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Abstract. Indexes of thermodynamic fragility show discrepancies with respect to kinetic ones for
metallic glass formers (slope of viscosity at the glass transition, m, vs. reduced temperatures at
which specific entropy values are obtained). On the other hand, the reduced span of the glass

transition range scales well with m.

A correlation, recently reported, between melt strength/fragility and the elastic moduli of glassy
materials (namely the ratio of the bulk to shear modulus) is actually not stringent. There is, how-
ever, the possibility of distinguishing among various types of glasses, e. g. inorganic, organic,

metal-metal and metal-metalloid.

1. INTRODUCTION

The concept of melt strength or fragility, developed
for inorganic and molecular glass-formers [1], is
applied also for metallic alloys: the kinetic fragility
is related to the viscous behaviour of the liquid and
the thermodynamic fragility to the entropy loss on
undercooling [2-6]. A connection between the two
guantities has been envisaged, but is still unclear.
In the following, the basis for it will be recapped
and the related parameters discussed. Such an
effort has at least two justifications. It will help in
the understanding the features of the glassy state
for metals in relation to all glass-formers and, on a
practical ground, it could provide indication on prop-
erties which are difficult to determine experimen-
tally, such as the temperature dependence of vis-
cosity, using measurements commonly performed
in laboratories, e. g. DSC runs.

2. VISCOSITY AND KINETIC INDEXES
OF FRAGILITY

The non-linear dependence of viscosity on inverse
temperature for glass formers is most often de-
scribed by the VFT equation [1]

B
n= AeXp|:(T —Tov”):|, (D

where A and B are constants and T n is the tem-
perature where the viscosity should diverge, or,
alternatively, by the free volume expression [7]
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where yv* is a product of free parameters and v, is
the free volume relative to the atomic (molecular)
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volume of the glass component. If v, depends lin-
early on temperature, Eq. (2) reduces to the form
of Eg. (1). A connection between transport and ther-
modynamic properties is suggested by the Adam-
Gibbs equation [8]

= Aex c
n Y T, (3)
relating the viscosity to S, the liquid configurational
entropy, being C a constant. S_ cannot be sepa-
rated from the vibrational part of entropy in most
practical cases. It is usually approximated by the
entropy difference between the liquid and the cor-
responding crystal, AS, so its reference state be-
comes the Kauzmann temperature, T,, where such
difference should vanish. The approximation im-
plies the equality of vibrational entropies in the lig-
uid and the crystal which is certainly strong for
metallic glass formers in that such systems do not
crystallize in a single crystalline phase but in a
phase mixture. The use of the above formula stems
from the assumption that both the entire excess
liquid entropy and the configurational contribution
S_, change with temperature proportionally: a
change in vibrational entropy of the liquid would
cause a corresponding effect in the configurational
part [8]. Note that if the specific heat difference,
AC,, is taken as inversely proportional to tempera-
ture in

s, =As = [ACdInT )

TK

Eq. (3) reduces to the form of equation (1).

The available viscosity data for metallic glass
forming melts have been plotted in various in-
stances versus Tg/T (Angell plot) showing a posi-
tive curvature with different slopes for various al-
loys [2-6]. The increase in the slope of the Angell
plot at T, roughly scales with that of the cooling
rate needed for glass production. The slope of the
plot at T, provides the fragility parameter m de-
fined as

_| dlog(n)

i
T T:Tg

Observing that the viscosity of glass formers can
span about 17 orders of magnitude from above the
melting point (logn = -5) to the glass transition
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Fig. 1. Plots of AS /AS versus T /T for the
zr, ,Ti..Cu, Ni Be,, alloy. Original data are
taken from [9].

(logn =12), Angell [1] has introduced a kinetic fra-
gility index defined as

2Tg
Fkin,1/2 = Ti -1 (6)

12

where T, is the temperature at which logn is half
way the above range (logn = 3.5). The F, ,, pa-
rameter scales with the m index for metallic glass-
formers [3].

