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Composite materials containing thin Shape Memory Alloy (SMA) wires show great promise as materials able to adapt their shape,
thermal behaviour or vibrational properties during service. Tools for designing such materials are however far from being available. The
work presented here reports the main achievements of a concerted European effort towards the establishment of a fundamental understanding
for manufacturing and design of SMA composites. The following major steps are examined: selection and characterisation of the material
constituents, development of manufacturing processes for the production of composites with pre-strained SMA-wires, analysis and modelling
of the action of the SMA-wires in the composite, the contribution of the SMA-resin interface, analysis and modelling of the functional,
thermomechanical, impact and durability properties of SMA composites and the development of a simple, large-scale, aerodynamic model.
It is argued that the achievements of this research have brought the knowledge on SMA composites to a substantially higher level enabling
reliable manufacturing and design, and the emergence of new industrial applications.
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1. Introduction

Industrial needs can no longer be fulfilled by improving
the characteristics of conventional structural materials, but re-
quire the development of so-called adaptive or smart materials
whose properties may be varied in response to environmen-
tal fluctuations (external stimuli). Generally speaking these
materials integrate actuating and sensing technologies into a
structural material. The approach proposed in the collabo-
rative research effort reported here is the integration of thin
shape memory alloy (SMA) wires as actuating elements in fi-
bre reinforced polymer composites.»? Fibre reinforced poly-
mers are already widely used in the fields of aerospace and
sport as well as more recently in the automotive and railway
sector. This is mainly due to their inherent high stiffness-to-
weight ratio, corrosion resistance and controlled anisotropic
properties. SMAs are commercially available for a variety of
actuator, clamping and fixing devices. Recently SMA wires
have become commercially available with diameters below
0.2mm. These small diameters allow the direct integration
of SMA wires into fibre reinforced polymer composites with-
out loosing the structural integrity of the matrix material. In
comparison to other actuating technologies, SMAs offer ad-
ditional important advantages: high reversible strains (up to
6%), high damping capacity, large reversible changes of me-
chanical and physical characteristics, and most importantly,
the ability to generate extremely high recovery stresses (up to
800 MPa).

Technology forecasts predict that adaptive composites with
embedded SMA wires (abbreviated to SMA composites) will

find manifold applications in new generation aircraft, cars,
trains and railway systems of the future. The use of SMA
composites in engineering components can result in signif-
icant improvements such as the long term reduction of life
cycle costs by more than 50% and improvements of the reli-
ability by more than 80% for different types of engineering
components.

The development of advanced composites with embedded
SMA wires is still in an embryonic stage. The literature on
fibre reinforced polymer composites with embedded SMA
wires is not yet very extensive and there are still many is-
sues on the materials level which require further study. The
aim of the reported research effort was to bring the fundamen-
tal knowledge of SMA composites to a level, which allows to
take decisions on further industrially oriented developments.

All steps from the selection and characterisation of the ma-
terial constituents (SMA wires, resin, reinforcing fibres and
SMA-resin interface), the quantification of diverse mechani-
cal, transformational, thermomechanical and functional SMA
composite characteristics, and the development of a simple,
larger-scale laboratory model will be discussed in this pa-
per. By embedding SMA wires into polymer composites new
functional properties are obtained. ‘Materials design’ is there-
fore a key topic in the development of SMA composites. Hav-
ing solved these aspects of basic research, new perspectives
are opened with respect to the development of engineering
structures with adaptive shape, stiffness, damping and other
properties.
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formational behaviour and most particularly the thermome-
chanical behaviour for conditions encountered during pro-
cessing and activation of these SMA composites.

2.1.1 SMA wire inventory

The SMA wire selection started with quantifying the re-
quirements of the desired wires. The main concern was that
for the integration in composites the SMA wires should be
as thin as possible. However, (i) the price per kg increases
rapidly with decreasing diameter and (ii) the quality of SMA
wires below 100 pum has not been sufficiently studied. Thus
it was decided that the main SMA wire diameter would be
150 um. With respect to the choice of composition, it was
necessary for most applications in mind to choose a trans-
formation temperature just above room temperature (313 to
323K), so that the thermal cycling to activate the relevant
component was as small as possible. Low hysteresis and
a reproducible behaviour were also desirable. In addition,
some superelastic wires were considered for energy absorp-
tion upon impact. Different types of SMA wires were evalu-
ated: NiTi. NiTi-R-phase and NiTiCu.

2.1.2 SMA wire properties

To enable the selection of a suitable SMA wire for a given
SMA composite application. the wire properties had to be de-
termined first. Since the information from the SMA suppli-
ers was not sufficient to allow proper selection an extensive
in-house evaluation was conducted. The transformational,
thermomechanical and stability behaviour. and the surface
characteristics were investigated.

The transformational characteristics of the wires. includ-
ing the transformation temperatures and heats. were deter-
mined using Differential Scanning Calorimetry (DSC). Trans-
formation strains and stresses. Young's modulus and electn-
cal resistance were determined by thermomechanical analysis
using a specially designed testing apparatus.”’ Accurate ther-
momechanical experiments cannot be conducted by conven-
tional tensile testing equipment due to the complex coupled
strain and temperature requirements. This fully computerised
equipment offers the possibility of complex coupled control
of stress, strain and temperature and of real-time data acqui-
sition and processing. Computer control strategies were de-
veloped for simulating the biasing effect of the matrix. The
resulting quantitative SMA wire database could describe ac-
curately the action of the SMA wires in the SMA composites
during heating and cooling.

