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A B S T R A C T   

The strange Photo induced micro actuation (PIMA) properties associated with Cu doped Co-Ni-Al Ferromagnetic 
Shape Memory Alloys (FSMA) has showed enhancement of mechanical properties in our early studies. This 
enhancement and optimized PIMA properties have opened a scope of various laser-controlled real engineering 
applications. In this study, we have explored the microstructural scaling and determined the evolved force due to 
the laser action in optimized Cu doped Co-Ni-Al alloy system with a detailed insight. This unique PIMA property 
is rare in literature and actual reason are still not explored. EBSD, TEM, AFM/MFM based techniques were 
further adopted to understand the role of microstructure in more detail. The evolved magnetic domain patterns 
for actuating and non-actuating alloys have been analyzed in details. Atomic Force Microscopy was adopted to 
estimate the constitutive mechanical properties of the thin alloy samples by mechanical spectrometry. This 
estimation was directly used to predict a general trend in force distribution pattern of the Cu-Co-Ni-Al alloys 
strips through FEM analysis. The crux of FEM based model and its simulated results can be applied for real time 
PIMA oriented engineering application and device manufacturing. The detail microstructural exploration and its 
effect in the PIMA response along with generalized deflection-force model have been presented in the current 
study.   

1. Introduction 

The demand of remotely controlled smart actuator materials is 
increasing day by day for various strategic engineering applications 
[1–7]. Optically controlled smart actuators in bulk scale system are rare 
in commercial platform as well as in literature. Ferromagnetic Shape 
Memory Alloys (FSMAs) nowadays are being applied for customized 
actuation-based applications [8–10]. FSMAs can be treated as a sub 
group material belongs to the broader class of well-known system called 
Shape Memory Alloys (SMAs) [11–14]. Shape memory alloys showed its 
important role in the engineering application for its exotic microstruc
tural features. They show temperature driven reversible 

Austenite–Martensite (A-M) transformations which capable them to 
memorize their pre-deformation shape. Along with this memory prop
erty, some group of SMAs also demonstrates super elastic effect via 
stress-induced reversible thermoelastic martensite transformation. This 
special property has tremendous role in modern days structural and bio 
engineering application [15,16]. FSMAs demonstrates exotic and 
lucrative properties for smart based actuator design. In addition to that, 
FSMAs also has the capacity to response towards the magnetic coupling 
to the lattice strain, giving rise to shape changes along with the A-M 
transformations [17]. These materials have a robust and repeatable 
response to external stimuli like temperature and force like shear. These 
properties embedded with quick response against temperature, shear 
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Table 1 
Overall measured alloy composition (atom%) of selected melt spun alloys determined by large scan TEM-EDS analysis. Alloys were prepared in room temperature by 
vacuum melt spinning technique without any post heat treatment process.  

Elements Co-34 at%-Ni-35 at%-Al-31 
at% 
Alloy 1 (Base Alloy) 

Co-32 at%-Cu-2 at%-Ni-35 at%-Al-31 
at% 
Alloy 2 (Used in this study) 

Co-24 at%-Cu-10 at%-Ni-35 at%-Al-31 
at% 
Alloy 3 

Co-34 at%- at%-Ni-35 at%-Al-21 at%-Cu- 
10 at% 
Alloy 4 (Used in this study) 

Co 34.1 ± 0.1  31.3 ± 0.4  23.4 ± 0.4  34.2 ± 0.1 
Ni 35.3 ± 0.4  34.3 ± 0.5  36.2 ± 0.5  35.3 ± 0.3 
Al 30.6 ± 0.3  32.6 ± 0.7  31.0 ± 0.3  20.2 ± 0.3 
Cu —  1.8 ± 0.2  9.4 ± 0.5  10.3 ± 0.4  

Fig. 1. (a) Schematic representation of the optical experiment adopted in the current studies. (b) Real time experimental deflection snap shot of the Alloy 2 sample 
during laser imposition of varied wavelength24. 
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force and applied magnetic field have made them suitable candidate for 
successfully use as sensors and actuators [18–20]. 

Apart from mechanical and magnetic response, some class of Co-Ni- 
Al based FSMA system also displays a very strange response against 
visible light spectrum [21–26]. This property can be termed as Photo 
Induced Micro Actuation (PIMA) effect [21]. These FSMAs strips 
showcase deflections when they are stimulated by a focused laser beam. 
This unexpected and strange property is still not explored in literature 
and absent in any other materials system till date. This actuation or 
deflection is also very sensitive function of colour of the light as well as 
the power of the deployed laser beam. This property was first observed 
by the P. K. Mukhopadhyay et al. [21]. This optically induced exotic 
actuation property made this class of alloy potential candidate for 
remotely controlled device application in various field like medical, 
electronics and strategic sector [21–26]. 

Successive works were also carried out towards this direction in the 
Co-Ni-Al system to probe the real cause of this PIMA effect in connection 
with the evolved microstructure. The role of other important inherent as 
well as environment parameter like microstructure, oxidation, temper
ature etc on this actuation was also studied to make this system engi
neering suitable [25]. There exists a common trade-off between the 
mechanical strength and PIMA properties for this system. To make this 
system viable in real engineering application a detailed work on alloying 
of copper in the Co-Ni-Al system and simultaneous enhancement of 
mechanical and optimized PIMA properties have been studied recently 
[22]. Our subsequent investigation revealed that substitution of cobalt 
with copper can lead to the enhancement of mechanical strength with 
some loss of PIMA properties [22]. We have also noted that replacement 
of aluminium instead of cobalt by copper would cease the PIMA prop
erty completely [22]. This was an interesting observation. Finally, the 
optimized copper addition in order to offer balanced properties and the 
stability of the microstructure was a concern. Besides this, the optimized 
alloy also demands a proper analysis of force-deflection response 
behaviour during engineering application. The present paper reports 
this effort to address these issues comprehensively. 

