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Abstract

Methods to determine the fragility index, m, both in thermodynamic and kinetic terms are reviewed
and applied to two Fe-based glass formers, Fe4oNisoP14Bgs and Fe41C07CrisM014C15BgY2. The
thermodynamic fragility is obtained from entropy curves based on experimental data of the liquid
specific heat and of the enthalpy of transformation from glass or liquid to crystal phases.

The thermodynamic fragility appears systematically higher than the kinetic one because of the large
scatter of data and their extrapolation to obtain the Kauzmann temperature of vanishing entropy.

A practical method to estimate the viscosity of glass formers in the undercooling regime was
derived from the fragility index and its correlation with parameters the VFT equation. It provides
reasonable agreement with experimental data.

Keywords

Metallic glasses; Fe amorphous alloys; Thermodynamic properties; Melt fragility; Alloy viscosity

1. Introduction

A liquid supercooled below the melting point (or the liquidus temperature for complex melts)
freezes into the glassy state because its viscosity, n, varies of several orders of magnitude until a
solid is formed. Conventionally, the value of n = 10* Pa-s marks the transition to a glass [1]. The
best glass formers have high viscosity already at the melting point, Tn, and the glass transition is
reached at temperatures in excess of 0.6-T,, whereas other substances have relatively low viscosity
at T,y and the glass transition, Tg, occurs at temperatures of the order of 0.5-Ty, [2-3]. The varied
trend of viscosity expresses either the strength or fragility of the liquid. The fragility in kinetic
terms is defined as the rate of change of a liquid property at the glass transition temperature.
According to the Angell’s definition [4], the fragility index, my, is

dlo
Mg =| ! (1)
d-¢%
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The viscosity of a strong liquid increases with decreasing temperature according to an Arrhenius
behaviour, whereas the viscosity of a fragile liquid presents super-Arrhenius behaviour in the range
from Ty, to Ty [5]. Therefore, high values of mgk indicate a steep rise in viscosity (fragile melt),
whereas low values imply steady increase of viscosity with temperature (strong melt). In the
potential energy landscape model (PEL) of the liquid various local minima can be accessed by
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means of activated processes. For a strong liquid a few deep minima predominate with respect to
less deep potential wells whereas the landscape of fragile liquids has several minima of comparable
depth. Relaxation times, and therefore viscosity, differ according to the probability of accessing
wells of different depth in the specific energy landscape [1].

Extensive thermodynamic quantities vary on undercooling according to landscape configurations:
fragile liquids loose entropy faster than strong ones when approaching the glass transition [6]. The
amount of entropy frozen in at Ty depends on the trend of the specific heat of the liquid as a
function of undercooling. A thermodynamic fragility parameter [7], my, is defined as:
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where 48 and 4C, g are the entropy and the specific heat capacity of the liquid at T4 with respect to
a reference state usually taken as the equilibrium crystal [2].

The correlation between kinetic fragility, as expressed by the viscosity behaviour, and
thermodynamic fragility, as given by the entropy loss on undercooling, has been discussed in detail
within the (PEL) model by expressing the number of local energy minima which can be accessed by
melt configurations by means of an energy distribution function and deriving from it the
configurational entropy of the liquid at the transition to the glassy state. Assuming the validity of
the Adam-Gibbs equation for viscosity [8]: for a Gaussian energy distribution, m is obtained as

(3)

where Tk is the temperature where the entropy difference between the liquid and the equilibrium
crystal would vanish (Kauzmann temperature) and 17 are the decades of viscosity values spanned
from T, (10" Pa-s) to the conventional high-temperature limit of 10 Pa-s. For a hyperbolic energy
distribution mg becomes (first order expansion of eq. ( 3))

m, =17 Ty (4)
© T, =T,

Note that the latter position implies that the Adam-Gibbs equation reduces to the VVogel-Fulcher-

Tammann (VFT) expression:
C B
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with S the configurational entropy of the glass, A, C, B, and T, are empirical parameters. T, has
been assumed equal to Tk. It is also shown that mx = 17(mt+1) [8].

