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Abstract. In this work, an epoxy beam reinforced by Ni-Ti shape memoy alloy (SMA) wires was developed and 
experimentally studied. This active composite contains five pre-trained Ni-Ti SMA wire actuators, evenly distributed 
along the neutral plane of the epoxy beam,which can be activated by resistive heating. The results of different ways for 
electrical activation of the active composite in a simply clamped mode are discussed. A thermal buckling effect was 
verified and the temperature – deflection behavior demonstrate how the shape recovery forces affect the active 
composite beam. 
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1. INTRODUCTION  
 

Shape memory alloy (SMA) thin wires are linear actuators that can be embedded in simple polymeric resins and in 
more complex systems, like prepregs resin matrix products, to develop active hybrid composites. These SMA hybrid 
composites (SMAHC) can provide structural vibration suppression and control of natural frequencies (Lau et al, 2002; 
Zhang et al, 2006), enhancement of mechanical strength (Shimamoto et al, 2004), damage suppression (Xu et al, 2003), 
thermal buckling and post-buckling response (Lee & Choi, 1999), structural acoustic control (Saunders et al, 1990), 
impact energy absorption (Kiesling et al, 1996), and many others important tasks. These smart effects are due to the 
large increase of the elastic modulus and/or internal stresses generated during a moderate heating of the SMA embedded 
wires. Although denominated in the literature as smart composites, the possible smartness of these special composites is 
still a controversy point (Michaud, 2004).  

Design of these modern composites almost always incorporates, besides Ni-Ti SMA thin wires, others reinforcing 
fibers, like glass, carbon and Kevlar fibers (Wey et al, 1998). When SMAHC is manufactured from pure polymeric 
resins with embedded SMA wires, epoxy and polyurethanes have been reported (Bruck et al, 2002; Umezaki, 2006). 
Although considering your relative fabrication simplicity, composites done with pure resins were little studied when 
compared those obtained from commercial prepregs. 

In this work, an experimental study concerning the electrical actuation of a SMAHC cantilevered beam is presented. 
The designed active composite beam consists of a pure epoxy resin with five pre-trained Ni-Ti wires along the neutral 
plane of the beam. The tip deflection of the beam by thermal buckling effect was verified for different electrical 
activation modes of the Ni-Ti SMA wires. 

 
2. EXPERIMENTAL PROCEDURE 
 

The active hybrid composite developed in this study consists of a simple epoxy resin matrix reinforced by 
unidirectional pre-trained Ni-Ti wires. It was used a SQ 2001 epoxy resin mixed with the SQ 3131 hardener, both 
supplied by Silaex Inc. (Brazil), in the proportion of 4:1 in mass. A Ni-Ti binary SMA wire of 0.29 mm in diameter, 
named alloy M, was obtained from Memory-Metalle Inc. (Germany). 
 
2.1. Training and characterization of the Ni-Ti SMA wire 

 
Before fabrication of the active composite beam, the Ni-Ti SMA wires were stabilized by training using a thermal 

cycling under constant load procedure. Firstly, the as-received Ni-Ti wire was annealed at 400 oC for 900 s. Two meters 
of the heat-treated Ni-Ti wire under a dead weight corresponding to a tensile stress of 200 MPa was submitted to 1000 
heating and cooling cycles (contraction and expansion) using electrical resistive heating, as indicated in Fig. 1. At the 
end of this training process it was verified a plastic strain of the order of 5.7 %.  
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Figure 1. Training schema applied to the Ni-Ti SMA wire before insertion in epoxy resin. 
 

After training, the martensitic transformation at the origin of the shape memory effect (SME) was verified by 
electrical resistance (R) as a function of temperature (T) in a specific apparatus previously designed for this task (Reis et 
al, 2006).  Figure 2 show the R – T curve of the trained Ni-Ti wire indicating the transformation temperatures obtained 
by the tangent method. It was observed that the wire actuator transforms in two-step during cooling, from austenite to 
the R-phase (Rs = 49.3 oC) and then to martensite (Ms = 28.4 oC and Mf = 4.1 oC), as is well known from literature 
(Otsuka & Wayman, 1998; Otsuka & Ren, 2005). Activation by heating occurs in a single step, starting at As = 54.0 oC 
and is completed at about As = 67.3 oC. Then, complete activation of the trained Ni-Ti wire by resistive heating must 
use an electrical current corresponding to about 70 oC. 
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Figure 2. Transformation temperatures of the trained Ni-Ti SMA wire measured by electrical resistance change. 
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The electrical activation of the trained Ni-Ti wire under constant tensile load was characterized using a simple 
machine described in a previous paper (De Araújo & Lima, 2005). Figure 3 show the contraction by SME of a Ni-Ti 
wire sample with 100 mm in length. 
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Figure 3. Contraction and expansion of the trained Ni-Ti SMA wire. 