The characterisation of the surface condition (roughness
and chemical composition), which is an important parame-
ter for the quality of the SMA wire (fatigue, etc.) and of the
composite, was studied using two different methods: scan-
ning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). It is worth mentioning that the wire sur-
face condition affects the strength of the wire/resin interface,
which, in turn, influences the functionality and durability of
the composite.

The stability of the thermomechanical behaviour of the
SMA wires is influenced by many parameters, including the
composition, the final processing and heat treatment, and the
training procedure. Tests on the stability of the shape mem-
ory behaviour during short- and long-term cycling have been
carried out on all types of SMA wires for different thermome-
chanical modes: (i) thermal cycling under constant load, (ii)

strain cycling at constant temperature, and (iii) temperature
cycling under constant strain. These experiments were also
performed on the thermomechanical testing apparatus.
2.2 Host material selection 7 lastoon’
2.2.1 Epoxy resin

The choice of the epoxy resin was critical for the produc-
tion of the hybrid composites and the inherent co-operation of
the constituent materials. The considered parameters were (i)
a low curing temperature, yet a glass transition temperature
well above the transformation temperature range, (i) optical
transparency of the resin to allow Raman measurements, (iit)
the potential for B-stage prepregging, and (iv) a low cost.

The LTM 217 resin produced by the Advanced Composites
Group was selected and studied by means of IR-spectroscopy,
Laser Raman Spectroscopy (LRS), Dynamic Mechanical
Analysis (DMA) and Differential Scanning Calorimetry
(DSC). Rheometry tests were also performed to study the cur-
ing kinetics and to establish the optimum curing conditions
for the epoxy resin and the composite. Finally, standard me-
chanical tests were performed on the epoxy systems to derive
the values of modulus, strain to failure and tensile strength.
All composite specimens were made with the same resin, ex-
cept the impact specimen (see Sec. 2.3.1). The cure cycle was
determined with a ramp at 4 K/min to 343K and 12 hours at
343 K, followed by a post cure with a ramp at 0.33 K/min to
413K and 4 hours at 413 K, to reach a Tg between 418 K and
423K and a stable thermal expansion behaviour.
2.2.2 Aramid fibre

Aramid fibres were chosen due to their Raman response
and their modulus compatibility with the embedded SMA
wires. With respect to these criteria the Kevlar 29 by Du
Pont was selected since it is a well-characterised and docu-
mented fibre. with a low modulus, and a negative axial coeffi-
¢ < of thermal expansion.” Standard mechanical tests were
carried out on Kevlar 29 monofilaments to determine their
Young's modulus. fracture strain and fracture strength. Me-
chanical tests were also conducted on a specially designed
microextensometer. which has been constructed to apply an
axial ter - load on single fibres or wires and to monitor
simultaneously the mechanical and Raman response. From
the recorded Raman spectra well-defined relationships of the
peak shift for the 1611 cm™' and 1648 cm ™" bands as a func-
tion of applied mechanical load were derived and were subse-
quently employed for the determination of stress and strain in
the embedded tibres. These calibration curves were also em-
ployed for the determination of the internal stress distribution
before. during and after wire activation in the SMA compos-
ite. During the SMA wire activation heat is generated in the
wires and then dissipated into the hybrid composite. Thus the
influence of temperature on the Raman spectra of Kevlar 29 fi-
bres was a very critical parameter. In order to clarify the effect
of temperature two different experiments were conducted. In
the first one. the influence of temperature on the Raman re-
sponse of free standing aramid fibres was investigated within
the 223 to 473 K range. From the resuits it was evident that
the 1611 cm~! Raman band is strongly temperature depen-
dent, while the 1648 cm~! band could be considered as tem-
perature unaffected within the examined range. In the sec-
ond experiment the influence of temperature on the Raman
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stress coefficient was examined for both 1611 and 1648 cm~!
Raman bands. The experimental data led to the conclusion
that the Raman stress coefficient is not affected by tempera-
ture for both bands. Thus a suitable methodology for eval-
uating the stress and temperature, independently, inside the
composite at the microscopic scale was developed.>®

2.3 Hybrid composite production
2.3.1 Standard SMA composite

To produce SMA composites with pre-strained SMA wires
special frames carrying pre-strained SMA wires at different
volume fractions, size, spacing, efc. were designed and man-
ufactured (small frame in Fig. 1). The frames enabled SMA
wires to be wound around comb-like pins, 500 m apart, sit-
uated at both ends of the frame. One of these combs could be
moved in order to pre-strain and then hold the wires at the re-
quired pre-strain value during curing. The maximum number
of wires possible was 2 wires/mm, but two frames could be
superimposed to provide 2 layers of wires in the final product.
The laminated assembly, which combines the Kevlar prepregs
and the pre-strained SMA wires, was cured in an autoclave.
The frame prevented the strain recovery of the pre-strained
SMA wires during heating. After curing the frame was re-
moved.

The manufacturing route followed in this study offers
unique advantages: a more homogeneous distribution of the
aramid fibres around the SMA wires and, more importantly,
a much better consolidation of the SMA wires. An example
of a cured Kevlar composite containing strips of pre-strained
embedded SMA wires is given in Fig. 2. These bulk sam-
ples were cut into separate composites (150 x 12 mm?) prior
to testing. For all wire types unidirectional SMA composites
were produced, with different SMA wire volume fractions,
which were generated by wire spacing, number of wire layers
and of prepreg plies, and with different pre-strain levels, rang-
ing from no pre-strain to the maximal shape memory strain
(8% for NiTi and 6% for NiTiCu).

