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In this fiscal year, the sensing techniques for detecting the internal state of molded composite
are investigated in order to develop the smart manufacturing technology of composite
materials/structures. The following are detail results obtained:

(a) Sensing of curing state of matrix resin

We conducted molding experiments in embedding dielectric sensors between prepregs. It is
found that the curing state of matrix resin can be detected in autoclave molding process. For
RTM processing, we developed a new sensor by which both the resin flow front and curing state of
the resin can be detected.  Precise molding experiments showed that this new multi-functional
sensor system worked very well.

(b) Detection of internal strain

We used 2 different types of EFPI optical-fiber-strain sensor systems for monitoring the internal
strain of composite materials in molding process. The FRP laminates with matrix resin of epoxy
and bismaleimid resin are investigated. It is found that the embedding effects on the response of
EFPI sensors can appear sometimes and does not appear in other cases, and 2 types of EFPI
sensors have different sensitivity for strain.

(©) Detection of flow front

Using the aforementioned multi-functional sensor, we conducted a series of experiment for
specifying its capability of flow front detection of resin. The newly developed sensor system could
detect the flowing resin front with good accuracy in RTM resin filling stage.

One of main goals of the project is to perform process simulations of composites for
determination of the optimum processing conditions being based on the data of the internal state
of the materials. It is indispensable for such process simulation to furnish the fundamental
properties of the resin such as cure and flow characteristics. We obtained the DSC data of epoxy,
tough-epoxy and bismaleimid resins and deduced the reaction rate equations of these resins. We
also measured the viscosity of resins and then, using the reaction rate equation, we could obtain the

dependence of  the viscosity on temperature and the degree of cure. Because the wettability



between fibers and resin is a crucial factor in RTM processing, particularly in impregnation stage of
resin into fiber preforms, thus we measured the wettability between the reinforcing fibers (glass
fiber. carbon fiber) and thermosetting resins. For the press forming of thermoplastic composites,
we measured the data of the relation between temperature and melt visco-elasticity for PEEK and
poly-propylene resins etc.

For the embedding technique of the sensors and actuators mto smart composites, we observed
precisely the cross section of embedded part of EFPI optical fiber sensor by microscope. If the
optical fiber is in off-axis with the reinforcing fibers, the resin rich part is formed in the vicinity of the
embedded optical fiber sensor, and it is strongly suggested that it affect the mechanical performance
of the composite laminates. On the other hand, if the optical fiber is in co-axis with the reinforcing
fibers, the resin rich part does not appear and it is suitable for embedding optical fiber sensors.

In sammary, we obtained the results of confirming the composite product uniformity by
development of sensing techniques, determination of the optimum molding conditions by obtaining
basic data, and a way for embedding technology of sensors/actuators to smart composites. These
results are expected to much contribute to the energy-saving and resource-saving by product

uniformity, and by improving the cost-performance and reliability of composite products.
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(2) %X

Since the sintering time of piezoelectric actuators can be shortened by improving the sintering
process using microwave sintering method, saving of energy used for actuator manufacturing can
be realized in the future. On the other hand, it is also expected that the new developed
piezoelectric and SMA actuators will be able to generate the same level of force and displacement

as the traditional actuators with lower energy consuming by improving the performance of the

actuators.
(a) Piezoelectric Ceramic Actuators

In this research project, high performance piezoelectric actuators are to be developed by
improving the synthesizing process and sintering process, and new actuator devices are to be
developed by grading the material composition inside the actuators. Moreover, manufacturing
process of piezoelectric sheets and fibers are to be developed for easy integration of actuators and
host structures in smart structural systems.

In the development of high performance piezoelectric actuators, a new synthesizing process of
PNN-PZT family material were used and the phase diagram of this family were build up. As a new
sintering process of piezoelectric materials, microwave sintering process were adopted, and the

sintering conditions of piezoelectric materials are being investigated.



In the development of functionally graded piezoelectric actuators, several specimens were
tabricated and the displacement characteristics were measured. The measurement results showed
that larger displacement output could be achieved from functionally graded piezoelectric actuators
than traditional piezoelectric actuators.

(b) Shape Memory Alloy Actuators
(b-1) Thermal Shape Memory Alloys

In this subject in charge (for 5 years, HEISEI 10th-14th(1998-2002)), we propose the
clectromagnetically levitated nozzleless rapid solidification method as an innovative approach to
improve materials properties and will develop the equipment. This characteristic attempt is
grounded on the needs for metallurgical improvement of the processing to obtain high
performance SMA-actuator mentioned above. Grain boundary microstructure can be changed by
rapid solidification, controlling electromagnetic field in the high frequency coil to levitate the
molten material before solidification. So, the objective of this work is to develop the high
performance thermal SMA actuator and to apply it to the demonstrator which is the final objective
of this project. The concept of the electromagnetically levitated nozzleless rapid solidification
was proposed and the equipment consisting of twin rolls for rapid solidification and a control unit
for electromagnetic levitation of molten material was experimentally produced in the first year of
the project. Fine columnar grained microstructure having sharp texture and high frequency of
vpecial low-energy boundaries was observed in the SMA ribbon of intermetallic TiNi alloy
produced by this method. Therefore, more effective SMA alloy could be obtained by adopting our
proposal technique. Moreover, great potential for improvement of corrosion resistance by using
our processing technique was also shown.

(b-2) Ferromagnetic Shape Memory Alloy

The research of the ferromagnetic shape memory alloy, Ni-Mn-Ga, conducted in the fiscal year
of 1998 has shown the important two features. The first are the martensite and austenite
transformations by an applied stress and temperatures. The second are the temperatures of the
ferromagnetic transition (T,) and the structural one with the change of the direction of magnetic
anisotropy. To realize the magnetic shape memory effect by an external magnetic field, it is
necessary to examine quantitatively these features of the Ni-Mn-Ga alloys as a first step. In
order to clarify the composition dependencies of the martensitic and magnetic transition
temperatures, we undertook mainly measurement of various physical properties to establish the
way of sample preparation on the Ni-Mn-Ga alloys.

The following conclusions were derived from the results of our experiment.

1 We established the method for the process of the material preparation by an arc-melting

method for the alloy series of the stoichiometric and nonstoichiometric Ni.MnGa .



(2) This material seems to be a rather promising shape memory actuator material if it can
overcome the nature of brittleness. Several efforts have been made in order to fabricate thin
films using a sputter-deposition method, which is considered to improve this disadvantage.
We found the sputtering condition for the fabrication of the thin films, which showed the
martensitic transformation.

(3" In addition we found a structural magnetic anisotropy that was not shown in the alloys
prepared by normal melting techniques.

) We found a martensitic transformation at the temperature range that fits for the medical
application on arc-melted alloys. The results show that the composition shift from
stoichiometry greatly affects the characteristic temperatures of the alloys and finally we
made clear the conditions of material preparation for the alloys.

5 One of nonstoichiometric Ni,,, Mn, ,Ga exhibits the tield induced shape memory effect, while
the applied magnetic field is still high.

From above results we can conclude that we fiound the ways of material preparation for the
shape memory alloys and thin films.
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