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1 | INTRODUCTION

John C. Mauro

Abstract

The sodium aluminosilicate (NAS) glass family is important for many different
industrial applications, but glass relaxation has not yet been thoroughly stud-
ied in this system. Thermal analysis techniques such as differential scanning
calorimetry (DSC) and modulated differential scanning calorimetry (MDSC) can
provide insight into the enthalpy relaxation of glass by measuring the glass tran-
sition temperature (Ty), activation energy, and enthalpy of relaxation. MDSC is
mostly used to study nonoxide and low T}, glasses, and there is much debate about
whether the nonreversing heat flow analysis method is accurate. To the authors’
knowledge, this is the first paper using MDSC to study these NAS compositions,
and one of few papers to report MDSC on high T, oxide glasses. We report on
one set of modulation conditions that obtain a linear response using Lissajous
curves, as well as comparing the activation energy calculated from DSC with the
enthalpy of relaxation obtained from MDSC. Our results show that the activation
energy and enthalpy of relaxation do not give the same compositional minimum
in relaxation, and therefore more work is needed to investigate the validity of the
nonreversing heat flow approach for high T, oxide glasses.
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sition region and is an inherent property of all glasses due
to their nonequilibrium nature. At room temperature, the

One of the most important glass compositions for indus-
trial applications is the sodium aluminosilicate (Na,O-
Al,05-Si0,) or NAS family, which after undergoing an
ion exchange treatment, are used as protective coverings
for screens and windshields."> During both the annealing
heat treatment and ion exchange process, the glass under-
goes some amount of relaxation toward the supercooled
liquid state.® This relaxation is the subsequent lifting of
constraints frozen in during cooling through the glass tran-

relaxation phenomenon appears to be frozen to an outside
observer over short time scales.*

Relaxation impacts all glasses and is important for
industrial applications. At higher temperatures, such as
during a heat treatment for fabrication, or over a very long
time scale, measurable relaxation can be observed.’ It is
also spontaneous and can involve viscous flow, causing
aging of glasses andthus changing the structure and prop-
erties. Many compositions used in industrial glass families
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contain multiple network forming oxides (SiO,, Al,Os3,
B,03, P,0s, etc.); therefore, knowing the structural role of
each network former and modifier is key to understanding
relaxation across different glass families."'* Relaxation
also impacts many properties of glasses and is a fundamen-
tal behavior of both glasses and polymers. Stress relaxation
can compromise the strength of ion-exchanged glass and
limits the ion exchange temperature, which in effect
keeps the ion exchange process monetarily and temporally
costly.'"'? Structural relaxation impacts a large range of
glass properties, including the interdiffusion rate of ions.*®
Volume relaxation results in compaction, causing pixel
misalignment during manufacturing of substrate panels
for liquid crystal displays.’ Rayleigh scattering, the prin-
ciple used in glass optical fibers, is a function of thermal
history and the relaxation of density fluctuations.*"

One of the reasons that relaxation has not been thor-
oughly investigated in NAS (Na,0-Al,05-SiO,) glasses
is because their structure is still being investigated.'* 2
The role of Al in the glass network is currently debated
and seems to depend on the ratio of Al to Na (referred
to in the literature as R = [Al,03]/[Na,O] mol/mol). In
the 1960s, NAS glasses were found to exhibit anoma-
lous/unexpected behavior of density, refractive index, and
viscosity as a function of alumina to modifier content.?
This increase in viscosity was observed with a maximum
at the ratio of R = 1. Different percentages of SiO, also
exhibited a shift in the viscosity maximum at R = 1.**
For alkali and alkaline earth aluminosilicate glasses, when
R <1 (R = [AL,05]/[M], where M is modifier oxide such
as Na,O or CaO), modifiers such as Na or Ca ideally
charge balance all the negatively charged (AlOy/,)~ tetra-
hedra. Any excess modifier creates nonbridging oxygens
(NBOs) on SiO, tetrahedra, leading to a decrease in the net-
work conductivity: this is referred to as the metaluminous
region. R = 1 is called the subaluminous, or tectosili-
cate join, and as R approaches 1, all modifier cations
become associated with Al tetrahedra for charge balanc-
ing, which should result in a fully connected network with
no NBOs.*? R > 1 is the peraluminous region, where alu-
mina content exceeds the amount of modifier in the system
and requires a mechanism for charge balancing the Al-
centered tetrahedra because not enough modifier exists.
The structural dispute arises from this charge balancing
mechanism above R = 1. There is much discussion in the
literature about whether the charge balancing takes place
via five- or six-coordinated Al, three-coordinated oxygen
(also called triclusters), or a mixture of each.!6:18:21,22:26