3. ENTROPY AND THERMODYNAMIC
INDEXES OF FRAGILITY

The thermodynamic evidence of liquid fragility is
given by the rate of entropy loss as a function of
temperature. Taking T_ as reference temperature
where the excess entropy of the liquid with respect
to the crystal, AS_, is known, the difference in en-
tropy is then

AS =4S, - [AC dInT. 7

Data for metallic glass formers were used to com-
pute ASQ/AS to be plotted versus Tg/T [3,4]. AS, is
the entropy difference at T  taken as a reference
state. An example is reported in Fig. 1 for the
Zr, ,Ti,.Cu, Ni Be, _alloywhere the trend of the
entropy curves is actually reminiscent of that of
logn. In case AC, is not known in the entire tem-
perature range, it is shown that the Dubey-

Ramachandrarao formula [10] containing two ad-
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Fig. 2. Plot of Aprg/ASg (slope of ASQ/AS versus

Tg/T computed at Tg) versus m for various metallic

glasses. The values for individual alloys are listed

in Table 1. Sources of data are compiled in [3-5].

justable parameters, AC™, the specific heat differ-
ence between liquid and crystal at the melting point,
T,, and the dimensionless quantity a,

AC, =AC]| | exp —a| - -1 (8)
T T

provides a very good approximation to AC,. Proper
integration provides equations for AS and AH be-
tween liquid and crystal phases. The latter quan-
tity can be obtained with experiments at the melt-
ing and crystallization temperatures of the alloy.
Moreover, AC_ can be measured at T_ so that the
free parameters can be determined.

The experimental specific heat of the crystal
phases of this alloy deviates from the Neumann-
Kopp (NK) behaviour, additive of the components
specific heat. Instead, should the NK rule be used
to eliminate mixing contributions in the crystal state
which are not relevant for the liquid properties, the
AS curve would shift considerably (Fig. 1) towards
more fragile behaviour. This clearly indicates that
these plots are very sensitive to the quality of data
and the choice of reference states. It is no sur-
prise, therefore, that the fragility index F,, sug-
gested by Angell [8], having analogous meaning
as F, .., displays a correlation only with some of
the F,,.,, points [3]. Therefore, at the moment, the
link between kinetic and thermodynamic fragility in
metallic melts is likely, but not proven. There are
multiple reasons for the poor correlation: there are
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Fig. 3. Plot of Aprg/(ASng) (slope of ASQ/AS ver-
sus T computed at Tg) versus m for various metal-
lic glasses. The values for individual alloys are listed
in Table 1. Sources of data are compiled in [3-5].

uncertainties in some thermodynamic data, namely
entropy of fusion (because of the occurrence of
metastable crystalline phases and because the
melting interval of alloys can be ill defined), liquid
specific heat (because in most cases the data need
to be interpolated from the high to the low tem-
perature ranges and because of the inherent scat-
ter of data); also measurements of the crystal spe-
cific heat can be difficult because of the reactivity
of alloy components. Moreover, the approximation
of the configurational liquid entropy described
above may fail because of different contributions
to the vibrational part of entropy in various alloys
[6].

The slope of the AS /AS versus T /T computed
at T, is related to AC /AS , being AC  the spe-
cific heat difference between undercooled liquid and
crystal at T, approximating the specific heat differ-
ence between undercooled liquid and glass. The
above ratio should scale with the m parameter. The
correlation is shown in Fig. 2. It is again mediocre.
However, before drawing conclusions one should
note that the number of precisely measured data
is limited and relaxation effects due to different
guenching rates can add uncertainty to the values
especially of the height of the specific heat jump at
T, In general, caution is taken also because only
metallic glasses are considered here for which the
span of fragility indexes is narrow whereas various
classes of glass formers were used for previous
analyses. At variance, the derivative of ASQ/AS ver-
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Fig. 4. The inverse reduced width of the glass tran-
sition range, T /AT versus m for various glasses:
black squares: inorganic glasses; black triangles:
organic glasses; open squares: metal-metal
glasses: open circles: metal-metalloid glasses. The
line gives T AT =m/2. Data for glasses other than
metallic are from refs. [3,8,14].

sus T computed at T isrelated to AC_ /(AS ). The
latter quantity is plotted versus min Fig. 3 resulting
roughly constant for melts of varying strength.

