∣∣∣
α

=  −mE

nR
(10)

 could also be determined from a single DTA (DSC) mea-
urement (Eq. (11)); however, the method gives less accurate
alues than the previously mentioned methods.1 A meaningful

 is obtained only when the m  is known.1

d  ln(−  ln(1 −  α))

d  ln(1/Tα)

∣∣∣∣
β

=  −m
E

R
(11)

A comparison of the results obtained from the methods that
ead to mE  (Eqs. (8) and (11)) and those that give E (Eqs. (7)
nd (9)) could be used for a verification of the crystallization
echanism. For example, a reliable value of mE  is obtained

rom Eq. (8), whereas E  is calculated from Eqs. (7) and (9). The
orphology index (m) is then calculated from the ratio of mE/E.
n examination of the crystallite morphology with an electron

icroscopy is needed to verify whether the calculated m  corre-

ponds to the real dimensionality of the crystallites. When the
alues of n, m  and m′ are known, the controlling mechanism (dif-
usion or interface) for growth can be inferred from Eq. (6). A
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Reynoso et al.18 and Li and Mitchell19 ascribed the variation
of Tp with particle size to the difference in heat-transfer resis-
tance of large and small particles. According to their view, the
214 M.M. Kržmanc et al. / Journal of the Eur

tudy of the crystallization kinetics using non-isothermal meth-
ds is much easier for glass systems with a surface crystallization
m = n  = 1) and bulk crystallization with m  = n  (zero nucleation
ate (a  = 0)) than for more complex crystallization mechanisms.
herefore, non-isothermal methods give meaningful results for

 only when the right crystallization mechanism is taken into
ccount.2,3,9

.  Materials  and  methods

The glass composition, which contained 43 wt.% MgO,
5 wt.% B2O3 and 22 wt.% SiO2, was chosen on the basis of
reliminary studies and the MgO–B2O3–SiO2 phase diagram.16

he initial reagent-grade raw materials of MgO (Sigma–Aldrich,
8%), B2O3 (Alfa Aesar, 99.98%), and SiO2 (Alfa Aesar,
9,8%) were dried and weighed in the ratio described above.
fter homogenization the powder was melted at 1350 ◦C in a
latinum crucible. The melt was held at the maximum tem-
erature for 30 min, where the viscosity of the melt was low
nough for it to be easily poured onto a graphite plate to min-
mize the possibility of crystallization. The glass was crushed
ith a vibrational mill, and in order to ensure complete homoge-
ization of the glass the whole melting procedure was repeated.
his melting regime was found to be sufficient to yield homo-
eneous, transparent and colourless quenched glass frit with no
isible non-melted remains. The bulk samples were prepared
y pouring the melt onto a graphite model covered with holes
hat had a slightly smaller diameter than the diameter of the alu-

ina crucible used for the DSC measurement. The size of the
ulk samples is very important due to the equal weight of the
amples, and the shape of the bulk should be flat because of the
etter contact with the bottom of the measuring crucible. Powder
amples were prepared by crushing the bulk glass. The ground
owder was screened through a mesh to ensure the particle size
as less than 50 �m.
Thermal analysis measurements at different heating rates (5,

0, 15 and 20 K/min) were performed on a Jupiter 449 Simul-
aneous Thermal Analysis (STA) instrument (Netzsch, Selb,
ermany) using the TG/DSC sample holder and Al2O3 cru-

ibles, with Al2O3 as the reference material. A constant sample
eight of 50 mg bulk and 20 mg of glass powder sample was
sed for all the measurements. The temperature and enthalpy
alibration of the STA instrument was performed with In, Sn,
i, Al and Au standards. For the determination of the temper-
ture range of the maximum nucleation rate the bulk samples
ere nucleation heat treated in a separate tube furnace and not

n the STA instrument, as proposed by Ray et al.1 We supposed
hat a considerably larger number of nuclei were formed dur-
ng the isothermal heat treatment than during the quenching,
eating and cooling period. Due to the controlled heating and
ooling rate (10 K/min) the number of nuclei formed in these
tages was assumed to be constant. It was also expected that no
dditional nuclei were formed once the sample was saturated

ith the nuclei. In order to test the reliability of the separated
ucleation heat-treatment approach the crystallization study was
erformed for two different nucleation heat-treatment times, i.e.,

 and 10 h.

F
p
w
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The formation of the crystalline phase at the tempera-
ure of crystallization was monitored by high-temperature
-ray diffraction (HT-XRD) using a diffractometer PANalyt-

cal X’Pert PRO HTK (Almelo, The Netherlands), while the
oom-temperature XRD measurements were performed on a D4
ndeavor (Bruker AXS, Karlsruhe, Germany).

