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Abstract

Single shape memory alloy (SMA) wires are capable of generating high compressive stresses under constrained conditions when they
are thermally activated. In this work, the ability of single SMA wires to act as internal stress generators in fibrous polymer composite
systems has been investigated. The stress fields recorded both at the specimen level and internally in the reinforcing fibers by means of
Raman microscopy measurements have confirmed that SMA wires can serve as effective stress-actuators. The efficiency of stress gener-
ation depends on the wire alloy composition and level of prestrain prior to incorporation into the composite medium. The internal stress
distribution in the composite fibers decayed from a position just above the wire surface to the edges of the specimen reaching zero at a
distance of approximately 3000 pm. The maximum value of stress recorded in the fibers at a distance of approximately one wire radius
was 227 MPa. The significance of these results in the design and operation of adaptive composites systems similar to those examined here
is discussed.
© 2007 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Shape memory alloys (SMAs) are materials with func-
tional properties associated with the shape memory effect
(SME), first observed almost 50 years ago [1]. The SME
is based on a reversible transformation between austenitic
and martensitic phases of certain alloys which are usually
based on Cu, such as Cu-Zn or Cu-Zn-X (where
X =Al, Ga, Sn, Si, Ni), and Fe, such as Fe-Pt or
Fe-Ni-X (where X =Mn, C) [2]. The most commonly
studied and used alloys are those based on Ni-Ti for a vari-
ety of reasons, including their larger recoverable deforma-
tion, their greater produced work per unit weight and their
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stable thermomechanical behavior after a long period of
reversible activation [2]. The critical temperatures that gov-
ern the transformation are denoted as Ty, Tmr Tas and
Tar, where M corresponds to the martensite phase, A to
the austenite phase, and s the start and f the finish of each
phase formation; it follows that Ty < T < Tas < Tar
[2,3]

The incorporation of SMA materials in the form of
wires or thin films into host materials, preferably polymers,
has been the subject of intense study over the last ten years
[4-8]. The resulting hybrid composites belong to the so-
called “smart” or “functional” class of materials, since
some of their structural properties, such as stiffness, damp-
ing capacity or even shape, can be altered by the triggering
of the martensite to austenite transformation [4]. It is evi-
dent that the performance of these ““‘smart™ hybrid systems
will depend on the internal stresses generated during SMA
activation. For example, certain components can be
designed that can undergo large, reversible shape changes
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as a result of the stresses generated by the embedded SMAs
under certain conditions [4].

Since the initial attempts of embedding Nitinol wires into
polymers [5,6], much effort (both experimental and analyti-
cal) has been made to determine the stress generation at the
macroscale and, hence, to assess the capability of the SMA-
host medium interface to transmit stress. Most systems
examined consisted of an epoxy matrix host in which
SMA elements in the form of wires, ribbons or strips have
been incorporated. The integrity of the SMA—epoxy resin
interface, the integrated SMA displacements, the develop-
ment of stress contours along the SMA and the host defor-
mation are some of the parameters that have been studied
[7-10]. To this end, a variety of experimental techniques
has been used, including photoelastic stress analysis [7,8],
pull-out tests [7], heterodyne interferometry [8], mechanical
tension combined with a thermostatic bath [9] or a CCD
camera [10], and digital image correlation [10,11].

More recently SMA elements have been incorporated
into polymer composite materials that consist of a matrix
resin which is reinforced by commercial fibers such as ara-
mid, carbon or glass. The reason for using a fibrous com-
posite as a host material is the excellent mechanical
properties per unit weight that these materials offer, which
make them ideal for structural “adaptive” or “smart” sys-
tems [12]. Representative systems studied are beams of
epoxy/graphite fibers/SMA wires and epoxy/glass fibers/
SMA wires [13,14]. The displacement of similar composite
systems during activation was determined by Friend and
Morgan [15] using a non-contact optical displacement mea-
suring system and by Doran [16] and Baz et al. [17] using
strain gages. Turner’s group [18] studied a similar epoxy
resin/glass fiber/SMA ribbon system in which they
recorded the generated stress as a function of the activation
temperature for various prestrain levels, using a Universal
Servohydraulic Testing Machine (MTS). Finally, a great
deal of data concerning the deformation of an epoxy
resin/glass fiber/NiTiCu system as a function of the activa-
tion duration, deformation rate and the SMA prestrain
level, for different volume fractions of SMA wires, have
been generated using TMA [19,20].