Egs. (3 ) and (4 ) suggest a correlation of m derived from experimental viscosity measurements
versus Tg¢/Tk. The values for metallic, inorganic and organic glasses are actually fitted by both
equations. Using eq. ( 5 ) a distinction between strong (e.g. silicates), intermediate (metallic
glasses), and fragile (organic substances) was made. Among metallic glasses, the stronger
behaviour is found in La- and Mg- based alloys [9].

No detailed analysis of the fragility of Fe-based glass-formers has been performed to date. This is a
major group of metallic glasses used for magnetic applications and also most promising for
structural uses in bulk form (e. g. coatings) in view of their extremely high strength and hardness.
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Proper knowledge of viscosity and thermodynamics of the undercooled melt would certainly help in
designing their processing both for synthesis by melt quenching and for shaping by embossing
above T4 [10].

2. Empirical methods to determine m and the parameters in the VFT equation for viscosity

The glass transition is most often studied by Differential Scanning Calorimetry (DSC) experiments
in which it is marked by a step in the calorimetric curve (with proper calibration the step
corresponds to a specific heat difference between undercooled liquid and glass, 4Cp) occurring in a
temperature range from Ty, onset 10 Ty, end (4Tg). The extension of this range scaled with respect to Ty
is proportional to fragility according to Mohynian’s empirical observation that the viscosity change
between Tg, onset and Ty, end IS about two orders of magnitude at conventional heating rates (e.g. 10-40
K/min) [11]. Using the VFT equation, the reduced width of the glass transition provides a value of
mg [12]:
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where Ty fiex IS the temperature of the inflexion point of the C,, step.
Eq. (1) together with the VFT expression for viscosity implies

m, =BT, /[2.3(T, -T,)?] (7)

A correlation between Ty and B parameters was shown by Wang and Fecht [13] by taking the pre-
exponential factor of viscosity as 10° Pa-s and the viscosity at Tgas 10%? Pa-s. The B and T are then
related by

In10""=B/(T4-To) (8)

The A parameter in the VFT equation, i. e. the high temperature limit of viscosity, can be
obtained from the theory of rate processes as hAN+/Vin, with & and Na the Planck and Avogadro
constants and V» the molar volume [14]. From the above equations, it turns out that a single
adjustable parameter suffices to get a VFT equation.

With the hyperbolic model for the number of states in the PEL it is obtained [8]

Should A4Sy, AC,4 and T4 be known from independent experiments or calculations, Tk could be
estimated. Following the same procedure with a Gaussian distribution of the states in the PEL, it is
obtained

Asg Tg _TK (10)
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In summary the parameters in the VFT equation can be derived, as follows:



- the fragility parameter m is obtained from the glass transition span in DSC;

- Tk is obtained from egs. ( 3 ) or ( 4 ) and posed equal to To;

- eq. ( 8) provides B.
Alternatively. the B and T, parameters can be refined by using eq. Errore. L'origine riferimento
non ¢ stata trovata. and taking the viscosity at the calorimetric onset of Ty at the heating rate of 20
K/min as 10 Pa-s, as found in some experiments [12].
As an alternative route to obtain m the empirical formula of Wang and Angell [7] can be used
which has proved rather accurate for various inorganic and organic substances

m =56 T,AC,,
AH

m

(11)

where 56 is an empirical parameter, 4C,, is the specific heat step at T4 and 4Hy, is the enthalpy of
melting. We applied eq. ( 11 ) to metallic glasses finding that the m values generally agree with
those derived from viscosity although with larger scatter than for other substances [9, 15].

