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Abstract

SMA (shape memory alloy) is well known to change the microstructure from martensite to austenite with
either temperature or stress. Stress and temperature response were investigated for SMA fiber/epoxy com-
posites using an electro-micromechanical technique during curing. SMA fiber can be used in practical
applications, including stress or cure-monitoring sensors, due to its inherent shape recovery properties, i.e.,
it exhibits a shape memory effect (SME) when subjected to applied stress or temperature. Superelasticity
was observed for SMA fiber/epoxy composites under cyclic stress—strain curve. Under a certain stress, the
original modulus was reduced steeply but then recovered under further stress. A sudden transitional change
in electrical resistance was also observed around 87°C with an increase of temperature. Under cyclic loading
the stress was suddenly leveled-off with a certain stress, which resulted in a different stress hysteresis re-
peatedly with two differing matrices and surface treatment. In SMA fiber/epoxy composites, residual stress
of single-SMA fiber with and without embedding epoxy matrix exhibited the incomplete and complete re-
covery, respectively, during the curing process. Interfacial effect between SMA fiber and matrix can be
important factor for practical applications including feasible sensing and actuator.

© Koninklijke Brill NV, Leiden, 2010

Keywords
Interfacial sensing, superelasticity, electro-micromechanical technique, nondestructive evaluation

1. Introduction

Sensing can usually be carried out by embedding or attaching sensors, which raise
cost, reduce durability and degrade the composite’s performance. Using electrical
resistivity measurement, a new evaluation technique of interfacial properties as well
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as curing characteristics and the residual stress were investigated recently for con-
ductive fiber reinforced self-sensing composites [1-3]. In particular, shape memory
alloy (SMA) fiber exhibits certain characteristic properties, including martensite
phase transformation, superelastic response and shape memory effect (SME). Poly-
mer matrix composites with functional properties including actuation, damping,
and damage recovery have been studied by combining SMA fiber and polymer ma-
trix. Furthermore, conductive SMA fiber reinforced composites were subjected to
changing temperature and applied load, which could be studied and their poten-
tial explored for use as a new feasible temperature or self-strain sensor as well as
actuator.

Recently, medical sensor and engineering applications as smart materials have
been exploited. SMA created a memory property by heating, loading, wave, elec-
trical resistance such that the materials were than able to be used for a variety of
applications, such as military, medical, safety devices and robotics. Some of current
applications of SMA have been in the field of medicine. Tweezers to remove for-
eign objects through small incisions were invented by NASA. Anchors with SMA
hooks to attach tendons to bone were used for Orel Hershiser’s shoulder surgery
[4-6].

SMA exhibits a shape memory effect and superelasticity as well as corrosion re-
sistance and high bio-compatibility, which cannot be achieved through the use of
conventional metal or alloy composites. The shape memory effect is exhibited when
the material is in its martensitic phase and deforms in what appears to be a plastic
manner. However, the deformation is completely reversible and the original shape
recoverable upon heating. When it is loaded in the austenitic phase, superelastic
behavior can be observed, wherein the SMA can be stretched up to 10% with-
out permanent deformation upon unloading. In addition, there is significant stress
hysteresis between the loading and unloading conditions during surperelastic defor-
mation, leading to exceptional damping properties. The characteristic temperature
defining martensitic and austenitic phases is dependent upon SMA composition and
heat treatment history [7].

Recently, an electro-micromechanical technique has been studied economically
as a new nondestructive evaluation (NDE) method for monitoring of strain and
microfailure sensing, curing characteristics, and interfacial properties because con-
ductive fiber can act as a sensor in itself as well as reinforcing fiber [8, 9]. In
additions, electrical and mechanical properties of polymer nanocomposites were
recently investigated to develop smart materials and to establish fracture or mi-
crofailure predicting technique by measuring a change in the electrical resistance
under applied loading in conductive composites. Electrical quantities are measured
to obtain valuable information on the amount, distribution and orientation of vari-
ous reinforcing nanomaterials [10—12]. In this work, during curing or under cyclic
loading, the electrical resistance in SMA fiber/epoxy composites was evaluated for
interfacial properties and nondestructive behaviors depending on the different ma-
trix modulus and temperature.
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2. Experimental
2.1. Materials

Shape memory alloy (SMA) fiber (40 um, Furukawa Techno materials Co. Ltd.,
Japan) was used as conductive reinforcing fiber. Testing specimens were prepared
with epoxy resin (YD-128, Kukdo Chemical Co., Korea). Epoxy resin is based
on diglycidyl ether of bisphenol-A (DGEBA). Polyoxypropylene diamine (Jef-
famine D-400 and D-2000, Huntzman Petrochemical Co.) was used as a curing
agent. Table 1 shows structural formulae of DGEBA and Jeffamine. The flexi-
bility of specimens was controlled by adjusting the relative proportion of D-400
versus D-2000. Sodium dichromate solution [sodium dichromate (Na;CryO7), sul-
furic acid (H,SO4) and double distilled water (HyO)] of reagent grade was used
for the etching of SMA fiber surface. Amino-silane coupling agent, 3-aminopropyl
trimethoxysilane (No. 28,177-8, Aldrich Chemical Co.), was also used for the sur-
face treatment on SMA fiber.

