
 

Islands of cooperating atoms jam like ice
floes as a liquid becomes like glass

July 18 2017, by Diana Lutz
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Glasses form when a liquid is cooled so rapidly its atoms or molecules don't have
time to find their places in the regular pattern that characterizes crystalline
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solids. Credit: Washington University in St. Louis

We learn in school that matter comes in three states: solid, liquid and
gas. A bored and clever student (we've all met one) then sometimes asks
whether glass is a solid or a liquid.

The student has a point. Glasses are weird "solid liquids" that are cooled
so fast their atoms or molecules jammed before organizing themselves in
the regular patterns of a crystalline solid. So a glass has the mechanical
properties of a solid but its atoms or molecules are disorganized, like
those in a liquid.

One sign of the weirdness of glass is that the transition from liquid to a
glass is much fuzzier than the transition from liquid to crystalline solid.
In fact, the glass transition is arbitrarily defined as the point where the
glass-forming material has a viscosity of 1013 poise. (The viscosity of
water at room temperature is about 0.01 poise. A thick oil might have a
viscosity of about 1.0 poise.) At this point, it is too thick to flow and so
meets the practical definition of a solid.

Scientists hate definitions this vague, but they've been stuck with this
one because nobody really understood the glass transition, which
frequently makes it onto lists of the top-10 unsolved problems in
physics.

For the most part, scientists have been able to measure only bulk
properties of glass-forming liquids, such as viscosity and specific heat,
and the interpretations they came up with depended in part on the
measurements they took. The glass literature is notoriously full of
contradictory findings and workshops about glass are the venue for lively
debate.
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But in the past fifteen years, new experimental setups that scatter X-rays
or neutrons off the atoms in a droplet of liquid that is held without a
container (which would provoke it to crystallize) have allowed scientists
at long last to measure the atomic properties of the liquid. And that is the
level at which they suspect the secrets of the glass transition are hidden.

In one such study, Ken Kelton, the Arthur Holly Compton Professor in
Arts & Sciences at Washington University in St. Louis, and his research
team (Chris Pueblo, Washington University and Minhua Sun, Harbin
Normal University, China) compared a measure of the interaction of
atoms for different glass-forming liquids. Their results, published online
in Nature Materials, reconcile several measures of glass formation, a sign
that they are on the right track.

"We have shown that the concept of fragile and strong liquids, which
was invented to explain why viscosity changes in markedly different
ways as a liquid cools, actually goes much deeper than just the
viscosity," Kelton said. "It is ultimately related to the repulsion between
atoms, which limits their ability to move cooperatively. This is why the
distinction between fragile and strong liquids also appears in structural
properties, elastic properties and dynamics. They're all just different
manifestations of that atomic interaction."

This is the first time the connection between viscosity and atomic
interactions has been demonstrated experimentally, he said. Intriguingly,
his studies and work by others suggest that the glass transition begins not
at the conventional glass transition temperature but rather at a
temperature approximately two times higher in metallic glasses (more
than two times higher in the silicate glasses, such as window glass). It is
at that point, Kelton said, the atoms first begin to move cooperatively.

Drilling down to the atomic level
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Kelton's latest discoveries follow earlier investigations of a characteristic
of glass-forming liquids called fragility. To most people, all glasses are
fragile, but to physicists some are "strong" and others are "fragile."

The distinction was first introduced in 1995 by Austen Angell, a
professor of chemistry at Arizona State University, who felt that a new
term was needed to capture dramatic differences in the way a liquid's
viscosity increases as it approaches the glass transition.

The viscosities of some liquids change gradually and smoothly as they
approach this transition. But as other liquids are cooled, their viscosity
changes very little at first, but then take off like a rocket as the transition
temperature approaches.

At the time, Angell could only measure viscosity, but he called the first
type of liquid "strong" and the second type "fragile" because he
suspected a structural difference underlay the differences that he saw,

"It's easier to explain what he meant if you think of a glass becoming a
liquid rather than the other way around," Kelton said. "Suppose a glass is
heated through the glass transition temperature. If it's a 'strong' system, it
'remembers' the structure it had as a glass—which is more ordered than
in a liquid—and that tells you that the structure does not change much
through the transition. In contrast, a 'fragile' system quickly 'forgets' its
glass structure, which tells you that its structure changes a lot through the
transition.
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Credit: Washington University in St. Louis

"People argued that the change in viscosity had to be related to the
structure—through several intermediate concepts, some of which are not
well defined," Kelton added. "What we did was hop over these
intermediate steps to show directly that fragility was related to
structure."