The hybrid composites that seem to take precedence
over the other systems are those that consist of aramid
fibers/NiTiCu wires incorporated into an epoxy resin
matrix. These composites incorporate reinforcing fibers
and SMA wires of similar Young’s moduli (austenite
phase) to ensure structural homogeneity [21]; furthermore,
the low negative thermal expansion of the aramid fibers
leads to the generation of relatively small residual thermal
stresses within the composite structure during processing
[19]. It is worth mentioning here that an epoxy resin matrix
with T, higher than the activation temperature of the SMA
wires must be selected in orer to ensure the generation of
recovery stresses within the system [21]. Finally, aramid
fibers exhibit a relative high fracture strain, something
essential when the “morphing” function of an adaptive sys-
tem is being targeted.

The vast majority of the work done on the determina-
tion of the functionality of epoxy resin/aramid fiber/
NiTiCu wires systems has taken place within the frame-
work of the ADAPT project [22]. Parlinska et al. [23] deter-
mined the generated stresses as a function of activation
duration by such a system for various prestrain levels
and volume fractions of the wires, using a U-shaped sample
holder. Michaud et al. [24] and Balta et al. [25] determined
the generated stresses and the resulting deformations with
respect to the activation temperature and duration, for a
variety of prestrain levels, volume fractions and composite
configurations, using a variety of experimental techniques.
Similar data concerning various prestrain levels can be
found in Refs. [19-21,26,27]. It is worth mentioning here
the work of Murusawa et al. [10], in which photoelastic
methods are employed to assess the stress distribution
within the hybrid composite during the SMA activation.
Most of the above works have examined the specimen mac-
roscopic response under wire activation.

Experimental determination of the stress distributions
within an epoxy resin/Kevlar 29/NiTiCu wire hybrid sys-
tem at the microscale, for various wire volume fractions,
has been carried out by means of Raman microscopy
(RM). This technique employs the reinforcing aramid
fibers as stress—strain sensors [28-30] and can map the fiber
stresses with a resolution of about 2-3 um during SMA
wire activation. Experimental results in systems incorporat-
ing 1, 3, 5, 10 and 20 SMA wires across their wire axis have
already been reported [21,31-34].

In the present work an effort is made to assess the capa-
bility of SMA wires as stress generators in epoxy resin/
aramid fiber composites, not only at the macro- but also
at the microscale. In contrast with the results reported
previously [33], the experiments are here conducted at fixed
strain conditions on an MTS mechanical frame which, in
effect, places the whole specimen into tension when com-
pressive stresses are generated during SMA wire activation.
The experimental approach involves the mapping of ara-
mid fiber stresses on simple geometries that contain a single
SMA wire.

2. Experimental

The capability of single SMA wires to generate compres-
sive stresses, before being incorporated into the composite
material, was determined using the recently developed
THERMIS system [35]. This consists of a 50 kN Universal
Servohydraulic Testing Machine (MTS 858 MiniBionix), a
multiple SMA wire activation system, an infrared camera
and an analog/digital card able to record the signals of
10 thermocouples. More details on the THERMIS system
will be given elsewhere [35].

The specimens consisted of single NiTiCu(6%) and
NiTiCu(12%) wires, supplied by @mt, Belgium and Memry
Co., USA, respectively. The wire chemical composition
and their transformation temperatures are presented in
Table 1. All specimens were heated at 100 °C for 10 min
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Table 1

Wire chemical composition and transformation temperatures

Cu (Y% cw) Tws (°C) T (°C) Tas (°C) Tar (°C)
6" 52 37 60 70

12 [36] 47 38 56 64

¢ (@mt, Belgium data sheets.