 
It can be verified from Fig. 3 that increasing applied load until 200 MPa improves the Two-Way Memory Effect 

(TWME) from 1.5 % to 3.5 %. This increase in the TWME is accompanied by a reduction in the electrical current 
hysteresis. Activation of the trained Ni-Ti SMA wire starts at about 300 mA and finishes at 700 mA. 
 
2.2. Specimen fabrication  

 
The designed active composite beam has 300 x 25 x 4 mm3 and was manufactured at ambient temperature and 

pressure by stretching out each trained Ni-Ti SMA individually in an aluminum mold and spilling the epoxy resin on 
them, as indicated in Fig. 4. This active composite contains five pre-trained Ni-Ti SMA wire actuators, evenly 
distributed along the neutral plane of the epoxy beam, which can be activated by resistive heating. 

 

 
 

Figure 4. Metallic mold with the manufactured active epoxy-NiTi SMA composite beam. 
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2.3. Assembly for the static tests  
 

The composite produced as indicated in Fig. 4 was tested in a simply clamped beam mode to verify the thermal 
buckling effect by electrical resistive heating of the pre-trained Ni-Ti SMA wires. Figure 5 show the test bench 
developed to drive electrical activation and monitoring of displacement and temperature of the composite beam. The 
active beam (1) is simply clamped on a rigid magnetic plate and a LVDT displacement sensor (Solartron, DF 5.0 
model) (2) is installed to measure the tip deflection of the beam. An electrical plug (3) allows different ways for 
electrical activation of the Ni-Ti SMA wires while temperature is measured in three different points along the neutral 
plane of the beam using micro-thermocouples (80 µm in diameter, K type) (4) installed close to the Ni-Ti wires. 
Resistive heating is done by a programmable DC power supply (Agilent, E3633A model) (5) while displacement and 
temperatures of the beam and electrical resistance of the Ni-Ti SMA wires are stored in a data acquisition system 
(Agilent, 34970A model) (6). 

 

  
 

Figure 5. Assembly for static tests of the active composite beam. (a) General view. (b) Zoom view.  
 

Figure 6 show the electrical activation schema for the cantilevered composite beam mounted as in Fig. 5. It is 
possible to activate one (01), two (02 and 03), three (04 and 05), four (06) or five (07) Ni-Ti SMA wires. 

 

 
 

Figure 6. Different modes for electrical activation of the active composite beam.  
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3. RESULTS AND DISCUSSIONS 
 

Figure 7 show some results of the static characterization of the active composite beam assembled as indicated in Fig. 
4.  
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Figure 7. Time response of the active composite beam in the mode 02 (Fig. 5). (a) Electrical current activation wave. (b) 

Distribution of temperatures in the neutral plane of the beam. (c) Tip deflection of the beam. (d) Electrical resistance 
change of the Ni-Ti SMA wires during activation. 

 
To drive the composite beam using each activation mode defined in Fig. 6, triangular electrical current waves were 

produced using the programmable DC power supply. As indicated in Fig. 7(a), to operate in mode 02 it was necessary a 
maximum current of the order of 1.5 A increasing from zero at a constant rate of 5 mA/s. Figure 7(b) show that using 
this electrical current wave, temperature of the beam reach about 80 oC near to the second and fourth activated Ni-Ti 
SMA wires. However, this activation mode leads to a temperature gradient between the lateral (~50 oC) and the center 
(~60 oC) of the beam, that is, its central strip becomes hotter than the lateral ones. The recovery stresses generated by 
the embedded Ni-Ti SMA wires cause a reversible buckling effect in the beam, as indicated by the tip deflection plotted 
in Fig. 7(c).This beam instability has the same sense of the gravity (weight). Figure 7(d) show that transformation of the 
activated Ni-Ti SMA wires is successfully accompanied by monitoring the ER change. 

