MATERIALS [ CONDENSED MATTER

Space-Age Geramics Get Their Toughest Test

Advanced ceramic compos-
ites can withstand the ultrahigh
operational temperatures pro-
jected for hypersonic jet and
gas-turbine
engines, but real-time analysis
of the mechanical properties of
these space-age materials at
ultrahigh has
been a challenge—until now.
Researchers have developed
the first testing facility that
enables microtomography of
ceramic  composites under
controlled loads at ultrahigh
temperatures and in real-time.
Using this facility, they have
fully resolved sequences of
microcrack damage as cracks
grow under load at tempera-
tures several hundred degrees
higher than previously possible.
The observations are key ingre-
dients of the high-fidelity
simulations used to compute

next-generation

temperatures

failure risks under extreme
operating conditions.

Ceramics made from clay
have been used as construction
materials for thousands of
years and are renowned for
their ability to resist damage
from water, chemicals, oxida-
tion, and—most importantly—
heat. Ceramics can stand up to
temperatures that would melt
most metals. However, tradi-
tional ceramics also suffer from
a serious deficit—brittleness.
Today's advanced
for extreme structural applica-

ceramics

tions are much stronger and
tougher. They're reinforced
with ceramic fibers to form

Three-dimensional
from a specimen tested at 1750°C at several applied loads (10, 127,
and 98 newtons, respectively).
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*Load reading after first matrix crack initiated.

composites that can be struc-
tured along the lines of natural
materials such as teeth and
bone. Jet or gas-turbine engines
made from ceramic composites
would weigh considerably less
than today's engines and
operate at much higher tem-
peratures. This translates into
far greater fuel efficiencies and
reduced pollution.

Still, while ceramic com-

posites are far less prone
to fracture than their clay
ancestors, tiny cracks can

form and grow within their
complex microstructures, creat-
ing potentially catastrophic
problems. Like teeth and bone,
ceramic composites achieve
robustness through complexity,

with their hierarchical, hybrid
microstructures impeding the
growth of local damage and
preventing the large fatal
cracks that are characteristic
of brittle materials. However,
complexity in composition
brings complexity in safe use.
For ceramic composites in
ultrahigh-temperature applica-
tions, especially where corrosive

species in the environment
must be kept out of the
material, relatively small

cracks, on the order of a single
micron, can be unacceptable.
Exactly how microcracks
are restrained by the tailored
microstructures of a ceramic
composite is the central ques-
tion for the materials scientist
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seeking the optimal composi-
tion or architecture, and the
design engineer who must
predict the failure envelope.
The only reliable way to
answer this question is
through measurements made
at ultrahigh temperatures.

ALS Beamline 8.3.2,
which is powered by a 6-tesla



The Hotter the Better

Since World War Il, the performance of jet engines tracks
almost perfectly with the maximum operating temperature of
the materials used in the engine: the hotter you run the engine,
the greater the efficiency, the lower the fuel costs, and the
cleaner the emissions.The metallic superalloys used in engines
today are hitting the upper limit of their temperature range—
even a 5-degree increase would be highly coveted. Ceramic
materials, on the other hand, are very hard, less dense, and can
tolerate extremely high temperatures. Jet engines (as well as
land-based turbines for generating electricity) using ceramic
composites could run 200 to 300 degrees hotter and 10 to 20%
lighter. Moreover, because ceramics consist of common, earth-
abundant materials such as silicon and carbon, they will be
cheaper to make in mass quantities.

The well-known inherent brittleness of ceramic materials can
be overcome by including reinforcing hybrid microstructures
that contain and slow the growth of microscopic cracks. But for
aerospace applications, new materials must be thoroughly
evaluated—often for decades—before they can be safely used.
The new high-temperature microtomography facility developed
by Bale et al. will help facilitate that process by providing
detailed, quantitative answers to questions about how the com-
posites behave when the heat is on.

superbend magnet, is designed
for x-ray computed microto-
mography, a technology that
provides nondestructive 3D
imaging of solid objects at a
resolution of approximately
one micron. The research team
designed and placed into this
beamline a wunique tensile-
testing rig that can pull or
compress a small, cylindrical
sample in ultrahigh-tempera-
ture environments (up to
1750°C). The rig can also oper-
ate in vacuum or in atmospheres
that are inert or oxidizing. They
then obtained 3D tomographic
images of samples consisting
of a silicon carbide ceramic

matrix, reinforced with silicon
carbide fibers, at sufficient res-
olution to observe the real-time
formation and growth of micro-
cracks and other forms of
internal damage as a function
of load.

The data obtained contain
complete quantitative informa-
tion on crack paths, crack
surface areas and orientations,
spatial variations in the crack-
opening displacements, statistics
of relative spatial location
of cracks, and microstructural
heterogeneities  within  the
sample volume. All these
parameters are critical in
any analysis of fracture as

X-ray microtomography data shows matrix cracks and individual
fiber breaks at various loads (106, 112, and 133 newtons, respec-
tively) in a specimen tested at 1750°C. The red-blue color scale
measures crack opening displacement (COD) in the matrix
material, and yellow arrows indicate cylindrical holes remaining

after relaxation of broken fibers.

Robert Ritchie (left) and Hrishikesh Bale at ALS Beamline 8.3.2
with the mechanical testing rig they developed for in situ ultrahigh-
temperature x-ray computed microtomography.

they govern the toughness of
the material.

The results provide vital
information about the underly-
ing failure mechanisms in
ceramic composites that can be
used to optimize their perfor-
mance and predict structural
integrity and safe lifetime. The
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capacity for validating virtual
testing models through direct,
real-time, noninvasive experi-
mental observations should
greatly advance our wunder-
standing and help promote the
technological innovation of
ceramic composites.
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