tween Ap and Ty/T , is assumed, observed
correlations between the empirical NM pa-
rameters x and Ah* and the KWW parame-
ter B are correctly predicted. A correlation
between Ah* and B is also observed for poly-
mers in the rubbery state above Tg, where
relaxation is linear (17), and is consistent
with the correlation between the same pa-
rameters observed under the nonlinear con-
ditions prevailing below T,. The ratio Ty/T,
is a measure of fragility in Angell’s classifi-
cation scheme for liquids (17, 18), implying
that more fragile liquids produce more non-
linear glasses. This is borne out by the cor-
relations between the NM and KWW pa-
rameters being consistent with the fragility
classification scheme.

The description and prediction of phys-
ical aging effects is fraught with difficulties
caused by the complexity of their nonlinear
and nonexponential character. The prob-
lem is acute for polymers because of the
coupling between aging and the dynamic
and thermodynamic properties that are im-
portant in their applications. The current
phenomenologies for purely thermal histo-
ries are adequate for many engineering ap-
plications, such as those for inorganic glass-
es, for example (3), but fail for glasses that
are very far from equilibrium. The reasons
for this failure are not known with certain-
ty, although the handling of nonlinearity,
or the methods for combining nonlinearity
and nonexponentiality, or both are suspect-
ed by some (5, 7, 8). A generally accepted
methodology for treating nonthermal per-
turbations to polymers has not yet been
developed. Theoretical understanding of
the glass transition, upon which a better
understanding of physical aging will pre-

“sumably be based, is at present too poorly

developed to be of much help. New ap-
proaches to these long-standing problems
are sorely needed.
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Metallic Glasses

A. Lindsay Greer

Amorphous metallic alloys, relative newcomers to the world of glasses, have properties
that are unusual for solid metals. The metallic glasses, which exist in a very wide variety
of compositions, combine fundamental interest with practical applications. They also
serve as precursors for exciting new nanocrystalline materials. Their magnetic (soft and
hard) and mechanical properties are of particular interest.

Materials with each of the major bonding
types (ionic, covalent, van der Waals, hydro-
gen, and metallic) can be obtained in amor-
phous (that is, noncrystalline) solid forms.
Metallic amorphous materials are compara-

tive newcomers to this group. They first -

came to prominence with Duwez’s demon-
stration in 1959 that an amorphous AuySiys
alloy (the composition is given here, as
throughout this article, in atomic percent)
could be obtained by rapid cooling of the
liquid (1). Formed when the liquid becomes
increasingly viscous on cooling and fails to
crystallize, such a material can correctly be
termed a glass. Metallic glasses are but a
subset of a range of metallic amorphous sol-
ids that can be made by a wide variety of
techniques. Undoubtedly, amorphous metal-
lic materials had been made, and even rec-
ognized as such, before Duwez’s experiments;
an example is early work on the condensa-
tion of thin films on substrates at liquid
helium temperatures (2). The significance of
Duwez’s work, seen more clearly when the
improved cooling technique of melt-spin-
ning was developed (Fig. 1), was that vitri-
fication of a liquid permits comparatively
large quantities of an alloy to be made into
the amorphous state, certainly much more
than could be made by thin-film techniques.

In addition to their fundamental interest,
metallic glasses were soon realized to have
considerable commercial importance when
iron-based compositions were found to have
excellent soft magnetic properties (3). With
their ready availability, fundamental inter-
est, and properties of technological impor-
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tance, metallic glasses in the late 1970s and
1980s were the focus of an explosion of
academic and industrial research. Some years
on, the novelty has faded. Some commercial
applications are well established, and others
are still awaited. Yet research on metallic
glasses remains active, not least because of
continuing discoveries that open up new
possibilities. This article considers the cur-
rent state of the field and focuses on recent
developments. Further background material
may be found, for example, in (4, 5).

How to Make a Metallic Glass

A glass is made if a liquid is cooled suffi-
ciently rapidly to avoid crystallization.
With conventional oxide glasses, the criti-
cal cooling rate is so low that it is not an
important production parameter. For metal-
lic glasses, however, critical cooling rates
are usually rather high. Melt-spinning (Fig.
1) has been the main technique for metallic
glass production, and it gives cooling rates
of the order of 10% to 10° K s™!. There are,
of course, many other techniques for rapidly
cooling an alloy liquid. For example, a jet of
molten alloy can be ejected into a stream of
water to produce wire, or (in any of the
many variants of atomization) broken up to
produce droplets. With such techniques,
the cooling rate is comparable to that in
melt-spinning and the interest is in the
forms of the product. A contrasting exam-
ple is pulsed laser quenching, in which a
very thin (~100 nm) surface layer is melted
by an incident beam of duration as short as
a few picoseconds. The thin layer on top of
a large cold substrate experiences ultrarapid
cooling, as fast as 10'* K s (6).

1947




Even when the critical cooling rate is
not so high as to require a technique such as
melt-spinning, it may still be necessary to
cool a liquid under very clean conditions to
avoid crystallization in contact with nucle-
ants, Techniques for achieving cleanliness
include encapsulation of the liquid alloy in
another liquid (the emulsion technique and
fluxing) or containerless solidification in
free fall.

Techniques used for making amorphous
alloys are listed in Table 1. Apart from
cooling the liquid, there are many other
methods. Techniques based on deposition
from the vapor (evaporation or sputtering)
or from solution (electrodeposition or elec-
troless deposition) can be considered akin
to rapid liquid quenching in that a solid is
formed when the mobility of the atoms is
rapidly decreased. There are also many
techniques based on the formation of an
amorphous phase within the solid state.
Irradiation by ions or high-energy electrons
can destroy crystalline order in a single-
phase solid, as can heavy mechanical work
(for example, by grinding). Alloying can be
achieved in the solid state by ion implan-
tation, ion mixing, or mechanical alloying,
and each of these techniques can yield an
amorphous product. In all of these solid-
state techniques, considerable energy is sup-
plied, and the introduction of defects and
ultimate amorphization may not be a sur-
prise. For example, the collision cascades
that occur after ion bombardment can be
likened to liquidlike volumes that are then
rapidly quenched.

There are other techniques for produc-
ing an amorphous phase in which the only
input of energy is thermal annealing. As
was first demonstrated and explained by
Schwarz and Johnson (7), certain combina-
tions of crystalline elemental metals react

Ribbon, 1 to 5 mm wide

10 to 80 ms™
10 10 50 um

Fig. 1. The most common laboratory technique
for producing metallic glasses is meit-spinning
{54), shown here schematically, in which the mol-
ten alloy is ejected onto the fiat rim of a rapidly
rotating wheel (typically copper) to praduce a thin
ribbon up to a few milimeters wide. In the related
industrial process of planar flow casting (55),
proximity of the ejection nozzle to the wheel gives
tight control of ribbon dimensions, and widths up
to a few tens of centimeters can be produced.
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in the solid state to produce an amorphous
phase. A further type of amorphization,
rarely observed, is the transformation of a
supersaturated solid solution. These trans-
formations are discussed further below.

Compositions of Metallic Glasses

The composition ranges of alloys that can
be made glassy of course depend on the
production method. If the cooling rate of
the liquid is more rapid, glass formation

ranges are widened. However, the compo-

sition ranges made glassy or amorphous by
different techniques do not vary enormous-
ly. The general types of alloy emerging as
glass formers (for example, by melt-spin-
ning) are listed in Table 2.