Currently, relaxation is being studied in a variety of
glass families, particularly calcium aluminosilicates,?’ >
sodium aluminoborosilicates,® and chalcogenide
systems,”'**! but less work has been devoted to the
NAS family and the atomic scale origin of relaxation
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remains mostly unknown.!” Relaxation is challenging
to study because different types of relaxation occur on
distinct time scales.® Additionally, primary relaxation
mechanisms may vary under different temperature
regimes.’ An added challenge is that in NAS glasses, the
role of AI** and Na*' in the structure and its effect on
relaxation have not been thoroughly examined.

While differential scanning calorimetry (DSC) has many
uses in glass science and beyond, there are several lim-
itations. Specifically, a standard DSC scan signal of the
glass transition region is a convolution of multiple dynamic
processes. These signals include both a kinetic and ther-
modynamic contribution to the heat capacity. This is due to
dynamic heterogeneities, which are characteristic of super-
cooled glass-forming liquids, leading to the complex nature
of the temperature dependence of the heat capacity as a
function of thermal history.*>*> Temperature-modulated
differential scanning calorimetry (MDSC or TMDSC) is
the next step and can overcome the limitations of stan-
dard DSC. Instead of using a linear heating rate like with
DSC, MDSC uses a sinusoidally modulated heating rate,
where the heat capacity is measured via applying a small
sinusoidal temperature oscillation while the sample is held
isothermally. The temperature profile of MDSC is

T(t)=Ty+ qt + A, sin (wt)

where T, is the initial temperature, q is the heating rate,
t is the time, and A; and w are the amplitude and angu-
lar frequency of the sinusoidal oscillations, respectively.
Differentiating the above equation leads to the modulated
heating rate

%—1; =q+ A;wcos(wt).

The first direct measurement of relaxation behavior
using the complex heat capacity was performed on amor-
phous selenium by Gobrecht et al. in 1971. They used a
modified Perkin-Elmer DSC where the temperature was
periodically varied using a generator.>® Then in 1985 Birge
and Nagel measured frequency dependence through the
glass transition by using a sinusoidal heat flux, which they
called specific heat spectroscopy.’” They showed how both
the imaginary and real parts of the heat capacity of glyc-
erol change as a function of temperature and frequency
and this idea has been expanded both commercially and
to more glass families. It was not until the 1990s that this
technique was commercialized with the help from Read-
ing et al.*** MDSC has been used to study a variety of
glass families, particularly glassy selenium,”*® As-Se,**#
Ge-Se, 3404 Ge-As-Se,* Ge-Te-In-Ag,** sodium and
potassium  silicates,* sodium germanates,*® tellurium
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vanadates,*’ lithium borates,*® sodium phosphates,*’ and
most recently calcium aluminosilicates.?>%°

