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Chapter 1  Shape memory alloy based composite structures 

1.1. Introduction 

From centuries conventional metals have played a significant role as 

structural materials. With advancement in science and technology these 

materials can no longer fulfil the requirements, hence a new class of multi-

functional materials (Smart materials) have emerged. Smart materials 

incorporated with a structural material, together can be termed as SMART 

STRUCTURE. Smart structure’s and their control is the field of scientific 

endeavor, which includes the study of material science and various engineering 

fields like controllers, actuators, and sensors. This study in-turn helps to 

understand and generate the fundamental principles of material actuation and its 

coherence with sensors and controllers. SMA based composite structure is sort 

of smart structures where the thermo-mechanical behaviour of SMAs are used 

for actuation and elastic rigidity of E-glass composite structure used for 

retentation to its initial position  

Shape memory alloys are the class of smart materials, whose ability is to 

recover their initial shape at a certain elevated temperature or to withstand large 

strains without plastic deformation or failure. The former one is called as shape 

memory effect and the later one is termed as super-elasticity [1,2]. In order to 

recover its initial shape SMAs are undergoes diffusion less phase transformation 

i.e from high temperature symmetric, austenitic phase to low temperature 

asymmentric, martensitic phase  

“A Composite material is defined as a material which is composed of two 

or more materials at the microscopic level and has chemically distinct phases”. 

Thus, the composite material is heterogeneous at a microscopic scale but 

statically homogeneous at the macroscopic scale. Composites defined in this 

thesis are manufactured from fibers mixed with a (polymer) resin or matrix. E-

glass based unidirectional fibers are chosen because of its high elastic module 

and tensile strength over woven fibers. Bisphenol-A based epoxy resin was used 

as a resin (polymer) in order to bind the fibers together. 

Currently, most of the structural materials have been replaced with epoxy 

based composite structures, since there are cost effective, possess the high  
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strength to density ratio, design flexibility, and highly corrosive resistant. NiTi 

SMA’s are chosen because of their high actuation energy and high volumetric 

output, whereas unidirectional fibers have been chosen because of their high 

elastic module compared to woven fibers.  

In fabrication of Ni-Ti based smart structures equi-atomic NiTi SMA 

wires are used as a smart materials and unidirectional glass fiber reinforced 

composite structure is used as the structural material. Thermo-mechanical 

behavior and the material properties of the structure before and actuation were 

analyzed. A novel approach of studying the material properties before and after 

actuation of the smart structure and its influence on the failure of the structure 

was analyzed. The developed smart structure displayed shape memory effect 

without training of SMA. Investigations on the experimental parameters like 

volume fraction of SMA, the rate of straining and multi cycle behavior of SMA 

have been investigated. In order to analyze the material properties XRD, DSC 

and SEM were performed. 

1.2 Actuation Mechanism of SMA and SMA based smart structures 

In order to understand the actuation mechanism of SMA based smart 

structure, it is necessary to have a prior understanding of shape memory alloy 

actuation.  

In this thesis my primary consideration about shape memory effect 

(SME), which is actually a thermo-mechanical based actuation. Shape memory 

alloy undergoes a metallurgical phase transformation from twinned martensite 

to de-twinned martensite on the application of external loads. The martensitic 

phase will have different crystal phases like (tetragonal, orthorhombic and 

monoclinic) whereas austenite phase will have a cubic crystal structure in 

general. In absence of external load, the structure from de-twinned martensite 

changes into austenite phase under application of thermal loads. This phase 

transformation from one structure to another happens due to shear lattice 

deformation but not due to diffusion of atoms. This kind of transformation is 

known as martensitic transformations. 
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Above schematic is for one-way shape memory effect, where for each 

and every cycle of actuation there should be a bias load in order to transform 

twinned martensitic structure to de-twinned martensitic structure. In SMA based 

composite structure the necessity of bias load was eliminated with the help of 

structural property (elastic rigidity) of GFRP. Pre-strained NiTi SMA wires are 

embedded into the layers of GFRP and cured under atmospheric conditions. 

Thus, for each and every actuation SMA will convert from austenite to de-

twinned martensitic structure with its initial strain condition without application 

of any bias load.  

 

Figure 1.2 Schematic representation of SMA GFRP actuation mechanism 

 

Figure 1.1 Schematic of SMA wire, phase transformation with reference to its 

crystal structure 
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1.3 Literature survey 

Many researchers have studied the thermo-mechanical actuation models 

for the deformation of SMA composites M Moallem [3] et.al studied the 

“Deflection control of a flexible beam using shape memory alloy actuators” 

where he develops a nonlinear control scheme for deflection control of a flexible 

beam system using shape memory alloy (SMA) smart actuators. A J Z˙ ak [4] 

et.al studied the “One-dimensional shape memory alloy models for use with 

reinforced composite structures” where he developed a various model that are 

attributed to Tanaka, Liang and Rogers extensively in the literature for studying 

the static or dynamic performance of different composite material structures with 

embedded shape memory alloy components. Saptarshi Karmakar [5]et.al studied 

the “Optimum placement of shape memory alloy wire actuator” where he studies 

the effects of offset distance, and the number of points called attachments, where 

the shape memory alloy wire is connected to a host beam. Gangbing Song [6] 

et.al studied the “Active position control of a shape memory alloy wire actuated 

composite beam” where he designed and experimented for the active control of 

the shape memory alloy composite structure using joule heating setup.  