There is clearly need for a larger number of
accurate data to confirm the existence of the cor-
relation indicated by Figs. 2 and 3 which could con-
firm the connection between transport and ther-
modynamic properties of metallic, glass-forming
melts. Note that the m values used in the present
work are obtained exclusively from viscosity data
according to Eq. (5). Parameters obtained by
means of other techniques (e. g. the relaxation time
at the glass transition obtained by DSC experiments
at various rates [12,13]) have not been used to
avoid considering a further experimental uncer-
tainty and, therefore, to simplify the check for cor-
relations.

4. THE TEMPERATURE RANGE OF
THE GLASS TRANSITION AND
FRAGILITY

A thermal index of fragility, the reduced width of
the glass transition range, AT /T , [3,13] has pre-
dictive character. The use of this quantity which is
easily determined in differential scanning calorim-
etry experiments, is suggested by the consideration
that the viscosity changes in the temperature range
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Fig. 5. Correlation between the fragility index Tg/
AT and the ratio of bulk to shear modulus, K/G, in
various types of glasses. Symbols as in Fig. 1. Data
as in [3] with the addition of values for
Gd, Y Al,Co, [15] and Ni Nb_Sn, [16].

40 ° 16

from the onset, T , to the end, T, of the glass tran-
sition (ATg =T,- T, of about two orders of magni-
tude:

n ATg
In—"= 0B ~ 02 9)
Minisn (Tg _TO,n)

Using the VFT equation to derive m from Eq. (5), it
is obtained:

AT

N
T m (10)

9

In principles, AT, values must be collected for the
same heating rate and for samples cooled at the
same rate. The above equation implies that the
more fragile the liquid, the narrower the glass tran-
sition range. The correlation is noticeable as shown
in Fig. 4 which contains data deduced from the lit-
erature on various glasses.

5. MELT FRAGILITY AND ELASTIC
CONSTANTS OF THE GLASS

The glass transition occurs when the glass does
not resist shear stress, therefore, the shear modu-
lus of the glass, G, should reflect this when com-
pared to the bulk modulus, K. The dimensionless
parameter K/G has been taken as a measure of
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Table 1. Indexes expressing the strength/fragility of melts either kinetic (m, Tg/ATg) or thermodynamic
(ACp/ASg, ACP/(ASQTQ), and data on the ratio of bulk (K) to shear (G) moduli for glass forming metallic

alloys. The sources of data are references [3-5].

Alloy composition m ACp/ASg ACp/(ASng)-lO3 Tg/ATg KIG
Au,.Ge,, Si,, 85 2.76 9.31 42.4
Au53.2pb27.68b19.2 120 66
Ce, Al ,Cu,Ni 21 13 2.35
Cu,,Zr,,Ti Nig 59 4.07 6.06 24.9
Fe,Mn Mo, Cr,C B, 22 2.375
Fe,,Ni, P, ,B.Si, 32 3.51
Fe,,P..C, 38 4.67
Gd,,Y,,AlL,Co,, 29 2.47
Mg,.Cu,.Y 45 3.65 8.91 215 2.28*
Ni  ,Nb, Sn, 36 3.51
Pd,, . CuSi,. 65 5.86 9.30 32 5.22
Pd,.Cu,.Ni P, 65 4.60 7.99 28.8
Pd,,Cu,Ni P, 63 4.60 8.08 25.9 4.53
Pd,Ni, P, 46 5.57 9.63 22.2 4.87
Pt57.5cu14.7Ni5.3P22.5 29 597
Ti. ,Be, Zr,, 20 241
ZrAl Cu, Ni, 22 3.54
ZrCu,, 27] 3.34
Zr,,Nb,Cu, Ni _Be,, 25 3.51
Zr, ,Ti,.Cu, Ni Be,. 48 7.57 12.2 19.7 3.01
Zr,. .. Tig ,:Cu, Ni, Be, . 40 16.5 3.04

