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Abstract

Viscosity and structural relaxation were studied by thermomechanical analysis for six
Al,O;-doped BaO-P,0s glasses. The low-temperature viscosity data (10° - 10! Pa-s) were
described and modeled by the VVogel-Fulcher-Tammann, Avramov-Milchev and Mauro-Yue-
Ellison-Gupta-Allan equations. Temperature dependence of the activation energy of viscous
flow was determined from the tangent of the extrapolated (in terms of the three viscosity
equations) viscosity-temperature data-curves. Values of the activation energy of viscous flow
were compared to the activation energies of volume relaxation determined from the exact
physico-chemical description of the cyclic thermomechanical measurements performed over
the glass transition region. In addition, differential scanning calorimetry was used to
determine the activation energies of enthalpy relaxation. Good correspondence between the
relaxation and viscosity activation energies was found in the respective temperature ranges.
Good agreement was also confirmed for the viscosity and enthalpy fragilities, as well as for

the indicator of the thermodynamic fragility.
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1. Introduction

Kinetics of the glass transition phenomenon has been explored, described and
reviewed for several decades now. [1-10] Despite the massive effort, the present models still
have their shortcomings and no general consensus has been reached over the physical
interpretation of the phenomenology. For example, nowadays, the probably most famous and
most often utilized model for description of structural relaxation kinetics is still the four-
parameter phenomenological Tool-Narayanaswamy-Moynihan model (TNM) [11-13]
developed in 1946. This model has certain flaws [14] that were still not fully addressed, but
the procedural routines for its usage are well developed (see e.g. [15-17] for some recent
advancements on this field) and even attempts towards the physico-chemical interpretation of
the TNM parameters were made [18-20].

Majority of scientific reports dealing with the glass transition kinetics focus on the
activation energy of this process. [21-30] It is-indeed the most important parameter, as it
determines the position of the glass transition phenomenon with respect to the temperature
axis and describes its shift/evolution with experimental conditions (temperature T, heating or
cooling rate q* / ", applied stress, etc.). One of the other proposed meanings of the activation
energy of structural relaxation is its similarity with the activation energy of viscous flow in
the corresponding temperature region [31, 32] — the idea is based on the concept of the
structural relaxation movements being mechanistically (on the atomic level) similar to the
structural changes associated with the flow of the matter. Conformity of these two processes
has been recently reported for the case of selenium glassy matrix [33]. However, papers
dealing with this question are still very rare, despite the fact that the potential confirmation of
this correlation for various groups of amorphous materials would result in a significantly
increased efficiency of the high-viscosity measurements and it would also greatly contribute

to understanding of the nature of the structural relaxation movements.
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The present paper will be focused at the comparison of the activation energies
obtained for enthalpic and volume structural relaxations and viscous flow for the family of
BaO-P,0s-Al,03 glasses. The barium phosphate glassy materials have numerous applications,
including e.g. fiber amplifiers in the 1.55 telecommunication window [34], Faraday-effect-
based optical current sensors [35], production of athermal glassy components [36] and optical
filters [37], or radiation shielding materials [38]. Addition of low amount of Al,O3 in the
phosphate glass matrix then provides increased chemical stability of the glass. [39]
Considering the wide range of potential new applications for the barium phosphate glasses
with increased chemical resistance, the possibility to predict their workability (dictated by the
viscous behavior) and long-term stability (determined by the structural relaxation processes)

will be of crucial importance.

2. Experimental

A compositional series of Al,O3-doped barium phosphate glasses was prepared by the
standard melt-quench approach. The glasses were prepared from analytical grade ammonium
dihydrogen phosphate (NH4;H,PO,) and barium carbonate (BaCOs3) (listed in Table 1). [53]
Final composition of the Al,O3-doped barium phosphate glasses was determined by X-ray
fluorescence elemental analysis (XRF), using the S8 Tiger spectrometer (Bruker) — see
Table 1. Structure of the prepared glass batches was characterized by using the Renishaw
inVia Reflex Raman spectrometer with a Leica DM2500 microscope; a semiconductor
(A =532 nm) laser with ~ 28.5 mW power was used as an excitation source. Amorphous
character of the prepared glass batches was verified by using the X-ray diffractometer (XRD)
Panalytical Empyrean DY 1098 (CuKa radiation in the 6-260 arrangement).