In this present study, we have taken two directions regarding the Cu- 
doped Co-Ni-Al system. One is of course to explore the microstructural 
variants and their role on PIMA properties in order to understand the 
generalized view of physical cause. The generalized microstructural 
views can always lead us to harness more similar kind of system with a 
better and enhanced PIMA properties. 

The successful Cu-doped Co-Ni-Al alloy in terms of PIMA and me
chanical properties were Alloy 2 and Alloy 3 as explored in the previous 
study [22]. In our earlier study, an extreme end with 10 atoms% Cu 
doped Alloy 3’s microstructure was analysed where considerable 
amount of loss in PIMA was observed. In this study, the stability and 
scaling nature of evolved microstructure of the optimized alloy (Alloy 2) 
was explored. The composition of all these alloys named as Alloy 1 (the 
base alloy), Alloy 2 (presently studied alloy), Alloy 3 and Alloy 4 are 
tabulated in Table 1. 

The second approach has been concentrated towards the design of a 
real actuator assembly capable of showing the PIMA properties. In that 
quest, we have adopted the Finite Element Model (FEM) based design 
scheme to understand the estimation of force inserted by laser light on 
the Cu-Co-Ni-Al FSMA strips. We have tried to simulate the force- 
deflection pattern of the alloy system from experimental deflection 
data [22]. This understanding will give an insight to design a real time 
engineering device capable of showing remotely controlled actuation. In 
this way, we have tried to address both microstructural role on PIMA 
properties and validate the experimental data with the adopted simu
lation in order to make a photo sensitive actuator device. 

Electron Back Scatter Diffraction (EBSD), Transmission Electron 
Microscopy (TEM), Atomic Force Microscopy (AFM) and Magnetic Force 
Microscopy (MFM) based techniques were further adopted to under
stand the role of microstructure in more detail. Atomic Force Microscopy 
was adopted to estimate the constitutive mechanical properties of the 
thin alloy samples by mechanical spectrometry. This estimation was 
directly used to predict a general trend in force-deflection behavior of 
the Cu-Co-Ni-Al alloys strips. The crux of FEM based model and its 
simulated results can be applied for real time PIMA oriented engineering 
application. The detail microstructural exploration and its effect in the 
PIMA response along with generalized deflection force model have been 
presented in the current study. A microstructural comparison between 
three studied alloys (un-doped Alloy 1, Alloy 2, Alloy 3 and Alloy 4) 
were also included for continuation and completeness. 

In a summary note, the present study has been focused towards the 
exploration of generic nature of the microstructure responsible for this 
actuation. We have generalized the length scale stability, repeatability, 
required for the microstructural design in the present study. In this 
study, we have also looked at whether the surface plasmonic effect is 
really a necessary vector for actuation through STEM-EELS technique. 
The present study has looked at the role of magnetic domain of the photo 
active phases. The substitution or doping effect for property optimiza
tion are also established in this present study. We have concentrated our 
efforts towards the determination of the numerical values of invisible 
force during laser action. This set of force data can be utilized for real 
time sensor application. This study will also offer the force-deflection 
pattern identification in other electromagnetic domain-based actua
tion (like infra-red based actuation). This force-deflection distribution 
pattern can be evaluated from the FEM simulation results by extending 
its model parameter. All the information, holistically explored in the 
current study are now generalized in nature and can be amalgamated 
during photo-sensitive based product design. 

2. Experimental details 

Alloy samples were synthesized by melting the 99.99% pure con
stituent elements under argon environment using an arc melting unit. 
These alloy ingots were then subsequently melt-spun in a high vacuum 
rotating melt spinning unit with wheel speed of 600 rpm to produce the 
ribbons strips. Copper has replaced the Co and Al with three varying 
compositions in the base alloy and the detailed nominal and measured 
compositions along with the nomenclature scheme for current study are 
shown in Table 1. All the alloys were prepared in room temperature by 
vacuum melt spinning technique without any post heat treatment 
process. 

Alloy 1 (Table 1) is the base alloy without any alloying whereas, 

Table 2 
Experimental value of deflection of the free end of the Alloy 2 strip due to the 
imposition of Laser Beam of various wattages and colors22.  

Laser Power 
(mW) 

Displacement 
(mm) 
(Red – 655 nm) 

Displacement 
(mm) 
(Green – 532 nm) 

Displacement 
(mm) 
(Blue – 450 nm) 

0 0 0 0 
5 0.06 0.068 0.078 
10 0.124 0.14 0.16 
15 0.19 0.216 0.234 
20 0.256 0.292 0.326 
25 0.322 0.368 0.408 
30 0.382 0.446 0.492 
35 0.448 0.524 0.57 
40 0.514 0.6 0.646 
45 0.58 0.678 0.732 
50 0.646 0.754 0.824 
55 0.706 0.83 0.912 
60 0.768 0.906 0.988 
65 0.832 0.978 1.066 
70 0.894 1.038 1.138 
75 0.958 1.102 1.21 
80 1.02 1.174 1.292 
85 1.086 1.24 1.374 
90 1.144 1.314 1.456 
95 1.206 1.388 1.534  
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Fig. 2. (a) and (b) A corresponding IPF and Phase Colour Map for Alloy 2. (c) and (d) A corresponding IPF and Phase Colour Map for Alloy 4. (e) Comparative XRD 
plot between Alloy 2 and Alloy 422,25. 
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Alloy 2 (Table 1) (Co is replaced by Cu-2 at%) is the optimized and 
presently studied alloy. The limiting copper doped Alloy 3 (Table 1) (Co 
is replaced by Cu-10 at%) was studied earlier with details and results 
extracted from the study, lead us to design Alloy 2 as a real engineering 
actuator for optimized PIMA and mechanical properties. Alloy 4 
(Table 1) (Al is replaced by Cu-10 at%) does not showcase any actuation 
and studied thoroughly as for comparison from the evolved micro
structural viewpoints. 