3. Thermodynamic and viscosity data available for Fe-based amorphous alloys

It is known that Fe-based amorphous alloys exhibit very high strength and hardness which suggest
application as coatings [16]. In this respect it is of interest to develop bulk metallic glasses (BMG)
having low critical cooling rate for glass formation, comparable to that typical of spray coating
processes. The first synthesis of a Fe-based BMG, Fe-Al-Ga-P-C-B, was performed in 1995 [17];
after that several others have been synthesized and characterized. Following up the experience in
producing glassy ribbons, the most common elements added to the Fe-alloy are Co and Ni, but
other elements such as Ga, Mo, Nb, Zr, Mn, Cr, Al and rare-earths (Y, Er, Gd, Tm) are used to
improve the properties and the glass-forming ability [18-29]. A comprehensive overview of the
current status of research in Fe-based BMGs has recently appeared [10].

Despite the large quantity of information available on Fe amorphous alloys, there are very few data
on the kinetic fragility [30] and the specific heat capacity of these liquids [31]. The data on the
specific heat of a solid and an undercooled liquid are expressed respectively by:

(12)
C,°=3R + aT+ bT?

Cp'=3R + cT+dT? (13)

where R is the gas constant, a, b, ¢ and d are fitting parameters. Fe-based metallic glasses do not
show large supercooled liquid region above Tg, consequently, eq. ( 13 ) can hardly be used for
fitting. Therefore, we have taken the approach of measuring the crystallization, melting and
solidification enthalpies at various temperatures to obtain information on thermodynamic
properties.

The amorphous FesoNisP14Bs has been obtained both as a BMG and in ribbon form and has been
studied extensively for its crystallization behaviour [3, 32-37]. The availability of experimental data
on the glass transition temperature (Tgy) and crystallization provides means to represent the variation
of specific heat versus temperature. Data for the viscosity of FesoNisP14Be¢ near the glass transition
[38-39] and above the liquidus temperature [38] are also available in the literature and can be
interpolated with the VFT function [31].



In this work we employ Fe4oNi4oP14Bs to check the procedure for determining fragility (both kinetic
and thermodynamic) and viscosity described above, and extend it to describe the properties of a
liquid of an amorphous steel, Fe41C07Cri1sM014C15BgY 2, for which much less data are available.

4. Experimental details

The Fe4NigP14Bes alloy was prepared in ribbon form (5 mm wide and 8.3 um thick) by melt
spinning using a master alloy prepared by arc melting pure elements and a Fe-P ferro-alloy. Bulk
glassy plates of Fe4;C07Cri5sM014C15B6Y 2 have been obtained by using copper mold casting.

A high temperature differential scanning calorimetry Setaram HT-DSC was employed to determine
thermophysical properties of alloys. The samples were contained in an alumina pan with some
Al,O; powder to prevent sticking to the crucible walls. The liquid/solid transformation was
followed by high temperature DSC (HT-DSC) by making several melting and solidification cycles
of the alloy at different scanning rates.

For Fe4oNigP14Bs, the crystallization has been studied combining the results obtained by DSC and
drop calorimetry (DC, Setaram drop head). DSC scans were performed at different rates (Perkin-
Elmer DSCY7). Isothermal measurements were performed both by DC and DSC. The width of the
glass transition range was determined by heating at 30 K/min samples previously relaxed through
the same range at the same heating and cooling rate.

Drop calorimetry is suited to obtain the heat content of substances between two temperatures. In
this work, the sample at room temperature is dropped into the calorimetric cell kept at constant
temperature. When the sample reaches the cell it is heated at high rate. In our experiments the time
elapsed in the heating up stage is of the order of 15-20 s implying that the average heating rates to
reach temperatures between 668 K and 728 K were in excess of 20 K/s, i. e. 1200 K/min. With high
scanning rate the crystallization is displaced to higher temperature in the supercooled liquid region.
The procedure was repeated for each sample twice using the amorphous ribbon in the first run and
the same crystallized ribbon in the second one [31]. Subtracting the signals obtained in the two runs
the heat of crystallization at the temperature of isothermal anneal was derived by integration.

