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ABSTRACT

3D printing of smart materials is one of the disruptive innovations in the field of advanced
manufacturing. From the past one decade significant advancements have been reported in this
sector with respect to printers, materials, and processes. Fused deposition modelling (FDM)
(one of the low cost 3D printing technologies) has entered into the field of smart
manufacturing, in which active materials are being used particularly for dynamic 4D
applications. FDM has been widely explored for different range of thermoplastics and
thermosetting composites. Researchers have worked on the in-house development of
thermoplastic composite based feedstock filaments by using various polymers such as
polyvinyl chloride (PVC), poly lactic acid (PLA), polypropylene (PP), acrylonitrile butadiene
styrene (ABS) etc. for numerous applications. But, hitherto little has been reported on the
preparation of smart polymer based feedstock filament for 3D printing of functional
prototypes having 4D properties. In this research work an electro-active polymer,
polyvinylidene fluoride (PVDF) was reinforced with graphene (Gr), and barium titanate
(BTO) for the preparation of composite.

Two different methods of blending have been explored for the development of smart polymer
based composite (i) mechanical blending (MB) of materials and (ii) chemical assisted
mechanical blending (CAMB). In the first stage, based upon the melt flow index (MFI),
different proportions/compositions of PVDF-Gr-BTO were selected for extrusion with twin
screw extruder (TSE). Further to optimize the process parameters of TSE three input
parameters (a) extruder temperature, (b) rotational speed (rpm) and (c) composition were
selected. The prepared feed stock filaments of MB based composites were subjected to
mechanical, thermal dimensional and morphological analysis. The analysis of variance
(ANOVA), suggested the optimised settings of TSE for fabrication of MB based composite
feedstock filament as: extruder temperature 200°C, rotation speed 40 rpm with composition
PVDF (78%) + Gr (2%) + BTO (20%) (by weight %). The prepared feedstock filament was
used to run on low cost open source FDM setup for 3D printing of standard prototypes by
selecting the infill speed (IS), infill angle (1A) and infill density (ID) as input parameters.
Prepared samples were subjected to tensile, flexural, pull-out and morphological testing. The
fabricated specimens were also subjected to dimensional variation, shore-D testing and
dynamic mechanical analysis (DMA). Further 3D printing of scaffolds was performed at
optimised settings for process capability analysis to ascertain the industrial usability for batch

production.
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In the second stage, process parameters of TSE were optimised for the preparation of CAMB
composite based feedstock filament. Further the prepared filament at optimised settings of
TSE was used for 3D printing of standard scaffolds. The process parameters of FDM were
also optimised for 3D printing of parts using prepared composite by CAMB. The 3D printed
standard tensile and flexural samples were tested for process capability analysis.

In final stage optimised settings of FDM obtained for 3D printing of parts using MB and
CAMB composites were used for fabrication of thin cylindrical discs (diameter 10 mm and
thickness 0.4 mm), followed by electric poling (for possible piezoelectric characterization).
The results of X-ray diffraction (XRD) and Fourier transmission infrared spectroscopy
(FTIR), analysis shows more B-phase formation in the electrically poled sample as compared
to non-poled specimen. Finally, a comparative study of mechanical, thermal, morphological,
and 4D properties of PVDF-BTO-Gr nano-composites prepared by MB and CAMB was
performed. The differential scanning calorimetry (DSC) analysis suggested that composite
prepared by MB is thermally more stable as it absorbs more heat -31.09J/g during heating
cycle. Further, the results of the study suggested that 3D printed functional prototypes
prepared by CAMB are having better mechanical, morphological, and dielectric properties.
The piezoelectric coefficient (ds3) 20 pC/N and 30.2 pC/N was observed on 3D printed
specimen (prepared from filament processed with MB and CAMB respectively), suitable for
pressure sensors, touch sensitive buttons or other user interface control, actuators for bio-

mimetic based 4D applications.
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CHAPTER 1
INTRODUCTION

1.1 Overview of AM

The AM, also known as 3D printing or RP has been commercially introduced since the late
1980s. The first time, Charles W. Hull, used the AM system for 3D printing of a tea cup on
9" March 1983 [1]. After that in a chronological manner, Carl R. Deckard in 1986 invented a
new setup, selective sintering for fabrication of parts. It was considered as first development
in the field of AM. In 1988 a team of Helisys, Inc. developed a laminated manufacturing
system, in which layers were produced and bonded together for the fabrication of the final
product [2]. The dimensions of layers were marked by an electronic file. Further, in 1989, a
scientist of Stratasys Inc. invented a new method for creating the 3D object, named ‘FDM".
After that many more methods have been further developed by scientists/researchers across
the globe. Based on the type of raw material, AM processes are mainly classified in three
types: (i) liquid-based, (ii) solid-based, and (iii) powder-based technologies (see Figure 1.1).
The processes included in this are considered as most relevant in the present and promising
for the future of the industry [3]. As compared to conventional manufacturing systems, AM is
considered as a relatively new manufacturing approach for the automatic fabrication of
prototypes. Unlike the conventional manufacturing processes, in which a subtractive manner
of machining is used, AM joins the material to build a product. Designs that may be difficult
to process by another method can be easily processed with AM systems [4]. In 2012, ASTM
sets the standards for AM and defines that AM is capable of producing the parts by joining
the material in layer by layer fashion [5].

Although a considerable amount of progress has been made in this field, however, still a lot
of research work needs to be done to overcome the various challenges that have troubled the
manufacturers till now [6]. Among the major advances that this process presents to product
development are time and cost reduction, human interaction, and consequently the product
development cycle [7]. Also, the possibility to create almost any shape that could be very
difficult to machine, in a very small time frame is a major advantage of AM technologies. In
simple AM gives ability to the user to directly print the final object from digital data.



However, AM has not been adopted to date for mass production in any of the manufacturing
sectors, but scientists, medical professionals, market researchers, and artists are using it
extensively [8, 9]. With AM, scientists can rapidly build and analyze models for theoretical
comprehension and studies. Doctors can build a model of a damaged body to analyze it and
plan better the procedure, market researchers can see what people think about a particular
new product, and AM makes it easier for artists to explore their creativity [10].

Earlier, the lack of material availability restricted the application domain of AM techniques.
However, in the last decade researchers have developed new materials based upon their
utilities in various areas like medical, engineering, energy harvesting, etc., and till now they
are doing efforts to make the AM feasible for the production of end-use products [12]. For
part fabrication, 2D layers are deposited in the x-y plane, whereas, in the z-direction, layers
are deposited along with the height. All the AM processes follow the same principle of layer-
by-layer manufacturing system. Thus, AM is also known as the layer manufacturing process
[13].

The procedure followed by all AM processes is as follows [6,11]:

Step 1: Create a 3D model of the part in CAD software including all the dimensions of the
product

Step 2: Convert this CAD file into STL file format

Step 3: Processing and slicing the file with any slicer software into 2D layers and describe the
printing conditions like part orientation, printing speed, Infill density, etc.

Step 4: 3D printing of part

Step 5: Post-processing (if required) like removal of support material.

Thus AM quickly converts the 3D geometrical model into a real-time object without using
any physical tools, dies, or fixtures. Thus 3D printing is a very flexible and cheap technique
for the production of any type of testing sample before original production.

1.1.1 Classification of the AM Processes

AM processes are mainly classified into three categories: (1) Liquid-based (2) Solid based
and (3) Powder-based processes [14]. The classification of AM processes is shown in Figure
1.1.

(i) Liquid-based AM processes:- In this types of AM process, raw material is used in the
liquid form and solidifies by curing process. For example: SLA, SCS, SGC etc.

(ii) Solid-based AM processes: - In this types of AM processes solid form of raw material is
used at initial stage. Apart from powders, all types of solid raw materials like pallets, rolls,

laminates, wires include in this category of AM processes. For example: LOM, FDM etc.
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(iii) Powder-based: - In this type of AM processes powder is used as a raw material, and
solidifies by the sintering process. For examples: SLS, 3DP, EBM etc.

In this research study, the FDM process has been used.

AM Processes }

v

( ( ) (

Liquid Based }7 Solid Based Powder Based ]
\ \ S \
—> SLA _)E LOM > SLS

4 ) ) ( )
—> SCS —)E FDM —> 3DP

\ / / \ /

4 N\ 4 )
— SGC —> EBM

\ / \ /

Figure 1.1 Classification of AM processes

1.2 An overview of FDM

FDM is a low-cost RP technique, which works on the principle of AM, in which material is
deposited in a layered manner. FDM was invented by S.S. Crump a U.S. citizen in 1988 and
patented as a RP Technology by Stratasys Ltd in 1992 [15]. Nowadays, FDM is one of the
most popular AM process for the fabrication of models as well as final products. FDM is
mostly used for making patterns, experimental models, and in production applications [16].
For the fabrication of any part, a 3D design of the part is initially created by a designer in
CAD software. Then this digitally created 3D model is converted into STL format. Further,
this file is processed and sliced with any slicer software into 2D layers and this software is
also used to describe the printing conditions like part orientation, printing speed, Infill
density, etc. [17].

In FDM, the thermoplastic filament is extruded in semi-liquid form through the heated
nozzle. All FDM machines are having two sets of nozzles. The first nozzle is used to deposit

the printing material, whereas; the second nozzle is used for printing of support material.


file:///C:/Users/sharm/Desktop/temp%20desktop/phd2/phd%20final%20synopsis/phd%20data/CLASSIFICATION%20OF%20RP.docx

Nozzle temperature is set according to the melting point of the raw material.
Electromechanical drives have been used to feed the filament wire [18]. The vertical and
horizontal movement of the extrusion head is controlled by computer software. The nozzle
first deposits the molten material in x-y directions. Once a layer is completed, the nozzle head
moves upward in the Z direction and then re-apply the same layer over the previous one. This
cycle repeats until the whole part is fabricated [19]. Figure 1.2 shows the constructional and

working diagram of the FDM setup [9].

Extruder Head

Supvort material -

Part material \o

Figure 1.2 FDM Schematic

During the fabrication stage, sometimes there is a need to print the extra supportive material
for providing support to overhang edges of the structure. Thus the second nozzle is used to
deposit that material on the required space [20]. Mostly, the supportive material is soluble in
water or in some other solvent. Once the part is completely built up, extra material is split
away from the main product in the post-processing stage. Hence the fabricated product is
ready to use. Figure 1.3 shows the steps followed in the 3D printing process.

Generally, FDM machines are taking thermoplastic or polymer matrix composite (PMC)
based feedstock filament as a printing material. The open-source FDM printer provide simple
operating conditions and good control over the input variables, such as infill speed, infill
angle, infill density, raster width, printing temperature, type of fill etc. [21]. By varying these
printing parameters, it is possible to produce customized parts on-demand and allows

optimizing the product design.
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Figure 1.3 Steps follow in the 3D printing process

Research studies highlighted that the properties of fabricated parts are a function of process
variables and can be efficiently improved with appropriate adjustment [6]. For functional
prototypes the mechanical properties are very important, also it is essential to study the effect
of process variables on the mechanical properties of the parts which can be efficiently
improved by process optimization [22].

Mostly, FDM machines allow altering their basic processing parameters. The thermoplastic
polymers used in FDM, exhibiting different physical, thermal, rheological, and mechanical
properties. Some polymers having high melting temperature, like ABS polymer (210-250°C),
whereas; some lies in low melting temperature zone like PLA polymer (185-220°C). Thus to
adjust the processing condition as per the material used is necessary. Mostly, FDM systems
follow the base-up approach. According to requirement FDM machines are available in
different bed sizes. The most commonly used desktop 3D printer fabricates 200 x 200 x 200
mm?®. However, at industrial level, a size of 1000 x 1000 x 1000 mm® may also be used.
Another, alternative way to produce big products on small 3D printers is to divide the product
into small sizes of the different number of parts. Each small part is fabricated separately
followed by assembly of parts [22-23].

In the last decade, FDM (3D printing) technology has been adopted for part fabrication in
various fields, such as dental and orthopaedics, telecom, aeronautics, sporting, architectural,
and automotive industries [24-25]. Moreover, due to high accuracy and precision, FDM
technology has entered in the field of energy harvesting. An easy to use, less maintenance
expenditures, and capability to produce any intricate part make the FDM process most

demandable in modern industries [26].



1.2.1 Advantages of FDM process

Easy to design and fabricate any type of model/prototype
Flexibility in manufacturing

Minimal wastage of raw material

More sustainable

Rapid production process

Very low tolerance

Ease in a material change

YV V V V V V V V

Support removal is easy (Usually the support is of water soluble material)
1.2.2 Disadvantages of FDM process

A skilled operator is required to run the FDM machine
Less availability of raw material

Small bed size leads limited product size

Chocking of a nozzle head

Unpredictable distortion and shrinkage

Need post-processing

Material swelling at elevated temperature

YV V. V V V V V V

A gap in between layers may reduce the strength of the product

» Surface roughness
Even after three decades of the invention of AM, most of its prominent processes like FDM
are still facing the problem of material availability. On the flip side, the cost of commercially
available and patented materials is very high. To overcome this problem, researchers are
constantly working on methods to develop FDM-based feedstock filament by incorporating
numerous polymers, powders, ceramics, metals, and so on. So far various PMC based
feedstock filaments have been prepared by reinforcement of different metal powders or
ceramics to improve the inherent properties of the polymer matrices [27-28]. Some of the
majorly used polymers as printing material of FDM are ABS, PLA, PA6, PVC etc. or the
composites based upon these polymers [29-31].
Along with this some of the 3D printing materials are more useful for structures that can be
transformed in a pre-programmed way in response to a stimulus. Recently given the popular
name of “4D printing” perhaps a better way to think about it, i.e. the object transforms over
time [32].



1.3 4D Printing

4D printing was first introduced by an American designer, ‘Skylar Tibbits’ at MIT,
California, in 2013. A complete demonstration with a full experiment on 4D printing was
shown to the public. According to Tibbits’s statement, 4D printing is a process in which
materials to be printing having the capability of transform over a certain period, or it is a
system of customized materials that can alter/change their shape or any other physical
property with the passage of time i.e. fourth dimension. It means the 3D printed object is
doing dynamic activities over time [33].

4D printing uses the same techniques of 3D printing, through computer programmed
deposition of material in successive layers to create a 3D object. However, 4D printing adds
the dimension of transformation over time. In another definition 4D printing is a product
building process, which incorporates the AM technology for depositing the layers of
programmable multi-material or composite material. After fabrication, the product reacts with
the stimuli from the environment (humidity, temperature, etc.) or itself and changes its
properties accordingly. The ability to do so arises from the near-infinite configurations at a
micrometer resolution, creating solids with highly engineered molecular spatial distributions
[34] and thus allowing unprecedented multifunctional performance. 4D printing is the
relatively latest in bio fabrication technology and rapidly emerging as a new paradigm in
disciplines such as bioengineering, materials science, chemistry, and computer sciences [32].

1.3.1 Types of 4D Printing

4D printing can be defined as the ability of a material to change its shape or physical
properties over the period of time. Many common terms such as autonomic 4D printing and
autonomic self-changing are used to define such property in materials. The changes in
physical properties of man-made materials are not found commonly without any external
triggering. Thus, 4D printing can be of the following two types:

« Autonomic (without any intervention): In this type of 4D printing materials, there is no need
for any type of external intervention/external triggering.

» Non-autonomic (needs human intervention/external triggering).

Recently, one of the actively researched areas lies in the AM of smart materials and
structures. 4D printing may be defined as an AM process that integrates smart materials into
the starting form of the printing material for 3D printed structures/components. After

fabrication, the 3D object would respond in an intended manner to external stimuli from the
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environment or through human interference, resulting in a change in shape or physical

properties over time [35].
1.4 Smart materials

The most essential part of 4D printing technology is its printing material, because it is the
programmable material that adds the dimension of transformation over time to 4D printing.
Smart materials are those materials that can change their shape or properties under the
influence of external stimuli. With the introduction of smart materials, the AM fabricated
components that alter their shape or properties over time (the 4th dimension) as a response to
the applied external stimuli. Hence, this gives rise to a new term called ‘3D printing of smart
materials’ [36].

Smart materials like shape memory material and EAPs have become an interest at the global
level for their use in the field of textiles, nanotechnology, biomedical and electronic sensors.
SMA, SMP, and EAPs are from the family of smart materials. Figure 1.4 shows the various
types of smart materials.

Shape Memory
Alloy

. Rheological
Magneto strictive Fluid

Materials

Smart

Piezoelectric .
Materials Others

Materials

Figure 1.4 Types of smart materials

The shape memory effect of SMAs and SMPs shows the unique capability of smart materials
to remain in the desired shape and retains their original shape when triggered by external
stimuli from the environment. This functional property of SMAs and SMPs enhances their
role in the field of AM, such as automatic assembly and disassembly, for example; the
fasteners made up of such materials can perform auto disassembly under the effect of external



stimuli. These cross-functional smart material-based devices show significant variations in a
controllable manner when triggered artificially or environmentally [37].

From the last few years, 3D printing of active materials has been considered as a disruptive
innovation in the field of advanced manufacturing. When these printed objects are subjected
to some externally applied stimulus, then they are capable of transforming their one or more
properties with passage of time. These types of post-processing activities are performed by
some special types of active materials such as smart materials, shape-memory polymers, and
shape-memory alloys. Smart polymer-based matrix composites (SPMC) can be easily tailored
due to their lightweight, high flexibility, easy deformation properties, and low processing
cost. For all such advantages, SPMC attained great interest among the researchers'
community for offering a wide range of innovative solutions for the fabrication of smart
devices in the field of electronics, microelectronics, sensing, photonics, adhesion, and

biotechnology [38].
1.5 Piezoelectricity

The name "piezo" comes from the Greek, signifying "to press”; in present-day terminology.
Piezoelectricity quickly developed as another field of exploration in the last two decades of
the nineteenth century. Pierre and Jacques Curie tracked down the piezoelectricity in specific
materials, for example, quartz; topaz, and, zinc blende. After one year, another scientist
predicted the opposite impact of piezoelectricity, i.e. the applied voltage produces the
mechanical distortion in material or we can say strains in the material. First time the
piezoelectricity quartz was utilized in the mid-1920s for the control of oscillators, after that
piezoelectric phenomenon is started to use in frequency control [39].

Thus in simple terminology, piezoelectric material accumulates electrical charges when
mechanical stress is applied. This is called the piezoelectric effect, while, the conversion of
electric field into mechanical strain is called the reverse piezoelectric effect.

Figure 1.5 (a) shows a molecular structure with no charge in it. As it shows there is no charge
in a material before any subjective force and the center points of both positive and negative
charges are coincide and show its electrically neutral condition [40]. Figure 1.5 (b) shows the
charge is generated under the impact of external force. In the presence of external force over
the molecular surface internal reticular may be distorted and separate the negative and
positive centers and generates the dipoles. Thus, both opposing faced poles cancel each other

and resulting in an electric charge on the surface (Figure 1.5 (c)). This is known as



polarization of material and the effect is pronounced as direct piezoelectric effect (DPE). The
electric field generated by polarization is used for the transformation of mechanical energy to

deform the material into electric energy [40].
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Figure 1.5 (a) A molecule having no piezoelectric polarization (neutral state);

(b) Polarization (Px) in a molecule under applied force (c) The polarized surface of
piezoelectric material under the effect of external force
Two metal electrodes are deposited on both opposite surfaces of a piezoelectric material.
These metal electrodes were connected externally with a galvanometer using short-circuiting
wire. Mechanical force was applied on the outer surfaces of piezo crystal and a fixed charge
appears on the crystal's surface connected to the electrodes (Figure 1.6(a)). The electric field
was generated by this polarization and causes the free charge flow in the conductor. The
charge will flow, until the produced charge neutralizes the effect of polarization. Thus it
means there is net zero charge flow in the steady-state of a piezoelectric crystal. Polarization
is also gone after the removal of external force and flow of charge reversed and the crystal
gone into its original still condition (Figure 1.6 (b)). The whole process was displayed on a
galvanometer by making peaks of current [40].
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Figure 1.6 (a) Current flows under the external load when both terminals are short-circuited;

(b) No current under neutral state
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However, some piezoelectric materials shown the converse of the piezoelectric effect (CPE)
that is a mechanical strain are produced in the crystal under the application of electric
voltage. In this case, an electric current was supplied through the electrodes and resulted in
mechanical deformation into the material. This type of transformation is generally applied in
nano- positioning systems. The DPE plays a vital role in pressure sensors, vibrational energy
scavenging, structural health monitoring, and energy harvesting. On the flip side, CPE is used
in shape control, actuation, and ultrasonic motors.

