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Mechanical (elastic moduli, yield strength, hardness) and thermophysical (glass transition, fragility
indexes, heat content of shear bands) properties of metallic glasses are discussed and compared using an
extensive database containing values for different families of alloys.

The relationships between some of the above quantities are analysed to get insight into the shear band
energetics and propagation. The failure by shear and the consequent temperature rise due to the release
of elastic energy are analysed also with the help of a finite element simulation with attention to the length
scales for each process. The data for different families of alloys are compared. The results of analyses and
simulation are employed for discussing serrated flow and shear band propagation with an example on
an Al-based metallic glass.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The interest on mechanical properties of metallic glasses is
increased steadily during the last years when bulk materials have
become widely available for both appropriate testing and perspec-
tive application [1-3]. The availability of a large number of data
obtained with alloys of very diverse formulation has prompted
the analysis of correlations among properties, especially thermal
and mechanical [4-7]. This activity has two objectives: relating the
properties to structural models of the materials also as a function
of temperature and attempt predictions of property values not yet
available. In this paper such analysis is confined to bulk metallic
glasses, but extended to the most recent data appeared in the lit-
erature. At first the correlation of strength and moduli with the
glass transition temperature, T, is revisited taking care of prop-
erly subdividing the alloys in their respective families. Then, the
energetics of events leading to failure are considered, i.e., local tem-
perature rise after a shear offset and maturation of a catastrophic
shearband, again in relationship with the alloy composition, ending
with a some notes on serrated flow.

2. Mechanical and thermal properties

It is well established that mechanical properties of metallic
glasses correlate with Tg [7]. Examples are reported in Figs. 1 and 2
for the Young’s modulus, E, and the yield or fracture strength, oy,
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respectively, showing the link between thermal and mechanical
variables of metallic glasses. The modulus clearly scales with Tg,
although with scatter (Fig. 1). It also must correlate with the melt-
ing point, Ty, which scales with the cohesive energy of the solid
since the ratio Tg/Tm is often taken as an index of glass forming
ability of the alloy being comprised approximately between 0.55
and 0.66 for bulk metallic glasses [1,2]. In addition to the intrin-
sic properties of the elements, part of the scatter in the E plot
can actually be related to the varied proportionality between Tg
and Tny. An example is provided by the Fe-based glasses of high
modulus and low Ty in relative terms. The data for strength are
reported together for tension and compression experiments since
they overlap within the respective accuracy [8]. Again, the correla-
tion showing the increase of strength with Tg is apparent (Fig. 2),
as well as the deviation from it for Fe-based and some Ni-based
glasses. Since the strength of metallic glasses often approaches the
theoretical limit for solids, the upper left part of the diagram does
not contain points. The trends in Figs. 1 and 2 are qualitatively sim-
ilar reflecting the well known fact that the elastic deformation at
yielding, i.e., the ratio of oy, to E, is of the order of 2% [3].

The set of data collected here for bulk metallic glasses refer to
tensile/compressive experiments performed at room temperature.
Deformation of metallic glasses is homogeneous close to the glass
transition temperature, Tg, and inhomogeneous at low temperature
occurring in localized shear bands which are triggered by the acti-
vation of a shear transformation zone [3]. It has been argued that
a critical strain level is necessary for the occurrence of such event
and that the critical strain should decrease on increasing temper-
ature towards the glass transition because of thermal activation
of cooperative shear [4]. The tensile/compressive strain is plotted
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Fig. 1. The correlation between Young’s modulus and Ty for bulk metallic glasses.
Symbols: (a) Au-based, (W) Ca-based, (¢) Cu-based, (<) Fe-based, (®) Mg-based,
(<) Ni-based, (A) Pd-based, (>) Pt-based, (O) rare earth-based, (v) Ti-based, (¢)
Zr-based.

versus the measurement temperature scaled with respect to Tg in
Fig. 3. The decrease of the strain with temperature is confirmed
for most families of glasses. Since metallic glasses are believed
to yield via the Mohr-Coulomb criterion, the shear and normal
stresses are related via a friction coefficient [3]. The use of data
as in Fig. 3 implies assuming a constant pressure dependence of
the shear stress, i.e., friction coefficient, for all glasses. Deviation
from the approximation of a constant value might explain some of
the differences between glass types.