The detailed structural and chemical analysis of the melt spun alloy 
samples was carried out in the JEOL make JEM-ARM200F model 
transmission electron microscope (TEM), by using the scanning TEM 
High-angle Annular Dark-Field (STEM-HAADF) imaging and spectrum- 
image elemental-mapping technique involving the Energy Dispersive 
X-ray Spectrometer (EDS). Attached Electron Energy Loss Spectroscopy 
(EELS) spectrometer with the TEM was used for collecting the energy 
loss related information arising from the inelastic type of scattering of 
electron with the sample. The TEM specimens were prepared by ion 
milling the samples using argon ion beam inside a Gatan precision ion 
polishing system (PIPS) operating at an accelerating voltage of 5 kV and 
4◦ incidence angles on both sides of the melt-spun foils to reach the 
desired specimen thickness. The overall composition analysis and EBSD 
(Electron Backscatter Diffraction) study was performed in a JEOL make 
FE-SEM (Field Emission-Scanning Electron Microscope) (JSM 7900 F 
model). The EBSD technique collects locally acquired Kikuchi patterns 
in order to retrieve the crystalline phase information of the pattern- 
forming sample volume [33]. It displays the changes of a property 
with changing crystal orientation. The inverse pole figure (IPF) colour 

code scheme is efficient analytical technique to detect phase orientation 
information. A systematic IPF colour maps with detection of probable 
phases was collected from the crystallographic data base associated with 
the SEM instrument software. 

The Mechanical spectrometry and surface topography of the thin 
alloy strip were carried out in an AFM instrument (Veeco having model 
no. di INNOVA). The AFM was employed to study the mechanical 
properties of the samples [27–30]. The Silicon Nitride probe was used to 
carry out the contact mode point spectroscopy studies of the samples. 
The cantilever spring constant (k) of the used probe was 0.58 N/m. The 
shape of the tip of the probe was Square Pyramidal having a tip half 
angle (α) of 35◦. The MFM was carried out in an OXFORD make in
strument (Cypher Universal Enclosure). The tip used in this study is 
made of silicon with a CoCr alloy coated feature. The tip was magnetized 
with a hard magnet in the perpendicular direction of the prob tip surface 
and tapping mode was used during scanning of sample surface. The lift 
height of the tip was 50 nm. The cantilever resonance frequency was 
preset at 75 kHz with a spring constant of 2.8 k(N/m). A 2-dimensional 
ferromagnetic domain maps were generated from localized interaction 
of stray magnetic field of sample and the MFM probe tip [58–60]. The 
phase shift due to the magnetic interaction produced in the oscillatory 
MFM cantilever was processed for generation of the magnetic domain 
maps. 

As there is no device to measure tiny force experienced by the alloy 
sample during laser incidence, help of numerical simulation has been 
taken for this force measurement following an optimization method 
named Response Surface Methodology [26, 61–62]. To execute this 

Fig. 3. (a) and (b) and (c) Represent the STEM-HAADF micrograph of three studied alloys. Figure (b) has been taken in higher magnification to resolve the 
martensitic features inside the microstructure of Alloy 2. 
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numerical simulation for the determination of tiny forces causing given 
deflections, a FEM software, named “ANSYS 2020 R1”, has been used 
along with its Optimization module. A 3D model of the FSMA alloy strip 
has been developed in a CAD software named SolidWorks 2022 and then 
imported in ANSYS for detailed simulation and computation of the 
evolved forces [63]. 

Optical experiments were conducted on samples of similar size and 
shape as used in the earlier experiments [22–25]. A Nikon made Eclipse 
Ti-U model dual deck inverted research microscope along with a SHO
DENSHA High Resolution 2-Megapixel USB Microscope were used to 
observe the micro-actuation of the sample using the associated software. 
One of the decks of the Ti-U model microscope was applied to focus the 
falling laser beam spot onto the sample through an attached objective 
lens. A half mirror arrangement was used to pass the laser beam and 
capture the deflection in the camera attached with the microscope. A 
schematic of the microscope structure and operation along with the 
conducted optical experiment are shown in Fig. 1(a). The microscope 
schematic has been taken from “Nikon Eclipse Ti-U inverted micro
scope” user manual [26]. The real time video snaps of induced deflection 
due to the falling of laser beam of varied wavelength on the sample are 
shown in Fig. 1(b) as an image series for the studied alloy [24]. Fig. 1(b) 
shows the variation in the deflection for each of the three laser diodes 
used for this experiment. The nominal optical power output of 95 mW 
with a wavelength of 655 nm for the red, 450 nm for the blue and 532 
nm for the green laser were used respectively [22]. It can be also noted 
from figure1(b) that the highest deflection can be achieved from the blue 
color laser. The numerical values of the photo induced actuation are also 
tabulated in Table 2 [22]. All optical experiments were carried out at a 
controlled ambient temperature of 25 ◦C and at a constant relative hu
midity of 45% as reported earlier [21–25]. The experimental photo 
induced actuation data for all the studied alloy samples are available in 
the earlier literature and also has been presented in Table 2 [22,22–25]. 

