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Shape memory composites (SMCs), a sort of semiintelligent material, show reversible shape change in
response to environmental temperature. SMCs consist of Ti-Ni alloy effectors with unidirectional
temperature responsiveness and elastic polymer matrices—carbon-fiber-reinforced thermoplastics
(CFRTPs) or room-temperature vulcanization (RTV) resins. To study the bidirectional temperature
response and responsive force accompanying SMC shape change, we fabricated and tested ribbon and coil
specimens. Shape changes in coil specimens were measured at room and high temperatures, i.e.
temperatures beyond the phase transformation point from martensite to austenite in Ti-Ni alloys. The
ratios of experimental and calculated values for deformation length are very close to 1.0, and numerical
results were fairly satisfactory. We also studied the application of SMCs to greenhouses and
micromachines.
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1. INTRODUCTION focuses on coil specimens, explaining specimen
Intelligent materials possess inherent sensor, preparation and comparing analytical theories with

effector, and processor functions, responding experimental  values. We also touch on the

intelligently to environmental conditions.  As such, application of ribbon and coil SMCs to greenhouses

these materials are expected to play an important role and micromachines.

in sustainable development in the 21th century.

Intelligent materials are classified into two types 2. ANALYTICAL THEORIES OF RESPONSE

[1}—microscopically distributed and macroscopically The memorized length of the SMA coil at

distributed.  Optical fiber, piezoelectric ceramics, temperatures beyond SMA phase transformation is

shape memory alloys (SMAs), and electrorheological represented by Lo and that of the initial length at room

fluids are being studied as potential raw materials for temperature by Lo’ (Fig. 1 (a) and (b))

macroscopically distributed intelligent materials.

SMAs have received attention, because of their (a)

deformability and repeatability.  SMA applications
are being studied for active fiberscopes {2], catheters
(3], forceps [4], robots [5], ventilation and so on [6]. (b)
We developed shape memory composites (SMCs) as a
semiintelligent material.  SMCs consist of Ti-Ni SMA
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effectors and elastic polymer )

matricies—carbon-fiber-reinforced thermoplastics

(CFRTPs) or room-temperature vulcanization (RTV) @

resins. Ti-Ni SMA alone has only a unidirectional L el

temperature response. When the temperature of the

SMC 1is elevated beyond the phase transformation (e)

temperature of the SMA, large amounts of energy are Li

generated in the SMA and stored temporarily as strain

energy in the elastic matrix. ~ When the temperature Fig. 1 Coils

goes below the SMA phase transformation temperature,

strain energy restores the SMC to its original shape, The SMA coil consists of a tubular matrix whose
giving its bidirectional shape tesponse. We reported length is L (Fig. 1 (c)). The length of the composite
analytical theories on the bidirectional temperature at low temperature is represented by Liand that of high
response for ribbon specimens [7], so this paper temperature by Lk (Fig. 1 (d) and (e)).
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Fig. 2 shows load-displacement diagrams. Line g
is for the effector at low temperature, b that for high
temperature, ¢ that for the matrix at low temperature,
and d that for high temperature.
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Fig. 2 Load-displacement diagram

Because Lo, Lo’ and L are known, we obtain the
following equations for a, b, ¢, and d if the
inclinations of each line are given:

Fkofs-L) (1)
F =kl -Ly) @)
F=kpfx-1) | ©)

F=kupfic-1) | )

where kel and ker are inclinations for the effector at
low and high temperatures, and km/ and kmh are
inclinations for the matrix at low and high
temperatures.  'When x equals L/ at low temperature,
the force of eq. (1) equals that of eq. (3).  The length
of the compositc at low temperature (IJ) is thus
derived as follows:

L kel g + kil
Dkt hy

®

Similarly, the length of the composite at high
temperature (L#) is determined from eqs. (2) and (4) as
follows:

L= = ©

Strain energy U stored in a coil spring is generally
given as

PR -
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where F, G, and Ip are load, shearing modutus, and the
polar moment of the inertia of the coil spring.  Glp is
torsional rigidity. R and / arc coil radius and total
cotl length. /=2 z Rn, where n is the number of
coil windings. Coil displacement is denoted as o
yielding the following equation for &
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For ¥/ 0 = k, k implies the load-displacement diagram
inclination.  Glp is expressed using & as follows:

FR?I
Glp = e =kR?I ©)

Because R’/ is common to both the effector and matrix,
¢q. (9) becomes:

Gij]pi .
ky=—, i=e,m,

J=hh o (10)
R?

where Gel and Gm! are the shearing modulus of the
effector and matrix at low temperature, Gesr and Gmi
the shearing modulus of the effector and matrix at high
temperature, and fpe and Ipm the polar moment of the
inertia of the effector and matrix.  Gilpi (i = e, m, ; J
= [, h) are torsional rigiditics for cach cascs.
Substituting eq. (10) into egs. (5) and (6), we obtain
the following:

_ LO,Gel[pe +LGm pm
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These composite systems exhibit bidirectional shape
deformation between Li and Lk for environmental
temperature change accompanying SMA effector phase
transformation from martensite to austenite.