There are two ways to analyze MDSC data to gain insight
into relaxation. The first, which is the one demonstrated
in this paper, uses the nonreversing heat flow directly
measured by the instrument.’>3#* This is a less math-
ematically rigorous method than the second technique,
which is to analyze the complex heat capacity, and as such
the nonreversing heat flow method is contentious.*?>!
The nonreversing heat flow method has been used to study
a variety of glass families, especially the chalcogenides and
borate containing oxides.”"#%-48:5%57 Much of this work
has been spearheaded by Boolchand and colleagues and
focuses on tying topological constraint theory (TCT) to
a minimum in enthalpy relaxation. Boolchand expanded
upon the initial TCT by suggesting that isostatic configu-
rations have a defined width and that there is a range of
topologically optimized compositions.*#>5%-60 This range
is called an intermediate phase and is attributed to a self-
organization of the glassy network, where it attempts to
achieve an isostatic condition, even if there are short- or
intermediate-range defects.’®%%> One way to detect an
intermediate phase is via reversibility windows in MDSC,
which are minima in the nonreversing enthalpy.*:1->8-61
Complex heat capacity results for these glasses will be
published in a future paper, and authors point to the
subsequent references*>**** for more information.

This paper reports glass transition temperatures and
densities and investigates enthalpy relaxation in a wide
compositional range of NAS glasses by DSC and MDSC.
In particular, the glass transition temperatures and activa-
tion energy of enthalpy relaxation when calculated from
DSC and the nonreversing heat flow method of MDSC are
compared. The nonreversing heat flow method is studied
here for multiple reasons; first, this method has not been
widely used on sodium aluminosilicate glasses or high T,
oxide glasses. Second, this method still needs to be studied
to determine whether it is a valid analysis technique, and
third, is the default analysis method used by the TA SDT
650, which was used for these experiments. Expanding our
fundamental understanding of relaxation will allow for
predicting and designing glasses with a minimum in relax-
ation, mitigating undesirable changes to structure and
creating glasses with improved properties.

2 | MATERIALS AND METHODS

2.1 | Glass preparation

Compositions were chosen after consulting the phase dia-
gram of the Na,0-Al,0;-SiO, system and looking for an
area centered around a eutectic for a low enough liquidus
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temperature to avoid crystallization.!! The compositions
were synthesized using the appropriate batch materials
(Si0,, Al,03, and Na,CO3) with purities of >99%. Batch
materials were combined in Nalgene bottles and shaken for
>5 min for mixing. The compositions were designed with
61 mol% SiO, with varying amounts of Na,O and Al,O3,
including one composition with no Al,O3 (a sodium sili-
cate glass). Having a range of Al, O3 concentrations allows
for investigation into the interplay between Al and Na
across the compositional space from R = 0 to 1.42, as seen
in Figure 1.

Samples were melted at 1600-1700°C for 2 h in
90Pt/10Rh crucibles; all samples were melted at least twice
to ensure homogeneity and similar thermal histories. Sam-
ples with larger amounts of Al,O; were melted three
to four times to overcome the increase in viscosity. For
low concentrations of Al,03;, samples were poured onto
a stainless-steel plate and air quenched, while for higher
Al,O; content, samples were water quenched while still
in the crucible and then removed. All compositions were
powdered and used for inductively coupled plasma emis-
sion spectrometry (ICP-AES), powder x-ray diffraction
(XRD), and thermal analysis.

2.2 | Characterization methods

NAS glass compositions were validated using ICP-AES;
samples were crushed to around 100 mesh (~150 pm) using
a standing ceramic pulverizer and analyzed on a Thermo
iCAP 7400 ICP spectrometer, using the lithium metaborate
dissolution method and rock standards for calibration.®
All NAS glasses were also analyzed via powder XRD to
confirm noncrystallinity, and a selection of compositions
(R=.09, R = .38 R=.63 R =105 and R = 1.42) is
shown in Figure 3. Samples were again powderized to
around 100 mesh and were placed on a Bragg-Brentano
HD flat sample stage. XRD was measured using a PANa-
lytical Empyrean system with a Cu-Ka x-ray source, from
5° to 60°. Density measurements were done three times
on three different samples in water using the Archimedes
method via a Mettler Toledo balance.* Three different mea-
surements were averaged and used to calculate error, and
the average densities are reported in Table 2.

