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Abstract

The objective of this research program has been to understand
whether or not nanograin ceramic materials are capable of exhibiting
unusual superplasticity, and if so, then is this phenomenon general or is
it limited to a few special types of ceramics. The first part of the
research required implementation of the method to process high quality,
glass—free ceramic specimens from different chemistries and to test their
superplastic properties at over a wide range of high temperatures and
strain rates. The PVD method combined with lithography was chosen and
developed for making specimens from different ceramic materials. The
report summarizes the results from ultrafinegrained specimens of magnesium
aluminate spinel and yttria-stabilized zirconia. After testing many
different compositions we have found that so far only these two ceramics
{(those that do not contain a glass phase at grain boundaries) are capable
of sustaining substantial superplastic strain in tensile deformation.
These results point toward the possibility that interfaces in
non-stoichiometric ceramics have greater resistance to fracture than in

stoichiometric ceramics.
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Summary of Accomplishment

Spacimen Preparation and Testing

We have developed a powder free method for making fine grained
ceramics. The procedure consists of vapor deposition of the constituents
in an amorphous form followed by heat treatment at relatively low
temperatures to crystallize the material into a uniform grain structure.
The grain size may be controlled by varying the heat treatment and by the
use of grain refining agents. For example, the use of platinum or rhenium
as crystallization agents lowers the crystallization temperature to about
200 °C, whereas pure spinel crystallizes only when heated above 800 °C.

Specimens for mechanical testing are prepared by lithography leading
to the geometry that is described in Fig. 1. The procedure yields nearly
one thousand specimens with different sizes in one preparation cycle. The
gage section of these dog-bone shaped specimens has a cross section of
about 1.0 gm x 10, 50 gm and a length of 4 mm. The use of small specimens
has the advantage that they can be directly examined in the transmission
electron microscope and their structure can be examined in many parts of
the gage section to check for uniformity.

The disadvantage of the small specimens is that they are difficult
to manipulate for mechanical testing. However, we have built a machine
that can perform microtensile stress-—strain experiments on these free-—
standing specimens at temperatures that range from room temperature to
1500 °C, and at strain rates that range from 5*107 to 5*10”7 s-1, with a
high degree of reproducibility. A schematic of *he microtensile tester is
illustrated in Fig. 2.

We have prepared and tested specimens of the following materials by

the above methodology: Al,0,, Pt/Al,0,, 10-50 % SiO,/Al,0,, 2-10 mol.$%
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Y,0,/2r0,, Pt/Zr0, and 0-14 wt.% Pt,Re/magnesium aluminate spinel. Next we
describe results from yttria-stabilized zirconia and magnesiam aluminate

spinel.

Superplastic Spinel

If we limit ourselves to those ceramics (for structural
applications) that do not contain a glass phase!, then only zirconia based
ceramics have been shown to be capable of tensile ductilities of more than
10% in superplastic deformation’. Here we show that magnesium aluminate
spinel is also capable of similar superplastic behavior.

Magnesium aluminate spinels of composition Mg0O.nAl,0;, where n=0,9-
2.3, and spinels doped with platinum, were made in their amorphous state
by physical vapor deposition using dual gun electron beam evaporation. The
initial idea of doping spinel with platinum was to enhance interfacial

cohesion and improve superplastic elongations. The most obvious effect of

the platinum, however, was to refine the grain size during crystallization
of the spinel. TEM micrograph of a nanocrystalline specimen of spinel
obtained in this way is given in Fig. 3; it has a grain size of 38 nm. In
comparison the undoped spinel evolved into a bimodal structure with large
grains of ~1000 nm and small grains of 90 nm. Only the the fine grained

spinuls prepared by Pt doping led to high tensile ductilities. Stress

'Several glass containing ceramics, most notably silicon-
nitride/silicon-carbide composite, have been shown to be capable of
tensile superplastic deformation.

!Significant superplastic elongations have been demonstrated in
hydroxyapatite, ferroelectric materials, and zinc sulphide, all of whom
are functional materials. Composites of silicon carbide and silicon
nitride have also been shown to sustain large tensile elongation but this
material contained a glass phase at grain boundaries. In one instance
alumina doped with yttria has also been deformed in tension but this
material shows only transitional deformation behavior. In contrast
zirconia and spinel are viable structural materials and appear to be
invariably superplastic.
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strain curves from such a specimen are shown in Fig. 4. The effect of
grain size on the flow stress in the spinel was also examined. The grain
size was varied from 500 nm to 75 nm’. This led to a change in the flow
stress that was consistent with the diffusional mechanism of superplastic
flow. However, the grain size dependence of the flow stress appeared to be
weaker than predicted by the simple equation for diffusional creep'.