This actuation data for Alloy 2 were directly used in the present FEM 
model for force calculation. 

3. Results and discussions 

3.1. EBSD and XRD analysis and phase determination 

The present study hints that presence of Ni-Al rich and crystallo
graphically B2 ordered phase can only lead to the observed photo 
actuation as observed earlier [22–25]. Alloy 2 shows the optimized 
deflection during laser incidence and expected to have the similar type 
of phase morphology in the structure [22]. 

In this current study, we have adopted EBSD based phase analysis 
technique to probe the bulk surface level information regarding the 
presence of PIMA active Ni-Al ordered phase in the synthesized samples 
[31–33]. A representative IPF X, Y and Z colour map and corresponding 
phase colour map have been collected and IPF Z is presented in Fig. 2 for 
the two alloy sets namely Alloy 2 and Alloy 4. A guiding unit stereogram 
is also included for the maps. Fig. 2(a) and (b) clearly depicts that 
probable PIMA active B2 ordered Ni-Al phase which was captured 
through the EBSD data base is only present for the case of alloy 2. 
Whereas one can notice that no traces of Ni-Al phase was detected for 
PIMA vanishing alloy 4 (Fig. 2(c) and (d)). This information establishes 
the fact that presence of Ni-Al phase as a microstructural component has 
the direct effect on enabling photo induced actuation. For the sake of 
continuation and completeness, we have also included a comparative 
XRD plot from our earlier studies for the two alloys in Fig. 2(e) [22,25]. 
Fig. 2(e) shows the structural difference between PIMA active Alloy 2 
and non-actuating Alloy 4. The (110)B2 ordered PIMA active phase can 
be noticed for both the alloys. A careful observation will disclose that a 
significant phase evolution with FCC based signature peak has emerged 
for the case of Alloy 4 (Fig. 2(e)). This comparative XRD based structural 

Fig. 4. (a) A bright field image of the Alloy 2 showing the presence of graded component inside the microstructure. (b) Distribution of martensitic plates. (c) 
Evolution of tweed type compositionally fluctuating spinodal microstructure. 
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study hints towards the microstructural difference between two alloys. 
We have discussed this microstructural difference in the following sec
tion with deep insight (Fig. 11). 

3.2. Microstructure evolution 

The details of the evolved microstructure were observed through 
transmission electron microscope. Representative STEM-HAADF based 
atomic number contrast (Z) micrographs are shown in Fig. 3. Fig. 3 
comprehensively present a comparative microstructural difference be
tween three studied alloys (Alloy 1, Alloy 2 and Alloy 4). The detailed 
diffraction analysis of three studied alloys can be found in our earlier 

work [22–25]. We have also included the STEM-HAADF image of 
undoped Co-Ni-Al alloy (Alloy 1) in this current paper (Fig. 3(a) for the 
sake of completeness and comparison. Fig. 3(a) shows the atomic 
number or Z-contrast image of pure Co-Ni-Al alloy (Alloy 1). This 
microstructure contains two type of distinct features and can be cate
gorized as PIMA active B2 ordered Ni-Al grains which are embedded in 
the FCC based L12 ordered matrix channel. The evolved microstructure 
of the Alloy 2 only differs in terms of the presence of martensitic plates, 
emanated inside the B2 ordered grain (Fig. 3(b)) (Red arrow marked in 
the Fig. 3(b)). Fig. 3(c) shows the evolution of diffused grain like 
structure with no prominent matrix and grains interface for the Alloy 4 
sample. This comparison based microstructural information exhibits 

Fig. 5. (a) and (b) A bright field and corresponding STEM-HAADF image of the Alloy 2. (c-f) Spatial Elemental distribution maps derived from EELS high 
loss spectrum. 
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that the replacement of cobalt with copper (for Alloy 2) modifies the 
microstructure. But in this case, the sharp interface between B2 ordered 
Ni-Al grains and the L12 ordered matrix phase are still present like the 
undoped alloy (Alloy2). On the other hand, the replacement of 
aluminium with copper (Alloy 4) can significantly alter the 
microstructure. 

In this present study, we have concentrated our focused in extracting 
the diminutive structural details of the potential Alloy 2 for PIMA 
related real scale engineering application. The melt spun microstructure 
of the Alloy 2 shows three distinct types of microstructural components. 
A representative TEM bright field (BF) image as shown in Fig. 4(a), 
displays the presence of three prominent microstructural attributes. 
They can be categorized in the following way.  

(i) Some of the Ni-Al B2 ordered grains contain martensitic plates 
(Fig. 4(a), marked as (i) in red colour and Fig. 4(b)).  

(ii) Grains with clean Ni-Al B2 ordered type feature with sharp 
matrix-grain interfaces are also visible and similar to undoped 
Alloy 1 (Fig. 4(a), marked as (ii) in red colour).  

(iii) Few Ni-Al B2 ordered grains demonstrate tweed type of contrast 
(Fig. 4(a), marked as (iii) and Fig. 4(c)) [34–36]. 

