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Abstract
Glass-ceramics (GC) generally possess enhanced mechanical properties compared

to their parent glasses. The knowledge of how crystallization evolves and affects

the mechanical properties with increasing temperature is essential to optimize the

design of the crystallization cycle. In this study, we crystallized a glass of the

MgO–Al2O3–SiO2 system with nucleating agents TiO2 and ZrO2. The crystalliza-

tion cycle comprised a 48 hour nucleation treatment at the glass-transition temper-

ature followed by a 10 hour growth step at a higher temperature. During this

cycle, the evolution of crystalline phases was followed by high-temperature X-ray

diffraction (HTXRD), which revealed the presence of karooite (MgO�2TiO2), spi-

nel (MgO�Al2O3), rutile (TiO2), sillimanite (Al2O3�SiO2), and sapphirine

(4MgO�5Al2O3�2SiO2). The same heat treatment was applied for in situ measure-

ment of elastic properties: elastic modulus, E, shear modulus, G, and Poisson’s
ratio, m. The evolution of these parameters during the heating path from room

temperature to the final crystallization temperature and during the nucleation and

the crystallization plateaus is discussed. E and G evolve significantly in the first

two hours of the growth step. At the end of the crystallization process, the elastic

and shear moduli of the GC were approximately 20% larger than those of the par-

ent glass.
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1 | INTRODUCTION

Glass-ceramics (GC) are high-tech polycrystalline materials
obtained by controlled crystallization of certain glasses. GC
can be used in a wide range of applications,1 such as bioactive
materials for bone replacement,2,3 optical materials,4 dental
components,5 and mechanically resistant devices.6-9 Crystal-
lization may occur in a homogeneous or heterogeneous

manner.10 Heterogeneous nucleation is more likely to occur
than homogeneous nucleation because the corresponding sur-
face energy is minimized at certain nucleation sites. Volumet-
ric heterogeneous nucleation is normally favored with the aid
of nucleating agents. Different microstructures obtained
through controlled crystallization may lead to distinct
mechanical properties. For instance, Serbena et al.11 have
shown that different volume fractions of lithium disilicate
crystals embedded in an isochemical glass matrix lead to
widely different values of fracture toughness, KIC. Also, Peitl
et al.2 have shown that the fracture strength of a bioactivePresented at the 11th International Symposium on Crystallization in
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glass increases up to a crystallized volume fraction of 40-50;
it then remains constant with further increase in the crystal-
lized volume fraction. MgO–Al2O3–SiO2 (MAS) glass is an
example of a system that can lead to strong glass-ceramics12–16

with the aid of nucleating agents, such as TiO2
17,18 or

ZrO2,
17,19,20 but others such as Fe2O3

21 and V2O5
22 have also

been used. However, these last two oxides impart strong colors
to the material.

In this study, a carefully controlled double-stage heat
treatment was designed and used to crystallize a glass of
the MAS system with TiO2 and ZrO2 added as the nucle-
ating agents to promote thinly and uniformly dispersed
crystals in the glass matrix. The objective was to develop
an adequate composition and optimize the thermal treat-
ment to produce a transparent, hard, lightweight glass-
ceramic. The relative low density (~2.7 g/cm3) of cordier-
ite when compared with other ballistic-protection materials
(3.5-5.0 g/cm3) and the possibility to obtain a transparent
GC are the main reasons for which this system was cho-
sen.

The importance of the MAS glasses for the current
research lies in the fact that they may potentially crystallize
hard phases of low density, such as cordierite (2MgO.2A-
l2O3.5SiO2) and sapphirine (4MgO.5Al2O3.2SiO2). Thus,
with an adequate heat-treatment MAS glasses may yield
lightweight, strong, transparent glass-ceramics. These glass-
ceramics are intended to be used as a protective material to
block high kinetic-energy blasts. Whether they are transpar-
ent or not, glass-ceramics are an interesting alternative to
the traditionally employed ceramics for ballistic protection.
They are generally less dense than polycrystalline alumina
(qAl2O3

¼ 3.95 g/cm3;23), much less expensive than non-
oxide ceramics, and less expensive to produce than trans-
parent ceramics, such as sapphire, spinel MgO.Al2O3, or
(AlN)2O3.