*value taken as for Mg Cu,.Th, .

such resistance. Further, it has been supposed that
the resistance to shear in the glassy state corre-
sponds to the analogous property of the melt, i.e.
its strength [14]. Therefore K/G should scale with
it. The relationship between the parameter m rela-
tive to the molten state and the ratio K/G for the
solid glass claimed for some inorganic and organic
glass-formers [14] is now considered also for me-
tallic glasses. Elastic constants have been collected
from the literature for several alloys and reported
in [3]. The AT /T, index, shown above to scale with
m, for which data are more abundant than for m, is
plotted versus K/G in Fig. 5 for various glasses.
The correlation does not appear stringent as al-
ready pointed out, not only for metallic systems but
also for the ensemble of inorganic and organic
glasses [3,18]. More than a general correlation, the
plot seems to suggest the dependence of the in-
dexes on the type of material: inorganic, organic,
metal-metal and metal-metalloid glasses. In fact,

the areas of the plot pertaining to the categories of
glassy materials are rather clearly singled out.
Among amorphous alloys the higher values of K/G
belong to metal-metalloid systems containing noble
and transition metals and phosphorus. Metal-metal
alloys cluster at lower values of the ratio of elastic
constants.

6. CONCLUSIVE REMARKS

The non-linear increase in viscosity and the loss of
entropy on melt undercooling has been amply dem-
onstrated for glass forming metallic alloys. The tem-
perature dependence of entropy is due to the sub-
stantial values of the excess specific heat in the
liquid state. A connection between transport and
thermodynamic properties of melts stems from the
Adam-Gibbs model of viscosity. The correlations
described above, although rough, can be explained
by assuming that both the entire excess liquid en-
tropy and the configurational contribution Sc,
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change with temperature proportionally: a change
in vibrational entropy of the liquid would cause a
corresponding effect in the configurational part, i.e.
in the accessibility of configurational states [8]. This
has been recently questioned on the ground that
different anharmonic contributions to the excess
entropy occurring in various glasses will impair the
above assumption [6]. Actually, the large variation
of the K/G ratio among the various families of
glasses and within the same family, which stems
from the ratio of longitudinal to transverse sound
velocities, can be an indication of the varying de-
gree of anharmonicity.

Finally, uncertainties can arise from liquid spe-
cific heat values which need to be interpolated from
the high to the low temperature range and because
of the considerable scatter of most data; also it
can be difficult to determine precisely the crystal
specific heat because of the reactivity of alloy com-
ponents.

The relationship between strength in the melt
and elastic constants in the glassy state is shown
to be lousy, at variance to the general correlation
inferred previously when the plot contained only
some inorganic and organic glass formers [14].
Considering the different families of glass formers
separately, a slight correlation between m and K/G
can still be envisaged. m is inversely proportional
to the resistance to shear stress in the undercooled
liquid. The K/G ratio provides a measure of the
relative resistance to dilatation and shear stress in
the glassy solid. Since the glass retains features
of the atomic short range order existing in the lig-
uid a correspondence between the two quantities
could exist in a given family of materials. As an
example, for metal-metal glasses, it is expected
that the bonding has no or little directional charac-
ter in comparison to metal-metalloid systems,
therefore, the K/G ratio should approach the aver-
age of the constituent elements and be closer to
the ideal value, i.e. 8/3 when the Poisson ratio is v
=1/3.

A large value of K/G has been reported for the
most ductile metallic glass known to date,
Pt .Cu,, Ni. P . arguing that the weakness in
elastic shear response can help in extending the
tip of a shear band instead of causing initiation of a
crack [17]. High K/G values should, therefore, in-
dicate enhanced ductility. From the collection of
data displayed in Figs. 4 and 5, it is expected that

ductile bulk metallic glasses will mostly be found
among metal-metalloid systems.
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