to remove the prestrain caused during packaging. It is
worth noting here that the testing of the NiTiCu(12%)
wires was done mainly for comparative purposes vis-a-vis
previous work [36], while the choice of NiTiCu(6%) was
driven mainly by current commercial availability. The
8 cm long SMA wires were gripped on the MTS mechanical
frame and then resistively activated by applying a maxi-
mum voltage of 2.0V at a step of 0.2V per 30s. The
recorded stresses were found to reach a maximum value
at 1.8 V. Increasing the applied voltage further did not
result in any significant increase in the generated stresses.
Since it was not feasible to define precisely the wire temper-
ature inside the composite, an experiment that simulated
the wire activation into the composite was conducted for
both wires. Each wire was covered by a special thermoresis-
tant sheath filled with a thermoconductive paste. A tiny
thermocouple was placed into the sheath to measure the
temperature rise during activation. At 2.0 V of maximum
applied voltage the measured temperature was 100 and
97 °C for NiTiCu(6%) and NiTiCu(12%) wires, respec-
tively. The sheath covered 1 cm of the wire length and each
wire was 300 um in diameter. During the simulation exper-
iment the samples were protected in a box in order to block
possible air streams that may interfere with wire cooling.

The level of voltage supplied to the SMA wires increased
up to the point where the maximum stresses were recorded,
which in effect is achieved at temperatures greater than 7 'ay.
A minimum number of three specimens of (a) as-received
SMA wires and (b) wires with 3% prestrain have been
tested with the MTS frame. A number of activation cycles
were initiated, in order to stabilize the SMA wires.

The hybrid specimens examined here were manufac-
tured in an autoclave by incorporating one as-received
NiTiCu(6%) wire, and one 150 pm diameter wire pre-
strained by 3%. Each wire was placed between two unidi-
rectional prepreg plies of Kevlar 29 fibers embedded into
LTM217 epoxy resin. The Kevlar 29 fibers were supplied
by Du Pont de Nemours, USA, while the epoxy resin
and the prepreg tapes were from ACG, UK. Details of
the overall design philosophy and the physical and geomet-
rical characteristics of the adaptive composites, as well as
their manufacturing procedure, can be found elsewhere
[21,31,32]. It should be mentioned here that the hybrid
polymer composites were cured to 70 °C for 12h and
post-cured at 170 °C for 1 h. This ensured that the T, of
the matrix was approximately 160 °C [21], which is well
above their activation temperature and the maximum tem-
perature used in the present work.

The macro- and microscale determination of the stress
fields developed during the resistive activation (T > Tay)

of the SMA wires was accomplished by combining the
THERMIS System with a remote Raman monitoring sys-
tem. The MTS was used to record the macroscopic stress
field generated by the hybrid specimens, while keeping
them under fixed, zero strain. The remote Raman monitor-
ing system designed in house and developed by Jobin
Yvon, France was employed to recording the Raman spec-
tra, and hence to determine the stress distribution in the
fibers at the microscale. The Raman microprobe uses an
optical fiber for Raman light collection, while the laser
source has been incorporated into the main body of the
microprobe. Detailed description of the remote Raman
microprobe will be given elsewhere [37].

A schematic representation of the sampling strategy is
presented in Fig. la, while a micrograph of part of the
cross section of the specimen, whereby aramid fiber
Raman spectra were taken, is shown in Fig. 1b. Suitable
tabs were attached on the hybrid specimens of dimensions
120.00 x 13.00 x 0.25 mm® complying broadly with ASTM
D3039/D3039-95a [38]. The specimens were gripped on
the MTS at a strain of 0% and a number of activation
cycles were initiated, in order to stabilize the SMA wires
[36], followed by a steady-state operation. Raman acquisi-
tion (30 runs) took place before and after the activation
cycles of the SMA wires and also during the steady-state
operation. Raman spectra were recorded along fibers par-
allel to SMA wire direction with a step equal to 30 pm
(Fig. 1a). The interrogated fibers were located near the
surface of the specimen and at fixed distances from the
wire, where tiny thermocouples were placed (Fig. la).
The sampling locations were determined by an IR camera
(Nikon LAIRD 3SH) equipped with a macro lens provid-
ing a spatial resolution of 25 um. Sampling lines on the
specimen incorporating the as-received wire were located
at 0, =917, 917, —1690, 1690, —3088, 3088, —5883 and
5883 pum from the axis of the SMA wire. The correspond-
ing lines on the specimen incorporating the 3% prestrained
wire were located at 0, —568, 568, —732, 732, —1595,
1595, —5660, 5660 pm. The detailed analysis of the
Raman spectra elaboration can be found -elsewhere
[31,32]. The temperature distribution on the specimen sur-
face was recorded by the thermocouples situated exactly at
the above locations, while global IR temperature imaging
was also undertaken. It should be noted here that the tem-
perature distributions determined by the thermocouples
were used to assess the developed stress distributions via
RM [28-32]. It is worth adding here that all the activa-
tions took place at the same temperature level (T > Tay)
as this was defined by the thermocouple situated one wire
radius above the wire (0 um distance). All the above mea-
surements took place in an isolated room free from any
kind of air streams and under a constant room tempera-
ture of 25 °C.