This time, we have adopted EELS based spectroscopic technique to 
extract the finer details of the evolved microstructure of Alloy 2. Spatial 
elemental distribution maps have been extracted after proper fitting and 
background manipulation from the core loss region of EELS spectra. A 
TEM bright field and corresponding STEM-HAADF image from the same 
location are also shown in Fig. 5(a) and (b) respectively for eye guid
ance. The EELS extracted maps are shown in Fig. 5(c-f). The spatial 
elemental distribution maps manifest that the grains are rich in Ni and Al 
whereas, matrix channels are rich in Co and Cu. A careful observation 
will also hint that some amount of Co and Cu are partitioned inside the 
PIMA active Ni-Al grains. A complementary qualitative STEM-EDS 
spatial elemental distribution maps are also shown in Fig. 6(a-d). 
These maps also confirm the resemblances of the elemental distribution 
as derived from the EELS technique. This spectroscopic result confirms 
that the replacement of cobalt by 2 at% of copper also lead towards the 
production of scalable microstructure as noticed in the earlier studies 
(with considerable amount of copper substitution) [22–25]. 

In this study, we have looked into the evolved tweed type of 
morphology in a greater detail. A TEM bright field (diffraction contrast) 
and corresponding STEM-HAADF (‘Z’ atomic contrast) images taken in a 
different magnification are shown in Fig. 7(a) and (b) respectively. Fig. 7 
(b) shows that tweed contrast with fluctuating composition is originated 
inside the grain for the case of Alloy 2. The density of the tweed type 
contrast is homogeneous throughout the microstructure. An STEM-EDS 
based spatial elemental distribution maps are shown in Fig. 8(c-f). The 
elemental distribution maps qualitatively display the homogeneous 
presence of participating elements in the tweeded zone of the Ni-Al 
ordered grain. In these maps, it is also clear that the matrix channel is 
rich in cobalt and copper, whereas devoid of aluminium and nickel. A 
guiding white arrow has been marked in each map to display this in
formation (Fig. 8(c-f)). An additive RGB (Red-Green-Blue) composite 
map derived from the superimposed elemental maps is also shown in 
Fig. 8(b). This RGB map indicates towards the fluctuating compositional 
gradient of the participating elements. This homogeneous composition 
fluctuation in the entire microstructure as seen in Fig. 8, can be linked 
with the case of incipient spinodal decomposition [37–41]. This type of 
tweed contrast can be ascribed due to the originated strain field, caused 
by the relative displacement of the fluctuating atoms in some preferred 
crystallographic direction [34–36]. This composite elemental distribu
tion RGB map, as seen in Fig. 8(b) indicates the spinodal type atomic 
fluctuation is the probable cause of tweed domain formation inside the 
PIMA active B2 ordered Ni-Al grain. Interestingly, it can also be quali
tatively noticed that the equal partitioning of copper has been taken 
place between the matrix and grains in this incipient phase 

Fig. 6. (a-d) STEM-EDS spatial elemental mapping showing that grains are rich 
in Ni and Al and the matrix is rich in Co. 
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Fig. 7. (a) A bright field image showing the evolution of tweeded type microstructural attributes inside the grain. (b) Corresponding STEM-HAADF image showing 
the composition fluctuation inside the grain. 

Fig. 8. (a) A representative STEM-HAADF micrograph showing the tweed microstructure with composition fluctuation. (b) A RGB composite map showing the 
equally partitioned composition fluctuation. (c-f) STEM-EDS spatial elemental mapping showing the composition fluctuation inside the grain. 
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transformation period. 
A careful observation can lead to the interesting phase trans

formation event in some other grains, having tweed type contrast. Fig. 9 
(b) shows some transient moment of the variation in tweed morphology. 
The white dotted box in Fig. 9(b), shows wavy or ripples type’s nature of 
the composition fluctuation. Nucleation of martensite needle can be 
noticed from the wavy tweed zone as shown in Fig. 9(b) (Red marked 
arrows). Many literatures discussed on the lattice instability during 
martensitic transformation [34–36]. This pre-martensitic needle, 
emanating from the tweed type instability zone can be linked with those 
earlier findings [34–36]. Fig. 9(c) and (d) are the transient snapshot of 
different martensitic evolution stages, happening in different grain. In 
this transient period, tweed type zones are being converted into the 
martensite plates by regimented elastic lattice distortion. Fig. 9(c) and 
(d) also establish the fact that tweed type fluctuation actually acts as a 
precursor of pre-martensitic transformation [34–36, 42–43]. The 
disturbance in composition fluctuation and nucleation of martensitic 
plates can be related to the doping of copper in cobalt site. The changes 
of composition have a role in moderation of the martensitic trans
formation temperature (Ms = Martensitic Start, Mf = Martensitic Finish) 
and similar events can be noticed in this present study [40,41]. The 
transient spinodal fluctuation and related evolution of pre martensitic 
plates hint towards the compositional re-distribution of the alloy system. 
This composition re-distribution leads to the re-structuring of the shape 
of the interacting transformational free energies surfaces, involved in 
this quaternary alloy system. A detail thermodynamic calculation is 
currently being carried out to keep track on the modification of higher 

order dimensional free energies involved in this multicomponent 
system. 

The maturely grown alternating martensitic plates with average 
plate thickness of nearly 7 nm are shown in Fig. 10(a). A high-resolution 
phase contrast image of alternating martensite plates (yellow dotted box 
in Fig. 10(a)) is shown in Fig. 10(b). The spatial frequencies derived 
from the Fast Fourier Transform (FFT) method from the alternating 
martensitic variants marked as 1 and 2 are shown in Fig. 10(c) and (d) 
respectively. Appearance of different type of spatial frequencies, 
confirm the evolution of two different types of martensitic variants in
side the B2 ordered Ni-Al rich grain. Streaking nature of the elongated 
diffraction frequencies along one direction can also be noticed from 
Fig. 10(c) and (d). This indicates the finite thickness at the martensitic 
variant interface. These self-accommodated variants minimize the 
transformation strain energy during nucleation of martensitic plates [44, 
45]. The detailed TEM investigations hint towards the considerable 
extent of change in the evolved Ni-Al PIMA active grain of Alloy 2 in 
comparison to the undoped Co-Ni-Al alloy (Alloy 1). These changes can 
be directly linked to the retrogression of PIMA properties for this Alloy 2 
as compared to undoped Alloy 1 [22–25]. 