GC compositions containing lithium disilicate
(Li2O�2SiO2–LS2) as the main crystalline phase have been
tested as ballistic protection.6–8,24–27 They can present hard-
ness up to 635 HK6 and fracture toughness, KIC, of
3.3 MPa.m1/2;28 Glass-ceramics of the MAS system can
present higher hardness and elastic modulus than those of
LS2. Those properties, combined with low density, make
them good candidates for ballistic-protection materials.

Shao et al.12 crystallized a glass composition on the
MAS system, having TiO2 as nucleating agent. They
applied a 2-hour heat treatment on six different tempera-
tures and depending on the temperature, the crystal phases
formed after crystallization were alpha- and beta-quartz
solid solutions, cordierite, and sapphirine. The highest
hardness reported was 8.5 GPa and the highest Young’s
Modulus was 137 GPa, both for a sample heat-treated at
1100°C, which had alpha-cordierite, alpha-quartz, and sap-
phirine, as crystal phases.

Dittmer and R€ussel29 studied different glass composi-
tions of the MAS system with the addition of ZrO2 as a
nucleating agent. Some compositions had also additions of
ZnO and P2O5. A glass composition having 7 mol% of
nucleating agent was reported to present, after a heat treat-
ment at 1150°C for 3 hour, an impressive hardness of
13.3 GPa and KIC of 2.7 MPa�m1/2. H€oland and Beall’s
book1 can be referred for more information on glass-cera-
mics of this system.

In this work, the appearance of crystalline phases was
monitored by in situ high-temperature X-ray diffraction
during nucleation and crystal growth treatments of several
hours. The evolution of the elastic properties was also char-
acterized in situ using a mechanical resonance technique.
Observed changes in the elastic (E) and shear (G) moduli
and in the Poisson’s ratio (m) are discussed.

These in situ measurements are useful to specify the
necessary duration of heat treatments to attain the opti-
mized mechanical properties at the corresponding tempera-
ture. This optimization is important for commercial glasses
because all the production steps must be carefully designed
to minimize cost. Although this type of study has already
been conducted on different systems,30 and despite the
importance of the MAS system and the numerous related
articles, the in situ measurements described here are, to the
best of our knowledge, the first of this type performed for
MAS glass-ceramics.

2 | EXPERIMENTAL PROCEDURE

2.1 | Glass composition and sample
preparation

The studied nominal glass composition is shown in
Table 1. This composition was designed to correspond to
a nominal mixture of 75 mol% cordierite (2MgO�2Al2O3�
5SiO2) and 25 mol% of a residual glassy matrix consist-
ing of glass formers (B2O3 and SiO2) a fining agent
(Sb2O3) and the nucleating agents (TiO2 and ZrO2).
Al2O3 (purity>98%), SiO2 (>99%), B2O3 (>98%), TiO2

(>98%), and Sb2O3 (>98%) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA), and MgO (purity>98%)
and ZrO2 (>99%) were purchased from Acros Organics
(Geel, Antwerp, Belgium). The concentration of nucleat-
ing agents was chosen after a study of Fokin and Zan-
otto,31 where a series of MAS-cordierite glasses having
different amounts of TiO2 were prepared. Bulk nucleation
was observed only in a glass having 6.9 mol% of TiO2.
Lower amounts resulted in surface nucleation. ZrO2 was
added in a minor scale since it is generally poorly sol-
uble on molten silicates. B2O3 was added to decrease the
viscosity and aid glass formation and Sb2O3 was added
as refining agent.
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2.2 | Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses were con-
ducted using a thermal analysis equipment (NETZSCH
DSC 404, Selb, Bavaria, Germany) on both the powdered
and bulk samples at a heating rate of 10 K/min from room
temperature to 1473 K.

2.3 | Bulk X-ray diffraction and heat-
treatment protocols

High-temperature X-ray diffraction (HTXRD) was con-
ducted for the bulk samples using a D8 X-ray diffractometer
(Bruker AXS, Billerica, MA, USA), using monochromatic
CuKa1 radiation by means of an incident beam Ge
monochromator, a Lynx Eye detector and a HTK1200 heat-
ing chamber (Anton Paar, Graz, Styria, Austria). The XRD
patterns were recorded over the 10°-80° 2h angular range,
with a step of 0.02° 2h, and an acquisition time of 0.5 sec-
onds per step. For these experimental conditions, each
diffractogram required approximately 30 minute to be
recorded and 48 patterns were recorded during this heating
step.