For better understanding of the results presented here, it
should be noted that the specimens imposed a compressive
force on the mechanical frame (MTS) during resistive ther-
mal activation, since they were kept under “fixed-strain”
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Fig. 1. (a) Schematic representation of an SMA composite specimen and the Raman sampling line, and (b) a microphotograph of a portion of the cross-
section. A part of the Raman sampling region on the specimen surface is defined by the dashed lines. All distances in (b) are measured in pm.

conditions, whereas the specimen is experiencing tension.
In other words, since the wire wants to contract, and is pre-
vented both by the surrounding matrix and the fixed grip
condition (zero global strain), then a tensile stress gradient
is developed which is transferred to the Kevlar fibers by
matrix shearing. This effect is identical to the stress pertur-
bation observed adjacent to a single fiber fracture in full
composites containing parallel fibers. It is worth adding
here that the measurements are conducted at the middle
of the specimen to avoid any effect that the grips may have
on the local stress development.

Finally, for comparative purposes, plain, unconstrained
composite samples were tested at elevated temperatures
(60, 80 and 100 °C) in order to define the developed ther-
mal stresses. The geometric dimensions of the samples
examined were identical with those hybrid samples used

in the present study and prepared with the same curing
procedure described previously. The thermal stresses were
measured by recording 200 Raman spectra randomly from
fibers located at the surface of the sample. By applying a
statistical methodology described in detail in Ref. [31], the
thermal stress distribution at elevated temperatures was
determined. The above measurements took place in an iso-
lated room free from any kind of air streams.

3. Results
3.1. Activation of single NiTiCu wires in the air
Fig. 2 shows the MTS recorded stresses as a function of

activation time obtained from a single as-received
NiTiCu(6%) wire and from a wire of the same alloy
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Fig. 2. Generated stresses from an as-received single NiTiCu(6%) wire and a single NiTiCu(6%) with 3% prestrain.
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Fig. 3. Generated stresses from an as-received single NiTiCu(12%) wire and a single NiTiCu(12%) with 3% prestrain.

composition prestrained by 3% in air. For the as-received
wire, values of recovery stresses up to 500 MPa are
recorded both during stabilization and steady-state activa-
tion. In the case of the prestrained wire, maximum recovery
stresses up to 550 MPa are generated. The corresponding

results for the as-received and that with 3% prestrained
NiTiCu(12%) wires are presented in Fig. 3. In this case,
the as-received SMA wire is capable of generating constant
stresses up to approximately 350 MPa, while the generated
stress from the prestrained NiTiCu(12%) wire remains
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constant at almost 450 MPa. The fluctuation width of gen-
erated stress values of approximately 50 MPa was due to
the sensitivity of the 2.5 kN load cell that was used at its
10% dynamic range.

3.2. Pure K29/epoxy composite at elevated temperatures

The residual and thermal stresses developed in pure
K29/epoxy composites at elevated temperatures are shown
in Fig. 4, where a linear dependence of thermal stresses on
temperature can be seen. The x-axis of the diagram in
Fig. 4 corresponds to the temperature difference from the
ambient value of 25 °C. The development of thermal stres-
ses should be taken into account when the stresses gener-
ated by the SMA wires embedded in the composites are
calculated. These results reveal that the CTE (thermal
expansion coefficient) of the pure K29/epoxy composites
is positive, giving rise to tensile thermal stresses in the com-
posite specimen. A detailed description of the experimental
procedure employed to obtain the above results will be
given elsewhere [41].