To perform impact experiments special SMA composites,
with different SMA wire volume fractions, were produced.
The samples (125 x 125 mm?) consisted of SMA wires em-

Fig. 1 Comparison between the frames used for the production of the stan-
dard SMA composites (small frame) and for the production of the scaled
model (big frame).

bedded in a glass fibre ¢ Mhatrix, ‘covering a width of
16 mm. A Strafil G-EPI-140/142 glass fibre epoxy prepreg,
from Hexcel Composites, was used. The following prepreg
lay-up, [0°, 45°, 90°, —45°],5, which, from the literature,”
suggests a good resistance against delamination during im-
pact, was used. This laminate offers the opportunity to use a
variety of energies (both low and high) for the impact damage
tests. The wires were aligned at different through thicknesses
of the plate. The SMA impact composites were cured at 413 K
for 20 minutes. In some experiments SMA glass fibre com-
posites, with a lay-up identical to the Kevlar samples, were
used as a comparison.
2.3.2 Aerodynamic SMA composites

To allow the production of the aerodynamic profile model
new frames were designed and built, based on the exist-
ing standard frames. Figure | makes a comparison between
a standard frame (small) and the model frame (big). The
big frame has a modular set-up to allow the production of
SMA composites with different dimensions. The production
route for the aerodynamic model was identical to that of the
standard SMA composites. An example of a SMA composite
producs:d for the skin of an aerodynamic profile is given in
Fig. 3. :

2.4 SMA composite characterisation

The functional properties of SMA composites are directly
related to the constraining behaviour that the composite ma-
trix exerts on the SMA wire. SMA wires that are pre-strained
and embedded in a constraining matrix, when heated. act
against the surrounding matrix. Recovery stresses are grad-
ually generated within the wires during heating and the strain
recovery is delayed. This phenomenon is the basis for adap-
tive composites. Thus all SMA composites produced were
subjected to a wide range of experimental techniques in order
to characterise and understand the SMA composite behaviour.
The transformational, dimensional. tensile and impact be-
haviour were investigated by standard testing techniques. The
interfacial, internal stress and strain, thermomechanical and
vibrational behaviour were tested using new or adapted tech-
niques.

Fig. 2 Bulk standard SMA composite samplies.
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Fig. 3 SMA composite skin of the aerodynamic profile.

2.4.1 Standard testing techniques

Differential Scanning Calorimetry (DSC) was used to in-
vestigate the transformation temperatures and heats of the
SMA composites. The composites were cut into 0.5 x 0.5 cm?
pieces and weighed approximately 7mg. A composite with-
out SMA wires. which consisted of a matrix sample with
similar weight to the matrix fraction of the specimen. was
used as a reference.® To evaluate the influence of the re-
covery stresses on the dimensional change of free standing
SMA composites (10 x 15 mm?) a Thermomechanical Ana-
lyzer (TMA) was used. The ultimate strength and strain. and
Young’s modulus of standard Kevlar 29-resin and SMA com-
posites were determined by static tensile tests. The produced
specimens were tested mechanically according the ASTM
3039 procedure. The impact performance of SMA compos-
ites was examined by incorporating superelastic and marten-
sitic NiTi, NiTiCu and steel wires into a glass epoxy matrix.
The impacting apparatus used was an in-house built system.
The impact energies exerted on the specimens were 6J, 127J
and 18J. It should be noted that techniques that are employed
to analyse impact damage for metallic specimens should be
used here with caution. Composites are much more complex
material systems than metals, and therefore different param-
eters are important.” The mechanical fatigue behaviour was
examined on a four ply SMA composite laminate with dimen-
sions 120 x 12 x 0.5mm*. The embedded SMA wires were
NiTiCu with 3% pre-strain. Cyclic fatigue was performed un-
der extreme loading conditions namely in a strain-controlled
mode with 2 Hz frequency and 0.7% to 1.8% peak to peak
strain.
2.4.2 Novel testing techniques
(1) SMA wire-epoxy interface evaluation
(a) Pull-out

A special pull-out testing technique was designed to test
the interfacial shear strength between the LTM217 resin and
the SMA wires. Epoxy disks, with a single SMA wire embed-
ded in the centre, were made using silicon moulds. For each
wire type, samples with six different embedded lengths were
produced. An UTS tensile testing machine was used to de-
termine the maximum pull-out force. The experimental shear
strength was calculated from the pull-out force at failure, the

‘wire diameter and the embedded length.'®)

(b) Laser Raman Spectroscopy (LRS)

A new method for assessing the integrity of the fibre/matrix
interface in plain Kevlar 29/epoxy composites by means of
LRS was developed. In the stage of specimen preparation and
before autoclave curing, a small surgical cut was introduced
in the upper prepreg layer. As a result a discontinuity was in-
duced in a few number of fibres and after curing the created
gap was filled with resin. The presence of this type of fibre(s)
discontinuity was not expected to affect at all the mechanical
properties of the composite laminate. This technique allowed
the recording of the stress transfer profile at small deforma-
tions prior to fibre fracture, which occurs at relatively high
strains for Kevlar fibres (~3%). By focusing the laser beam
on the fibre at the discontinuity and scanning along the fibre
the axial force could be measured. By considering a simple
balance between the shear forces at the interface and the axial
forces in the fibre, the interfacial shear stress distribution was
obtained.!)

This methodology was applied in a four-ply Kevlar
29/epoxy resin composite specimen with dimensions of 125 x
12mm?. A specially designed mechanical frame was con-
structed for applying tensile load in the specimen. The record-
ing of the actual levels of applied strain were found by the
Raman response as described below (3).'%1?