An initial run without any isothermal plateau was per-
formed on a bulk sample and was conducted to identify
which crystalline phases lead to the crystallization peaks
shown in the DSC scan. Because no crystallization is
expected below 773 K, the sample was heated from room
temperature to 773 K at a fast rate of 9 K/min (no XRD
pattern was recorded at this stage). From 773 to 1320 K a
much slower heating rate of 0.42 K/min was applied.

A second analysis was conducted using two tempera-
ture plateaus (double-stage heat treatment). After applying
different heat-treatment protocols (varying temperature and
duration of the nucleation step and duration of the crystal
growth step) to the parent glass, the hardness of the
resulting glass-ceramics was measured. Hereafter, the opti-
mum heat treatment that leads to a transparent glass-cera-
mic having the highest hardness was chosen to perform
in situ measurements. This heat treatment is described as
follows: the sample was heated from room temperature to

873 K at 7.2 K/min and then to 1006 K at 0.9 K/min.
The temperature of 1006 K is the glass-transition tempera-
ture, Tg, as measured by DSC for a heating rate of 10 K/
min. The sample was maintained at 1006 K for 48 hour
to promote nucleation before being heated using a 2.7 K/
min rate until the sample reached 1173 K. The sample
was then held at this temperature for 10 hour to promote
crystal growth. Each pattern was recorded over the 10°-
80° 2h range, with a step of 0.02° 2h, and a step time of
0.5 s. The specimen was then rapidly cooled to room tem-
perature. This heat-treatment protocol was also applied to
the high-temperature in situ measurements of the elastic
moduli.

2.4 | Mechanical properties

The room-temperature Young’s modulus (E), shear modu-
lus (G), and Poisson’s ratio (m) were calculated from
acoustic wave velocities measured using ultrasonic echog-
raphy with 10 MHz piezoelectric transducers powered
with a DPR300 Pulse/Receiver (JSR Ultrasonics, Pittsford,
NY, USA). Measurements were conducted using an oscil-
loscope (TDS3012 Tektronix, Beaverton, OR, USA). The
ultrasonic velocities of the transverse (VT) and longitudinal
(VL) acoustic waves were deduced from the transit time
and the material thickness. The sample had a thickness of
8.26 � 0.01 mm and a density of 2.822 � 0.001 g/cm3,
as measured by the Archimedes method in distilled water.
Values for E, G, and m were calculated using the classical
relationships32:

E ¼ q
3V2

L � 4V2
T

VL
VT

� �
� 1

2
4

3
5 (1)

G ¼ qV2
T (2)

m ¼ V2
L � 2V2

T

2 V2
L � V2

Tð Þ (3)

In situ high-temperature measurements of E and G were
performed in a sample that was manufactured using the
temperature protocol described in section 2.3. Measure-
ments were recorded during the entire heat-treatment.
Values for E and G were calculated using flexural and tor-
sional frequencies by resonance spectroscopy (RFDA,
IMCE, Belgium) in a furnace (Nabertherm, Lilienthal,
Lower Saxony, Germany) controlled by a software (RFDA
HT1050). The sample dimensions were
25.20 mm 9 43.55 mm 9 3.57 mm. For a rectangular
bar, the values of E and G are calculated as follows33:

E ¼ 0:9465
mf 2f
b

� �
L3

t3

� �
T1 (4a)

TABLE 1 Nominal glass composition

Oxide (mol%) (wt%)

Al2O3 17.67 26.15

SiO2 55.52 48.41

ZrO2 00.50 00.89

TiO2 06.90 08.00

MgO 16.66 09.74

Sb2O3 01.25 05.29

B2O3 01.50 01.52
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4
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1þ A

� 	
(5a)

A ¼
0:5062� 0:8776 b

t

� �þ 0:3504 b
t

� �2 � 0:0078 b
t

� �3h i
12:03 b

t

� �þ 9:892 b
t

� �2 (5b)

B ¼
b
t þ t

b

4 t
b � 2:52 t

b

� �2 þ 0:21 t
b

� �6
" #

(5c)

where E is the Young’s Modulus (Pa), m is the sample mass
(g), b is the width of the bar (mm), L is the length of the bar
(mm), t is the thickness of the bar (mm), ff is the fundamen-
tal flexural resonant frequency of the bar (Hz), ft is the fun-
damental torsion resonant frequency of the bar (Hz), T1 is a
correction factor for the fundamental flexural mode to
account for the finite thickness of the bar, and m is the Pois-
son’s ratio. The values for E and G were used to calculate
the Poisson’s ratio according to the following relation:

m ¼ E
2G

� 1 (6)

Both room and high-temperature measurements of E
and G have associated errors of 1% of the measured value,
due to the precision of the techniques.