3.3. Activation of NiTiCu(6%) wires embedded
in K29/epoxy composites

3.3.1. Composite system incorporating single as-received
wire

In Fig. 5 the steady-state temperature distribution devel-
oped within the K29/epoxy/[as-received NiTiCu(6%) wire]
during steady-state wire activation as a function of the dis-
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Fig. 4. Thermal stresses as a function of temperature for a pure aramid
fibre/epoxy composite. The X-axis corresponds to the difference of the
applied temperature from the ambient one. The data point at AT =0 °C
corresponds to the residual stresses developed during the composite
fabrication procedure.
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Fig. 5. Temperature distribution of SMA composite specimens incorpo-
rating a single as-received and a 3% prestrained NiTiCu(6%) wire. The
accuracy of thermocouple measurements was 2-3 °C.

tance from the wire is presented. As is evident, the temper-
ature distribution has a maximum just above the wire
surface and then decays towards the specimen edges
(Fig. 1). The agreement between the values recorded by
the attached thermocouples and those obtained by the IR
camera is satisfactory bearing in mind the sampling differ-
ences of the two techniques. The maximum deviation is
observed at the wire location and is of the order of 14 °C
(Fig. 5). Relatively large differences are also observed near
the specimen edges, the origin of which will be discussed
later.

Taking into account the temperature distribution that
develops within the K29/epoxy/SMA wire composite dur-
ing steady-state activation, the distribution of the devel-
oped thermal stresses can be calculated. The calculation
was based on the linear relationship of thermal stresses,
Ohermal, With temperature according to the formula:

othermal = —238 + 09AT (MPa), (1)

where AT =T — Ty, and T, is the ambient temperature
(25 °C). All temperature values, T, correspond to those ob-
tained by thermocouples and are given in Fig. 5. The re-
sults of the above calculation are presented in Fig. 6. The
thermal stresses are greatest above the location of the wire,
where a mean value of approximately 45 MPa has been cal-
culated, and decrease with distance from the wire. At a dis-
tance of approximately 3000 um the thermal stresses
become equal to the residual stresses in the fibers.

The MTS-recorded stresses generated by the SMA com-
posite during steady-state wire activation as a function of
time are shown in Fig. 7. During activation, the SMA
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porating a single as-received and a 3% prestrained SMA NiTiCu(6%) wire.

composite was capable of generating stresses of about
4 MPa that appear to be quite stable within the timeframe
examined here.

A brief explanation of the methodology used to extract
the values of stress generated by the SMA wire is given
here. The 1611 cm™' Raman band of the aramid fiber
[31] was chosen as the spectroscopic sensor due to its high
stress sensitivity. In order to evaluate the fiber stress
distribution prior to SMA wire activation, all 270 spectra
collected from the Raman mapping lines (Fig. 1) were
statistically analyzed. The peak values were represented
by a normal distribution with a maximum probability
density value at vy = 1611.18 + 0.02 cm ! for all specimens
used in this work. The mean peak position of the
1611 cm ™' band taken from prepreg fibers prior to speci-
men fabrication were found to be v,=1611.09 &+
0.01 cm ™', Detailed description of the above statistical pro-
cedure can be found elsewhere [31].

Using the established relationship between Raman shift,
AVpeen, and axial stress, o (in GPa) [30,31]:

AVmech = (VO - Vr) = —4¢ (Cm71)7 (2)

the mean value of the residual stresses was found to be
—22.5 MPa. As confirmed earlier [30], the above relation-
ship (2) is valid for any temperature 7. Let v, be the mean
peak position of the 1611 cm~' Raman band at tempera-
ture 7. For any stress ¢, the Raman band positions will
be shifted to lower values according to [30]:

Av; = —0.015(T — Ty) (cm™). (3)

In addition to the effect of stress and temperature on the
wavenumber position, it is also necessary to estimate the
effect of developing thermal stresses (Fig. 6) at elevated

e ——
as received 4

Raman acquisition ——

Stress / MPa

_] PO TSR [T TSN (N NN SN TN N SN (Y W (N S ST MU NS
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time / min