Finally, we looked at the evolution of the microstructure of Alloy 4 in 
finer details. Fig. 11(a) shows the representative TEM bright field image 
of the Alloy 4. There is no such embedded grain type diffraction contrast 
is observed for this alloy. A selected area diffraction pattern taken along 
111type of zone can be indexed as L12 ordered structure [46–48]. The 
white dotted box of Fig. 11(a) is the region from where the diffraction 
pattern is taken and shown in Fig. 11(b). This information indicates the 

Fig. 9. (a) A STEM-HAADF image showing the tweed contrast inside the grain (b) Transformation of tweed type modulation towards the martensitic plate as a 
precursor of martensitic nucleation. (c) A snap shot moment of transformation of tweed type modulation towards the martensitic plate. (d) The growth of the 
martensitic plates from the nucleation sites. 
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evolution of the FCC based ordered solid solution in the microstructure 
instead of B2 order grain. This diffraction information can also be 
directly correlated with the XRD based comparative structural analysis 
as shown in Fig. 2(e). The comparative XRD study shows the evolution of 
FCC based signature peak for the case of Alloy 4, whereas, Alloy 2 has no 
such peaks in the entire Bragg angle scanning range. Some closer 
observation shows that, a few areas show some variation in atomic 
contrast as shown in the STEM-HAADF image in Fig. 11 (c). These are 
plausibly some unconverted Ni-Al rich B2 ordered grains with low vol
ume fractions and their traces has also been captured during compara
tive XRD investigation (Fig. 2(e)). An EELS based spectral mapping as 
shown in Fig. 11(d-g) establishes the fact of equal partitioning of the 
elements and confirms the formation of solid solution. Few areas with 
darker contrast with rich in aluminium and devoid of nickel and copper 
(Fig. 11(c) and (g)) can be the trace of unconverted Ni-Al B2 ordered 
grains. It can be presumed that the substitution of aluminium by copper 
have an influence to disturb the ratio of Ni and Al inside the grains. The 
loss of aluminium has pushed the Ni-Al composition ratio towards the 
Ni3Al or A3B type of L12 ordered structure in the entire alloy system and 
thus can be tracked through the diffraction studies (Fig. 11(b)). The 
vanishing PIMA active B2 ordered Ni-Al grains can be directly associated 
with the ceasing of deflection for the case of Alloy 4. The entire 
microstructural, EBSD and XRD investigation place this analogy in a 
stronger foundation that B2 ordered Ni-Al rich grains are the key 

effector for PIMA properties. 
This special photo induced actuation can be presumed to be linked 

with plasmonic resonance on the alloy surface [49–52]. In this context, 
it intrigued us to investigate the role of plasmonic resonance pattern and 
behaviour of the studied alloys. STEM based EELS technique allow us to 
excite the low loss plasmonic spectrum from the targeted microstruc
tural features of the developed alloys. This technique can access the 
information about the probability of excited plasmonic mode across the 
energy spread at each pixel position by scanning the fine electron beam 
probe [53–57]. The spectral intensity (SI) generated during raster 
scanning of the probe provides the plasmonic behaviour with some loss 
of spatial resolution. A combined low loss EELS spectrum in the plasmon 
region for the studied alloys are shown in figure12 (a) along with the 
reference zero loss peak (ZLP). The low loss spectrum of Alloy 2 with the 
existence of PIMA active B2 ordered Ni-Al rich grain and the matrix 
channel are shown separately (Red and Green spectrum of Fig. 12 (a)). It 
can be noticed qualitatively that similar nature of the plasmonic reso
nance can be observed from both the alloys. A deconvolution method of 
extracting the overlapping plasmon modes was only successful with the 
Alloy 2 sample. The deconvoluted modes from the PIMA active B2 or
dered grains are shown in Fig. 12(b). Two prominent modes with loss 
energy of 19.0 eV and 24.3 eV are plotted in the red and green colour. A 
tail peak at around 37.5 eV is presented in blue legend of Fig. 12(b). The 
plasmonic behaviour from the Alloy 4 sample, only shows a main peak at 

Fig. 10. (a) Bright field image showing the alternating martensitic plates. (b) Phase contrast high resolution micrograph of the martensitic plates. (c) and (d) 
Corresponding FFT diagram taken from location 1 and 2 of the (b). 
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Fig. 11. (a) A representative Bright Field micrograph showing the homogeneous L12 ordered solid solution structure. (b) A 111 zone axis diffraction pattern. (c) An 
STEM-HAADF micrograph showing the vanishing of B2 ordered grain for the Alloy 4. (d-g) Spatial Elemental distribution maps derived from EELS spectrum showing 
qualitatively equal partition of all the elements. 
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20.3 eV. The plasmonic energy response modes maps are generated by 
plotting the spectral intensity and selecting the energy loss window. The 
plasmonic modes maps for three different energy loss windows as 
derived from the deconvoluted data for Alloy 2 and similar energy 
windows for Alloy 4 are shown in Fig. 13(a-c) and (d-f) respectively. The 
signal acquisition position during mapping is shown in Fig. 13(h) and (i) 
from the earlier described STEM-HAADF images for two alloys. Fig. 13 
(a) and (b) show the distinction in the signal intensity at 9–16 eV and 
15–27 eV energy window between the matrix channel and B2 ordered 
Ni-Al grains for Alloy 2. The interfacial region between matrix channel 
and grain has also demonstrated the diffused nature of the intensity 
variation in these energy windows. An intensity range bar is also 
included in the Fig. 13. This intensity variation can be connected with 
the compositional and structural differences of the phases (grain and 
matrix). This difference has also similar impact on the plasmonic 
response between matrix and B2 ordered grains and this has been 
captured through this EELS based spectroscopic analysis. At 30–42 eV 