3 | RESULTS

3.1 | DSC and in situ HTXRD analyses

Figure 1 shows the DSC traces for the bulk and powder
samples. The coincidence of the curves is indicative of the
copious internal nucleation that is desirable when crystalliz-
ing a glass to produce GC for technological applications
due to the ease of microstructure control and reproducibil-
ity. The glass exhibits three crystallization peaks up to
1473 K, as shown in Figure 1. The glass-transition temper-
ature, TgDSC, obtained using the tangent rule is �1006 K.

Crystallization peaks appear at 1189, 1284, and 1441 K.
Following the results of the initial HTXRD run (data not
shown), the first peak corresponds to the precipitation of b-
quartz (International Centre for Diffraction Data, ICDD
PDF2 file 89-8951).

The second peak is broader and may correspond to the
precipitation of three different crystalline phases that were
detected in a 50 K-interval centered at the peak tempera-
ture: TiO2 (ICDD PDF2 file 89-6975) at 1230 K, ringwood-
ite (c-2MgO�SiO2, ICDD PDF2 file 74-1681) at 1243 K,
and sapphirine (4MgO�5Al2O3�2SiO2-ICDD PDF2 file 11-

0607) at 1282 K. The crystalline phase responsible for the
third crystallization peak was not detected due to the tem-
perature limitation of the XRD diffractometer. Furthermore,
heat treatments at this high temperature lead to softening of
the specimens. Thus, such temperatures are not suitable to
obtain glass-ceramics and were not further investigated.

After the nucleation stage at 1006 K for 2 days, the
XRD pattern (not shown here) showed one peak at 2-
h=25.5° related to karooite (MgO�2TiO2) indicating that
this phase is formed during the nucleation step. It is worth
mentioning that the samples heat-treated at the crystalliza-
tion temperature of 1173 K without prior nucleation treat-
ment were opaque. This fact confirms that substantial
crystal nucleation indeed occurs during that first step. The
temperature was then raised to 1173 K, which is just below
the first crystallization DSC peak. The crystal growth was
monitored at this temperature for 10 hour. The XRD pat-
terns collected during the first 92 minute and after 9 hour
and 42 minute are shown in Figure 2A,B, respectively.

Five crystalline phases were identified after the first scan
at 1173 K. One of the phases is magnesium spinel
(MgO.Al2O3-ICDD PDF2 file 82-2424). This phase is
known to be hard (Hv=15.4 GPa34), and its presence cer-
tainly enhances the hardness of the glass-ceramic. Silliman-
ite (Al2O3�SiO2) (ICDD PDF2 file 88-0892), with a
hardness value of Hv ~11 GPa,35 is also present. A third
phase, karooite (MgO�2TiO2-ICDD PDF2 file 89-6944),
formed during the nucleation step, has unknown hardness.
Finally, due to its relatively high concentration in the glass,
TiO2 (Hv=7-11 GPa36) also precipitates. Because this first
XRD scan required 30 minute to complete, it was not possi-
ble to distinguish which of the four phases appeared first.
To distinguish the order of phase appearance, a faster scan
could be used; however, this speed would compromise the
already poor intensity of the peaks. Ultimately, sapphirine
(4MgO�5Al2O3�2SiO2-ICDD PDF2 file 11-0607)

FIGURE 1 DSC analysis of the examined composition

4 | SANT’ANA GALLO ET AL.