5. Results and Discussion

A DSC scan at 10 K/min gave Tg onset (664 K), Tgend (685 K), and the crystallization temperature, Ty
(690 K), of FeqoNigP14Bs (Fig. 1). The crystallization occurs very close to the glass transition so
the liquid state is not reached in a sufficiently wide range to measure the specific heat in the
undercooled liquid. It is reckoned that the glass transition has been completed because the specific
heat step was not affected by changing the heating rate from 10 to 100 K/min. Integrating the area
of the peak the crystallization enthalpy is obtained, AHy = 5.4 + 0.3 kJ/mol. The 4C, at the glass
transition temperature is estimated to be 15.5 + 2.3 J/molK.
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Fig. 1 DSC thermogram of an amorphous Fe4NigP14Be ribbon (heating rate of 10 K/min). The inset reports a HT-DSC
scan at 10 K/min of the melting (black line) and solidification (grey line) for the same alloy.

The melting and solidification curves obtained by HT-DSC are shown in the inset of Fig. 1. The
eutectic temperature is 1177 £ 2 K, close to the one measured by Miura and Isa [40]. The liquidus
temperature, Ty, is 1250 £ 6 K. The single melting peak indicates a eutectic transformation. The
melting enthalpy, AH, and the melting entropy, ASy, result respectively 11.8 £+ 0.3 kJ/mol and 10.0
+ 0.4 J/mol K. Thermal data are collected in

Table 1. Isothermal measurements by drop calorimetry were performed earlier and in this work
were re-analyzed with a revised procedure for overlapping and subtracting the baseline from the
first curve [31].

To obtain a reliable expression of the liquid specific heat for Fe4oNisP14Bs it was devised to use the
data on enthalpy.

Fig. 2 contains isothermal crystallization enthalpies obtained by DSC at low temperatures and by
drop calorimetry from Tgeng (685 K) to 738 K [31], and the melting and solidification enthalpies
obtained at high temperature in scanning mode. Furthermore the data of isothermal crystallization
enthalpy of bulk samples from DSC as reported by Shen and Schwarz are

reported [3]. The variation in enthalpy depends on the specific heat according to

AH "™ (T)=AH_ + jAcp"X(r')dT' (14)

Tiq

where [-x stands for the differences in property between liquid and crystalline phases.
Employing different expressions for 4C, it has been sought to reproduce the trend of the high and
low temperature enthalpy data. Simple functions for 4C, vs temperature were chosen: T to



comply with the VFT equation, T and linear. Moreover, eqgs. ( 12 ) and ( 13 ) suggest a three
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Fig. 2 Experimental crystallization enthalpies obtained by isothermal measurements in drop calorimetry o [31] and in
DSC A [3], and melting-solidification enthalpies obtained in HT-DSC m[31]. Interpolated curves were computed with
different functions for 4C, (T): a is with AC,=A/T, b is with AC,=B/T?, ¢ is with AC,=C+D*T, d is with AC,=E*T-
F*T*+G*T 2

parameters equation, ET-FT?+GT "2 Because of the grouping of the points in two temperature
ranges, an unphysical trend of 4C, of negative curvature is obtained by simply fitting with it the
data points in Fig. 3. To obtain the expected curve for metallic glass-formers, i. e. 4C, decreasing
with increasing temperature [2,3], we fixed then the values of AC, (Ty), AC, (Ti) and 4H (5.4 J/mol
K at the temperature of 690 K). For the functions containing only one parameter (A /T and B /T%) we
fixed Tgend = 685 K and the value of AC, (Ty) at 15.5 J/mol K. For the C+DT linear trend we also
imposed the measured value of AC; (T) at 11 J/mol K. In this way the parameters A, B, C, D, F and
G (see Table A.1 in Supporting information) were obtained for the different trends of AC,,.



