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Abstract 
 

Thin film deposition of various shape memory alloys (SMA) on different 

substrates using different deposition techniques is being studied to get two-

way shape memory effect for micro-actuator applications. The ability of SMA 

to generate sufficiently large amount of forces, large strain recovery makes 

SMA a prime member for its use in micro-actuator applications. However, low 

actuation frequency of around 1Hz and low transformation temperature under 

100
 0

C makes commercially used NiTi SMA unsuitable for its use in high 

temperature situations. The transformation temperature and frequency of 

actuation can be increased to some extent by the addition of Cu as a ternary 

element in NiTi SMA. 

As Cu-based SMAs are well known for its high transformation temperature 

and high frequency of actuation, CuAlNi SMA is selected for this research 

work. In this work, the thermo-mechanical behaviour of electrically actuated 

CuAlNi/Polyimide SMA bimorph has been studied in detail with three 

different compositions of SMA which was deposited using thermal 

evaporation technique. Thermomechanical behaviour is studied when 

actuation voltage, actuation frequency and applied load at bimorph was 

changed. Certain key relationships between these parameters are determined 

through experimental study. The life cycle behaviour of CuAlNi/Polyimide 

bimorph as well as Mn added CuAlNi/Polyimide bimorph is also studied. It is 

found from the experiments that Mn addition in CuAlNi significantly 

increases the actuation properties and life of CuAlNi thin film as a result of 

grain refinement and improvement in the ductility of CuAlNi. To study the 

compositional, morphological, thermal and mechanical properties of these 

CuAlNi SMAs relevant techniques and instruments have been used. All the 

results from these sophisticated instruments and the results of actuation prove 

the improvement in the thermal-mechanical properties of CuAlNi SMA thin 

film with addition of Mn. 
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Chapter 1 Introduction 

1.1 Shape Memory Alloys 

Shape memory alloys are group of smart materials that exhibit 

exceptional mechanical and thermal responses. Shape Memory Alloys (SMAs) 

has the ability to recover previously applied strains on the application of heat. 

As such, the alloys are able to recover their original geometry and such shape 

change that has led to development of substantial applications[1]. The 

functional properties of the SMAs, such as shape memory effect (SME), 

super-elasticity and the two-way shape memory effect (TWSME), are the 

result of a martensitic phase transformation that occurs between the austenite 

phase and the martensite phase[2,3]. Evidence of the martensitic 

transformation was first obtained by Otsuka et. Al who unambiguously 

demonstrated a correspondence between the shape memory effect and the 

thermo-elastic martensitic transformation in Cu-Al-Ni alloy[4]. 

 

 

 

 

 

 

 

 

 

 

1.2 Shape memory effect 

SMAs have two phases, each with a different crystal structure and therefore 

different properties. One is the high temperature phase called austenite (A) 

which generally has cubic structure and the other is the low temperature phase 

called martensite (M) which has different

Figure 1 (a) Observation of the response of a folded SMA sheet as it is heated. (b) 

Sectional view of a heated SMA folded sheet transmitting force to the blue structure. 

(c) The folded SMA sheet is connected to a structure to transmit the generated force 

(d) the configuration referred for linear motion 
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Crystal structures as tetragonal, orthorhombic or monoclinic. The 

transformation from one structure to the other does not occur by diffusion of 

atoms, but rather by shear lattice distortion, named martensitic transformation. 

Each martensitic crystal formed can have a different orientation direction, 

called a variant. The assembly of martensitic variants can exist in two forms: 

twinned martensite (Mt), which is formed by a combination of “self-

accommodated” martensitic variants, and detwinned or reoriented martensite 

in which a specific variant is dominant (Md). The reversible phase 

transformation from austenite (parent phase) to martensite (product phase) and 

vice versa forms the basis for the unique behaviour of SMAs[5–7]. 

Forward transformation occurs upon cooling in the absence of an 

applied load as the crystal structure changes from austenite to martensite. This  

results  in the formation of several martensitic variants as mentioned above. 

The arrangement of variants occurs such that the average macroscopic shape 

change is negligible, resulting in twinned martensite. The transformation 

during heating as the phase changes from martensite to austenite is termed as 

reverse transformation[8,9]. 

There are four characteristic temperatures associated with the phase 

transformation. During the forward transformation, austenite, under zero load, 

Without Load 

With Load 

 

Figure 2 Schematic of phase transformation in shape memory alloys. 
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begins to transform to twinned martensite at the martensitic start temperature 

(Ms) and completes transformation to martensite at the martensitic finish 

temperature (Mf). At this stage, the transformation is complete and the 

material is fully in the twinned martensitic phase. Similarly, during heating, 

the reverse transformation initiates at the austenitic start temperature (As) and 

the transformation is completed at the austenitic finish temperature (Af). 

As mechanical load is applied to the material, in the low temperature 

twinned martensitic phase, to detwin the martensite by reorienting a certain 

number of variants. The detwinning process results in a macroscopic shape 

change, where the deformed configuration is retained when the load is 

released. A subsequent heating of the SMA to a temperature above Af will 

result in a reverse phase transformation (from detwinned martensite to 

austenite) and will lead to complete shape recovery[10,11]. Cooling back to a 

temperature below Mf (forward transformation) leads to the formation of 

twinned martensite again with no associated shape change observed. The 

process described above is referred to as the Shape Memory Effect (SME). 

The load applied must be sufficiently large to start the detwinning process. 

The minimum stress required for detwinning initiation is termed the 

detwinning start stress (σs). Sufficiently, high load levels will result in 

complete detwinning of martensite where the corresponding stress level is 

called the detwinning finish stress (σf)[1]. When the material is cooled with a 

mechanical load greater than σs applied in the austenitic phase, the phase 

transformation will result in the direct formation of detwinned martensite, 

producing a shape change. Reheating the material will result in shape recovery 

while the load is still applied. A schematic of the above-described loading path 

shown in figure (2). Recognizing that the forward and reverse transformations 

occur over a range of temperatures (Ms to Mf, As to Af) for a given SMA 

composition, we can construct transformation regions in the stress-temperature 

space. The transformation temperatures strongly depend on the magnitude of 

the applied load, with higher values of applied load leading to higher 

transformation temperatures[12,13]. 
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1.3 Cyclic behavior 

 

SMA can exhibit repeatable shape changes under no applied mechanical 

loading when subjected to a cyclic thermal load. This behaviour is termed as 

two-way shape memory effect (TWSME). The TWSME can be observed in a 

SMA material which has undergone repeated thermo-mechanical cycling 

along a specific loading path (training). Repetition along a loading path for a 

large number of cycles can induce changes in the microstructure, which causes 

macroscopically observable permanent changes in the material behaviour[14–

17]. Training an SMA refers to a process of repeatedly loading the material 

following a cyclic thermo-mechanical loading path until the hysteretic 

response of the material stabilizes and the inelastic strain saturates. Let us 

consider the case of cyclic thermal loading of an SMA specimen under a 

constant applied stress. During the first thermal cycle, only a partial recovery 

of the strain generated during cooling is observed upon heating with some 

permanent (irrecoverable or plastic) strain generated during the cycle[18,19]. 

A small, permanent strain remains after each thermal cycle is completed. The 

additional permanent strain associated with each consecutive cycle begins to 

gradually decrease until it practically ceases to further accumulate. A similar 

behaviour can be noticed in the case of mechanically cycling an SMA 

repeatedly in its pseudoelastic regime, until saturation takes place. The 

TWSME behaviour can also be achieved by adopting different training 

sequences. A more recent technique that leads to TWSME deals with aging 

the material under stress in the martensitic state[20–22]. 

TWSME is a result of defects introduced during training. These 

permanent defects create a residual internal stress state, thereby facilitating the 

formation of preferred martensitic variants when the SMA is cooled in the 

absence of external loads. If the internal stress state is modified for any reason 

(e.g., aging at high temperature or mechanical overload), the TWSME will be 

perturbed. 
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Shape Memory 
Materials 

NiTi, NiTiCu, 
NiTIPd, NiTiHf, 

NiTiZr 

CuAlNi, CuZnAl, 
CuAlMn 

InTi 

FePt 

AgCd 

AuCd 

1.4 Shape memory materials 

Nickel-Titanium (Nitinol, NiTi) is the alloy primary used in applications. It 

exhibits strong SME, TWSME, and pseudoelastic behaviour under the right 

conditions, which makes this material ideal for a variety of applications. It also 

exhibits resistance to corrosion and is biocompatible, making it suitable for the  

use in biomedical applications. Compared to the less widely used alloys, the 

crystallography and thermomechanical response of NiTi are well understood, 

as  the effects of heat treatment and the variation of transformation                 

temperatures with changes in composition[23–27]. 