. —
3% prestrain |

-~ Raman acquisition —— =

Stress / MPa

-l " L 1 L 1 " L 1 " 1 P 1 " 1 " 1 " 1 L
0 10 20 30 40 50 60 70 80 90 100 110 120
Time / min

Fig. 7. Generated stresses from SMA composite specimens incorporating
a single as-received and a 3% prestrained NiTiCu(6%) wire.

temperature on the Av. Hence, by combining Egs. (1) and
(2), the contribution of thermal stresses to the shift in vq
can be found by:

AVinermal = —0004(T — To) (cmfl). (4)

Thus the overall shift Avy, during SMA wire activation
should be estimated by:

Avtotal - (VT - Vr) = AVSMA = AVthermal = AVT7 (5)

where v, is the peak position of the 1611 cm ™' band at tem-
perature 7 and Avgpa is the pure contribution to the shift
in v, caused by mechanical stress from the activated SMA
wire.

Substituting the Egs. (2)—(4) into (5), the stress gener-
ated by the SMA wires and transmitted to the aramid fibers
(Fig. 8a) is given by:

Aviora = 0.019(T — Ty)
OSMA = — 4

(GPa). (6)

It is worth noting that the stresses as a function of the
position (Fig. 8b) on the completion of the SMA cycle were
evaluated from Eq. (2), since the specimen is at room
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temperature, 7. It must be noted that the specimens were
cooled for a long time after the SMA activation to ensure
that thermal equilibrium has been reached.

The stresses generated purely by the SMA wire and
transmitted to the aramid fibers are greatest above the loca-
tion of the wire (position 0 um), where a mean value of
200 MPa was calculated (Fig. 8a). The stress decays with
distance from the wire, reaching zero at a distance of
approximately 3000 um. The overall residual stress field
developed within the composite on the completion of
steady-state activation (Fig. 8b) appears to be compressive
with a mean value equal to approximately —25 MPa at dis-
tances far from the wire (>3000 um), which corresponds to
the initial level of residual stress developed during specimen
fabrication. It is interesting to note that right above the
wire the stress is zero, and then it becomes compressive
with maximum values equal to —50 MPa; finally, the stress

approaches a constant value of —25 MPa over almost the
whole width of the specimen.

3.3.2. Composite system incorporating the 3% prestrained
wire

Fig. 5 shows the temperature distribution of the thermal
field transmitted to the aramid fibers (IR and the thermo-
couple measurements) by the resistive heating of the
embedded 3% prestrained SMA wire, as a function of dis-
tance. As with the stress measurements, the maximum tem-
perature is recorded right above the wire surface; this then
decay towards the edges of the specimen (Fig. 1). The
agreement between the two sets of measurements is again
satisfactory. Nevertheless, certain discrepancies at the two
extremes of the distribution (above the wire and at the
specimen edges) are observed. The thermal stress distribu-
tion that results from the corresponding temperature distri-
bution (Fig. 5) is shown in Fig. 6.

The MTS-recorded stresses generated by the SMA com-
posite during steady-state wire activation as a function of
time are shown in Fig. 7. During activation, the SMA com-
posite was capable of generating stresses of about 5 MPa
that appear to be quite stable within the timeframe exam-
ined here.

The stresses generated purely by the SMA wire and trans-
mitted to the aramid fibers are greatest above the location of
the wire (position 0 um), where a mean value of 227 MPa
was calculated (Fig. 8a). The two regions on either side of
the wire appear to be asymmetric; on the left side the gener-
ated stress field decays, reaching zero at a distance of about
4000 pm, whereas on the right side the stress decay is steeper
and reaches zero at about 3000 um. The overall residual
stress field developed within the composite on the comple-
tion of the steady-state activation (Fig. 8b) appears to be
compressive with a mean value equal to approximately
—25MPa at distances far from the wire location
(>3000 pm), which corresponds to the initial level of resid-
ual stresses developed during specimen fabrication. It is
interesting to note that right above the wire the stress is zero,
then becomes compressive with maximum values equal to
—75MPa, and decays towards a constant value of
—25 MPa at 3000 pm on either side of the specimen. In qual-
itative terms the shape of the stress distribution is the mirror
image of that obtained during the wire activation (Fig. 8a),
which demonstrates a reversal of the stress field on the com-
pletion of the experiment. As argued later, it appears that
the effective permanent tensile deformation of the wire dur-
ing steady-state activation in its “austenite” phase results in
the generation of compressive stresses on cooling as the
mechanical frame is kept under a “fixed-grip” condition.