Before understanding various coefficients of piezoelectricity for solid piezoelectric material,
the direction of material due to the anisotropic nature of piezoelectric material must first be
defined. Typical piezoelectric coefficients are denoted as Aij where ‘i’ denoted as the
direction of the electrical measurement, and ‘j° denotes the direction of the mechanical
movement [41-42]. Figure 1.7 shows the typical dimensions of piezoelectric material for

defining the piezoelectric constants [41].

A
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Width Direction
Figure 1.7 Schematic representations of dimensions in piezoelectric material

Some of the important piezoelectric constants regarding this study are:

Piezo strain constant: d3j (C/m?/N/m?) represents the piezoelectric effect in the film. This
constant indicates how many charges can be accumulated in 1 m? when 1 Pa of pressure is
applied along the “j” axis. Typical values of dzz for PVDF and its copolymer are between 5
and 30 pC/N.

Piezo stress constant: gsj (Vm/N) represents the electric field induced in the “3” direction by
stress of 1 Pa is applied along the “j” axis. It is often called piezo voltage constant and the
typical gs3 values for PVDF polymer are around 200-300 Vm/N [42-44].

The piezoelectric device-based energy harvesting techniques open the doors to develop
autonomous and self-actuated electronic devices. Piezoelectric ceramics and quartz have been
extensively used in electronic applications for a long time. The zinc oxide (ZnO) and lead

zirconate titanate (PZT) are majorly used piezoelectric materials in electromechanical
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systems and transducers. Among the above said piezoelectric materials, PZT attained much
attention due to its high value of the piezoelectric coefficient. Nevertheless, the brittleness
and toxicity become a constraint in the application domain of PZT. Thus, to minimize their
impact on the environment and health, researchers made intensive efforts to develop lead-free
piezoelectric materials. Some researchers have developed nanowires of ZnO to generate a
sufficient amount of power to lighten a light-emitting diode. However, the length of these
nanowires was up to few micro-meters only which restrict their energy generation capacity
[45]. From the last two decades, researchers are trying to employ piezoelectric polymers as
sensors, actuators, and many more applications in the field of electronics and biomedical
engineering. The major advantages of using piezoelectric polymers are their thermal,
mechanical, electrical, chemical, and surface properties that can be easily tailored by
applying different processing conditions [46, 47]. Moreover, polymer-based piezoelectric
materials offer nontoxic, non-brittle, lower stiffness, and high tensile strength, which could be
another possible approach for fabrication of flexible energy harvesting [48]. The piezoelectric
property of PVDF was found in 1969, which opened the possibility of creation of relatively a
new class of elastic polymers with a low dielectric constant [49]. The piezoelectric properties
of the EAPs receive an acute interest from industrial research to produce low-cost energy
harvesting devices. But low actuation and low power generation capacity of EAPSs restrict
their applications.

A multifunctional piezoelectric material receives immense interest from both academic and
industrial research scholars as a low-cost energy-harvesting material [50]. It has been
reported that piezoelectric or mechanical energy harvesting is a path toward the development
of autonomous and self-powered electronic devices [51]. In the past decade, numerous
studies have reported that low-power electronic devices and light-emitting diodes have
increased energy efficiency to a significant level [52]. Earlier piezoelectric quartz and
ceramics have been used in a majority of electronics applications. However, in recent years
piezoelectric polymers gain such high popularity among researchers due to their versatile
applications in the field of actuators, sensors, electronics, and biomedical engineering.

The mechanical, electrical, thermal, surface, and chemical properties of piezoelectric
polymers can be easily tailored by different processing techniques [53-55]. The major
attractive properties of the polymers such as light in weight, electrically and mechanically
tough, and their compatibility with the organic and inorganic materials result in the
development of multi-functional smart materials for a wide range of applications [45, 46, 56,

57]. Magnetostrictive materials, shape-memory polymers, piezoelectric materials, self-
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healing materials, pH-sensitive materials, thermoelectric materials, and so on are some of the
types of smart materials [45-49, 58, 59]. These piezoelectric materials are used to produce a
voltage under the application of mechanical stress or vice versa and are known as electro-

active materials.
1.6 An overview of EAPs

The EAPs, are polymers that exhibit a change in size or shape when stimulated by an electric
field. A typical characteristic property of an EAP is that it will undergo a large amount of
deformation while sustaining large forces [60]. EAPs can be easily deformed or
manufactured into various shapes.

Ferroelectric polymers (dielectric polymers) are a group of crystalline polar polymers. These
polymers maintain a permanent electric polarization, which can be reversed, or switched, in
an external electric field [61]. Ferroelectric polymers, such as PVDF, are used in acoustic
transducers and electromechanical actuators because of their inherent piezoelectric response,
and as heat sensors because of their inherent pyroelectric response [62].

1.7 Extrusion process

Extrusion is the process in which, a block/billet of any metallic or polymeric material is
reduced in cross-section by forcing it to flow through a die orifice under high pressure [63].
The schematic of a simple extrusion process in Figure 1.8 shows that the ram is applying a
force on a material in a fully closed area with only one way to exit (via die) as per the

required shape [64].

Die

Extrusion
of material

S

Figure 1.8 Schematic of extrusion process
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The extrusion process is a forming technology in which a metal or thermoplastic polymer is
forced to extrude/flow through a small cross-section with a predefined shape. The extrusion
process is most widely used in the production of hollow tubes, wires, pipes and cylindrical
bars. [64]. This process is similar to the drawing process except that the drawing process uses
strong pressure to pull the polymer and metal piece. The compression force allows for greater
distortion compared to drawing. The most common materials to be extruded are

thermoplastic polymers and metals [65].

1.7.1 Types of an extrusion process

There are three types of extrusion processes, as shown in Figure 1.9: (a) based upon the
direction of flow materials, (b) based on extrusion temperature, and (c) types of equipment
[66].

Extrusion
L
by D f b l K |
y Direction o y Working :
flow temperature By Equipment
— Forward — Hot = Horizontal
oevard] LG

Figure 1.9 Different type of extrusion process
According to Figure 1.10, there are mainly two types of screw extruders [67]: (a) SSE and (b)
TSE, and further subdivided according to the rotation of screws and position of screws. In

this research study, a counter-rotating parallel type TSE has been used.
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Figure 1.10 Type of extruders according to screw and their direction of rotation
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In a SSE, a hopper is mainly used to hold and store the input materials (thermoplastic
polymer and its composites). The gearbox is primarily used to control the rotation speed of
the screw in the barrel zone. Thermocouples are installed at some distance on the extruder’s
barrel for measuring the temperature at different zones of the barrel. Finally, the semi-molten

material is extruded through the die opening.

Thermocouple

Die

Figure 1.11 Detailed schematic of SSE
In this research study, a counter-rotating parallel-type screw extruder has been used. Figure

1.11 and Figure 1.12 show a detailed schematic of a SSE and TSE respectively [68-69].

temperature

+ |

EEEE

Mixing of materials

Feed rate
controller

Figure 1.12 Detailed schematic of TSE

Since the advent of thermoplastic polymers extrusion process becomes a highly demandable
technology and also used in automobile, biomedical, petrochemical, packaging, agriculture

machinery, building materials, electronics, and in many defense applications [70].
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People are mostly using thermoplastic polymer in their daily life as compared to other non-
polymer or metallic things. A thermoplastic polymer is used as raw materials in most of the
regularly used applications. The extrusion process is the most important step in thermoplastic
polymer processing [71]. Moreover, extruders have been also used for the processing of
ceramics, food, pulp, packaging, electrode, feed, building materials, explosives, etc. Further,
in the development of thermoplastic polymer-based products the extrusion parameters have
great significance [72-73].

In extruders, screw is rotating in the barrel at high temperatures to push sturdy material in a
forward direction ata predefined flow rate [74]. Screw material must have very high
mechanical strength, to resist the deformation under high temperature and pressure
conditions. During the rotation of the screw rod of an extruder, the thermoplastic polymers
are sheared and plasticized mainly by the screw edges, and therefore the thermoplastic
polymers are pushed in a forward direction [75]. As a result, the screw edges are subject
to cutting stress and frictional force. In some situations, plastic backflow occurs, which may

lead to reduce the plasticizing effect and decline productivity [76-77].
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1.8 Organization of the Thesis

This study has been divided into 6 different chapters as briefly outlined in Figure 1.13.

Chapter
1

Chapter
2

Chapter
3

Chapter
4

Chapter
5

Chapter
6

General introduction about 3D printing technologies, 4D
printing and smart materials

Extensive literature survey and overview of similar
research work done by various researchers

Objectives of research work, materials used and
methodology adopted

Experimentation detail about the processes used in the
study

Analysis of results obtained from the conducted
experimantation

Conclusions drawn from the research work

Figure 1.13 Organization of thesis
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CHAPTER 2
LITERATURE REVIEW

This chapter details the different outcomes and results of previous studies conducted for TSE,
FDM, and the application of functional prototypes. For conducting this literature survey
approximately, 500 studies have been collected from different libraries, publications, and web
sources. Previous studies reported for mechanical, thermal, morphological, and piezoelectric
properties of feedstock filaments and functional prototypes as a result of varying different
process parameters associated with manufacturing processes. The outcomes and discussions

of the most relevant studies are as follows:
2.1 Literature review on smart materials

Roy et al., studied and concluded that smart materials are capable of reproducible and
significant variations among their one or more properties, under the effect of external stimuli
[78]. Classification of smart material depends upon its output response such as shape-
memory materials that recover their original shape at high temperature or with the variation
of stress, piezoelectric materials which produces voltage under the application of mechanical
stress, pyroelectric polymers, magnetostrictive materials, self-healing materials, pH-sensitive
materials, and many other materials. Smart materials are also known as active materials.
Hadimani et al., used the granules of PVDF for the fabrication of piezoelectric fiber-shaped
sensors [79]. The fibers of PVDF were extruded through a customized melt extruder. For
poling fibers were stretched at a high temperature of 80 °C with an extension ratio of 4:1 and
simultaneously high voltage of 13000 V was applied to the 0.5 mm diameter wire during the
extrusion. Further non-poled and poled fibers were subjected to FTIR analysis for the
confirmation of B phase in poled fibers of PVDF. SEM analysis was performed to examine
the microstructures, tensile strength, and young’s modulus of unpled and poled fibers.

Patel et al., developed the energy harvesting generators of PVDF, PP, and PZT for the
production of power as a function of temperature [80]. It has been reported that the PZT
produces more voltage than polymer-based generators at room temperature. However with
the increase in temperature the power generation capacity of PZT decreases whereas, for
PVDF, voltage output increased linearly with the increase of temperature. In the case of PP,

the voltage output initially increases up to 70 °C, after that it started to decline.
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Grinberg et al., fabricated a sensor for medical applications, using polyamide 11 (PA11)
polymer reinforced with BTO ceramic [81]. As BTO is an inorganic and biocompatible, lead-
free material, thus it was selected as a piezoelectric material for biomedical sensors. A
solvent casting method was used for the preparation of ferroelectric composite. Further, an
extruder was used for the fabrication of feedstock filament and FDM was used for 3D
printing of a sensor.

Ramadan et al., described the piezoelectric polymers into three different categories: bulk
polymers, composite polymers, and voided charged polymers [82]. Bulk polymers are solid
films of polymers having a piezoelectric effect due to their molecular structure and
orientation of molecules. Composite polymers are a combination of flexibility of polymers
with a high piezoelectric effect of ceramics. In piezo composites, the inorganic materials are
reinforced in the polymers to develop a flexible sensor with a high electromechanical effect.
The third type of piezoelectric polymers is voided charged polymers. This type of polymers is
completely different from the first two categories. Gas voids are formed in the polymers films
and further internal dipoles are created by charging the film surfaces. For voided charged
polymers the polarization is dependent on the applied stress.

Ribeiro et al., highlighted the application of piezoelectric polymers in tissue engineering [83].
As active scaffolds are the main needs in tissue engineering, for the proper reformation of
particular tissues. For proper functionality of tissues, electromechanical materials, especially
piezoelectric materials may show strong potential. Moreover, electroactive material may also
use during the regeneration of tissue.

Guo et al., highlighted the electrospinning method for the preparation of polyurethane
(PU)/PVDF scaffolds [84]. The piezoelectric and mechanical properties of the fabricated
scaffolds were examined. XRD, FTIR, and DSC analyses were performed for the phase
characterization of developed scaffolds. It was found that the electrospinning method helped
in conversion of the non-piezoelectric phase of PVDF into the piezoelectric B-phase.
Moreover, the results of the study reported that the piezoelectricity of developed scaffolds
increased the fibroblast movements in vitro and in vivo. Thus the fabricated scaffolds of
PU/PVDF showed their potential for wound healing applications.

Zeng et al., stated that piezoelectric composites are the best material for the development of
ultrasonic devices [85]. Earlier, piezoelectric composite parts were fabricated by mixing,
mold forming, and dicing-filing techniques. However, in this study researchers used the
Mask-Image-Projection-based (MIP) SLA process was used for the fabrication of BTO based

piezoelectric composites having honeycomb structure design. A high-density sintered part
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was fabricated with this 3D printing technique. This piezoelectric constant of the fabricated
complex structure was 60 pC/N. Further, this developed structure was installed in an
ultrasonic device and its material provides a promising response. The power output for
ultrasound sensing through this structure was also found significant. The effect of 3D printing
technology on the fabrication of complex piezoelectric composites was also demonstrated
that could not be easily fabricated with other methods like dicing-filling.

Malik and Ray used the micromechanical analysis to determine the piezoelectric constant of
composites reinforced with piezoelectric fibers [86]. To predict these coefficients, two
different approaches strength of materials (SoM) and method of cells (MoC) were used. An
electric field is assumed to be in the transverse direction of fibers. It was found that with the
increase of fiber volume fraction (FVF) more than the critical FVF, the piezoelectric
coefficient of the developed composite was significantly increased than the normal
piezoelectric constant of fibers.

Takagi et al., highlighted the powder processing method for the fabrication of PZT/Pt
composites [87]. Further, for the development of piezoelectric actuators, the mechanical,
elastic, piezoelectric, and dielectric properties of composites were examined. It was found
that with the increase of Pt content, the dielectric constant and piezoelectric constant of the
composites decreased. However, Pt contents increased the mechanical strength of the
composites especially fracture toughness. Strain gages were used to measure the deflections
induced in the structures by an electric field. The data measured was found in line with the
analytical data obtained from classical lamination theory (CLT).

Safari et al., described the two different methods of solid freeform fabrication (SFF) for the
fabrication of piezo composites [88]. Sanders Prototyping (SP) and fused deposition of
ceramics (FDC) methods were used for piezo composite fabrication by incorporating
different patterns of connectivity such as (1-3), (2-2), (3-1), (3-2), and (3-3). Further FDC
method was employed to prototype a variety of actuators like oval, spiral, tube arrays, and
telescoping actuators. It was highlighted that for the fabrication of sensors and actuators with
complex internal structure and intricate geometry, the SFF method was used.

Qiu et al., prepared the metal cored piezoelectric ceramic fibers of the PNN-PZT mixer [89].
The fibers of PNN-PZT powder were extruded and further, an organic solvent was used to
put the 50 mm Pt rod in the center of 250 mm fibers of PNN-PZT. SEM analysis was
performed to investigate the joint at the boundary of the cut piece along the cross-section and
in the longitudinal direction. A proper joining between the PNN-PZT fibers and Pt core was

found. Further, a relationship between polarization and the electric field was examined by

21



using a Radiant RT-6000. The outcome of this relationship showed the ferroelectricity in the
developed composite material.

Darestani et al., highlighted the effect of electric poling on the pre-fabricated thin membranes
of PVDF [90]. PVDF membranes were poled in the high voltage electric field for the
fabrication of piezoelectric membranes. The results of SEM analysis showed the change in
crystallinity and microstructure of PVDF membrane after poling process. Further DSC and
FTIR analysis confirmed the formation of the f-phase crystals in the PVDF membranes. To
obtain the piezoelectric effect from the PVDF membrane, DMA and surface displacement
measurement methods were used. It was found that poled membranes produced electric
signals under the applied dynamic load. Moreover, the laser vibrometer also detected some
vibrations in P\VDF membranes when they were energized by AC signals.

Xu et al., fabricated and characterized the piezoelectric nanofibers of PMN-Pt mixture by
using the electrospinning method followed by high-temperature processing [91]. Nanofibers
having a diameter in the range of 148-216 nm were prepared. To obtain the properly aligned
arrays of nanofiber, an electric field-assisted technique was used. Based on the theoretical
model piezo response force microscopy (PFM) was used to measure the piezoelectric
coefficient (ds3) fabricated nanofibers. The output value of ds3 of individual nanofiber of
(PMN-Pt) was found 50+2 pm/V. Thus these observed properties promote the developed
nanofibers for use in energy harvesting applications.

Yildirim et al., designed, developed, and investigated the performance of PVDF-TrFE based
biocompatible piezoelectric membrane actuator (PMA) [92]. A spin coating method was used
for the fabrication of a thin membrane (1-um) of PVDF-TrFE with actuator layers of 1.5 um
thickness. An atomic force microscope (AFM) was used to measure the surface roughness of
thin film and a value of 7.9 nm was observed. A polarization of 5.38 uC/cm 2 was measured
at 200V. A tip less probe of AFM with Al coating was used to measure the deflection in the
thin film. At 9 V, a displacement of 432 nm was obtained from PMA under non-resonant
conditions with a diameter of 2250 pum. It was stated that the proposed membrane of PMA
may be used as micro pumps in biomedical applications.

Sharma et al., reported the fabrication of a thin-film pressure sensor of PVDF-TrFE
copolymers by using a cost-effective standard lithography process [93]. For the B-phase
formation, a thin layer having a thickness of 1 um of PVDF-TrFE was spin-coated. Based
upon the thickness of the developed film, it was observed that a film of 1 um has shown

better performance without any electrical or mechanical poling as compared to the 6 pum thick
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film. Results of Raman spectroscopy showed that the film having less thickness having more
content of § phase as compared to films having more thickness.

Xu et al., proposed a design of a sensor comprising of micron-sized PVDF pillars, which
produce a charge under the effect of stress-induced acoustic waves [94]. Researchers focused
on the fabrication of highly sensitive acoustic pressure sensors with a small footprint. The
mechanical coupling produced in micro pillars is ensured by an acoustic medium. To increase
the sensitivity and decrease the capacitance of the sensor, electrodes were patterned properly.
An optimization algorithm was used to determine the sensor parameters such as height and
diameter of pillars, the total number of micro pillars, the gap between the micro pillars, etc.,
and the effect of electrical and mechanical properties of the sensor. The piezoelectric
response of developed micro pillars of PVDF under the applied strain was measured by using
the Nano-indentation test.

Haddadi et al., studied the effect of hydrophobic and hydrophilic nano-silica (SiO) on the
mechanical, morphological, and piezoelectric properties of PVDF nanofibers [95]. An
electrospinning method was used for the fabrication of nanofibers of a solution containing
PVDF and 1.5 wt% of both hydrophobic and hydrophilic SiO, FE-SEM analysis was used to
study the diameter distribution and morphology of developed nanofibers. To examine the
effect of nano-silica on the mechanical properties of nanofibers, a tensile test was performed.
Further for the piezoelectric coefficient of nanofibers was evaluated by output voltages as a
function of loading force. It was observed from the output voltage that the addition of SiO,
enhanced the piezoelectric properties of PVDF-based nanofibers. Moreover, the doping of
hydrophilic SiO2 also increased the mechanical properties and diameter of fibers.

Chen et al., highlighted the properties of PVDF as ferroelectric polymers integrated with
electronic devices (ED) to make them flexible [96]. The multifunctional properties such as
ease of processing, flexibility to stretch and bend, biocompatibility, and chemical stability
make them capable of applications in energy harvesting, biomedical sensors, and electronic
skins. Further, it was stated that PVDF-based flexible ED is capable to use as portable
sensors, nonvolatile memories, and energy transducer.

Wang et al., stated that PVDF has been widely accepted as a sensing material due to its
ferroelectric and electroactive properties [97]. Post-fabrication processing is required to
activate these properties in the piezoelectric polymer. Mechanical stretching and electric
poling are mainly used for  phase activation in PVDF. In this study, a human-related forced
sensor of PVDF fabrics was reported with high breathability and flexibility. An

electrospinning setup was used for the fabrication of PVDF-based nano-fibrous fabrics and
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further for characterization of developed fabrics SEM, FTIR, and XRD analysis was
performed. The fabricated forced sensor has been tested for sensitivity and found an excellent
response to mechanical forces. Thus it was stated that this type of sensor can be used to sense
the garment pressure, heartbeat, blood pressure, and respiration rate, etc.

