
Introduction

Shape Memory Alloys such as the binary NiTi or the

ternary NiTiCu exhibit functional properties associ-

ated with the Shape Memory Effect (SME). SME is

related to a reversible transformation, imposed by the

influence of thermomechanical load, between differ-

ent crystal structures. SMA materials undergo a solid

state transformation between a low temperature

martensitic phase and a high temperature austenitic or

parent phase. The diffusionless phase transformation

is governed by four characteristic temperatures Ms/Mf

and As/Af denoting the start and finish temperatures of

each transformation [1]. During the forward and re-

verse transformation SMA have the ability to recover

their original shape after a cycle, which includes cool-

ing-deforming-heating with the simultaneous genera-

tion of mechanical work (Fig. 1).

Adaptive or smart composites integrate actuating

and sensing materials into a structural composite sys-

tem. Materials of this class are able to vary some of their

properties in response to an external stimulus [2]. Poly-

mer composite systems consisting of an epoxy resin re-

inforced by aramid fibres and incorporating pre-strained

SMA wires have the ability to control their own shape

and other characteristics such as the natural vibration

frequency or the damping coefficient [3–5]. The func-

tional properties of adaptive composites with embedded

SMA wires are directly related to the reversible

martensitic transformation in the SMA elements. Al-

though considerable attention has been given to the

structural, mechanical, functional and long term behav-

iour of the plain SMA [1, 6–13], little information is

available for the behaviour of embedded, in a polymer

matrix, SMA elements [4]. The phase transformation

behaviour of embedded and free SMA is not expected to

be the same, since strain recovery of pre-strained

martensitic SMA wires, during heating, should be ob-

structed by the stiffness of the host matrix, resulting thus

in the generation of mechanical stresses inside the hy-

brid system.

In the present work pre-strained SMA wires are

used as passive actuating elements in, autoclave pro-

duced, epoxy resin–aramid fibres composite systems.

The thermal response of free SMA wires and SMA

composites is recorded by means of DSC and is used

in order to investigate the transformational behaviour

of the constrained SMA wires.
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Fig. 1 Schematic representation of the Shape Memory Effect

(SME), during heating (B�C) the initial shape and di-

mensions are totally recovered
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Experimental

Ternary NiTiCu(12%) Shape Memory Alloys supplied

by Memry Co. (USA) were employed in the present

study. The alloys were in the form of thin flexible wires

with 150 �m diameter and used without any further sur-

face treatment or modification. Unidirectional prepreg

tapes of Kevlar 29 (Du Pont de Nemours) fibres embed-

ded into LTM 217 epoxy resin were supplied by Ad-

vanced Composites Group (UK). A specially designed

mould [3, 4] was used for the preparation of the hybrid

composite systems, under autoclave conditions. The

SMA composite laminates were consisted of a layer of

pre-strained (3%) SMA wires, placed between equal

number of prepreg plies. The employed mould contains

a frame suitable for pre-straining the wires and for main-

taining the tensile strain, as well as, the alignment of the

wires during the composites cure. SMA wires were

heated above Af, in order to remove the influence of any

undesirable pre-strain level and then cooled freely to

ambient temperature where the alloys are in the

martensitic state, before being located into the mould.

Detailed description of the materials choice criteria and

the preparation procedure can be found elsewhere [3, 4].

The transformation behaviour of free SMA wires and

SMA-composites was studied by means of DSC via a

Q100 TA Instruments device, under nitrogen atmo-

sphere. Samples were placed in aluminum crucibles and

an empty aluminum crucible was serving as reference.

For comparison reasons the epoxy resin – Kevlar fibres

system was also examined. Composite samples were cut

into suitable dimensions by employing a diamond saw

and a ceramic scissors. The heating/cooling rate for all

the examined specimens was kept constant at

10 K min–1, while temperature was varied between 273

and 393 K. The epoxy resin – aramid fibres system was

tested up to 473 K in order to determine the glass transi-

tion temperature of the matrix. Aiming to examine the

influence of temperature upon the functionality of adap-

tive systems each composite specimen was subjected to

two or three identical thermal cycles successively. Al-

though the employed thermal runs were identical, the

modified status of the hybrid composite systems, after

the completion of each cycle, impeded the determina-

tion of statistical parameters such as variance or

standard deviation for the derived quantities.