Thermo-mechanical actuation of the composite structure by using pre-

strained SMA wires are widely explored but there are a few who have tried it by 

training of SMA. A. Fortini et.al [7–13]studied  different aspects of SMA 

applications, significantly on“TWSME of a NiTi strip in free bending 

conditions: experimental and theoretical approach” where he trained an equi 

atomic NiTi to shape memory alloy and studied its deformation. Theoretical 

analysis on the life of trained SMA was studied but an experimental study was 

missing. Hugo Rodrigue[14] et.al studied the “Cross-Shaped Twisting Structure 

Using SMA-Based Smart Soft Composite” where he develops a SMA composite 

structure which can produce a twisting moment in the structure when it is 

thermo-mechanically actuated. 

SMA composites developed are utilized in many applications. Many 

researchers have studied the applications of SMA composites developed, 

Annalisa Fortini et.al studied the “Morphing blades with embedded SMA strips: 

An experimental investigation” where he experimentally developed a composite  
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blade for an automotive axial fan. Min-Woo Han [15] et.al studied the “Woven 

type smart soft composite for soft morphing car spoiler” where he develops a 

SMA composite structure which can be used as a car spoiler. Hyung-Jung 

Kim[16] et.al studied the “A turtle-like swimming robot using a smart soft 

composite (SSC) structure” where he develops a SMA soft composite structure 

for under water applications. Wei Wang [17] et.al studied the “Locomotion of 

inchworm-inspired robot made of smart soft composite” where the SMA based 

soft composite structure moves linearly and angularly, which resembles an inch 

worm movement. 

Although many types of research have studied the thermo-mechanical 

actuation, theoretical simulation on SMA placement and its straining effects 

during actuation, applications of SMA composites in various mechanical and 

biological objects are quite elaborately explored. However, reports on significant 

topics such as relaibility and failure analysis of the smart srtuctures are less. Post 

material analysis on the GFRP structure after thermo-mechanical actuation are 

quite rare. In the current study change in the material properties of GFRP and its 

impact on the life of the SMA composite structure after thermo-mechanical 

actuation was analyzed. 

1.4 Motivation and Objective 

A smart structure fabricated by SMA and GFRP has a lot of engineering 

applications and few of them are listed in section 1.3. Although the smart 

structure has a wide range of applications it was limited to few of them in 

general. Repeatability and reliability of the smart structure were one of the 

major issues that needed to be addressed. Thermo-mechanical actuation of the 

smart structure was limited to few cycles. From figure 1.3 it is clear that the 

SMA actuates 3.5mm 0.12million cycles whereas the smart structure 

fabricated actuates only for 7 complete cycles. Hence the cause for the failure 

of multi cycle actuation for a smart structure are to be addressed. 
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Figure 1.3 Multicycle actuation of SMA wire and Smart structure 

 

The thesis outline stands derived from the primary objectives, and the 

chapter’s outline is given below 

Chapter 1: Introduction to Shape memory alloys, epoxy based composites and 

the smart structures. 

Chapter 2: Fabrication of SMA composite structures. 

Chapter 3: Thermo-mechanical actuation of the smart structure. 

Chapter 4: Epoxy-crystallization effect on the failure of the Smart structure. 

Chapter 5: Variation in the surface temperature and stress distribution on the 

smart structure due to air flow 

Chapter 6: Conclusion obtained from the experimental investigations and the 

scope for future work. 
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Chapter 2 Fabrication of Smart structure 

Fabrication of SMA based smart structure has been divided into two 

parts. In the first part, we will see how the SMA wires have been stained and in 

the later phase, we will discuss the composite structure fabrication with SMA. 

2.1 Materials required  

The SMA wires chosen for the current study were equal-atomic NiTi 

alloy wire, with 0.5mm diameter. The structural material is made up of uni-

directional E-glass fibers and the resin (polymer) is made up of Bisphenol-A 

with a suitable hardener for vinyl polymers. Glass fiber of 0.36mm with 1200tex 

are chosen, to achieve moderate strength and stiffness for the composite 

fabricated. Both fiber and resin were procured from the Hindoosthan composites 

solutions, Mumbai, India. Epoxy resin and the hardener are mixed in the ratio of 

100:30, which is prescribed by the manufacture 

2.2 Straining of SMA wires 

To convert the twinned martensitic structure of SMA to de-twinned, the 

SMA’s are subjected to strain under tensile loading conditions. In order to strain 

SMA’s, a 100N load computerized straining gauge manufactured by the Fine 

manufacturing industries, pune, India was used. SMA wires are clamped to a 

specially designed wire holder chucks, and a constant head speed of 2mm/min 

was maintained while the wire was subjected to straining. SMA wires are 

strained to 5%, 4%, 3% and 2% before they embedded in the GFRP. 

 

 

 

 

 

Figure 2.1 Straining gauge setup for SMA wires 
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2.3 Vacuum assisted resin transfer moulding  

Smart structures are fabricated by using vacuum assisted resin transfer 

moulding (VARTM) or simply vacuum bagging method. In this method of 

fabrication, SMA wires are stacked in between the layers of glass fiber and entire 

stacking will be sealed inside the mould box. Two inlets will be provided at two 

extreme ends of the mould. To one end, vacuum pump inlet was connected and 

to the other end, inlet pipe of epoxy resin will be connected. When the vacuum 

was created inside the mould, due to pressure difference resin will start flow 

from one end to the other end of the mould. Precaution to be taken such that 

epoxy resin should not enter the vacuum pump. 