Gaytan et al., highlighted the binder jet AM setup for the fabrication of BTO specimens [98].
The process parameters such as layer thickness, binder saturation, and sintering profiles were
optimized to achieve the density and crystal structure of 3D printed specimens. SEM analysis
was performed to characterize the morphology of surface and cross-sectional grains, XRD
analysis revealed that formation of hexagonal phase in the BTO when the sintered
temperature was increased to 1400 °C. Vector network analyzer and K,-band wave-guide
setup were used to obtain the dielectric constant of BTO samples. The measured relative
permittivity was in the range of 8.6 to 6.23 at the frequency range of 12.4-18 GHz. A density
equivalent to 0.65 times of theoretical density was observed at a sintered temperature of
1400 °C. The dg3 value showed by the sample sintered at 1400 °C was 74.1.

Karaki et al., highlighted the two-stage sintering method for the fabrication of fine-grain
piezo ceramic of BTO [99]. SEM analysis showed the irregular and small-sized domain
structure inside the specimens. The results showed that the specimen fabricated at optimized
conditions having a high piezoelectric coefficient and large dielectric constants with a grain
size of 1.6 um. The ds3 meter showed the maximum value of 460 pC/N in the sample. The
Curie temperature of 126°C was found in the sample. The obtained results highlighted that
these lead-free ceramics fabricated by a low-cost manufacturing process can be easily used in
actuators, ultrasonic generators, and piezoelectric vibrators.

Eswaraiah et al., fabricated the composites of PVDF reinforced with functionalized graphene
(FG) [100]. The effect of different proportions of FG on the electromagnetic interference
(EMI) shielding efficiency and electrical conductivity of the developed composite was
investigated. It was observed that with the increase of FG concentration in composite the
conductivity of PVDF also increased.0.5 wt.% of FG change in electric conductivity of
PVDF from 10*® S.m™ to 10* S.m™. Thus a conductive network was observed in the polymer
matrix. Moreover, composite containing 5wt % FG, showed 20 dB and 18 dB EMI shielding
effectiveness in (8-12 GHz) X-band region and (1-8 GHz) broadband region, respectively.
Uchino highlighted one important type of smart material that has been used widely as
piezoelectric material that produces electric charge or voltage when experiencing an
externally applied stress and vice versa [101]. Different categories of piezoelectric materials

offer different capabilities.
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Kim et al., stated that piezoelectric polymeric materials have some unique characteristics as
compared to other piezoelectric materials [102]. These materials are suitable for systems that
require mechanical flexibility, small active elements, biocompatibility, and solution-based
process ability. However, it is still a difficult task to fabricate piezoelectric polymeric
materials into complex 3D structures or small active elements. Thus, further improvement in
the manufacturability of piezoelectric polymers will have a huge contribution to the
development of various applications which require micro-scale and nano-scale piezoelectric
polymers, such as bio diagnostic devices, micro-scale, and nano-scale electromechanical

systems, imaging systems, compact sensor designs, and electronics.

Literature review conducted on the smart materials reveals that under the effect of external
stimuli like heat, temperature, moisture, force etc. smart materials become active and alter
one of its properties. Shape memory polymers, electroactive polymers (EAPS), pyroelectric
polymers, magnetostrictive materials and self-healing materials are some examples of smart
materials. Among these EAPs produce electricity when external force is applied on it. Thus
literature survey described about various processing techniques such as solvent casting, spin
coating, SLA SFF for the development of thin sensors, energy harvesting devices from
piezoelectric polymers. It has been also revealed from the literature survey that the
reinforcement of piezoelectric ceramics helps to enhance their piezoelectric properties of
EAPs

2.2 Literature survey on extrusion of feedstock filament

Frederick et al., tried to develop a new energetic material of functionally graded polymer-
based composites using the TSE process [103]. TSE process was used for both non-energetic
and energetic composite materials. The effect of TSE parameters on the mixing and
mechanical properties of developed composite was studied. It was found that the melting or
heating temperature of the extruder acted as important process parameters and TSE provides
better mixing capability and produced high-density parts with higher mechanical strength.

Nath et al., experimented and concluded that hydroxyapatite (HAp) is a biocompatible and
bioactive ceramic and reinforced with high-density polyethylene (HDPE) for fabrication of
composites used in biomedical applications/field [104]. For reinforcement of HAp in HDPE
polymer, TSE was used for blending of materials and found the homogeneous distribution of
filler particles in the polymer matrix. It was concluded that final fabricated parts are

dimensionally more accurate than other manufacturing processes.
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Singh et al., have conducted single screw extrusion of cryogenically ground nylon 6 based
thermoplastic materials with aluminum (Al) and aluminum oxide (Al,O3) reinforcement
[105]. The composition of nylon 6-Al- Al,O3 has been selected as per the MFI test (as per 3D
printing compatibility). The feedstock filaments were prepared by varying die temperature
(190-215°C), die temperature (175-185°C), and screw speed (20-35rpm).ANOVA table was
used to optimize the process parameters. Results of ANOVA suggested that only two process
parameters (die temperature and material composition) were found significant at a 95%
confidence level. However, screw speed and barrel temperature were found insignificant. The
results of the study suggested that feedstock filament comprising of 60%nylon 6-30%Al-
10%Al,03 (by weight %) shown maximum mechanical strength. The developed feedstock
filament was used to run on existing FDM setup for 3D printing of parts [106].

Singh et al., performed some experiments on the extrusion process for mixing of materials
and fabrication of feedstock filament for 3D printing [107]. The effect of process parameters
on the various properties like rheological, mechanical, and thermal properties was evaluated,
and found the best settings of process parameters for processing of different polymers. TSE
process has been widely used in the field of food processing, polymer technology,
pharmaceuticals, biomedical, and orthopaedics applications. Thermoplastic polyurethane
(TPU) and PVDF are the most commonly used smart polymers, with a wide range of
applications.

Bedi et al., worked on TSE for reinforcement of silicon carbide (SiC) and Al,O3 in HDPE
and LDPE thermoplastic polymers for the fabrication of rapid tool using 3D printing (FDM)
process [108]. For this experimental work, 4 different process variables such as screw speed
(35-45 rpm), applied load (5-15 kg), compositions (TPS, DPS, SPS with varying SiC and
Al,03), and barrel temperature (185-195°C) were selected as input process parameters for
fabrication of feedstock filament. Finally, it was concluded that thermoplastic composition is
the most affected process parameters (74.94 %) followed by screw speed (6.35 %) and then
barrel temperature (4.74 %). However, the applied load was found least effective process
parameters for the fabrication of HDPE based feedstock filament

Daniel and Cross conducted an experiment for blending of polymers with other
thermoplastics or some filler [109]. TSE process provides a high dispersion rate, accurate size
of extrusion, high mechanical strength, and self-wiping actions. It was also observed that the
TSE process is a better process than the single screw extrusion process due to its high melting
capacity and high solids intake rate. In the TSE process, the geometry of screws and other

process parameters also affect the properties of final products.
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Kumar et al., conducted some experiments on the reinforcement of banana fiber with HDPE,
LDPE, ABS, and PA6 thermoplastic polymers for enhancing the mechanical properties of the
final manufactured product [110]. TSE process was used for blending filler particles with
polymer matrices. Finally, it was concluded that in the case of PA6 and ABS best
composition was 5% banana fibers whereas 1% of banana fiber reinforced with LDPE and
HDPE provides maximum tensile as well as flexural strength. It was also found that barrel
temperature acted as the most effective process parameters towards the mechanical strength
of the fabricated parts.

Maridass and Gupta highlighted the response surface methodology for the optimization of
process parameters of TSE [111]. Screw speed and barrel temperature were selected for the
processing of rubber powder. For both, the parameters of five levels were chosen to
experiment. A second-order mathematical equation was used to fit the responses of both
variables and analyzed the obtained charts. It was found that barrel temperature of 219 "C and
screw speed of 20 rpm is the optimum condition for the processing of rubber powder. Further
for the confirmation experiments were conducted practically.

Ranjan et al., conducted an experiment on the TSE process for manufacturing of
biocompatible grade of feedstock filament by reinforcement of hydroxyapatite (HAp) and
chitosan (CS) fillers in PVC [112]. The extrusion process performed on TSE by varying
process parameters such as the size of HAp particles (53-150 pum), barrel temperature (180-
200°C), screw speed (30-50 rpm), and applied load (10-12 kg). It was concluded that 96% of
PVC with 4% of HAp-CS extruded at 50rpm screw speed and 200 C barrel temperature were
the best process parameters.

Regibeau et al., conducted an experiment to optimize the reactive extrusion polymerization
process for continuous synthesis of poly lactic glycolic acid (PLGA) and PDLLA, for
biomedical and pharmaceutical applications [113]. To optimize the process parameters,
PLGA and PDLLA were taken in the proportion of 50:50. A medical-grade extruder’s
parameters were optimized for the synthesis of aliphatic polyesters. The feedstock filaments
of composites developed via TSE were further used to run on the 3D printer for the
fabrication of scaffolds. It was also stated that PLLA, PLGA, and PDLLA polymers are best
suitable thermoplastic biopolymers for extrusion processes and biomedical applications
Sharma et al., optimized the process parameters of TSE for the fabrication of EAP-based
composite comprising of PVDF/Gr/BTO [114]. Two variables of TSE, screw speed, and

screw temperature were selected at three different levels along with material composition as
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the third parameter. A Taguchi L9 orthogonal array was used for high accuracy of results.
The results of ANOVA suggested that a filament contains 20% BTO when processed at 200
°C extruder temperature and 40 rpm screw speed shown a high degree of dispersion in the
polymer matrix. Further, the developed composite-based feedstock filament was used to run

on FDM for the fabrication of a piezoelectric sensor.

Literature survey conducted on the extrusion process revealed that TSE provides better
dispersion of filler particles in the base polymer matrix. Researchers have also used SSE for
the development of feedstock filament from Single polymer matrix. However, TSE has been
used for the development of polymer matrix composite based feedstock filaments. It has been
also revealed from the literature survey that process parameters of TSE played dominate role

on the geometrical, mechanical and other properties of developed feedstock filament.
2.3 Literature review on 3D printing

Li et al., worked on the fabrication of ABS-based FDM prototypes with locally-controlled
properties filling density and filling orientation and make a comparison between the
theoretical and experimental analysis [115]. They observed that the parts fabricated at raster
angle 45/-45 having minimum young’s modulus as compare to parts fabricated at 90° raster
angle having maximum young’s modulus and also there is a difference between the
theoretical and experimental outcome values.

Upcraft et al., compared various RP technologies including SLA, SLS, FDM, LOM, 3D
printing, and multi-jet modeling [116]. It also covers surface roughness considerations and
mechanical properties including dimensional accuracy and compares costs of various
systems. They concluded that in the case of FDM when the caster angle was increased from
10°-90°, the surface roughness of the fabricated model was decreased. The dimensional
accuracy of FDM parts was 97% when compared to CAD data. The FDM is a cost-effective
way to produce 3D structures as compared to other RP techniques.

Modeen et al., stated that the file generated in CAD software could be easily converted into a
machine-compatible file. [117]. Marcinova et al., shared the data about progress and normally
accessible materials that are utilized for item fabricating by FDM i.e., an RP innovation
[118]. While utilizing diverse innovation of fast model the primary condition of item material
might be accessible in many shapes. There can be fluid, powder shape, or solid form. It can
be also accessible in different types of solids like wire, laminates, or beds. The material

utilized as a part of this exploration paper incorporates nylon, paper, resin wax, ceramics. In
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FDM be materials that are utilized are ABS, polypropylene, polyamide, and polyethylene.
Some extraordinary materials are utilized in the FDM system are nitrile, HAp, silicon,
stainless steel, PZT, and Al,Os.

Romero et al., compared the 3D printed product with the conventional master cast and also
studied the material consumption and cost that occurred in both processes [119]. It was
concluded that rapid manufacturing produced the best-fit parts with negligible material
wastage when compared to the conventional manufacturing class. The results also show the
saving of cost in the RP process.

Torres et al., optimized the process parameters of FDM (infill percentage, layer thickness,
and post-heat treatment on the mechanical strength of the prototypes ANOVA was used for
the optimization process [120]. They concluded that the layer thickness and infill percentage
have more effects on the mechanical strength of 3D printed parts. However, the post-
processing heat treatment (at three different time intervals 0 to 20 mins) affects the
mechanical strength of less dense part only.

Singh et al., studied that the reinforcement of graphene in ABS polymer matrix can be
directly printed with an open-source 3-D printer and graphene is responsible for enhancing
the electrical and thermal conductivity of the ABS polymer [121].

Dul et al., fabricated 3D parts of ABS reinforced with graphene nano-platelets (xGnP) [122].
It was observed that both stress and strain at break were decreased with the addition of xGnP
in ABS. Moreover, higher thermal stability was induced on 3D printed parts by xGnP, as
indicated by a reduction in both coefficients of linear thermal expansion and creep
compliance.

Berretta et al., investigated the effect of carbon nano-tubes proportions on 3D printing of
polyether ether ketone (PEEK) thermoplastic material polymer [123]. Carbon nanotubes were
reinforced in PEEK and feedstock filaments were fabricated by varying the proportion of
carbon nano-tubes from 1% to 25% by weight. The results of the study highlighted that the
specimen 3D printed with 5% carbon nanotubes according to weight percentage shown better
thermal properties. It was also suggested that 3D printed carbon nanotubes reinforced PEEK
might be used in high-temperature applications.

Feng et al., developed the feedstock filament of ABS-based composites by reinforcing
cellulose nano-crystal and methacrylate resin in it [124]. Further 3D printing of standard
specimens was performed by varying the infill density. The effect of infill density on the
mechanical properties of the fabricated parts was evaluated. Results of the study were

highlighted that the tensile strength of parts prepared from methacrylate resin-cellulose nano-
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crystal doped composites was higher than the virgin ABS-based 3D printed parts fabricated at
80% infill density.

Jamroz et al., compared the tensile modulus of 3D printed polyvinyl alcohol (PVA)
reinforced with aripiprazole particles [125]. It was found that the mechanical breaking force
of the 3D printed product was comparable with the casted one as 47.25 £ 3.72 MPa and 52.15
+ 9.27 MP respectively. It was suggested that the sustainability of drug delivery is a serious
issue. The 3DP technique has a wide perspective to produces sustainable products.

Kariz et al., developed a feedstock filament of PLA reinforced with wood particles for the 3D
printing of prototypes [126]. The proportion of wood particles was varied in between 0% to
50% by wright. The results of this study highlighted that tensile modulus was improved with
10% wood content but decreased with 50% wood content in the PLA matrix. It was suggested
that the reinforcement of wood fiber in recycled polymers may provide good options in the
field of waste management.

Kaur et al., performed the 3D printing of virgin PLA, nylon 6, and carbon fibers reinforced
PLA [127]. The results of the study suggested that carbon fibers reinforced PLA sustained
more as compared to the other two and shown the highest Young’s modulus (0.6GPa) and
yield strength (17MPa). The developed composite might be helpful in civil engineering
applications, especially micro-architectures structure with a lightweight.

Leon-Cabezas et al., performed 3D printing of PLA with reinforcement of thermos chromic
and photochromic agent (5%) for investigations of color degradation per unit time [128]. 3D
printed parts were heated, such as blue color (30-35 C) and red color (37-31C) and sunlight
treatment in yellow and violet color. The results of the study highlighted that parts heating in
presence of a thermo-chromic agent, taken higher heating in red color to get colorless, and
also proved the better aesthetic sustainability in red color. Thus it may be used in the
maintenance of aesthetic and toy components.

Mohamed et al., studied the effect of layer thickness, air gap, raster angle, build orientation,
road width, and several contours on tribological properties of additively manufactured
polycarbonate-ABS blend [129]. The wear rate of FDM's manufactured parts decreased with
the decrease in layer thickness. However, with the increase in raster angle and air gap wear
rate increased. It was found that the lowest and highest values for both road width and
number of contours produced high wear rates as compared to the wear rate of the parts
prepared at the center level of those parameters. It was observed that parts 3D printed with 0°

and 90° printing angle (raster angle) shown more strength as compared to parts prepared at
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other raster angles. It was also found that orienting the raster angle along with the printing
direction provides maximum tensile strength

Hao et al., compared the thermoplastic and thermosetting polymers based on 3D printed parts
based on mechanical properties [130]. Epoxy resin was 3D printed by reinforcing carbon
fiber. Results of the study highlighted that the mechanical strength of thermosetting
composites was higher than the 3D printed parts of the thermoplastic composite under the
same experimental conditions. The FDM system follows the base-up approach. According to
requirement, FDM printers are available in different bed sizes. the most commonly used
desktop 3D printer fabricates 200 x 200 x 200 mm?®. However, at an industrial level, a size of
1000 x 1000 x 1000 mm® may be used. Another, alternative way to produce big products on
small 3D printers is to divide the product into small sizes of a different number of parts. Each
small part is fabricated separately and further assembled.

Silva et al., highlighted that PLA polymer is widely used as biomedical implants or scaffolds
and drug delivery systems [131]. PLA's best properties are biodegradability, which makes it
more suitable for biomedical field or tissue engineering applications. Due to its superior
quality of easily printable on a 3D printer, PLA as a scaffold may a very good wise decision.
Singh and Ranjan investigated the biocompatible polymers and bioactive fillers, for
improving the growth of bone tissues. Biocompatible feedstock filament was prepared for
FDM by reinforcement of biocompatible grade of polymers with fillers (HAp) with the help
of TSE [132]. This investigation highlights that best settings of TSE for the preparation of in-
house feedstock filament-based upon mechanical and thermal analysis. The material
composition was 96% polymer matrix (comprising of 70% of PVC and 30% of PP) and filler
(HAp) as 4%, extruder temperature 200°C and rotational speed 50 rpm with load applied of
20kg were the optimized observed conditions. The results were also supported by
microstructure analysis. The final feedstock filament prepared as per the suggested
parametric settings was run on commercial FDM setup without any change in the system's
hardware/ software for the preparation of biocompatible scaffolds.

Wei et al., highlighted the flexibility in the 3D printing process and its capability to further
improve the piezoelectric properties of the fabricated parts [133]. BTO derived from milled
precursors was fabricated by extrusion free-forming process. A required tetragonal phase of
BTO was formed at a very low temperature of 950°C. A green part obtained from the
extrusion was further sintered to form the dense structures. The sintered ceramic with a

density of 5.66 g/cm® showed the piezoelectric constant of 420 pC/N and dielectric constant
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4380 at a frequency of 1 kHz. Conclusively it was stated that this method can be used as the

low-cost manufacturing process of piezoelectric sensors.

Literature survey shows that researchers have developed the feedstock filaments of polymer
matrix composites as raw material for FDM a 3D printing setup. It has been revealed that the
process parameters of FDM have significant role on the various properties of fabricated
specimens. Thus researchers have optimized the process parameters of FDM for in house
developed feedstock filaments of various polymer matrix (PLA, ABS, PVC, PP etc.) based
composites. However very few have reported about the optimized process parameters of
FDM for PVDF based composites.

2.4 Literature review on 4D printing

Roach et al., stated that poly-jet printing and syringe printing are the most popular forms of
4D printing, but other 3D printing technologies such as FDM, SLS, and SLA are processes
that could be incorporated in 4D printing technology [134]. However, some 4D printing
technologies may require multi-materials and multiple nozzles, which limits what 3D printing
methods can be used. Exploring different printing methods may allow for different smart
materials to be 3D printed that are stronger, lighter, induce different property changes, and
react to different stimuli.

According to Pei, 4D printing is ‘the process of building a physical object using appropriate
AM technology, laying down successive layers of stimuli-responsive composite or multi-
material with varying properties [135]. After being built, the object reacts to stimuli from the
natural environment or through human intervention, resulting in a physical or chemical
change of state through time.

Tibbits et al., stated 4D printing as a new process that ‘entails multi-material prints with the
capability to transform over time, or a customized material system that can change from one
shape to another, directly off the print bed’ with ‘the fourth dimension described here as the
transformation over time, emphasizing that printed structures are no longer static, dead
objects; rather, they are programmable active and can transform independently [136].

Zhou et al., outlined that rigid materials can be 3D printed along with smart materials to
create specific areas of a part that act as joints and hinges for bending [137]. This process of
3D printing parts that change shape over time when exposed to external energy has been
termed 4D printing by Skylar Tibbits from the Massachusetts Institute of Technology (MIT).
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Leist and Zhou highlighted the onset of multi-material 3D printing and the combination of
smart materials into the printable material has led to the development of an exciting new
technology called 4D printing [138]. This paper will introduce the background and
development into 4D printing; discuss water-reactive 4D printing methods and temperature
reactive 4D printing, modeling and simulation software, and future applications of this new
technology. Smart materials that react to different external stimuli are described, along with
the benefits of these smart materials and their potential use in 4D printing applications;
specifically, existing light-reactive smart materials. 4D printing has the prospective to
simplify the design and manufacturing of different products and the potential of automating
actuation devices that naturally react to their environment without the need for human
interaction, batteries, processors, sensors, and motors.