In the initial phase of the study we prepared specimens of yttria
stabilized zirconia by the PVD technique to determine whether or not these
specimens yielded similar stress-strain response as that obtained in bulk
specimens investigated by Wakai. Our results of the stress strain curves
as shown in Fig. 5. While these measurements give similar values for the
flow stress, they show a highly serrated behavior that is not seen in
large specimens. This result is explained by the small size of the
specimens. The amplitude of the serrations increases as the specimen size
decreases. These experiments show, for the first time, that superplastic
flow is not a smooth process but a stochastic mechanism where strain
increments occur in short bursts in local domains in the specimen. The
size of these domains has been estimated to be approximately ten grain

4iameters in size.

In summary, we have obtained two new results. We have found magnesium

aluminate spinel exhibits unusual tensile superplasticity. And we have

The grain size in the pure spinel samples was bimodal w.ile in the
Pt-doped spinel specimens grains were uniformly small.

‘The strain rate for simple diffusional creep which is the starting
point for the explanation of superplasticity has the following form:

oQ 9D,

= A
M -t

where 0 is the applied stress, Q is the atomic volume, 0D, is the boundary
width times the diffusion coefficient and d is the grain size.
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obtained experimental evidence that shows that superplastic flow consists
of short bursts of strain, separated by time. The Cornell work also
suggests that ceramics differ in their resistance to fracture during
tensile deformation and that it is this resistance that determines the
ductility. Furthermore, ceramics that show high ductility also exhibit a
threshold stress for superplastic deformation. These new results are
leading us to conceptualize new ideas for the mechanism of cohesion at

ceramic grain boundaries.

Industrial Liaison

The spinel coatings on metals may be good candidates for abrasion
and corrosion resistance at elevated and high temperatures. (It is
interesting to note that zirconia is often used as a coating for

superalloys in gas turbine applications).

The following specific industrial interactions were initiated but did not

have a chance to reach maturity:

(a) With L. Edwards and Y. Wang (Senior Engineer) at General Motors we
had started to examine the use of thin films of spinel and zirconia
as high temperature wear resistance coatings for aluminum alloys for
applications in pistons. The samples were coated and returned to GM
for wear, scuff and corrosion resistance testing. If these tests are

successful then coating of real pistons is planned.

(b) We have received specimens of y-TiAl from Rockwell International
Science Center through Dr. C. C. Bampton. The idea here is to see if
the surface of TiAl can be protected with a ceramic film that would

prevent oxidation during superplastic forming of the intermetallic;
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we believe that this may be possible if both the ceramic film and
the intermetallic substrates can deform together super-plastically.
The first experiments show that platinum doped spinel coatings
significantly improve the oxidation resistance at high temperatures
but fail during prolonged exposure. Since this failure may be due to
several reasons, such as interfacial reactions, defects in the
coating or gas adsorption etc., a detailed study of the failure

mechanism is necessary.
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Fig. 1. The photolithographic process used to prepare free— standing fibers for
tensile testing. a) a photorecist paterned Si wafer coated with a polyimide film, b}
deposition of a ceramic film and c) fibers on the polyimide f£ilm which can be
dissolved easily. On the right, SEM photographs of a fiber specimen.
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Fig. 2. Schematic of the custom built microtensile tester.




Fig. 3. Nanograin spinel of composition MgO.1.25A1,0, having an average grain size of
38 nm. The material was codeposited with 1.3 vol % Pt by PVD in an amorphous form and
then annealed at 1100°C to produce the nanocrystalline structure.
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Fig. 4. Tensile strcss ziresn curves for the fine grained spinel specimens having the
nanocrystalline grain structure shown in Fig. 3. Note the absence of strain hardening
which implies that the grain size remained stable during deformation.
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Fig. S. Tensile stress strain curves for superplastic deformation of yttria
stabilized zirconia. The serrated behavior is evidence that 3superplastic deformation
occurs in bursts of strain. The size of the domains participating in these local
deformation events is believed to be about ten grain diameters in si:ze.
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