Viscosity and volume relaxation measurements were performed, using the

thermomechanical analyzer TMA 402 (Netzsch), on prismatic samples cut (via low-speed
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diamond-wheel saw) from the originally prepared glass batches. Approximate sample
dimensions were 5x5x20 mm with the masses ranging in-between 16 — 20 g. Both types of
measurements were performed based on the axial deformation of the prismatic sample under
constant load of 50 mN. The viscosity measurements were performed isothermally, at
temperatures covering the viscosity range of approx. 10’- 10 Pa-s. Volume relaxation
measurements were realized based on a non-isothermal cyclical temperature program with
alternating cooling and heating steps performed over the T region (heating rates q* were
always the same as was the rate of the preceding cooling g, i.e. 5 °C-min™). The temperature
ranges for the TMA cyclic experiments are for all studied glass batches listed in Table 2.

The enthalpy relaxation measurements were realized by using the heat-flow
differential scanning calorimeter DSC Q2000 (TA Instruments). The instrument was
calibrated using In, and Zn; dry N, was used as purge gas at a flow rate of 50 ¢cm®-min™. The
sample masses were approximately 8 - 10 mg. Cyclic temperature program based on the
concept of the constant ratio (CR) cycles [40] was used, where the sample was cyclically
cooled and heated through the glass transition region and the heating rates q* were always the
same as was the rate of the preceding cooling q". The temperature ranges for the DSC cyclic

experiments are for all studied glass batches listed in Table 2.

3. Results

Amorphous character of the six prepared glassy batches was confirmed by XRD,
where none of the diffraction patterns showed distinct diffraction lines, only typical very
weak amorphous halos could be recognized (the XRD patterns are included in the
Supplementary online material). Structure of the prepared glasses was investigated by means
of Raman spectroscopy — see Fig. 1 for the obtained Raman spectra. Assignment of the

Raman bands can be done as follows: the spectral region 250 — 560 cm™ includes bands
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corresponding to internal vibrations such as deformation vibrations of phosphate chains and
PO; deformation vibrations of pyrophosphate segments [41], 680 cm™ corresponds to
symmetrical stretching vibration of bridging oxygen atoms in Q7 units [42], 1012 cm™
corresponds to symmetrical stretching vibration of non-bridging oxygen atoms in Q' units
terminating the metaphosphate chains [42,43], 1161 cm™ corresponds to symmetrical
stretching vibration of non-bridging oxygen atoms in Q? units [41,43,44], 1250 - 1300 cm™
corresponds to asymmetric stretching vibration of the two non-bridging oxygen atoms bonded
to phosphorus atom [45,46]. Compositional evolution of the above-mentioned bands
intensities is in a good correspondence with the elemental analysis provided by XRF (see
Table 1).

Viscosity behavior was studied based on the measurements of the axial deformation of

the prismatic sample under constant load:
FI
- 35(dl/dt) )

where F is the applied loading force, | stands for the height of sample, S stands for the sample

7

cross-section (in the direction of applied force), and dl/dt is the deformation rate. The
temperature dependences of viscosities determined for the six BaO-P,0s-Al,0O3 glasses at
arbitrarily selected temperatures are shown in Fig. 2. Positions of the particular n-T
dependences very well correspond to the compositional changes within the two sub-series of
prepared glasses (as presented in Table 1). Glasses Nos. 4 — 6 have rather high (and similar)
Al,O3 content, which results in large increase of viscosity (and the corresponding shift of the
measured n-T dependences to higher temperatures) — the tetrahedral Al ions cross-link with
the neighboring phosphor chains by the formation of AIPO, species that strengthen the glass
network [47]. Also the addition of the modifier oxide BaO leads to a significant increase of
the glass matrix interconnectivity, as it forms a polyhedron, being surrounded by two Q? and

several Q* PO, tetrahedrons [47]. Considering the second sub-series composed of the glasses
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Nos. 1 — 3 (with low, varying amount of Al,O3 being added), it is apparent that the increase of
the isoviscous temperature associated with the addition of Al,O3; is more than tenfold
compared to the contribution of BaO (compared mole-to-mole based on the XRF-determined
compositions listed in Table 1).

