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Properties related to the glass transition of metallic melts are reviewed both on empirical ground and
using the statistics of local minima in the potential energy landscape of the material. For metallic alloys
some correlations have been disputed (e.g., the one between the Kauzmann and VFT temperatures). In
the first part of this report these issues are considered and the possible reasons for either good or poor
correlation are outlined.

Then the relationship of the glass transition to mechanical properties (e.g., strength, moduli) is

Metallic glasses
Amorphous materials
Thermodynamic properties
M

described with special attention to the failure mechanism of amorphous alloys via shear band propa-
gation. The relationships are discussed for glass-forming alloys in comparison also with properties of
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. Introduction

The glass transition is the key phenomenon determining proper-
ies for glassy materials. It is usually described in terms of transport
e.g., viscosity) and/or thermodynamic quantities (e.g., heat capac-
ty in the undercooling regime, excess enthalpy and entropy) [1].
lass forming liquids can be classified according to their strength
r, alternatively, fragility. The fragility is expressed by parame-
ers related to the rate with which some liquid properties change
n cooling. In an Arrhenius plot the viscosity of a strong liquid
ncreases almost linearly with decreasing temperature, contrary
o the viscosity of a fragile liquid which is low at high tempera-
ure and increases fast when approaching the glass transition [2]. In
erms of the potential energy landscape (PEL) model, different acti-
ation barriers must be overcome for accessing the various inherent
tructures of the liquid. These differ in number and correspond
o energy minima of different depth whose sampling depend on
emperature [3]. A manifestation of this is that the extensive ther-

odynamic quantities change on undercooling. Further indication
f the sampling of various landscape configurations is that fragile
iquids loose entropy faster than strong ones when approaching the
lass transition [4].

It is well established that mechanical properties of metallic

lasses correlate with the glass transition temperature, Tg [5,6].
here have been also attempts of correlating the fragility of melts
ith elastic properties of the corresponding glass, namely the Pois-

on ratio, although they did not provide a stringent test of the
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relationship [7]. The link with the glass transition is, however,
well evidenced by considering the energetics of shear bands. Their
propagation has been discussed having in mind a mechanism of
mechanical failure starting with a shear offset event causing a local
temperature rise above Tg, the maturation of the shear band to end
up in an final crack [8]. This is reviewed here for metallic glasses in
comparison also with properties of other families of glass-formers.

2. Viscosity and fragility

The glass transition is conventionally defined as the temperature
at which the melt viscosity, �, reaches the value of 1012 Pa s. For
glass-formers it displays non-linear dependence on inverse tem-
perature and is most often described by the VFT equation [1,2]:

� = A exp
[

B

(T − T0)

]
(1)

where A and B are constants and T0 is the temperature where the
viscosity should diverge in case the melt could be cooled below Tg.
The fragility parameter m is defined as

m =
[

d(log �)
d(Tg/T)

]
T=Tg

(2)

and the slope of an Arrhenius plot of Eq. (1) at Tg gives
m = BTg

2.3(Tg − T0)2
(3)

Observing that the viscosity of glass-formers can span about 17
orders of magnitude from the above melting point (log � = −5) to
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Fig. 3. The reduced entropy difference between undercooled liquid and crystal
ig. 1. The specific heat of 1,3-propanediol as a function of temperature. Squares:
rystal phase and circles: glass and liquid phases. Data from Ref. [10].

he glass transition (log � = 12), Angell and Martinez [9] have intro-
uced a kinetic fragility index defined as

kin,1/2 = 2Tg

T1/2
− 1 (4)

here T1/2 is the temperature at which log � is half way the above
ange (log � = 3.5). As expected the Fkin,1/2 parameter scales with the

index for metallic and other glass-formers of low/intermediate
trength. For very strong melts T1/2 can hardly be reached and the
ragility parameter is then used as Fkin, 3/4 with T3/4 as the relevant
emperature.

. Thermodynamics and fragility

Thermodynamic analyses of glass-formers in the undercool-
ng regime show high values of the excess specific heat of the
iquid with respect to the crystal, �Cp = Cp,l − Cp,x until the Tg is
eached. Examples are reported in Figs. 1 and 2, respectively for
n organic substance, 1,3-propanediol [10], and a metallic alloy,
d77.5Cu6Si16.5 [11]. The jump in specific heat at Tg for the glass
nd Tm for the crystal is well apparent. The specific heat of the

rystalline phases has an increasing monotonic trend, the specific
eat of the glass is close to that of the crystal until the glass transi-
ion is reached and the undercooled liquid is accessed. The specific
eat just above Tg can be fitted with a single function with that

ig. 2. The specific heat of Pd77.5Cu6Si16.5 as a function of temperature. Squares:
rystal phase, triangles: glass, and circles: liquid. The lines are fit to liquid data
dashed), weighed average of specific heat of components (dashed). Data from Ref.
11].
phases as a function of reduced temperature for 1,3-propanediol and Pd77.5Cu6Si16.5.
The dashed line is the extrapolation of experimental data to �S = 0.