Tibbits et al., highlighted that construction must be made smarter and solve the problem of
wasting large amount of energy, materials, money, and time for building [139]. These issues
can be solved using design programs and software to embed information into the materials
that make the material and construction more accurate. In the beginning, Tibbits proposed a
process called self-assembly, which uses small units that form larger structures when exposed
to external energy.

Tibbits et al., outlined that self-assembly may be applied to 1D strand forming organized 2D
and 3D shapes, along with 2D planar shapes forming 3D objects [140]. Self-assembly may
not be efficient for every purpose, which means different sectors and applications must be
identified that benefits most from self-assembly.

A market research report predicts that the 4D printing industry could be worth $63.00 million
in 2019 and $555.60 million in 2025 (Markets and Markets 2015). The market report predicts
that 4D printing may find applications in the automotive, textiles, construction, healthcare,
utility, aerospace, and military industries. It is predicted that the defense and military sector
would have the largest share, followed by the aerospace industry. These are just a minor
number of application ideas for 4D printing that reflect several 3D printing methodologies

and activation energies.
2.4.1 Developments in 4D printing

In this section, some developments of 4D printing that exhibit physical changes of the printed
components/ structures are illustrated. They are classified according to whether they are

printed with a combination of multiple materials or with a single material.
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2.4.1.1 4D printing with a single material

In this section, 4D printing of either a single smart material or a mixture of smart material and
conventional material as the starting form for printing has been detailed.

Torres et al., proposed an integrated 3D printing process with corona poling to fabricate
piezoelectric PVDF sensors without the post poling process [141]. This proposed process,
named ‘Integrated 3D Printing and Corona poling process’ (IPC), uses the 3D printer’s
nozzle and heating bed as anode and cathode, respectively, to create poling electric fields in a
controlled heating environment. The nozzle travels along the programmed path with a fixed
distance between the nozzle tip and the sample’s top surface. Simultaneously, the electric
field between the nozzle and bottom heating pad promotes the alignment of the dipole
moment of PVDF molecular chains. The crystalline phase transformation and output current
generated by printed samples under different electric fields in this process was characterized
by a FTIR and through fatigue load frame. It is demonstrated that piezoelectric PVDF films
with enhanced B-phase percentages can be fabricated using the IPC process.

Gladman et al., got success in 3D printing of a single smart material using a syringe nozzle
and photo polymerization of their smart material for their 4D printing research at Harvard’s
School of Engineering and Applied Sciences (SEAS) [142].

Kamila outlined that 3D printing of components consisting of a single smart material or a
mixture of smart and conventional materials [143]. The smartness of the materials plays a
more important role in achieving the intended response than in the case of a multi-material
component. The smartness of the smart materials or mixtures describes the self-adaptability,
self-sensing, shape memory, decision making, and multiple functionalities of the materials or
mixtures.

Kim et al., stated those characteristics that determined how the printed components change
their properties in response to the external stimulus and also described various promising
applications of these materials [144]. Further, the recent developments of 4D printing that
consist of either a single smart material or a mixture of materials as the starting form was
highlighted, including enhanced smart nanocomposites and 3D printing of SMPs.

Dadbakhsh et al., studied the effect of selective laser melting (SLM) process parameters on
the transformation temperature of fabricated parts of nickel titanium and found that SLM
restores the 0.5% SME in the fabricated structure [145].

Rossiter et al., fabricated a thin membrane with a thick circular collar (thickness of the central

membrane was approximately 90um) of acrylic-based photopolymer by PolyJet and found
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that thin membrane produces large strain upon activation by electricity [146]. Thus it
demonstrated that 3D printing has the potential to produce electroactive actuators.

Bodkhe et al., demonstrated the production of 4 VV from a 3D printed sensor of PVDF
reinforced with BTO [147]. The 3D scaffolds were fabricated with a Solvent evaporation-

assisted 3D printing process and were able to stabilize the B-phase at room temperature.
2.4.1.2 4-D printing of multiple materials

Raviv et al., found an important factor to consider when designing a component with multiple
materials is the availability of the 3D printing technology [148]. Moreover, in the
developments of 4D printing of multiple materials, the design of the components plays a
critical role as the conventional materials do not react to the external stimulus. Hence, the
degree of the change in the printed components upon activation is usually determined by the
design of the components. To illustrate this point, some examples of the developments in 4D
printing of multiple materials are discussed. These examples include printed actuators for soft
robotics, self-evolving structures, anti-counterfeiting system.

Srivastava et al., stated another class of smart materials that are gaining popularity are SMPs
[149]. SMPs possess the ability to remember a permanent shape and transform to a temporary
shape when exposed to some external stimuli such as temperature,

Hager et al., studied that SMP could create products that react to their environment
automatically without the need for complex, heavy, and expensive electronic actuation
systems [150]. Some other smart materials, called self-healing materials, that possess the
ability to react to external stimulus and repair themselves, which may prove useful for
devices exposed to extreme environments.

Lendlein stated that smart materials are essential to the development of 4D printing research
[151]. There are many smart materials in development; however, not every smart material
can be 3D printed. Also, smart materials do not need to possess shape change to be important
to 3D printing research. Materials that possess the ability to change color, hardness, or
transparency may become important in camouflage technology, signaling for users, detecting
foreign substances, and biomedical applications.

Ge et al., created a 4D printing technique that uses a combination of heat and stress to
activate a shape memory composite to bend at different rates and directions depending on the
design of the hinges [152]. Glassy polymers in the form of fibers exhibit SMEs when heated
above their glass transition temperature (Tg) and are 3D printed within an elastomeric matrix
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combination of elastomer and glassy polymer fibers create a soft composite, which the team
has named printed active composites (PACs).

Mao et al., were successful in implementing their 4D printing techniques for the creation of
self-assembling origami structures: a box, pyramid, a three-hinged airplane, and a five-hinge
airplane [153]. A box with six rigid sides connected by PAC hinges is 3D printed in a flat
shape. The PAC hinges are pre-programmed with definitive bending angles using the relation
of PAC hinge length and applied strain to determine the bending angle. The walls of the box
should bend at 90°, so the hinges required a strain of 20% to be applied while the material is
heated above its glass transition temperature (Tg), cooled, then releasing the pre-strain. The
component managed to form the box shape with minor irregularities due to inconsistencies

when straining the material (see Figure 2.1a and 2.1b).

_ External stimuli and shape

alteration

(@

(®)
Figure 2.1(a) Initial flat shape of PAC without heat activation. 2.1(b) Flat PAC material

displays bending, twisting, and way shape changes when heat and stress are applied
depending on the orientation of the PAC fiber.

Ge et al., found that the inclusion of smart materials in their 3D printing components could
save time and material. 3D printing a 20 mm x 20 mm x 20 mm hollow cube with a wall
thickness of 1 mm could took 10 minutes when printed in a flat 2D shape then activated to
become a 3D cube [154]. However, direct 3D printing a cube with the same dimensions took
3 hours to print, and post-processing for removal of support material took numerous hours.
Kravchenko et al., found that light is an effective activation technique because it is an
abundant source of energy, wireless, and controllable [155]. However, it can be difficult to
transform light energy into mechanical energy for use in SMPs. Light-activated SMPs have
been used in areas of self-assembly structures, complex folding methods, transformative
surface deformations.

For this research work, a bibliographic analysis has been performed by using the web of
science database by putting keywords; PVDF polymer, Piezoelectric property, and 3D
printing. A total of 119 research papers/articles/chapters have been found and downloaded in
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the “.ris” format, by using “VOS viewer software (version 1.6.16”). 33810 terms have been
found for this bibliographic analysis. By selecting minimum occurrences of 6, a total of 88
have met the threshold level. Further from 88 items, the best suitable 53 terms have been
suggested by VOS viewer software and lastly, 30 terms have been selected for mapping and
relations among those have been developed.

Figure 2.2 shows the bibliographic relevance analysis of the 3D printing of PVDF for
piezoelectric applications by VOS viewer. All 30 terms are divided into four clusters with
different colors (red, green, blue, and yellow). Two major clusters have been formed for
previously conducted research works (shown in red and green color). As observed from
Figure. 4, several studies have been reported on the PVDF matrix for sensor applications
processed with SLA. Moreover, 3D printing of polymer matrix for the preparation of the
composite using graphene, carbon nanotubes, and investigations related to piezoelectric

coefficient, piezoelectric properties, etc. has been also reported.
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Figure 2.2 Bibliographic analysis (map) for keywords; PVDF polymer, Piezoelectric
property, and 3D printing by using www.scopus.com database.

Figure 2.3 shows the bibliographic map analysis or relationship between all selected 30
terms. By clicking upon the node of 3D printing it has been predicted that there is a gap of
study in 3D printing of PVDF and PVDF-based composites by reinforcement of carbon
nanotubes, BTO, etc. for the fabrication of actuators and sensors. Moreover, a gap has been
also found in the study of mechanical properties of PVDF matrix-based 3D printed parts.
Further, the studies may be performed for the fabrication of piezoelectric devices by 3D
printing of BTO and Gr in the PVDF matrix.
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Figure 2.3 Bibliographic analysis for 3D printing process with different areas using

www.scopus.com database.
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2.5 Research gaps

The literature review was conducted on smart materials-based EAPs and their application in
the field of energy harvesting, biomedical sensors, actuators, transducers, and many more.
Some literature reported on the processing conditions of these EAPs such as type of process,
pre-processing treatment, post-processing treatment, and their applicability capacity. Some
researchers worked on the fabrication of sensors using PVDF polymers to utilize their
extraordinary properties such as high flexibility, high piezoelectric properties, nontoxic, non-
reactivity to chemicals, etc. Literature survey also revealed the development of piezoelectric
polymers based composites doped with piezo ceramics such as BTO, ZnO, PZT, etc. to
enhance the mechanical properties and piezoelectric properties of the EAPs by using various
methods such as solvent casting, electrospinning method, etc. Some researchers also reported
the optimization of the best process setting of TSE for the fabrication of feedstock filament
using polymers or composites based on the polymers and 3D printing of prototypes by using
these developed filaments. However, to date still, some research gap is noticed in reported
literature on the processing and fabrication of PVDF composites based on piezoelectric
sensors reinforcement by lead-free piezo- ceramics. Based on the literature review, the

following gaps have been identified:

e |t has been observed that many researchers have worked in the field of 3D printing of
commercially available materials, but very few have reported the 3D printing of EAP
matrix for 4D applications. Since 4D printing is an emerging field in AM, not much data
has been reported regarding 4-D printing with FDM which is one of the low-cost AM
processes.

e Smart materials nowadays, are being used in actuators, sensor applications and can be
fabricated by conventional manufacturing processes as well as by 3D printing. Some of
the commonly available smart materials are PVDF and BTO. To date, very little work has
been reported for the preparation of 4D printed parts by using PVDF, graphene, and BTO
as processing material on FDM.

The proposed study is expected to fill these gaps for biomedical sensor applications.
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2.6 Problem formulation

Literature survey revealed that in the past two decades many researchers have worked on the
development of piezoelectric based sensors from ceramics, EAPs, and composites of EAPs
reinforced with piezoelectric ceramics using various processing conditions such as solvent
casting, electrospinning, powder sintering etc. On the flip side, many researchers have
worked on the development of FDM based feedstock filament using polymer matrices or
composites based upon these polymers, like PLA, PVC, PVDF, PEEK, reinforced with fillers
to enhance the properties as per the required applications. However few have reported on the
development of FDM-based feedstock filament using P\VDF matrix reinforced with BTO and
Graphene nano-powder using twin-screw compounder for possible 4D printing applications.

This research work is conducted to develop a spool of smart materials-based composites
comprising PVDF/Gr/BTO by using a twin-screw compounder/extruder (TSE). The different
proportions /compositions of the fillers in PVDF have been processed at different parametric
settings of TSE). After that developed feedstock filament has deployed on an open-source
commercial FDM machine for the 3D printing of scaffold/ functional prototypes. Composites
of different proportions were prepared by two different methods of mixing: (1) Mechanical
blending (MB), (2) Chemical assisted mechanical blending (CAMB). Process parameters of
TSE and FDM have been optimized for the mechanical thermal and dimensional properties of
the developed filament and fabricated prototypes, respectively. Fabricated parts at optimized
settings of FDM have further subjected dynamic mechanical analysis (DMA) to determine

viscoelastic properties of the developed composites.

It has been also observed that researchers have worked on fabrication of sensors using these
types of EAPs and piezoelectric ceramics. Thus, the optimized settings of FDM have been
used for the fabrication of thin cylindrical discs for measuring the piezoelectric properties,
dielectric constant. To obtain the piezoelectric properties, 3D printed samples were subjected
to post-processing treatment by using electrical poling. Thus, this study may help to explore
FDM’s capability of 3D printing of smart material-based composites having 4D properties.
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CHAPTER 3
MATERIALS AND METHODS

This chapter details the research objectives selected based on research gaps found from
previously reported literature. The selected materials and various processing methods used
for the preparation of feedstock filaments and functional prototypes have been discussed. The
methodology adopted for the completion of this research work is also mentioned in this
chapter.

3.1 Objectives

Following were the objectives of the present study:

1.  To prepare the different proportions of BTO, and Gr as reinforcement in PVDF
matrix for 4D printing applications (based upon MFI analysis).

2. To prepare FDM feedstock filament (for commercial open-source 3D printer)
of BTO and Gr reinforced PVDF by:
a)  Mechanical mixing with twin-screw extrusion

b)  Chemical mixing

3. To perform rheological, thermal analysis (based upon differential scanning
calorimetry) and tensile testing of feedstock filaments prepared by using
mechanically/chemically blended samples and parametric optimization based upon

the suitable design of experiments.

4.  To print functional prototypes on FDM with feedstock filaments prepared and
perform its parametric optimization from a mechanical/piezoelectric properties

viewpoint.

5. To establish storage/loss modulus properties (by dynamic mechanical analysis),
thermal stability, material properties (based on XRD and FTIR), and piezoelectric
coefficient of functional prototypes.

6.  To perform process capability analysis of finally prepared 4D material for batch

production.
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3.2 Methodology

The methodology adopted for the completion of this research work is shown in Figure
3.1.

Selection of piezoelectric polymer matrix PVVDF and its fillers (BTO and Gr) and
preparation of blend

MFI analysis as per ASTM 1238 of different proportions of PVDF/Gr/BTO
(after mechanical/chemical mixina)

Fabrication of feedstock filaments using mechanically and chemically mixed
composites of different proportions and different settings of TSE

Selection of the best feedstock filament based upon Tensile, dimensional, Thermal
properties surface porosity and microstructural analysis

Fabricate the Tensile test samples (ASTM638 TYPE 1V), Flexural test samples (ASTM
standard) and pull out samples on FDM as per DOE.

Process parametric optimization for best settings on FDM set-up (without change in
hardware/software) for fabrication of 3D scaffolds

Fabrication of samples for Dynamic mechanical analysis (DMA) to evaluate the
storage/loss modulus of the composite materials

Fabrication of thin cylindrical discs at the optimized settings of FDM and subjected to
electrical poling process for piezoelectric constant and dielectric constant measurement

XRD and FTIR analysis of 3D printed samples before and after electrical poling

Comparison of results obtained from mechanical blended and chemically blended
composites at all stages of study

Figure 3.1 Methodology adopted for the completion of this research work
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3.2.1 Different stages of work

This research work deals with the development of functional prototypes of 4D feedstock
filaments using PVDF reinforced with Gr and BTO nanoparticles. The study is divided
into five stages:

Stage 1

Optimization of process parameters of TSE for fabrication of feedstock filament using
MBD composites of PVDF/BTO/Gr based on dimensional, mechanical, thermal, and
morphological properties.

Stage 2

3D printing of standard tensile and flexural prototypes as per ASTM D-638 Type IV and
ASTM D-790, respectively, by using the feedstock filament prepared from MBD
composites (as per stage 1). Optimize the Process parameters of FDM based upon
mechanical and morphological properties of 3D printed parts. The optimized process
parameters of FDM were further used for 3D printing of standard specimens for process
capability analysis.

Stage 3

Optimization of process parameters of TSE for fabrication of feedstock filament using
CAMBD composites of PVDF/BTO/Gr based on dimensional, mechanical, thermal, and
morphological properties.

Stage 4

3D printing of standard tensile and flexural prototypes as per ASTM D-638 Type IV and
ASTM D-790, respectively, by using the feedstock filament prepared from CAMBD
composites (as per stage 3). Optimize the Process parameters of FDM based upon
mechanical and morphological properties of 3D printed parts. The optimized process
parameters of FDM were further used for 3D printing of standard specimens for process
capability analysis

Stage 5

The optimized process parameters of FDM on stage 2 and stage 4 were further used for
3D printing of thin cylindrical disc for material and piezoelectric characterization. A
comparative study has been performed to compare the results obtained from MB and

CAMB process at various stages.
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3.3 Selection of materials
3.3.1 PVDF

PVDF is lightweight, flexible, low acoustic impedance, high piezoelectric constant, and a
good candidate for acoustic or biomedical sensors. The crystallinity of the PVDF polymer is
a major factor in the piezoelectric constant [156]. Typical piezoelectric polymers have a
crystalline region that has an internal dipole moment. These dipole moments are randomly
oriented without any mechanical or electrical poling process [157], and the net dipole
moment is zero in this condition. This type of structure is called a-phase PVDF that has no
piezoelectric response. In a-phase PVDF crystalline regions will align such that all dipole
moments cancel each other as shown in Figure 3.2 [130]. The a-phase PVDF film is
commonly used as an insulating material because of its low thermal conductivity, low
density, and high chemical and heat resistance. With post-processing such as mechanical
stretching and electrical poling under a high electric field, crystalline regions inside the bulk
PVDF film will align in the electric field direction [158]. The PVDF structure with this
morphology is called B-phase film.
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Figure 3.2 Chemical structure of a phase PVDF structure
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Figure 3.3 Chemical structure of § phase PVDF structure

The B-phase structure of PVDF has fluorine on the one side and hydrogen on the other side,
as shown in Figure 3.3 This will form a net dipole moment in a stacked direction inside the 3-
phase PVDF crystalline regions. When stress is applied to this stacked polymer chain region,
it will change the local dipole distributions and induce an electric field in the stack. The
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induced electric field accumulates the charges at both the top and bottom surface of the film,
demonstrating the principle of the piezoelectric effect. Various studies show ways to increase
the B-phase portion in the film by mechanical or electrical poling [159]. It has been shown
that the higher p-phase portion of PVDF film shows a higher piezoelectric constant as a
sensor material. Typically, around 90~95% of the p-phase portion shows a strong
piezoelectric response for PVDF polymer [160]. Copolymers of PVDF such as PVDF tetra-
fluoro ethylene (PVDF-TrFE) show higher crystallinity due to its chemical structure,
resulting in a better piezoelectric response. Upon application of post-processes to the PVDF
film, the B-phase PVDF film retains its morphology unless there are severe changes in
temperature to the film. The maximum operating temperature for the B-phase PVDF film is
80°C and 110°C for the p-phase PVDF-TrFE film. PVDF-TrFE is a good candidate material
for piezoelectric polymer sensors because it can achieve a high portion of B-phase
morphology without poling process. The physical, mechanical, and thermal properties of
PVDF are shown in Table 3.1.
Table 3.1 Physical, mechanical, and thermal properties of PVDF

Name of property Unit Value Test method

Physical properties

Density at 23 °C glem® | 1.75-1.80 ASTM D792

MFI at 2.16 kg g/(10min) | 5.5-11 ASTM D1238
Water absorption (24 hours at 23°C) % <0.04 ASTM D 570
Mechanical properties (Tensile strength (1ISO 527-2, 50 mm/min))

Stress at yield MPa 50-60 ASTM D638

Stress at break MPa 30-50 ASTM D638

Elongation at yield % 5-10 ASTM D638

Elongation at break % 20-300 ASTM D638

Shore-D hardness 73-80 ASTM D 2240
Thermal properties (DSC analysis)

Melting point °C 170-175 ASTM D3418
Heat of fusion (80 °C to end of Jig 58 — 67 ASTM D3418
melting)

Crystallization point °C 134 — 144 ASTM D3418
Glass transition (Tg) °C -40 ASTM D4065
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Solef PVDF used in this research work is a fluorinated semi-crystalline polymer produced by
the polymerizing of vinylidene fluoride. This type of fluorinated thermoplastic has been
widely consumed for the last three decades. PVDF has high stability without any addition of
foreign material even in harsh environments. The unique properties of PVDF lead the
equipment to longer life. Some other important properties of PVDF are as follows:

¢ Resistance towards highly reactive chemicals and solvents

e Good wear resistance

e Toughness and High mechanical strength

e High thermal stability (can withstand up to 300 °F)

e Reluctance to accept nuclear and UV radiations

e High resistance to fire

e Easily processed and molded by melting techniques like extrusion
Applications of PVDF

e PVDF is mainly used in chemical industries

e Semiconductor industries

e Cables and wire industries

e Automotive industries

e Fuel cells and Lithium-ion batteries

e Pharmaceutical and food industries

e Building materials and chimney linings
PVDF solef (6008/0001) was selected as a base polymer matrix. Even though PVDF has less
piezoelectric coefficient than piezo ceramics, but it has more useful due to its remarkable
properties such as high flexibility, biocompatibility, high fatigue life, ease of deformation,
and many more. The PVDF granules used in this present study were procured from the local

vendor (Deval Enterprises, Vadodara, India).
3.3.2BTO

BTO is the inorganic compound with the chemical formula BaTiO3;. BTO is a white powder
and transparent as larger crystals [161]. The BTO is a piezoelectric ceramic and is mainly
known for its lead-free and inorganic nature. It is a ferroelectric ceramic material, with a
photorefractive effect. It is used in capacitors, electromechanical transducers, and nonlinear
optics [162]. Due to the large dipole moment, BTO is commonly used as reinforcement in the

EAPs to increase their piezoelectric properties. For this research work, BTO was procured
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from Ultra Nanotech Pvt. Ltd. Bengaluru, India. Table 3.2 shows the specifications of the
BTO used in current research work (supplier data). Figure 3.4 (a) and (b) shows transmission
electron microscopy image of BTO and X-ray diffraction (XRD) analysis (according to the
supplier data), respectively.