3. Elastic properties of the glass and thermophysical
properties of the liquid

Therecent literature has reported a debate on the possibility that
the elastic properties of the glass could embed some information
on structure sensitive quantities of its liquid state [5,9-11]. This
stems from the observation that the local structure of the liquid
is frozen-in upon vitrification. The quantity upon which attention
was drawn is the liquid fragility as expressed either by the slope of
theliquid viscosity or by that of entropy loss on approaching Tg [12].
The fragility was suggested to scale linearly with both the Poisson
ratio, v, and the ratio of bulk to shear moduli, B/G [9]. The evidence
collected to date shows that the fragility of metallic glasses depends

Fig. 2. The correlation between yield/fracture stress and T for bulk metallic glasses.
Symbols as in Fig. 1.

Fig.3. The tensile/compressive strain plotted versus the measurement temperature
scaled with respect to T, for bulk metallic glasses. Symbols as in Fig. 1.

weakly on Tg [13]. Fig. 4 shows that the B/G ratio scales with Tg
only roughly. These representations, therefore, provide a hint on
the possible correlation between liquid and glass properties, but
also the indication that they cannot be used for prediction since
may differ for each group of material.

Egami has developed a model of amplitude fluctuations in the
liquid based on uncorrelated atomic level stresses. When the liquid
becomes a glass, the local stress causes a long-range elastic field-
inducing freezing of topology. The model links the related total
elastic energy to the thermal energy to be supplied to the mate-
rial to unrelax it at the glass transition [14]. The relevant equation
is

RTg _ BV crit 2
2 T 2K, <(‘9v ) > (1)

. N2
where V is the molar volume, R the gas constant, <(8€/rlt) > the

ensemble average of the volume strain and K, is the following
function of the Poisson ratio
3(1-v)
2(1-2v)
Fig. 5 reports a plot of B versus the volumetric thermal energy

corrected for the K, term. Although the correlation in Fig. 5 cannot
be considered as predictive for an unknown property of the mate-

Ko = (2)

Fig. 4. The bulk to shear modulus ratio versus Tg for bulk metallic glasses. Symbols
as in Fig. 1.



S50 L. Battezzati et al. / Journal of Alloys and Compounds 504S (2010) S48-S51

Fig. 5. The Egami plot expressed by Eq. (1) for bulk metallic glasses. Symbols as in
Fig. 1.

rial, it represents, however, the best one reported to date between
elastic and thermophysical properties of metallic glasses.

4. Length scales of temperature profiles around shear
bands

The correlation of oy, to Tg shown above suggests investigat-
ing the possible role of the glass transition in the failure of metallic
glasses. Shear displacement occurs at some flaw of the material.
Then, the critical shear band becomes operative propagating with
loss of traction. Elastic energy is contributed to the band and the
temperature rises [3]. Determination of the heat content of shear
bands based on the fusible coating method and calculations of the
corresponding temperature rise using data for Vitreloy 1 (Vit 1,
Zr4125Ti13.75NijoCuy25Beyy 5) [15,16] showed that Ty can be defi-
nitely exceeded. Starting from these data, it has been argued [13,17]
that the energy released at fracture is expressed by the resilience
of the metallic glass (Uy = o){r/ZE). The thermal energy needed to
bring the glass to Tg is approximately Uy =3RATg/V with AT, the
difference between Ty and the testing temperature [6,17]. Uy shows
a clear correlation versus U; as reported in Fig. 6 for bulk metal-
lic glasses. Most points fall in the lower part of the diagram and
the upper triangle is empty since the theoretical strength cannot
be exceeded. As already noted for ribbons [13], for each value of

Fig. 6. The resilience of bulk metallic glasses versus the volumetric amount of heat
needed to bring the material from room to the glass transition temperature. The line
is defined in the text. Symbols as in Fig. 1.

Fig. 7. Temperature profiles of heat evolution in a shear band from FE modelling as
a function of distance in the material for various times for a Fes7.6C014.4B192SisgNbg.
The curves show the temperature rise with respect to the testing temperature, taken
as room temperature.

thermal energy there is scatter of data, even for the same alloy.
The likely source of this scatter is the uncertainty in the yield
stress of materials of different shape and size prematurely fractured
during testing.