4. Discussion
4.1. Generated stresses by single NiTiCu wires in the air

The generated stresses in an as-received and a 3% pre-
strained NiTiCu(6%) wire are shown in Fig. 2. Regardless
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of prestrain level, the generated maximum stress of approx-
imately 500 MP, remains exceptionally steady under
steady-state operation. This behavior is not as yet fully
understood. One likely explanation is that these wires were
prestrained to their maximum level by the manufacturers
themselves. This is also corroborated by the fact that a
training process is required to set a new memory and alter
the transformation characteristics of the wires in order for
the prestrain level to have a significant effect on the gener-
ated mechanical stress level [35].

Regarding the NiTiCu(12%) wire (Fig. 3), the results are
similar to those of the NiTiCu(6%) wire reported above;
the as-received wire (Fig. 3) is capable of producing maxi-
mum stresses of 350 MPa, while stresses up to 450 MPa are
produce by the equivalent wire prestrained prior to the test
(Fig. 3). It should be mentioned here that the latter values
are in good agreement with those reported in the literature
[36]. The fact that again even the as-received wire is gener-
ating stresses could be attributed to one of the two reasons
mentioned above, while it should be noted here that the
same phenomenon has been recorded during tests on
300 um diameter NiTi wires obtained also from @mt,
Belgium [35]. The stress-generating capability of just the
NiTiCu(12%) wires from this company has been tested pre-
viously [19-21,26,27] using a tensile machine equipped with
an oil bath. The possibility that the present wires exhibit a
two-way SME behavior can be ruled out as such wires are
not capable of generating high stresses under constrained
conditions [2] .

It is worth mentioning here that the stresses produced
by the as-received NiTiCu(12%) wire are now consider-
ably smaller than those produced by the prestrained
equivalent. Since the two types of wires originate from dif-
ferent manufacturers, it is of no surprise that they differ as
far as their original prestrain level is concerned. Finally,
the small differences of maximum generated stresses
observed between NiTiCu(12%) and NiTiCu(6%) wires
reflect dissimilarities in their transformation paths [39].
Overall, it is expected that both types of wires should be
capable of generating stresses of similar magnitude when
embedded in composites.

4.2. Generated stresses by a NiTiCu(6%) wire embedded in
K29/epoxy composites

4.2.1. As-received wire

Prior to the determination of the stress distribution both
at macroscale (THERMIS system) and the microscale (ara-
mid fibers), it is important to assess the temperature profile
within the same area of measurement. As shown in Fig. 5,
the resulting distribution has a maximum of 110 °C above
the wire and decays away to about 40-45 °C at a distance
of 6000 pm (specimen edges). This kind of distribution
obtained from an IR camera or by attaching thermocou-
ples across the specimen is very important since it contrib-
utes to the formation of the resulting stress distribution at
the microscale. In addition, it can be used for calculating

the thermal stress distribution (Fig. 6). Since aramid fibers
have a negative axial thermal expansion coefficient, it is evi-
dent that the high temperatures near the wire plus the high
compressive fields generated by the wire transformation
will induce a non-uniform stress field in the case of a single
wire composite specimen examined here. To start with,
during steady-state activation, the large compressive field
generated by the wire and up to a distance of about 1000
pum on either side (Fig. 8a) is translated into a machine ten-
sile stress (fixed grip condition) that gives rise to tensile
stresses in the fibers up to a maximum 200 MPa just above
the location of the wire.

Upon activation of the as-received NiTiCu(6%) wire, the
composite specimen generates constant compressive stress
which, under constrained conditions, is translated into ten-
sile MTS stress (Fig. 7). Again the generated maximum
stress remains steady under steady-state operation, which
indicates no deterioration of the wire/epoxy/aramid inter-
face within the times involved in the experiment (Fig. 7).