Results and discussion

In the DSC curve of Fig. 2a, a complete thermal cycle of

the ternary NiTiCu(12%) alloy with no pre-strain is pre-

sented. On the cooling trace an exotherm peak, associ-

ated with the martensitic transformation, is recorded.
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Table 1 Transformation temperatures and heats of: a – plain NiTiCu(12%) wires with no pre-strain, b – embedded in a polymer
matrix, NiTiCu(12%) wire, pre-strained at 3% during the first and c – the second thermal cycle. The subscripts s, p, f
correspond to the start, peak and finish temperature of each transformation

Ms /K Mp /K Mf /K As /K Ap /K Af /K �HM�A/J g–1
�HA��/J g–1

(a) Plain wires with
no pre-strain

319.2 315.4 311.3 332.4 335.0 339.0 13.6 14.2

(b) Embedded wires
pre-strained at 3%,
1st cycle

327.8 321.3 313.4 328.2 351.1 360.2 1.3 6.3

(c) Embedded wires
pre-strained at 3%,
2nd cycle

327.7 321.6 313.4 329.3 335.8 342.1 6.3 6.3

Fig. 2 DSC curves of the a – NiTiCu(12%) alloy in free condi-

tions and b – epoxy resin – Kevlar 29 fibres composite



The endotherm peak at the heating cycle corresponds to

the reverse transformation, namely the martensite to

austenite or parent phase transformation. The transfor-

mation temperatures were determined using a standard

line crossing technique, which is well established in the

literature [4, 14, 15], while the transformation heats

were elaborated by calculating the area between the heat

peak curve and the baseline (Table 1). Since the heat-

ing/cooling rate during all the conducted thermal runs

was kept constant, the occurring variations of the char-

acteristic temperatures are attributed to the deformation

of SMA wires [4, 14, 16].

In Fig. 2b the thermal response of the epoxy

resin – Kevlar 29 composite system, upon heating, is

shown. Analysis of the thermoanalytical curve allows

the determination of the glass transition temperature

of the polymer matrix, which was found to be very

close to 443 K. The employed curing procedure leads

to a Tg much higher than Af, permitting thus the ex-

ploitation of the functional properties of the activated

SMA wires. In the hybrid composites the activation of

the embedded wires is achieved by resistive heating

above Af, while the adaptive behaviour of the systems

is based on the resulting stress generation [3, 17] by

the constrained SMA wires. On the other hand, a Tg

lower than the characteristic temperatures of the re-

verse transformation should produce an early soften-

ing of the polymer matrix, canceling any functional

ability of the hybrid system [3, 17].

It is generally accepted [4, 14, 18] that a Shape

Memory Alloy in the martensitic phase, free of any

mechanical load, is consisted of many variants of Self

Accommodating Martensite (SAM). The strain of

each SAM variant is compensated by the adjacent

variants so that, as the variants extent and shrink the

total net strain remains zero [14]. SAM can be revers-

ibly transformed to parent phase (austenite) when

heated above Af. The influence of mechanical strain

on an alloy at the martensitic phase, forces the vari-

ants to attain a common orientation resulting in the

gradual transformation of SAM to Preferentially Ori-

ented Martensite (POM). The existence of POM vari-

ants is always accompanied with the occurrence of a

non zero net strain on the SMA element. The amount

of POM can be expressed as follows:

(POMVol%) =
�

�

SMA

max

×100 (1)

where �SMA is the pre-strain level of the deformed

wires and � max is the maximum recoverable strain by

SME [14]. When � max =�SMA , Eq. (1) implies that no

SAM variants exhibit in the alloy and thus no

endotherm peak, corresponding to the transformation

of SAM to austenite, should be recorded in a DSC

curve. Straining further the specimen results in enter-

ing into the plastic region and the generated strain is

no more recoverable by SME. When a pre-strained

SMA, free of any mechanical constrain, is heated at a

temperature above Af the entirety of SAM and POM

is transformed to austenite and the shape memory

strain is recovered (Fig. 1). Cooling an alloy, free of

any mechanical constrain, from the austenite phase to

a temperature below Mf results in the formation of

many variants of SAM, which are settled in such a

way so that no change to the external dimensions of

the specimen occurs (Fig. 1).