(¢) Differential Scanning Calorimetry (DSC)

It was found that the transformation heats measured by
DSC decrease substantially with increasing pre-strain of the
embedded SMA wires.® This is explained (i) by consider-
ing the difference between self-accommodating martensite
(SAM). which linearly decreases with pre-strain, and prefer-
entially oriented martensite (POM), which linearly increases
with pre-strain, and (ii) by applying some basic principles
of the thermoelastic martensitic transformation. The SAM
is not significantly influenced by the process of pre-straining
and embedding in the matrix and can transform freely into
austenite upon activation. The constraining matrix, however,
suppresses very effectively the progress of the transformation
of the POM variants upon activation. If the interface partially
or totally debonds under a thermal load, the constraining ef-
fect of the matrix will partly or totally disappear. As a result,
the stabilised POM is no longer fully constrained, can freely
transform into austenite and will show an endothermic peak
on the DSC curves. Thus DSC analysis can be used to inves-
tigate the integrity of the SMA composite and define a tem-
perature window in which the SMA composite can be used
safely.!?

(2) Thermomechanical behaviour

The thermomechanical (and hence the functional) proper-
ties of SMA composites are a direct outcome of the peculiar
thermomechanical behaviour of the SMA wires. Pre-strained
SMA wires operate during heating against the elastic stiffness
of the constraining aramid-epoxy matrix. Since the strain re-
covery of the SMA wires is biased during heating, high recov-
ery stresses are gradually generated by the SMA wires (and
strain recovery of the SMA wires is delayed). Vice versa, dur-
ing cooling the recovery stresses decrease after overcoming a
temperature hysteresis (and the SMA wires become strained).
A remarkable feature of the literature on SMA composites is
that quantitative data on the generation of recovery stresses
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are very scarce and of dubious quality. The-same testing
apparatus as for the SMA wires was adapted to investigate
the thermomechanical behaviour of the SMA composites (see
Sec. 2.1.2 and 3)).
(3) Internal stress and strain distribution

For the determination of the stress distribution in the SMA
composites during and after the SMA wire activation, a new
experimental set up was constructed. This set up allowed the
recording of the Raman spectra during SMA wire activation
and the simultaneous control of the wire temperature. The
level of activation of the embedded SMA wires was controlled
electrically and the induced mechanical stresses in the aramid
fibres were obtained by means of LRS. The observed influ-
ence of temperature on the recorded Raman spectra of the
aramid fibres required the deconvolution of the mechanical
and thermal contributions. The methodology developed here
allowed the simultaneous determination of mechanical stress
and temperature inside the SMA composites with a spatial
resolution of 1-2 um. LRS measurements combined with a
suitable statistical analysis provided accurate values for the
residual stresses. Raman sampling was performed on a line
normal to the fibre direction on the surface of the specimen
and at steps of approximately one fibre diameter.”
(4) Vibrational properties

The vibration response of SMA composites activated by
electrical current heating was measured using a specially de-
signed set-up. It is composed of a U-shaped sample holder, a
shaker, a Laser Doppler detector and a computer to record and
treat the measured signal. The composites are mounted on the
holder, which allows the measurement of the force exerted
by the composite on the holder arms through a wheatstone
bridge. The entire sample can additionally be pre-deformed.
The SMA wires are heated incrementally by direct electrical
current and cooled down by convection at the matrix surface
after switching off the current. The sample holder is fixed on
a shaker, which produces given frequency vibrations perpen-
dicular to the plane of the composite. The amplitude of the
imposed vibration and the amplitude response of the sample
are measured with the laser using the Doppler effect.!”

3. Results & Discussion

3.1 SMA wire characterisation

A limited overview of the typical results obtained from the
SMA wire evaluation is given below. It contains information
about the transformational, surface and thermomechanical be-
haviour. All results were systematically applied to select a
suitable SMA wire for a given SMA composite design. The
influence of thermal treatment and cycling on the transfor-
mation temperatures and heats of the SMA wires has been
investigated and resulted in valuable knowledge for the SMA
composite production. The presence of an oxide top layer on
the SMA wires is believed to be beneficial for the adhesion
to the epoxy. Most SMA wires have an oxide surface layer
after drawing and heat treatment, ranging from a thin good
adhering one (Fig. 4) to a thick loose coating (Fig. 5). If the
oxide layer is removed by polishing or etching, the result-
ing wire surface is very smooth, which is not beneficial for
wire/polymer adhesion. The properties of the oxide layer are
hardly influenced by the thermal cycling of the wires. XPS-
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Fig. 4 Surface of a NiTil2 mass%Cu wire, 35% cold-worked and straight-
ened, oxide surface, as-received from Memry.

Fig. 5 Surface a NiTil0mass%Cu wire, straight annealed, oxide surface,
as-received from AMT.

measurements confirmed the presence of the oxide layer. All
these results are crucial for the interpretation of the inter-
face characterisation and the selection of good adhering SMA
wires.