 

            Equipment             Purpose 

1. Vacuum pump              To create vacuum 

2. Vacuum bagging film 
Air tight seal placed over the 

sealant tape. 

3. Breather and bleeder 
Traps and holds excess resin 

from laminate 

4. Release peel ply 
Provides an easy release of 

the laminate structure after curing 

5. Release film 

 

              Optional* 

Applied on mould surface 

for easy removal of laminate 

6. Flow pipes with two 

way shut off valves 

 

Maintain a controlled flow 

of epoxy resin 

7. Mould surface 

 

Replica of the final laminate 

composite structure 

8. Sealant tape Seals the bag to the mould 

9. Glass jar 
To avoid the flow of epoxy 

into the vacuum pump 

  

Table 2-1 Equipment’s and their use in VARTM process 
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Once the epoxy resin got in penetrated into the fibers, we will shut off 

the valves and allow the setup undisturbed for 24hrs under atmospheric 

conditions. The vacuum developed inside the mould ensures uniform flow of 

resin throughout the structure. After 24 hours’ epoxy resin will get cured and the 

developed GFRP act as a smart structure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 VARTM setup for smart structure fabrication 

 

 

Figure 2.3 Smart structure fabricated by using VARTM method 
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2.5 Experimental setup to actuate the Smart structure 

SMA based smart structures are actuated via joule heating. Thermo-

mechanical actuation of smart structure needs to follow a standard experimental 

procedure. The experimental setup consists of smart structure, a programmable 

power supply for supplying electricity, an infrared laser sensor to detect the beam 

tips displacement (LDS), real-time data acquisition (DAQ) system and PID 

controller. 

 

 

LDS is a noncontact type displacement sensor which measures the 

deflection of the smart structure. DAQ collects the data from the LDS and its 

process to the interfaced PC. PID controller was used for active control of the 

smart structure, where the supply will get a turn of if the smart structure actuates 

beyond its threshold value. 

Current works carry the preliminary research to optimize the actuation 

parameters of the smart structure and its reliability for multi-cycle actuation. 

Hence work on active control of smart structure was not explained in detail and 

the complete thermo-mechanical actuation work was carried out in passive 

control. Due to the absence of PID controller, the power supply will be controlled 

manually.  

 

Figure 2.4 Experimental setup for thermo-mechanical actuation of smart 

structure 
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Chapter 3 Thermo-mechanical actuation of smart structure 

3.1 Mechanism of Thermo-mechanical actuation 

Placement of SMA wires in the fabrication of smart structures plays an 

important role. While fabrication, SMA wires are placed eccentrically from the 

neutral plane of the composite structure. As mentioned earlier, joule heating will 

try to retrain the strains induced in SMA before fabrication of the smart structure. 

Since SMA’s are placed eccentrically from the longitudinal axis of the structure, 

the retrieving forces developed in SMA’s will in-turn generate a reaction forces 

(in equal and opposite direction) in the composite structure to attain static 

equilibrium conditions.  Hence a couple force generates in the composite 

structure, deflects the Smart structure. 

 

 

                                          Figure 3.1 Mechanism of thermo-mechanical  

actuation 
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A smart structure fabricated by VARTM method can be seen in figure 

3.2. The fabricated smart structure was then machined into a rectangular beam 

with dimensions of 250*25*5 mm. GFRP structures without SMA are used in 

tensile test, to determine the strength and modulus of the GFRP.  

 

             

              

            

 

 

                            

 

Figure 3.2 Smart structure machined from a GFRP plate  

     a 

 

 

 

 

     b 

 

 

 

 

 

    c 

Figure 3.3 Actuation of a smart structure via joule heating setup 
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Smart structured beam actuated via joule heating can be seen in figure 

3.3. In this entire work, in order to perform thermo-mechanical actuation 

parameters such as current and voltage were fixed. To perform actuation, a 

constant current of 2A and voltage of 10V was supplied through the thermo-

mechanical actuation. Smart structure was joule heated for 5 seconds and 

subsequently cooled for 15 seconds. Figure 3.3a was the initial position of the 

smart structure. When we supplied power, the smart structure will get actuated 

and it can be seen from figure 3.3b and 3.3c.  

Thermo-mechanical actuation of the smart structure involves certain 

processing parameters which should be optimized. Processing parameters like 

material properties of SMA, fiber configuration of the composite, volume 

fraction of SMA in a composite structure, percentage of SMA strained, length of 

the smart structure etc. To optimize each and every parameter experimentally is 

too tedious and cost effective. Hence parameters like material properties of SMA 

and fiber configuration are optimized through literature and other processing 

parameters are optimized experimentally.  

W.Huang[18] et.al experimentally determined the actuation parameters 

of CuAlNi, NiTi, CuZnAl. By considering these parameters, we have chosen 

NiTi for this work. 

 

From the figure 3.4, it is clearly evident that NiTi produces more 

actuation stress and output work compared to CuAlNi and CuZnAl. 

 

 

 

     

Figure 3.4 Comparison of actuation characteristics of CuAlNi, NiTi, CuZnAl 
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S. Eksi and K. Genel [19] et.al studied the mechanical properties of 

unidirectional and woven fibres of both glass and carbon. They experimentally 

determined the mechanical properties of all the composite fibres by conducting 

tensile, compressive and shear tests. 