The above events occur on three length scales: the first one
corresponds to the thickness of the volume of unit area defining
the shear band, i.e., a few tens of nanometers, a second one corre-
sponding to the volume of unit area providing mechanical energy
estimated as tens to hundreds of micrometres thick, and a third
one related to the volume of unit area where localization of elastic
energy occurs resulting of the order of a few micrometers where
temperatures in excess of Ty are experienced [17]. The extent of
this zone is compatible with the size of the molten zones in fusible
coating experiments [16] and of veins and other features on the
fracture surfaces of metallic glasses [18]. From the above calcula-
tion for Vit1, U; results 44 times U; implying that excess energy is
localized in the band and then dissipated by conduction. In Fig. 6 a
straight line joining the origin to the Vit 1 point is drawn. It appears
to correspond approximately to the limit for the accessible part
of the diagram for several families of bulk metallic glasses (Zr-,
Mg-, Pd-, Ni- and Fe-based) indicating that shear band propaga-
tion is related to Tg for many alloys in the same way. It is noted
that at least the points for Cu-based alloys deviate from the stated
correlation, although aligned on a roughly parallel line, showing
that assumptions made in calculations may not be all generally
applicable.

The temperature profile around the shear band was computed
by means of Finite Element modelling assuming the heat source
is a thin slab of the same width as shear bands, taken here as
10 nm [19], adjacent to a thicker domain, the heat reservoir, where
heat conduction occurs [17]. An example of the resulting temper-
ature profiles is given in Fig. 7 for a Fe-based glass chosen because
its Ut to Uy values lie on the straight line in Fig. 6. Spatial tem-
perature profiles at various times after shearing are reported. The
temperature decreases rapidly in time and space but a region of
some hundred nanometers thickness remains above T still after
5 x 10~8s. These times are of the same order as that estimated for
shearing, therefore the band is not adiabatic, as already pointed
out [16,17,19]. The temperature is still above the glass transition
(about 830K) close to 500 ns. The cooling rate from the melting
point to Tg is of the order of 109 K/s well suited to keep the zone
glassy after shearing, however, the relatively long permanence of
the band at high temperature can contribute to the brittleness of the
glass.
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Fig. 8. Steps on the surface of a fragment of an AlgzNi;Ceg ribbon heavily cold rolled
to fracture while embedded in an Al envelope serrated between stainless steel plates.

5. Serrations

The shear band energetics discussed above refers to catastrophic
failure. Bulk metallic glasses often present plastic behaviour via a
series of serrations. Each of them implies stress drops of the order
of 1% and elastic deformation with energy release of the order of
10~* x U, per serration [20,21]. As for de-cohesion in stick-slip pro-
cesses [22], this implies that the amount of energy released refers
to a limited volume of matter; using the figure derived above and
taking a unit area across the material, it is estimated it extends
from submicron to a few microns distances. Under compression
this does not cause initiation of a crack. Dissipation of heat takes
place fast and the stress can rise again until a new serration occurs
of increased extent. This process continues until a critical serration
size or a runaway crack develops leading to fracture. As a con-
sequence of serrated flow the movement of related shear bands
produces steps of various sizes on the surface of samples [16,20].
In these cases, temperature rises should be more limited than for
fracture, and Tg, may not be reached. Actually, it is reported that
the size of the molten zone in fusible coating experiments scales
with the shear offset of each band becoming undetectable below
about 1 wm[16]. The steps produced on the material surface display
the presence of molten matter in some cases [20] but, at variance,

often they have sharp edges. An example is provided in Fig. 8 where
a large number of steps are seen on the surface of a fragment of an
Alg7Ni;Ceg ribbon cold rolled to fracture being embedded in an Al
envelope serrated between stainless steel plates. Steps of various
orientation are apparent due to mixed mode deformation. No sign
of melting can be detected even for steps of several micron size. In
the same sample, however, molten features were found on some
external surfaces of fragments possibly broken in tension [21].
The present analysis suggests a qualitative interpretation of such
microstructural features, but detailed modelling of heat dissipation
as a consequence of local plasticity is needed for demonstration.
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