Figure 8 show the R – I hysteretic behavior of the activated Ni-Ti SMA wires with the corresponding y – I tip 
deflection response of the active beam. It can be verified that tip deflection of the beam starts quickly at about 400 mA 
at the same time that the transformation of the Ni-Ti wires, which is characterized by a continuous drops of its electrical 
resistance. The deflection tends to stabilize at about 0.4 mm between 700 and 1500 mA, when transformation of the Ni-
Ti wires is completed. It was also observed that cooling of the active beam by turning off the electrical current passing 
through the actuator wires induce an almost linear recovery of the tip deflection. 

(a) (b)

(c) (d)



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering 
Copyright © 2007 by ABCM November 5-9, 2007, Brasília, DF 
 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45

Electrical current, I (A)

Ti
p 

de
fle

ct
io

n,
 y

 (m
m

)
 Tip deflection

          Active beam

4,2

4,3

4,4

4,5

4,6

4,7

4,8

4,9

heating

cooling
cooling

heating

Electrical resistance, R
 (Ω

)
 Eletrical resistance

          Ni-Ti Wires

 
Figure 8. Tip deflection of the active beam and electrical resistance of the Ni-Ti wires as a function of electrical current. 

Mode 02. 
 

The tip deflection behaviors for the others actuation modes defined in Fig. 6 are qualitatively similar to the ones 
verified in Fig. 7. Figure 9 show the maximum tip deflection (ymax) of the composite beam plotted as a function of the 
number of activated Ni-Ti SMA wires for each activation mode. 
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Figure 9.  Maximum tip deflection for all actuation modes. 
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The designed active composite beam present maximum tip deflections between 0.2 and 1.1 mm. However, the tip 
deflection depends not only of the number of activated wires, but mainly of its distribution in the neutral plane of the 
beam. Actuation in mode 05 promotes a maximum tip deflection of the active beam. In this mode, three Ni-Ti wires are 
activated by passing electrical current, similarly to mode 04. However, mode 05 is most favorable because wire 
activation is done with central (TSMA3) and extremity lateral (TSMA1) wires while in mode 04 the three central (TSMA2 and 
TSMA3) wires are activated, as can be verified in Fig. 10. Then, in mode 05 the two Ni-Ti wires between the central and 
lateral ones (TSMA2) are also activated (80 oC) by heat conduction in the transverse sense of the beam (Fig. 10b), 
contrarily to mode 04 where extremity lateral wires are not fully activated (55 oC, Fig. 10a). 
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Figure 10. Temperature distributions during activation of the active composite beam. (a) Mode 04. (b) Mode 05. 

 
Figure 9 also show that electrical activation using four and five Ni-Ti wires (modes 06 and 07) lead to a small drop 

in ymax in comparison with mode 05. This behavior was attributed to the fact that a more homogeneous heating of the 
epoxy resin, as obtained by modes 06 and 07, increase its thermal expansion in the opposite sense of the recover forces 
originated by the Ni-Ti wires. 
 
4. CONCLUSIONS 
 

The thermal buckling behavior of an active composite beam made of pure epoxy resin with embedded pre-trained 
Ni-Ti SMA wires was experimentally investigated. The designed beam has five actuator wires evenly distributed along 
its neutral plane. Seven actuation modes were established and tested in a cantilevered beam way. It was demonstrated 
that electrical activation of three actuator wires (central and extremity lateral) are sufficient to achieve a maximum tip 
deflection of approximately 1.1 mm by thermal buckling. It appears that activation using more than three Ni-Ti wires 
cause an excessive thermal expansion of the epoxy resin decreasing the resulting force on the beam and the 
corresponding tip deflection.  
 
5. ACKNOWLEDGEMENTS 
 

The authors thank the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Brazilian office for 
sponsoring the research (Universal grant 550325/2005-0 and PPP-Fapesq/PB grant 035/2004) during the course of these 
investigations. A special gratitude is addressed to Centrais Elétricas do Norte do Brasil (Eletronorte) for the financial 
support of the project Finatec 02850. 
 