Copper based shape memory alloys can serve as an excellent 

alternative as they offer good electrical and thermal conductivity. Cu based 

SMAs have less hysteresis when compared to NiTi and the transformation 

temperatures are highly dependent on the composition (Chen, Liang, Fu, & 

Ren, 2005; Cingolani, Ahlers, & Sade, 1995). Apart from these properties, Cu 

based SMAs are highly energy efficient and they have excellent damping 

properties. The two most widely studied copper based SMAs are Cu-Zn and 

Cu-Al. CuZnAl alloys are very ductile and resistant to intergranular fractures. 

Actuation temperatures are below room temperature, but addition of Al from 5 

wt% to 10 wt% increase transformation temperature to 100˚C [32]. The 

Figure 3 Various elements of shape memory alloy. 
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conventional development such as melt process has difficulties in maintaining 

the composition as zinc gets evaporated because of its low melting point. 

However this may not be the case when an alloy sputtering target is using for 

the deposition of thin film[33–36]. 

 

1.5 Shape memory ally composites 

Composite SMA Structures were first developed by Rogers (1991) 

where they embedded NiTi wires in a laminated polymer matrix composite 

(PMC)[37]. After that, there have been several reports on SMA composites 

leading to latest development by Ishida.A (2014), in which he has developed a 

NiTi/Polyimide bi-morph and explored its potential application as micro-

flapper[38–41]. Further Kotnur(2014) has studied the influence of different 

parameters while developing NiTi/Polyimide composites through sputtering at 

low temperatures[42,43]. However the thermomechanical behavior of such 

films has not been studied in detail[44]. 

There are several reports on using NiTi, however other alternatives 

such as CuAlNi serves as an efficient and cost effective choice[10,45–48]. The 

primary limitation of CuAlNi shape memory alloy is its poor ductility. This 

leads to drastic decline in its cyclic behavior. This can be overlooked by using 

a pre-strained flexible substrate, which can assist during cyclic loading and 

unloading. Parameters such as composition, substrate thickness, and addition 

of Mn and Ti might result in better properties. However, the influence of 

Figure 4 Polymer matrix reinforced with smart SMA and Bio inspired turtle robot 

embedded with SMA composite as actuators. 
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substrate temperature is an essential parameter which can be used to produce 

enhanced SMA films without altering the transition temperature. 

The thermomechanical behaviour of shape memory alloy can be tuned 

by post processing techniques such as annealing and training. However, 

employing such techniques in thin films can be a tedious task. An alternative 

approach of developing the thin films on various substrate temperatures can be 

a utilized to improve the thermomechanical behaviour. The substrate 

temperature during deposition plays a vital role in the crystallinity of the 

developed film. There have been several reports of deposition on heated 

substrates which facilitates in avoiding the high temperature annealing 

required after deposition[15,49]. High temperature surfaces can be effective 

place for nucleation and further it can improve the diffusion process leading to 

enhanced crystallization. Developing CuAlNi shape memory alloys on 

different substrate temperatures benefits in overcoming the cyclic behavioral 

issues encountered after the development process. 

 

1.6 Thermomechanical behavior 

 

Since SMAs are widely preferred for actuation and sensing applications that 

require multiple cycles, it is important to analyse the cyclic effects of 

transformation induced fatigue. The fatigue behaviour of SMAs depends on 

the material processing (fabrication process, heat treatment, etc.), the type of 

loading conditions (applied stress, strain, temperature variations, environment, 

etc.), and transformation induced microstructural modifications (e.g., defects 

Figure (5) Micro-flapper aerial robot used SMA bimorph to flap the wings. Images are 

taken from research paper of Ishida A, Sato M (2008) and Ishida A (2015) 

 

 

Figure 5 Micro-flapper aerial robot used SMA bimorph to flap the wings. Images are taken 

from research paper of Ishida A, Sato M (2008) and Ishida A (2015 
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on grain boundaries due to strain incompatibilities). In most SMA 

applications, a large number of transformation cycles are induced by repeating 

a loading path that exhibits thermally induced phase transformation under 

applied load. As discussed in the previous section, repeated loading along a 

thermomechanical path causes gradual microstructural changes. These 

changes cause the degradation of the SMA behaviour leading to low cycle 

fatigue as opposed to high cycle fatigue most commonly observed in loading 

paths operating in a purely elastic regime of a material. This section will 

provide a brief review of mechanically and thermally induced transformation 

fatigue behaviour of SMAs. 

Mechanically induced fatigue behavior of SMAs is typically examined by 

performing rotating bending tests or by mechanically cycling the material on 

the load frame between two stress or strain levels along a given loading path 

[18, 21]. Such mechanical cycling can be performed to induce a complete 

transformation (i.e., cycled between complete austenite and martensite phase) 

or partial transformation (cycling between states where one or both end limits 

are not purely martensite or austenite but a mixture). If the deformation or 

stress level applied to the SMA specimen remains within the elastic regime, 

this can lead to fatigue life as high as ∼ 10
7
 cycles. However, in some cases, 

the material can be taken through detwinning or stress induced martensitic 

transformation by applying sufficiently high load levels. In such cases, the 

material fails considerably earlier in what is termed “transformation-induced 

low cycle fatigue,” with a fatigue life of the order of thousands of cycles [22, 

23]. Similar to mechanically induced transformation fatigue, thermally-

induced transformation fatigue behavior of SMAs is extremely important to 

study for actuation applications. Fatigue life for SMAs undergoing thermally-

induced transformation cycles under applied load is dictated by the amount of 

transformation strain allowed to occur (partial or complete transformation) as 

well as the stress level under which the material is cycled. The amount of 

cyclic transformation strain allowed in the material can significantly affect the 

number of cycles to failure [24] under conditions of partial transformation. 
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1.7 Research gap 

 

             Literature review shows some gaps over which work is done here. 

There are several reports on bulk SMAs but are very few with SMA bimorphs. 

Bulk NiTi is immensely studied over the years. In 1998, 2005, and 2008 a 

Japanese researcher A Ishida published the work on NiTi/Polyimide bimorph. 

But there are no reports on Cu based SMA/Polyimide bimorph. Also there are 

no reports on life cycle behaviour, Adhesion of SMA thin film to polyimide, 

thermomechanical behaviour with different compositions of SMA for any 

SMA/Polyimide bimorphs. 

 

1.8 Motivation 

 

            Smart materials have received increased demand in recent years 

because of their immense potential in revolutionizing engineering 

applications. Among the smart materials currently in research, Shape memory 

alloys predominant for the reason that large recoverable strains occur within it 

due to crystallographic transformation. The cyclic behaviour of SMA thin film 

bimorphs can be a better alternative to other materials for micro-actuator 

applications due its energy efficiency, large work to volume ratio, moderate 

force with long stroke length on actuation. CuAlNi SMA can be a good 

alternative to NiTi because some of its better qualities over NiTi such as its 

cost effectiveness, low fabrication cost, ease in fabrication, low hysteresis, 

high damping capacity, thermal & electrical conductivities, high 

transformation temperature, high actuation frequency etc. The prime drawback 

of CuAlNi SMA is its poor ductility and relatively low recoverable strain 

compare to NiTi. Its brittleness leads early life failure during actuation when 

actuate it longer number of cycles. On improving mechanical properties its life 

can be improved and make it a better alternative to NiTi. 

SMA actuators can be used in MEMS devices such as micro-pump, micro-

wrapper, tiny heart pumping device etc. Fig. (6) shows such devices. Fig. (6) 

(a) shows gripper which can be used in the electronic assemblies of delicate 

parts and which are not accessible. (b) shows micro-wrapper which is used in 
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bio-medical devices for removing tumours in surgery. (c) shows the micro-

pump and (d) shows the positioning platform which is of two degrees of 

freedom and it can be fabricated easily with SMA bimorphs. 