The thermomechanical analysis, giving information on
the stress-strain-temperature behaviour of all available SMA
wires, provides a powerful tool for the selection of the most
appropriate wire for a given SMA composite application. Due
to the extensive nature of these experiments only one exam-
ple is shown. Figure 6 represents the stress-temperature be-
haviour (¢ = cte) of a NiTiCu wire. From this graph three
characteristics of the temperature-stress behaviour of NiTiCu
SMA wires can be concluded:

(i) The recovery stress of the 1% pre-strained wire starts
at the A, temperature of NiTiCu. For the wire pre-strained to
6%, the recovery stress starts to increase from the beginning
of the heating process, even when the temperature is below
A,. A possible explanation for this phenomenon is the two-
stage transformation of the TiNiCu wire, which is influenced
by the pre-strain level.'® ,

(ii)) Upon cooling, the recovery stress decreases with tem-
perature, but does not go back to the initial stress level. In-
stead, the recovery stress falls back to a lower stress level at
the end of the cooling process. For small pre-sirain levels
(1% to 3%), the recovery stress reaches zero at RT. For large
pre-strain levels (4% to 6%), the recovery stress remains at
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Fig. 6 The recovery stress of NiTil2 mass%Cu wires. The wires were
pre-strained at RT and then the strain was kept constant without unloading
before being thermally cycled between RT and 413 K and further cycled
between RT and 383 K. The solid circle on each curve denotes the starting
point of the heating process.

a nonzero stress level at RT. In the second and further cycles
between RT and 383 K, the recovery stress loop is stabilised.

(iii) The rate at which the recovery stress increases with
temperature decreases with increasing pre-strain. Similar
conclusions were drawn for the other SMA wires and test
modes (stress-strain, strain-temperature).'®’

The results allow understanding and rather accurate predic-
tion of the generation of recovery stresses by SMA wires in
complex constraining conditions, i.e. similar to the action of
SMA wires in matrix materials. An important result is that the
NiTiCu martensitic wires show less hysteresis and can gener-
ate substantially higher stresses than binary NiTi martensitic
wires, which are the only alloys investigated in most other
projects on adaptive composites. Increasing the pre-strain can
narrow the hysteresis of NiTi substantially. The observations
also confirm that SMA wires showing the R-phase transfor-
mation could be particularly effective for on-off control of
adaptive composites.

Finally the stability (short- and long-term) of the shape
memory behaviour under different modes was investigated.
Figure 7 shows a short-term cycling of the three different wire
types. An important result is that NiTiCu is much more stable
than any binary NiTi. In general SMA wires are much more
stable in constant strain mode than in constant stress mode.
The practical consequence is that the tolerable stress levels
in SMA wires embedded in composites can be substantially
higher than originally expected. The tests have also confirmed
that the behaviour associated with the R-phase transformation
is extremely stable. The results finally indicate that the qual-
ity of the SMA wire surface is of extreme importance. SMA
wires with a very rough surface fracture after a very limited
number of cycles.

The combination of all these series of experiments provides
very important basic information on the effect of curing treat-
ments on the shape memory behaviour. It has been confirmed
that the proposed curing treatment (up to 413 K) has only mi-
nor effects on the SMA wires. The results also indicate that
significantly higher curing temperatures could be allowed, es-
pecially in the case where low pre-strains are used. Time ef-
fects resulting in creep or stress relaxation of the SMA wires

o
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Fig. 7 Short-term thermal cycling (30 cycles) of NiTi, NiTi-R-phase and
NiTiCu under a constant load of 283 MPa.

can in general be neglected during curing at such tempera-
tures. There are several indications that the curing treatment
can even stabilise the shape memory behaviour, which might
open interesting perspectives.

From the SMA wire survey and evaluation it can be con-
cluded that NiTiCu is the most suitable wire composition for
the SMA composite applications investigated in this project.
The wire generates high recovery stresses, has a stable shape
memory behaviour and a very narrow hysteresis loop and
shows a good potential for adherence to the selected epoxy
through its stable oxide layer.

3.2 SMA composite characterisation
3.2.1 Quality of SMA composites

The SMA composite production process resulted in the
successful integration of the SMA wires into Kevlar or glass
epoxy matrix. Figure 8 shows a cross-section of a standard
SMA composite. From this picture it can be seen that all com-
ponents are combined into one integrated structure. Standard
testing techniques were used to investigate the mechanical
properties and the integrity of the composites. Table 1 shows
the Young’s modulus and fracture strength of SMA compos-
ites in comparison to plain Kevlar composites. Figure 9 shows
the “impact performance map” of several SMA composites
in comparison to other composites. This map combines the
PDA and the IEC slope. The PDA slope is defined as the
slope of the damage area vs incident energy and is a measure
of damage resistance. The higher the PDA slope the more
susceptible the material is to damage. The IEC slope is de-
fined as the slope of the absorbed energy vs incident energy
and is a measure of the materials energy absorption capacity.
The higher the IEC slope for a material, the better the internal
damping and impact energy absorption. The impact perfor-
mance map showed that superelastic SMA composites exhibit
good damping and energy absorption capabilities compared
to embedded NiTiCu or steel composites, as well as a rea-
sonably low damage accumulation after impact. Due to the
limited amount of incorporated SMA wires (1.8 vol%) the in-




Progress on Composites with Embedded Shape Memory Alloy Wires 967

Table 1 Young’s modulus, fracture strength and strain of SMA composites.

Specimen Young’s modulus, Fracture strength, Fracture strain,
E ax/GPa Enin/GPa Eo.01a/GPa o/MPa &l%
Aramid
fibre/epoxy resin 534+£20 425+1.0 447+ 1.5 943 £ 87 21+02
(4 plies)
SMA/Aramid
fibre/epoxy resin 589+1.6 43.8+0.7 44.2+0.8 1094 £ 1 23116
(4 plies, 20 wires)
SMA/Aramid f
fibre/epoxy resin 46.4+4.5 294498 45032 782 + 39 20£0.1
(2 plies, 20 wires) ES
2This value of E corresponds to a strain of 0.01%.
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Fig. 8 Cross sections of a Kevlar fibre composite with embedded 3%
pre-strained TiNiCu wires, showing the fibre distribution around a wire,
and the soundness of the composite.

fluence of the wires on the total impact performance is some-
what minimal.
In mechanical fatigue testing the first event of failure man-

- ifested itself after more than 700000 cycles at a stress of

446 MPa, while the initially applied stress was 614 MPa. The
specimen exhibited longitudinal splitting as often happens

Fig. 9 Impact performance map. (All samples only showing the wire den-
sity are superelastic SMA wires).

in unidirectional aramid fibre/epoxy resin composites, even
though a high tensile stress of 446 MPa was still attained by
the specimen up to 860000 cycles. These results are indica-
tive of the high fatigue performance of the SMA composites.