2.2. Methodologies

2.2.1. Fiber Surface Treatment of SMA Fiber

SMA fiber was etched in acidified sodium dichromate solution at about 80°C for
20 min. The etched fiber was washed out in distilled water several times until the
neutral pH condition was reached and then the fiber was dried at 80°C in an oven.
The etched SMA fibers in acidified sodium dichromate solution were treated with
amino-silane coupling agent by dipping them into 0.5 wt% silane aqueous solution
for one minute at room temperature and then putting them into the oven at 50°C for
4 h.

2.2.2. Preparation of Testing Specimens

Figure 1 shows the schematic illustration of three types of tested specimens
for: (a) single-fiber tensile test; (b) temperature of single fiber under electro-
micromechanical test; and (c) cure monitoring under electro-micromechanical test.
In the single-fiber tensile test case, SMA fiber was fixed in a paper frame using
Scotch tape and epoxy adhesive at gauge length of 20 mm. Tensile strength, strain
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Figure 1. Schematic illustration of three-type testing specimens for: (a) single-fiber tensile test;
(b) electro-micromechanical test of single fiber; and (c) electro-micromechanical test/cure monitor-
ing.

and modulus of the SMA fiber were obtained using ten specimens for statistically-
meaningful values. Figure 1(b and c) exhibit the testing specimens for electro-
micromechanical test or curing. SMA fiber was fixed in a paper frame using Scotch
tape and epoxy adhesive at gauge length of 60 mm, and then SMA fiber was em-
bedded in epoxy resin with various conditions, i.e., with or without epoxy matrix,
untreated or treated SMA fiber surface, and the ductility of epoxy matrix was ex-
plored. SMA fiber/epoxy composites monitored the electrical resistivity during the
curing process and then the characteristic change in the electrical properties and
nondestructive behavior under cyclic loading was evaluated.

2.2.3. Electrical Resistance Measurement

Figure 2 shows the experimental systems for the measurement of (a) electrical re-
sistivity under cyclic loading; and (b) electrical resistivity with temperature during
curing. While curing was in progress and with applied cyclic loading, the electrical
resistivity was measured using a digital multimeter (HP34401A). For cure monitor-
ing, the curing cycle was set up as 3 steps that were composed of a precuring step
for 2 h at 80°C, the postcuring step for 2 h at 120°C, and the slow cooling down
step to room temperature. The cyclic loading test was performed using the mini-
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Figure 2. Experimental systems for the measurement of: (a) electrical resistivity with cyclic loading
test; and (b) electrical resistivity with temperature or curing.

UTM (H1KS, Hounsfield Equipment Ltd., UK) attached with a multimeter. Testing
speed and load cell used were 0.5 mm/min and 100 N, respectively. After a test-
ing specimen was fixed into the mini-UTM grip, nanocomposites and multimeter
were connected electrically using thin copper wires. While 5 cyclic loadings were
applied, the electrical resistivity of SMA fiber was measured simultaneously with
stress—strain change until the same and changeable maximum load was reached.
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Electrical resistivity was obtained from the measured electrical resistance, cross-
sectional area of the conductive fiber, A, and electrical contact length, L. of the
testing fiber connecting to copper wire. The relationship between electrical resistiv-
ity, p and resistance R is as follows [13],

( A > R (D
o=—) xR.

LGC

3. Results and Discussion

3.1. Shape Memory Effect of SMA Fiber by Applied Load and Temperature

Figure 3 shows the schematic plot of the change of crystal structure during shape
memory transformation. The shape memory effect was related to the temperature,
loading and the change in crystal shape. SMA fiber has been known to be not plastic
but more elastic in nature. When heated, a shape memory alloy transforms to the
austenite phase having a body centered cubic (BCC) microstructure. Upon cooling,
the SMA transforms to a martensite phase with a less rigid monoclinic structure,
which permits the coexistence of multiple variants of martensite.