By considering these properties, E-glass unidirectional fibers are having high 

strength and elastic modulus compared to woven fibers. Although carbon and 

aramid fibers are having higher strength and modulus, but there are not cost 

effective. Hence I adopted E-glass unidirectional composite fibers throughout 

my work. 

By considering the above mentioned properties of both SMA and 

composite fibers, I concluded NiTi SMA and E-glass unidirectional fibers for 

my entire work.  

3.2 Optimization of SMA volume fraction in smart structure 

To optimize the other properties like volume fraction of SMA in a 

composite structure, percentage of SMA strained, length of the smart structure, 

an experimental analysis has been conducted and those properties are optimized. 

Volume fraction (Vf) of SMA in a composite determines the total volume 

of SMA present in the total volume of the composite structure. Vf of SMA 

actually defines the rate of actuation of the structure. From fig 3.6 its clearly 

evident that when Vf changes from 4% to 6% there was a drastic increase in the 

range of actuation. 

Above mentioned we joule heated the smart structure for 5 seconds and 

cooled up to 15 seconds. Although the range of actuation was increased there 

was a slight  

                     

Figure 3.5 Mechanical properties of fiber reinforced composite structures 
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deviation from the rate of actuation and it prolongs as we increase the cycle 

range. It’s interesting to analyze the rate of actuation when Vf has been increased 

from 6% to 8%. Since increment in Vf causes a drastic increase in the range of 

actuation when it is at 6%, whereas at 8% of Vf not only the rate of actuation 

was increased but a permanent deformation was observed. The increment in Vf 

not only increases the range of actuation but also increases the temperature of 

the smart structure, hence the rigidity of the structure was lost and it cannot 

regain it back in 15 seconds of cooling 

 

 

 

 

 

 

 

 

 

Hence as the actuation cycles proceed further, there deformation in the structure 

also increases. 

 From the above results in figure 11, it can be concluded that 6% of Vf 

was optimal, and all further experiments are carried out by maintaining 6% of 

Vf   as a constant parameter 

  

 

Figure 3.6 Thermo-mechanical actuation of the smart structure by 

varying volume fraction of SMA 
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3.3 Optimization of SMA straining in the smart structure 

One of the important parameters in thermo-mechanical actuation of the 

smart structure was straining. Since straining of SMA wires will cause them to 

transform from twinned martensitie phase to de-twinned martensitic phase. 

Optimizing the level of strain will further optimize the actuation range of the 

smart structure. 

Smart structures with the different strain levels are fabricated and their 

actuation characteristics are examined.  SMAs are strained to 3%, 4%, 5% and 

the smart structure are maintained with 6% of SMA Vf. From figure 3.7 it is 

clearly evident that the structure with the higher amount of strain actuates to a 

higher range compared to 4% and 3%.     

 

 

 

 

 

 

 

 

 

Niti wires can be strained to a maximum level of 8%. NiTi strained 

beyond 8%, will not retrieve back the induced strain and it leads to permanent 

deformation in the structure. Considering the FOS, SMA’s are strained up to 5%. 

Further experimental works are carried by keeping 6% of Vf and 5% strain level 

as constant processing parameters. 

 
Figure 3.7 Thermo-mechanical actuation of the smart structure by varying volume 

fraction of SMA 
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3.4 Optimizing the length of the smart structure 

Actuation mechanism of the smart structure was explained in detail at the 

beginning of chapter 3. The bending moment developed inside the smart 

structure because of eccentric placement of SMA from the neutral axis. As the 

position of the SMA wires from neutral axis was increased the actuation range 

of SMA was also increased, but while actuation SMA generates heat which melts 

the layer of epoxy resin. Hence SMA wires can’t be positioned at the top most 

layers of the fiber since it damages the smart structure.  

 

 

 

 

 

 

 

 

Further increase in the actuation range with optimized Vf and strain level, 

length of the smart structure is one of the processing parameters which optimizes 

the actuation rate. To optimize the range of actuation, smart structure with four 

different samples of length 250mm, 225mm, 200mm, and 175mm are fabricated 

It is clear that smart structure length of 250mm shows a deflection of 

6.98mm in 19s and subsequently come back to the initial state at 24.2s without 

any induced deformation. The vertical linearity of the cooling trend shows the 

material doesn’t lose its elastic rigidity which implies that the temperature rise 

is less than Tg of the GFRP 

Smart structure of 225mm and 200mm show comparatively low 

deflection value 5.97mm and 4.24mm in 27.2s and 29.4s respectively. Although 

the rate of deflection depends on many factors, the total length of SMA getting  

 

Figure 3.8 Thermo-mechanical actuation of the smart structure by varying its 

length  
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strained is one of the most important factor. As the length of the specimen 

increases, the length of SMA strained also increases. While cooling, these 

specimen shows a shift in the slope of the curves compared to 250mm sample, 

which implies that there is a loss in the elastic rigidity of the material and 

temperature rises beyond glass transition temperature. 

Although 175mm smart structure shows the higher value of deflection 

8.17mm compared to the former ones it took 46.2s to actuate. As time increases 

the temperature of the composite specimen also increases hence the material 

transforms from elastic to visco-elastic phase. From the cooling curve, it is 

evident that the material loses its elastic rigidity and it shows a permanent 

deformation of 1.24mm after its cooled. 