From all experiments mentioned above it is concluded that
SMA composites with excellent mechanical properties and
functional integrity can be produced. These properties them-
selves do not generate a new class of materials and do not
bring out the special properties of SMA wires. These unique
properties will be discussed in what follows.
3.2.2 Transformation of constrained SMA wires

The thermomechanical and functional properties of the
SMA composites are directly related to the reversible marten-
sitic transformation in the SMA wires. The gradual transfor-
mation and the related strain recovery are hampered by the
presence of the stiff host-composite. The constrained marten-
sitic transformation of pre-strained SMA wires is summarised
in Fig. 10. After pre-strain, the self-accommodating marten-
site (SAM) transforms into preferentially oriented martensite
(POM) ((a) to (b)). In a constrained heating process, POM
only partly transforms into the parent phase (P), and the re-
covery stress is gradually building up ((b) to (¢)). As a re-
sult, the remaining POM is further deformed by the recovery
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Fig. 11 DSC heating curves of NiTiCu composites (wire pre-strain levels
are indicated).

a1

stress and finally becomes fully oriented martensite (c). Upon
cooling, the parent phase transforms into SAM. and the fully
oriented martensite remains unchanged. In the second and
the following constrained thermal cycles. SAM and fully ori-
ented martensite are clearly distinguished (d). The reverse
transformation of SAM does not generate any recovery stress
and thus can proceed similar with that in a free condition.
Therefore, the reverse transformation of SAM can be easily
detected by DSC and electrical resistance measurement. The
reverse transformation of POM is accompanied by an increas-
ing recovery stress, and thus becomes quite slow and spreads
over a large temperature range. This kind of transformation is
imperceptible by DSC and electrical resistance measurement.

Figure 11 shows the DSC characteristics of SMA elements
embedded in composites. If the SMA elements are not pre-
strained, only SAM is involved in the reverse transformation,
and the reverse martensitic transformation thus can proceed
just as in a free condition. If the SMA elements are pre-
strained prior to constraining, both the SAM and POM are in-
volved in the reverse transformation, but only the SAM shows
an endothermic peak on the DSC curves. The reverse trans-
formation of the POM spreads over a large temperature range
and does not show perceivable peaks on the DSC curves. The
area of the endothermic peak (transformation enthalpy) de-
creases with pre-strain level, and reaches zero at the maxi-
mum shape memory strain (6% for NiTiCu).?

Table 2 Intrinsic shear strength SMA wire-epoxy interface. All wire were
tested as-received (oxide surface), otherwise the surface treatment is indi-
cated.

Wire type , Intrinsic shear strength, ~ Observations
7; (average)/MPa

NiTi R-phase? 26.05 Thin oxide layer
NiTi0.20 mass%Cr? 72.73 Oxide layer
NiTiCu? 43.29 Rough oxide layer
NiTi® (pickled surface) 17.02 Etched
NiTi® (polished surface) 18.96 Polished
NiTiP 23.93 Thin oxide layer
NiTiCu® : - 4.63 shiny surface

Cohesive failure,

NiTiCu¢ 87.19
o rough oxide layer

aThomas Bolton "SMA-Inc. “Memry IAMT

3.2.3 Interfacial properties
(1) Pull-out

The experimental shear strength, given by the failure of
the interface, combines the contributions of an intrinsic shear
strength, which is an indicator of the interface quality, and
a thermo-elastic (or thermo-visco-elastic) shear stress, which
is induced during processing of the material, taking into ac-
count diverse geometrical factors. A model was used to calcu-
late the intrinsic shear strength, which is independent of the
embedded length.!” The results were satisfactory, although
some deviations were observed for the wire types with a thick
(rough) oxide layer on their surface. For these cases the cal-
culation of an “intrinsic” interfacial shear strength was not ap-
propriate, because it exceeded the shear strength of the bulk
material. This was confirmed by observation of the fracture
surfaces, where cohesive failure was found for the wires with
a thick oxide layer. As expected. the polished and etched
wires had a lower interfacial strength than in their oxidised
state. It is interesting to note that NiTiCu wires a priori similar
from the manufacturing data reach different values of shear
strength. because their surface aspect is in fact quite different,
in terms of roughness and oxide thickness. All the results for
the intrinsic shear strength for each wire type are summarised
in Table 2. In general. adhesion between the epoxy resin and
the wires is sufficient for an adequate stress transfer.