(Hv=13.3 GPa37) was also identified in the second scan,
which started after 31 minute at 1173 K. Although the rela-
tive amounts of MgO, Al2O3, and SiO2 in the parent glass
lead exactly to the nominal composition of cordierite, the
heat-treated glass—which had several other components
added—lead at the treatment temperature of 1173 K, to the
crystallization of sapphirine. The ternary equilibrium phase
diagram shows that the sapphirine domain lies close to the
nominal composition of cordierite, and the addition of
B2O3, Sb2O3, TiO2, and ZrO2 to the parent glass likely dis-
located the equilibrium, at this temperature, toward that
domain. However, according to H€oland and Beall1 and Shao
et al.,12 heat treatments of similar glasses from the MAS
system at temperatures higher than 1273 K, lead to the crys-
tallization of cordierite. But for the purpose of this article, it
is quite relevant to note that sapphirine has a higher Mohs

hardness than cordierite. Hence, sapphirine containing glass-
ceramics may be suitable for application as ballistic resistant
materials. The third scan, which started after 61 minute,
showed an increase in the intensities of all the diffraction
peaks, including those attributed to sapphirine. Figure 2B
shows the XRD pattern of the sample after 9 hours and
42 minute at 1173 K; the intensity of the peaks visibly
increased, thus confirming that crystallization was not yet
completed after 61 minute at this temperature.

It is also interesting to note that the thermal cycles of
the DSC (10 K/min) and the HTXRD (variable rates) differ
and thus, lead to the observation of crystalline phases at
different temperatures. Also, the HTXRD heating protocol
included a nucleation stage, that is, a temperature plateau
(48 hour at 1006 K), which induced, as expected, glass
crystallization at lower temperature when compared to the
DSC analysis.

The role of TiO2 in the crystallization of cordierite
(2MgO�2Al2O3�5SiO2) in MAS glassy systems has been
extensively discussed. It is classically assumed that TiO2

induces liquid-liquid phase separation in the volume of
MAS glasses that triggers crystal nucleation. Then, the
Ti-rich liquid crystallizes as a Ti-containing phase. This
phase is, thus, used as a substrate for the crystallization of
cordierite.12,15,17 However, the hypothesis of liquid-liquid
phase separation for the crystallization of cordierite is not
the only one that has been proposed. For instance, Guig-
nard et al.38 have shown that titania promotes nucleation
through the formation of highly coordinated Al species
and structural fluctuations on the glass that emulates the
precipitating crystal phase. This hypothesis does not
exclude the previous nucleation of a TiO2-enriched phase.
In this study, one peak related to karooite is present in the
XRD pattern taken at the nucleation step (XRD not pre-
sented), indicating that sapphirine, which, among all dis-
cussed crystalline phases, has the most similar chemical
composition to cordierite, might have used karooite
(MgO�2TiO2) as nucleation site. Also, in accordance to
Sato,39,40 sapphirine may have crystallized on the expense
of spinel. No crystalline phase containing ZrO2 was
detected in the in situ HTXRD experiments with two tem-
perature steps. This means that ZrO2-containing crystals
are either present in a nondetectable quantity (which is
quite possible), or that Zr remains dissolved in the residual
glass.

3.2 | Temperature dependence of the elastic
properties up to the crystallization plateau

The elastic properties of the glass at room temperature
were assessed using ultrasonic echography. By applying
Equations (1), (2) and (3), values of E = 106 � 8 GPa,
G = 42 � 2 GPa and m = 0.27 � 0.02 were obtained.

(A)

(B)

FIGURE 2 XRD patterns for the MAS glass, with a composition
described in Table 1, nucleated for 48 h at 1006 K followed by (A)
(from bottom to top) 31 min, 61 min and 92 min at 1173 K and (B)
9 h and 42 min at 1173 K. The identified crystal phases are:
a-sillimanite (Al2O3�SiO2); b-karooite (MgO�2TiO2); c-spinel
(MgO�Al2O3); d-rutile (TiO2); e-sapphirine (4MgO�5Al2O3�2SiO2)
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To observe the evolution of these elastic properties dur-
ing heat treatment, a glass sample was submitted to the
same temperature processing used for the HTXRD analysis.
Values of E and G were then calculated using the method
described in section 2.4. An overview of the temperature
variation over time is presented in Figure 3 along with the
evolution of the shear modulus.

Figure 4 shows the variation in the mechanical proper-
ties, E, G and m, for temperatures up to 1173 K. The
experimental points were fitted using different equations.
At T<TgM, where TgM is the glass-transition temperature
deduced from the variation in E(T) or G(T), the tempera-
ture dependence of the elastic moduli is well described by
the expression proposed by Wachtman41 (Equation 7):

M ¼ M0K � BT exp
�T0
T

� �
(7)

where M is the elastic modulus (E or G) and M0K is the
value when approaching 0 K. The variables B and T0 are
fitting parameters. This expression was used to fit the
experimental points between 1007 and 1035 K, as shown
in Figure 4.