The morphology of the MBS glass–ceramics after the DSC
easurement was examined with a field-emission scanning elec-

ron microscope (FE-SEM JSM-7600 F, JEOL). Prior to the
EM investigations the samples were polished and chemically
tched with an acid solution containing HNO3 and HF.

. Results  and  discussion

The MBS bulk glass and glass powder exhibited one well-
efined crystallization peak in the DSC curve (Fig. 1). The
T-XRD measurement of the MBS glass powder at the tem-
erature of the DSC peak showed that the crystallization
xotherm was associated with the crystallization of Mg2B2O5.
he room-temperature structural examination of the bulk and
owder samples after the DSC measurements also revealed the
g2B2O5 structure (Fig. 2). A comparison of the measured
RD data with the standard XRD pattern of Mg2B2O5 (PDF 73-
232)17 showed that the diffraction lines are shifted, indicating

 deformed Mg2B2O5 structure. No crystalline phase contain-
ng silicon crystallized from the MBS glass in the time-scale of
he non-isothermal heat treatment up to 1000 ◦C (β  ≥  5 ◦C/min),
hile the isothermal heat treatment led to the crystallization of
g2B2O5 and MgSiO3 at 800 and 950 ◦C, respectively. The
SC curves of the bulk and powder samples did not differ sig-
ificantly in terms of the glass-transition temperature (Tg). In
ontrast, the onset of crystallization (Tx) and the crystallization
eak (Tp) of the bulk sample appeared at an ∼100 ◦C higher
emperature than those of the powder (Fig. 1). In the litera-
ure, there are two different explanations for such phenomena.
ig. 1. DSC crystallization curves at β = 10 ◦C/min for MBS glass bulk and
owder samples with different thermal histories. The nucleation heat treatment
as performed at 700 ◦C.
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The present results suggest that for the MBS glass both pro-
cesses overlap at least for 700 < T  ≤  750 ◦C. A visual change in
the glass samples from transparent to opaque during the nucle-
ig. 2. HT-XRD patterns of MBS glass–ceramics at 800 ◦C (a) and XRD patterns
f powder (b) and bulk (c) MBS glass–ceramics after the DSC measurements.

enter of a large particle reaches the furnace temperature later
han the small particles and hence the observed crystallization
emperature is higher. However, Ray et al. gave another expla-
ation for this effect.8 They ascribed the lowering of the Tp

ith the decrease of the particle size to the higher concentration
f surface nuclei that is present in the powders with a larger
urface area. This interpretation was made for the crystalliza-
ion of 40Li2O·60SiO2 (mol%) glass, where the crystallization
echanism changed from bulk crystallization in large particles

250 �m) to surface crystallization in fine powders (40 �m).8

n our case, bulk crystallization remained the prevailing mech-
nism, also when the particle size decreased below 50 �m (see
elow). Nevertheless, the degree of surface crystallization is
xpected to increase with a decrease of the particle size due
o an increase of the specific surface area.

Nucleation is expected to occur in the temperature range
etween Tg and Tx. The temperature of the maximum nucleation
ate could be accurately determined using Ray’s methods, i.e.,
rom the plots of (1/Tp) and (δTp) as a function of Tn. According
o Eq. (1), 1/Tp is proportional to the logarithm of the number
f nuclei (ln N).1,10 This is to be expected, since a larger num-
er of nuclei means a faster overall crystallization and, hence,
he release of the heat due to crystallization is detected at a
ower temperature.20 The decrease of the Tp after the nucle-
tion heat treatment is clearly visible from the comparison of the
SC curves of the nucleated and as-prepared glasses (Fig. 1).
he bulk MBS glass samples, which were nucleated at selected

emperatures, were then subjected to DSC measurements. The
ependence of 1/Tp and (δT)p on the nucleation temperature (Tn)
s shown in Fig. 3a and b, respectively.

According to both methods the nucleation rate increased
bove 650 ◦C. The temperatures of the maximum nucleation rate
etermined from the plot of (δT)p versus Tn and from 1/Tp versus
n were 700 and 725 ◦C, respectively. The former method sug-
ested a lower value for the nucleation heat treatment. Due to the
artial crystallization that occurred during the nucleation heat

reatment at Tn > 700 a smaller amount of glass crystallized dur-
ng the subsequent DSC scan and consequently the peak height
as lower compared to that of the completely non-crystalline

F
p

ig. 3. Inverse peak temperature (1/Tp) (a) and the height (δT)p of the DSC peak
b) as a function of nucleation temperature (Tn).