The origin of the permanent high compressive values in
the fibers in the region of +3000 pm recorded after revers-
ing to martensite, shown in Fig. 8b, can be explained as fol-
lows: when the wire is embedded into a composite the
imposed constrained conditions, both longitudinally (by
the MTS) and laterally (by the composite material), result
in the generation of tensile forces which are counterbal-
anced by the compression of the specimen by the mechan-
ical assembly (“‘fixed-strain” condition).

4.2.2. 3% prestrain wire

The results of the temperature distribution shown in
Fig. 5 are similar to those obtained for the as-received wire.
The resulting distribution has a maximum of 120 °C above
the wire and decays away to about 35-40 °C at a distance
of 6000 um (specimen edges). Once more there is a good
agreement between the distributions obtained by the two
techniques and any discrepancies are attributed mainly to
sampling differences. The largest discrepancy is observed
right above the wire surface, which is probably due to
changes in emissivity which may alter the obtained IR pro-
file. In general the thermocouple data are considered more
accurate as they are taken near the plane of aramid fibers
interrogated by RM, whereas the IR data have also a depth
component. Finally, the asymmetry of the IR temperature
distribution, which leads to large discrepancies between IR
and thermocouple values on the right-hand side of the dis-
tribution, indicates that the camera was not placed exactly
perpendicularly to the specimen surface and/or there was
some specimen twisting during activation.

The generated maximum stress, Fig. 7, is higher than in
the case of the as-received wire which confirms that the
higher the prestrain, the greater the stress generated. Since
both wires in the air under constrained conditions generate
approximately the same amount of stress, the differences in
the stress generation and subsequent stress transmission to
the aramid fibers of the composite must be due to
differences encountered at the interface between the two
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specimens. Indeed, differences in the wire lateral contrac-
tion (not examined) here between the two specimens may
be responsible for the relatively weaker stress transmission
in the case of the composite sample containing the as-
received wire. Previous work by others [20,21,26,27,40]
has confirmed the importance of the strength of the wire—
epoxy interface in stress transmission.

Regarding the stress distribution prior to activation, the
residual stress field in the aramid fibers fluctuates around a
relatively small compressive stress of about —22.5 MPa.
However, during steady-state activation, the large com-
pressive field generated by the wire, and up to a distance
of approximately 3000 pm on either side of the wire, is
translated into a machine tensile stress (fixed grip condi-
tion) that gives rise to tensile stresses in the fibers of up
to 227 MPa just above the location of the wire. Finally, it
is interesting to note that reversing to martensite, as is evi-
dent from Fig. 8b, causes the wire to again come under
compression by the mechanical frame and the whole distri-
bution is now reversed, as discussed previously.

5. Conclusions

The ability of a single NiTiCu(6%) wire to act as an
internal stress generator in a hybrid system has been inves-
tigated, both at the macro- and the microscale. Testing a
single wire of this type showed that it is able to produce
a significant amount of compressive stress while being acti-
vated, regardless of its prestrain level. This leads to the
assumption that the initial prestrain induced during manu-
facturing is sufficient for stress generation under con-
strained conditions. The NiTiCu(12%) single wire,
examined for comparison, also exhibits a similar ‘“behavior”
but it was found to be less efficient than the NiTiCu(6%)
wire.

The macroscopic stress fields produced by two hybrid
specimens, incorporating an as-received and a 3% pre-
strained NiTiCu(6%) wire, during stress activation, has
been recorded. Results indicate that the 3% prestrained
wire is more efficient in transmitting the stresses that are
generated to the system, probably due to the formation
of a wire/matrix interface of higher strength than the cor-
responding interface of the as-received wire. This fact has
been also confirmed through the stress state investigation
of the system via RM. The form of the internal stress dis-
tribution seems to decay from a position right above the
wire surface to the specimen edges, reaching zero at a dis-
tance of approximately 3000 um. Furthermore, the axial
constraining of the wire by the epoxy resin, which prevents
the former from relaxing during cooling, results in the for-
mation of an internal stress distribution within the speci-
men on the completion of the activation cycle.
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