The transformation involves two processes — the Bain strain and the lattice-
invariant shear. The Bain strain incorporates small movements of atoms needed to
produce the new crystal structure of martensite. The lattice-invariant shear mech-
anism accommodates the different shape of the new martensite within the trans-
formed austenite. The uniqueness of shape memory lies in the fact that the lattice-
invariant shear step of this transformation occurs almost solely by twinning [14, 15].
Twinning forces the BCC shape into a monoclinic phase with no volumetric change

. Unloadi
Cooli Austensite nioading,
oolng Heating
Heating Loading,

Cooling

Twinned Detwinned

Martensite Martensite

Figure 3. Schematic change of crystal during shape memory behavior.
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Figure 4. Morphology of the SMA fiber for: (a) fiber surface; (b) microfailure mode under tensile.

and no broken bonds. The tilted monoclinic shape forms alternate bands, producing
a herringbone effect. When stress is applied to this structure, the alternate bands
align in the same direction by a process called ‘de-twinning’. When the material
is again heated to the austenitic phase, the de-twinned crystal structure transforms
back to BCC austenite and regains its original shape.

Applied stress has a significant effect on the transformation characteristics of
shape memory alloy [16, 17]. In martensitic transformation, there is a relation-
ship between stress and temperature. A decrease in temperature is equivalent to
an increase in stress, both stabilizing martensite. The transformation temperature
increases approximately linearly with applied stress.

Figure 4 shows SEM photographs of the SMA fiber for (a) initial fiber surface
and (b) catastrophic failure mode after tensile yielding. Figure 4(a) shows uniform
fiber diameter and a slightly roughened surface. Figure 4(b) shows that the fiber di-
ameter was rather reduced based on plastic deformation after fracture under tensile,
and the fractured surface also exhibited a rough surface with many water-droplet
patterns, which resulted in mechanical interlocking with epoxy matrix.

Figure 5 shows the typical stress—strain curve of a single-SMA fiber under tensile
stress. The curve was divided into three regions based on the change in crystal shape
under applied stress. In region A the crystal shape was twinned martensite, whereas
in region B, the super-elasticity behavior resulted in shear stress due to the change in
crystal structure from twinned martensite to de-twinned martensite. Finally, crystal
shape was de-twinned martensite in C region.

Table 2 shows mechanical properties of SMA fiber during shape memory be-
havior under applied stress. Young’s modulus and elongation of each region were
different, respectively, due to different crystal structure. Especially, superelasticity
behavior occurred at about 700 MPa and the modulus of region B was really zero
due to the shear stress induced by the change of crystal structure.

Figure 6 shows the change in electrical resistivity, Ap, with temperature. Elec-
trical resistivity decreased suddenly under the initial condition as temperature in-
creased and then increased steadily from above 87°C transition temperature due to
the change in crystal shape with the temperature.
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Figure 5. Typical stress—strain curve of single-SMA fiber under tensile stress.

Table 2.
Mechanical properties of SMA fiber during shape memory behavior by applied stress

Region Stress at Fracture Modulus Elongation Fracture
super-elasticity stress (GPa) (%) elongation
(MPa) (MPa) (%)

A - 42 (3.5) 2.0 (0.2)

B 722 (14) 0 (0.0) 4.8 (0.4)

C - 1916 (152)2 21(1.2) 6.4 (0.9) 129 (1.1)

4 Standard deviation (SD).

3.2. Bare SMA Fiber and SMA Fiber/Epoxy Composites under Cyclic Loading

Figure 7 shows stress—strain curves with cyclic loading test of single-SMA fiber:
(a) without epoxy matrix; and (b) with epoxy matrix. Superelasticity behavior ex-
hibited the stress hysteresis under uniform cyclic loading based on the change of
internal structure of materials. The strain taking to the maximum strength was
much shorter for the epoxy matrix embedded composite since embedded epoxy
constrained the SMA fiber. At initial and maximum positions, strain hysteresis also
occurred in Fig. 7(a and b). In the bare SMA fiber case, strain hysteresis was more
significant than the embedded epoxy matrix case in the initial stage, whereas in
epoxy matrix embedded case, stress hysteresis was observed more than without
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Figure 6. Change in electrical resistivity, Ap with temperature.

epoxy matrix at the maximum stress region. This is because the slippage could oc-
cur consequently at the interface between SMA fiber and epoxy matrix. In addition,
the strain increased steadily due to the incomplete recovery and the delay under
cyclic loading. The maximum transforming stresses during both tensile and recov-
ery stages were much higher than for the bare SMA fiber cases. It might be because
more constraining compressive stress from epoxy matrix could contribute to reduce
the transforming stresses.

Figure 8 shows the change in electrical resistivity with cyclic test of single-SMA
fiber: (a) without epoxy matrix; and (b) with epoxy matrix. The time taken for
five cycles of strain for SMA fiber/epoxy composites was much shorter than for
bare SMA fiber. As applied stress and strain increased and decreased repeatedly,
electrical resistivity and stress responded with corresponding superelasticity. The
stress at superelasticity decreased gradually with uniform cyclic loading.