 



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering 
Copyright © 2007 by ABCM November 5-9, 2007, Brasília, DF 
 

6. REFERENCES 
 
Bruck, H. A., Moore, C. L., Valentine, T. L., 2002. “Repeatable bending actuation in polyurethanes using opposing 

embedded one-way shape memory alloy wires exhibiting large deformation recovery”, Smart Materials and 
Structures, Vol. 11, pp. 509–518. 

De Araújo, C. J., Lima, I. S. T., 2005. “Electrical activation under constant load of Ti-Ni and Cu-Zn-Al SMA wires 
actuators”, Proceedings of the 18th International Congress of Mechanical Engineering (COBEM 2005), Vol.1, Ouro 
Preto, MG, Brazil, pp. 1-7. 

Kiesling, T. C., Chaudhry, Z.,  Paine, J. S. N., Rogers, C. A., 1996. “Impact failure modes of thin graphite epoxy 
composites embedded with superelastic nitinol”, Proceedings of AIAA/ASME/ASCE/AHS/ASC Structures, 
Structural Dynamics, and Materials Conference and Exhibit, 37th, Salt Lake City, UT, Technical Papers. Pt. 3 (A96-
26801 06-39). 

Lee, J. J., Choi, S., 1999. “Thermal buckling and postbuckling analysis of a laminated composite beam with embedded 
SMA actuators”, Composite Structures, Vol. 47, pp. 695 – 703. 

Lau, K., Zhou, L., Tao, X., 2002. “Control of natural frequencies of a clamped–clamped composite beam with 
embedded shape memory alloy wires”, Composite Structures, Vol. 58, pp. 39–47. 

Michaud, V., 2004. “Can shape memory alloy composites be smart?”, Scripta Materialia, Vol. 50, pp. 249–253. 
Otsuka, K., Wayman, C. M., 1998. “Shape Memory Materials”, Cambridge University Press, Cambridge, UK, 284p. 
Otsuka, K., Ren, X., 2005. “Physical metallurgy of Ti –Ni-based shape memory alloys”, Progress in Materials Science, 

Vol. 50, pp. 511-678. 
Reis, R. P. B., De Araújo, C. J., Silva, L. A. R., Queiroga, S. L. M., 2006. “Desenvolvimento de um sistema de medição 

da variação de resistência elétrica em função da temperatura: aplicação a caracterização de ligas com memória de 
forma”, Proceedings of Forth National Congress of Mechanical Engineering (CONEM 2006), Recife – PE, Brazil, 
pp. 1 – 10. In portuguese. 

Saunders, W. R., Robertshaw, H. H., Rogers, C. A., 1990. “Experimental studies of structural acoustic control for a 
shape memory alloy composite beam”, Proceedings of AIAA/ASME/ASCE/AHS/ASC Structures, Structural 
Dynamics and Materials Conference, 31st, Long Beach, CA, Technical Papers. Part 4; 2-4 Apr. 1990. pp. 2274-
2282. 

Shimamoto, A., Ohkawara, H., Nogata, F., 2004. “Enhancement of mechanical strength by shape memory effect in TiNi 
fiber-reinforced composites”, Engineering Fracture Mechanics, Vol. 71, pp. 737–746. 

Umezaki, E., 2006. “Temperature Distributions of SMA Wires Embedded in Epoxy Resin Plates and Heated by 
Supplying Electric Current”, Journal of Intelligent Material Systems and Structures, Vol. 17, pp. 1115 – 1120. 

Wei , Z. G., Sandstrom, R., Miyazaki, S., 1998. “Shape memory materials and hybrid composites for smart systems - 
Part II: Shape-memory hybrid composites”, Journal of Materials Science, Vol. 33, pp. 3763 – 3783. 

Xu, Y., Otsuka, K., Nagai, H., Yoshida, H., Asai, M., Kishi, T., 2003. “A SMA/CFRP hybrid composite with damage 
suppression effect at ambient temperature”, Scripta Materialia, Vol. 49, pp. 587–593. 

Zhang, R., Ni, Q. Q., Masuda, A., Yamamura, T., Iwamoto, M., 2006. “Vibration characteristics of laminated composite 
plates with embedded shape memory alloys”, Composite Structures, Vol. 74, pp. 389–398. 

 
 
 
 
 

 
 
 
 


