Frankberg, now a Marie Curie Re-
search Fellow at the Instituto Italiano
de Tecnologia, and his collaborators are
currently studying this process in detail,
working toward a comprehensive theory
that would enable researchers to predict
which glasses might exhibit plasticity at
room temperature. “At this point we still
don’t have enough knowledge to make

direct predictions,” Frankberg says. “And
that means we don’t have a full theory yet.”

Room-temperature ductile oxide
glasses have wide-ranging potential in
areas ranging from flexible electronics to
batteries and displays, but that requires
significant scaling. There are no theo-
retical restrictions to scaling, according
to the researchers. “Instead, the challenge
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appears fully technological, given that we
lack processing technology that could pro-
duce such flaw-free amorphous materials
at a macroscopic scale,” the authors wrote.
According to Frankberg, tackling this chal-
lenge will likely require a community ef-
fort that involves academic and industry
research teams.

Kendra Redmond

Bio Focus

X-ray polarization reveals the
secret to enamel’s toughness

he enamel in adult human teeth needs
to be especially tough to last a lifetime.
While many animals, such as sharks and
crocodiles, constantly replace their teeth
and rodents have continuously growing
teeth, this is not the case in humans. Even
bones in the human body, which are made
of the same mineral as enamel, continuous-
ly remodel and regrow material over time
to repair damage and stay strong. A recent
publication in Nature Communications
(doi:10.1038/s41467-019-12185-7) re-
ported on how the toughness of enamel
was a consequence of misorientations of
its component crystals, as determined by
x-ray polarization-dependent imaging
contrast (PIC).
Enamel is the hardest tissue in the hu-
man body. Similar to pearl and seashells,

c'angle

The map shows a pattern of different enamel rods crossing each other in
the inner enamel of the human tooth, with three groups of rods exposed
on the polished surface: in longitudinal (left), transverse (right of center),
and oblique (center, right) cross sections. Credit: Nature Communications.

enamel is a kind of hierarchical multiscale
nanocomposite; it is made up of multiple
materials brought together and structured
at different scales. The primary component
of enamel is a calcium mineral called hy-
droxyapatite (HAP). Proteins and water
make up about 5% of enamel’s weight.
Enamel is made up of enamel rods, which
contain multiple long HAP crystals aligned
with each other. “We discovered that hy-
droxyapatite is dichroic, that is, it shows
different x-ray absorption spectra when
rotating the linear polarization,” says Pupa
Gilbert, head of the research group at the
University of Wisconsin—-Madison.

By using a synchrotron as an x-ray
source with a photoemission electron
microscope, “you can rotate the polar-
ization and reconstruct the orientation of
each crystal in a sample,” Gilbert says.
She and her colleagues used her polar-
ization-dependent imaging contrast to
make maps showing the orientations of
the individual HAP
crystals in enamel
and made an im-
portant discovery:
the crystals within
a single enamel rod
have different orien-
tations that differ by
at least 30°, but that
can go up to 90°, as
determined by the
orientations of the
cyrstalline c-axes.

Gilbert thought
these mis-orienta-
tions might have
a purpose, and
reached out to her
colleague Markus
J. Buehler, of the

Department of Civil and Environmental
Engineering at the Massachusetts Institute
of Technology, to further explore this.
Buehler’s research group carried out
molecular dynamics simulations of HAP
crystals under stresses similar to those in-
volved in chewing food. The simulations
showed that when the atoms are perfectly
aligned across crystals, cracks easily prop-
agate through the crystal grain boundaries.
However, when the atoms in adjacent crys-
tals are only slightly misoriented (less than
30° off), a growing crack is deflected by
the boundary and stops. Smaller mis-ori-
entation angles actually stop crack growth
better than larger angles.

Cayla Stifler, a graduate student in
Gilbert’s group, developed software to
determine how much crystals in the teeth
they imaged were misoriented relative to
adjacent crystals. Gilbert says this analy-
sis “found that the enamel in our mouth
has only small misorientation angles, be-
tween 1° and 30°. Very likely we evolved
to have such small misorientation angles
because they are the best at deflecting
cracks, so our tooth enamel breaks all the
time, but only at the nanoscale, so cracks
can’t travel far.”

The team is interested in looking at
enamel in other animals with the polar-
ization imaging technique to analyze their
crystals’ orientations. “The greatest force
our jaw can apply is about 700 Newtons,
but T. Rex was capable of 60,000 Newtons.
That makes me want to look at its enamel
as soon as | have more beamtime,” Gilbert
says. Studying orientation, along with
other structural properties like the size
and shape of crystals in enamel and other
biominerals, could also yield new ways to
design tougher biomimetic materials.

Matthew Diasio
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