From the above results, it has been concluded that a smart structure of 

length 250mm shows the reliable thermo-mechanical actuation compared to the 

other specimens. Hence, the length of smart structure to analyze the thermo-

mechanical actuation was optimized to 250mm. 

From the above results of thermo-mechanical actuation, the processing 

parameters are concluded and are listed in the following table  

S.No Processing parameter Optimized to 

1 The material used for fabrication SMA-NiTi 

Reinforcement-Unidirectional 

Glass fiber 

2 SMA volume Fraction 6% 

3 SMA initially strained 5% 

4 Length of Smart structure 250mm 

 

Hence, thereby I conclude the processing parameters for thermo-

mechanical actuation of the smart structure. These processing parameters are 

remained unchanged to analyze the material properties of the smart structure.  

Table 3-1 Optimized processing parameters of SMA smart structure 
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Chapter 4 Crystallization effect on the actuation of the smart structure 

4.1 Smart structure characterized through XRD 

Smart structure fabricated by NiTi SMA and GFRP actuates only for a 

limited number of cycles. Although NiTi SMA wires actuate for a million cycles, 

yet the smart structure fabricated through it runs for a limited number of cycles. 

GFRP is a glass fiber reinforced polymer, which is generally amorphous in 

structure. In order to analyze the premature failure of the smart structure, 

material properties of GFRP were analyzed.  

To analyze the primary cause for the failure of the smart structure, a 

sample size of 5mm length and 0.5mm was cut from the smart structure at 

different locations, and it was characterized under x-ray diffraction (XRD), 

scanning electron microscope (SEM) and differential scanning calorimeter 

(DSC). Different locations on the smart structure starting from the layer of GFRP 

next to SMA and GFRP laying in the mid zone between SMA wire are 

characterized under XRD. Rigaku smart lab, automated x-ray diffractometer was 

used for XRD characterization. All the samples are analyzed for 10ºto 80ºof 

two theta with a Cu target 

XRD characterization at different locations on the smart structure can be 

seen in figure 14. It is clearly evident that GFRP next to SMA was completely 

crystalized. As we move towards the mid region the amount of crystallization of 

GFRP was gradual decreases and at the mid region, the structure was completely 

amorphous. 

Thermo-mechanical actuation is a continuous cycle of heating and 

cooling in a limited time span. GFRP next to SMA are strongly subjected to this 

thermal gradient and it causes a change in the crystal structure of GFRP. As the 

distance from the SMA increases gradually the heat flux variation and the 

thermal gradient will be minimum which avoids the crystallization of the 

polymer. 

The smart structure was actuated because of the strain induced in the 

structure in each and every cycle. As we mentioned earlier, GFRP near to SMA 

gets crystallized, the elastic rigidity of the GFRP structure was lost and the  
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material act as a brittle polymer. Once GFRP becomes brittle polymer it no 

longer holds the SMA and it cannot induce the strain in the next cycle. Hence 

the structure no more actuates. 

To analyze the crystallization of GFRP further, the specimens are 

characterized with DSC and their glass transition temperature and its shift has 

been clearly observed. 

4.2 Evaluation of thermal properties of the smart structure using 

Differential Scanning Calorimeter. 

Thermo-mechanical actuation of the smart structure induces a lot of 

change in the material properties of the smart structure. As mentioned above 

thermo-mechanical actuation of smart structure transforms the amorphous phase 

of GFRP into a crystalline phase. In order to analyze it further a 10gms sample 

of GFRP with SMA before and after actuation was analyzed. 

Glass transition temperature (Tg) is the temperature where the material 

transforms form glass phase (hard and rigid) to a rubbery phase (soft and 

flexible). Glass transition temperature is one of the most important parameters 

of amorphous polymers. The temperature of an amorphous material reaches 

above Tg the material behaves as rubbery or viscous fluid depends on its 

molecular weight whereas below Tg it acts a glass (necessary structural rigidity 

will be provided by side chains) depending upon the complexity of the structure.  

 

Figure 4.1 Crystallization effect at various positions on the smart structure 
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Glass transition temperature of the smart composite structure was 

determined experimentally. Experiments were performed by following ASTM 

F2004 standard, and the variation in Tg was studied at a heating/cooling rate of 

10º/min. The smart structural sample was exposed to a continuous set of heating 

and cooling cycles which is also a sort of thermo-mechanical loading.  

 

 

 

 

 

Figure 4.2 Heat flux curves of the smart composite structure before actuation 

Figure 4.3 Tg of the unactuated smart structure focusing on the glass 

transition region   
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Figure 4.2, demonstrates the heat flux curves of an unactuated smart structure. 

Since the smart structure involves both SMA and GFRP, hence peaks appeared 

in the region of 40º to 60ºis because of phase transformation of NiTi from 

martensite to austenite in heating cycle and austenite to martensite in cooling 

cycle. From the figure, it is clearly evident that for each and every 

heating/cooling cycle, there is a shift in Tg of the smart structure. As the number 

of cycles increases, Tg also increases but the magnitude of the shift is decreasing 

for each cycle and it can be seen in table 4.1. Tg of the smart structure for cycle 

4 and cycle 5 doesn’t show much variation as it remains almost constant. Each 

and every cycle of heating and cooling induces a material change in the GFRP 

which causes a change in the glass transition temperature. 

 

 

 

 

 

 

 

 

 
Figure 4.4 Heat flux curves of the smart composite structure after actuation 

Figure 4.5 Smart structure after actuation focused at their Tg location  
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Above conclusion from section 4.1 that the GFRP near to SMA transforms from 

amorphous phase to crystalline phase needed to be justified with DSC analysis. 