For temperatures between T=1045 K and the DSC crys-
tallization temperature, Tx (1173 K), a power law expres-
sion (Equation 8) is more suitable42:

M
M Tg
� �

 !
¼ Tg

T

� �aM

(8)

where aM may range from 0.07 for amorphous SiO2 to 10
for amorphous Se42 and is related to how fast the liquid
softens with temperature. This value is therefore correlated
with the fragility index, as described by the concept intro-
duced by Angell.43 In this expression, M Tg

� �
and aM are

obtained using a fitting procedure. For fitting purposes, we
used Tg = TgDSC(1006 K).

Equations (7) and (8) satisfy two fundamental require-

ments: (i) dM
dT





solid

, approaches zero as T approaches 0 K

and (ii) dM
dT





liquid

, approaches zero as T tends to the maxi-

mum temperature sustainable by the melt (Tvaporization).
In Figure 4, the glass-transition range, TgG and TgE,

associated with the mechanical resonance is located where
the curves corresponding to the glassy and liquid states
(Equations 7 and 8, respectively) intersect. Note that
TgG and TgE were calculated from E(T) and G(T) after a
48-hour nucleation plateau during which karooite nucle-
ated. Therefore, without the nucleation plateau, TgE and
TgG would be different and may be closer to TgDSC.

Table 2 shows the following: glass transition tempera-
ture after the nucleation treatment, TgE and TgG, the E, G,
and m values at room temperature, the softening rates for E
and G immediately below and above Tg (dE/dT

� (TgE), dE/
dT+ (TgE), dG/dT

� (TgG) and dG/dT+ (TgG), respectively)
obtained through the derivation of Equations (7) and (8),
and the aE and aG values. As a comparison, some typical
data for different glasses were added.42,44–46

Although Poisson’s ratio (m) is a coefficient associated
with the elastic properties at the macroscopic scale, it has
been previously shown30 to be linked to atomic network
connectivity. The values of m typically range from 0.1 (for

FIGURE 3 Overview of the temperature variation over time in
the in situ measurements of the mechanical properties and the time
dependence of the shear modulus during the entire experiment

FIGURE 4 The temperature dependence of E, G and m for two
monotonic heating experiments with a plateau at TgDSC between
them. Full lines over the experimental points for E and G represent
fitting using Equation (7) for T<TgM and Equation (8) for T>TgM. The
full line over the calculated Poisson’s coefficient is used as a guide.
The sample was heated from room temperature to 873 K at 7.2 K/min
and then to 1006 K at 0.9 K/min. The sample was maintained at
1006 K for 48 h to promote nucleation, then heated using a 2.7 K/min
rate until 1173 K. The sample was then held at this temperature for
10 h to promote crystal growth
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a highly polymerized structure, such as silica glass) to 0.4
(for a weakly polymerized structure containing a high per-
centage of nonbridging oxygen).30 Vitreous silica (v-SiO2)
has a highly cross-linked network (Q4 structure) and a
small value of m. The glass studied in this work has a nom-
inal composition that corresponds to 75 mol% cordierite
(2MgO�2Al2O3�5SiO2), and hence the structure of the glass
should consist mostly of Q3 units, which also leads to a
cross-linked structure. These results explain the relatively
low values of m observed. The studied glass possesses the
largest shear modulus value and the third highest Tg among
all the glasses in Table 2; these findings are consistent with
a highly cross-linked structure having a strong atomic bind-
ing energy.

However, the studied glass also exhibits the highest
softening rate below and above Tg (dG/dT� (TgG) and dG/
dT+ (TgG)) and the largest aG.

47 This liquid is therefore
classified as being relatively fragile. One possible explana-
tion is the composition of the crystalline phases acting as
nuclei. As shown in Figure 2A, Mg-spinel, rutile, karooite,
and sillimanite are present in the early stages at 1173 K.
Because these phases are stable at high temperatures and
have a high bonding energy, the residual glassy phase
remaining after the crystallization treatment is expected to
be less refractory than the parent pristine glass. The resid-
ual glassy phase is likely to govern the softening stage and
is responsible for the fragile-like character of the liquid.
The nuclei act as stiff “islands” (crystalline phases having
high values of E and G) that are weakly interconnected by
the residual glassy phase.42

3.3 | Isothermal evolution of elastic
properties

3.3.1 | At the nucleation range

Figure 5 shows the evolution of E, G, and m during the 48-
hour nucleation treatment at 1006 K.