  

 

(a) (b) 

(c) 

Platform actuator Mohsen 

Shahinpur ett.Al(2004) 

 

Mohsen Shahinpur 

ett.Al(2004) 

Mohsen Shahinpur 

ett.Al(2004) 

 

(d) 

Figure 6 Applications of SMA/Polyimide bimorph 
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1.9 Research Objectives 

1.9.1 Overall Objective 

The overall objective of this thesis is to “Investigate the thermo-mechanical 

behavior of CuAlNi/Polyimide bimorph.” 

1.9.2 Intermediate Objective 

 

I. To develop a test setup for performing thermomechanical analysis of 

CuAlNi/Polyimide shape memory alloy.” 

II. To gain actuation using DC power supply as the heat source. 

III. Development of CuAlNi/Polyimide bimorphs with different substrate 

thickness and different composition of SMA. 

IV. Improvement of mechanical properties of CuAlNi SMA with the 

addition of alloying element. 

V. To optimize operating parameters like applied mechanical load, 

actuation voltage, actuation frequency and study the effect of these 

parameters on actuation behavior of bimorph. 

VI. To get a comparison between actuation when done with a CuAlNi and 

with a addition of quaternary element. 

VII. Characterization of samples with various characterization techniques. 

VIII. Performing the experiments for life cycle behavior of SMA/Polyimide 

bimorphs and determination of reliability. 

 

 

 

 

 

 

 



12 
 

Chapter 2 Experimental 

Procedure 
The deposition was carried out by thermal evaporation technique. 

Thermal evaporation technique is considered to be one of the straight forward 

methods for developing thin film, where the material to deposited is placed in 

a boat. High current is supplied to the boat which will melt the material and 

then evaporate it. The normally used boat material is tungsten due its high 

melting point. The influence parameters of the deposition process include (i) 

the distance between the crucible (boat) and substrate (i) rate of deposition (iii) 

nature of the substrate. This chapter will discuss about the deposition process, 

pre-straining of polyimide and the thermomechanical behaviour setup used for 

the actuation studies. 

2.1 Thermal Evaporation 

Cu-Al-Ni/Polyimide bi-morphs have been developed through direct 

thermal evaporation method on flexible pre-strained Kapton polyimide sheet 

of different thickness. Table 1 shows the parameters used for developing SMA 

bi-morph. The raw materials were of 99.99% purity. The polyimide sheets 

were baked and cleaned before the deposition process. The sheets were cut 

into 7 ×7 cm2 pieces and were pre-strained and clamped to the substrate 

holder. The deposition processes was conducted in two steps (i) increase the 

temperature till the eutectoid point and allow the metals to be in completely 

molten state (ii) rapidly increasing the temperature which leads to the 

evaporation of the material. Figure 1 shows the block diagram of the 

deposition process. The same procedure was followed for development of 

films at different substrate temperatures. 
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        (a) 

(a) 

(c) 

Figure 7 (a) Image of thermal evaporation unit (b) Schematic of assembly of parts inside the glass 

vaccum chamber (c) Image of assembly of parts inside the glass vaccum chamber. 

     (b) 
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Figure 8 Graph showing the different transformation temperatures, 

phase change and shape memory effect exhibited by sample developed 

without any post-processing. 

 

 

2.2 Pre straining of polyimide substrate  

The developed bi-morphs displayed two-way shape memory effect without 

any post processing and training. Figure 8 explains the mechanism of shape 

memory effect achieved, phase change and the transformation temperature of 

the bi-morphs developed. This two-way behaviour is due to the pre-straining 

of the polyimide sheet during deposition. The pre-strained polyimide sheet 

Parameters Value 

Substrate Kapton Polyimide Sheet 50 µm – 100  µm 

Thickness of 

deposited film 

 

4µm 

Pellet Holder Tungsten crucible 

Distance between 

crucible and 

substrate 

 

15 cm 

Current ≈120 A 

Metals Cu, Al, Ni, Mn 

Substrate heating 

 

Without Heating 

Table 1 Parameters used for the deposition process 
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will act as the platform to initiate twinned martensite phase. Typically, an 

external stress is applied to the alloy, which will be recovered on the 

application of heat. However with the present method, the alloy can be 

deposited on the pre-strained flexible sheet which will induce the stress upon 

removal from the substrate holder. Upon removal, the developed bi-morph 

sheets exhibited two-way shape memory effect on the application of heat. To 

induce different shapes as required by the application, the pre-straining 

constraints should be different. 

Figure 9 shows the images of the development process and the bi-morphs 

exhibiting the shape memory effect during heating and cooling. With thin 

films shape memory alloys, it becomes a tedious task to train the film after 

deposition. The method used in this research work can be utilized to achieve 

two-way effect. The developed films were characterized using scanning 

electron microscope, energy dispersive spectroscopy, adhesion tests, X-Ray 

diffraction and differential scanning calorimetry. Further the recovery ratio 

and the life cycle behavior of the bi-morphs are studied. 

 

 

 

 

 

 

 

 

Figure 9 Images showing the steps involved in the development of bi-

morphs and the shape memory effect exhibited by the bi-morphs 

Pre-strained 

Polyimide during 

deposition on 

substrate holder 

Bimorph developed 

after deposition with 

SMA film on the 

bottom side 

  

Shape change 

during actuation of 

bimorph without 

post processing 

through plate 

heating  

 

Bare Polyimide 

before deposition 

 

(i) (ii) (iii) (iv) 
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2.3 Thermomechanical analysis setup 

To probe the suitability of the developed bimorph in MEMS microactuator 

application, electrical actuation setup was utilized as shown in figure 10(d). 

Life cycle of the bimorph has to investigate thoroughly before considering it 

for potential applications. It consist of K-type thermocouple, data acquisition 

system with 22 channels (Model: 34970 A, Agilent) and programmable power 

supply. The heating and cooling cycles was recorded by a laser displacement 

sensor (Model: HLG108-A-C5, Panasonic). 

Different devices were used for the analysis. Figure 10(d) shows the life cycle 

analysis setup. Using the setup three different frequencies of 0.25 Hz, 0.33 Hz 

and 0.5 Hz was exercised. In order to obtain the maximum displacement of the 

bimorph at different voltages. Actuation voltage of 2V and actuation 

frequency of 0.5 Hz was chosen and fatigue life was tested and the results are  

summarized. 

Data 

Acquisition 

System 

Laser Displacement Sensor 

Programmable 

Power Supply 

CuAlNi/PI 

Bimorph 

PC with 

MATLAB 

software 

(d) 

Figure 10 Images showing the pictures of (a) thermal evaporation setup (b) the 

developed bi-morph (c) the bi-morph cut into small samples for electrical actuation (d) 

block diagram of the electrical actuation setup. 

(a) (b) (c) Substrate Holder 

Supply 

Developed 

CuAlNiMn/polyimide bi-morph 

Holder 

Joule Heating setup 

Tungsten crucible 
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2.4 Tensile testing 

In order to analyze the stress-strain behavior of the developed bi-morphs, an 

in-house established tensile testing instrument was utilized. Fig. 11 (a) shows 

the images of the tensile testing equipment and 11 (b) shows the clamp design 

utilized for the testing process. The tensile testing equipment was employed 

with a commercially available load cell (Rudrra RS-302) of 5 kgf with 

sensitivity of 2 mV/V to measure the applied load. A stepper motor and low-

pitch lead screw interfaced with arduino was utilized for smooth application of 

load. The clamps were specially designed to exert uniform tension throughout 

the bi-morph during operation. Table 1 shows the specifications of the tensile 

testing equipment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Structural, morphological, thermal analysis 

The scanning electron microscopic (FE-SEM) and energy dispersive x-

ray analysis (EDX) were carried out by SUPRA55 Zeiss and XRD profiles 

Figure 11 (a )Image of the developed tensile testing equipment (b) Image of the clamp 

utilized for the testing process. 