How are the compositions in Table 2 to
be understood? Various criteria have been
proposed for glass formation. Crystallization
of the liquid can occur only below the
liquidus temperature T, and glass forma-
tion is assured if the still-uncrystallized liq-
uid is cooled to the underlying glass transi-
tion temperature T,. Thus glass formation is
expected to be easiest when the interval
between the liquidus and the glass transi-
tion is minimal. The reduced glass transi-
tion temperature T,/T, is a useful guide to
glass-forming ability. Because T, can be a
strong function of composition, but T, usu-
ally is not, glass formation is expected near
deep depressions (eutectics) in the liquidus;
this prediction is substantially verified ex-
perimentally (Fig. 2). Essentially the glass-
forming compositions are those at which
the liquid is relatively stable compared to
the crystalline phases. Solutes generally sta-
bilize the liquid (through entropy) but de-
stabilize the elemental solid solutions
through the difficulty of incorporating for-
eign atoms in the crystal structures. The
difficulty of incorporation is related to the
sizes of the atoms (8). No metallic glass is
known based on components that have a
difference in atomic diameter <10% (9).

It is clear from Table 2 that all major
categories of metal are represented. Howev-
er, it has been clear that some elements
(palladium and iron are prominent exam-
ples) lend themselves to glass formation
more easily than others. Aluminum, impor-
tant for its low density and aerospace appli-
cations, is an example of a metal that is very
difficult to incorporate as the dominant ele-
ment in metallic glasses. Work in France
(10) and Japan (11) led to the development
of alloys with gradually increasing aluminum
content. The significant breakthrough, the
production of glasses that contain >80
atomic % Al and that are ductile, came in
1988 through independent work in the
United States (12) and Japan (13). The new
alloys are of the type AI-TM-Ln (where TM
represents a transition metal and Ln a lan-
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thanide) such as AlyFe;Ces; (12) and
AlgsNi; Y5 (13). They have excited interest
in metallic glasses based on light metals and
have proved to be the basis for further sig-
nificant developments in ultrafine-scale
crystallized materials {described below).

Confusion Reigns

For some time, alloy compositions have
been known that do not require rapid liquid
cooling for glass formation. An example is
Pd,(Ni, P,; for which sections 10-mm
thick can be made glassy by cooling at <1 K
57! under very clean conditions (14). The
noble metal palladium, although often
found in glass-forming compositions, is un-
likely to be widely applied because of its
expense. Interest increased when Inoue and
co-workers (15, 16) discovered further alloy
types with similar glass-forming ability,
sometimes not even requiring any special
precautions with cleanliness. Some easy
glass formers are Ln-ALTM alloys, such as
Lag;Al,sNi,;, and Mg-TM-Ln alloys, such
as MggsCu,sY o (15, 16). Significantly, it
was also found that lanthanides are not nec-
essary, as in the Zr-Al-TM family (17). The
ability to form metallic glasses very easily,
in large cross-sections, from common ele-
ments has naturally aroused much interest
and’led to rapid development. In particular,

Table 1. Some production methods for glassy
and amorphous metals.

Method ) Ref.
Rapid liquid cooling
Meift-spinning, planar flow casting (64, 55)
Atomization (56, 57}
Wire formation in water 58)
As a surface treatment
Scanned laser or electron beam (59, 60)
Pulsed laser beam 6)
Undercooling of clean liquids
Emulsion technigue 67)
Fluxing 62)
Solidification in free fali 63)
Physical vapor deposition
Evaporation @)
Sputtering 64)
Chemical methods
Electroless deposition 85)
Electrodeposition (66)
Precipitation 67)
Hydrogenation (68)
Irradiiation
By light or heavy ions 69, 70)
By electrons (71)
By neutrons . (72)
lon implantation (73)
lon mixing (74)
Mechanical methods
Grinding (75)
Mechanical alloying (76)
Reactions
Solid-state reaction of elements (%)
Decomposition of crystalline solid 80)
solution




the general rule of stabilizing the liquid to
promote glass formation has been exploited
by adding more components. This is in
effect applying a “confusion principle,” in
which the diverse components present, in
particular their different sizes, inhibit crys-
tallization. Work in Japan and the United
States has led to many new compositions,
such as Zrg; ,Tij5 gCuyy sNiyg oBeyy 5 (18,
19). These are based on a mixture of early
transition metals, a mixture of late transi-
tion metals, and possibly also beryllium,
chosen because of its small atomic size. Al-
loys such as these have been cast as cylinders
up to 16 mm in diameter, and there is no
reason to suppose that this is an upper limit.
As can be seen in Fig. 3 the glass-forming
ability of such compositions approaches that
of the traditional oxide glasses.

Do Metals Form True Glasses?

The archetypal glasses are those of the ox-
ides, particularly those based on silica. The
basic model for their structure is the contin-
uous random network, in which bonding of
nearest neighbors is the same as that in the

Table 2. Examples of glass-forming alloys. All
compositions are quoted in atomic percent. The
amorphous alloys have been formed by a variety
of techniques, mostly rapid liquid-quenching. This
is far from a comprehensive list; only some repre-
sentative alloys and compositions are given in
each category. For binary alloys, however, some
indication is given of glass-forming ranges.

Glass-forming

Alloy range Ref.
Late transition metal-metafioid
Fe 00,8, X = 12-25 (77)
Pd, o, Si, X = 14-22 (78)
Fe ,oNi,oBog (79)
Fe,oNiyoP14Bg (80)
Early transition metal-metalloid

Tiy 00xSk x =15-20 817)
WeolraoBao 82)

Early transition metal-late transition metal
NB, g0, Ni, X = 40-70 83)
Cuyp0-, 21 x = 25-60 84)
Niyo0_,Zr, x =10-12,33-80 (85, 86)
ZrgNigsAly 87)

Aluminum-based
Al Lla, x =10, 50-80 88)
AlgCu, .V, 89)
AlgsNiyors (36)
AlgFe Cey (12)
AlgoNi oYy (13)
Lanthanide-based
La, oo AU, X = 18-26 (90)
Gd, o, Fe, x = 32-50 Q1)
L355A|25Nizo ©92)
Alkaline-earth—based
Mg, 002N, x =26-32 (93)
Cay oAl x=125-47.5 94)
M0gsCligs Yo (95)
Be,o4r o5 (96)
Actinide-based

Us00_,C0, X = 24-40 97
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crystal but longer range order is absent. Such
glasses have associated with them particular
properties. In contrast to these more familiar
glasses, metallic glasses typically are much
less stable. On heating they crystallize, and
this process inhibits observation of the prop-
erties generally associated with the glassy
state, such as rapid viscous flow at and above
T, The compositions listed in Table 2 have
been determined to be amorphous by x-ray
or electron diffraction. Yet, as will be shown
below, such evidence may be inconclusive,
and there has been a recurring question of
whether the materials obtained are really
amorphous or microcrystalline. Even if they
are amorphous, there is the further question
of whether they can truly be regarded as
glasses formed continuously from the liquid.
Silicon provides an example illustrating that
glasses and amorphous materials are not al-
ways the same (20). Liquid silicon has a high
density and is metallic. Normal crystalline
silicon has tetrahedral covalent bonding.
Amorphous silicon, which can be made by
deposition as well as by solidification from
the liquid, also has a local tetrahedral coor-
dination with tetrahedral bonding. In its
bonding type, solid amorphous silicon is
therefore quite distinct from the liquid and
cannot be regarded as a glass, which if
formed would be dense and metallic.
Notwithstanding the problems with lack
of stability, there are many indications that
metallic glasses are true glasses. On anneal-
ing, their properties change in a way charac-
teristic of the structural relaxation of con-
ventional glasses (21). This relaxation is not
a precursor to ctystallization (some of the