Apart from the determination of viscosity, the TMA technique was also used to
perform the non-isothermal cyclic volume relaxation measurements. Since the upper
temperature limit was set at values above the softening point, simultaneous modeling of the
structural relaxation, thermal expansion/contraction and viscous flow had to be done.
Accounting for the contributions of all three processes, the sample strain ¢ (relative sample

length change) can be defined as:

I —1 T, Tt 2 T, T, t, o
ngz%':ang+T;[lAade— 1+%[ang+T;[1Aade {Wdt )

where oy and o, are the thermal expansion coefficients of glass and undercooled liquid/melt,
Ao is defined as Ao = om- og, T IS temperature, t is time, Ts is the Tool’s [11] fictive
temperature defined as the temperature at which the undercooled liquid would have the same
structure as is that of the relaxing glass, o is the axial stress and ) is viscosity. Evolution of

the fictive temperature with time can be expressed as:

URORETES VEGRED) ®

M(&)=exp(-&”) (4)
£(t)= I% . i%.)dt' ©)

where M is the Kohlrausch-Williams-Watts [48,49] relaxation function, & is the dimensionless

relaxation time, B is the non-exponentiality relaxation parameter and K is the shear modulus.
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In the present work, the relaxation model used to quantify & in dependence on T and Ty was

the Tool-Narayanaswamy-Mazurin (TNMa) [50] expressed by Eqg. 6:

B T, T,
logn\T,T, )=| A —+lo 1-— 6
gn(T.T,) ( +T_TOJT+ 9770( Tj (6)

where A, B and Ty are the coefficients of the Andrade viscosity equation [51] and no is the
limit dynamic viscosity.

The experimental TMA (volume) relaxation data described by the set of Egs. 2 — 7 are
shown in Fig. 3. The non-linear regression analysis was performed by the self-made non-
commercial software written in Fortran [52, 53] — the resulting values of the relaxation
parameters are listed in Table 3. Very good agreement between the experimental data and
theoretical TNMa description was achieved, as is demonstrated by the Fisher’s F-statistics
and standard deviation of approximation s, listed in Table 3. Since the present paper is
primarily focused on the values of activation energies, we have correlated the E from
Table 3 with the information on the glass compositions from Table 1. A very reasonable
correlation coefficient (defined via Eq. 7) of r = 0.85 was obtained for the correlation between
Er and the BaO content (the correlation coefficient increased to r = 0.93 when omitting the
data for the glass No. 6). Hence, contrary to the isoviscous temperatures, the activation energy
determined by non-linear optimization from the non-isothermal cyclic TMA measurements
appears to be driven mostly by the BaO-P,0Os interaction, with the Al,O3 doping playing only
minor role.

D X (5 ) ™
=X y-y)

The activation energy of the structural relaxation processes in the six prepared BaO-

P,0s5-Al,03 glasses was also determined from the DSC non-isothermal cyclic experiments

based on the CR cycles concept [40]. Typical example of the DSC CR cycles is (for the glass
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No. 1) shown in Fig. 4A. Compared to the description of the TMA relaxation cycles (Eqgs. 2 —
7), explicit formulation of the heat flow temperature dependence during the DSC experiment
is much more complicated due to the three-dimensional problem of heat transfer and heat
losses, coupled with the difficult-to-define thermal gradients within the sample and the DSC
cell. For this reason, usually only the pure relaxation signal (heat capacity normalized
according Eq. 8) is being modeled by the TNMo phenomenology (combination of Egs. 3, 4, 5

and 9) as described e.g. in [15].

C;;ed — de — Cp(T)_Cpg(T) (8)
dT  C,(T)-C,,(T)
. Ah” Ah”
log (T, T, )= A+x ot (1) = ©)

where C,™

is the normalized heat capacity, C, is the experimentally determined heat
capacity, and C, and Cpq are the extrapolated heat capacities. in the undercooled liquid and
glassy states, respectively. In Eq. 9 the quantity A’ is the TNMo pre-exponential factor, X is
the non-linearity parameter and Ah™ is the apparent activation energy of enthalpic relaxation.
Nevertheless, if one is interested only in the apparent activation energy Ah’, the recently
introduced linearization method [17] derived on the basis of the TNMo phenomenology can
be utilized. Since the method utilizes only the values of the temperatures corresponding to the
maxima of the DSC relaxation peaks occurring during the CR cycles, it is very accurate and

robust at the same time — as was shown e.g. in [40]. The Ah~ determination is based on

Egs. 10 and 11:

* |dhhg"
" _|dinjg (10)
R |dUT.)|
q~/q*=const
A, =4.218-10°7° + 4.841-10° 2 +(9.885-10"/(z —1.276 | (11)
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where T, is the temperature corresponding to the maximum of the relaxation peak
(overshoot), g* is the heating rate, z stands for the true value of Ak'/R, and Ak, represents

the percent error value defined [17] as:

. 26 \Ahg, 1 — Ay
Ahev=ixz( 2l h‘e"f-)xloO% (12)
Y63 45 Ah

heor.
where Ah*exp and Ak wor are the experimentally determined (via Eq. 10) and true (z from
Eq. 11) values of the apparent activation energy of enthalpy relaxation, respectively.

The Ing” vs. 1/T, dependences obtained from the DSC CR cycles for the studied BaO-
P,0s-Al,03 glasses are shown in Fig. 4B. Reasonable linearity of the dependences indicates
that no data-distortive thermal gradients occurred within the samples even for the highest
applied g*. [40] Similarly to the n-T dependences depicted in Fig. 2, also the Ing™-1/T,
dependences shown in Fig.4B exhibit the expected compositional shifts along the
temperature axis, where the increase of Ty associated with the addition of Al;O3 is largely
higher compared to that caused by increasing BaO content. Note however, that the mutual
positions of the particular dependences is slightly different for n-T and for Inq*-1/T,. This
indicates that the influence on glass network connectivity evolves with temperature
differently for the Al,O;3 and BaO components (viscosity was measured at higher

temperatures compared to the enthalpic relaxation).

5. Discussion

In order to correlate the activation energies of structural relaxation and viscous flow,
the n-T dependences depicted in Fig.2 had to be extrapolated to lower temperatures.
Compared to the isothermally obtained equilibrium viscosities (measured in the 107 -
10* Pa-s range), the enthalpy relaxation was technically determined only in close vicinity of
T, (i.e. at around 10" —10'°Pa-s) and the volume relaxation measured by TMA was

measured (and described — see Fig. 3) from the sample softening down to well below Ty
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(between approx. 10® Pa-s to the > 10%® Pa-s viscosity range). To achieve the extrapolations,
the viscosity data from Fig. 2 were independently described by three equations with distinct

predictive behavior:

logn=1Io + 13
gn=logm ++— (13)

B
log 7 = log 77°+F (14)

B" c"
lo =lo +——exp| — 15
g7 =logn, +— p(TJ (15)

where no, B, B’, B*’, Ty, C’ and C’’ are optimizable parameters. The equations are known as
the Vogel-Fulcher-Tammann [54-56] (VFT; Eq. 13), Avramov-Milchev [57] (AM; Eg. 14)
and Mauro-Yue-Ellison-Gupta-Allan [58] (MYEGA; Eq. 15) models. The description of the
viscosity data obtained for the BaO-P,0s-Al,03 glasses is shown in Fig. 5. Note that in theory
two alternative fits can be performed with respect to the parameter 1. Either the parameter 1o
can be fixed during the nonlinear optimization at the value no = 4-10™ Pa.s in accordance with
the Eyring theory [59] (the results are shown in Fig. 5 and listed in Table 4) or it can be set
free for optimization (the results are included in the Supplementary online material). As is
apparent from Fig. 5, all three models (Egs. 13 — 15) describe the data reasonably well but
lead to slightly different estimates when extrapolated outside of the experimentally measured
range. The fits are of roughly comparable precision in case of all viscosity equations — see the
respective sums of squared residue SSR in Fig. 5. For the present data the flexibility of the
viscosity equations (and the corresponding precision of the least squares fits) decreases in the
following order: MYEGA — VFT — AM. Compared with the unrestricted fits (see the
Supplementary online material), the Eyring restriction [59] obviously results in higher SSR

due to the forced higher curvature of the dependences. However, often only a marginal
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increase of SSR was observed and the difference was almost always within one order of
magnitude.
With the logn-T™ data being described, the activation energy of viscous flow can be

calculated from the tangent of the dependence as:

d(log 77)
E, =2303-R-—————=~ 16

This calculation was performed for all three tested viscosity equations (VFT, AM and
MYEGA) based on the extrapolations simulated for the parameters listed in Table 4. Note that
the true derivation of the viscosity data shown in Fig. 5 would provide very few points
exhibiting high scatter. Instead, the logn-T™ data were simulated with high datapoint density
in a large/extrapolated temperature range based on the corresponding sets of parameters from
Table 4 and, consequently, these dependences were derived according Eq. 16. In addition,
also the parameters obtained from the unrestricted fits (see Supplementary online material)
were processes in a similar way and the corresponding findings are again listed in the
Supplementary online material. The obtained E,-T dependences are for the studied BaO-P,0s-
Al,O3 glasses depicted in Fig. 6 together with the values of apparent activation energies of
structural relaxation obtained from the TMA and DSC cyclic experiments. Note that for Ah”
the points correspond to the temperature values from Fig. 4B, whereas in case of E, the line
indicates the temperature interval from T4 onset to the sample softening temperature (where
the interaction between the structural relaxation and viscosity is within the experimentally
observed time window). As is apparent, each viscosity equation provides a different
characteristic curvature of the predicted temperature dependence of E,, — for the present data
the steepness of the E, decrease with increasing T increases as follows: VFT — MYEGA —
AM. Note that in case of the fits of the viscosity data unrestricted by the Eyring condition [59]
the general course of the E,-T dependences (positive/negative slope, steepness of the

decrease/increase) and the trends in the corresponding predictions largely vary for all
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equations utilized in the present work. It is therefore highly recommended to use the Eyring
restriction [59] in order to obtain reliable and consistent interpretations and predictions of the
n-T dependences.

Regarding the correlation between the activation energies of viscous flow and
structural relaxation, good correlation was obtained between E, (predicted by practically all
tested viscosity equations) and E obtained from the TMA measurements described by
TNMa model. One of course needs to bear in mind that the red horizontal lines in Fig. 6
account for the whole temperature range measured by TMA and that the true glass transition
region (the structural relaxation of which is actually described by the TNMa model) is located
at the right-hand end of those lines. Whereas activation energies of different processes
(viscous flow vs. structural relaxation) are being correlated, the measurements are performed
via the same instrument, utilizing the same physical quantity and similar temperature range.
Different situation arises in case of the enthalpy relaxation activation energy Ah’, where for
glasses Nos. 1 —4 the Ah” values are higher (by up to 20 %) compared to E. Note that in
theory there is no reason for the enthalpy relaxation to exhibit similar activation energy as the
volume relaxation because both quantities (enthalpy and volume) may behave/manifest
differently in reaction to the same structural movements. Although Ah is relatively close to
the E, predicted by VFT (not so much by MYEGA and AM) for the given temperature range,
the reverse relationship, which would enable the desired prediction of E,, (quantity tedious to
obtain) from the Ah” data (which are quick and easy to obtain), cannot be confirmed based on
the present data. Regarding the glasses Nos. 5 and 6, their Ah” correlates very well with Eq.
At the moment, we have no explanation for the marked difference between the two types of
Ah” behavior — there is no clear relationship between the Ah™ disparity and T, E/Tg, Tsor/Tg
(with T being the softening point) or structural ordering/interconnectivity (as inferred from

the compositions listed in Table 1).
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In addition to the activation energies, also the kinetic fragilities (in accordance with

the Angell classification [8]) defined via the following expressions were calculated:

o _ dlogn  _ EJ/R (17)
" d(T, /T) T, In(10)

m - dlogz _ An/R

" d(T,/T)| _  T,In(0) (18)

]

The fragilities calculated from the E,-T dependences are denoted myer, Mam and Muyeca —
see Table 5. Moreover, several other parameters [62] associated with the kinetic fragilities are
also listed in Table 5: D" calculated from the VFT description as B/Ty, and the ratio of B*’/C”’
parameters from the MYEGA equation. Finally, Ac, obtained from the DSC measurements as
the difference between the heat capacities of the glassy and undercooled liquid states is listed
in Table 5 as a representation of the thermodynamic fragility concept [8] (Acy, is proportionate
to the configurational entropy frozen-in at Ty).