energy loss window, this variation persists with gradation in intensity as 
shown in Fig. 13(c). It is interesting to observe that for the case of Alloy 
4, the spectral intensity variation is absent for similar energy windows. 
This confirms the homogeneous formation of single ordered solid solu
tion region with identical structure and composition in the entire 
microstructure as determined from the diffraction data (Fig. 11(b)). A 
one-dimensional line spectral intensity variation profile for the two 
studied alloys is also shown in 13(g) (along the white and black dotted 
lines in Fig. 13(b) and (e)). This one-dimensional variation also com
plements the observation derived from the plasmonic mode maps. This 
energy loss spectral analysis exercise conveys the importance of the 
presence of B2 ordered Ni-Al grains for the observed photo induced 
actuation for the case of Alloy 2. A single homogeneous FCC based or
dered solid solution structure is not capable of offering the needed 
laser-based actuation for the Alloy 4. 

3.3. Scanning probe microscopy studies 

3.3.1. AFM analysis and constitutive properties determination 
The Young’s Modulus (E) of the alloy samples was measured by 

employing the contact mode point spectroscopy method [27–30] in 
AFM. As mentioned earlier, analysis of the Force-Distance curve ob
tained from this experimental technique was used to measure the elastic 
modulus of the sample. The Hertzian model modified by Snedon was 
used to determine the required elastic modulus [27–30]. From this 
model the relationship between the applied force (F) and the indentation 
depth (δ) can be determined through the Young’s Modulus (E) and 
Poisson’s Ratio (ν) of the studied samples. Assuming the cantilever beam 
of the AFM apparatus to be linearly elastic having a specified spring 
constant (k), Hook’s Law can be applied here to find the relation be
tween applied loading force and cantilever deflection (D). The equation 
used for this purpose is as follows. 

kD =
2Etan(α)
π(1 − ν2)

δ2 (1) 

In this equation, (α) is the half opening angle of the probe tip. The 
constant values used for solving this equation for determination of 
Young’s Modulus (E) of the samples are provided in the experimental 
section. The Force-Distance curves of alloy 2 is plotted in Fig. 14 (a). The 
Young’s Modulus of the alloy 2 was determined using Eq. (1). It is turns 
out to be 20.75 GPa approximately. The mechanical data are not 
included for the case of alloy 4 as this does not demonstrate any actu
ation. The evaluated experimental value was directly used for the 
description of the FEM model. 

3.3.2. Magnetic force microscopy 
In our earlier studies, we have noticed some interesting observation 

regarding the magnetic properties of studied alloys [22]. The sudden 
jump of the saturation magnetization was observed for alloy 4 even after 
the conservation of participating magnetic atom that is Co and Ni. The 
replacement of magnetic Co with diamagnetic Cu in the crystal lattice 
and a routine retrogression of diluted magnetic properties was quite a 
regular trend for alloy 2 [22]. In this present study, we have revisited the 
observation from a pictorial insight through MFM scanning for the 
studied alloys. The MFM generated multi domains maps and associated 
AFM topographical information obtained from a dual mode retrace 
AFM/MFM scanning are shown in Fig. 14 (b-e) for alloy 2 and 4 
respectively. The visibility of magnetic domains is generated by the 
interaction of the MFM probe tip with the localized magnetic stray field 
of the sample surface [58–60]. This interaction imparts a finite change of 
the probe’s cantilever oscillation and thus phase shifts occur [58–60]. 
The strength of the magnetic interaction directly influences the phase 
shifts and recorded shift are the signature of the magnetic force of the 
present magnetic domains. The evolution of the ferromagnetic domains 
as seen for both the alloys (Fig. 14(c) and (e)) are consistent with the 
ferromagnetic nature. The observation also confirms the presence of 

Fig. 12. (a) A combined low loss EELS spectra in the plasmon region for the 
studied alloys. (b) Deconvoluted Plasmon Spectra from the PIMA active B2 
ordered grain of the Alloy 2 showing the exitance of overlapped plasmonic 
signature in the low loss region. 

A. Bagchi et al.                                                                                                                                                                                                                                  



Journal of Alloys and Compounds 968 (2023) 172262

14

channel like interconnected domains from the out of plane magnetiza
tion component for the case of alloy 2 (Fig. 14(c)). If we consult the 
Fig. 5, the ferromagnetic Co rich L12 ordered matrix channel can be 
seen. In a similar note, a strong magnetic interaction and interconnected 
domain channels are also observed in the Fig. 14(c) (white dotted 
marker separating domain channel and grains in Fig. 14(c)) for alloy 2. 
In alloy 2, we have two distinct phases and their magnetic character are 
also different in nature. Whereas, in alloy 4, one can notice the evolution 
of a singular phase with L12 ordered structure as shown in Fig. 11. In this 
microstructure, homogeneous elemental partition with an ordered solid 
solution formation has been taken place (Fig. 11(d-e)). The signature of 
homogeneous microstructure and even distribution of magnetic element 
like Co and Ni are also reflected in the MFM scan for alloy 4. The 
leaching of magnetic element and singular phase formation offers 