property changes are opposite in sign to
those expected for crystallization), but brings
the structure of the glass closer to that of the
equilibrium liquid at the annealing temper-
ature. By successive annealing at different
temperatures, reversible changes can be ob-
served. For metallic glasses that are normally
made by rapid cooling, the initial state is
highly unrelaxed, and annealing predomi-
nantly leads to densification. Even though
crystallization precludes prolonged experi-
ments, viscosity and specific heat changes
near T are as expected for real glasses. It has
recentfy become possible to demonstrate all
such effects more convincingly by using the
new very stable, multicomponent glasses de-
scribed above. In these materials, rapid crys-
tallization occurs at temperatures that can be
more than 100 K higher than T, (19). This
situation gives plenty of opportunity for mea-
surements around the glass transition, where
the properties are particularly characteristic
of the glassy state. As an example, these new
materials show the capability for superplastic
deformation associated with the archetypal
oxide glasses. Also, and most importantly,
the easy glass-forming compositions do per-
mit some measurements (particularly ther-
mal) to be made continuously (without in-
tervening crystallization) between the glassy
state and the liquid, thus directly demon-
strating the link between them (22).

In addition to relaxation effects, crystal-
lization (or “devitrification”) itself provides
further evidence for the glassy state. When
crystallization occurs on heating a metallic
glass, microstructural studies show that it
involves nucleation and growth, just as for

Fig. 2. The phase diagram of
the Ni-Zr system. Glass for-
mation (by melt-spinning),
shown by the horizontal
bars, is found near eutectic
compositions, where the gap
between T, and T_ (dotted
line} is minimized (85, 86).
The heavy lines, solid and
dashed, indicate 7, and its
metastable extension for
each elemental solid. solu-
tion. Solid-state amorphiza-
tion by reaction of the ele-
ments occurs between the

metastable extensions and

below T, (100).
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solidification of a liquid and crystallization
of conventional oxide glasses (23). Thus,
for most or all of the compositions in Table
2, there is firm evidence that the materials
are glassy. In addition, all comparisons of
property measurements on alloy composi-
tions made into glasses by rapid cooling of
the liquid and made amorphous by other
techniques suggest that the materials are
similar. Strong evidence on this point is
provided by thermodynamic measurements.

Thermodynamics of Glasses and
Amorphous Alloys

The thermodynamic properties of a glass
can be estimated by extrapolating to lower
temperatures the properties of the liquid. Inx
performing such an extrapolation, it is im-
portant to note that glass-forming liquids
have specific heats significantly greater
(perhaps as much as two times greater, just
above T,) than the corresponding crystal-
line solids. Specific heats can be measured
directly in undercooled liquids or can be
estimated from the heat of crystallization of
a glass (24, 25). In addition, there are some
electrochemical measurements of the ther-
modynamics of the glassy state itself (26).
Fstimates of the Gibbs free energy of glassy
phases have proved useful in interpreting
amorphous-phase formation by solid-state
reactions (27). In such a reaction at inter-
faces between thin films of the elements,
nucleation of the stable intermetallic com-
pounds appears to be stifled. The relevant
phase equilibria then involve only the lig-
uid or glassy phase and the elemental solid
solutions. These equilibria are indicated by

108,
410 pm

Metallic

108
glasses ~10.1 mm

2
T

-1 mm

-

-10cm
Oxide'
glasses

Critical cooling rate (K s™)
: R
Al T
Maximum section thickness

-
<

n
H

~“im

4l I

1 L L
10 0.4 05 06 0.7
Reduced Tg

Fig. 3. The glass-forming ability of alloys and ox-
ides are compared. The critical cooling rate for
glass formation varies strongly with the reduced
T, and gives an approximate maximum section
thickness. The shaded area corresponds to the
alioys such as Ln-Al-TM (715}, Mg-TM-Ln (76), Zr-
Al-TM (17, 18), Zr-TM-Be (79) (TM, transition met-
al, and Ln, lanthanide). [Adapted from (79) with
permission from Elsevier Science S.A., |.ausanne,
Switzerland]
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the heavy lines in Fig. 2. This metastable
phase diagram shows that the formation of
the amorphous phase on annealing at 200°
to 300°C can be simply considered to be a
eutectic melting occurring below T, (28).

A still more striking example of the use
of glassy-state thermodynamics to interpret a
solid-state amorphization phenomenon is
that of inverse melting. The supersaturated
body-centered-cubic (bcc) solid solution of
Cr;5Tiys, when annealed at 550°C, trans-
forms to an amorphous phase of the same
composition. However, the bec phase itself
forms on cooling the liquid. Thus, if the
amorphous phase is indeed continuous with
the liquid, its free energy must equal that of
the bee phase at two temperatures (29). This
behavior, calculated from thermodynamic
parameters of the system by Bormann (30),
is illustrated in Fig. 4. At the higher equi-
librium temperature is the normal melting
point. At the lower equilibrium temperature
is a novel inverse melting point, at which a
crystal would melt on cooling. Such melting
must mean that the liquid or amorphous
phase at this point has a lower entropy than
the crystal; this remarkable resule may be
associated with the obvious positional entro-
py difference between the amorphous and
crystalline phases being outweighed by
greater chemical order in the former. How-
ever, the key point is that the appearance of
the amorphous phase can be explained from
the ordinary thermodynamics of the alloy
system by extrapolating the liquid properties
to lower temperatures.

Glasses, Nanocrystals, and
Quasicrystals

There have been many attempts to model
the structure of amorphous metallic alloys.
Early on it became clear that simple models
based on microcrystalline aggregates had sig-
nificant problems, and that the most success-
ful models were based on dense random
packing (which can be regarded as the coun-

terpart of the continuous random network
for metallic rather than covalent bonding).
From the above discussions of properties and
thermodynamics, it may appear that there is
no doubt about the existence of the metallic
glassy state. Yer work on deposited thin films
has reopened the amorphous versus micro-
crystalline question. For example, thin-film
Alg;Mn,, appears amorphous in electron
diffraction and imaging, but when it is an-
nealed it transforms to a polycrystalline ma-
terial by what appears (by calorimetry and
microstructural observation) to be a contin-
uous process of grain growth (31). Thus it
appears to be initially in a nanocrystalline
state. On the other hand, there are many
compositions, including many based on alu-
minum, that appear by the same calorimetric
and microstructural tests to be truly amor-
phous (32, 33).

In examining this question, the structures
of alloys which are more obviously in a glassy
state can be considered first. Basic analyses
of radial distribution functions show average
coordination numbers in the range 11.5 to
14.5, values consistent with extrapolations
from metallic liquids. However, analysis of
partial pair distribution functions show that
there can be strong chemical ordering. For
example, in alloys such as NigB,g there
appear to be no B-B nearest neighbors (34).
Models based on the dense random network
have been refined by increasing the degree of
local order. It appears that not only can
there be considerable chemical order, but
that local coordinations can be similar to
those in crystalline compounds. Currently a
model based on nanoscale twinning (“chem-
jcal twinning”) appears to be quite successful
in fitting experimental data (35). There are
no boundaries in this model, so it supports
the concept of an amorphous rather than a
microcrystalline state.