To analyze it further now an actuated smart structure sample was analyzed with 

DSC for 5 sets of cycles 

An actuate Smart structure sample of 10gms was analyzed with 10ºC/min of 

heating and cooling cycle. From figure 4.4, it is clearly evident that there is no 

change in the SMA phase transformation. Both austenitic and martensitic phase 

transformations are appearing at the same location. But there is no significant 

glass transition region appeared in the actuated smart structure in the region of 

60ºC to 90ºC.  

 

Glass transition region appears only for amorphous materials. There 

won’t be any glass transition region in the crystalline materials. 

Since smart structure after actuated turns in to a crystalline solid, there 

won’t be any glass transition region in the structure. Moreover, an unactuated 

sample of the smart structure after a certain number of cycles shows a constant 

glass transition region. Therefore, it can be concluded that thermo-mechanical 

actuation of the smart structure induces a transformation of GFRP material from 

amorphous to a crystalline structure. 

 

 

Table 4-1 Variation in Tg of SMA composite before and after actuation 

S.No Cycle Tg (ºC) Variation from  

the previous cycle 

1 Cycle 1 68 ----------- 

2 Cycle 2 78 10 

3 Cycle 3 80 2 

4 Cycle 4 82 2 

5 Cycle 5 82 0 
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4.3 SEM analysis on the smart structure  

Thermo-mechanical actuation of smart structure induces a lot of changes 

in the micro structure of the material. As mentioned above the material 

transforms from amorphous to crystalline, still there are a lot of changes may 

induce in the material for the failure of the smart structure. In order to analyze 

further, especially the material properties, SEM is one of the best ways to 

determine it. 

Scanning electron microscopy is one of the electron microscopies which 

is used to generate the image of the sample by scanning the topology of the 

surface with the help of an electron beam. Secondary electrons emitted from the 

specimen are detected by a florescent detector. Light emitted by the florescent 

detector is converted in to electrons. Later these electrons are amplified as an 

electrical signal and transferred to a display unit. 

Zeiss sigma FE-SEM was used for analyzing the topology of the smart 

structure. Since, material properties changes after actuation, so a topological 

image of the smart structure before and after actuation has been analyzed. 

      

         Before actuation                                                       After actuation 

Thermo-mechanical actuation of the smart structure via joule heating 

induces heat flow into the GFRP of the smart structure. Heat generated in turn 

degrades the smart structure. Figure 4.6 shown here was the top sectional view 

of the smart structure at the SMA and GFRP interface. It is clearly evident that 

   

Figure 4.6 Surface morphology of the epoxy resin in the smart structure 
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at the smart structure, the GFRP lost its structural integrity and it is completely 

degraded. 

         Before actuation                                                    After actuation 

 

 To analyze the structure further, at 1 µm magnification range the epoxy 

resin can be clearly visualized. Heat flow in the smart structure causes 

degradation at the SMA-GFRP interface, but at the other regions, there will be a 

flow of epoxy resin. The flow will be directed in direction of the thermal 

gradient. It can be clearly seen from figure 4.7, the plain morphology of the 

epoxy resin before actuation and a flow pattern after actuation.  

       Before actuation                                            After actuation 

When the smart structure was set for curing, at certain regions there will 

be an agglomeration in the epoxy resin due to enthalpy relaxation in the smart 

structure under curing. Due to thermo-mechanical actuation of the smart 

structure, there will be an inducement of thermal energy. Actuation of the smart 

structure is a process of consecutive heating and cooling cycles for a short 

 Figure 4.7 Flow of the epoxy resin 

      

   

Figure 4.8 Agglomeration of epoxy resin 
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interval of time. Re-curing of the epoxy resins after thermo-mechanical actuation 

actually agglomeration or combining of the excess amount of epoxy at a 

particular location. Agglomeration of the epoxy resin can be clearly seen in 

figure 4.8. 
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Chapter 5 Variation in the surface temperature and stress distribution on 

the smart structure due to air flow 

 Thermo-mechanical actuation of the smart structure induces stress and 

temperature into the structure, which is inter-related with the material properties. 

Experimentally determining the stress and temperature are a very tedious process 

and time consuming. Since all the thermo-mechanical experiments are evaluated 

under static atmosphere conditions, it is necessary to evaluate the behavior of 

smart structure under dynamic conditions. 

5.1 Evaluation of homogenized properties for GFRP 

Smart structure fabricated by using vacuum moulding process will have 

maximum of 40% volume fraction. The ratio between the volume of fiber and 

volume of epoxy used in a GFRP defines its volume fraction. GFRP fabricated 

by VARTM method are tested under the universal testing machine to determine 

its modulus and strength. On basis of its modulus value, the Vf of the GFRP 

fabricated was determined. Vf determined, used for the determination of the 

homogenized properties of GFRP. Homogenized properties determined are used 

in design of smart structural model and then surface temperature and stress are 

determined due to thermo-mechanical actuation. 

 

 

Figure 5.1 Experimentally determining the modulus of GFRP using UTM 
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Modulus of GFRP are determined for 4 different samples by using UTM. 

It was concluded that GFRP with a modulus of 30.715 GPa was fabricated. 

Modulus obtained from the fabricated samples indicated that the GFRP samples 

are having 40% of volume fraction. 