The situation becomes different when the SMA

element, pre-strained up to a level equal or lower than

the maximum recoverable strain, is heated under con-

strained conditions. The reverse transformation of

SAM proceeds undisturbed, while POM’s transfor-

mation is impeded, since the SMA element is not able

to recover its original shape, resulting in stress gener-

ation. In Fig. 3a the first and the second heating cycles
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Fig. 3 a – DSC curves of the NiTiCu(12%) – epoxy

resin – Kevlar 29 composite during the first and second

thermal cycle, b – comparison of the DSC results of the

NiTiCu(12%) – epoxy resin – Kevlar 29 composite

during the second thermal cycle and the NiTiCu(12%)

alloy in free conditions



of a composite system with embedded pre-strained

NiTiCu(12%) wires are depicted. The trace of the first

cycle attains a complex form due to the presence of

overlapping endothermic peaks. Initially, at tempera-

tures lower than Af, a small endotherm peak associ-

ated with the SAM to parent phase transformation is

recorded, indicating that the employed pre-strain

level (3%) during the preparation of the specimens

was lower than � max .

Heating the pre-strained alloy under constrained

conditions up to a temperature equal to Af, allows

only the SAM portion of martensite to be transformed

and the magnitude of the recorded peak in a DSC

curve is a measure of the existing amount of SAM in

the pre-strained alloy prior to heating. The area of the

endotherm peak (transformation enthalpy) diminishes

with increasing the POM percentage or in other words

with the level of pre-strain and it is expected to ap-

proach zero when the maximum recoverable strain is

applied. In the case of the examined composites the

stiffness of the polymer matrix impedes the embedded

pre-strained SMA wires to recover their original

shape and dimensions. As already stated the transfor-

mation of SAM to austenite, during the first heating

cycle, becomes evident via the small recorded peak in

the vicinity of the characteristic temperatures, while

the transformation of POM extends over a wide tem-

perature range and proceeds at a much more lower

rate approximately of 0.2 vol%/K [19]. Since the

transformation of POM, up to a temperature equal to

Af, is not completed and only a small part of it, is

transformed to austenite it is not easy to be detected in

a DSC graph as no clear peak is formed and only a

shift of the baseline of the heating curve is observed

(Fig. 3a). The amount of SAM in the pre-strained

SMA wires within the composite specimens can be

determined using the following relation:

(SAM/Vol%) =
�

�

H

H

SAM

ref

×100 =

= 100% – (POMVol%)
(2)

where �HSAM and �Href are the measured transforma-

tion heats in the case of pre-strained wires and in the

case of wires with zero pre-strain respectively [14].

From Eqs (1) and (2) it follows that the amount of

SAM, as well as the measured transformation heat

(�HSAM) decreases linearly with the employed level

of pre-strain (�SMA ) and at a pre-strain level equal to

the maximum recoverable strain both quantities re-

duce to zero. The dependence of the amount of SAM

upon pre-strain level and the applicability of Eqs (1)

and (2) has been confirmed in previous experimental

studies [14, 18]. By employing Eqs (1) and (2) and

data listed in Table 1, the amount of SAM and POM

in the original hybrid specimen can be estimated at

20.6 and 79.4% respectively, while the maximum re-

coverable strain appears to be close to 4%. The

baseline of the heating curve of the first cycle exhibits

an inclination, this is a common characteristic with

the epoxy resin – Kevlar 29 system and is attributed to

the influence of the polymer matrix. In Fig. 2b and at

temperatures below Tg the heating curve displays a

negative inclination with temperature.

Heating the composite systems, during the first

thermal cycle, at temperatures higher than Af affects

the integrity of the polymer matrix – SMA wires in-

terface. Interface is gradually debonding and the

wires are no longer fully constrained. As result from

the elimination or disappearance of the constraining

conditions, stabilized POM transforms into parent

phase forming the second endothermic peak on the

DSC curve (Fig. 3a). Consequently, parent phase

switches to SAM upon cooling.