Starting with my;s., the absolute values provided by the different viscosity equations
show quite large variations due to the different extrapolated E,-T courses resulting from the
respective mathematic expressions (Egs. 13 — 15); however, the compositional trends of myi.
are similar for all three viscosity equations. This demonstrates the importance of a
consolidated approach to evaluation, comparison and interpretation of the (fragility) data
obtained via extrapolation of the measured values. Interestingly, the comparison of the
viscosity and enthalpy kinetic fragilities shows a very good agreement between may and mp«
for the glasses Nos. 1 — 4, which may suggest that it is actually the higher Ah™ values which
are consistent with the viscosity data (see the discussion to Fig. 6 in the previous paragraph).
Also the D parameter shows very good correlation with the myi data (note that the
correlation is inverse [62], i.e. high D" indicates strong behavior). Similarly good correlation
is found also for the B”’/ C’’ ratio, which (similarly as in [62]) shows almost linear increase

with D” - the correlation coefficient for the linear increase is r=0.987. Regarding the
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thermodynamic fragility, Ac, shows a reasonable correlation with the kinetic fragility
parameters listed in Table 5 — the correlation coefficient r varies between 0.81 and 0.90
depending on the kinetic fragility parameter. Compositionally, the interpretation of the
fragility parameters is rather straightforward — decrease of the glass structure rigidity is
associated with increase of materials fragility. This is in a good agreement with the present
data, where the glasses with high BaO content (this modifier oxide increases the matrix
interconnectivity, introducing variability into the system structure [47]) exhibit higher
fragility indices. Note that the Al,O3 content appears o have practically no influence on the

resulting fragility value.

6. Conclusions

Thermomechanical analysis and differential scanning calorimetry were used to study
the relationship between the activation energies of viscous flow and structural relaxation for
the Al,O3-doped BaO-P,0s glasses. Temperature dependences of viscosity were measured in
the 10" - 10™ Pa:s range and described by the VFT, AM and MYEGA equations. Cyclic
volume relaxation experiments performed using TMA were modeled in terms of the TNMa
model in a wide temperature range starting well below T4 and ending slightly above the glass
softening point. Activation energy of enthalpy relaxation was determined by the peak-shift
method from the constant-ratio cyclic DSC measurements. Very good correspondence was
found between the activation energy of volume relaxation E, (TMA) and the activation
energy of viscous flow determined by all viscosity equations.

The enthalpy relaxation activation energies Ah~ exhibited reasonable correspondence
with the activation energies of viscous flow determined via the VFT equation (the
extrapolated data provided by the other two equations showed worse correspondence with

Ah"). Significant difference between Ah” and E,¢ was found in case of four BaO-P,0s-Al,05
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glasses; these quantities were similar only in case of two glasses out of the six tested.
However, good agreement was observed between the viscosity and enthalpy kinetic fragilities
of the four glasses with significantly different Ah™ and Eye;, which indicates that the difference
in relaxation activation energies is caused by the different temperature range in which they
were evaluated (it also indicates that the two materials with similar Ah™ and E, are in fact
anomalous). It should be noted that structural relaxation can exhibit different kinetics when
experienced via different quantities (volume vs. enthalpy) [60, 61], and there is in fact no
reason why the two physical properties should react in the exactly same way on the structural

changes in glassy matrix.
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Figure captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Raman spectra for the studied BaO-P,0s-Al,0O3 glasses.

Viscosity data obtained by the TMA parallel-plate method for the studied BaO-P,0s-
Al,O3 glasses. Note that several measurements are reproduced — the error bars are
approximately 1.5 fold larger compared to the points magnitude.

TMA volume relaxation cyclic experiments described by the Tool-Narayanaswamy-
Mazurin model.

A) Example of the constant ratio (CR) cyclic DSC experiments performed for glass
No. 1.

B) The Ing™ vs. 1/T, dependences obtained from the DSC CR cycles for the studied
BaO-P,0s5-Al,03 glasses. The error bars are less than the points magnitude.

Viscosity data obtained for the studied BaO-P,0s-Al,03 glasses (see Fig. 2) fitted by
the VFT, AM and MYEGA models. The error bars for the viscosity data are less than
the points magnitude.

Activation energies of viscous flow E, calculated from the extrapolated VFT, AM and
MYEGA fits (see Fig. 5) compared to the activation energy of volume relaxation E
and activation energy of enthalpy relaxation Ah™ for the studied BaO-P,0s-Al,O3
glasses. Errors for Ey are listed in Table 3, errors for Ah” are approximately double
the points size.
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Tables

Table 1: The composition (wt % and mol %) and abbreviation of studied glasses. The
compositional determination errors are in the order of the last listed digit.