Differential scanning calorimetry (DSC) involves heat-
ing an empty reference pan and a sample pan in con-
junction and monitoring the heat flow of both as a
function of time and temperature. The calorimeter mea-
sures the heat absorbed or released by the sample when
it undergoes a specific temperature path. As chemical
reactions and physical transitions take place, there is an
associated exothermic or endothermic reaction of heat,
which creates the heat flow signal measured by the DSC.
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Ternary phase diagram of the sodium aluminosilicate system. Stars indicate the glass compositions synthesized and studied

in this paper. Phase diagram modified from Osborn E F, Muan A. “System Na,0-Al,05-SiO,; Composite.” Revised and redrawn, “Phase

equilibrium diagrams of oxide systems,” Plate 4.

All DSC data for the NAS glasses were measured on a
TA instrument SDT Discovery 650 at 10°C/min, 20°C/min,
40°C/min, and 60°C/min from 150°C up to 1000°C
depending on the glass composition. All samples were
powdered and added to alumina sample pans with lids,
and sample masses ranged from 20 to 40 mg. The stan-
dard SDT 650 calibrations were performed for all heating
rates and include a weight calibration, differential thermal
analysis (DTA) calibration with empty beams (no refer-
ence pan and no sample pan), temperature calibrations
and verifications using indium, zinc, and silver standards,
cell constant calibration with an indium standard, and heat
flow calibrations first using an empty reference and sam-
ple pan and then adding a sapphire standard against the
empty reference pan. The glass transition temperature (T})
was determined by two different methods: the midpoint
method used by the TRIOS software and via a geometric
representation of DSC data using a python package called
TransitionPy. The midpoint method involves finding the
onset and end of the glass transition using tangents, where
the midpoint or T, is determined from the inflection. This
technique is part of the TRIOS software and is similar to
ASTM EI1356—08.°* The geometric analysis method uses
a statistical fitting with high-order polynomial smoothing

RIGHTS L1 N Hig

and peak fitting for precise determination of the onset,
inflection, and end temperatures of the glass transition.
This is done by analyzing both the first and second deriva-
tives of the DSC curve; the first derivative to determine
T, from the inflection point, and second derivative to
determine the onset glass transition temperature.®

For modulated differential scanning calorimetry
(MDSC), the first challenge is picking the appropriate
experimental parameters. First, a nonreversing heat
flow calibration is run for the desired heating rate and
involves heating an empty reference pan against a sap-
phire standard at the desired modulation conditions.
The user will need to specify a heating rate, oscillation
frequency or period, and the temperature amplitude of the
oscillation. These choices depend on the equipment and
the composition of the glass. The modulation conditions
strongly depend on the thermal history and fragility of
the glass-forming system in question.?®32% To confirm
the modulation conditions are accurate and linearity is
preserved, Lissajous curves, which plot the modulated
heat flow versus the modulated heating rate, are used.
Ideally, the Lissajous curve appears as a diagonal oval
shape.*>%” Figure 2 shows a selection of Lissajous curves
from the MDSC measurements reported here, where
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A selection of linear Lissajous curves from the studied sodium aluminosilicate (NAS) compositions, specifically for (A)

R=.38,(B)R=.9,and (C) R = 1.42, and (D) is an example of a nonlinear response from composition R = 0. Modulation conditions: 5°C/min

heating rate, 2°C amplitude, and 120-s period.

the shape is diagonal and the pattern is approximately
retraceable, but not completely due to the lower sensitivity
of this instrument when compared to traditional MDSCs.
All MDSC measurements reported here were done on
a TA instrument SDT Discovery 650 with the following
parameters: 5°C/min heating rate, a 2°C amplitude, and
a 120-second period. These compositions allow for at
least four oscillations during the glass transition and an
example can be seen in Figure S1. Figure 2D shows an
example of a nonlinear response. A parametric study of
different heating rates, amplitudes, and periods is planned
to determine if there are modulation conditions that
better preserve linearity, similar to the parametric study
by Bechgaard et al.”® Since this is a wide range of com-
positions present, there may also be different modulation
conditions that are suitable for different compositions. To
the authors’ knowledge, this is the first MDSC study of
these sodium aluminosilicate glass compositions, so there
are no other modulation conditions to compare with.