In the first ten hours of annealing at 1006 K, E and G
exhibit monotonic and significant increases, which are
attributed to some degree to the crystallization of karooite.
For longer times, only a slight evolution is observed (less
than a 0.5% increase in E). Nucleation must have a minor

TABLE 2 Elastic properties of the investigated glass and glass-ceramics and glasses of similar compositions

E
(297 K)
(GPa)

G
(297 K)
(GPa)

m
(297 K)

Tg (E)
(K)

Tg (G)
(K)

dE/dT�

(TgE)
(MPa�K�1)

dE/dT+

(TgE)
(MPa�K�1)

dG/dT�

(TgG)
(MPa�K�1)

dG/dT+

(TgG)
(MPa�K�1) aE aG

This study 98.1 41.3 0.187 1035 1041 �12.5 �94.8 �8 �45 1.04 � 0.03 1.18 � 0.02

Alumi. Sil. 1a — — — 933 940 �9.3 �62.6 �4.8 �25.9 0.77 � 0.01 0.81 � 0.01

Alumi. Sil. 2b — — — 939 935 �15.7 �52.4 �6.1 �23.5 0.66 � 0.02 0.73 � 0.02

Alumi. Sil. 3c 84.0 33.5 0.25 968 960 �11.3 �67.3 �5.3 �29.1 0.83 � 0.01 0.90 � 0.01

Alumi. Sil. 4d 87.6 34.8 0.26 1012 1019 �6.7 �53.4 �4.7 �24.7 0.64 � 0.03 0.78 � 0.03

Grossulare 92.1 36.0 0.28 1077 1074 �11.3 �73.8 �4.5 �30.5 0.95 � 0.06 1.00 � 0.07

Anorthitef — — — 1141 1124 �13.9 �43.2 �3.8 �18.1 0.55 � 0.01 0.57 � 0.01

Window
Glass

72.0 29.5 0.22 852 855 �28.8 �70.6 �12.6 �29.7 0.93 � 0.03 0.97 � 0.03

Diopsideg 97.5 38.3 0.27 1218 1276 �32.1 �62.6 �22.7 �14.4 1.00 � 0.04 1.04 � 0.02

aAl/Si=0.29.
bAl/Si=0.36.
cAl/Si=0.35.
dAl/Si=0.5.
eCa3Al2Si3O12.
fCaAl2Si2O8.
gCaMgSi2O6.

FIGURE 5 Young’s modulus (E), shear modulus (G), and
Poisson’s ratio (m) as a function of the annealing time at 1006 K for
the investigated glass composition
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effect on the overall atomic connectivity and packing den-
sity, thus the effect of the nucleation treatment on m is very
limited (if any). As observed in Figure 3, for the initial
stage of nucleation, there is a decrease in G. At 1006 K,
the glass starts to relax, which promotes a decrease in the
mechanical properties. When the crystallized volume frac-
tion increases, it promotes increases in E and G, as indeed
observed.

3.3.2 | Evolution of the elastic moduli during
crystallization

Figure 6 shows the evolution of E, G and m during the
crystallization treatment at 1173 K. The experimental data
could be smoothly fitted using the rule of mixtures for the
effective moduli of the developing glass-ceramic material,
given by Equation (9). The evolution of the crystallized
volume fraction is described by the Johnson-Mehl-Avrami-
Kolmogorov equation. The evolution of the elastic moduli
is given by (Equation 9)48:

MGC ¼ 1� f tð Þð ÞMRG þ 1� expð�Ktnð Þð ÞMC (9)

where MGC is the elastic modulus (E or G) of the glass-
ceramic, MRG is the elastic modulus (E or G) of the

residual glass, taken at t=0 second at 1173 K, and MC is
the elastic modulus of the crystalline phase, taken at
t=10 hour at 1173 K. The variable K is a constant at any
temperature, and n is the Avrami index an integer or half-
integer. Table 3 summarizes the parameters used to fit the
experimental data obtained for E and G, as well as the
obtained values of K and n. The errors of K and n were
estimated using the least-squares method. The value of n
for crystallization from a fixed number of nuclei can be 1
or 0.5 for needlelike crystals, 2 or 1.5 for flat crystals, and
3 or 2.5 for spherical or cubic crystals.49 The values of n
obtained by fitting, 1.11 � 0.02 (fitting of E) and
1.00 � 0.01 (fitting of G), suggest that the majority of the
crystals exhibit a needlelike shape geometry.