Figure 9 shows the change in electrical resistivity with loading/unloading test
of single-SMA fiber: (a) without epoxy matrix; and (b) with epoxy matrix. Two
figures showed a completely different pattern of the change in electrical resistivity.
The change in electrical resistivity was significantly dependent upon the existence
of epoxy matrix. At the same test speed, strains were different due to the epoxy
matrix. In other words, the change in electrical resistivity being consistent with the
change in crystal shape is related to the interfacial property between SMA fiber and
epoxy matrix.
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Figure 7. Stress—strain curves with cyclic loading test of single-SMA fiber: (a) without epoxy matrix;
and (b) with epoxy matrix.
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Figure 10. Change in electrical resistivity with cyclic loading test of SMA fiber/epoxy composites
with: (a) conventional epoxy matrix; (b) rigid epoxy matrix; and (c) modified surface condition of
SMA fiber.

Figure 10 shows the change in electrical resistivity with cyclic loading test of
single-SMA fiber/epoxy composites with: (a) conventional epoxy matrix; (b) rigid
epoxy matrix; and (c) modified surface condition of SMA fiber. The change in the
electrical resistivity shows different interfacial bonding between fiber and matrix.
In the rigid epoxy matrix case, electrical resistivity does not return to its initial
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Figure 10. (Continued.)

Table 3.
Comparison of mechanical properties at first cycle loading/unloading with various conditions

Conditions Modulus at Superelasticity Strain of
first region stress max. stress
(GPa) (MPa) (%)
Untreated SMA fiber/conventional epoxy 115 615 4.7
Untreated SMA fiber/rigid epoxy 240 717 5.5
Surface treated SMA fiber/conventional epoxy 120 618 4.6

state due to the slippage between fiber and matrix. In modified surface condition of
SMA fiber, electrical resistivity does return to the initial state completely because of
increased interfacial adhesion. Table 3 shows the comparison of mechanical proper-
ties at the first loading/unloading cycle with various conditions. In the rigid epoxy
case, modulus and superelasticity stress at the first region was higher than others
whereas the strain at the maximum stress was larger than others due to the slippage
between fiber and matrix. The surface treated SMA fiber exhibited slightly higher
modulus at the first region.

3.3. The Change in Electrical Resistivity During Curing

Figure 11 shows the change in electrical resistivity of SMA fiber itself with tem-
perature change: (a) temperature increase and decrease, gradually; and (b) curing
temperature profile. Figure 11(a) shows the change in temperature increased from
30°C to 150°C and then decreased to 30°C slowly. Electrical resistivity corre-
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Figure 11. Change in electrical resistivity of SMA fiber itself with temperature change: (a) tempera-
ture increase and decrease, gradually; and (b) curing temperature profile.
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sponded closely to the temperature change. The change in electrical resistivity
exhibited three transition points at 87°C, 150°C and 55°C, respectively. Especially
the cause of the change in electrical resistivity at 87°C and 55°C were due to
the change in crystal shape, from martensite/or austenite to austenite/or marten-
site. Although 87°C and 55°C seem to be rather far apart, 55°C could mark the
start of a gradual change and the reverse transition occurring from 87°C in the
same way. Figure 11(b) shows the change in electrical resistivity with epoxy curing
temperature for bare SMA fiber and SMA fiber embedded with epoxy. Electrical
resistivity responded well with temperature change for both cases. In the epoxy
matrix embedded case, the electrical resistivity did not return to the original point
after temperature decreased to room temperature, whereas bare SMA fiber returned
to the original point.

4. Conclusions

The change in electrical resistivity of SMA fiber/epoxy composites with shape
memory behavior of SMA fiber was investigated by the electrical resistivity mea-
surement under micromechanical tests. Shape memory behavior was related to the
temperature loading due to the change in crystal shape. SMA fiber was not plastic
but visibly elastic. The stress—strain curve of single-SMA fiber under tensile test
was divided into three typical regions based on the change in crystal shape. In the
temperature increase case, electrical resistivity decreased dramatically initially up
to 87°C, and then increased again due to the change in crystal shape.

Superelasticity behavior exhibited the stress hysteresis under uniform cyclic
loading based on the change of internal structure of SMA. Under uniform cyclic
loading, the strain up to the maximum strength for epoxy matrix embedded SMA
fiber composite was shorter than for the bare SMA fiber case. Just as the applied
stress and strain increased and then decreased incrementally, so the electrical resis-
tivity and stress also responded correspondingly. Especially, the change in electrical
resistivity was different with the change in crystal shape as applied stress and strain
increased. In other words, the change in electrical resistivity was consistent with
the change in crystal shape. Electrical resistivity responded well to temperature as
well. The change in electrical resistivity showed three distinct transition points at
87°C, 150°C and 55°C, respectively. Especially the changes in electrical resistivity
at 87°C and 55°C were due to the change in crystal shape. As far as the curing
process and cyclic loading are concerned, the interfacial effect between SMA fiber
and matrix will be an important parameter for practical applications including fea-
sible sensing and actuator.
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