Table 3.2 Specifications of the BTO

Name Unit | Value /type
Particle size nm 100
Purity % 99.9
Specific surface area | m?/g 10.42
Density glcm® 5.85
Colour | - white
Morphology | -----—--- spherical

BTO

Intensity {a.u)
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Figure 3.4 (a) Transmission electron microscopy image of BTO (b) X-ray diffraction (XRD)
analysis of BTO (according to the supplier data)

3.3.3Gr

The Gris an allotrope of carbon having single layer sp2 hybridization arranged in a two-
dimensional hexagonal lattice. It is the basic structural element of many other allotropes of
carbon, such as graphite, diamond, charcoal, carbon nanotubes, and fullerenes [163]. It is the
strongest material ever tested. This material has received an intense interest because of its

mechanical, thermal, and electrical properties [164]. Gr has selected as the filler in the
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polymer matrix. A study conducted by a group of researchers highlighted that Gr improves

the thermal, electrical, and mechanical properties of the polymer matrix.
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Figure 3.5 (a) SEM image of Gr and (b) XRD of Gr (according to the supplier data)
Gr was also used as filler in the base polymer matrix. In this study, Gr was procured from a
local vendor (Platonic nanotech Pvt. Ltd., Jharkhand, India). The specifications of the Gr are
shown in Table 3.3 (supplier data).
Table 3.3 Specifications of the Gr

Name Unit Value/type
Physical form | - Fluffy
Colour | - Grey-black

Thermal conductivity | Watts/m-K | 3000

Electrical conductivity | Siemens/m | 10’

Tensile modulus GPa 1000
Thickness nm 5-10
Length um 5-10
Density glem® 3.1
Number of layers | ------ 4-8
Surface area m°/g 200-210
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3.4 Methods

3.4.1 MFI

MFI is used to identify the flow ability of PVDF and composites based upon it.

Weight

Heated Barrel

Piston Head

Material tested

Die opening

Figure 3.6 Basic construction of MFI tester

The successful running of extruded filament in the existing FDM setup depends upon the
stiffness and consistent diameter of the feedstock filament, and it can be achieved only by
appropriate selection of proportion of ceramics or other reinforcements in the polymer
matrix. Therefore, the behavior of the composite under processing conditions can be specified
by rheological properties. MFI is generally used to measure the flow capacity of the pure
material or the composite prepared from this material. Certain standard conditions have been
utilized during the testing as per American society for testing and materials (ASTM)
standards for most of the materials. Temperature, weight, time are key factors in finding the
MFI of any material. In this process, the material is flowing at a high temperature under the
effect of constant weight through a small opening for 10 minutes. Thus, to calculate the MFI
of any material the discharged material is collected and measured its weight. The schematic
diagram of the MFI setup in which material is flowing through the heated barrel is shown in
Figure 3.6 [165].

Generally, the polymers having an MFI value near 2.4 g/ 10 min run properly in the FDM
setup. MFI tester used in this research work is made of Shanta Engineering, (Model: 2013),
Pune, India. This setup of the MFI tester can withstand a temperature of 400°C.

The barrel of the MFI tester is completely covered/ wrapped by a heater coil. To minimize
the leakage and dissipation of heat, the outer surface of the heater coil is completely insulated
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the temperature controller automatically cuts the heating once it reached the required level. A
step-by-step complete procedure of MFI adopted in this study is as follows:

» Initially switch on the MFI tester and set its temperature level.

» The polymer granules or composites based upon it are poured into the cylinder.

> Allow the machine to reach at pre-set temperature (230 °C) and maintain the same
temperature of the whole cylinder.

» Then pressure is applied on the poured material through the piston usin g predefined
standard weight (as per ASTM D1238 standard) to push the material and start the
timer from the control panel option.

» Under the effect of applied load (2.16 kg) semi-molten material starts to flow
through the small opening of the die.

» Allows the material to come through die for 10 minutes. After that remove the load
from the piston.

» Collect the material and measured its weight using a high-accuracy digital weighing
scale.

» Thus, the measured weight of material per 10 minutes is known as MFI of the

material. See formula writes below:

MFI = Weight of sample in g/ 10 min.
3.4.2 Trial runs for fabrication of feedstock filament

The rheological behavior of the material can be altered as per requirement by various means
such as by adding metal powders, ceramics into the base polymer matrix to improve the
inherent properties of the material. The addition of fillers like BTO, Gr increases the
application domain of the base polymer matrix such as biomedical sensors, energy harvesting
applications, transducers, etc.

In this research work, PVDF, an electroactive smart polymer having biocompatible nature is
used as a base material due to its extraordinary piezoelectric properties for sensor
applications. Piezoelectric ceramic BTO and Gr powder has been added to the base matrix at
different proportions to study the effect of reinforcement on the PVDF properties.

For the fabrication of feedstock filament, a continuous flow of material must be required
through the extruder.

Extrusion is a manufacturing technique in which material in granular form is poured from a

hopper in a hot cylindrical barrel. The material starts melting in the heated barrel and is
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forced to push through a small opening in continuous form. In a SSE a long screw of a fixed

profile is rotating inside the barrel and pushed the molten material to extrude through the die.

I
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Figure 3.7 Cross-section view of SSE and TSE
A TSE is used to produce proper dispersion of the fillers in the base polymer matrix. These

two screws are rotating inside the extruder barrel. In some TSE’s the direction of rotation
may same or in a counter direction. Figure 3.7 shows a cross-section view of SSE and TSE
[166]. TSE is mainly used for compounding purposes. Various factors are considering while
the extrusion of filament on TSE such as screw speed, extruder temperature, torque, load. die
opening size etc. A filament in continuous form with good mechanical strength is the basic
requirement for the proper running of it on FDM. Initially, PVDF/Gr/BTO based mixture in
different proportions is prepared and checked the flow ability of the material, and based on
MFI a total of 3 different proportions were selected for further fabrication of feedstock

filament. Working and photographic views of TSE setup are shown in Figure 3.8.
: - & /

Figure 3.8 Working and photographic view of TSE setup
In this study, a counter-rotating variant of TSE (Mini CTW HAAKE model, manufactured
by: Thermo Scientific) was used [167]. The operating parameters of TSE were temperature in
the range of 30°C to 300°C and screws speed 0-300 rpm. Three different proportions of
PVDF/Gr/BTO were selected for the fabrication of feedstock filament. Two parameters of
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TSE were also selected (each at three levels) along with the composition for optimization of
TSE process parameters. As per the literature review for this in-house developed composite
TSE setting must be optimized. Thus, to obtain the optimum process parametric settings of
TSE for PBGC, a total of 9 wires were extruded according to Taguchi L9 orthogonal array.
Out of these 9 different experimental settings one best was selected for fabrication of

feedstock filament for 3D printing of parts.

3.4.3 PVDF/Gr/BTO based developed feedstock filament for 3D printing of scaffolds on
FDM setup

The developed feedstock filament comprising of PVDF/Gr/BTO was used to optimize the
FDM process parameters for the fabrication of functional prototypes. The FDM setup offers
various process parameters to be controlled while the fabrication of 3D scaffolds. The process
parameters of FDM are shown in Table 3.4. Out of these process parameters, three important
factors were selected in this research work. The FDM process variables were optimized based
on these three variables by using L9 orthogonal array. The remaining process parameters
were kept constant in this research study. An open-source FDM setup (Model: Accucraft
i250D; Company: Divide by Zero, India) having bed size 250x200x200 mm?® was used in this

present study is shown in Figure 3.9.

E}truder nozzle

Print bed

Figure 3.9 Open source Accucraft i250D 3D printer
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Table 3.4 Basic configuration of the open-source 3D printer (Accucraft i250D)

Properties Value
Nozzle diameter of the extruder 0.3mm
Input feedstock filament diameter 1.75 mm
Fill pattern Rectilinear, Triangular, Square, Zigzag, Linear,
Honeycomb
Speed of perimeter 0-200 mm/s
Printing speed 0-300 mm/s
Traveling speed of Nozzle 0-300 mm/s
Extruder temperature (Maximum 275 °C
working temperature)
Maximum bed Temperature 100 °C
Best printable materials PLA, ABS, PP, PAG6, PETG, PC, PMMA, HIPS
recommended
Printing accuracy 80-150 um
Extruder 2

3.4.4 Optimization of process variables of TSE/ FDM

To optimize the selected input process variables based on required output responses Signal-
to-Noise (SN) was calculated. For a successful process, the strength of the signal should be
always more than the noise level. As per the required properties, the SN ratio of the material
is calculated on the “Larger the better” or “Smaller the better” basis. For mechanical strength

(tensile or flexural), surface hardness, it is calculated using the following formula:

N= —10! [1Zn: 1]
le=1y

whereas for some properties such as surface roughness, dimensional accuracy, SN ratios can

be calculated as;

Il = —10 log

where, SN ratio is represented by I,
n = no. of experiments,

y; represents the properties of the material for experiment ‘k’
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To observe the best settings above mentioned SN ratio relations are used. As in the case of
TSE, the best settings/process parameters are those, where the maximum value of SN ratio is

found

To obtain the optimum condition/ values at best-observed settings for any property the

following equation has been used:

Nopt = dn+( dn o;— dn) +( dn g— dn) +( dn c3— dn)

where ‘dn’ is the overall mean of SN ratios, dn a; is the mean of SN ratio for the first
parameter at level 1, dn g, is the mean of SN ratio for the second parameter at level 2, and dn
c3 1s the mean of SN data for the third parameter at level 3. The term ‘dn’ is not any standard
term. Researchers may use any term to represent these equations.
Now, two different equations are used to calculate the value of yoptz for smaller the better and
larger the better case
In case of smaller the better

yoptz = (1/10)PV10
In the case of Larger is better

yoptz — (10y1o0t/10
The values calculated by using a mathematical approach are defined as predicted values of
properties at optimum parametric settings. Thus, there is a need to perform confirmatory

experiments to validate the results of the mathematical approach.

3.4.5 Fabrication of cylindrical discs for piezoelectric characterization of a developed
composite of PVDF/Gr/BTO

After parametric optimization of process parameters of FDM for mechanical, dimensional,
morphological properties of 3D printed parts of PVDF/Gr/BTO, the best-observed settings
were used for 3D printing of cylindrical discs for piezoelectric characterization of the
material. The best process variables of TSE were initially selected for the fabrication of
feedstock filament-based composite developed from smart materials. Two types of feedstock
filaments were extruded: (1) mechanically blended based, (2) chemically blended based
composites. These extruded feedstock filaments were further used on the FDM machine for
the 3D printing process. The best process settings of FDM obtained from optimization of
mechanical properties were further used for 3D printing of thin cylindrical discs for
piezoelectric characterization of developed materials. The nozzle head of the FDM (Divide
by Zero) machine along with 3D printing of cylindrical disc is shown in figure 3.10.
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Figure 3.10 3D printing of a thin cylindrical disc
3.4.6 Electrical poling of 3D printed parts for piezoelectric characterization

After successfully fabrication of cylindrical discs, one of the specimens was prepared for the
electrical poling process, where the transformation of PVDF B-phase occurs, as indicated by
extensive research. For the electric poling process, the specimen should be conductive in
nature. Thus, to make the 3D printed part electrically conductive, silver paint was coated on
both sides of the disc. The silver paint is of two types, one is for room temperature use, and
another is high temperature resistive silver paint to withstand the high-temperature

conditions.

Figure 3.11 Setup used for electrical poling of specimen

In this research work, specimens were subjected to electrical poling at high temperature;
therefore, a high temperature resistive silver paint was used for coating the surfaces of 3D
printed disc. In this process, the specimen is subjected to a high voltage electric field. This
applied electric field aligns the orientation of atoms/ molecules and arranges their dipoles.
Thus, there is a change in the phase in the crystal structure of a material. PVDF is an EAP. It
changes its phase structure when subjected to any electrical poling or mechanical stretching.
Thus, there is a change in o to B phase. The complete setup of the DC polling unit used in this

research work is shown in Figure 3.11.
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3.4.7 Piezoelectric constant Measurement

The piezoelectric property of BTO/Gr/PVDF-based 3D printed films can be characterized by
measuring the piezoelectric constant (ds3) by using a two-probe method. A ds; meter (Model
YE2730A D33 make: Marine India) has been used with a high degree of resolution i.e., 0.1
pC/N. This meter is capable of direct measurement of the piezoelectric constant of
piezoelectric crystals, ceramics, and polymeric. Although, any type of sample can be easily
used to measure piezoelectric constant, but the disk-type sample is more preferable.

3.4.8 Thermal analysis, Mechanical analysis, morphological analysis, material
characterization of developed composites, and 3D printed prototypes

The developed composites of PVDF/Gr/BTO were subjected to various types of properties
analysis at various stages of fabrication. For thermal analysis, a fabricated feedstock filament
was used. Feedstock filaments fabricated by both mechanical and chemical blended methods
were subjected to thermal analysis by using DSC3 setup, company: METTLER TOLEDO,
and operated with computerized software STAR® (SW 14.00). The whole testing is performed
under the flow of N, gas. The thermal behavior of the specimen is compared with the
standard specimen. Both the samples were placed inside the small-sized aluminum/platinum-
based crucibles. One of these two crucibles is known as a reference and the other is known as
a sample as shown in Figure 3.12 Thus the thermal behavior of the developed composite was

analyzed by DSC at two consecutive heating and cooling cycles.

Reference Sample

pecimen

Figure 3.12 DSC setup
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Further, the mechanical properties of the fabricated feedstock filaments and 3D printed parts
were analyzed by using a universal testing machine (model: UTM, SE-500 kgf, Make Shanta
Engineering, India). For morphological analysis such as surface porosity of the filaments, a
metallurgical microscope model: XJL-17, was used as per ASTM standards. It works on the
computerized metallurgical image analysis software (MIAS). The 3D printed samples of
tensile as per ASTM D-638, flexural (ASTM D-790) and pull-out specimens were
mechanically tested on the same UTM machine. Standard testing conditions such as 50
mm/min loading rate, room temperature, etc. are followed during the mechanical testing of
the parts. The results of mechanical testing were obtained in the form of PL, BL, PS, BS,
peak elongation, and break elongation.

For the surface hardness of 3D printed parts of PVDF/Gr/BTO, shore-D hardness testing was
used. Shore-D hardness was tested as per the ASTM-D2240 standard. A shore-D durometer
(digital meter) having a knob, is placed over the specimen and applied some pressure to
determine the hardness of the surface. This meter gives the digital value of the surface
hardness in shore-D.

The fractured surfaced of mechanically tested 3D printed parts were morphologically
analyzed by using SEM (Model no. JEOL JSM-6510LV SEM, Japan), images captured at
different magnification levels. The sample for SEM analysis was initially prepared by doing
gold coating over its surface (in case of non-conductive sample only). After that samples are
fixed on the sample holder and put in the vacuum chamber. SEM is also providing detailed
high magnification images of the sample by raster a focused electron beam across the surface
in a vacuum chamber and identifying auxiliary or backscattered electron signals. An Energy
Dispersive X-Ray analyzer (EDA/EDX) is likewise used to give identification of element ID
and quantitative compositional data. An energy-dispersive spectroscopy (EDS) detector is
used to differentiate the characteristics/properties of different elements into an energy
spectrum, and EDS system software is used to analyze the energy spectrum to determine the
abundance of specific elements. Area mapping is used to determine whether the reinforced

materials are dispersed properly throughout the base material or not.
3.4.9 XRD Analysis

XRD is a fast-analytical technique that is mainly used for compound and phase identification
of a crystalline material (solid/powder form). It also provides detailed information on unit cell
dimensions. For this research study, compound and phase testing have been performed on
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XRD machine (Model No.: - ECO D8 ADVANCE, manufactured by: - BRUKER Company)
and output results have been saved in. raw and .txt format. For XRD data analysis (phase
identification, cluster analysis, and crystallographic analysis) Bruker AXS Measurement
Centre and X’Pert HighScore Plus software were to be used in this study. Figure 3.13 shows

the experimental setup of the XRD machine.

Figure 3.13 Experimental setup of XRD machine

3.4.10 FTIR Analysis

FTIR spectroscopy is normally using for fast and accurate identification of compounds such
as adhesives, fillers, thermoplastic polymers, paints, resins, coatings, blends, compounded
plastics, rubbers, and reinforced thermoplastic polymers. FTIR spectroscopy is the most
effective tool for determining the surface composition in chemical form. The absorbance of a
sample to an incident infrared spectrum with the range of 600 to 4500 cm ™' constitutes the
analysis. FTIR’s are also explaining the incomplete polymerization when it is compared with
a standard specimen. FTIR is also be used for imaging and microscopy of particle and rubber
interfacial modification. For this research work FTIR machine (Model No.: - INFRA 3000B
FTIR; manufacture by - Analytical) has been used that as shown in Figure 3.14.

Figure 3.14 Orthogonal view of FTIR spectroscopy machine
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3.4.11 DMA

Polymers react to an external force by two different methods: (1) Elasticity, in which the
original shape is recovered after stretching, and (2) Viscous response, which absorbs energy
to prevent breakage. Viscoelasticity of polymers depends upon the temperature and time.
DMA is used for the characterization of material properties such as viscoelastic properties,
mechanical properties with respect to temperature, frequency, and time. DMA is incorporated
with controlled heating and cooling system. The time scale is used to determine the frequency
effect on the material’s resistance towards permanent deformation. The sample of various
materials like elastomers, thermoplastics, metals, and ceramics is subjected to repeatedly
apply small cyclic load. The output responses of DMA are in the form of storage and loss
modulus. The phase shift that occurs in the force and displacement amplitude is known as tan
delta. In DMA material is subjected to different modes of deformation. As the test is
performed as a function of temperature, thus it may also be known as dynamic mechanical
thermal analysis (DMTA). In the case of thermomechanical analysis (TMA) the sample is
subjected to a static load and analyses the changes that occur with respect to time and
temperature. The results of TMA give the change in dimensions and coefficient of thermal
expansion. However, In DMA an oscillatory force is applied at a particular frequency and
reports the stiffness and damping capacity of the sample. Undoubtedly, both the tests detect
transitions; however, DMA is more sensitive than TMA. Thus to predict the real-time
performance of polymer, three parameters force, time and temperature are strategically used
in DMA. Some other properties that may be easily studied with DMA are as follows:

1. Viscoelastic spectrum

2. To evaluate the Tg of the materials

3. To see the changes that occurs in the elastic modulus of the polymer with respect to time,
temperature, and frequency

4. Damping behaviour known as tan delta/loss modulus

5. Comparison among various polymers based on failure analysis, quality, etc.
3.4.12 Working of DMA

In DMA testing, a sample of a predefined geometry is subjected to a sinusoidal deformation.
A clamp system is used to hold a solid polymeric sample for DMA. A sample is first
fabricated of required dimensions as per clamp sizes. The type of clamp depends upon the

mechanical motion required for a specific study such as; tensile for the stretch, compression
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for push, flexure for bending, and shear for the motion of layers parallel to the surface. There
are mainly two clamps: one is moveable and the other one is fixed to hold the sample. A
moveable clamp is used to apply the cyclic force and displace the sample repeatedly. Figure
3.15 shows the different modes of deformation in DMA . A clamp system is programmed to
displace the sample within a constant specified distance. Controlled stress is applied to the
material and the sample will deform up to a certain amount under the controlled stress. The
amount of deformation is directly related to the stiffness of the material. The sinusoidal force
is generated through a motor and further transmitted with the drive shaft. A stabilizing
bearing is used to keep the driveshaft in position during the force transmission. During the
displacement amplitude of the response is measured. Based upon the sample’s dimension and
geometry, for each cycle, the stress and strain response of the sample is calculated. These
observed or calculated values are a function of time, temperature, and frequency of applied
force. Thus in dynamic testing sinusoidal displacement results in sinusoidal elastic response
of the sample. The main aim of DMA is not to break the sample; however, it is used to
evaluate the elastic and viscous response of the sample in the linear viscoelastic region
(LVR), which means low force conditions are applied that do not break the structure.