Figure 7 shows the evolution of the Poisson ratio during
the crystallization stage at 1173 K.

At the beginning of the crystallization process, the vol-
ume fraction of the nuclei is extremely low, and hence the
volume fraction of the glass matrix is very high. Because
the glass has a more open structure compared to the crys-
tal, the Poisson’s ratio is low in the early stages at 1173 K
and increases as the crystallized fraction increases. As crys-
tallization evolves, the atomic packing density (Cg)
increases, leading to an increase in m.30

The time-dependent elastic curves (Figure 6) show that
the mechanical properties increase only slightly between
10 000 seconds (2 hour and 47 minute) and 15 000 sec-
onds (4 hour and 10 minute) of crystallization treatment.
This increase suggests that there is only a small change in
the crystallized volume fraction over this time interval,
which is confirmed by the X-ray patterns (not shown here)
that show no difference in peak intensity after 10 000 and
15 000 seconds. However, the change is detected by a con-
tinuous increase in Poisson’s ratio, which becomes constant

FIGURE 6 Experimental points for the Young modulus, shear
modulus and the evolution of the crystalline volume fraction, given
by the JMAK equation, at the 10 h crystallization step at 1173 K

TABLE 3 Values of elastic properties (ERG and GRG, Ec and Gc)
used to fit the experimental data of E and G (Figure 7) as well as
obtained values of k and n

ERG (GPa) EC (GPa) K n

82.7 � 0.1 106.4 � 0.1 1 9 10�4 � 1 9 10�5 1.11 � 0.02

GRG (GPa) GC (GPa) K n

40.7 � 0.1 45.5 � 0.1 3 9 10�4 � 2 9 10�5 1.00 � 0.01
FIGURE 7 Poisson’s ratio at the 10 h crystallization step at
1173 K
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only after 15 000 seconds. The slow evolution of the com-
position and the network structure of the residual glassy
phase over the next 3 hour were reflected by the increase
in m up to 15 000 seconds. After this specific crystalliza-
tion cycle, a transparent glass-ceramic containing five crys-
talline phases (karooite, spinel, sillimanite, rutile, and
sapphirine) was obtained.

The obtained glass-ceramics were ballistic tested in a
Brazilian Air Force research facility in S~ao Jos�e dos Cam-
pos, Brazil. The results (to be presented on an incoming
paper) were promising, showing a ballistic resistance simi-
lar to that of a transparent aluminum-oxynitrate (AlON)
and polycrystalline Al2O3.

4 | SUMMARY AND CONCLUSIONS

In this work, we followed the in situ evolution with tem-
perature of crystal phases and three mechanical properties
of a ballistic resistant armor glass-ceramic. The elastic
moduli and Poisson’s ratio were studied as a function of
temperature and time.

The elastic moduli decrease with increasing temperature,
up to 1173 K. The values of the Poisson’s ratio during this
heating cycle indicate a highly linked structure that quickly
softens with increasing temperatures, as indicated by an
a value that is typical of a fragile glass. The isothermal
evolution of the elastic moduli during the nucleation step
at 1006 K shows a more pronounced increase in the values
of E and G during the first 10 hour, as the crystal nuclei
appear. As time progresses, those properties still change,
although at a slower rate. At the crystallization stage at
1173 K, elastic properties evolve faster during the first
2 hours. Crystallization leads to an increase in approxi-
mately 20% in the elastic moduli.

The first crystalline phase formed was karooite
(MgO�2TiO2), which was detected during the nucleation
stage at 1006 K for 2 days. After 31 minute of the subse-
quent heat treatment at 1173 K, four crystalline phases
were identified Mg-spinel, rutile, karooite, and sillimanite.
Sapphirine crystallizes after those four phases, indicating
that karooite might have act as a nucleating agent. After
the above described crystallization cycle, a transparent
glass-ceramic was obtained.
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