Fig. 3 Comparison of different models (linear, T % and hyperbolic) to calculate AC, between the liquid and the
crystal of Fe,NisP14Bs. The black circles are experimental points. The value of AC, at Ty is fixed at 15.5 J/mol K. As
in Fig. 2 a is with AC,=A/T, b is with AC,=B/T?, ¢ is with AC,=C+D*T , d is with AC,=E*T-F*T?+G*T 2,
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Table 1: Thermal properties of Fe4NiggP14Be, Fe41C0;CrisM014C15BgY, alloys.
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The enthalpy functions derived with the above procedure fit generally well the enthalpy data points

(

Fig. 2) with the exception of the T 2 one. The specific heat data are obviously well fitted by the two
and three parameters equations (Fig. 3) based on fixed values of AC,. It is noted that also the
hyperbolic trend reproduces the experimental points within their scatter. The consistency of data has

been positively verified according to Eq. (14 ).
The entropy loss was computed from the AC, functions, except T 2 according to

AS " (T)=AS,_

(M)

T AC
+J.4dT‘

Tig

T|

T [K] AH [kJ/mol], AS [J/mol K]
FeswNigwP1Bs | FesaCo/CrisMo1CisBsY, FewoNigP1Bs | FesCorCrisMo14CisBsY,
AHy
Tgonset 664 + 3 852+3 54+03 9.31+0.3
Tyend 685+ 3 896+ 3 AHy 11.8+0.3 13.2+05
AS,
Ty tex 672+3 877+3 " 100+ 04 129+0.3
Tm 1177 +£2 1420 +4 AC, [J/mol K]
T 1275+ 6 1658 £ 4 ACK(Ty) 155+2.3 13+2
T, 1194 £ 2 1369 + 3 ACy(T) 11+3.8 -
T 516 + 30
° [31]
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Fig. 4 The entropy difference between undercooled melt and crystal phases of FesNigP14Bs computed with AC,
functions listed for FIG. 2.

The resulting trends of 4S are shown in Fig. 4 with indication of the Kauzmann temperatures
obtained by extrapolation to 4S = 0 (Table A.1 in Supporting information where error ranges for all
quantities are reported). All values of Tk are considerably higher than the T, of 516 + 21 K obtained
by fitting viscosity data with the VFT equation [38] although some values remain within the scatter
due to cumulative error in the measured quantities. As a consequence of Tk values, the kinetic
fragility computed with egs. ( 3) and ( 4 ), is higher than that calculated from viscosity (mg = 69
[31]) (Table A.1 in Supporting information). This was already noted for other metallic glass-
formers and attributed to the simplified functions needed to express the parameters and to the
experimental uncertainty including the assumption of the crystal as the reference state [9]. Fig. 5
reports the correlation between mg and the Ty/Tk ratio showing that the metallic glasses generally
conform to the behaviour of other glass formers and are located in the lower part of the plot being
classified as fragile/intermediate melts [9].

The use of Tk have been recently questioned on the ground that the equality of the entropy of the
glass and the crystal is physically impossible [41]. It is underlined that the Kauzmann temperature
here is considered as a parameter expressing a hypothetical reference state without attaching to it
the physical meaning of a state attainable in experiments. Also, a three parameter expression for
viscosity stemming from the Adam-Gibbs model:

B C
logn =Ilo —exp(= 16
g7 =logn, +— ><|0(T) (16)

where 1, is the viscosity in the high temperature limit and B and C are constants related to the onset
of rigidity in the liquid network, was proposed at variance to VFT [42]. The latter resulted from a
series expansion of the exponential contained in the new formula. We have checked the two



equation in the temperature range from Ty, and T, for the alloy considered in this work verifying
that the viscosity values they provide remain within the scatter of the experimental data. Because of
the relationship between the Adam-Gibbs model and the VFT equation leading to eq. ( 4 ), for the
sake of simplicity we did not exploit further the new viscosity equation.