(a) 3-point bending (b) Cantilever bending

(c) Tension (d) Compression (d)Shear
Figure 3.15 Different modes of deformation used in DMA (source: Mettler Toledo)
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DMA is generally used to evaluate the conditions that may alter the original viscoelastic
behaviour of the material and may lead to long-lasting small deformations in original form. If
the thermoplastic polymer is heated during DMA testing, it will lose its original elasticity
after some particular temperature and deforms permanently. This all occurs at glass transition
(Tg) temperature. In DMA the material deforms only in micrometers so a small applied force
ensures the measurable of Tg in the viscoelastic spectrum. Due to very small deformation, the
sample does not squeeze or pulled apart from the clamps during the testing. The phase angle
(0) is determined by the degree to which the curve of stress goes out of phase with respect to
the strain input curve. This phase angle represents the relationship between strain input and
stress output. Further trigonometric equations are derived from this relationship to describe
three quantifiable properties as follows.

E’ =Storage Modulus

E” =Loss Modulus

E”/E’ =Tan 6
E’ represents the material’s capacity to absorb the applied mechanical energy during the
loading conditions. Consequently, it is associated with the shape recovery and stiffness of
material under the loading cycle. However, E” corresponds to the damping capacity of the
material. It indicates the ability of the polymer to disburse mechanical energy by internal
molecular motions. The ratio of E”/ E’ is represented by the tan delta (3).
In this research work, a single cantilever method is used. The force of 1 N is applied cyclically
with a frequency of 10 Hz. The sample was displaced by 10 pm. The increase in temperature
during DMA testing depends upon the thermal properties of the material, like melting point,
etc. The temperature in this research work is increased from 30°C to 130°C. The temperature
of the machine was increased at the rate of 3 K/min.
The research objectives along with the methodology adopted for the completion of them has
been discussed in this chapter Therefore, the experimentation performed to complete these

objectives has been discussed in the next chapter of ‘Experimentation’.
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CHAPTER 4
EXPERIMENTATION

In this chapter, the experimental work conducted on TSE and FDM for the preparation of
feedstock filament and functional prototypes has been described. Various process parameters
of the TSE and FDM have been varied in this research work. The design of experiment
(DOE) was prepared as per Taguchi L9 orthogonal array (OA). Experimental work conducted

at various stages is as follows:
4.1 Experimentation at stage 1

4.1.1 Pilot Experimentation

This research work started with the selection of smart materials-based EAP. PVDF was
selected as a base polymer matrix due to its outstanding piezoelectric properties. Moreover, it
has certain advantages over piezo ceramics such as light in weight, flexibility, high sensitivity
towards applied mechanical loads, etc. In this research work, solef PVDF 6008/0001 grade
was used. The material was procured from the local market (Deval Enterprises, Vadodara,
India). The BTO is a ceramic material, having excellent piezoelectric properties. Its large
dipole moment can be used to reinforce in the polymer matrix to enhance its piezoelectric
properties. BTO is inorganic and lead-free filler among the other piezoelectric ceramics. The
BTO having particle size 100 nm was also procured from the local market (Ultra Nanotech
Pvt. Ltd. Bengaluru, India). Along with BTO, Gr was selected as filler in the polymer matrix.
The Gr is a highly conductive material. A study conducted by a group of researchers
highlighted that Gr is helpful to improve the thermal, electrical, and mechanical properties of
the polymer matrix [107]. For this study, Gr (physical form: fluffy, colour: gray-black,
thermal conductivity: 3000 W/mK, tensile modulus: 1000 GPa, electrical conductivity: 107
Siemens/m, purity: 99%, thickness: 5-10 nm, length: 5-10 um, density: 3.1 g/cm3, number
of layers: 4-8, surface area: 200-210 m2/g) was also procured from the local market
(Platonic Nanotech Pvt. Ltd, Mahagama, Godda, Jharkhand, India). BTO and Gr were mixed
into the PVDF matrix by using two different methods of blending. The final composition of

mechanically and chemically blended composites was used on TSE for the fabrication of
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feedstock filament. The fabricated filaments were used for the 3D printing of standard
prototypes.

In the pilot experimentation, BTO and Gr powder were reinforced in PVDF matrix in
different proportions, for the development of smart polymer-based composite for possible 4D
printing applications. The BTO was added to the PVDF matrix in five different proportions.
The effect of BTO on the flowability of the PVDF polymer was studied. Similar to BTO, Gr
was also added in the PVDF matrix in five different proportions and its effect on the
flowability was observed. MFI testing was performed to evaluate the rheological properties

of the mixed materials.
4.1.2 Flow ability characterization for selection of proportion fillers in polymer matrix

A successful running of extruded filament in the existing FDM setup depends upon the
stiffness and consistent diameter of feedstock filament and it can be achieved only by
appropriate selection of proportion of ceramics or other reinforcements in a polymer matrix.
Therefore, the behaviour of the composite under processing conditions can be specified by
rheological properties. Flowability of the material plays a prominent role in uniformity and
other mechanical properties of the extruded filament. Thus, to characterize the rheological
properties of the blended material, a MFI test was performed. Initially, the prepared
composite of PVDF+Gr+BTO was preheated at high temperature for 3-5 min and after that
constant pressure was applied through the piston to flow the material through a standard die
having diameter2.0955 £+ 0.0051 mm and length 8.000 £ 0.025mm (in some cases different
orifice is used). MFI tester used in this research work is made of Shanta Engineering, Pune,

India (see Figure 4.1).
b

. MELT FLOW INDEXER
UNDER TEQIP-II

Figure 4.1 Melt flow tester used for flowability check
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The line chart (Figure 4.2) shows the effect of BTO and Gr on the MFI of PVDF composite
matrix with a single type of reinforcement. The results of MFI testing show that, in both types
of fillers, with the addition of filler contents in PVDF matrix, the flowability of the polymer
decreases. The MFI of the pure PVDF was found 8 gm/ (10min). It has been observed
experimentally that with the addition of 20% and 30% of BTO, the MFI value of composite is
reduced to 3.57 g/10min and 2.49/10min respectively and in the case of Gr, only 1-2% of
reinforcement is sufficient enough to reduce the MFI value of PVDF by 1-1.25 g/10 min.

PVDF+BTO PVDF+Gr
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Figure 4.2 Effect of addition of BTO and Gr on MFI of PVDF respectively
Based upon the results of MFI (Figure 4.2), Gr was added 2% by weight in the PVDF matrix
whereas BTO was reinforced up to 20% by weight in PVDF+Gr+BTO composite matrix. It
has been observed that as BTO proportion is increased from 0 to 20 the MFI value of the
PVDF composite matrix is decreased. Based on MFI testing three different proportions of
PVDF/Gr/BTO were selected for the fabrication of feedstock filament using TSE. Table 4.1
shows the proportion of composition by weight.

Table 4.1 MFI at different proportion of materials

Composition/Proportion X Y
(Wt%) [PVDF (98%) +Gr (2%)] [BTO]

A 90 10

B 85 15

C 80 20

The results of MFI testing ascertain the feasibility of the extrusion of feedstock filament with
a uniform diameter. Further in pilot experimentation viscosity of the composition was
measure by using resulted values of MFI. To calculate the density of composition a ratio
proportion method was used.

The measured values of MFI of all three compositions were further used for measuring the

shear rate of the composition. Further, the viscosity (p), has been calculated from shear stress
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(t) divided by the shear rate (y). To calculate the shear stress and shear rate following

equations have been used.

_ rxF (4.1)
T_ZXT[XRZXI '
4xQ
- 4.2
V=3 (4.2)

where r is nozzle radius 0.105 cm
R is the radius of piston 0.4737 cm
I is nozzle length 0.8 cm
F is test load L in kg x 9.807 x 10° dynes
(Here L is 2.16 kg)
Since the geometry of melt flow indexer is fixed, thus after putting the values of radius of the
nozzle (r), test load (F), nozzle length (), and radius of the piston (R) in equation 4.1, then
shear stress (1) is:
1=913x10"Ldynes — — — — — — — (4.3)
where, shear rate y depends on the volumetric flow rate Q (in cc.s™) and. The volume flow
rate Q can be determined by dividing the volume V extruded during the time t and Q is

calculated as:

Q- MFL @)
p x 600
From equation 4.2 and 4.4 shear rate can be calculated as
MFI
Ye———— - ————- (4.5)

C mxr3xpx150

After putting the values of MFI, a radius of nozzle (r), density (p) in equation 4.5,
1.83x MFI
y=——1/s——————— (4.6)
p
To calculate viscosity equation 4.3 is divided by equation 4.6
~9.13x10" Lxp
= 183 x MFI

or
9.13x10"4 Lxp

H = 183 x MFIx 10

Thus equations 4.7 and 4.8 were used to calculating the values of viscosity for all selected

compositions of the material.
4.1.3 Mechanical blending of PVDF/Gr/BTO for fabrication of feedstock filament
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For the fabrication of feedstock filament, three different compositions of PVDF/Gr/BTO
were selected on the basis of MFI. The proportion of Gr was kept fixed as 2% of the PVDF
by weight percentage. The addition of BTO in PVDF+ Gr was in three different proportions
such as: 10%, 15%, and 20% by weight of PVDF/Gr/BTO. For all these three compositions

viscosity is calculated by using the above-mentioned equations.
4.1.4 Extrusion of feedstock filament

A Thermo scientific (Make: HAAKE, Germany) TSE was used to fabricate the feedstock
filament. The TSE has two corotating screws. It is operated by computer software.
Commercial TSE is well known for providing a high degree of dispersion, so it has been used
for compounding two or more materials. The temperature of the extruder depends upon the
melting point of the material. It has a small opening and the diameter of the opening can be
changed by changing the diameter of the die. The uniformity in diameter of feedstock
filament played a very dominating role in its successful use in FDM setup.

To select the level of processing parameters a pilot study was performed by taking the levels
on basis of literature and melting point of polymer matrix The composition of PVDF/Gr/BTO
was extruded at different combinations of extruder temperature and screw speed. After 10- 15
pilot experiments at different set of combinations of screw speed and extruder’s temperature,
three levels of each were selected. It has been experimentally observed that the mixture was
not extruded in the continuous form below 175°C temperature and 30 rpm respectively.
However, As the temperature was raised above 210°C with rpm 70 the molten material is
getting extruded at a very fast rate with compromise on dimensional stability (visual
observations). Therefore, to achieve good mechanical and thermal properties with a
consistent diameter of the wire, the barrel temperature may be put in a range of 180°C to
200°C and the rpm of twin screws within the range of 40 to 60. To obtain a high degree of
dispersion the die opening was chocked for 10 min while the screws were continuously
rotating at a predefined speed. The process parameters of the extruder (temperature and rpm)
affect the dimensional accuracy as well as the mechanical and thermal properties of the

filament.
4.1.5 DOE and control log of experimentation for TSE

To obtain the optimum conditions of TSE for fabrication of PVDF/Gr/BTO based feedstock

filament for 3D printing of prototypes, DOE was prepared. A complete control log of
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experimentation was set according to Taguchi L9 orthogonal array. A total of 9 experiments
were set to perform at different combinations of compositions along with TSE parameters
(extruder temperature and screw speed). To reduce environmental or human error, each
experiment was conducted three times. Thus, a total of 27 (9x3) experiments were conducted
to obtain the optimized settings of TSE. A complete log of experimentation is shown in Table
4.3. Based on MFI three different proportions of BTO in PVDF/Gr were selected and two
parameters of TSE i.e. screw speed and extruder temperature was selected for
experimentation. The three levels of extruder temperature were 180, 190, and 200°C. The
three levels of screw speed were 40, 50, 60 rpm.

Table 4.2 Input process parameters of TSE at all three levels

Input Parameters Level
Composition/proportion (wt%) A B, C

Temperature (in °C) 180, 190, 200

Revolution (in rpm) 40, 50, 60

As selecting the two most important variable parameters of TSE along with composition as
third parameters were used to perform the experiments. There are 3 different levels of each
that have been selected as shown in Table 4.2.

Table 4.3 Control log of experimentation as per Taguchi L9 orthogonal array

S.NO. Temperature Rpm Composition

1 180 40 A
2 180 50

3 180 60 C
4 190 40 B
5 190 50 C
6 190 60 A
7 200 40 C
8 200 50 A
9 200 60 B

For the extrusion of feedstock filaments, experiments were performed as per a combination of
variables shown in Table 4.3. To prepare the blend of Gr, BTO, and PVDF, 2-3 drops of
coconut oil were put into mixed materials so that the filler particles may stick to the polymer

granular, the prepared mixer of materials was then fed into the barrel of TSE through the
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hopper. The 7 ml volume of material is fed at a time in TSE at the preselected temperature.
The die opening of TSE was chocked and allowed to get mixed for 10 min. Initially during
mixing the rpm of the extruder was set at 100 rpm and the temperature of the extruder was set
at 250 °C. After 10 min of mixing the screw speed and temperature was set as per the control
log (see Table 4.5). After that, the die was opened and collects the filament over the spool.
While extrusion process diameter of filament should be kept uniform for proper running on
the 3D printer. The feedstock filament of 1.75 = 0.05 mm size is prepared on TSE setup. A
total of 9 filaments were extruded as per the suggested experimental settings.

4.1.6 Tensile testing of feedstock filaments

The extruded feedstock filaments of PVDF/Gr/BTO were subjected to mechanical testing on
UTM to obtain the tensile properties of the filaments. Tensile testing provides the force
required to break the material in an elongation direction. It also provides information about
the stretch capacity of the material or how much material could be elongated before reaches
permanent deformation. Thus the strength of the material at peak level and breakpoint is
observed in tensile testing of the material. In this research work to obtain the PL, BL, PS, and
BS of the filaments tensile testing was performed on the UTM (see Figure 4.3).

Exploded view

Figure 4.3 Tensile testing of feedstock filament on UTM
The UTM having capacity up to 5 KN and load cell of 0.5 N, capable for testing of
polymers/plastic materials only was used in this research work. Any shape of polymeric

69



material can be used in this machine for testing the tensile properties. The extruded feed stock
filaments were fixed in the jaws of the UTM and loading conditions were set on the

computer. After measuring the initial gap in between the jaws, tensile testing was performed.
4.1.7 Dimensional accuracy of the feedstock filaments

Since the main purpose of this study is to develop a smart polymer-based feedstock filament
comprising of PVDF/BTO/Gr composite (PBGC), for FDM process. The existing FDM setup
supports only the filament having a diameter within the range of 1.75+0.05mm. Thus, it was
necessary to perform the dimensional analysis of the extruded filaments. Therefore, after the
extrusion of feedstock filaments as per the different processing parameters, they were
subjected to dimensional measurement. To measure the diameter of the filaments a Mitutoyo
micrometer (as per 1SO-3611-1978) accurate up to three decimal places was used. To
minimize the experimental error, a total of three readings were taken at three different places
over the total span length of the filaments. The average of three measured readings was taken
as the diameter of the filament. Table 4.4 shows the measured diameter of the filaments along
with required diameter and error.

Table 4.4 Measured dimensions of the extruded filaments

Exp | Parameter | Parameter | Parameter(C) | @1 a2 a3 %) b |60
No. | (A) Temp (B) Composition | (mm) | (mm) | (mm) | avg | req
(0 RPM wt%
1 180 40 A 1.67 1.68 169 | 1.68 | 1.75 | 0.07
2 180 50 B 1.68 1.62 165 | 165 | 1.75 | 0.10
3 180 60 C 160 | 163 | 1.63 | 1.62 | 1.75 | 0.13
4 190 40 B 174 | 170 | 1.72 | 1.72 | 1.75 | 0.03
5 190 50 C 175 | 1.78 | 1.78 | 1.77 | 1.75 | 0.02
6 190 60 A 1.76 1.82 1.79 | 1.79 | 1.75 | 0.04
7 200 40 C 1.74 | 1.76 1.72 | 1.74 | 1.75 | 0.01
8 200 50 A 178 | 1.79 | 1.71 | 1.76 | 1.75 | 0.01
9 200 60 B 182 | 1.78 | 1.74 | 1.78 | 1.75 | 0.03

4.1.8 Surface porosity analysis

The surface properties of the feedstock filament also affect its use in the 3D printing process.
After the mechanical and dimensional testing of all fabricated filaments were subjected to
surface properties analysis. To ascertain the effect of processing conditions on the surface

properties (such as porosity/voids and surface roughness) of the extruded filaments,
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morphological analysis was performed. A metallurgical microscope was used to capture the
photomicrographs of the samples at x100 magnification. The surface porosity (®) of the
samples was measured as per ASTM B-276 by commercially available metallurgical image
analysis software (MIAS).

4.1.9 DSC

Thermal behaviour also plays a dominant role in the selection of material for particular
applications. As PVDF is well known for its high thermal resistance properties, therefore,
some investigations are also needed to find the effect of reinforcement on the thermal
properties of the PVDF. To establish the thermal properties of the pure PVDF and feedstock
filament comprised of PVDF, BTO and Gr were subjected to DSC analysis. The feedstock
filaments having the best and worst mechanical properties were subjected to DSC testing.
Each specimen was undergone two heating and two cooling cycles during the thermal testing.
Thermal analyses were performed at two successive heating-cooling cycles, having a
temperature range of 30°C to 250°C, and the heating rate was set at 10K/min. The whole
experimentation was performed under a controlled N gas environment. In this research work,
a total of three samples were prepared, the first sample was taken from the virgin PVDF and
second and third sample was taken from the filament possessing the best and worst
mechanical strength respectively. To measure the thermal transition, DSC (Make: METTLER
TOLEDO, Swiss) operated with A STAR® (SW 14.00) the software has been used, Initially,
the samples were kept in a hot air oven at 90°C for 30 mins to eliminate any unrequired
particles and any existing thermal history During the first thermal cycle sample was heated
from 30°C to 250°C at the heating rate of 10K/min. The first heating cycle gives the complete
detail of the melting of the material such as; the starting of melting, end of melting, and a
peak of melting point. Moreover, the energy absorbs during the heating is also determined
with the help of DSC analysis. In the cooling cycle, the solidification range of the material is
observed in thermal testing. DSC analysis also gives information regarding the release of
energy during the solidification of the material. To determine the reusability of the material,
the sample was subjected to more than one heating and cooling cycle. If similar results are
found in 2" heating and cooling cycle then the material is said to be thermally stable for
reusability. As shown in Figure 4.4, DSC sensor uses two crucibles for heating and cooling,
one for the reference and another one use with the sample. For thermal testing, a controlled

environment of N, gas was maintained at the flow rate of 50 ml/min.
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(b)
Figure 4.4 (a) DSC setup and (b) DSC testing chamber for sample

4.1.10 Morphological analysis of feedstock filaments of PBGC prepared by mechanical

mixing of materials

After successful investigations of mechanical and thermal properties, the specimen of the in-
house developed feedstock filament comprised of PVDF, BTO, and Gr, having best and
worst mechanical strength were subject to microscopic analysis using SEM, EDA/EDX and
Area mapping.. The microphotographs of the samples were taken on the JEOL JSM-6510LV
SEM (Japan) at different magnification levels. As the samples were made up of non-
conductive polymer, therefore a coating of gold layer has been made over its surface.

4.2 Experimentation at stage 2

4.2.1 Selection of process parameters of FDM and DOE, for 3D printing of standard

specimens of mechanically blended feedstock filament of PBGC

The feedstock filament of mechanically blended composites (MBC) of PBG extruded at
optimized settings of TSE was further used to run on an open-source FDM printer for 3D
printing of standard specimens as well as piezoelectric sensors. The printed parts for
piezoelectric applications must have good mechanical strength. Therefore, mechanical
properties need to be optimized before the fabrication of the final part for any particular
application. Initially, three types of specimens were fabricated on 3D printer as per ASTM
standards to investigate the required mechanical properties of the developed smart materials-
based composite. Tensile specimens, flexural specimens, and pull-out specimens were 3D
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printed on an FDM machine. Further, these fabricated specimens were subjected to
destructive testing on the UTM machine, and results of mechanical testing were optimized
using Minitab 17.00 software.