Power Supply 

Clamps 
Polyimide Bi-morph 

 

 

 

 

 

 

 

Lead Screw 

Load Cell 
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Morphological, 

structural and 

thermal 

analysis 

Marsurf contour 

profiling 

 XRD 

 DSC 

 SEM 

 Thermal camera 

were recorded by RIGAKU SMARTLAB instrument using monochromatic 

Cu Kα (1.541 A˚) radiation. The thickness of the samples were measured 

using Marsurf LD 130 Roughness and Contour profile measurement. Further, 

the transformation temperatures of the bi-morphs were measured using 

differential scanning calorimetry (DSC – Netzch) and the analysis was 

extended by capturing thermal images from FLIR thermal camera. The 

adhesion test were carried out using scotch tape analysis. 

 

 

 

 

 

 

Sofisticated 

Instruments 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Different kind of tools used for the material characterization. 
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Chapter 3 Thermo-mechanical 

behavior of CuAlNi/Polyimide 

shape memory alloy bimorph 

with Joule heating 
 

3.1 Selection of composition of CuAlNi SMA 

 

In this work an attempt has been made to study the actuation behavior of Cu-

rich CuAlNi/polyimide SMA bimorph with varying composition of alloy. 

CuAlNi films with different combinations of composition was deposited on 

Kapton polyimide sheets by thermal evaporation technique, out of these few 

films were able to actuate considerably. A preliminary work was carried out 

with a SMA film with Cu–14.1 wt.% Al–3.2 wt.% Ni shape memory  alloy 

(SMA) as it was able to actuate with maximum amount when put it on a hot 

plate. In this study, CuAlNi SMA thin film with mentioned composition was 

deposited on polyimide substrate with three different thickness i.e. 50µm, 

75µm and 100µm on area of 70×70 mm
2
. 

3.1.2 Thickness measurement 

CuAlNi/Polyimide composite film was taken which was deposited partially 

i.e. half part deposited and other half undeposited to measure the thickness of 

CuAlNi SMA film on polyimide. Figure (13) shows the roughness profile of 

composite film. Abrupt change in the roughness profile is because of SMA 

film and maximum peak to valley value i.e. Rt can be considered as 

approximate thickness of SMA thin film and it comes out to be approximately  

3.99 µm. 
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3.2 Selection of thickness of polyimide 

CuAlNi/Polyimide bimorph beam of area 15×15 mm
2 

was chosen for the 

actuator. The film was actuated using electrical heating and the thermo-

mechanical behavior of the developed sheets has been studied in detail. 

Actuation experiments were performed for all the three bimorphs with 

different polyimide thickness for the actuation voltages of 1V and 1.5V to 

determine the difference in actuation with three different polyimide thickness. 

All the three bimorphs are with same SMA composition & film thickness. 

Experiments were conducted for 10 cycles and at a frequency of 0.25 Hz for 

each sample and the load of 30 mg at the free end of bimorph. 

 

 

 

 

 

 

Result in figure reveals the cyclic repeatability for the bimorph with 75 µm 

polyimide thickness. For bimorph with 50 µm polyimide thickness, 

displacement increased drastically but suddenly it starts to reduce after early 

Figure 13Thickness measurement using optical roughness profilometer. 
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Figure 14 Actuation experimentation for polyimide thickness selection 
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cycles and there is no repeatability in terms of initial and final position of the 

bimorph. For the bimorph with polyimide thickness 100 µm, there is no 

evidence of any actuation. This is because the stiffness of a polyimide 

increases with the thickness and increase in stiffness causes reduction in 

deflection of the component with same amount of applied force considering 

same amount of force is generated by SMA film as composition and thickness 

of SMA film is same for all three bimorphs. Also, with increase in thickness or 

depth of the component the area moment of inertia increases drastically as it is 

directly proportional to cube of the thickness of component. And increase in 

area moment of inertia causes deflection to reduce drastically because 

deflection of a cantilever beam is inversely proportional to area moment of 

inertia. Hence, for the bimorph of polyimide thickness 100 µm, it is difficult to 

find any deflection. With reference to above results, SMA bimorph with 

polyimide thickness of 75 µm was chosen for further experimentation. 

3.2.1 Voltage Vs displacement relationship 

Experiments were performed at various voltages. It was observed that the 

amount of actuation displacement is a function of applied voltage as well as 

frequency of actuation  of the  film. CuAlNi/Polyimide composite film 

actuators at higher voltages show maximum linear displacement but found to 

be a very short life span, due to overheating. 

 

 

 

 

 

In figure (15), we can see the relationship between voltage and displacement 

for heating duration of 8 seconds. Voltage vs displacement graph shows the 

maximum possible displacement of CuAlNi/Polyimide composite film for a 

particular voltage value. Voltage was applied to composite film continuously 

Figure 15 Maximum possible displacement for 

composite film without load. 
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for 8 seconds, actuation was seen for the duration of first 4 seconds of heating 

cycle. For the next 4 seconds, composite film was stagnant and there was no 

further actuation after first 4 seconds. Values of displacement for 2V, 2.5V, 

3V, 3.5V and 4V are 2 mm, 2.4 mm, 4.1mm, 7.1 mm and 7.1 mm 

respectively. It is found that the displacement values for 3.5V and 4V are same 

i.e. 7.1 mm. This same value of displacement for both 3.5V and 4V shows the 

complete transformation of twinned martensite to austenite phase at these 

applied voltages for the duration of 4 seconds. 

Therefore, the voltage of 3.5V is required for the CuAlNi SMA thin film to 

produce heat which would be sufficient to raise the temperature of SMA film 

to its austenite finish  temperature (Af). Heating SMA above austenite finish 

temperature does not contribute to further shape recovery as the shape of 

deformed SMA only can be recovered in the temperature range of austenite 

start temperature (As) to austenite finish temperature (Af). Displacement for 

the applied voltage of 4V is same as that of the displacement for 3.5V because 

overheating above Af temperature with 4V does not recover any shape when 

Af temperature is reached. Therefore the voltage of 3.5V and above will have 

the same displacement value and heating SMA by applying voltage above 

3.5V may damage or burn the film by overheating, this can also be seen with 

the results shown in figure (16) for 30 mg load applied at the free end of 

composite film and actuation frequency of 0.25 Hz where displacement for 

3.5V and 4V is same but the film got damaged due to overheating and it could 

survive only upto 3 cycles for voltage value of 4V. The Voltage vs 

displacement results can be observed to conclude that 3.5V is optimum 

voltage for CuAlNi SMA thin film to reach Af temperature and get the 

maximum possible displacement. 

For CuAlNi/Polyimide composite film to work as a actuator or small gripper 

in assembly of electronic parts, it has to move certain weight. For this reason 

beam had been loaded. Trial was taken to move the maximum possible weight 

with the available actuator of 4 µm thickness. It was found that the actuator 

could move maximum weight of 60 mg with this thickness of the film. It was 

also found that there is very less amount of displacement of the actuator for 
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the weight beyond 30 mg. Therefore, maximum weight that actuator can move 

with sufficient amount of displacement was chosen to be 30 mg and the 

experiments were performed for thermomechanical behaviour of 

CuAlNi/Polyimide composite film with the weight of  30 mg at the free end of 

film. In figure (16), thermo-mechanical behavior of CuAlNi/Polyimide 

composite film can be seen for 30 mg load attached at the free end of 

composite film. 

Voltages for actuation are chosen from 2V to 4V for the reason that composite 

film does not actuate at voltages less than 2V because heat produced by these 

voltages is not sufficient to reach the phase transformation temperature of 

CuAlNi SMA and therefore there is no shape recovery due to heating at these 

applied voltages. Actuation experiments were performed for different voltages 

only up to 4V for the reason that there is no any improvement in the actuation 

of composite film for 4V compare to 3.5V. Also, it was found from the results 

that, for actuation voltage of 4V, the life of CuAlNi SMA/polyimide 

composite has been reduced. Actuation frequency of film was taken as 0.25 

Hz for the reason that the higher frequency actuation does not show the 

considerable displacement. Further, it was found from the higher frequency 

actuation that the repeatability is an issue. From the number of experiments for 

different frequencies of 0.5 Hz, 0.33 Hz, 0.25 Hz, it was observed that lower 

frequency actuation always produces better results as compared to higher 

frequency actuation in terms of displacement and repeatability. Also, for high 

frequency actuation, CuAlNi SMA does not get sufficient time to heat up and 

to reach the complete phase transformation for a particular voltage. Therefore 

an optimum frequency of 0.25 Hz was used for actuation of the composite 

film. The results obtained had more displacement and better repeatability at 

this frequency compared to higher frequencies. 