150 —TF— = Ref.9
typical error e Ref. 8
o la - - - hyperbolic distribution
® —— gaussian distribution
100 =sls ° o T with a
. e Tk withc
S -8 \ e Ty withd
50e-. . v T withf
Feq1Co7Cri5Moy,C15B6Y5 .
1,0 1,5 2,0 2,5 3,0
Tg/Tk

Fig. 5 The kinetic fragility parameter m obtained from viscosity vs the T4 /T ratio for metallic and non-metallic glass
formers [9]. Those for FesoNisgP14Bg and Fes;Co,CrisMo14C15B6Y; are highlighted in colour, The full and dashed curves

refer to the correlations expressed by Eqgs. (3 ) and (4).

Using the values of quantities listed in Table 1 in eq. ( 11 ) which does not contain Tk, we obtain mg
= 50 + 17 again within the scatter of previous data. The best agreement to the value of Kkinetic
fragility derived from viscosity data is obtained using eq. (6 ): m = 64 + 18.

With the same procedure employed for FesoNisoP14Bs We have computed enthalpies, entropies and
fragilities of Fe;1C07CrisMo14C15BgY,. This alloy was chosen because its kinetic fragility is
reported in the literature, mg = 43, as derived from viscosity measurements near T4 [30]. This alloy
does not show large supercooled liquid region before crystallization, so again we hypothesized
different 4C, trends in order to fit experimental data on the enthalpies of crystallization, meltlng
and solidification choosing the following functions for AC,: a) ACp=A/T, b) ACp=B/T? e)
ACp=C+D*T, f) ACp=E+F/T. For a) and b) needing a single parameter we fixed Tgeng = 896 K and
the value of AC, (Tg) at 13 J/mol K. For e) and f) needing two parameters we also imposed the heat
of crystallization and of solidification. For the same reason as for FesoNisP14Bs a three parameter
expression cannot be derlved In the case of Fe41C07CrisM014C15BsY? all trends of 4C,, including
the one given by the T function, reproduce reasonably the experimental enthalpies (Fig. 6).
Furthermore, we can notice that all the values of Tk resulting from the extrapolation of AS are very
close, see inset of Fig. 6 and Table A.2 in supporting information.
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Fig. 6 Experimental crystallization enthalpies and melting-solidification enthalpies obtained in HT-DSC interpolated
with different AC,(T) functions: a is with AC,=A/T, b is with AC,=B/T?, ¢ is with 4C,=C+D*T, d is with AC,=E+F/T.
The inset shows 4S trends with extrapolation to nil value at Ty using the different functions for AC,,

The fragilities calculated using egs. ( 3 ) (Gaussian PEL) and ( 4 ) (hyperbolic PEL) as well as that
obtained by means of eq. ( 2 ), are comprised between 49 and 61, somewhat higher than my from
viscosity [30]. Instead using Angell’s formula, eq. ( 11 ), we obtained my=49 + 17 and with eq. ( 6
) mg is equal to 40 + 11: both values are close to the kinetic one. Finally, it is noted the scatter both
in Tx and my are definitely lower for Fes;C07CrisM014C15BgY2 than for FesoNigP14Bg in spite of
having less data available and similar quality of data. This is due to the higher relative value of Ty
with respect to Tr, and the consequent reduced range of data interpolation.

With the method described in paragraph 2 in which the only quantity linked to viscosity is Tg, we
calculated Ty from eq. (4) and the parameter B from eq. ( 7 ) or ( 8 ) to obtain a function for
viscosity according to VFT eq. ( 5 ). This approximates well the viscosity provided by fitting
experimental data [30]. Fig. 7 shows the viscosity of FesoNigoP14Bs and Fe41C07CrisM014C15BgY 2 In
comparison with a selection of other metallic glass-forming melts and two extreme cases: SiO, and
o-terphenyl [43]. The SiO, is the strongest glass former which shows an Arrhenius variation of the
viscosity, instead the o-terphenyl is the most fragile showing pronounced super-Arrhenius
behaviour [6]. From Fig. 7 we deduce that Zry,Ti;1CuioNigBess has a stronger character among
metallic glass formers and the Fe-alloys are more fragile and similar to some Pt- based glasses [44].
It is stressed, finally, that the present approach provides a practical mean to estimate the viscosity of
glass formers in the undercooling regime. This will not be possible in case of the occurrence of a
fragile-to-strong transition in this temperature range which might occur in some melts [45]. Its
failure, however, can indicate the likelihood of such transition suggesting systems in which it could
be revealed.
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Fig. 7 Angell’s plot showing the computed viscosity of Fe-alloys and of other substances and alloys [43] as a function
of temperature scaled with respect to Ty i. e. the temperature at which the supercooled liquid viscosity assumes a value
of 10" Pa s. Experimental data of viscosity in Fe,NixP14Bs at high [39] and low [38] temperatures are given by open
triangles. The viscosity curve for Fe4NigP14Bs computed with the parameters obtained by applying the procedure
outlined in the text falls within the order of magnitude of scatter of experimental data.