However, such a model is successful with
some “amorphous” alloys and not others. In
particular, it is not successful for at least
some of the Al-based alloys (36) that “de-

Fig. 4. Calculated Gibbs 0
free energies (relative to hex-

agonal close-packed Ti and

bee Cr) of the bee solid so- 2
lution and of the liquid-
glassy’ phase in CrggTiyg
(atomic percent). Indicated
for congruent transforma-
tions between these phases
are the normal melting point
T.,and a novel inverse melt-
ing point T, (which is at or
below 7). On annealing the
bce solid solution below T, |
{for example, at 550°C), it -
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vitrify” to a quasicrystalline phase with
icosahedral symmetry (of which the thin-
film Alg;Mn,, cited above is an example).
Aluminum is one of the main base ele-
ments for quasicrystalline phases. Thus it
may be that some apparently amorphous
alloys are really aggregates of nanoscale
quasicrystalline grains. Much further work
is clearly needed to explore the distinction
between such materials, true amorphous
phases, and true nanocrystalline phases
formed by other techniques.

Properties and Applications

Metallic glasses are indeed metallic in their
electrical conduction, but they can have
very high resistivities. The temperature de-
pendence of resistivity can be positive or
negative and is in any case close to zero,
which may lead to some potential applica-
tions (37). Their mechanical properties, be-
cause of the absence of crystal slip, are quite
unlike those of conventional metals. At high
temperatutes, there is viscous flow, which
opens up the possibility of superplastic form-
ing. At ambient temperature, although some
metallic glasses are brittle, many are not.
However, the plastic flow is concentrated
into shear bands, which indicates that any
flow leads to softening, not hardening, as
normally expected for metals (38). This
work-softening unfortunately means that, in
tension, a metallic glass sample fails with
little plastic elongation, in an apparently
brittle manner. The absence of crystal-slip
mechanisms leads to very high flow stresses.
For example (Fig. 5), an aluminum-based

Fig. 5. The tensile strengths

glass can have a flow stress as high as 1250
MPa (39), about twice as high as the best
precipitation-hardened conventional alloy
and certainly immensely harder than the
commercial purity element (~200 MPa).
Despite the high strengths, there has been
only limited interest (for example, as rein-
forcing fibers in auto tires) in metallic glass
ribbons for mechanical applications (40);
this is partly because their properties, al-
though good for alloys, are not outstanding
compared to other fibers, and partly because
of the lack of fatipue resistance and the
apparent brittleness caused by the work-soft-
ening. A mechanical property that is ex-
ploited is wear resistatice (41). With com-
bined wear and corrosion resistance, metallic
glass coatings are suitable to withstand ag-
gressive environments such as are found in
valves. In combination with their soft mag-
netic_properties (see below), the wear resis-
tance is useful in tape recorder heads. The
capability of amorphous alloys to be more
ductile than their crystalline counterparts in
bending has led to significant application as
brazing foils (42).

The corrosion resistance, although not
necessarily good, can be outstanding—pro-
moted by the chemical and structural homo-
geneity of metallic glasses and by the ability
to have high levels of solute to produce
protective oxides (43). Protective coatings
can of course be deposited by a variety of
methods, but they may also be made in situ
by rapid solidification of a thin surface layer
melted by a scanned laser or electron beam.
With such “laser glazing,” it is difficult to get
uniform completely amorphous coatings, but

nm um mm

of aluminum alloys com- '
pared as a function of micro- 0.1

structural scale: (a) commer- L
clal purity aluminum; (b) the
strongest conventional pre- 1
cipitation-hardened Al al-
loys; (c) amorphous, or part
amorphous, Al-TM-Ln al-
loys, consolidated and crys- —
tallized (53, 107); and (d)
amorphous Al-TM-Ln alloys,
partially devitrified (either
during quenching or by an-
nealing) to give nanometer-
scale crystalites (57, 52,
102). The diameter of an Al
atom and the wide range of
tensile strengths for fully
amorphous Al-TM-Ln alloys
(39, 51, 102) are shown for
comparison (TM, transition
metal, and Ln, lanthanide).
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surface coatings of this kind have neverthe-
less attracted wide interest. Another chemi-
cal property of interest is the use of amor-
phous alloys as catalysts (40).

Of all of the properties of metallic glasses,
it is their soft magnetism that has led to the
most significant applications. The micro-
structural homogeneity of the glasses and the
absence of magnetocrystalline anisotropy
can give very low coercivity and low hyster-
etic losses. On the other hand, strong mag-
netostriction in many compositions and low
saturation magnetizations (because of high
solute levels) can be disadvantages. There is
now large-scale production, by planar-flow
casting, of iron-based soft magnetic material
for the cores of distribution transformers, and
there are many other applications in small
magnetic devices (3).

Because of the requirement (for most
compositions) for rapid liquid quenching,
metallic glass samples are available only in
hin cross sections. The tendency to crys-
tallize impedes efforts to ‘make bulk prod-
ucts by consolidating powder or chopped
ribbon. However, the forms available, such
as ribbons or sheet, can be quite suitable for
many applications. For example, ribbons
can be used for reinforcing elements, and
thin sheet can be used for transformer core
laminations or magnetic shielding.

Devitrification

Conventional oxide glasses are of interest
not only in themselves but also because they
are the precursors of useful glass-ceramics,
obtained by crystallization of the glass, that
is, by devitrification. The focus of this article
50 far has been on metallic glasses themselves
and has reflected the common view that
devitrification (either through the produc-
tion route not yielding a fully glassy state, or
through subsequent annealing) is undesir-
able. Where metallic glasses have novel
properties, devitrification can be expected to
destroy those properties; for example, devit-
rification increases the coercivity in soft

Table 3. Property enhancements through
devitrification. .

Property Ref.
Mechanical properties
increased ductility (98)
Increased flow stress and fracture (50, 57)
strength
Superplasticity (63)
Soft magnetic properties
Low coercivity 48, 49)
High saturation magnetizatiori (48, 49)
Reduced high-frequency losses (44)
Stress-induced anisotropy 45)
Hard magnetic properties 47
Increased critical current in type |l (99)
superconductors
1951




magnetic glasses. On the other hand, it has
gradually been realized that fully or partially
crystalline materials made from metallic
glasses can have useful properties (Table 3),
and important recent work is in this field.
Slight devitrification is useful in tailoring
properties, A fine dispersion of crystals in a
ferromagnetic glass can pin domain bound-
aries and reduce hysteretic losses at high
frequency (44). Surface devitrification can
induce stresses to change the magnetic an-
isotropy (45). More surprising is that sub-
stantial or even complete devitrification can
produce interesting materials. At first glance
it seems perverse to adopt a difficult produc-
tion route to avoid crystallization and make
glass, only then to crystallize the glass. The
key point is that any crystalline product
made from a glass has a very fine and very
uniform microstructure. The uniformity fol-
lows from the chemical uniformity of the
glass, which formed from the liquid without
segregation. The fine scale of the microstruc-
ture arises because devitrification is effec-
tively the solidification of the liquid at very
high undercooling; crystal nucleation is fa-
vored, and growth is inhibited.

Although there were some early claims of
useful tool steels (46), the first major appli-
cation of a devitrified alloy was the hard
magnetic material based on the phase
Fe ,Nd,B (47). Large-scale commercial pro-
duction of this material by rapid solidifica-
tion commenced very shortly after it was
discovered. In fact, the material can be made
by a variety of routes, but these include
devitrifying an initially glassy material and
the closely related route of quenching not
quite sufficiently fast to obtain a fully glassy
product. That a material with a fine grain
size should have hard magnetic properties is

not surprising. Much more intriguing is the
observation that a soft magnetic metallic
glass can partially crystallize to a material
that has good or even improved soft mag-
netic properties. Such materials, first dis-
covered in Japan, have been widely stud-
ied. Initial compositions were of the type
Fe;, sCu;Nb,Si;; 5B, (48), but more re-
cently compositions of the kind of
Fey,Zr,B, (49) have shown good proper-
ties while having a greater concentration
of magnetic species. These materials con-
sist of a dispersion of fine (10 to 20-nm
diameter) crystallites in a amorphous ma-
trix. The fine scale precludes effective
pinning of domain boundaries.