3 | RESULTS AND DISCUSSION

31 | ICPand XRD

Table 1 shows the theoretical composition calculated from
the stoichiometry and used for batching, measured com-
positions are those obtained from ICP, and the R values
are calculated from the theoretical and measured com-
positions. Powder XRD results in Figure 3 showed small
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FIGURE 3 X-ray diffraction (XRD) scans for a subset of the

sodium aluminosilicate (NAS) compositions. From the bottom up
the compositions are R = .09, R = .38, R = .63, R = 1.05, and the
topmost curve is R = 1.42. Scans have been stacked vertically for
easier comparison.

peaks in the amorphous hump of the compositions with
high Na,O content and little to no Al,O3 (R values of 0-
.22), indicative of some recrystallization potentially due
to the hygroscopic nature of high Na,O content glasses.®®
These results were used to inform which samples to keep
in a desiccator under vacuum, especially those that were
powdered for ICP and DSC/MDSC analysis.

:sdyy) suonipuo) pue Swa L, ayy 3 “[$70z/01/3¢] uo Areiqr aunuQ KA “‘AsIaAlun eig eruealdsuuad £q 88991 Sefi/[ 111°01/10p/wod" Ka[1mATRIqUauI[uo’soIuIRIad)/:sdny woyy papeo[umod ‘0 “b6Z1 1407

SULIO) /W0 K1

QSULIIT suowo)) dAneaI) o[qedrjdde ayy £q pauraroS aie sa[o1e YO o8N Jo sani Joj A1eiqi] auljuQ) Kd[IA\ Uo (SuonIp


https://ceramics.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fijag.16688&mode=

NNNNNNNNNNNNNNNNNNNN

s | Applied Glass

HAUKE and MAURO

SCIENCE
TABLE 1
corresponding R ratios.

Theoretical composition
(mol%)

0Al,0,-39.2Na,0-61Si0,
3Al1,0,-36.2Na,0-61Si0,
6Al,0,-33.2Na,0-61Si0,
8.5A1,0,-30.5Na,0-61Si0,
10A1,0,-29Na,0-61Si0,
13A1,0,-26Na,0-61Si0,
15A1,0,-24Na,0-61Si0,
18A1,0,-21Na,0-61Si0,
19.5A1,0;-19.5Na,0-61Si0,
21A1,0,-18Na,0-61Si0,
23A1,0,-16Na,0-61Si0,

Measured composition
(mol%)

0Al,0,-38.2Na,0-61.8Si0,
3.3A1,0,-35.3Na,0-61.4Si0,
7A1,0;-32.3Na,0-60.7Si0,
8.4A1,0,-30.4Na,0-61.2Si0,
10.9A1,0,-28.4Na,0-60.8Si0,
13.4A1,0;-25.9Na,0-60.7Si0,
15.1A1,0,-24Na, 0-60.9Si0,
18.6A1,05-20.7Na,0-60.7Si0,
20.4A1,0,-19.5Na,0-60Si0,
21.7A1,0,-18.4Na,0-59.95i0,
23.4A1,0,-16.5Na,0-60.2Si0,

Theoretical compositions and measured compositions for all sodium aluminosilicate glasses in this study with their

Theoretical Measured
R = [AL,0;]/[Na,0] R = [AL,0;]/[Na,0]
.00 .00
.08 .09
18 22
.28 .28
34 .38
.50 .52
.63 .63
.86 .90
1.00 1.05
1.17 1.18
1.44 1.42

Theoretical compositions are calculated according to mol% during batching and measured compositions are those calculated from inductively coupled plasma

(ICP).

TABLE 2
temperature (T,) from differential scanning calorimetry (DSC) for
all glass compositions.