similar magnetic character for alloy 4. Fig. 14(e) (white dotted rectan
gular mark) also displays the distribution of circular magnetic domains 
in the phase shift map and complements the observed microstructural 
information. A normalized phase shift scan obtained from both the 2D 
MFM images for two alloys (from the white dotted mark areas for both 
the alloys in Fig. 14 (c) and (e)) is presented in Fig. 14(f). The line profile 
exhibits the gradient in magnetic behavior for alloy 2 from the channel 
to grain direction. On the contrary, alloy 4 demonstrates an alike pattern 
in the magnetic behavior with a presence of singular homogeneous solid 
solution phase. The leaching of ferromagnetic elements and a singular 
magnetic character in the microstructural volume may plausibly shoots 
up the magnetization values for alloy 4 as seen in the earlier quantitative 
studies [22,25]. It can also be inferred that only possessing ferromag
netic nature itself is not the sufficient condition for photo active 

Fig. 13. (a-c) and (d-f) Plasmonic Energy Response mode maps generated at three loss energy domains for the Alloy 2 (covering the PIMA active grain and matrix 
channel together) and Alloy 4 (Ordered Solid Solution Region) over the SI. (g) 1 D Energy Loss spectral intensity variation for the two studied alloys. (h) and (i) Red 
rectangular box in the STEM-HAADF images of the studied alloys are the beam raster position used for the spectrum acquisition. 
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Fig. 14. (a) Force-Distance curve of Alloy 2. (b) and (c) AFM scanned topographical information of Alloy 2 and 4. (c) and (e) MFM based Phase Shifts retrace scan 
and the evolved domain structure information of Alloy 2 and Alloy 4. (f) A normalized phase shift profile displays the difference in magnetic behavior for two 
studied alloys. 
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actuation. This current study and its related characterization, compre
hensively indicates that the simultaneous existence of B2 type Ni-Al 
phase accompanied by ferromagnetic property are the necessary con
ditions for photo active actuation. 

3.4. FEM analysis of the FSMA-PIMA active alloy strip 

Deflection suffered by the FSMA alloy upon imposition of laser beam 
depends on the force experienced by that strip. The frequency of the 
incident light is a sensitive function of the deflection [22–25]. To probe 
the general interaction behavior of any PIMA active material with any 
laser beam, it is required to measure the force that is generated during 
laser incidence with a specific wave length. As there is no device to 
measure this tiny force, help of numerical simulation has been adopted 
for this force-deflection pattern recognition. An optimization method 
termed as Response Surface Methodology has been deployed to refine 
this simulated force values [26, 61–62]. Understanding the force dis
tribution pattern may help in designing the real PIMA active engineering 
device and component. The intricate component of model set up, 
adopted boundary conditions and simulation methodology have been 
provided as supplementary information. The materials constitutive 
properties required for the FEM analysis are derived from the experi
mental results as well as from the AFM-Force-Distance data [22]. 

The ranges of assigned force values have been decided on the basis of 
experimental deflection values of the free end of the alloy strip (Table 2) 
[22]. Force values corresponding to the minimum and maximum values 
of directional deflections of the free end of the alloy strip are tabled in 
table S2 as supplementary information. These values have been deter
mined in ANSYS by trial-and-error method. After determination of the 
maximum and minimum values of forces, a set of force values have been 
generated with a predefined interval after determination of the 
maximum and minimum values of forces. 

Directional deflections of the free end of the alloy strip have been 
determined under the action of various forces between the maximum 
and minimum values as mentioned above using ANSYS. To perform this 
simulation, ‘Large Deflection’ parameter was kept on in the ‘Simulation’ 

settings. Directional deflection of the free end of the alloy strip derived 
in ANSYS using a force value is shown in Fig15. The predicted output has 
been recorded as the evolved forces that the alloy strip might be expe
riencing corresponding to a particular value of directional deflection 
arising from the varied laser power and wavelength. The optimized 
forces in milli newton have been determined by putting the specific 
target values of deflections as per the experimental results in back 
process (Table 2) [22]. The determined micro forces which the alloy 2 
strip might have experienced due to the imposition of laser beam of a 
particular wattage and color is presented in Fig. 16 (b). The laser Power 
v/s Free end deflection of the alloy 2 strip for three laser colors is also 
included in Fig. 16(a). The presented results show the deflecting ca
pacity of the alloy strip in terms of force distribution. This information 
can be directly utilized for designing a real engineering device which can 
perform a customized work load in a tiny scale in an optically controlled 
remote operation situation. We are presently working on a prototype 
design of an optically controlled actuator from this alloy strip. 

4. Conclusions 

In this present study, microstructural influence on the Photo Induced 
Actuation properties of the Cu-doped Co-Ni-Al FSMA system has been 
evaluated in details. The microstructural length scale stability and 
generalized microstructural features required for PIMA properties has 
also been established. The role of the surface plasmonic effect for 
actuation has been investigated through STEM-EELS analysis. The 
magnetic domain nature for the alloy system has been probed thorough 
MFM technique. The necessary presence of PIMA active Ni-Al rich phase 
for actuation and its structural attributes have been explored for the 
optimized alloy. The invisible tiny force distribution pattern evolved 
during light matter interaction has been evaluated through FEM anal
ysis. The FEM based model and its simulated results can be applied for 
real time PIMA oriented engineering application and device 
manufacturing. 

Fig. 15. Directional deflection of the free end of the Alloy 2 strip.  
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