A more recent example of spectacular
improvements found in a partially crystal-
line material are the mechanical properties
of AL-TM-Ln alloys. The materials, devel-
oped separately in Japan (50) and the Unit-
ed States (51), consist of 3- to 10-nm diam-
eter crystallites of cubic close-packed alumi-
num embedded in an amorphous matrix and

_ have optimum strength for a crystalline vol-
ume fraction of ~25%. They are obtained
by quenching at below the critical rate or by
annealing an initially amorphous material.
The devitrification can also be induced by
mechanical working. The most remarkable
feature of these materials is their ultrahigh
tensile fracture strength [as high as 1560
MPa for AlygNigCe,Fe, (52)], combined
with their lack of brittleness. This property
is illustrated in Fig. 5; the fracture strength
of the partially crystalline materials can be
as much as 50% greater than that of the
corresponding fully amorphous alloy. The
reasons for this enhancement are not yet
clear. However, the aluminum crystals ap-
pear to be too small to contain any disloca-

Fig. 6. A strength-density 104
property chart for engineer-

ing materials where the appli- Engineering
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tions. The potential importance of these
novel nanophase composites can be shown
on a property chart for engineering materials
(Fig. 6). The best of the new alloys have
properties well outside the range associated
with conventional Al alloys; they have
properties in the range of engineering ce-
ramics such as MgO, vet are also ductile.

If partially crystalline materials are of
interest, then some degree of devitrification
may be permissible during consolidation of
amorphous ribbon. Consolidated product,
either partially or fully crystalline, has been
found to retain a fine-scale microstructure
of interest. For example, a consolidated al-
loy of the AI-TM-Ln type has shown super-
plastic elongations of >500% at strain rates
as high as 1 57! (53). Even after consolida-
tion and deformation, the mechanical prop-
erties (for example, a tensile strength ~900
MPa) are superior to those of conventional
commercial high-strength aluminum alloys.

Outlook

The recent developments of aluminum-
based glasses with good properties and of the
very easy glass-forming alloys have attracted
wide interest. They suggest that the research
emphasis has firmly shifted from concentra-
tion on techniques for metallic glass forma-
tion to the exploration for new composi-
tions. For commercial applications, the pro-
duction technique should be straightforward,
and the glasses produced should be stable. In
these respects, the use of multicomponent
compositions has proved very fruitful and, as
most of these systems are unexplored, may
yet lead to further surprises. There is no
reason to suppose that all significant glass-
forming compositions have been discovered.

The advent of a range of very easy glass-
forming alloys has established that metals
can be made into true glasses and is permit-
ting fundamental work on the metallic glassy
state. In addition, it has opened up possibil-
ities for the shaping of metals through vis-
cous flow at elévated temperature, as is used
for conventional glasses. This capability
could be exploited not only for large-scale
sheet forming but for the manufacture of
ultrasmall components in which the grain
structure of a normal polycrystalline metal
would interfere with the shaping (19).

Again following belatedly in the footsteps
of conventional oxide glasses, it is now clear
that metallic glasses can be useful precursors
for partially or fully crystalline materials that
can have superior properties to the glasses
themselves. The products of devitrification
are distinguished by the uniformity and ul-
trafine scale of their microstructures. So far
their potential has been demonstrated for
magnetic properties and high strength; fur-
ther exploitation can be expected.

In materials engineering today, there is




much consideration of the replacement of
alloys by other materials such as polymers
and ceramics. Metallic glasses, and the
devitrified materials made from them, rep-
resent part of the response of alloys to this.
These new metallic materials have a very
wide range of novel properties or combi-
nations of properties, ranging from soft or
hard magnetism to corrosion resistance
and ultrahigh flow stress. They have
evolved from laboratory curiosities into
materials of industrial application, and re-
search on them has led to improved un-
derstanding in many areas, ranging from
magnetism to solidification.
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A Topographic View of
Supercooled Liquids and
Glass Formation
Frank H. Stillinger

Various static and dynamic phenomena displayed by glass-forming liquids, particularly
those near the so-called “fragile” limit, emerge as manifestations of the multidimensional
complex topography of the collective potential energy function. These include non-
Arrhenius viscosity and relaxation times, bifurcation between the o~ and B-relaxation
processes, and a breakdown of the Stokes-Einstein relation for self-diffusion. This mul-
tidimensional viewpoint also produces an extension of the venerable Lindemann meiting
criterion and provides a c¢ritical evaluation of the popular “ideal glass state” concept.

Methods for preparing amorphous solids
include a wide range of techniques. One of
the most prominent, both historically and
in current practice, involves cooling a vis-
cous liquid below its thermodynamic freez-
ing point, through a metastable super-
cooled regime, and finally below a “glass
transition” temperature T,. A qualitative
understanding, at the molecular level, has
long been available for materials produced
by this latter preparative sequence; how-
ever, many key aspects of a detailed quan-
titative description are still missing. For-
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tunately, focused and complimentary ef-
forts in experiment, numerical simulation,
and analytical theory currently are filling
the gaps.

The present article sets forth a descrip-
tive viewpoint that is particularly useful for
discussing liquids and the glasses that can
be formed from them, although in principle
it applies to all condensed phases. Concep-
tual precursors to this viewpoint can be
found throughout the scientific literature
(1), but most notably in the work of Gold-
stein (2). The objective here is to class
and unify at least some of the many static
and kinetic phenomena associated with the
glass transition.
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Interaction Potentials

Condensed phases, whether liquid, glassy,
or crystalline, owe their existence and mea-
surable properties to the interactions be-
tween the constituent particles: atoms, ions,
or molecules. These interactions are com-
prised in a potential energy function
@(r, - - - ry) that depends on the spatial
location r; for each of those particles. The
potential energy includes (as circumstances
require) contributions from electrostatic
multipoles and polarization effects, cova-
lency and hydrogen bonding, short-range
electron-cloud-overlap repulsions and long-
er range dispersion attractions, and in-
tramolecular force fields. Obviously, the
chemical characteristics of any substance of
interest would substantially influence the
details of ®@. Time evolution of the multi-
particle system is controlled by the interac-
tions, and for most applications of concern
here the classical Newtonian equations of
motion (incorporating forces specified by
®) provide an adequate description of the
particle dynamics.

In order to understand basic phenome-
na related to supercooling and glass for-
mation, it is useful to adopt a “topograph-
ic” view of ®. By analogy to topographic
maps of the Earth’s features, we can imag-
ine a multidimensional topographic map
showing the “elevation” ® at any “loca-
tion” R = (r; - - * ry) in the configuration
space of the N particle system. This simple
change in perspective from conventional
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three-dimen sional space to a space of much
higher dimension [3N for structureless par-
ticles, and even more for particles that are
asymmetric or nonrigid or both (3)] intrin-
sically creates no new information, but it
facilitates the description and understanding
of collective phenomena that operate in
condensed phases, particularly in liquids and
glasses.