When the environmental temperature is elevated to
the upper temperature (49 of SMA effector phase
transformation, when the length of L1 is retained, forces
generated in the effector and matrix are represented by
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Feh and Fmh (Fig. 2). The forces generated in the
composite (Fer) are given by the difference of Fer and
Fmh.  Substituting L7 into x in egs. (2) and (4) yields
the following expressions for Feh, Fuh, and Fek:

E=k(L,-Ly ] (13)
Foiy == kg Ly- 1) (14)
< FCk = Feh - F;nh:: keh(Ll - L()) + kmh([‘l' L) . (15)

Substituting eq. (10) into ke and kmh of eq. (15) yields
the following:

Gehlpe Gmhl "
F,= Pl L)+ 1) (16
™y L T L) (16

When the environmental temperature falls below the
phase transformation temperature (4s) for the SMA
effector, while retaining Lk, the forces generated in the
effector and matrix are represented by Fel and Fuf

(Fig. 2). Forces gencrated in the composite (Fel) are
dertved similarly in eq. (16):
Getlpe Godl pm
= L, -Lp)+——ril, -
F, e (L,-Ly) 2 (L,-L) (17

3. SPECIMEN PREPARATION
Ti-Ni SMA coils were heat-treated in air at 450 °C

for 30 minutes for the SMA to memorize length Za.
The SMA coil was covered with fibrous textile acrylic
tubes as resin-retention material.  While maintaining
the length of coil L, we spread RTV resins—silicone
resin (KE-26, Shin-Etsu Chemical Co., Ltd.)—as the
matrix on the coil.  We used two types of Ti-Ni SMA
wires, 0.5 mm and 1.0 mm in diameter (Table 1 ).
For 0.5 mm SMA wire, the coil radius (R) is 7 mm,
the memorized shape length of coil (o) 6 mm, the
initial length of the effector at room temperatare (Lo
15 mm, and the initial length of matrix (L) 140 mm.
For 1.0 mm wire, R is 12.5 mm, Lo 15 mm, Lo’ 25 mm
and L 170 mm. The number of windings (») is 8.
The phase transformation temperatures of Ti-Ni SMA
are As (start temperature of phase transformation from
martensite to austenite) = 50 °C  and Ar (finish
temperature of phase transformation from martensite to
austenite) = 60 °C for both SMA coils,

4. RESULTS AND DISCUSSION
Fig. 3 shows an example of an SMC coil (a) at 60
C  and (b) at room temperature in water.

(b)

Fig. 3 Example of SMC coil
(a) at 60 °C (Tr= 6.5 cm) and
(b) at room temperature (L= 9 cm) in water

Table I shows the torsional rigidities of effectors
and matrices calculated using egs. (9) and (10) from
the experimental load-displacement characteristics for
cach specimen.

Table I Torsional rigidity of coil specimens

Ti-Ni | Torsional rigidity GI, [Nmm]
Specimen wire Effector Matrix

Diameter | 23 C | 60 °C 23°C 1 60°C

5-1 05 mm | 358 80.6 144 156
5-2 269 84.8 269 270
10-1 1114 | 2715 2340 | 1727
10-2 1.0mm | 1248 | 3036 1836 | 1393
10-3 1313 | 3096 2321 1798

Table 1T shows experimental and calculated values
of specimen lengths (L7, Lr) and their ratios.  Length
L1 was measured at room temperature (23 °C ) and L
at 60 “C in a water bath. Table M shows the force
generated with temperature change, measured by
elevating the temperature where the retained length of
SMC was L.
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Table I Coil length at low and high temperatures

Room Temp. (23 C) | High Temp. (60 )
LI (mm] Lk mm}
Exper. | Cale. {Ratio] Exper. | Calc. |Ratio
Values|Values| @ |Values|Values| @
D @ @ &) @ @
5-1 118 126 094 101 101 1.00
5-2 110, 126 0.87f 887 107 0.83
10-1] 974 99.2 10981 705 678 |1.04
10-2] 922 84.9 1.091 652 56.2 1.16
10-3 105 120 0833 750 826 |0.91

Table II Force generated from room to high

temperatures
Feh [N}
Experimental Calculated Ratie
Values Values ®
® © ©_|
5-1 0.67 0.80 0.84
5-2 0.61 0.75 0.81
10-1 22 3.09 0.71
10-2 244 2.52 0.97
10-3 2.32 2.74 0.85

At room temperature, the ratios of experimental and
calculated values for lengths of composite were within
0.87 to 1.09, and those at high temperature within 0.83
to 1.16, demonstrating that the analytical theories in
our study are valid For ' generated force,
experimental values are smaller than the calculated in
all specimens. There are constraint effects on the
boundary face between the effector and matrix.  For
more exact design of the force generated, we must
study the boundary between the effector and matrix.

In a 1/10 scale model of a greenhouse (a) at 45 °C
and (b) at room temperature, we used the ribbon SMC
with flexural response in a semicircular shape (Fig. 4)
{7]. Only temperature conirol was possible.  The
growth of vegetables is influenced by environmental
conditions, light, temperature, humidity, CO2
concentration, and so on Other environmental
controls are needed for practical use.  The smaller the
SMC shape, the more heat capacity is reduced.  The
response speed will be improved.  The application of
SMC to micromachines is thus reasonable. We will
miniaturize the coil SMC (Fig. 3) to use for
micromachines,

5. CONCLUSIONS

We dealt mainly with coil SMCs,  Analytical
theories on SMC deformation length between low and
high temperatures agreed with experimental values.
If we know the torsional rigidity and original length of
raw materials, we can theoretically obtain the SMC
deformation length. For SMC application, studies are

under way for integrating sensors and miniaturizing
SMCs. We eventually bope to apply SMCs to macro-
and micro-size intelligent materials.

®

Fig. 4 Greonhouse 1/10 scale modcl
(a) at 45 °C (open) and
(b) at room temperature {closed)
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