Conclusions

In this work the thermodynamics of two Fe-based glass formers, FeqNisP14Bs and
Fe41C07CrisM014C15BsY2 has been reported with the aim of finding a thermodynamic fragility
index to be compared with the kinetic ones derived from viscosity and empirical approaches. The
supercooled liquid region of both alloys is limited, therefore specific heat capacity data could be
measured only at Ty, therefore, the thermodynamic properties were obtained from the enthalpy
differences between glass/liquid and crystal phases in temperature ranges just above Ty and around
Tm. The enthalpy functions were chosen according to different models for 4C,. The experimental
data are reproduced by using a one parameter hyperbolic function and two parameters linear and
hyperbolic functions. The resulting entropy loss on undercooling provided the thermodynamic
fragility mr computed according to the Gaussian and hyperbolic models of the PEL of the liquid [8].
The my was evaluated also using the Angell empirical formula [7]. They differ with respect to the
kinetic my obtained from viscosity as for other metallic glasses [9] probably because of the large
scatter of data and their extrapolation. Instead, there is a good correlation between my values
obtained from viscosity and the temperature span of the glass transition region.

12



The fragility values of Fes1C07;CrisMo014C15BgY, are closer to each other than those of
Fe4oNisP14Bs in spite of the lower amount of experimental data possibly because the undercooling
range from Ty, to Ty is relatively less in the case of the former alloy.

A practical method to estimate the viscosity of glass formers in the undercooling regime has been
derived from the fragility index and its correlation with parameters the VFT equation and has been
shown to give reasonable agreement with experimental data.
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Supporting information

Table A.1 Parameters for different AC, functions, values of Tk and 4Sy obtained from eq. (15) and
m parameters from egs. (3), (4), (2) using the different functions for AC, for FesoNioP14Bs.

Models of parameters Tk 459 fromkeq M M
AC, [K] [J/mol K] 3) ' fromeq. (4) fromeq. (2)
AC,=AIT A=10617.5 559+24 35%09 85+ 38 92 +30 92 + 36
ACp:B/T2 B = 7272988 537+51 4910 71+54 79 £ 57 71+ 30
AC,=C+DT C =20.49594814

D = -0.007293355 587+28 2509 111 £ 55 119+ 73 123 +55
E =0.015745

AC,=ET- F T*+GT *? F=6.8823*10° 581 + 32 2.8+0.9 104 + 73 112+ 75 111 + 47
G= 3732074

Table A.2 Parameters for different AC, functions, values of Tk and 45, obtained from eq. (15) and
m parameters from egs. (3), (4), (2) using the different functions for AC, of
F841007CY15M014C15BGY2.

Models of

Te AS, Mk My mi
ACp parameters [K] [J/mol K] fro(rg)eq. fromeq. (4) fromeq. (2)
AC=AIT A= 11648 648+17 50+07  54+10 61+8  61+23
AG=BIT* B=10436608  652+10 58%07 55+ 10 62+7 55 + 2
AC=C+DT gzzzggfgzé 626+14 55+10  49+8 56+4  57+24
AC=E+FIT foivieany 6415 55108  53%10 60£6  5+23
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