An obvious set of topographic questions
to ask concems the extrema of the ® surface,
such as maxima (“mountain tops”), minima
(“valley bottoms”), and saddle points
(“mountain passes”). The minima corre-
spond to mechanically stable arrangements
of the N particles in space, with vanishing
force and torque on every particle; any small
displacement from such an arrangement
gives rise to restoring forces to the undis-
placed arrangement. The lowest lying mini-
ma are those whose neighborhoods would be
selected for occupation by the system if it
were cooled to absolute zero slowly enough
to maintain thermal equilibrium; for a pure
substance, this would correspond to a virtu-
ally perfect crystal. Higher lying minima cor-
respond to amorphous particle packings and
are sampled by the stable liquid phase above
the melting temperature T,, (4).

Figure 1 shows a highly schematic illus-
tration of the multidimensional “®-
scape.” Such a simplified representation
can be misleading, but it serves to stress
several key points. First, the minima have
a substantial variation in depth and are
arranged in a complex pattern throughout
configuration space. Second, each mini-
mum is enclosed in its own “basin of
attraction,” most simply defined as the set
of all configurations in its “valley,” that is,
all locations that strict downhill motion
would connect to that minimum. Third,
contiguous basins share a boundary con-
taining at least one saddle point, or tran-
sition state. Fourth, equivalent minima
can be attained by permutations of iden-
tical particles. This last point implies, for a
pure substance, that every minimum be-
longs to a group of N! equivalent minima
distributed regularly throughout the mul-
tidimensional configuration space.

An important issue concerning the
®-scape topography that remains largely
unresolved concerns the number of minima
Q(N), and in particular how fast it rises
with N. Rather general arguments (bol-
stered by exact calculations for some special
theoretical models) yield a simple generic
form for the large-N limit in a single-com-
ponent system (4, 5):

Q(N) ~ N! exp(aN) (1)

where o > 0 depends significantly on the
chemical nature of the substance consid-
ered. The permutational factor N! has al-
ready been explained; the challenge is to
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predict « reliably from known molecular
structures and interactions.

Melting and Freezing Criteria

The topographic view of the ®-scape advo-
cated above leads to a clean separation be-
tween the inherent structural aspects of the
substance under consideration (that is, the
classification of potential energy local mini-
ma), and the “vibrational” aspects that con-
cern motions within and among the basins
defined by those inherent structures. Such a
separation leads naturally to a fresh exami-
nation of an old but very useful idea, namely,
the Lindemann melting criterion for crystal-
line solids, first formulated in 1910 (6).

The Lindemann criterion concerns the
dimensionless ratio, £(T), of the root-
mean-square (rms) vibrational displace-
ment of particles from their nominal lattice
positions, to the nearest-neighbor spacing a.
It asserts that when temperature rise causes
£(T) to reach a characteristic instability
value, melting occurs. X-ray and neutron
diffraction experiments provide measure-
ments of €(T) (through the Debye-Waller
factor) for a wide variety of real substances,
and computer simulations can be used to
calculate #(T) for. model systems. These
results show that €(T,) varies a bit with
crystal structure: It is approximately 0.13 for
face-centered-cubic crystals and 0.18 for
body-centered-cubic crystals (7). In any
event, it is substantially constant across sub-
stances in a given crystal class and provides
a good account of the pressure dependence
of T,, for a given substance.

. Vibrational motions contributing to
£(T,,) have a significant anharmonic char-
acter. But aside from a very small concentra-
tion of thermally created point defects in the
crystal, these vibrations are confined to the
basins surrounding the N! absolute minima.
At any temperature T, then, the Lindemann
ratio for the crystal can be expressed:

£(T) = <(AR)*>"?}(Na) (2)

where AR is the intrabasin vibrational dis-
placement from the absolute minimum in
the multidimensional configuration space,
and the brackets denote a thermal average
confined to that basin at temperature T.

Although it is not obvious in the usual
way of presenting the Lindemann melting
criterion, Eq. 2 has a straightforward exten-
sion to the liquid phase. One simply recog-
nizes that the thermal average and the dis-
placements refer to inherent structures of
the amorphous packing and their associated
®-scape basins that predominate after melt-
ing. The mean nearest-neighbor distance a
for the liquid phase (obtained from the mea-
sured radial distribution function) typically
is close to that of the unmelted crystal.

No laboratory experiment has yet been
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Fig. 2. Root-mean-square particle displacement
divided by mean neighbor separation, versus tem-
perature, for crystal and liquid phases. The value of
this ratio for the crystal at the metting point, €(7,.), is
specified by the Lindemann melting criterion.

devised to measure £(T) for liquids. Never-
theless, computer simulations for models of
real substances can be designed to supply
the needed information. Numerically, these
simulations are required to generate a rep-
resentative collection of system configura-
tions for the temperature of interest and to
evaluate the rms particle displacements that
return each configuration to its correspond-
ing inherent structure. Although only a
small number of simulations of this kind
have thus far been carried out (8), the main
features of this extension are clear, and are
summarized qualitatively in Fig. 2. The -
crystal and liquid €(T’) curves are distincg;
both monotonically increase. with T, with
the curve for the liquid located well above
that for the crystal. At the melting-freezing
point, £y, is approximately three times that
for the crystal; equivalently, the rms parti-
cle displacement is approximately one-half
that of the nearest-neighbor spacing.

In its conventional form, the Lindemann
criterion advances an asymmetric, one-
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phase view of the first-order crystal-liquid
transition. This model contrasts markedly
with the thermodynamic description that
calls for two-phase equality of pressure and
chemical potential at the transition. How-
ever, the extension just described effectively
restores two-phase symmetry. It supplements
the melting criterion with an exactly anal-
ogous Lindemann-like freezing criterion for
the liquid, specifically, that thermodynamic
instability with respect to freezing occurs
when cooling causes L’“q(T) to decline to
the cited transition value.

Although it is relatively difficult to su-
perheat crystals above their T, supercool-
ing of the melt is commonplace, particularly
with viscous liquids. Figure 2 shows the ex-
tension of £, (T) into the T < T, regime of
supercooling, under the assumption that
crystal nucleation has been avoided. In this
extension, the system’s configuration point
R(¢) continues to wander as time ¢ progresses
among the basins for amorphous inherent
structures, without discovering entrance
channels to any of the absolute-minimum
basins of the crystalline state. Upon cooling
to absolute zero, the system becomes trapped
almost at random in one of these inherent-
structure basins of the amorphous state, €,
becomes small (vanishing for classical statis-
tics), and the system becomes a rigid glass.

Arrested Kinetics

The entire collection of {(N) basins can be
classified by their depths. Let ¢ = ®/N
denote the inherent-structure potential en-
ergy for any given basin on a per-particle
basis. In analogy to Eq. 1 above, it can be
shown that the distribution of basins by
depth has the form Nlexplo($)N] in the
large-N limit (5). A mean vibrational free
energy per particle, f,, can then be defined
for basins of depth ¢. The equilibrium state

of the system at temperature T corresponds

to preferential occupation of basins with
depth &*(T), which is the ¢ value that

maximizes the simple combination (5, 9):

o(¢) — (aT)'[6 + £(6TN]  (3)

where kg is Boltzmann’s constant. When T
is near T, this combination has two local
maxima with respect to ¢; the first-order
melting transition corresponds to a discon-
tinuous change in ¢* as the role of the
absolute maximum switches from one to the
other at T,

Supercooling the liquid phase below T,
kinetically avoids switching back to deep
crystalline basins, but rather the liquid re-
mains in those that correspond to the other
local maximum of Eq. 3, given by d);q(T),
that continues to refer to higher lying amor-
phous inherent structures. So long as the
system configuration point R(T) can move
more or less freely among the higher lying
amorphous inherent structures and attain a
representative sampling while avoiding
crystal nucleation, the system remains in a
reproducible quasi-equilibrium state of lig-
uid supercooling (9).