lass. The peak-height method ((δT)p versus Tn) was found to
e a very useful tool for examining whether any crystallization
ccurred during the nucleation heat treatment. The combina-
ion of both methods provides us with information about the
ventual overlapping of the nucleation and the crystal growth.6
ig. 4. Crystallization curves at β = 10 ◦C/min for MBS bulk glasses that were
reviously heat treated at 700 ◦C for 2 h (—) and 10 h (- - -).
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Fig. 5. Plot of ln(−ln(1 − α) as a function of ln β for MBS bulk glass with
nucleating heat treatment at 700 ◦C for 2 h (©), 700 ◦C for 10 h (�) and without
a
t
(

a
p
p
s
1
h
m
w
d
i
c
t
f
(
g
v
s
m
t
g
n
w
S

Fig. 6. FE-SEM micrograph of MBS glass–ceramics after the DSC measure-
ment.
 nucleating heat treatment (�) and MBS glass powder with nucleating heat
reatment of the bulk at 700 ◦C for 10 h (�) and without nucleation heat treatment
�).

tion heat treatment at Tn > 700 ◦C additionally confirmed the
artial crystallization. Based on these findings a nucleation tem-
erature of 700 ◦C was selected for an additional crystallization
tudy. The DSC curves of the MBS glasses nucleated for 2 and
0 h did not differ significantly in terms of peak position and
eight. The difference in Tp of 1.6 ◦C was within the experi-
ental error (Fig. 4). We believe that the glass became saturated
ith the nuclei within 2 h and any additional heat treatment
id not lead to an increase in the number of nuclei. Accord-
ngly, it was expected that the number of nuclei should remain
onstant during subsequent DSC measurements. With regard
o a zero nucleation rate (a  = 0), the analysis of the DSC data
or a determination of E  becomes much easier, because n  = m
Eq. (6)). It has been proposed that the Ozawa method (Eq. (5))
ives the most reliable value for n. The plots of ln(−ln(1 −  α))
ersus ln β  give straight lines for the powder and bulk glass
amples with and without any previous nucleation heat treat-
ent. The value of n  obtained from the slope was 1.5 for all

he samples (Fig. 5). SEM investigations showed that the MBS

lass–ceramics after the DSC measurement consisted of 20–40-
m spherical particles (Fig. 6). A similar size for the crystallites
as estimated from the width of the XRD lines (Fig. 2) using the
cherrer formula. When the values of n  = 1.5, m′ = 3 and a  = 0

Fig. 7. Kissinger plots (ln(β/Tp
2) vs 1000/Tp) for MBS bulk and powder glass.

The description of the samples is given in the caption of Fig. 5.
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Table 2
Kinetic parameters of crystallization for MBS glass, calculated by different methods.

Sample-nucleating
heat-treatment

n (Eq. (5)) E (kJ/mol)
(Eq. (7))

mE (kJ/mol)
(Eq. (8))

E  (kJ/mol)
(Eq. (9))

E  (kJ/mol)
(Eq. (10))

E (kJ/mol) (Eqs.
(7) and (9)

mE (kJ/mol)
(Eq. (11))

m = mE/E

Bulk-700 ◦C (2h) 1.5 425 698 418 437 422 644 1.65
Bulk-700 ◦C (10h) 1.5 446 698 426 445 436 735 1.60
Bulk-as prepared 1.5 409 623 402 421 406 621 1.53

P ◦
 

P  

w
t
t
w
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t
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(
t
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(
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s
n
f
c
K
a
o
w
o
Kissinger method) and Eq. (11) shows relatively good agreement
owder-700 C (10h) 1.5 787 1194 687
owder-as prepared 1.6 683 1035 685

ere inserted into Eq. (6), we obtained b  = 0.5. According to
he known crystallization mechanisms (Table 1) the crystalliza-
ion of Mg2B2O5 from the MBS glass is a diffusion-controlled
ith the crystal-growth rate proportional to t−0.5.2,14 Diffusion-

ontrolled crystal growth is often observed in a system where
he composition of the crystallized phase differs from the matrix
lass.

An analysis of DSC data using the most common methods
Eqs. (7)–(11)) gave straight lines, from which, depending on
he method, E  or mE  was determined (Figs. 7–11). It can be

een from Table 2 that the E  values determined by Eqs. (7), (9)
nd (10) are in relatively good agreement for each particular

ig. 8. Determination of mE according to the modified Kissinger method
ln(βn/Tp

2) vs 1000/Tp) for MBS bulk and powder glass. The description of
he samples is given in the caption of Fig. 5.

f
t

F
(
i

704 737 1153 1.62
668 684 1229 1.51

ample. The average value of E  (422 kJ/mol) for a bulk sample
ucleated at 700 ◦C for 2 h was very similar to that nucleated
or 10 h (436 kJ/mol). The ratio between mE/E  was also very
lose to the expected value of 1.5, where mE, from the modified
issinger method (Eq. (8)), and the average value of E  (Eqs. (7)

nd (9)) were used for the calculation (Table 2). The values for m
f around 1.6, which were obtained for some types of samples,
ere within the experimental uncertainty (±0.1). A comparison
f the results for the mE  values calculated from Eq. (8) (Modified
or the bulk glass, whereas larger deviations were observed for
he as-prepared powders (Fig. 11 and Table 2).

ig. 9. Modified Ozawa–Chen plot (ln β vs. 1000/Tα) for the determination of
m/n)E at α = 0.5 for MBS bulk and powder glass. The description of the samples
s given in the caption of Fig. 5.
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Fig. 10. Ozawa–Chen plot (ln T 2/β vs. 1000/T ) for the determination of E at
α
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 = 0.5 for MBS bulk and powder glass. The description of the samples is given
n the caption of Fig. 5.