In figure (16), it is observed from the results that there is very minor actuation 

with 1V and 1.5V. Also for actuation voltages of 2V and 2.5V that there is no 

considerable improvement in the displacement when voltage was increased 

from 2V to 2.5V. For the voltage of 3V, there is rapid actuation compared to 

lesser voltages. It can be observed from the results, for actuation voltages of 

2V, 2.5 V and 3V, the return stroke length is same as that of actuation stroke. 
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The composite film comes back to its initial position by the bias force of pre-

strained polyimide during cooling cycle. It is observed for 3.5V and 4V that, 

composite film does not return back to its initial position on cooling cycles. 

Here, in this case the actuation rate increases with the applied actuation 

voltage which clearly observed from the results. 

 

 

 

 

 

 

 

With increase in voltage from 2.5V to 3V and 3V to 3.5V, there was rapid 

increase in displacement due to instant heating of CuAlNi SMA thin film on 

increasing the voltage which results into faster phase transformation. 

Therefore for the same heating duration, the displacement of composite film 

increases drastically with increase in the actuation voltage above 2.5V. As 

heating rate of CuAlNi SMA increases with applied actuation voltages, its 

cooling rate also increases due to large difference in the temperatures at the 

end of actuation and room temperature. Therefore, the span of displacement of 

composite film during return stroke was also increased with the voltages. For 

higher actuation voltages of 3.5V and 4V, composite film does not return back 

to its initial position during cooling as it requires more time to cover the long 

span which was created during actuation stroke due to heating with high 

voltage which results into rapid phase transformation. However, if more 

cooling time is provided during cooling cycle, the SMA film would come to 

its initial position. 

Results for the voltage of 3.5V and 4V proved to be interesting, as the increase 

in voltage from 3.5V to 4V resulted in no change in the final displacement and 
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it is true for both without load and load of 30 mg at the free end of composite 

film. It is observed from the results of 30 mg load and the actuation voltages 

of 3.5V and 4V that there is rapid actuation for 4V due to rapid phase 

transformation as heating rate is more for the voltage of 4V compare to 3.5V. 

On observing the first heating cycle for 4V, it is seen that after achieving 

certain displacement rapidly by composite film its rate of increase in 

displacement reduced and becomes same as that of the displacement rate of 

3.5V. Results for the voltages of 2V, 2.5V and 3V shows the partial solid state 

phase transformation or an intermediate bi-phase state of CuAlNi SMA thin 

film whereas the results for the voltage of 3.5V, 4V shows the complete solid 

state phase transformation. Result for the voltage of 4V shows the early failure 

of CuAlNi SMA thin film. This early life failure of CuAlNi SMA thin film is 

because of burning due to overheating at higher voltage. 
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Chapter 4 Thermo-mechanical 

behavior of CuAlNi/Polyimide 

SMA bimorph with changed 

composition and effect of Mn 

addition into CuAlNi SMA 
 

4.1 Morphological, Structural and Thermal analysis 

4.1.1 Morphological, compositional analysis 

To study the thermo-mechanical behaviour of CuAlNi thin film, its composition 

was changed. The scanning electron microscopic images for Mn added sample, 

present a smooth and uniform surface without any pores or cracks. The grain size 

was calculated to be less than 150 nm for samples developed without Mn. 

CuAlNi/polyimide samples exhibited distinct grain boundaries with closely 

packed grains. Fig. 17 (a) shows the surface morphology of CuAlNi/ polyimide 

bi-morph and Fig. 17 (b) shows the morphology of Mn added samples. The inset 

in Fig. 17 shows lower magnification image of the samples. It can be observed 

from the images, the grain size of samples developed with Mn was larger with 

approximately 300 nm to 350 nm, as measured using open source Image software. 

The samples with Mn addition displayed clear grain boundaries without any 

CuAlNi (a) (b) CuAlNiMn 

Figure 17 FE-SEM images for both CuAlNi and CuAlNiMn samples 
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porosity or cracks. There were patches of black precipitates which might be Mn 

precipitates present in the grain boundaries, not being absorbed in the alloy 

matrix. 

 

 

 

Element Weight% 

(CuAlNi Sample) 

Weight% 

(CuAlNiMn Sample) 

O K 6.98 9.74 

Al K 14.13 13.02 

Ni K 3.32 2.49 

Cu K 75.57 70.62 

Totals 100.00 100.00 

 

The EDS analysis was performed at five different locations and the composition 

results are summarized in table (2). The composition analysis presented minor 

reduction in copper, nickel as  manganese is added. Further, the adhesion of the 

Figure 18 EDS compositional results for CuAlNi and CuAlNiMn SMA. 

Table 2 Composition of each element in terms of weight. 
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samples was characterized by employing scotch tape tests. Scotch tape of 

particular weight was cut and stuck to the bi-morph without and air gaps. Uniform 

pressure is applied and the sample is left for few minutes. The scotch tape is 

removed gradually and it is weighed again. There was less than 0.2 mg of sample 

adhering to the tape, demonstrating the excellent adhesion. 

4.1.2 Structural analysis 

The XRD diffractogram showed the origin of crystalline β´1 martensite peak 

belonging to monoclinic structure. The sample developed with Mn addition 

showed β´1 (128) peak and the samples developed without Mn addition showed 

β´1(208) peak. Fig. 19 shows the x-ray diffraction results of the bi-morphs. It is 

found that the pattern peaks were shifted towards a higher angle with variation in 

their shape and intensity, which were caused by the Mn addition. 

 

 

 

 

 

 

 

 

 

Similar reports regarding the peak shift has been reported by other reports [50,51]. 

The peaks were curve fitted using Gaussian fit and the FWHM values were 

obtained. The crystallite size calculated using the Scherrer formula was found to 

be 23.5 nm for the samples developed with Mn addition and CuAlNi/polyimide 

samples had crystallite size of 7.76 nm. 

Figure 19  XRD analysis showing the origination of martensite peaks in the bi-morphs. 
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4.1.3 Thermal analysis 

The differential scanning calorimetry analysis displayed the phase transformation 

temperature of the samples. The results show that Mn added samples had a 

reduced transformation temperature as compared to samples developed without 

Mn. The austenite transformation temperature As and Af was found to be As - 220 

°C and Af – 226 °C respectively. As for the samples developed with Mn, As was 

190 °C and Af was 203 °C. There was no evidence of martensite transformation 

during cooling for both the samples. There were other peaks present in the 

samples which might be due to the stresses incurred during the deposition 

process[50,52]. Further these peaks might also be present because of other 

impurities, trapped gases or the glass transition of the polyimide substrate. Figure 

7 shows the results of CuAlNi/polyimide and CuAlNiMn/polyimide samples. The 

TA of samples developed without Mn was 223 °C and for samples developed 

with Mn was 200 °C, as indicated by the green line in Fig. (20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Differential Scanning calorimetry analysis showing the transformation 

temperatures. 
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Thermal images of the bi-morph were recorded using FLIR thermal camera and 

the temperature distribution of the film during actuation is presented in Fig. The 

temperature has been plotted at four different locations in the film. SP1 indicates 

the set point placed near the contacts, SP2 is placed in-between the contacts, SP3 

is placed at the center of the film and SP4 is placed at the edge of the film. The 

temperature profile shows the SP2 temperatures is higher than the rest. SP1 

temperature readings are slightly lower than SP2. SP3, and SP4 displayed less 

than 20 degrees difference from room temperature. Further the SP2 temperature 

profile of samples developed with Mn was lower than samples developed without 

Mn. Similar trend was observed with in the case of set point 1 with Mn added 

samples. The samples emissivity plays a vital role in  indicating the temperature. 

The emissivity values were changes from 0.1 to 0.9 and the temperature values 

are recorded. 

CuAlNi/Polyimide 
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Figure 21 Thermal imaging of CuAlNi/Polyimide and CuAlNiMn/Polyimide 

bimorphs and its result. 
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Thermo-gravimetric results shows the rapid decomposition of CuAlNi/PI bimorph 

even at low temperature and it is even more as compare to bare polyimide. 