 

 

 

To obtain the homogenized GFRP material properties like strength and 

modulus of the manufactured composite specimens the individual material 

properties of the glass fiber and Epoxy resin are to be known initially.                      

P. D. Soden et.al [20] calculated the mechanical properties of various glass fiber 

and the epoxy resin. Since E-glass with 1200 tex and HY917 are used in 

fabrication, hence their properties were taken in determination of homogenized 

properties of smart structure. Homogenized mechanical properties of the GFRP 

are calculated for 40% of volume fraction. Chamis [21] et.al’ micro-mechanical 

homogenization formulae are taken in to consideration for calculating the 

homogenized properties. Following are the list of formulae for evaluating the 

homogenized properties GFRP with a significant volume fraction. 

 

Figure 5.5.2 Mechanical properties of glass fiber 

 

 

Figure 5.5.3 Mechanical properties of the Epoxy resin 
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Properties 

 

Formulae 

Longitudinal Modulus: 𝐸11 = 𝑉𝑓𝐸𝑓11 + 𝑉𝑚𝐸𝑚 

 

Transverse Modulus: 𝐸22 = 𝐸33 =
𝐸𝑚

1−√𝑉𝑓(1−
𝐸𝑚

𝐸𝑓22
)

 

Shear Moduli: 

 

𝐺12 = 𝐺13 =
𝐺𝑚

1−√𝑉𝑓(1−
𝐺𝑚

𝐺𝑓12
)

 

Shear Modulus: 

 

𝐺23 =
𝐺𝑚

1−√𝑉𝑓(1−
𝐺𝑚

𝐺𝑓23
)

 

Poisson’s ratio: 

 

𝜈12 = 𝜈13 = 𝑉𝑓𝜈𝑓12 + 𝑉𝑚𝜈𝑚 

Poisson’s ratio: 

 

𝜈23 =
𝐸22

2𝐺23
−1 

Longitudinal Tensile strength: 𝜎𝑡 =  𝑉𝑓𝜎𝑓 

Longitudinal Compressive 

strength: 

 

𝜎𝑐 =  𝑉𝑓𝜎𝑐 

Transverse Tensile strength: 

 
𝜎𝑡

𝑇 = [1 − (√𝑉𝑓 − 𝑉𝑓) (1

−
𝐸𝑚

𝐸𝑓22

)] 𝜎𝑚
𝑇  

Transverse Compressive 

strength: 

 

𝜎𝑐
𝑇 = [1 − (√𝑉𝑓 − 𝑉𝑓) (1 −

𝐸𝑚

𝐸𝑓22

)] 𝜎𝑚
𝑐  

Shear Strength: 
𝜏𝑠 = [1 − (√𝑉𝑓 − 𝑉𝑓) (1 −

𝐺𝑚

𝐺𝑓22

)] 𝜏𝑚
𝑠  

Table 5-1 Formulae for determining homogenized properties of GFRP 
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5.2 Modelling of the smart structure 

Smart structure model properties determined from chapter 4 are used and 

the structure was fabricated using SOLID WORKS design software. A smart 

structure designed, is of 250mm length with 6% of SMA volume fraction and 

strained up to 5%.  

 

Mechanical properties    Homogenized values of GFRP 

Longitudinal Modulus E11,GPa 31.61 

Transverse Moduli E22, E33, GPa 8.77 

Shear Moduli G12, G13, GPa 3.26 

Shear Modulus G23 GPa 3.26 

Poisson’s ratio ν12, ν13 0.29 

Poisson’s ratio ν23 0.3451 

Longitudinal Tensile strength, MPa 860 

Longitudinal Compressive 

strength, MPa 

580 

Transverse Tensile strength, MPa 62.2 

Transverse Compressive strength, 

MPa 

93.36 

Shear Strength, MPa 54.38 

Table 5-2 Homogenized values of GFRP for 40% of volume fraction 

 
Figure 5.4 Smart structure modelled in solidwork 
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5.3 Boundary conditions 

 To analyze the impact of wind velocity on the thermal gradient of the 

smart structure, air with different flow velocities were considered. Flow 

velocities of 1, 5, 9, 13, 17 are taken into the consideration. A constant current 

of 10V and 2A was applied at one terminal and the other terminals are 

maintained at neutral. Enclosure with 300mm×200mm×150mm was created to 

maintain constant air flow. 

 

 

5.4 Mesh considerations for the smart structure and the enclosure 

Smart structure model meshed with a fine mesh whereas the enclosure meshed 

with coarse mesh in order to minimize the overall computation time.  

 

 

 

Figure 5.5 Model of the smart structure with an enclosure 

S.No Mesh element Value 

1 Vertex elements 40 

2 Edge elements 7296 

3 Boundary elements 44934 

4 Total no of elements 846013 

5 Minimum element quality 0.1479 

Table 5-3 Properties of the Mesh 



32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Smart structure with enclosure meshed in to elements  
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5.4 Variation in the thermal profile of smart structure with respect to the 

airflow 

Thermo-mechanical actuation of the smart structure involves generation 

of heat from the specimen. We had discussed in chapter 4 that the thermal 

gradient will vary at different places on the smart structure. The primary 

application of the fabricated smart structure was flapper of a missile wing. 