During the second heating cycle, the thermal re-

sponse of the embedded wires significantly differs from

the recorded response during the first one, approaching

the behaviour of free alloys (zero pre-strain), where

shape recovery is not subjected to any restrictions

(Figs 3a and b). The endothermic peak, which corre-

sponds to the transformation of SAM to austenite is

clearly formed at the characteristic temperature range,

while the baseline shift and the recorded broad peak at a

certain temperature higher than Af are not present. Fur-

thermore the inclination of the baseline is now not ap-

pearing. These observations are strong indications that

the mechanical restriction applied by the polymer matrix

preventing the POM variants from transforming, has

been removed. As responsible for this behaviour can be

considered the degradation of the polymer matrix –

SMA wires interface, occurring during the first heating

cycle, when the specimens are heated at temperatures

close to 353 K. In Fig. 3b the DSC heating curve of free

SMA wires with no pre-strain, is compared to the corre-

sponding curve of the second thermal cycle of the com-

posite system incorporating SMA wires with 3% of ini-

tial pre-strain level. The similarity of the recorded

curves is obvious showing that during the second ther-

mal cycle there are no POM variants, or at least their

presence can be considered as negligible, in the SMA

wires. The degradation of the interface between SMA

wires and polymer matrix permits the transformation of

POM to austenite, since the elimination of constraining

allows the recovery of the initially applied pre-strain. In

some previous work [4, 17] the generated stresses by the

embedded SMA wires, were quantified inside the hy-

brid specimens, at different activation levels, by means

of Laser Raman Microscopy (LRM). In these studies it

was found that heating the embedded wires at tempera-

tures higher than 353 K has no significant difference

upon the magnitude of the generated/transmitted
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stresses. This is in accordance with the results of the

present study, since the degradation of the – wire-matrix

– interface integrity does not allow any further stresses

to be transmitted.

Aiming to support further our conclusions an-

other hybrid specimen was subjected to successively

sets of thermal cycles (heating and cooling), varying

the employed maximum heating temperature at each

set of cycles (Fig. 4). In Fig. 4a the hybrid specimen is

subjected to three complete thermal cycles between

273 and 338 K. Even though 338 K is very close to Af,

there is only a small tendency for the formation of an

endotherm peak corresponding to the transformation

of SAM to austenite. Respectively upon cooling a

small exotherm peak is recorded, indicating that the

amount of SAM transformed to austenite and via

versa is kept at low level. Furthermore it is interesting

to note that the successive heating and cooling traces

are coinciding. Right afterwards, the same specimen

was imposed to a second set of thermal cycles

(Fig. 4b). In this case the employed maximum temper-

ature is 353 K, being well above Af. As it can be seen

(Fig. 4b), the transformation of SAM and via versa

proceeds further, however the absence of a clear peak

upon cooling denotes that the initial amount of POM

in the specimen remains unaffected. In Fig. 4c the last

set of successive thermal cycles is illustrated. Here

the maximum employed temperature is 393 K. The

heating trace of the first cycle, which is quite different

from the next ones, includes the evidences for the

transformation to parent phase of both SAM and

POM. The last point becomes obvious upon cooling,

where the traces of all cycles coincide, forming a

clear peak (austenite to martensite transformation).

During the second and the third heating cycles only

the SAM to austenite peak is recorded making clear

the absence of POM variants. Thus, it is reasonable to

conclude that the physical restrictions of strain recov-

ery imposed by the polymer matrix stiffness are re-

moved by heating above 353 K, due to the resulting

degradation of the wire-matrix interface.

Finally, the ability of the examined adaptive sys-

tems for internal stress generation and the related

functional behaviour is critically affected by the ther-

mal history of the composites and it is possible to de-

fine a temperature range where the functional proper-

ties should operate undisturbed.

Conclusions

The thermal response of free and embedded in a poly-

mer matrix SMA wires has been studied by means of

DSC. The embedded wires are consisted of variants

of both Self Accommodating Martensite (SAM) and

Preferentially Oriented Martensite (POM) implying

that the employed, during the samples preparation

procedure, pre-strain level was lower than the maxi-

mum recoverable strain. During the first heating cycle

only the SAM portion of the constrained wires is

transformed to parent phase, at the characteristic

range of temperatures. On the other hand the polymer

matrix stiffness prevents POM from strain recovery,

impeding thus its transformation to austenite. Heating

at higher temperature results in degradation of the

polymer matrix – SMA wires interface, reducing, as a

consequence, the strength of constraining. POM is
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Fig. 4 Successive complete thermal cycles (heating-cooling)

of the same hybrid specimen with maximum tempera-

ture: a – 338 K, b – 353 K and c – 393 K



now able to transform to austenite. The interface fail-

ure becomes evident during the second heating cycle,

where a clear endothermic peak is formed in the tem-

perature range of transformation. The recorded ther-

mal response of the composite samples resembles to

the corresponding of free wires, leading to the conclu-

sion that after the interface degradation, POM trans-

forms to parent phase and then to SAM upon cooling,

since the constrain conditions are eliminated and

strain recovery is allowable.
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