Whereas Mn added SMA shows great thermo-stability even at high temperatures. 

There is no loss in weight of bimorph on addition of Mn. It starts decomposing 

only after 500
0
C and that too is because of melting of polyimide.   

4.2 Tensile test 
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Figure 22 Thermogravimetric analysis for bare polyimide, CuAlNi/PI and 

CuAlNiMn/PI bimrphs. 

0 10 20 30 40 50 60

0

20

40

60

80

100

120

140

160

S
tr

e
s

s
 (

M
P

a
)

Strain (%)

 Polyimide

 CuAlNi/PI

 CuAlNiMn/PI

Figure 23 Comparison between stress-strain curve of polyimide and SMA 

bimorphs 
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4.2.1 Comparison between Bimorphs and bare polyimide tensile test results: 

Tensile test conducted on samples of size 50mm ×5mm and results are shown in 

the figure. From results it is confirmed that tensile strength of bimorphs has been 

increased compare to bare polyimide as SMA strength is added to it. Tensile 

strengths of polyimide, CuAlNi/PI and CuAlNiMn/PI are found to be 135.2 MPa, 

137.72 MPa and 141.52 MPa respectively. But elongation to failure of bimorphs 

has been decreased because bimorph is under high tensile load at a particular 

elongation compare to bare polyimide because of added strength of SMA over it. 

Therefore, as soon as SMA over polyimide stops resisting the tensile load due to 

its complete breakage at a certain point and at this point high tensile stress due to 

combine effect of polyimide and SMA is greater than the tensile strength of 

polyimide which suddenly causes the failure before elongation limit of polyimide. 

4.2.2 Comparison between CuAlNi/PI and CuAlNiMn/PI bimorphs tensile test 

results: 

 

 

 

 

 

 

It is observed that tensile strength as well as elongation to failure of 

CuAlNiMn/PI bimorph is increased compare to CuAlNi/PI bimorph. Tensile 

strength and elongation to failure of Mn added sample increased by 3.8 MPa and 

2.6 mm respectively. But if observed the graph closely upto strain value of 1.4%, 

It can be easily seen that upto 0.4% strain CuAlNi/PI sample shows greater 

strength than Mn added sample but at a strain of 0.4% it starts to reduce and 

finally after 0.6% it shows lesser strength than Mn added sample. This behavior 

shows the brittle nature of CuAlNi film as brittle materials show very high yield 
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Figure 24 Closer view of stress-strain curve upto early 1.4% strain 
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strength but fails suddenly without much elongation. This shows that CuAlNi film 

does not resist the tensile load for longer elongation of bimorph and eventually 

stops resisting the tensile load earlier than Mn added film which leads to early 

failure of CuAlNi/PI bimorph at less tensile stress with less elongation to failure 

compare to Mn added sample. 

From tensile test results, it is observed that for the loads lesser than 1N, load 

bearing capacity of Mn added sample is very less compare to CuAlNi sample. 

This is may be the reason for more percentages reduction in displacement with 

increase in the loads and not lifting the higher loads on actuation for Mn added 

samples compare to CuAlNi samples.  

 4.3 Thermomechanical Analysis 

The thermomechanical behavior of the developed bi-morphs was tested at 

different voltages such as1 V, 1.5 V and 2 V and at varying frequencies of 0.5 Hz, 

0.33 Hz and 0.25 Hz for each loading conditions and the resulting graphs are 

plotted below. 

4.3.1 Load 30 mg 

Figure 9(maximum displacement of 2.5 mm, 3.2 mm and 3.5 mm was observed 

from samples developed without Mn for three different frequencies. Whereas, 

CuAlNiMn samples showed 6.1 mm, 5.7 mm and 6.05mm was observed at 

frequencies of 0.5 Hz, 0.33 Hz and 0.25 Hz. Both the bi-morphs displayed steady 

actuation behavior at 0.25 Hz and 0.33 Hz and there was no deviation in 

displacement.  With 1.5 V and 2 V at 0.5 Hz a), 9(c), and 9(e) shows the results 

obtained with CuAlNi/Polyimide bi-morphs and figure 9(b), 9(d), and 9(f) 

displays the results with CuAlNiMn/polyimide bi-morphs, under varying voltages 

and frequency for 20 seconds at 30 mg load. It is evident from the results that 

CuAlNiMn/Polyimide bi-morph has higher displacement than samples developed 

without Mn. At 2 V and 0.25 Hz as shown in figure 9(e) and 
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9(f), the displacement of Mn added samples were approximately 3.7 mm for one 

cycle, whereas samples developed without Mn exhibited maximum of 2.07 mm 

displacement. The displacement of both the samples reduced as the frequency was 

increased. On first heating cycle with 1 V and 0.5 Hz, both the bi-morphs 

displayed similar displacement readings however the displacement varied on 

subsequent cycles, as the film would have been at higher temperature than room 

temperature due to slow cooling through air convection. After few cycles, the 

displacement of the samples was consistent and a CuAlNi/Polyimide bi-morphs 

displayed minor fluctuation which was not observed with Mn added samples. 
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Figure 25 Electrical actuation results with 30 mg  load at different voltages of 1 V, 

1.5 V and 2 V (a) CuAlNi/Polyimide at 0.5 Hz (b) CuAlNiMn/polyimide at 0.5 Hz 

(c) CuAlNi/Polyimide at 0.33 Hz (d) CuAlNiMn/polyimide at 0.33 Hz (e) 

CuAlNi/Polyimide at 0.25 Hz 
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However, the fluctuations were not distinct in large no of cycles. Mn added 

samples exhibited higher displacement and steady actuation behavior with 30 mg 

load. 

4.3.2 Load 45 mg 

As the load was increased to 45 mg, CuAlNi/Polyimide samples displayed a 

steady actuation behavior without any fluctuations. At voltages of 2 V the 

recorded displacement values for one cycle was 0.67 mm, 1.22 mm and 1.44 mm 

at varying frequency. There was no drastic variation with change in frequency as 

observed from figure 10(a), 10(c) and 10(e). The samples developed with Mn 

addition displayed improved displacement as compared to samples developed 

without Mn and displacement of 1 mm, 2.17 mm and 2.82 mm was observed at 2 

V and three frequencies for one cycle as shown in figure 9(b), 9(d) and 

9(f).However with higher frequency of 0.5 Hz the bi-morphs developed with Mn 

addition had difficulty in lifting the load and the on/off control was not sufficient 

to have precise control. For one cycle at 1 V and 0.5 Hz the displacement was 0. 

58 mm for samples with Mn and 0.32 mm for samples without Mn addition. The 

displacement was fluctuating; nevertheless there was no evidence of failure. Even 

though the ability to lift weights of 45 mg was not significant as compared to 

samples developed with Mn addition, Cu-Al-Ni/Polyimide samples exhibited 

steady and stable behavior. 
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Figure 26 Electrical actuation results with 30 mg  load at different voltages of 1 V, 

1.5 V and 2 V (a) CuAlNi/Polyimide at 0.5 Hz (b) CuAlNiMn/polyimide at 0.5 Hz 

(c) CuAlNi/Polyimide at 0.33 Hz (d) CuAlNiMn/polyimide at 0.33 Hz (e) 

CuAlNi/Polyimide 
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Figure 27 Electrical actuation results with 60 mg  load at different voltages of 1 V, 

1.5 V and 2 V (a) CuAlNi/Polyimide at 0.5 Hz (b) CuAlNiMn/polyimide at 0.5 Hz 

(c) CuAlNi/Polyimide at 0.33 Hz (d) CuAlNiMn/polyimide at 0.33 Hz (e) 

CuAlNi/Polyimide at 0.25 Hz 
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4.3.3 Load 60 mg 

The samples developed with Mn addition displayed a major difficulty in actuating 

under 60 mg loads. Figure 11(b), 11(d) and 11(f) shows the results of CuAlNiMn/ 

Polyimide bi-morph at varying actuation conditions. This behavior was evident at 

all the three frequencies with 1 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   



38 
 

As the voltage was increased to 2 V, there was sufficient shape memory effect to 

lift the load and further the results displayed steady actuation behavior. The 

displacement under 60 mg loads was found to be approximately 0.08 mm, 0.28 

mm and 0.35 mm at 2 V for one cycle. The effect of frequency on the samples 

was major, as all the samples exhibited increased displacement under varying 

actuation voltages. The samples developed without Mn addition, exhibited steady 

actuation properties at all conditions. Even at lower voltages of 1 V the 

thermomechanical behavior was definite with well-defined heating and cooling 

cycles. The average displacement at three different frequencies with 2 V was 

noticed to be 0.4 mm, 0.45 mm, and 0.52 mm for samples developed without Mn. 