Density measurements and glass transition

R =[AL,0;]/ T, (°C) Density
[SiO,] from DSC (g/cm?)
.00 460.25 2.463
.09 487 2.442
22 521.5 2.422
.28 532.75 2.497
.38 560.5 2.408
.52 598.25 2.420
.63 628.75 2.404
.90 735 2.454
1.05 833.75 2.441
1.18 825.5 2.442
1.42 826.25 2.443

Density measurements are averaged from three runs. T, measurements are
averaged from three runs at 10°C/min using both the midpoint method via
the TA Trios software and TransitionPy.

3.2 | DSC

Glass transition temperatures (Tg8) are given in Table 2
and shown in Figure 6, all taken at 10°C/min with the
thermal history previously erased. T, were obtained from
both the TA midpoint method®* and the geometric analy-
sis method® and were averaged together. T,s increase with
increasing R ratio until reaching a plateau at and above
R =1, this suggests that the addition of Al,0Os5 is increasing
the number of constraints in the structure, or that there are
fewer atomic degrees of freedom. This occurs until R =1,
where Ty, flattens out due to the long-range connectivity
of the glass being achieved. TCT of NAS glasses suggests
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FIGURE 4 Activation energy calculated from four different
heating rates (10, 20, 40, 60°C/min) using the geometric analysis
method.

this occurs around R =1 as the number of NBOs reaches
zero, bridging oxygens (BOs) reach a maximum and then
decrease, and oxygen triclusters (TOs) increase.®

The activation energy (E,) for enthalpy relaxation
is calculated from multiple heating rates (10, 20, 40,
60°C/min) using a geometric analysis, expanded upon
in the Supporting Information section, and is shown
in Figure 4.% The activation energy from DSC shows
there is a minimum in the relaxation, or a reversibility
window, between R = .2 and .4, with the activation energy
increasing until about R = .9. After R = .9, the activation
energy stabilizes but increases again slightly after R = 1.4.
A future goal is to experiment with more ways to calculate
the activation energy to see if this trend is consistent
across various techniques.
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FIGURE 5  Example reversing heat flow curves from the FIGURE 6 Average Tgys from differential scanning calorimetry

R =1.42 composition. The blue curve is the first heating, the green
curve is the cooling, and the red curve is the second heating.
Modulation conditions: 5°C/min heating rate, 2°C amplitude, and
120-s period.
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While all the modulation conditions were the same for
each experiment, the temperature range across composi-
tions is different due to trying to preserve linearity and
staying within the glass transition region. For these exper-
iments, the range is chosen to be about 100°C below and
about 100°C above T,. The reversing heat flow signals can
be another way to determine the T, of a glass by defin-
ing the inflection point of the step in the signal.** This can
be done for both the heating and cooling curves. Figure 5
shows an example of the reversing heat flow signal and
the midpoint method for determining T, from one NAS
composition (R = .22). The average Tys from DSC and
MDSC are plotted in Figure 6. The MDSC data are aver-
aged from Tgs taken from the two heating scans and the
cooling scan. Measuring T, from MDSC is considered more
accurate than DSC because there is no overlapping signal
from the enthalpy relaxation and may be similar to the T,
determined from DSC on the cooling scan.

The enthalpy of relaxation or nonreversing enthalpy
(4H,,) is calculated by integrating the area under the
peak seen in the nonreversing heat flow.’>*%-%° Because
the reversing heat flow signal tends to slightly shift at
different modulation frequencies and due to the nonre-
versing heat flow being the difference between the total
heat flow and the reversing heat flow signals, a frequency
correction is needed to compensate for an overestimation
of AH,,..3>*%70 This overestimate can be obtained from a
cooling cycle and then subtracting it from the first heat-
ing cycle, in this case by subtracting the area under the
curve of the green cooling scan from the red second heat-
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(DSC) and modulated differential scanning calorimetry (MDSC).
MDSC data were averaged for the two heating and the one cooling
cycles.