The individual transitions that carry the
system between contiguous (boundary-shar-
ing) basins apparently almost always in-
volve localized particle rearrangements. In
other words, only order O(1) out of N of the
particles undergo substantial location shifts.
This is true whether the basins are those for
substantially crystalline inherent structures
(and the transition involves creation or de-
struction of point defects), or whether they
refer to a pair of amorphous packings. Con-
sequeritly, the activation barrier that must
be surmounted, and the final change in
basin depth will also only be O(1). Because
the total kinetic energy is much larger
(roughly NkgT), enough thermal energy is
virtually always ‘available in principle to
surmount the intervening barrier. The bot-
tleneck is that this kinetic energy is distrib-
uted throughout the many-particle system,
and it may take a very long time for a proper
fluctuation to concentrate enough kinetic
energy at the required location to effect the
transition between basins.

Relaxation response functions in the
time domain, g,(t), to any of a variety of
weak external perturbations v (mechanical,
electrical, thermal, optical, and so forth)
provide an indication of the actual restruc-
turing kinetics resulting from interbasin
transitions. If the assumption that the ini-
tial-time normalization g (0) = 1 is im-
posed, the areas under the g,(t) curve along
the positive time axis define mean relax-
ation times 7,(T). These depend somewhat
on property v, but in supercooled liquids
they tend to display essentially a common
rapid rise with declining temperature and
can often be fitted to a Vogel-Tammann-
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Fulcher (VTF) form (10):
7,(T) = 70 exp[ AT — To)] (4)

where 1, is in the picosecond range and A
and T, are positive constants.

So long as all 7, are substantially shorter
than the time available for expérimental
measurement, the supercooled liquid re-
mains in a state of quasi-equilibrium, and in
particular inhabits and moves among basins
whose depths are closely clustered around
¢;q(T). But as T declines, the mean relax-
ation times represented by the VTF form
increase strongly and all cross the time scale
of experimental measurement at essentially
a common glass transition temperature T,
> T,. Further reduction in T fails to lower
the depth of the inhabited basins below
&yo(T,). The supercooled liquid then has
fallen out of quasi-equilibrium. The ratio
T,/T,, for most good glass-forming liquids
falls in the range from 0.60 to 0.75.

Careful examination of the relaxation
functions g,(t) above T, reveals the pres-
ence of distinct processes. At very short
times (comparable to vibrational periods),
intrabasin relaxation predominates. This
domain is followed by a much more extend-
ed time regime during which interbasin
structural relaxation processes occur, and in
the long-time limit of this regime the relax-
ation’ inevitably seems to display a Kohl-
rausch-Williams-Watts (KWW) “stretched
exponential” decay (11):

&) ~ T, exp[—(/1,)°] (5)

in which 0 < 8 = 1 and I, is a constant;
the characteristic time t, is comparable to
mean relaxation time 7, when T is near T,

The 8 = 1 limit in Eq. 5 corresponds to
simple Debye relaxation, with ¢, serving as
the single structural relaxation time. How-
ever, smaller 0 values lead to a broad distri-
bution of relaxation times, and by trans-
forming g, to the frequency domain this
breadth becomes explicit (12). Peaks in the
frequency-dependent absorption then cor-
respond approximately to the dominant re-
laxation times.

As Fig. 3 illustrates, the temperature de-
pendence of peak relaxation frequency for
liquids often exhibits a bifurcation (13). In
the equilibrium liquid range and into the
moderately supercooled regime, there is a
single absorption maximum frequency.
Upon approaching T, this peak splits into a
pair of maxima, the slow o (“primary”) and
faster P (“secondary”) relaxations. The
former are non-Arrhenius and kinetically
frozen out at T, and the latter are more
nearly Arthenius and remain operative at T.

The @, P relaxation bifurcation has a
straightforward interpretation in terms of
the @ topography. As T declines, the con-
figuration point R(t) is forced into regions
of increasingly rugged and heterogeneous
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topography in order to seek out the ever
deeper basins that are identified by &y, (T).
The lower the temperature, the rarer an
more widely separated these basins must be.
However, the elementary transition pro-
cesses that connect contiguous basins con-
tinue to require only local rearrangements
of small numbers of particles. Evidently, the
basins are geometrically organized to create
a two-scale length and potential energy pat-
tern; Fig. 4 illustrates this feature.

The B processes are identified with the
elementary relaxations between neighbor-
ing basins, whereas the o processes entail
escape from one deep basin within a large-
scale “crater” or “metabasin” and eventual-
ly into another (14). Because the latter
requires a lengthy directed sequence of ele--
mentary transitions, it will acquire a net
elevation change (activation energy) many
times that of the former. Also, the vast
intervening stretch of higher lying basins
produces a large activation entropy.

Viscosity and Self-Diffusion

The relaxational response of a fluid to shear
stress is often described by a specific in-
stance of Eq. 4, the Maxwell relaxation time
Tyy(T), defined by the ratio of the shear
viscosity M(T) to the elastic modulus G,
which is nearly temperature independent.
Consequently, the VTF form in Eq. 4 is also
a useful representation of shear viscosity [in-
deed, this was its original application (10)):

(1) =noexp[BAT - Ty)] ~ (6)

with virtually the same divergence temper-
ature T, that obtains for other types of
relaxation. Experimentally, T,’s often corre-
spond to 7 in the range from 10! to 1013
poise for nonpolymeric liquids.

The VTF representation for viscosity
generates a useful classification of glass-
forming liquids between “strong” and “frag-
ile” extremes (15), depending on the value
of the ratio TofT,, (or altemnatively T,/T).
The strong limit has To/T,, = 0, and n(i‘)
displays Arrhenius temperature behavior;
real material examples that appear to be
close to this limit are the oxide glasses SiO,
and GeO,. The fragile limit displays dra-
matic non-Arrhenius n(T), and is illustrat-
ed by orthoterphenyl, and the ionic mate-
rial Ko (Cag 4(NOs), 4

The variation in behavior between the
strong and fragile extremes can be traced
back to topographic differences in the
®-scapes for the respective materials. The
extreme limit of strong glass formers presents
a uniformly rough (single energy scale) to-
pography, in which only the B transitions of
Fig. 4 have relevance. Little or no coherent
organization of the individual basins into
large and deep craters, associated with the
low-temperature o transitions, appears to be
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Fig. 4. Two-scale potential energy topography
characteristic of regions of configuration space
explored by fragile glass formers near 7. The el-
ementary interbasin transitions are associated
with B relaxations, and large distance intercrater
transitions are assoclated with « relaxations.

present. It is no surprise then that the o,
bifurcation is weak or absent in the strong
cases. In contrast, the most fragile glass
formers indeed exhibit significant ®-scape
cratering and distinctive o, bifurcation.
The relatively large effective singularity
temperature T, for fragile materials reflects
the larger and wider net barriers that they
must surmount, as 1" declines toward T, for
the system configuration to pass from the
interior of one inhabited crater to another of
comparable or greater depth.