The effect of frequency was minor at loads of 30 mg and 45 mg as observed from 

the thermomechanical analysis. Further from the analysis, the improvement of 

actuation was evident. However, the ability to actuate under higher loads was 

poor for samples developed with Mn. The primary reason might be the loss in 

toughness as the ductility increases. 

4.3.4 Maximum Displacement 

Further to the actuation studies at different frequencies, the bi-morphs was tested 

with large heating and cooling cycle of 16 seconds, to find the maximum 

displacement under different loading conditions. Figures 12(a) to 12(i) shows the 

maximum displacements comparison plots under different actuation conditions. 

The plots reveal the enhanced displacement exhibited by Mn added samples. 

Further, it can be clearly seen that CuAlNiMn film takes more than 0.5 seconds to 

actuate, indicating the time required to reach austenite phase. Whereas, CuAlNi 

film actuates immediately, exhibiting better sensitivity to transform faster with 

Joule heating. Figures 12(a) and 12(d) are some of the plots displaying the better 

sensitivity behavior of CuAlNi/Polyimide bi-morphs. Even though CuAlNi has 

better sensitivity, the response time of Mn added samples were significantly better 

than samples developed without Mn addition. 

It is seen that CuAlNi film does not exhibit considerable displacement after 5 

second of heating and a flat curve on time vs displacement graph is observed. 
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Whereas, CuAlNiMn film shows rapid displacement till 5 seconds and as the rate 

of displacement slightly decreases the curve tends to be flat after 7.5 seconds of 

heating. Mn added samples exhibited faster heating and cooling rate as compared 

to samples developed without Mn and thereby actuating for extended periods. The 

cooling curve showed the bi-morphs returned to its original position in most of 

the actuation conditions with a very minor loss in displacement. It can be 

observed from the graphs that load carrying capacity of CuAlNiMn film is less as 

load increases to 60 mg. The maximum displacement graphs with loads of 30 and 

45 mg, CuAlNiMn film shows displacement which is almost twice the 

displacement of CuAlNi film for all the three voltages. 

However, as load increases to 60 mg, the difference between displacement of 

CuAlNiMn and CuAlNi films reduces considerably as compared to 30 mg and 45 

mg loads for all the three voltages. At 1 V and 60 mg load at the free end of bi-

morph, CuAlNiMn film shows very less displacement than CuAlNi film. Thus at 

lower voltages force generated by CuAlNiMn film on phase transformation is not 

sufficient to carry higher loads. This can be seen from the maximum displacement 

graphs at a particular voltage of 1 V for actuation. On the other hand CuAlNi 

produces sufficient force to move the 60 mg load even at low voltage of 1V. It is 

observed that there is no considerable change in the maximum displacement of 

CuAlNi film with three different loads and at a particular voltage value.  

Maximum displacement of 5.7 mm was observed with Mn added samples and 2.8 

mm was observed with samples developed without Mn at 2 V and 30 mg load. 
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4.3.5 Discussion 

Grain boundary strengthening is one of the primary mechanics to increase the 

strength of the material in poly crystalline material. Decreasing or increasing the 

grain size is effective only to certain extent. The relation between the grain size 

and the strength of the material is given by Hall-Petch equation and it states the 

maximum attainable yield strength is experimentally found to be with grains of 10 
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Figure 28 Electrical actuation results comparing the maximum displacement of 

CuAlNi/polyimide and CuAlNiMn/polyimide samples at varying load and varying 

voltages. (a) 1 V, 30 mg (b) 1 V, 45 mg (c) 1 V, 60 (d) 1.5 V , 30 mg (e) 1.5 V, 45 mg 

(f) 1.5 V, 60 mg 
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nm. Grains can be assumed to be arrangement of perfectly aligned atoms, 

according to the crystal structure of the material. Boundaries which separate the 

different orientations of the atoms are as grain boundaries. The movement of 

linear defects or dislocations in a crystal lattice. Deformation in any material can 

be visualized as movement of linear defects known as dislocations in an crystal 

lattice. For a particular crystal structure, dislocations move in an preferred 

direction in an preferred plane (generally the direction of highest atomic density 

in the plane of highest atomic density). This movement will be impeded by the 

change in orientation of crystals. With higher stress, the dislocation pile up begins 

to grow as more and more dislocations get stuck at the same grain boundary. Also 

as stress begins to increase, larger amount of dislocation are generated within the 

material. When  applied stress exceeds  critical breaking stress of grain boundary, 

the dislocations begin to flow through grain boundaries. 

Now, smaller the grain size, higher is the grain boundary area per unit volume. So 

there is a higher probability of an dislocation getting stuck at a grain boundaries. 

Consequently, a higher concentration on dislocations can be accommodated in a 

unit volume of material with lower grain size without allowing material to flow. 

This leads to requirement of higher number of dislocations to begin flow of the 

material, termed as "yielding" of material commonly. In this manner, smaller 

grains lead to higher strength. 

The shape memory effect in CuAlNi is exhibited at specific composition of 11-14 

wt.% for aluminum and 3-5 wt.% for nickel. Additionally, to control/ slow down 

the diffusivity of Cu and Al, nickel was added. CuAlNi shape memory alloys are 

susceptible to intergranular fracture and thereby leading to fracture within stress 

level of 300 Mpa. It also affects the mechanical properties of the film. Mn 

addition increase the ductility by 

The microscopic images reveal the increase in grain size distinctly on the addition 

of Mn. Further the grain boundaries are more compared to the samples developed 

without Mn, which in turn affects the electrical conductivity of the film. This 

might be one of the reasons for the improved displacement as observed with Mn 



42 
 

added samples. Large grain have less boundaries and their electrical and 

mechanical properties such and resistance and toughness decreases. Further to 

support this, the XRD peaks also displayed a larger crystallite size as compared to 

samples developed without Mn addition. The diffractogram also revealed the 

crystalline monoclinic peak without any α or γ phases. This shows the ability of 

the Mn added samples to have better cyclic repeatability. The composition 

analysis exhibited an increase in Al content which might be due to the diffusion of 

Mn in the alloy as witnessed from the SEM analysis. The load bearing capacity of 

Mn added samples was affected due to the increase in grain size as observed from 

the results obtained with 60 mg loads. As the grain size increases the ductility 

improves and the toughness of the samples decreases. This was distinct with the 

experiments to find the maximum displacement. Mn added samples failed to bear 

higher loads and their actuation was not significant as compare to 

CuAlNi/polyimide samples. This was further evident from the tensile test results, 

which displayed lower yield strength for samples developed with Mn. This shows 

the ductile nature of CuAlNiMn SMA as it requires less force for elongation 

compare to the force required for elongation of CuAlNi SMA with the same 

amount. The thermal analysis exposed a lower transformation temperature which 

may possible be the reason for their superior rate of actuation during heating and 

cooling cycles. The thermal analysis showed a difference of 20 °C between the 

two samples which might affect the sensitivity of samples, as witnessed from the 

frequency actuation. The bare polyimides thermal history will also affect the 

sensitivity drastically[53]. The large duration of actuation for CuAlNiMn film is 

predominantly due to their wide range of austenite transformation temperature 

and high conductivity. The conductivity of the film plays a vital role during 

electrical heating as there is more flow of current at higher voltages. When the 

voltage is less, flow of current in the film is minimum and therefore slower 

response[54]. Heat generated in the film is proportional to the square of current, 

hence small increase in current drastically increases the temperature of the film 

and we achieve more shape recovery at high temperature. The frequency actuation 

results displayed the behavior of CuAlNi/polyimide and CuAlNiMn/polyimide bi-
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morphs thermomechanical behavior at various actuation conditions. From the 

results the effect of Mn addition has enhanced the thermomechanical response of 

copper based shape memory alloys. This shows that there is improvement in the 

ductility but reduction in the toughness of CuAlNi SMA on addition of Mn. The 

displacement of the samples at 1.5 V and 2 V particularly exhibited increased 

displacement with two orders higher than samples developed without Mn. 
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Chapter 5 Life cycle behavior of 