On NiTiCu wires pull-out tests under pre-strained (3%)
condition, imitating the composite manufacturing route, were
performed. Additionally, some of the samples were submit-
ted to one or more activation cycles. The results showed that
the interfacial shear strength is slightly lower than in the un-
strained tests. However, no significant difference in shear
strength between non-cycled and cycled samples was found.
(2) LRS

In the LRS-methodology the applied tensile strain was
monitored using conventional strain gauges, but the recording
of the actual levels of applied strain were found by subtracting
the Raman wavenumber shift distribution of the embedded fi-
bres in the composite from the corresponding distribution of
free-standing fibres in air. Then, the resulting distribution was
divided by the Raman wavenumber sensitivity factor for stress
or strain and was thus converted to stress or strain distribu-
tion. The mean values of each strain distribution represented
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Fig. 12 Axial fibre stress (a) and corresponding ISS profile (b) for a strain
level of 0.4%.

the applied strain levels, which were 0.4, 0.7 and 0.9%. An
example of the measured axial fibre stress and the correspond-
ing interfacial shear stress (ISS) profile is shown in Fig. 12.
It is worth noting that the LRS results are comparable to the
pull-out results.
3) DSC

For a SMA composite, if the interface partially or totally
debonds under a thermal load, the constraining effect that the
matrix imposes on the SMA elements will partly or totally
disappear. As a result, the stabilised POM can freely trans-
form into the parent phase and shows an endothermic peak on
the DSC curves. Figure 13 shows the DSC results of SMA
Kevlar fibre composites in two consecutive thermal cycles.
During the first heating, a first, small endothermic peak ap-
pears on the DSC curve because of the reverse transformation
of SAM. Upon further heating, the interface debonds little by
little, and POM transforms into parent phase step by step, as
shown by the small sharp peaks indicated by the arrows in
the figure. As a result, the amount of SAM increases and the
transformation enthalpy in the subsequent heating cycle will
increase.

The interfacial bond strength will significantly influence
the transformation characteristics of the embedded SMA el-
ements. Figure 14 shows a comparison between the DSC

280 300 320 - 340 360 380 400 420
Temperature, T/K

Fig. 13 Enthalpy change of standard SMA composites in two consecutive
thermal cycles.
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Fig. 14 Comparison between the DSC (a) and TMA (b) results of Kevlar
fibre and glass fibre composites with embedded 3% pre-strained TiNiCu
wires.

5

(a) and TMA (b) results of Kevlar fibre and glass fibre com-
posites with 3% pre-strained NiTiCu wires. For the Kevlar
composites, some little peaks appear on the DSC curve at
around 390 K upon further heating, which might indicate lit-
tle debonding somewhere at the interface at that temperature.
The composite twisted at 440 K (T, ) due to high temperature
and large recovery stresses. For glass fibre composites, one
can see that a large endothermic peak appears at Tg; (around
350K) and that the thermal contraction is inverted rapidly.
From Tg, (around 400 K) onwards, the composite begins to
expand at a rate equal to that below A, indicating a total fail-
ure of the SMA-epoxy interface. This comparison shows the
influence of the epoxy choice on the thermal integrity of the
SMA composite.
3.2.4 Activation of free standing SMA composites
(1) Internal stress measurement by LRS

The performed tests showed the presence of weak compres-
sive loads in the hybrid composites, which can be attributed
to curing conditions during the preparation of the compos-
ites. Furthermore there is a strong indication that increas-
ing the wire volume fraction results in a decrease of resid-
ual stresses. This is a direct consequence of the stresses de-
veloped during curing, since the constrained wires are pre-
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R R
vented from contracﬁbﬁﬁ g Tiké‘atmg?” During activation
the generated stresses on the wires are depending on both the
SMA volume fraction and the level of activation. Increasing
the wire volume fraction results in the generation of higher
stresses, but also in a more complex stress distribution, inside
the specimen, due to the wire-to-wire interaction. The deter-
mined distributions suffer from scattering, since the recorded
data reflect the response of individual Kevlar fibres located
at varying distances from the wires. In an attempt to re-
duce the resulting noise a Fast Fourier Transform technique
was developed and applied. Figure 15 shows an example of
the recorded fibre stress and temperature distributions across
the SMA wire direction. By conducting stress measurements
along the wire direction a mean value of transmitted stresses
as function of the nominal SMA wire volume fraction was es-
timated. These mean stress values (along the wire) were of
the order of 150-200 MPa, independent of the wire volume
fraction, and corresponded to the stresses generated by an in-
dividual SMA wire.'® ;

(2) Strain behaviour ’

In general after the first thermal cycle, the NiTiCu SMA
composites show a stable behaviour. From Figs. 14 and 16,
which show the temperature-strain behaviour of SMA glass
epoxy composites, four major characteristics of the strain be-
haviour can be found.

(i) For small pre-strain levels (1 to 3%) the composites
show a positive thermal expansion before A, due to the ther-
mal elongation of the glass fibre. The Kevlar composites ini-
tially contract (Fig. 14(b)). When the temperature exceeds
A, the recovery stress gradually builds up and the compos-
ites show a strong thermal contraction with increasing tem-
perature. For large pre-strain levels (4 to 6%), the composites
begin to contract from the very beginning even when the tem-
perature is below Ag, which is thought to be the result of the
development of recovery stress below A, for large pre-strain
levels (see Sec. 3.1,19).

(ii) The A, temperature decreases gradually with pre-
strain level. This is confirmed by DSC experiments and is
thought to be the result of plastic deformation induced in the
previous thermal cycle.

(iii) The strain-temperature hysteresis decreases with in-
creasing pre-strain. The two way shape memory effect
(TWSME) of the NiTiCu wire is thought to be responsible
for this change. For wires with small pre-strain levels, the
TWSME may play an important role in the behaviour of the
composite and thus the strain-temperature loops are similar
to the TWSME strain loop. This influence decreases with in-
creasing pre-strain.