Therefore, in a real application, the smart structure was subjected to the various 

other parameters like surface temperature, stress generation, air flow, turbulence, 

lift and drag parameters etc. All the above mentioned parameters are to be 

identified and their impact on the smart structure should be evaluated. Out of all 

the parameters, the effect of air velocity over the smart structure was my primary 

interest since the structure is flat, there won’t be any lift coefficient on the 

missile. Currently, the parameters like temperature and stress are evaluated on 

the smart structure by varying the velocity of air flow. Hence a software based 

simulation, COMSOL was used in order to determine the characteristic 

performance of the smart structure with respect to these parameters. 

 

 

 

 

Figure 5.7 surface temperature of the smart structure with no air flow 
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Figure 5.8 surface temperature of the smart structure with an air flow of 1 m/s 

Figure 5.9 surface temperature of the smart structure with an air flow 5 m/s 
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Figure 5.10 surface temperature of the smart structure with an air flow 9 m/s 

 

Figure 5.11 surface temperature of the smart structure with an air flow 13 m/s 
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It is clearly evident that when the velocity of the air was increased to 1 

m/s there was a drastic decrease in the surface temperature of the smart structure. 

Further increase in the velocity doesn’t cause many variations in the surface 

temperature. Hence, minimum velocity of the wind 1 m/s is sufficiently enough 

to bring back the temperature of the smart structure below its glass transition 

temperature. 

 

 

 

 

 

 

Figure 5.12 surface temperature of the smart structure with an air flow 17 m/s 
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5.5 Determination of stress generated in the smart structure due to            

air flow 

Thermo-mechanical actuation of the smart structure induces stress into the 

GFRP. Since GFRP being a structural member of the smart structure, it is 

necessary to evaluate the quantity of stress generated into it. Generally, the 

developed smart structure is used in aviation applications. Hence the primary 

mode to induce stress is due to air flow. Stress generated in the smart structure 

is evaluated for various velocities of air flow. The following figures represent 

the variation in the generation of stress on the smart structure 

The primary objective of this simulation was to ensure that stress 

developed in the smart structure is less than the failure stress of the structure. 

Beginning of the chapter we calculated the homogenized properties of the GFRP. 

Hence the stress generated in the smart structure should be less than the 

homogenized stress values. 

 

Figure 5.13 Stress generated in the smart structure with an air velocity of 1 m/s      
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Figure 5.14 Stress generated in the smart structure with an air velocity of  9 m/s    

Figure 5.15 Stress generated in the smart structure with an air velocity of  5 m/s 
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Figure 5.16 Stress generated in the smart structure with an air velocity of 13 m/s   

 

Figure 5.17 Stress generated in the smart structure with an air velocity of 17 m/s   
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Form figure 5.18 it is clearly evident that when the velocity of the stress 

developed in the smart structure was 3MPa. Since the shear stress of the current 

structure was very near to the developed smart structure, hence there could be a 

possible shear failure in the smart structure. As the flow velocity of air was 

increased initially there was a sudden decrease in temperature (heat flow rate is 

high) but thereafter it decreases gradually. Whereas the stress was increased 

gradually with the velocity of air flow. Hence the optimized air flow velocity for 

the developed structure was 14 m/s to 16 m/s with a surface temperature ranges 

from 33ºC to 32ºC and the stress developed ranges from 1.7 MPa to 2.8 MPa.   

Figure 5.18 Temperature and stress distribution on the smart structure 
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Chapter 6 Conclusion and Future scope 

In summary, the work performed provides a systematic study in the 

fabrication of the smart structure using VARTM process. Processing parameters 

like SMA volume fraction, length of SMA strained and length of the smart 

structure developed was studied. Post experimental analysis was carried out to 

identify the causes for the failure of the smart structure. Additionally, the effect 

of surface temperature and the stress generated in the smart structure by varying 

the air flow velocity was also studied. 

The major conclusions of the current work are 

1. Thermo-mechanical actuation of the smart structure was optimized 

with 6% of SMA volume fraction, 5% of SMA strain and 250mm 

length of the smart structure. 

2.  Thermo-mechanical actuation of the smart structure via joule 

heating causes the crystallization of the amorphous polymer. GFRP 

next to SMA was crystallized and it loses its elastic rigidity after 7 

cycles.  

3. Glass transition temperature of the GFRP was around 62ºC and it 

was increased to 82ºC after 5 cycles. Heat flux graphs of actuated 

GFRP didn’t show any glass transition region which confirms  

GFRP crystalized due to thermo-mechanical actuation. 

4. After actuation GFRP was subjected to degradation, there was a flow 

pattern on the epoxy resin region and the amalgamation of the epoxy 

resin was also identified. 

5. It was identified the developed smart structure has 40% of volume 

fraction in terms of resin fibre ratio. Homogenized properties are 

evaluated for the 40% of volume fraction. 

6. Temperature and Stress distribution on the smart structure was 

evaluated by using COMSOL multi-physics. Variation in surface 

temperature and stress distribution due to air flow velocity was also 

analyzed. Air flow velocity from 1 m/s to 14 m/s - 16 m/s was the 

maximum range where the smart structure withstands the generated 

stress values.  
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The work presented in this dissertation have highlighted the optimized 

processing parameters for the thermo-mechanical actuation and its effect on the 

material properties. Active control on thermo-mechanical actuation of smart 

structure requires further effort. Optimizing the process parameters of the smart 

structure under active control will further increase the life of the smart structure. 

Crystallization of GFRP was one of the major reason for the limited 

number of actuation cycles. Training of SMA rather than straining may be an 

optimal solution for the increment of the life cycle.  
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