All the methods showed that the as-prepared bulk glass exhib-
ted a slightly lower E  (406 kJ/mol) compared to those of the
ucleated bulk samples (422–436 kJ/mol). The deviation was
mall and it was observed only for E, while the values deter-
ined for the n and m  values were all close to 1.5, indicating

hree-dimensional bulk crystallization with a constant number
f nuclei also for the non-nucleated bulk glass.

With the decrease of the particle size below 50 �m, surface
rystallization was expected to become the prevailing crystal-
ization mechanism in the powders. However, the n value of
.5 as well as the narrow width of the exothermic peak (Fig. 1)
howed that bulk crystallization was also dominant in the pow-
er samples, although surface crystallization was also expected
o be present. The analysis of the DSC data revealed more than
.5-times higher values of E  (737 kJ/mol) and mE  (1194 kJ/mol)
or the powders compared to those of the bulk samples, whereas
he determined n and m were the same as in the bulk samples
Table 2). A survey of the literature showed that E  commonly
ecreased with an increase in the particle size. The bulk samples
sually exhibited the smallest E. For example, in lithia sili-
ate (40Li O·60SiO ) glass, the E  decreased from 325 kJ/mol to
2 2
21 kJ/mol when the average particle size increased from 40 to
30 �m.8 This variation of E  was accompanied by a change in
he crystallization mechanism, from surface to bulk crystalliza-

t
i
n

ig. 11. Determination of mE according to Eq. (8) (ln(−ln(1 − α)) vs. 1000/Tα)
or MBS bulk and glass powder at a heating rate of 10 ◦C/min. The description
f the samples is given in the caption of Fig. 5.

ion. Similar behavior was also observed in Li2O·2SiO2 glass,
here the E  for the bulk crystallization (n  = 4, m  = 3) was ≈1.4-

imes smaller than that for surface crystallization (n  = m  = 1).9

he same values of n  and m  for the bulk and powder MBS glass
n this study implied that the crystallization occurs via the same
revailing mechanism, regardless of the form of the samples.
owever, due to the small particle size (<50 �m) and, conse-
uently, the large surface area of the powders, some degree of
urface crystallization is expected to occur simultaneously with
he bulk crystallization in the powders.

We believe that a meaningful value of E  for the crystalliza-
ion was obtained from the study of the bulk glass, while the E
btained for the glass powder has less physical meaning due to
he mixed surface and bulk crystallization.9

.  Conclusions

Methods based on the dependences of the inverse temper-
ture at the DSC peak (1/Tp) and the maximum intensity of
he exothermic DSC crystallization peak ((δT)p) on the nucle-
tion temperature (T ) were used for a determination of (i) the
n

emperature range of nucleation, (ii) the temperature of the max-
mum nucleation rate and (iii) the temperature range where the
ucleation and crystal growth overlapped. In MBS glass the
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glasses. J Non-Cryst Solids 1999;255:199–207.
M.M. Kržmanc et al. / Journal of the Eur

ucleation can occur at 600–750 ◦C, whereas the maximum
ucleation rate was determined to be at 700 ◦C. The nucle-
tion and crystal growth took place simultaneously in the narrow
emperature range from 700 to 750 ◦C. The mechanism of crys-
allization for the Mg2B2O5 from the MBS glass was determined
y means of the Ozawa relation, SEM investigations and the
E/E ratio. Three-dimensional, spherical, Mg2B2O5 crystallites

nd the determined values of n  and m, which were both equal
o 1.5, indicated bulk crystallization with a diffusion-controlled
rystal growth rate. Employing different methods (Kissinger,
zawa–Chen) yielded very similar values of E for the same

ype of sample (bulk, powder). However, higher values of E
410–440 kJ/mol) were obtained for the nucleated bulk glass
han for the glass powder (684–737 kJ/mol). Taking into account
hat surface crystallization occurred along with bulk crystalliza-
ion in the glass powder, we believe that a meaningful value for

 was obtained from the crystallization study of the bulk glass.
ood agreement between the E  values obtained using different
ethods confirmed the appropriateness of the non-isothermal
SC methods for the study of the crystallization kinetics for
BS glass.
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