of the liquid at high temperature. Knowing the specific heat of
all phases, extensive thermodynamic functions can be determined
as a function of temperature. Fig. 3 shows the entropy difference
between liquid and crystal, �S, for the two cases. The loss of liquid
entropy with respect to that of the crystal is slightly higher for the
metallic alloy. The temperature range accessible to measurements
terminates at Tg. Extrapolating the data to �S = 0 the Kauzmann
temperature is identified where the two phases would have the
same entropy, i.e., a hypothetical state for the liquid. For the plot in
Fig. 2 the crystal as reference state is used. In order to express better
the melt fragility in thermodynamic terms, the rate of entropy loss
as a function of temperature has been plotted as �Sg/�S versus Tg/T
where �Sg is the excess entropy at Tg (Fig. 4). Such plot is compa-
rable with that of viscosity referred to Section 1 above, therefore, a
fragility parameter, Ftd,1/2 analogous to the Fkin,1/2 defined with Eq.
(4), has been introduced [9]. The two parameters correlate rather
strictly for various glass-formers [9] whereas for metallic alloys the
correlation cannot be proven with certainty because of the paucity
of data available and their experimental scatter [1]. As an example,
the m parameter determined from viscosity and relaxation kinetic
measurements for propanediols [12] and Pd77.5Cu6Si16.5 [11] are of
the order of 52 and 58–65, respectively. The Ftd,3/4 parameters are

0.64 and 0.84, respectively, much more different than the ms.

Fig. 4. The Angell’s thermodynamic fragility plot of �Sg/�S versus Tg/T for 1,3-
propanediol and Pd77.5Cu6Si16.5. The lower slope at Tg indicate stronger behaviour
of 1,3-propanediol.
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ig. 5. The (Tg − T0) difference versus Tg for various glass-formers. Full symbols:
norganic and organic glasses, data from Ref. [12]. Open symbols: metallic glasses,
ata from Ref. [1].

. Relationship between parameters

Considering the empirical relationships among the fragility
arameters m, Fi,1/2 and Fi,1/2 for various types of glasses the exis-
ence of a correlation between kinetic and thermodynamic fragility
an be surmised as stated in the Adam–Gibbs entropy model of vis-
osity [1–3]. This has the direct consequence of relating the T0 and
K temperatures. This is checked in the following with respect to Tg

ince it is expected the fragility of melts is directly related to the dif-
erence between Tg and T0 (or possibly TK). Due to the temperature
ependence of viscosity, the difference (Tg − T0) must be substan-
ial in strong melts and, in the limit of an Arrhenian behaviour, T0
s nil. On the other hand, such difference must reduce in relative
erms in more fragile melts. Fig. 5 shows (Tg − T0) versus Tg for var-
ous glass-formers with evidence for the metallic ones. For a given
g, the span of (Tg − T0) is actually relevant reflecting the difference
n fragility of melts. Considering now TK, it is reported versus T0 in
ig. 6 for the organic and inorganic glass-formers listed in [12] and
or metallic glasses. In general, the two temperatures appear strictly
orrelated for substances as diverse as light organic molecules (low
emperature range) and silicates (high temperature range). The

arger deviation from the equality of the two temperatures is found
or metallic glasses where T0 appears frequently lower than TK.

hether this is a sign of different behaviour with respect to other
lass-formers, or an effect of scatter of data, remains to be estab-

ig. 6. Plot of T0 versus TK. The line is drawn according to T0 = TK. Full symbols:
norganic and organic glasses, data from Ref. [12]. Open symbols: metallic glasses,
ata from Ref. [1].
Fig. 7. The fragility index m for metallic (open symbols [1]) and non-metallic (full
symbols [4]) as a function of the ratio Tg/TK. Line computed using Eq. (5).

lished. Apart from the unavoidable difficulty both in measurements
of viscosity and specific heat, it is noted here that the reference
state for TK is the corresponding crystal which is clearly defined for
molecular substances and for some silicates, but in almost all cases
does not exists as such for metallic alloys for which the equilibrium
constitution is a mixture of phases. This is an inherent problem in
obtaining a comparable TK for metallic alloys.

A different view has recently been put forward with specific
reference to metallic glasses, in addition to other substances, for
which it has been suggested on the basis of a model expressing
changes in bond ordering in the liquid, that the ratio T0/TK is not
constant and equal to 1, but scales with the m parameter [13].

The PEL model provides further insight into this issue. The
number of local minima which can be accessed by melt configura-
tions and their energy distribution, determines the configurational
entropy of the liquid. The energy distribution of minima can be
expressed by means of various functions (for a summary, see Ref.
[3]). Considering that the configurational specific heat of the liquid,
which is usually approximated by the difference between liquid
and crystal phases, �Cp, has often a hyperbolic dependence on tem-
perature, the hyperbolic distribution of energies only will be used
here from which a simple expression for the fragility index, m, is
arrived at [3]

m = 17
Tg

Tg − TK
(5)

A plot of m versus Tg/TK is shown in Fig. 7 for inorganic, organic
and metallic glasses, providing further confirmation that metallic
glasses conform to the general trend of glass-formers and that they
rank among fragile-intermediate melts. The use of another energy
distribution, i.e., gaussian, gives similar trend so that the present
experimental data do not allow to discriminate between models
[3,14].