The optimized experimental settings of TSE on the basis of tensile strength and dimensional
accuracy were used to produce the feedstock filament for further use on FDM. For 3D
printing of any part, various process variables of the 3D printer should be adjusted properly.
An open-source 3D printer has various input parameters which affect the properties of 3D
printed parts are shown in the form of a fish bone diagram (see Figure 4.5). All these process
variables can be easily manipulated as per the requirement during the fabrication of the part.
Some of them are very effective however, some have less effect on the properties of 3D
printed parts. Out of these controllable process parameters, three process parameters [Infill
speed (IS), Infill angle (1A), and Infill density (ID)] have been provisionally selected based
on the literature review. These three parameters play a more significant role than other
parameters, whereas the remaining process parameters are kept constant for this research
work (Table 4.5).

rinting bed temperature

Filament Mater 1

Figure 4.5: Various controllable process parameters of FDM

On the basis of pilot experimentation and literature review, three levels of each input
parameter were selected (see Table 4.5), The remaining process parameters such as nozzle
diameter, part orientation, nozzle temperature, bed temperature, infill pattern, number of
parameters, etc were kept fixed. (Table 4.6).

Table 4.5 Selected input parameters of FDM

Input process variables of FDM (each at 3 levels)
Input Parameters Level 1 Level 2 Level 3
IS (mm/s) 50 70 90
1A (°) 0 45 90
ID (%) 60 80 100
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Table 4.6 Process parameters of FDM kept constant in this study

Process variable Operating condition
Fill pattern Rectilinear
Filament diameter 1.75 mm
First layer thickness 0.40 mm
Layer thickness 0.28 mm
Extruder temperature 260°C
Bed Temperature 85°C
Infill speed 60 mm/s
Nozzle diameter 0.5mm
Number of parameters 3
Fan output 50%

The complete design of the experiment to produce the parts is used to evaluate the correlation
between input process variables and proposed output characteristics for optimization of
process parameters of FDM, DOE was prepared as per Taguchi L9 (3*3) orthogonal array.
Both types of specimens (tensile and flexural) were fabricated as per the same DOE. To
minimize the experimental error a total of 3 sets of experiments/repetitions have been carried
out at all 9 settings. of selected controllable parameters, A complete log of experimentation
for fabrication of both types of specimen is shown in table 4.7.

Table 4.7 A control log of experimentation for 3D of parts

Experiment No.

—>
Parameters ¢ 1 2 3 4 5 6 7 8 9
IS (mm/s) 50 | 50 | 50 | 70 | 70 70 90 | 90 | 90
1A (°) 0 |45]90 | O 45 90 0 45 | 90
ID (%) 60 | 80 [ 100 | 80 | 100 | 60 |[100| 60 | 80

Mechanical testing on the fabricated parts is performed as per the ASTM D638 and ASTM
D790 (American standard for tensile testing of plastics) at natural ambient conditions. An

open-source 3D printer used for the fabrication of specimens is shown in Figure 4.6.
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Figure 4.6: Extruder head of the 3D printer
4.2.2 3D printing of standard tensile specimens

To determine the tensile properties of MBC of PBG, standard bone-shaped tensile specimens
were 3D printed. An ASTM D638 TYPE IV (international standard of plastic testing) was
used for 3D printing of tensile specimens. A total of 9 specimens were fabricated as per the
DOE shown in (Table 4.7). Figure 4.7 and Table 4.8 shows the standard dimensions of a

bone-shaped tensile specimen to be 3D printed

N\
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Figure 4.7 Schematic of standard tensile specimen according to ASTM D638 type IV
Table 4.8 Standard dimensions of tensile specimen according to ASTM D 638 type IV

Size Type IV Dimension
Distance between grip 65 mm
Gauge length, I, 25 mm
Thickness, h 3.2 mm
Grip section width, strong, 20 mm
Parallel section width, strong; 605 mm
Parallel length, I, 33 mm
Full length, I3 125 mm
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As per the dimensions given above, 3D printing of parts is performed. Figure 4.8 shows the

fabricated tensile specimens and infill angle at which they are 3D printed.

e O — e

Figure 4.8 (a) 3D printing of specimens, (b) 3D printed tensile samples to depict the effect of

IA. and (c) finally printed tensile samples
4.2.3 3D printing of standard flexural specimens

Similar to the tensile specimens, flexural specimens were also 3D printed as per the ASTM
D790. The same DOE was used for the fabrication of flexural specimens. the standard
dimensions of flexural specimens (in Table 4.9) along with the sketch are shown in Figure
4.9.

12,7

125

3.4

Figure 4.9 Schematic of standard flexural specimen according to ASTM D790-17
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Table 4.9 Standard dimensions of flexural specimen according to ASTM D790-17

Size Dimension
Full length 125 mm
Parallel length 12.7 mm
Thickness 3.2mm

As per the dimensions shown in Figure 4.9, 3D printing of parts is performed, whereas Figure
4.10 (a) & 4.10 (b) shows the fabricated parts and their orientation of printing respectively.

The UTM and flexural testing of specimen used in this research work is shown in Figure

4.12(a)
2 3 4 5 6 7 8 |9

Figure 4.10 (a) 3D printed parts, (b) orientation of 3D printing of prototypes.

4.2.4 Pull out testing

Similar to flexural testing, experiments were also performed for pull-out testing that is a
relative comparison to check out the pull-out strength of the printed parts. For the
establishment of pull-out properties of 3D printed samples, an eyebolt screw was used. It was
screwed inside the 3D printed specimen with 3 cycles of thread. The schematic of the
screwed eyebolt with the specimen is shown in Figure 4.11. To draw the profile of an eyebolt
screw, a profile projector was used, and the major dimensions of the screw were pen downed
i.e., an outer and inner diameter of the screw, thread angle and pitch, etc. The image drawn

with the help of the profile projector is shown in Figure 4.13 at x25 magnification.
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Figure 4.11 Schematic of pull-out test
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Figure 4.12 (a) Flexural testing and (b) Pull-out testing performed on UTM
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Figure 4.13 Thread profile of a screw drawn with profile projector

The pull-out test was performed on the universal testing machine (UTM) (Make: Shanta
Engineering, Pune, India) of 5000N capacity. For the pull-out test, a screw was tightened in
the specimen, and pulling (shear) force was applied to the specimen on UTM. Some
properties of pull-out test like PL, BL, peak elongations, break elongation were obtained
directly from the UTM, whereas some properties like shear strength at peak, shear strength at
break, shear modulus, modulus of toughness were calculated using the following
mathematical relations.

Where, Outer diameter (D) = 55/25=2.2 mm (since at x25 magnification was used for
measurement)

Inner diameter (d) = 40/25 = 1.6 mm

Pitch (P) =26.5/25 = 1.06 mm

Angle = 75°

As observed from Figure 8, only the first 3 cycles were used for screwing the eyebolt with the
specimen.

So, the Area under shear = 3x(nxDxP)

= 3x(nx2.2x1.06)

=21.97 mm?

The shear strength at the peak is calculated with the formula: -

Shear strength at peak = load at peak/area under shear

The shear strength at Break is calculated with the formula: -

Shear strength at Break = load at break/area under shear

The shear modulus is calculated with the formula: -

Shear modulus = shear strength at peak/strain at peak

The modulus of toughness is calculated with the formula: -

Modulus of toughness =1/2 x shear strength at break x strain at break
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4.2.5 Shore D hardness of 3D printed parts

To measure the hardness values of the 3D printed parts a shore D hardness tester was used
(see Figure 4.14). It gives resulted values up to three decimal places. The measured surface
hardness values (shore-D) of the 3D printed parts lying within 63 to 74. The maximum
hardness value has been found in experiment no 3. The shore-D hardness value of the

confirmatory experiment was 75.2 Shore D i.e., highest values than others.

Pl |
|

Figure 4.14 Shore D Durometer used for hardness testing
4.2.6 Surface porosity of 3D printed parts

To ascertain the effect of process parameters of FDM on the surface properties (such as
porosity/voids and surface roughness) of 3D printed parts, morphological analysis was
performed. For 3D printing of all types of standard specimen’s similar process parameters of
FDM was used, thus only the surfaces of tensile specimens were subjected to microscopic
analysis to determine the surface porosity of parts. A metallurgical microscope was used to
capture the photomicrographs of the samples at X100 magnification. The surface porosity (®)
of the samples was measured as per ASTM B-276 by commercially available metallurgical

image analysis software (MIAS).

4.2.7 Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and
Area Mapping Analysis

After the mechanical testing of 3D printed specimens (tensile and flexural parts), the samples
that showed best and worst tensile and flexural properties were subjected to microscopic
analysis on SEM followed by EDS and Area mapping. The JEOL JSM-6510LV SEM (Japan)
was used to take the microphotographs of the fractured samples at three different levels of
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magnification. For SEM analysis the sample should be conductive in nature. Thus, to make
the polymeric samples conductive, a gold layer has been coated over its surface. Further, the

samples were put into vacuum chambers to capture the microphotographs.
4.2.8 Dynamic Mechanical analysis (DMA)

The dynamic mechanical analysis was used to characterize the material’s property with
respect to temperature, frequency, stress, or combination of all these parameters. In DMA the
viscoelastic behaviour of the material is determined by the stress-strain relations. On the
application of strain in the sinusoidal form as an input, as compared with the output response
of stress measured by DMA in the form of a sinusoidal curve. For viscoelastic materials, the
curve of stress will go out of phase with respect to input strain. The degree to which the curve
went out is known as phase angle (delta). Thus, phase angle works as a function of how much
the stress response lags the input strain. The results of DMA are generally observed in the
form of storage modulus (E’), loss modulus (E’’), and tan delta (E’’/E’). E’ describes the
energy storage capacity of material under cyclic loading or we can say stiffness and shape
recovery of the polymer during cyclic loading. However tan delta (6) defines the damping of
material or dissipation of energy by material under loading conditions. The more the value of
tan &, the more mechanical energy will be dissipated by material in the form of an internal
molecular motion under the applied load. Thus, it represents that the material having lower
tan & and high storage modulus will be stiffer and more load-bearing capacity under the low
force cyclic conditions. The materials having high tan 6 will dissipate more mechanical
energy lead to more damping under cyclic loading. In this research work dynamic mechanical
analyzer (Make: Mettler Toledo) a swiss model operated with STARe (S.W 16.30) software
was used. Rectangular bar type samples (15 mm length, 6 mm wide, and 2.5 mm in
thickness) of MBC of PBG were 3D printed. A single cantilever method of bending was used
to evaluate the viscoelastic properties of the developed materials. A controlled force of 1IN is
dynamically applied at the frequency of 10 Hz. Under this cyclic loading, the sample
oscillated at a constant displacement of 10 um. The force was applied to the samples by using
a single cantilever bending method. During the testing, the temperature was increasing from
30°C to 130°C at a rate of 3K/min.
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4.3 Experimentation at stage 3

4.3.1 Development of PVDF/Gr/BTO based composite by chemical assisted mechanical
blending (CAMB) method

In this stage of research work, the smart polymer-based composites have been prepared by
chemical mixing of the materials. Thin films of composites in different proportions have been
prepared by mixing the BTO and Gr in the PVDF matrix in the presence of N-N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solvent. DMF is considered the
least hazardous among the solvents used for PVDF and has a boiling point of about 153 °C.
Dimethyl sulfoxide (DMSO) was added as a B-phase initiating agent [147].The developed
composite has been processed and extruded in the form of filament on TSE. Further, to study
and optimize the process parameters of TSE for mechanical, dimensional, thermal, and
morphological properties of the filament, the Taguchi approach has been used. The developed
filament was used to run on open-source FDM to print the standard tensile specimens.
Further process parameters of FDM for mechanical properties of 3D printed parts have been

optimized.
e Chemical blending of materials

This is the second stage of this research work, in this initially, materials have been blended
chemically, followed by mechanical blending and extrusion of filament on TSE, therefore,
similar three proportions of filler to base materials were taken to ascertain the effect of the
blending method on the various properties of extruded filaments and 3D printed parts. The
weight percentage of Gr was kept fixed as 2% of the weight of PVDF, whereas; BTO was
taken in the range of 10 to 20% of the total weight. Thus, the selected three proportions are
shown in Table 4.10.
Table 4.10 Selected different proportion of materials

Composition/Proportion X Y
(Wt%) PVDF (98%) +Gr (2%) BTO

A 90 10

B 85 15

C 80 20
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(c) Slurry poured over glass (d) Thin composite film after
substrate for heating evaporation of DMF

Figure 4.15 Setup used in the chemical mixing process
For 20g of the mixture, 2g of BTO was sonicated in DMF for 2 hours for complete
dispersion. The quantity of DMF was taken as 1 ml for 0.2 g of BTO. Simultaneously in
another vessel, a mixture of 360 mg Gr and 17.64 g of PVDF granules were dispersed in 100
ml of DMF on a hot plate magnetic stirrer for 2 hours. During the magnetic stirring, the
temperature of the base plate was kept constant at 50°C. Both solutions were mixed and 2ml
of DMSO was added to it. This nano-composite solution of PBGC was again stirred at the
same parameters for the next 30 min. Some amount of Gr and BTO was settled down at the
bottom of the liquid slurry. Hence solution was again put on ultra-sonication for 20 mins. For
complete evaporation of DMF solvent, the slurry of the mixture was poured over the glass
substrate and heated at 100°C for the next 12 hours inside the oven. A thin film
PVDF/Gr/BTO nanocomposite was formed over the glass substrate and can be easily
removed from the glass surface. The same procedure has been repeated by maintaining the
same solute-solvent ratio for all three compositions/proportions (Table 4.10). The setup used

for chemical mixing is shown in Figure 4.15 (a-d).
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The complete methodology adopted for chemical mixing is shown in Figure 4.16, in the form

of a flow chart.

Ultra-sonication of BTO in DMF) Magnetic stirred of PVDF/Gr in
for 2 hrs DMF for 2 hrs

[ |
¥ \

Add 2ml Dimethyl Sulfoxide (DMSO) after
mixina of solutions and aaain stirred for 30 min

Ultra-sonication of solution again for 20 min to
remove the built-up material

v

For removal of DMF, Poured the slurry over
alass substrate and heated for 12 hrs at 100 °C

v

The dried film has been further chopped and
put into TSE for fabrication of FDM filament

v

The extruded filament has been used to run on
3D printer to fabricate the standard specimens

Figure 4.16 Methodology adopted for the synthesis of composites via chemical mixing.
After the successful development of a smart polymer-based composite of PBG via the
chemical mixing method, the flow ability of all three compositions was identified. To
characterize the rheological properties of the chemically blended material, a MFI test was
performed as per the ASTM D-1238. The same procedure as used in mechanical mixing was
used to measure the MFI value. The output values of MFI for all three proportions were
further used to calculate the viscosity of the developed composites (in Table 4.11). The
density of composite shown in Table 4.11 was calculated by the ratio proportion method by

taking the values of density of materials mentioned.

Table 4.11 Density, MFI values and viscosity for different compositions/proportions

Composition/ | Density (p) | MFI g/(10min) Viscosity () in (Pa-
Proportion (wt%) glcm® CAMB sample S) of CAMB sample
A 2.187 3.98 5924.31
B 2.392 3.20 8059.03
C 2.597 2.90 9654.85

Note: Three repeated observations were taken and average value has been quoted.
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4.3.2 Fabrication of feedstock filaments of CAMB composites of PBG

After successfully synthesis of nanocomposite films of all three proportions of
PVDF/Gr/BTO sheets were cleaved into small sizes. These cleaved parts of the sheets were
put into the TSE for the development of feedstock filament. The temperature of the co-
rotating screws and extruder’s barrel was set according to the melting point of the material.
The diameter of the small opening of TSE can be adjusted by changing its die.

For extrusion of feedstock filament of CAMB composites, the same experimental conditions
were selected as used for mechanically blended composites. The range of barrel temperature
was taken from 180°C to 200°C and the rotation speed of screws was taken in the range of
40-60 rpm. To optimize the process parameters of TSE, a 09 set of experiments (with three
repetitions) were performed at different settings of TSE as per Taguchi L9 orthogonal array
(OA) (Table 4.12).

Table 4.12: Control log of experiment

Exp No. Temp (°C) RPM | Composition
1 180 40 A
2 180 50 B
3 180 60 C
4 190 40 B
5 190 50 C
6 190 60 A
7 200 40 C
8 200 50 A
9 200 60 B

The PBGC prepared with chemical blending has been fed to the TSE setup (as per Table
4.12). The feedstock filaments extruded from TSE were collected for further testing.

4.3.3 Tensile Testing of feedstock filaments

The 9 sets of filaments of chemically blended composites of PBG were subjected to tensile
testing to determine the mechanical strength of the feedstock filaments. The same UTT used
for testing mechanically blended feedstock filaments was used for the destructive testing

process.
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4.3.4 Dimensional Analysis

After the extrusion process, filaments were also tested for dimensional properties of the
developed feedstock filament. Each filament was measured at three places throughout its
length to predict the more accurate average diameter with the least variation. The filament
shown best mechanical strength and having a diameter in the range of 1.75£0.05 mm was

used to run on the existing open-source 3D printing machine.
4.3.5 Surface analysis

After mechanical and dimensional analysis, the surface porosity of fabricated feedstock
filaments was investigated. Feedstock filaments having smooth surfaces may also run
continuously in FDM machines. To check the surface porosity a metallurgical microscope

was used to capture the photomicrographs of the samples at x100 magnification.
4.3.6 Thermal analysis

The feedstock filaments of CAMB composites of PBG shown best and worst mechanical
properties were further subjected to DSC testing for their thermal behaviour. For thermal
testing, samples weighing the range of 3 mg to 8 mg were prepared from the extruded
filaments. To determine the reusability of the material, the sample was subjected to more than
one heating and cooling cycle. If similar results are found in the 2" heating and cooling cycle

then the material is said to be thermally stable for reusability.

4.3.7 Morphological analysis of feedstock filaments of PBG composites prepared by
CAMB method

After successful investigations of mechanical, dimensional, and thermal properties, feedstock
filaments of PBGC prepared by chemical assisted mechanical blending method were further
subjected to microscopic analysis on SEM, EDAX and Area mapping. For SEM analysis,
microphotographs of fractured surfaces of filaments having the best and worst mechanical
properties were taken on the JEOL JSM-6510LV SEM (Japan) at different magnification

levels.
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4.4 Experimentation at stage 4

4.4.1 3D printing of standard prototypes

The filament comprising PBGC after CAMB with maximum mechanical strength was used
run on an open-source FDM printer (Make: Divide by zero, Mumbai, Maharashtra, India). To
study the effect of process parameters of FDM, standard tensile specimens were fabricated, as
per ISO 527-2 (an international standard for tensile testing of reinforced plastics). Three
process parameters IS, 1A, and ID were chosen based on pilot experimentation and literature
review (as similar were used in 3D printing of parts from feedstock filament prepared by
mechanical mixing of materials. The other fixed parameters were nozzle diameter: 0.5 mm,
the temperature of the bed: 85 °C, fan output: 50%, and fill pattern: rectilinear, and so on.
For the optimization process, each selected process variable was further divided into three
levels. To optimize the process parameters by performing a minimum number of
experiments, again, Taguchi L9 OA was used. For all selected nine settings, 3D printing of
standard tensile specimens as per ASTM D638 IV was performed with three repetitions.
Further similar settings of FDM were used for 3D printing standard flexural specimens (as
per ASTM D 790). Flexural specimens were fabricated at all 9 alternative settings. Pull-out
specimens were also 3D printed as per Taguchi L9 orthogonal array.

4.4.2 Destructive testing of 3D printed parts

The 3D printed dumbbell-shaped specimens, of PBGC, were subjected to destructive tensile
testing as per the ASTM D 638 (International standard for tensile testing of reinforced
plastics) at room temperature. Destructive testing of the specimens was performed on UTM.
The output of tensile testing in the form of PL, BL. PS and BS were noted. The stress-strain
curves were plotted to understand the mechanism of deformation of the material. To optimize
the tensile strength of the 3D printed parts, (ANOVA), a statistical tool, has been used.
Similar to the tensile parts, the flexural and pull-out specimens were also subjected to
destructive testing. For flexural testing same UTM machine was used with different types of
fixtures. The results of flexural testing were noted in the form of PL, BL, PS, BS, flexural
modulus (FM), and modulus of toughness (MoT). Further the results of flexural testing were
optimized by using a statistical tool ANOVA.

Similar to flexural testing, experiments were also performed for pull-out testing that is a

relative comparison to check out the pull-out strength of the printed parts. For the

87



establishment of pull-out properties of 3D printed samples, an eyebolt screw was used. It was
screwed inside the 3D printed specimen with 3 cycles of thread. The dimensions of the screw
threads are shown in Table 4.13.

