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EXECUTIVE SUMMARY
During the period of this project, rapid prototyping emerged as a versatile new process for
manufacturing small numbers of components. Based on our previous work on biomimetic
materials, we realized that the layerwise building process of rapid prototyping has much in
common with biological growth. This suggested that the method could not only be used to make
parts from existing materials but could be used to make wholly new materials and materials
combinations. We identified as goals a number of materials that exist in biology but have no
synthetic equivalents. These include strong bone-like composite materials, cuticle-like materials
with large number of embedded mechanical and chemical sensors, materials with internal
property gradients and muscle-like materials. Progress on the first three is described in the
published papers listed below, the last of these was studied under ARO funding and is also
published.
We have had a close collaboration with Advanced Ceramics Research of Tucson AZ in this area,
and have worked with them on projects for NASA, DARPA, ONR and the ARO. These efforts
have led to two issued patents, listed below. In addition, Hugh Denham is now finishing his
thesis at Sandia National Labs., where another joint patent is pending. A joint project with
Lockheed Martin at Palmdale concerns embedded sensors in composite panels.
The following narrative outlines some of these efforts and provides a brief opinion of the outlook
for rapid prototyping of new materials. Publications, interactions with other organizations and
personnel are listed at the end.
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SMART MATERIALS BY EXTRUSION SOLID FREEFORM FABRICATION
TECHNICAL PROGRESS
Freeform fabrication methods were used to build organic-inorganic hybrid materials by the
repetitive addition of thin layers. In principle, these methods are very applicable to sol-gel
glasses and organic-inorganic hybrids where diffusion and shrinkage during solidification are
important. The chemical conversion of metal alkoxides to oxides may require the diffusion of
water into the part and does require the diffusion out of the alcohol reaction products. If this
conversion can occur in the layers as they form, the diffusion paths are short and so the reaction
rate should be much higher. The conversion of alkoxide to oxide also involves a large reduction
in volume, which can be accommodated in elastomers but leads to distortion and cracking of
thick, rigid parts. Again, conversion layer by layer may eliminate these effects. We used
extrusion freeform fabrication to make bars of mineralized gel, of silicate glass and of
methacrylate-silica hybrids. Good mechanical properties could be attained in each case, with up
to 50 vol.% inorganic phase and bend strengths in the range from 50-100 MPa. We became
convinced that a swelling and deswelling process is essential to obtaining high volume fractions
of mineral in a polymer matrix.
Layerwise processing methods were used to build parts with sensors placed within the structure
and fully embedded. Previously, blocks of epoxy resin had been formed with embedded optical
fibers. This fiber can be used to monitor curing and water uptake of the epoxy using ambient
light which passes through the resin, is collected by the fiber and analyzed in a near-IR
spectrometer. More recently, piezoelectric polymer films were embedded in epoxy and used to
monitor curing by changes in response to an external stress pulse. In the long run it would be
desirable to form parts containing many sensors with sensitivity differing environmental
variables. Epoxy parts have also been freeformed with lines of conducting carbon-filled polymer
written into the structure during forming. Where they are at the surface of the part, these
materials respond to solvent exposure by a resistance change. Parts have been made with sensors
distributed across the surface and their ability to sense gradients of solvent vapor, and so
direction to a source, was demonstrated.
A series of metal matrix composites have been formed by extrusion freeform fabrication of a
sinterable aluminum alloy in combination with silicon carbide particles and whiskers, carbon
fibers, alumina particles and hollow flyash cenospheres. Silicon carbide particles were most
successful in that the composites retained high density with up to 20 vol.% of reinforcement.
The strength increased 60% above the strength of the metal matrix alone and the elastic modulus
doubled. Comparison with simple models suggests that this unexpectedly high degree of
reinforcement can be attributed to the concentration of small silicon carbide particles around the
larger metal powder. This method allows composites to be formed with hollow spheres that
cannot be formed by other powder or melt methods.
Extrusion freeform fabrication was used to make bars of glass fiber reinforced epoxy resin. The
short fibers, aspect ratio 7, are largely aligned parallel to the direction of motion of the write head
which deposits the resin. The degree of alignment increases as the write head speed increases

and the resin stream is extended further. The elastic modulus also increases with alignment. If
the writing direction is inclined to the bar axis, the modulus decreases to an extent comparable
with that predicted for a fully aligned composite. Carbon fiber and clay composites have been
formed similarly and moduli up to 18 GPa have been achieved.
Layerwise manufacturing methods for conventional plastic parts are limited by properties,
precision and speed. Both stereolithography and fused deposition modeling result in weak parts,
the former due to the brittle cross-linked resins and the latter due to poor interlayer bonding.
Properties could be much improved if a reinforced epoxy feedstock was developed. Precision
can be enhanced by reducing the layer thickness but the manufacturing time climbs in proportion
to the number of layers. However, a simple post-machining on the same apparatus could allow
thicker layers with good precision. The obvious material goal would then be a composite with
properties comparable to machined aluminum. This would allow freeforming to become desktop
manufacturing. Also, a lighter composite could replace many small aluminum parts in aircraft
and automobiles.
In terms of new materials, freeforming methods could be used to make tough ceramics, sensing
and actuating materials and parts where several different materials need to be integrated. Here
the potential is great but most possible applications are based on new design approaches and so
will not be implemented in the short term. One area where freeforming can be expected to
expand its use is in medical implants. Here precision is not a major issue, many parts need to be
tailored to the individual patient and complex structures, especially porous structures, may
perform much better than simple monoliths.
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Souvignier (PhD thesis in preparation)
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INTERACTIONS
This work has been discussed at many meetings. We are collaborating with Advanced
Ceramics Research on the use of this freeforming technology in STTR projects to form a silicon
nitride blisk, on bone implant materials and on nanotube composites. We are also helping them
to commercialize this technique. We are working closely with Sandia National Labs, to apply
this method to form ceramic-metal composite parts with a view to eventually replacing a critical
component now used by Sandia.
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