In 2014, he with members of his group published in Nature
Communications the results of experiments that showed that the fragility
of a glass-forming liquid is reflected in something called the structure
factor, a quantity measured by scattering X-rays off a droplet of liquid
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that contains information about the position of the atoms in the droplet.

"It was just as Angell had suspected," Kelton said. "The rate of atomic
ordering in the liquid near the transition temperature determines whether
a liquid is 'fragile' or 'strong.'"

Sharp little atomic elbows

But Kelton wasn't satisfied. Other scientists were finding correlations
between the fragility of a liquid and its elastic properties and dynamics,
as well as its structure. "There has to be something in common," he
thought. "What's the one thing that could underlie all of these things?"
The answer, he believed, had to be the changing attraction and repulsion
between atoms as they moved closer together, which is called the atomic
interaction potential.

If two atoms are well separated, Kelton explained, there is little
interaction between them and the interatomic potential is nearly zero.
When they get closer together, they are attracted to one another for a
variety of reasons. The potential energy goes down, becoming negative
(or attractive). But then as they move closer still, the cores of the atoms
start to interact, repelling one another. The energy shoots way up.

"It's that repulsive part of the potential we were seeing in our
experiments," Kelton said.

What they found when they measured the repulsive potential of 10
different metallic alloys at the Advanced Photon Source, a beamline at
Argonne National Laboratory, is that "strong" liquids have steeper
repulsive potentials and the slope of their repulsive potential changes
more rapidly that of "fragile" ones. "What this means," Kelton said, "is
that 'strong' liquids order more rapidly at high temperatures than 'fragile'
ones. That is the microscopic underpinning of Angell's fragility.
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"What's interesting," Kelton continued, "is that we see atoms beginning
to respond cooperatively—showing awareness of one another—at
temperatures approximately double the glass transition temperature and
close to the melting temperature.

"That's where the glass transition really starts," he said. "As the liquid
cools more and more, atoms move cooperatively until rafts of
cooperation extend from one side of the liquid to the other and the atoms
jam. But that point, the conventional glass transition, is only the end
point of a continuous process that begins at a much higher temperature."

Kelton will soon attend a workshop in Poland where he expects lively
discussion of his findings, which contradict those of some of his
colleagues. But he is convinced that he has hold of the thread that will
lead out of the labyrinth because different levels of understanding are
beginning to line up. "It's exciting that things are coming together so
well," he said.

Glasses, glasses, everywhere

Ken Kelton has pursued the glass transition for many years both because
the physics are interesting and, he confesses, because he just plain likes
liquids and glasses. But when he googles people who have cited his
papers he often finds they work in industry. This is because glasses are
everywhere. Most of us think of glass as window glass or drinking
glasses, but many foodstuffs, drugs and plastics are also glasses.

Dry spaghetti is hard and brittle because it is a glass. When it is heated in
boiling water it undergoes a transition to a "rubbery" state that goes well
with red sauce. Cotton candy is a glass made by melting sugar crystals
and then spinning out the melt so that strands of molten sugar "freeze" in
the form of a glass. Cheetos, prawn crackers and dry milk powder are all
glasses, as are many other foods.
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Pharmaceutical companies often use spray-drying or freeze-drying to
make sure a drug is glassy rather than crystalline. Many hard plastics,
such as polysytrene (packing peanuts, disposable razors) and polyvinyl
chloride (vinyl siding, plumbing) are also glasses.

Industrial scientists are scanning Kelton's papers because they need to
control the glass transition and the transformation of the glass to a
crystalline solid in order to give their products desirable properties.
Drugs in a glassy state generally dissolve better in the body, so that lower
doses are effective, and some drugs must be produced as glasses because
they are insoluble in their crystalline form. Control of the glass transition
is also important in the production of plastics. Because they are glasses,
hard plastics have a "memory" of their thermal history that affects how
they perform and age.

  More information: Christopher E. Pueblo et al. Strength of the
repulsive part of the interatomic potential determines fragility in metallic
liquids, Nature Materials (2017). DOI: 10.1038/nmat4935
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