P.Os
P,0Os5 P,0Os5 BaO BaO A|203 A|203
Glass No. /BaO wt % mol % wt % mol % wt % mol %
mol %
1 0.74 40.65 42.53 59.35 57.47 0.00 0.00
2 1.00 47.64 49.40 51.67 49.60 0.70 1.01
3 1.30 53.99 55.59 44.85 42.75 1.16 1.66
4 0.65 36.83 38.33 61.54 59.30 1.63 2.36
5 1.00 47.32 48.85 50.98 48.71 1.70 2.44
6 0.90 44,74 46.27 53.56 51.28 1.70 2.45

Table 2: Temperature ranges for the TMA and DSC cyclic experiments used for the studied
BaO-P,0s-Al,03 glasses.

Glass No. | TMA (°C) DSC (°C)
1 292 — 498 320525
2 282 — 450 270 — 475
3 274 — 460 250 — 500
4 294 — 553 420 — 550
5 294 510 300 525
6 292 — 481 300 - 525

Table 3: The values of optimized parameters of TNMa relaxation model obtained by non-
linear regression analysis of the thermomechanical experimental data. standard
deviations of approximation. Sur. Of Alllg experimental values. and Fisher’s F-

statistics.
TNMa No.1 No.2 No.3 No.4 No.5 No.6
Parameters
log{K/dPa} | 8.70+0.03 | 8.90+002 | 9.10+002 | 9.27+002 | 8.99+002 | 8.80+0.19
0 0.520 + 0.530 + 0.570 = 0.530 + 0.426 + 0.490 +
0.007 0.009 0.008 0.006 0.006 0.007
B[K] 43413+5 | 26436+3 | 23348+2 | 47065+2 | 37827+2 | 27343+3
E[kJ.mol 7] 812+ 0.1 495+0.1 437+0.1 881+0.1 708+ 0.1 512+0.1
log{7/dPa.s} | -12.13+0.61 | -14.52+ 0.65 | -13.68+ 0.50 | -13.68 + 0.54 | -29.40  0.94 | -13.67 + 0.56
10545 0.40781 0.49268 0.45412 0.30735 0.33008 0.45209
F 9073 7 406 9543 27 430 17 228 8632
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Table 4: Parameters of the VFT, AM and MYEGA equations obtained for the fits of the BaO-
P,0s-Al,0; viscosity data. Parameter logno in the equations fixed at no = 4-10° Pa.s
according [59]. The errors are in the order of the second listed digit; the increased precision is
shown in order to list the exact values used for the predictions.

Glass VFT model AM model MYEGA model
No. logno | B To logno |logB’” | C’ logno | B” Cc”

1 -4.398 | 5498 584.3 |-4.398 | 13.013 | 3.998 | -4.398 | 880 2507
2 -4.398 | 7426 470.3 |-4.398 |9.332 |2.750 |-4.398 | 3466 1311
3 -4.398 | 8773 4353 |-4.398 |8.327 |2.393 |-4.398 | 5093 1059
4 -4.398 | 5677 630.9 |-4.398 | 13.279 | 4.050 |-4.398 | 839 2773
5 -4.398 | 6366 568.2 |-4.398 |12.342 | 3.756 | -4.398 | 1559 2116
6 -4.398 | 8167 477.1 |-4.398 |9.175 |2.677 |-4.398 | 3793 1334

Table 5: Kinetic fragilities calculated from the VFT, AM and MYEGA predictions; Kinetic
fragility calculated from the DSC data; D ver calculated as B/To; B>’/C’* ratio from the
MYEGA equation; Acy obtained from the DSC measurements as the difference between the
heat capacities of the glassy and undercooled liquid states. With the exception of Acy, the
errors of the listed values are in the order of the second listed digit.

Glass | myer Mam MMYEGA | Mh= Dver | B”/C)wveea | Acp

No. |- - - - c - JghK?

1 82.0 65.5 12.7 67.3 9.41 880 0.771+0.017
2 55.5 45.1 48.8 43.3 15.79 | 3466 0.716+0.011
3 47.1 39.2 42.5 44.0 20.15 | 5093 0.729+0.018
4 85.0 66.3 74.6 63.6 9.00 839 0.780+0.005
5 71.5 61.5 63.5 44.8 11.20 | 1559 0.748+0.019
6 52.5 43.9 48.0 36.9 17.12 | 3793 0.744+0.013
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