Innovations in Turbine
Blade Manufacturing

Integrally Woven
Fiber Architecture
for Composite

Turbine Blades

John H. Glenn Research Center, Cleveland, Ohio

Composite turbine blades are currently fabricated by laying
up multiple layers of fibers in the form of either unidirectional
prepregs or thin woven cloth. Composites formed in this
manner have poor through-thickness strength. It is also
difficult, if not impossible, to form trailing edges as thin as
necessary for optimum engine performance.

A method was developed to produce integrally woven
preforms of reinforcing fibers for ceramic composite turbine
blades. The preforms contain reinforcing fibers in a 3D
arrangement that avoids failure by delamination, and allows
formation of thin trailing edges.

Two versions of the design were developed. The complex
nature of the weave structures in the walls of the airfoil and in
the trailing edge region mandates the use of a Jacquard head
loom to produce the preform, rather than the more common
Dobby loom. In the first version, a reduced weft fiber count in
the tapered trailing edge region was produced by drawing weft
tows out of the woven preform during weaving, and removing
them by cutting after weaving. In the second version, the
paths of the weft fiber tows were modified to make them turn
in a staggered pattern within the trailing edge region, thus
avoiding the need for cutting any tows.

The 3D arrangement of the fibers in walls and the
trailing edge allows the design of hollow blades that can
contain high-pressure cooling air without the danger of
splitting the trailing edge region. It also allows formation
of thinner trailing edges, and can be optimized for different
loads in different applications. The 3D arrangement also can
be adjusted to produce blades that taper in cross-section from
the base to the tip. Formation of the trailing edge without
cutting circumferential fibers gives more uniform surface
texture and reduced manual steps in producing the preform.

This work was done by Brian Cox and David Marshall of
Teledyne Scientific Co. for Glenn Research Center.

Novel Capability
Enables First Test of
Real Turbine Engine

Conditions

Argonne National Laboratory

Manufacturers of turbine engines for airplanes, automobiles
and electric generation plants could expedite the development
of more durable, energy-efficient turbine blades thanks
to a partnership between the U.S. Department of Energy’s
Argonne National Laboratory, the German Aerospace Center
and the universities of Central Florida and Cleveland State.
The ability to operate turbine blades at higher
temperatures improves efficiency and reduces energy costs.
For example, energy companies estimate that raising the
operating temperature by 1 percent at a single electric
generation facility can save up to $20 million a year. In order to
achieve the highest temperatures of 1,832 degrees Fahrenheit
in engines, metallic turbine blades are coated with ceramic
thermal-barrier coatings and actively air cooled, which
together allows operating temperatures exceeding the metal’s
melting point. Adding to these extreme conditions, during
high-temperature operation, blade rotation induces thermo-
mechanical stresses throughout the blade components.
Because of the difficulty of monitoring engines in
operation, most manufacturers test blades either after flight or
rely on simulated tests to give them the data on how the various
coatings on the blades are performing. Until now, creating an
accurate simulation has been out of reach, but the team knew
that if they could build it, industry would come calling.
“While the idea sounded impossible, we had a team
of willing collaborators with complementary skills as well
as excellent students who were motivated to take on the
challenge,” said Seetha Raghavan, an associate professor of
mechanical and aerospace engineering at the University
of Central Florida and a co-author on the team’s paper
outlining the novel technique in the July issue of Nature
Communications magazine.
The research team has succeeded in developing a new
in-situ facility for use at Argonne's Advanced Photon Source
(APS) that for the first time accurately simulates these extreme
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turbine engine conditions. In particular, the Florida team
developed an improved furnace system and the German team
developed a novel coolant system to add to the mechanical
testing system at Sector 1 of the APS, where the high-energy
X-rays (E~86 keV) were able to penetrate all layers of a coated
test blade.

This goes beyond any other in-situ capabilities to allow
the influence of temperature, stress and thermal gradients to
be studied together. This enables for the first time scientists
to view the microstructure and internal strain in both the
substrate and thermal barrier coating system during real
operating conditions and in real time. The team captured
high-resolution images of evolving strains and hopes in future
experiments to pinpoint when and where defects start. This
would allow for an accurate lifespan estimate on material and
to improve the process for applying ceramic thermobarrier
coatings. This could help industry in a couple of ways.
It could potentially improve the quality of plasma spray
applications and reduce the cost of the more expensive higher
quality electron beam physical vapor deposition (EBPVD)
applications.

“This integrated approach allows us to simulate the
engine conditions so manufacturers are getting interested,”
said Jon Almer, a co-author on the publication and scientists

A mechanical stress testing setup with a custom-built
compact furnace and cooling system that mimic extreme
operating conditions on turbine engines at the Advanced

Photon Source at Argonne National Laboratory.
Photo credit: DLR.

at the APS. “I would expect the APS to remain the only place
in the world with these capabilities for at least the next couple
of years, if not longer” Already the military and two Fortune
500 companies have shown interest in conducting similar
future experiments at the APS.

A proposed upgrade of the APS to become the nation’s
brightest high-energy synchrotron would give industry even
more options. A factor of 100 increases in brightness of the
X-ray beam would enable the study of more types of coatings
and increase sensitivity to the micro-structural evolution of
defects. Added coherence in the X-rays would reveal smaller
features in the defects, potentially from today’s 200-micron
feature to about a 200-nanometer feature. “Manufacturers
have told us they would really appreciate that,” Almer added.

In Nature Communications, the team outlined the first test
of the system and reported previously unseen relationships
between internal strains and thermo-mechanical operating
conditions enabled by this novel experiment technique. In
particular, specific operating conditions were identified
which caused severe gradients, as well as undesired tensile
strains in the coating layers. This previously unknown
material behavior will be used to validate simulations of
these operating conditions, to ensure safe operating windows
are maintained. Furthermore, this information can be used
to improve the deposition process during manufacturing,
innovate coating materials, and allow for the use of coatings
at higher temperatures, which could lead to wider adoption.

“The productive efforts of this collaboration bring high-
temperature materials system testing to the next level,” said
John Okasinski, co-author and assistant physicist in Argonne’s
X-ray Science Division. “It will also facilitate unique insights
into thermo mechanical states, particularly at the thermally
grown oxide layer”

This work was funded by the National Science Foundation
and the German Science Foundation. The APS is a Department
of Energy Office of Science User Facility.
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