Enthalpy (normalized): 4.28 J/g
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FIGURE 7 Example of the nonreversing heat flow curves from

the R = .52 composition. The blue curve is the first heating, the
green curve is the cooling, and the red curve is the second heating.
The areas under the curves are used to determine the enthalpy of
relaxation (4H,,). Modulation conditions: 5°C/min heating rate,
2°C amplitude, and 120-s period.

ing scan. Another way to estimate the frequency correction
is to have an additional (second) heating cycle and take
the difference between AH,,, of the two heating cycles. The
idea here is that the second heating records the enthalpy
of relaxation of a sample in which the aging time clock
has been reset to zero.*’ This technique is more useful to
determine the difference in enthalpy relaxation on aging
and thus would be beneficial when using samples that have
undergone long annealing or aging times. Figure 7 shows
an example of the heating-cooling-heating nonreversing
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for both plots are the differences between the heating cycles and the blue lines are the frequency correction on cooling subtracted from the
second heating scan. (A) Nonreversing heat flow as measured by the instrument in mW. (B) Nonreversing heat flow as measured by the

instrument when normalized (W/g).

heat flow with the area under the curve analysis from one
glass composition (R = .52).

Figure 8 shows the enthalpy of relaxation for these NAS
compositions and compares the results from two different
versions of the nonreversing heat flow signal. Figure 8A
is the enthalpy of relaxation calculated from the nonre-
versing heat flow signal in mW, while Figure 8B is the
nonreversing heat flow signal normalized in W/g. The
area under the curve analysis for each composition was
repeated three times to understand the user error that
is involved in these measurements, which is especially
important as these data are rarely reported with error bars.
Each plot shows the enthalpy of relaxation calculated both
from the differences in the heating scans and with the
thermal histories of the samples erased (second heating)
and a frequency correction applied on cooling. Neither of
these methods or signals shows a similar minimum found
in the activation energy in Figure 4. The overall trends
are the same when comparing the mW data versus the
normalized (W/g) data, but the two different methods for
calculating the enthalpy of relaxation are quite different.
The frequency correction method using the second heating
does not show a consistent minimum over multiple com-
positions, while the differences between heating show a
potential minimum between R = .6 and 1.0. As mentioned
above, the enthalpy of relaxation from this nonreversing
heat flow technique has not matched the reversibility win-
dows found from activation energy data. This technique is
also not well standardized, and error is rarely reported for
the enthalpy of relaxation. More work is needed to study
this technique on oxide glasses, especially those with high
Tgs.
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4 | CONCLUSIONS

This study measured activation energy and enthalpy of
relaxation for a wide range of sodium aluminosilicate com-
positions with R = [Al,03]/[Na,0] values ranging from
0 to 1.42. XRD plots, ICP measurements, density values,
and T, from DSC were reported for each composition. Tra-
ditional DSC scans were used to calculate the activation
energy and relaxation time. This is the first study using the
TA SDT 650 for MDSC on NAS glasses, and it was found
that the modulation conditions of 5°C/min heating rate,
a 2°C amplitude, and a 120-s period allowed the system
to keep a linear response, as seen in the Lissajous curves.
The reversing heat flow was analyzed to provide a more
accurate Tg measurement, while the nonreversing heat
flow was used to calculate the enthalpy of relaxation. The
enthalpy of relaxation analysis was performed three times,
allowing for a better idea of the user error involved in
this type of measurement, which is not normally reported
in the literature. Our results showed that the reversibility
windows between the activation energy and enthalpy of
relaxation did not match to the same compositions. Both
points demonstrate that additional work needs to be done
to determine whether the nonreversing heat flow method
is useful for high T, oxide glasses and to standardize the
process for finding the areas under the curves and report.
Future work in this area will include a parametric study
of MDSC conditions for these sodium aluminosilicate
glasses, comparing MDSC results between two different
instruments (TA SDT 650 and Netzsch Jupiter STA), and
completing the complex heat capacity MDSC analysis for
more insights into the relaxation behavior of these glasses.
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