5. Glass transition and mechanical properties

The correlation of mechanical properties of metallic glasses with
the glass transition temperature in first instance reflects the depen-
dence of mechanical properties on cohesive energy and hence
melting point of the solid. In fact, Tg occurs for different glasses at
a fraction of the melting point comprised approximately between

1/2 and 2/3. It has been noted that part of the scatter in the plots of
moduli and strength versus Tg can actually be related to the varied
proportionality between Tg and Tm [15].

Here we compare further (Figs. 8 and 9, respectively) the Young’s
modulus, E, and the hardness, Hv, of practically all known metal-
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Fig. 10. The square of the hardness divided by the elastic modulus versus the volu-
ig. 8. The plot of Young’s modulus versus Tg for metallic glasses (open symbols
15]) and inorganic glasses (full symbols [16]).

ic glasses obtained both in ribbon and bulk form with those
f selected inorganic glass-formers (selenides, borates, silicates,
hosphates). The data have been collected from various sources
4,15,16]. The hardness is taken here as a measure of the strength
f the glasses. The well established relationship between hardness
nd yield stress has been discussed for metallic glasses with inden-
ation models and yield criteria [17]. Again, the broad correlation
etween E, Hv and Tg is confirmed but it is observed that the corre-

ation is better defined within each family of materials.
Glasses, including metallic, do not strain harden, unlike crys-

alline metals, but at temperatures far enough from Tg, fail at high
tresses. For metallic glasses the theoretical limit is approached.
he failure is due to inhomogeneous flow due to strain localiza-
ion in thin shear bands [5]. The correlation of strength parameters,
ith the glass transition temperature shows that there a link can be

stablished between thermal and mechanical properties of glasses,
pecifically those leading to fracture. This has been sought for
etallic glasses by considering the volumetric energy content of

he material at yielding (and most often at fracture) as expressed
y its resilience, R = �2

y /2E, with �y the yield strength. The obser-
ation of fracture surfaces evidences vein and river patterns [5,6],
laments and drops [18]. This shows that zones of the glassy mate-

ial reach the liquid state and, consequently, temperatures in excess
f Tg. The amount of alloy involved in such heating has been esti-
ated by computing the thermal energy needed to reach Tg from

he temperature at which the mechanical test is performed, usually

ig. 9. The plot of hardness versus Tg for metallic glasses (open symbols [15]) and
norganic glasses (full symbols [16]).
metric amount of heat needed to bring the material from room to the glass transition
temperature. Metallic glasses (open symbols [15]) and inorganic glasses (full sym-
bols [16]). Among the latter the points for selenides are aligned at the left of the
plot.

ambient temperature Ta, Et ≈
∫ Tg

Ta

Cp
V dT with V the molar volume

and Cp the molar specific heat, and comparing it with the amount
of energy released elastically. To overcome the lack of experimental
data, both � and Cp were taken as constants as in a previous analysis
[19], and Cp taken as 3R, R being the gas constant, with the justifi-
cation that this underestimates the actual values of only about 10%.
Then, the thermal energy becomes Et ≈ 3R�Tg/V. The resilience of
metallic glasses versus the thermal energy showed a clear corre-
lation implying that shear band propagation is related to the glass
transition in that local temperature rise occurs after a shear offset
event and the shear band becomes operative, behaves like a crack
releasing elastic energy. The microstructural length scale where
these events occur were shown to be compatible with the size of
the molten zone in fusible coating experiments [20] and of veins
and other features on the fracture surfaces of metallic glasses. To
complete the comparison with other glasses, a plot of the quantity
H2

v /2E is reported versus Et in Fig. 10 of course noting that the val-
ues in the ordinate do not bear a meaning in terms of energy beyond
the relationship between hardness and yield stress. The overall cor-
relation is much less than for metallic glasses alone. However, it
clearly exists for the family of selenide glasses indicating a com-
mon mechanism for failure again related to the glass transition.
Points for other glasses (e.g., borates and phosphates) do not have
a similar correlation and a different mechanism of failure can be
suggested.

6. Conclusions

This contribution has reviewed the fragility parameters of both
kinetic and thermodynamic origin for glasses of various types and
discussed the extent of their correlation as well as possible causes
of discrepancies.

The hyperbolic distribution of energies in a potential energy
landscape of the liquid provides a simple mean of expressing the
m parameter versus Tg/TK showing that metallic glasses conform
to the general trend of glass-formers and that they rank among
fragile-intermediate melts.

The relationship between the Young’s modulus and hardness
and T has been discussed observing that the correlation can be
g

defined with some confidence within each type of glassy materials.
Issues related to the temperature rise during shear band prop-

agation in metallic glasses have finally been reviewed underlining
the general correlation between the resilience (elastic energy
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tored at fracture) and the amount of thermal energy released. This
elationship appear to apply to some families of glasses whereas
ther types apparently fracture with a different mechanism.
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