CuAlNi/PI and CuAlNiMn/PI 

bimorph 
 

5.1 Life cycle of CuAlNi/PI bimorph 

Life cycle behavior of CuAlNi/PI  bimorph was studied by  performing actuation 

experiments with eight different samples of same size and shape as is used in the 

study of thermomechanical behaviour of CuAlNi/PI bimorph. Figure(30) shows 

the results for life cycle behaviour of CuAlNi/PI and bimorph. Actuation 

experiment was performed at  actuation voltage of 2V to avoid overheating and to 

avoid early failure of CuAlNi SMA thin film due to burning and also is to avoid 

multiple failure mode of bimorph. Out of three frequencies which were used for 

thermomechanical behavior, higher frequency actuation was preferred for the 

experiments.  Load of 45 mg was chosen for life cycle experiment as it is lifted by 

both the bimorphs easily. Plan was to go for maximum load i.e. 60 mg but as Mn 

added samples are having difficulty in carrying 60 mg load which harms the 

cyclic repeatability of Mn added bimorph, load of 45 mg was chosen for the 

experiments. Failure was defined to be 50% loss in actuation and each sample was 

allowed to actuate upto 15000 cycles as first few failures occurred under it, so 

number of cycles were also fixed. 

Out of eight samples, two samples could run beyond 15000 cycles and experiment 

for that particular sample was stopped after it. One sample showed early life 

failure and could run only for 5452 cycles. This is the earliest failure among all 

the samples. In general, the loss of actuation property starts gradually over the no. 

of cycles. But with CuAlNi thin film, in addition to that one more failure mode 

was observed and i.e. breakage of SMA thin film due fatigue. This is because of 

brittle nature of CuAlNi film which is very susceptible intergranular cracking in 

cyclic loading Table (3) shows all the failure  related fata. 

 



45 
 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Code 

State Cycles to failure 

1   F 13534 

2 F 13283 

3 F 11657 

4 F 13967 

5 S 15000 

6 F 10768 

7 S 15000 

8 F 5862 

 

It was observed from the results that there are sudden failure in most of the 

samples. These are due to the brittle nature of the CuAlNi SMA film. Number of 

micro cracks propagate and accumulates at a certain point near the fixed end of 

actuator which is responsible for fracture failure  because maximum stresses 
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Figure 29 Life cycle behavior of CuAlNi/PI bimorph 

Table 3 Life cycle data for CuAlNi/PI bimorph 
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generates at fixed point of cantilever  due to deflection. Fig (31) shows the digital 

microscopic images of a CuAlNi/PI sample before and after failure. 

 

 

 

5.2 Life cycle of CuAlNiMn/PI bimorph 

Life cycle experiments were also performed for CuAlNiMn/PI bimorph with the 

same parameters such as voltage, frequency of actuation and load, defined failure 

which were used for CuAlNi/PI bimorph. Here in case of CuAlNiMn/PI bimorph 

very first sample out of eight tested samples was survived for more than 25000 

cycles. After that, four samples were failed in the range of 14000 to 19000. 

Therefore maximum no. of cycles which were to be performed on the samples 

were fixed to 25000 cycles. Three samples out of eight tested samples were 

survived for 25000 cycles. Figure(32) shows the life cycle behavior of eight Mn 

added samples. Further digital microscopic images were taken for failed samples 

Figure() a & b and it was found from the images that there is a sign of CuAlNiMn 

thin film peel off near fixed end of cantilever for the sample which could run for 

25000 cycles and complete peel off at fixed end for the sample which got failed 

Figure 30 Digital microscopic image of deposited sample before actuation,  Digital microscopic 

image of failed component after actuation. 

 



47 
 

under 25000 cycles. CuAlNiMn/PI bimorph got better actuation as well as longer 

life compare to CuAlNi/PI bimorph. 

 

 

 

 

Table 4  Life cycle data for CuAlNi/PI bimorph 

Sample Code State Cycles to failure 

1 S 25000 

2 F 18678 

3 F 17892 

4 F 15675 

5 F 13597 

6 S 25000 

7 F 21263 

8 S 25000 

 

Figure 31 Life cycle of CuAlNiMn bimorph 
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Figure 32 Digital microscopic image of deposited sample before actuation,  Digital microscopic image 

of failed component after actuation. 

Here, in case of CuAlNiMn/Polyimide, there is no abrupt failure of film but it 

gradually loss its actuation which was not the case with CuAlNi/Polyimide 

bimorph. 

 

 

 

 

 

 

 

 

 

 

Figure(34) shows the smaller part of about 100 cycles from the  life cycle 

behavior results which shows preciseness in position of both Mn added and 
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Figure 33 Repeatability in Life cycle behaviour experimental result 
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without Mn added bimorph samples. Excellent repeatability of cyclic behaviour 

has been achieved with both the bimorphs. 

5.3 Reliability results: 

            

Figure 34 Reliability vs Time relationship for CuAlNiMn/PI bimorph 

Reliability vs Time relationship was found from Reliasoft software using 

Weibull++ tool. Life data for CuAlNiMn/PI bimorph has got three parameter 

Weibull distribution as a best distribution for it. Third parameter is γ which is 

called as location parameter which tells that upto that time, there will not be any 

failure. 

Reliability function for 3P Weibull distribution is given as, 

                                                           
  

   

 
  

          

                                   β= 1.56, η= 13539.62, γ= 10773.65 

Similarly, for the life data of CuAlNi/PI bimorph two parameter Weibull 

distribution was found to be the best. Reliability function for two parameter 

Weibull distribution is given as, 

      
  

 
 
  
  

                                                β= 4.47, η= 14068.68 
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Figure 35 Reliability vs Time relationship for CuAlNi/PI bimorph 

          

It is observed from the plots that reliability of CuAlNiMn/PI bimorph has been 

improved drastically than CuAlNi/PI bimorph. 
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Chapter 6 Conclusion and future 

scope 
Conclusion 

The thermomechanical behavior of CuAlNiMn/polyimide bi-morphs has been 

investigated in detail under varying actuation conditions. It can be concluded that 

Mn addition definitely improves the thermomechanical response of the shape 

memory alloy. The addition of Mn to CuAlNi shape memory alloy improves its 

electrical conductivity and increases its ductility. However it fails to actuate under 

higher loads. The results can be summarized as 

 Mn added samples displayed higher displacement and higher rate of 

heating due to their improved grain size. 

  The sensitivity was better for samples developed without Mn, as actuation 

was significant under higher loads. 

 Load bearing capacity of Mn added samples is reduced due to lower yield 

strength. 

Future Scope 

      Both the developed bi-morphs exhibited a steady and stable actuation behavior 

without any failure. The detailed analysis could be utilized as platform to develop 

microactuators for different applications. Maximum displacement of 5.75 mm 

could be achieved by the addition of Mn to CuAlNi shape memory alloy at 2 V 

and 30 mg load. The frequency actuation and load bearing capacity analysis can 

be used as a parameter set to develop microflapper, microgrippers and 

microcantilevers. Further studies on the mechanical properties will lead to 

development of highly efficient actuators. 

To broaden the applications of shape memory alloys the developed bi-morphs can 

be used as a microflapper in aerial robots, where the bi-morphs can be utilized as 

wings. The bi-morphs have been tested with high frequency of 20 Hz at 
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Figure 36 Proposed design of the aerial robot with SMA bi-
morph 

CuAlNiMn/Polyimide bi-morph 

Contact from DC source 

laboratory level. As the load bearing capacity of the bi-morphs has been testes. 

Improvements on design can be made to expand the shape memory properties. 

Further uses on utilizing the bi-morph in temperature sensing[55] and ballistic 

applications can be probed as these alloys have excellent actuation and damping 

properties. 
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