The self-diffusion constant D measures
the rate of increase with time, because of
Brownian motion, of the mean square dis-
placement of a tagged particle in the medi-
um. The Stokes-Einstein relation connects
D to m and to an effective hydrodynamic
radius b for the particle:

D(T) = kgT/[6mbn(T)] M

(the - constant 6. assumes a “sticking”
boundary condition at the particle surface).
This relation has been remarkably success-
ful at correlating independent measure-
ments of D(T) and n(T) for many liquids as
both vary over many orders of magnitude in
the stable and supercooled liquid regimes.
However, some recent experiments on frag-
ile glass formers near T, show a striking
breakdown of Eq. 7; in these cases D(T)
becomes two orders of magnitude or more
larger than the measured n(T) would indi-
cate (16). Paradoxically, this dramatic ef-
fect occurs while the corresponding rota-
tional diffusion rate is still linked to w(T) or
only weakly decoupled (17).

Once again, the ®-scape cratering char-
acteristic for fragile glass formers offers an
explanation. When the temperature is low
and the system configuration point emerges
from one deep crater to search for another,
it has been emphasized that a long sequence
of elementary interbasin transitions will be
involved. In three dimensions, this se-
quence would appear as a local structural
excitation running around in a microscopic
domain that encompasses many particles,
temporarily fluidizing that domain com-
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Fig. 5. Typical heat capacity curves for fragile
glass formers in crystal (C), supercooled liquid
{Lso), equilibrium fiquid (L), and glass (G} phases;
Ty is the Kauzmann temperature.

pared to the surroundings. Because such
domains are expected to be large on the
molecular scale near T, and to have long
lifetimes, translational diffusion receives a
disproportionate enhancement compared to
rotational diffusion, and a detailed analysis
(18) shows that the latter continues to ad-
here more closely than the former to the
temperature dependence of w(T).

Ideal Glass State?

Figure 5 illustrates schematically variation
with temperature of the heat capacity (C,,
constant pressure) typically observed for
fragile glass formers. Notable features are: (i)
C, rises discontinuously when the crystal
melts at T_; (ii) supercooling the liquid
down toward T, increases the discrepancy
between C, (liquid) and C, (crystal); and
(iii) further cooling produces a nearly dis-
continuous drop in C, (liquid) so that C,
(glass) is very close to that of C, (crystal) at
the same low temperature. In view of the
basin-trapping interpretation of the glass
transition, it can be concluded that the in-
trabasin vibrational properties are largely
the same for all basins, whether correspond-
ing to crystalline or to amorphous inherent
structures. Furthermore, most of the en-
hancement of C, (liquid) over C, (crystal)
above T, stems from the temperature varia-
tion of &y, the depth of the basins predom-
inately inhabited by the supercooled liquid.

The latent heat of melting causes the
liquid at T, to possess a substantially higher
entropy than the crystal. However, the C,
discrepancy illustrated in Fig. 5 means that
the liquid loses entropy faster than the crys-
tal as both are cooled below T The strong-
ly supercooled liquid at T, still has the higher




entropy, although the difference has been
substantially reduced. Smooth extrapolation
of C (liquid) below T and of the corre-
spondlng entropy indicate the existence ofa
positive “Kawzmann temperature” Ty at
which the crystal and the extrapolated hquld
attain equal entropies (19). Considering that
vibrational entropies are nearly the same for
the two phases, and that the inherent struc-
tural entropy of the ordered crystal vanishes,
the fully relaxed glass at Ty (the extrapolat-
ed liquid) must also have vanishing inherent
structural entropy. This realization, coupled
with the empirical observation that Ty =
T, the mean relaxation-time divergence
temperature, has generated the concept of an

“ideal glass state” that could be experimen-

tally attained if only sufficiently slow cooling.

rates were available (20).

If indeed it exists, the ideal glass state
must correspond to the inherent structure
with the lowest potential energy (deepest
“crater”) that is devoid of substantial re-
gions with local crystalline order. Unfortu-
nately, the details of this noncrystallinity
constraint are unclear but may be crucial:
Qualifying inherent structures may depend
on the maximum size and degree of perfec-
tion permitted crystalline inclusions in oth-
erwise amorphous structures. This ambig-
uity, or non-uniqueness of choice criterion,
would seem to undermine the concept of a
substantially unique ideal glass state.

It has also been argued (9) that the
seemingly innocuous extrapolations that
identify a positive Kauzmann temperature
Ty (and by implication T,) are flawed.
Localized particle rearrangements (associat-
ed with 8 relaxations) are always possible,
even in a hypothetical ideal glass structure,
and raise the potential energy only by O(1).
These structural excitations in the strict
sense prevent attaining the ideal glass state
at positive temperature, in conflict with the
usual view (20).

In spite of these formal reservations, the
ideal glass state concept remains valuable.
Careful and systematic experiments on the
most fragile glass formers should help to
remove some of the obscuring uncertainties.

Conclusions

By focusing attention on the topographic
characteristics of ® in the multidimension-
al configuration space, a comprehensive de-
scription becomes available for static and
kinetic phenomena exhibited by super-
cooled liquids and their glass transitions. In
particular, this viewpoint rationalizes the
characteristic properties of fragile glass
formers, including non-Arthenius viscosity,
primary-secondary relaxation bifurcation,
and the enhancement of self-diffusion rates
over the Stokes-Einstein prediction. This
multidimensional topographic representa-

tion has the further benefit of uncovering
and promoting several basic research topics
that need sustained experimental and the-
oretical-simulational attention. Examples of
the latter are the material-specific enumer-
ation of inherent structures (® minima),
the exploitation of the Lindemann-like
freezing criterion for liquids and its relation
to the glass transition, and the critical eval-
uation of the ideal-glass-state concept.
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The Microscopic Basis of the
Glass Transition in Polymers
from Neutron Scattering Studies

B. Frick* and D. Richter

Recent neutron scattering experiments on the microscopic dynamics of polymers beiow
and above the glass transition temperature T, are reviewed. The results presented cover
different dynamic processes appearing in glasses local motions, vibrations, and different
relaxation processes such as a- and B-relaxation. For the a-relaxation, which occurs
above T, it is possible to extend the time-temperature superpaosition principle, which is
valid for polymers on a macroscopic scale, to the microscopic time scale. However, this
principle is not applicable for temperatures approaching T, Below 7, an inelastic exci-
tation at a frequency of some hundred glgahertz (on the order of several wave numbers),
the “boson peak,” survives from a quasi-elastic overdamped scattering law at high
temperatures. The connection between this boson peak and the fast dynamic process

appearing near T is discussed.

Polymers have a very wide range of appli-
cability. and can be used in the solid, rub-
bery, or molten states. Solid polymets are
used whenever elastic strength is required,
and melts are used whenever viscous prop-
erties are desired. The intermediate range of
viscoelasticity has particularly interesting
properties and covers an especially wide
temperature range for polymers because of
their chain structure. Ideally, an under-
standing of the microscopic dynamics
would be a prerequisite for optimized appli-
cation. The limiting cases of the elastic
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solid and the viscous liquid are better un-
derstood than the viscoelastic regime, al-
though a large amount of experimental data
exists for the viscoelastic state (1). Polymers
are generally amorphous solids, that is, they
are microscopically disordered without
translational symmetry and crystallization is
rare. The microscopic disorder remains es-
sentially unchanged as the polymer trans-
forms from the glassy solid state to the melt
or liquid state (Fig. 1A).

The key to understanding the property
changes is the change of the microscopic
dynamics, and any structural changes are
therefore a consequence of it. Microscopi-
cally, elastic solids are characterized by their

- atoms or molecules being bound within a

potential defined by the surrounding atoms.
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