(iv) The contracting strain rate decreases with increasing
pre-strain. This phenomenon is related to the decrease of the
stress rate of the recovery stress with pre-strain. Taking into
account the thermal integrity of the SMA composites it is con-
cluded that small pre-strain levels are more suitable for large
dimensional change of the SMA composites in a defined tem-
perature range.'*1®
3.2.5 Activation of clamped SMA composites
(1) Stress generation

The experimental results confirm that the knowledge
gained through the thermomechanical analysis of the SMA
wires can be extrapolated to SMA composites, taking into ac-

“coumnt the design propérties of the cé’mposites (matrix mate-

rials, wire density, ...). Increasing the volume fraction can
significantly increase recovery stress levels of the composite,
as shown in Fig. 17. It was also found that the pre-strain level
of SMA wires does not effect significantly the temperature-
stress behaviour of SMA Kevlar fibre composites. Similarly
to the SMA wires it was found that the stress rate decreases
with increasing pre-strain. Finally, it is worth adding that
stresses over 100 MPa can be generated by the SMA com-
posites. After an initial thermal cycle the SMA composites
behave in a stable and reproducible way.

(2) Vibrational response —

All SMA composites subjected to vibrational analysis
showed a shift in the resonance frequency upon activation, as
shown in Fig. 18. The absolute resonance frequency depends
on the dimensions of the sample and on the experimental set-
up. Therefore, the frequency shift is used to evaluate the vi-
brational response. Figure 19 shows that the frequency shift
increases with temperature and wire density and that at the A
temperature the slope of the frequency shift changes. No sig-
nificant dependence of the resonance frequency on the wire
pre-strain was found. These resuits are similar to the stress-
strain response results reported in (1). As a consequence, a
simple elastic vibrational model could be used to correlate
fairly well the axial stress exerted on the clamps with the vi-
bration frequency shift. Hence, if the prediction of the com-
posite strain or recovery stress response is possible, the result-
ing frequency shift upon activation can be predicted as well,
knowing the geometry of the sample.!*=2"

3.3 Composite design

The extensive characterisation of SMA wires, matrix mate-
rials and SMA composites resulted in a number of important
guidelines for the design of SMA composites. The success of
a SMA composite depends on the selection of a proper matrix
and SMA wire combination. The NiTiCu-Kevlar epoxy com-
bination was found to be suitable. A good knowledge of the
thermomechanical SMA-behaviour is mandatory to assist the
selection process. A thin well-adherent oxide surface layer on
the SMA wires seems to provide the best adhesion and thus
stress transfer.

The SMA composite curing procedure as well as the mate-
rial lay-up are of the outmost importance. Putting a pre-strain
on the SMA wires is recommended, for easy handling dur-
ing the SMA composite production and for attaining suitable
properties. Due to the presence of elevated temperature dur-
ing activation, it is of crucial importance that the Tg is as high
as possible and that the resin is fully cured. The tempera-
ture window in which a SMA composite can be used safely
must be defined. Otherwise composite degradation can ap-
pear during service. The wire positioning does not seem to
have a strong influence as long as they are symmetrical to
prevent bending of the sample. The impact performance is an
exception to this statement. Both wire position and pre-strain
have a strong influence on the impact quality of the compos-
ite. The wire volume fraction exerts a strong influence on the
functional properties. After a first thermal cycle the compos-
ites have a stable behaviour. Subsequent cycling in a similar
temperature window will not enhance possible initial degra-
dation. Only a limited relaxation was observed and no degra-
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Fig. 15 Kevlar fibre stress and temperature distributions for SMA composites with 5 and 20 wires embedded, at different levels of
activation (TC: thermocouple).

i

plex hysteresis and thermomechanical SMA behaviour and
can handle the behaviour of a complete SMA composite. A
comparison with the experimental results showed that the pro-
gram is a powerful tool to predict the thermomechanical be-
haviour of SMA wires and composites and to design these

dation at high temperature was found.

i To set-up a design tool that can predict the thermomechan-
ical behaviour of SMA composites a model and accompany-
ing software program, called RCLOOP, were developed.??
The model produces a very accurate simulation of the com-
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the slope of the heating curve changed.
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composites.??

The SMA composite design knowledge resulted in the fab-
rication of an aerodynamic model, shown in Fig. 20. The
vibrational test results complied very well with intended dy-
namic behaviour and showed that the scaled model is stable
and that its vibration properties are a function of the SMA
wire activation. This industrially oriented and original real-
isation proved that the above mentioned achievements have
brought the knowledge on SMA composite design to a sub-
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Fig. 19 Resonance frequency shift as a function of temperature for com-
posites with a constant thickness but different number of wires (20 wires
corresponds to 5% volume fraction wires).

Fig. 20 Fully assembled aerodynamic SMA composite mounted inside the
test rig.

stantially higher level enabling a first step towards an indus-
trial application.

4. Conclusion

The general objective of this basic research project was the
material development and characterisation of adaptive com-
posites with embedded SMA wires. All steps from the se-
lection and characterisation of the material constituents up to
the development of a simple, larger-scale laboratory model
were followed. It can be concluded that the research of SMA
composites has taken a significant step forward. SMA com-
posites could be successfully produced. They showed an ac-
tivation behaviour, which is consistent with the model. This
latter predicts the thermomechanical behaviour of SMA wires
and, with a simple force balance, the resulting composite be-
haviour. The issues of interfacial quality, internal stress dis-
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tribution and reproducibility of the behaviour were also ad-
dressed. Additionally, major technical achievements were ob-
tained in the course of the project, such as the manufacturing
route of large, curved shapes with 2 layers of embedded SMA
wires. In conclusion, the design and manufacture of active
composites based on SMA wires is now a reality, which is
currently being implemented in industrial practice.
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