For the pull-out test, the screw was tightened in the specimen, and pulling (shear) force was
applied to the specimen on UTM. The results obtained from the pull-out test in the form of
PL, BL, shear strength at peak, shear strength at break, shear modulus, and MoT. The process

parameters of FDM were further optimized for pull-out properties by using an ANOVA tool.

Table 4.13 Thread profile of a screw

S. No. Terminology value
1. Outer Diameter 2.2 mm
2 Inner Diameter 1.6 mm
3. Pitch 1.06 mm
4 Thread angle 75°

4.4.3 Surface properties analysis

The surface porosity of 3D printed parts was ascertained with a metallurgical microscope.
Photomicrographs of the surfaces of the 3D printed specimen were taken at x100
magnification. The surface porosity (®) of the samples was measured as per ASTM B-276 by
commercially available metallurgical image analysis software (MIAS).

4.4.4 SEM, EDS and Area Mapping Analysis of fractured surfaces of 3D printed parts

After the destructive testing of 3D printed specimens (tensile and flexural parts), the samples
have shown the best and worst tensile and flexural properties were subjected to microscopic
analysis on SEM. The JEOL JSM-6510LV SEM (Japan) was used to take the

microphotographs of the fractured samples at three different levels of magnification. For
4.4.5 DMA

FDM process parameters are shown best and worst flexural properties were used for the
fabrication of specimens for DMA testing. The rectangular bar type samples (15 mm in
length, 6 mm wide, and 2.5 mm in thickness) of chemically blended composites of
PVDF/Gr/BTO were 3D printed. The dynamic mechanical analyzer (Make: Mettler Toledo) a
swiss model operated with STARe (S.W 16.30) software was used. DMA tesing was
performed under similar condition used for samples prepared MB composites.
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4.5 Experimentation at stage 5

4.5.1 3D printing of cylindrical disc

The optimized process parameters of FDM on stage 2 and stage 4 were further used for 3D
printing of cylindrical discs. The PVDF/BTO/Gr nano-composite filament prepared by MB
and CAMB method, having the best mechanical and thermal properties were used to run at
optimized settings of FDM (Make: Divide by zero) for fabrication of cylindrical discs having
a diameter of 10 mm and thickness of 0.4 mm. The temperature of the extruder head and the
bed were kept at 260°C and 80°C respectively. Initially, a CAD model of the disc has been
created in the Solid work's software. Then this file was saved in STL format. K-slicer
software has been used to slice the .STL files into layers and generate the G-Codes for
machine processing. Further, this sliced file has been sent to FDM setup to fabricate a
cylindrical disc. Figure 4.17 3D printed cylindrical disc for piezoelectric characterization of

the composite.

Figure 4.17 3D printed disc
4.5.2 Electrical poling process

These cylindrical discs were further prepared for the electrical poling process. Silver paint is
coated on both sides of the disc to make it conductive. The type of silver paint used depends
upon the temperature of the working environment. A high voltage electric supply was passed
through the disc for poling the sample. To avoid any type of electric breakdown, the disc was
dipped in silicone oil at a high temperature. This will also accelerate the transformation of the
PVDF B-phase, as indicated by extensive research. High temperature resistive silver paint

was coated on both sides of the disc. This coated disc was then placed in between the copper
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electrodes of poling unit. This poling unit supplies a very high electric field of 35kV/mm. As
BTO powder requires only 3.5 kV/mm, thus to avoid any electric breakdown the sample was
dipped in the silicon oil at 120 “C, which also helps to quick initialize the polarization

process. The entire poling process was run for 3 hours on the 3D printed disc.
4.5.3 Material characterization
4.5.3.1 XRD Analysis

XRD is a fast-analytical technique that is mainly used for compound and phase identification
of a crystalline material (solid/powder form). It also provides detailed information on unit cell
dimensions. As PVDF is a semi-crystalline material with no more than 50-60 % crystal
content. PVDF mainly exists in three crystalline phases such as a, 3, and y-phases. In this
research work, for crystal structure characterization of 3D printed specimens of
BTO/Gr/PVDF, X-ray diffraction analysis was performed. The specimen for XRD testing
was 3D printed at the optimized settings of FDM. Further for poling, the sample was
subjected to a high voltage supply at elevated temperatures. The 3D printed specimen before
poling and after poling was analyzed through XRD (Figure 16). The observed spectrums have
been matched with standard directory cards (for PVDF and BTO the ICDD/JCPDS:00-038-
1638 and ICDD/JCPDS: 01-079-2264 were used respectively).

4.5.3.2 FTIR Analysis

FTIR spectroscopy is normally using for fast and accurate identification of compounds such
as adhesives, fillers, thermoplastic polymers, paints, resins, coatings, blends, compounded
plastics, rubbers, and reinforced thermoplastic polymers. FTIR spectroscopy is the most
effective tool for determining the surface composition in chemical form. The absorbance of a
sample to an incident infrared spectrum with the range of 600 to 4500 cm ™' constitutes the
analysis. FTIR’s are also most effectively observed and explain regarding incomplete
polymerization when it has compared with a standard specimen. FTIR is also be used for
imaging and microscopy of particle and rubber interfacial modification. For this research
work FTIR machine (Model: INFRA 3000B FTIR manufactured by: - Analytical) has been

used.
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4.5.4 Piezoelectric characterization

The piezoelectric property of BTO/Gr/PVDF-based 3D printed films can be characterized by
measuring the dsz by using a two-probe method. A ds;3 meter (Model YE2730A D33 make:
Marine India) has been used with a high degree of resolution i.e. 0.1 pC/N. This meter is
capable of direct measurement of the piezoelectric constant of piezoelectric crystals,
ceramics, and polymeric. Although, any type of sample can be easily used to measure
piezoelectric constant, but the disk type sample is more preferable. In this study, 3D printed
cylindrical disc having a diameter of 10 mm and thickness is 0.4 mm was used for testing. To
make the 3D printed specimen a good conductor of electricity, a layer of conductive silver
paint has been coated on both sides of the cylindrical disc. The prepared disc has been placed
under the probes, and then the knob has been rotated until it tightens the disc properly. After
that switch on the meter, that displays the digital value of ds3 in pC/N.

The experimentation performed for the completion of this research work has been completely
described in this chapter. Further, the results obtained from the whole experimentation work

have been discussed in chapter 5.
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CHAPTER 5
RESULTS AND DISCUSSION

In this chapter, the results obtained from experiments conducted at different stages have been
discussed. An ANOVA has been used to optimize the process parameters of TSE and FDM
for the fabrication of feedstock filaments and functional prototypes at 95% confidence level.
The process variables have been optimized on the basis of mechanical, thermal,
morphological, and piezoelectric properties of MB and CAMB composites of
PVDF/Gr/BTO. The results of this study are as follows:

e Selection of best proportion of Gr-BTO as reinforcement in EAP PVDF

In the pilot experimentation, efforts were made to select the best proportion of filler particles
in the base polymer matrix based on the flowability of the developed composite. Smart
materials based on BTO and Gr nano powder were reinforced in the smart polymer-based
PVDF matrix for possible sensor applications. Initially, BTO and Gr powders were added
separately in PVDF to determine their effect on the flow-ability of the PVDF. From the pilot
experimentation, three different proportions were selected based on MFI, so that the

developed composite can easily flow through the TSE with uniform diameter formation.
5.1 Results and discussion (Stage 1)

5.1.1 MFI of mechanically blended compositions of PVDF/Gr/BTO

Based upon the MFI testing conducted in the pilot experimentation, Gr was added 2% by
weight in PVDF matrix, whereas BTO was reinforced up to 20% by weight in PVDF + Gr +
BTO composite matrix. It has been observed that as BTO proportion is increased from 0 to
20 the MFI value of PVDF composite matrix is decreased. Based on MFI testing, three
different proportions of PVDF/Gr/BTO were selected for the fabrication of feedstock
filament using TSE. Table 5.1 shows the proportion of composition by weight and their
respective MFI values.

The results of MFI testing ascertain the feasibility of the extrusion of feedstock filament with
a uniform diameter. Further the results of MFI were used to determine the viscosity of the

composition prepared by mechanical mixing of materials. To calculate the density of
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composition a ratio proportion method was used. Table 5.2 shows the composition along with

the density of the composition in g/cm?®.

Table 5.1 MFI at different proportion of materials

Composition/Proportion X Y MFI (X+Y)
(Wt%) [PVDF (98%) +Gr (2%)] [BTO] (9/210min)
A 90 10 3.11
B 85 15 2.68
C 80 20 2.32

Table 5.2 Density of different compositions/proportions

Composition/ Density (p)

Proportion (Wt%) glem®
A 2.187
B 2.392
C 2.597

Note: Three repeated observations were taken and the average value has been quoted.
To calculate the viscosity of all three compositions, density and MFI values were used. as per
the following equations

_9.13x10" Lxp
H = "1 83x MFI

dynes — s

or

~9.13x10" Lxp p
= 183xMFIx10 ° °
As per the above equations viscosity of the compositions was calculated (shown in Table
5.3).

Table 5.3 Calculated viscosity of all three compositions

Composition/ Density (p) MFI g/(10min) Viscosity (W) in (Pa-s)
Proportion (wt%) glem® MBD sample MBD sample
A 2.187 3.11 7581.59
B 2.392 2.68 9622.73
C 2.597 2.32 12068.57
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5.1.2 Tensile testing of feedstock filaments prepared by a mechanically blended method

Feedstock filaments of MBC of PVDF/Gr/BTO prepared as per design of experiments were
subjected to tensile testing. The tensile testing was performed on UTM (Make Shanta
Engineering, India) by using a load cell of 10 kN with an accuracy of 0.5N. The results of
tensile testing in the form of peak load (PL), break load (BL), peak strength (PS), and break
strength (BS) are shown in Table 5.4).

Table 5.4 Results of tensile testing of feedstock filaments

EXP. PL BL PS BS
NO. (N) (N) (MPa) (MPa)
1 46.95t2 | 41.32+1.9 19.57 +1.09 | 17.21%1.05
2 54.643.2 | 49.873.1 22.34+1.09 | 20.40+1.05
3 | 63.61:38 |59.52+3.7 26.5020.62 | 24.800.87
4 | 56.50+2.8 |51.10+2.7 2350£0.90 | 21.24+0.83
5 | 67.56+3.3 | 61.66+3.4 28.1520.92 | 25.690.45
6 | 525622.1 |43.86+2 21.00£1.78 | 18.28+2.12
7 | 70.97+2.5 |63.60+2.4 2957+0.93 | 26.50+1.19
8 | 55.02tl4 |47.70£15 22924062 | 19.85+1.18
9 | 589722 |53.69+2.0 2457087 | 22.37+0.80

The stress-strain curves obtained from tensile testing of feedstock filaments are shown in

Figure 5.1.
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Figure 5.1 Stress-strain curves for the prepared feedstock filament.




Further the results of tensile testing were used to obtain the fracture toughness of the material
i.e., area under the curve or energy absorbed. It has been calculated from the BS of the
material and strain of the developed composites observed in tensile testing. MoT of extruded
filaments is shown in Table 5.5.

Table 5.5 MoT of extruded filaments

EXP. | Strain | BS MoT (MPa)
NO. (MPa) (1/2xstrainxBS)

1 0.049 | 17.21 0.43

2 0.197 | 20.40 2.01

3 0.148 | 24.80 1.84

4 0.696 | 21.24 0.74

5 0.064 | 25.69 0.82

6 |0.049 | 18.28 0.45

7 0.109 | 26.50 1.45

8 0.082 | 19.85 0.81

9 0.179 | 22.37 2.01

Further to optimize the process parameters Minitab 17.00 software has been used. For these
mechanical properties, the signal-to-noise (SN) ratios at larger the better type case is shown
in Table 5.6. To calculate the optimum values of mechanical properties ANOVA a statistical
tool was used.

Table 5.6 SN values for PL, BL, PS and BS
PL (SN) | BL(SN) | PS(SN) | BS(SN)

33.43 32.32 25.81 24.71
34.75 33.96 27.15 26.35
36.07 35.49 28.47 27.88
35.04 34.17 27.44 26.56
36.59 35.80 28.99 28.19
34.41 32.84 26.81 25.23
37.02 36.07 29.41 28.46
34.81 33.57 27.20 25.96
3541 34.60 27.80 26.99
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5.1.3 Optimization for PS

Figure 5.2 shows the SN response for PS. The SN graph represents that the proportion of
materials shows a remarkable effect when changed from level 1 to level 3. Two parameters of
TSE were selected and from the SN graph, it has been found that only one out of two parameters
put a significant effect on the PS of the specimen. As the weight percentage of BTO in the PVDF
and Gr was increased from 10 to 20, the PS also increases. In the case of temperature when it
was raised from 180 to 200°C, the PS increases, it may be due to uniform mixing of the fillers in
the polymer matrix at high temperature. The rpm of the screws remains near to the mean value

and shows not a major effect on the strength at peak of the specimen.

Main Effects Plot for SN ratios
Data Means
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Figure 5.2 SN responses for PS
The analysis for SN values was carried out at a 95% confidence level. The value of ‘P’ is 0.05 at

95% confidence level in standard table. It means the parameters having an ‘P’ value of less than
0.05 are significant otherwise insignificant. ANOVA of SN ratios for PS (Table 5.7) shows that
two parameters, composition, and temperature are significant at a 95% confidence level. The
composition has a major contribution towards the PS i.e. more than 82%, whereas temperature
has a 16% contribution. The rpm is found insignificant and the total percentage error was only
0.63%, which represents the higher level of accuracy in this model.

Table 5.7 ANOVA for SN ratios (PS)

Factor DoF | Seq. SS | AdjSS | Adj MS F P %C
Temperature 2 1.6902 | 1.69022 | 0.84511 | 25.98 | 0.037 16.40
RPM 2 0.0417 | 0.04166 | 0.02083 | 0.64 0.610 0.41
Composition 2 | 8.5044 | 85044 | 4.25220 |130.72 | 0.008 82.56
Residual Error 2 0.0651 | 0.0651 | 0.03253 0.63
Total 8 10.3013

DoF: degree of freedom; Seq SS: sum of squares; Adj SS: adjusted sum of squares; F: Fisher value; P:
probability, %C: percentage contribution
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Response table shown in Table 5.8 displays the ranks of input process parameters on the basis
of the SN ratio for PS. Observed results show that composition majorly affects the PS of the
filament.

Table 5.8: Response table for SN ratios at larger the best

Levels | Temperature RPM Composition

1 27.09 27.57 26.61

2 27.75 27.73 27.41

2 28.14 27.69 28.96
Delta 1.05 0.16 2.34
Rank 2 3 1

5.1.3.1 Prediction of PS

To calculate the optimized value following equation has been used:
Nopt = M + (Maz—M) +(Mp2—M) +(Mcz-M)
where overall mean value of SN ratios is ‘m’, MINITAB has been used to obtain the value of
‘m’. mas is mean of SN values for temperature at level 3 and mg, and mcz are mean of SN
values for RPM and composition at level 2 and level 3 respectively.
yopt? = (1/10)™""1° for properties where, lesser is better
yopt? = (10)nopt/ 10 for properties where, largest is better
So, m= 27.66.
Now from the Table 5.8
Maz = 28.14, mgy = 27.73 and mc3 = 28.96.
TNopt =27.66+(28.14-27.66)+(27.73-27.66)+(28.96-27.66).
Now ngp= 29.51 dB
yoptz - (10)nopt/10
Yoptz = (10)295L/10
Yopt = 29.88
The calculated value for strength at the peak is 29.88 MPa. The confirmatory experiment was
conducted at best-suggested settings (Figure 5.2) i.e. 200 °C processing temperature, 50 rpm,
and composition/ proportion ‘C’ (as per Table 5.4) and the observed value is 29.92 MPa

which is very close to the observed value).
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5.1.4 BS

The SN response graph for BS is shown in Figure 5.3. The results are similar to the previous
case of PS.

Main Effects Plot for SN ratios
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Figure 5.3 SN responses for BS

The ANOVA at 95% confidence level for SN response is shown in Table 5.9 (a).
Table 5.9 (a) ANOVA for SN ratios (BS)

Factor DoF | Seq. SS | AdjSS | Adj MS F P %C

Temperature 2 | 1.1444 | 1.1444 | 0.57218 | 21.74 | 0.044 8.32

RPM 2 | 0.0657 | 0.0657 | 0.03285 | 1.25 | 0.445 0.47

Composition 2 | 124941 | 12.4941 | 6.24705 | 237.31 | 0.004 90.82
Residual Error 2 | 0.0526 | 0.0526 | 0.02632 0.38
Total 8 | 13.7569

Table 5.9(b) is the response table to shows the rank of process parameters as per SN ratios of
BS. Table values suggest that composition puts a major effect on the BS with rank 1, whereas
temperature stood 2" followed by rpm with least effect.

Table 5.9 (b) Response table for SN ratios at larger the best

Levels | Temperature RPM Composition

1 26.27 26.57 25.30

2 26.66 26.78 26.58

3 27.14 26.71 28.18
Delta 0.87 0.21 2.88
Rank 2 3 1
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5.1.4.1 Prediction of BS

To calculate the optimized value following equation has been used.

Mopt = M + (Maz—M) +(Mgz-M) +(Mcz-M)

where the overall mean value of SN ratios is ‘m’, MINITAB has been used to obtain the
value of ‘m’. mag is the mean of SN values for the temperature at level 3 and mg; and mcz are
the mean of SN values for RPM and composition at level 2 and level 3 respectively.

yopt® = (1/10)"""*° for properties where, lesser is better

yopt® = (10)"""1° for properties where, largest is better

S0. m= 26.68

Now from the Table 5.9 (b)

Ma3 = 27.14, mg, = 26.78 and m¢3 = 28.18

MNopt =26.68+(27.14-26.68)+(26.78-26.68)+(28.18-26.68)

Now nept= 28.74 dB

yoptz - (10)nopt/10

yopt2 — (10)28.74/10

Yopt = 27.35

The calculated value for BS is 27.35 MPa and the observed value is 27.42 MPa which is very

close to the observed value.
5.1.5 Surface porosity

To ascertain the effect of processing conditions on the surface properties (such as porosity/voids
and surface roughness) of the extruded filaments, morphological analysis was performed. A
metallurgical microscope was used to capture the photomicrographs of the samples at x100
magnification. The surface porosity (®) of the samples was measured as per ASTM B-276 by
commercially available metallurgical image analysis software (MIAS). Figure 5.4 shows the
photomicrographs of the surfaces of the filaments with the percentage of @ on the surface. The
red zone shows the porosity in the captured area for the analysis of percentage porosity. It has
been observed from the photomicrograph’s filament shown maximum tensile strength has less
porosity (®=4.93%) on its surface as compared to the other filaments. Whereas the filament
having poor mechanical properties is having more percentage of porosity (®=8.98%). Thus the

results of porosity are in line with the results of mechanical testing.
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Figure 5.4 Surface porosity of all the extruded filaments

5.1.6 Dimensional analysis

As existing FDM setup supports only the filament having a diameter within the range of
1.75+£0.05mm. Thus, it was necessary to perform the dimensional analysis of the extruded
filaments. Therefore, after the extrusion of feedstock filaments as per the different processing

parameters, they were subjected to dimensional measurement. To minimize the experimental
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error, a total of three readings were taken at three different places over the total span length of
the filaments. The average diameters (&) of the three measured dimensions were compared
with the required standard diameter of the filament. Measured dimensions of the filament and
their comparison with the standard dimensions are shown in Table 5.10. It has been observed
that the filament extruded as per experiment No. 7 and 8 has minimum deviation, whereas the
filament extruded as per experiment no. 3 has maximum deviation. These observations are in
line with the results of mechanical testing.
Table 5.10 Measured dimensions of the extruded filaments

Exp. | Parameter(A) | Parameter(B) Parameter(C) %) %) AQ
No. Temperature RPM Composition Avg (required)
(O wt% (mm) (mm)
1 180 40 A 1.68 1.75 0.07
2 180 50 B 1.65 1.75 0.10
3 180 60 C 1.62 1.75 0.13
4 190 40 B 1.72 1.75 0.03
5 190 50 C 1.77 1.75 0.02
6 190 60 A 1.79 1.75 0.04
7 200 40 C 1.74 1.75 0.01
8 200 50 A 1.76 1.75 0.01
9 200 60 B 1.78 1.75 0.03

5.1.7 Thermal Analysis

Thermal behaviour also plays a dominant role in the selection of material for particular
applications. After optimization of mechanical strength of the extruded filament wire, it has
been observed that the filament extruded as per the settings suggested i.e. 200°C processing
temperature, 50 rpm and composition/ proportion ‘C’ has the best mechanical strength. As
PVDF is well known for its high thermal resistance properties, therefore, some investigations
are also needed to find the effect of reinforcement on the thermal properties of the PVVDF.

To establish the thermal properties of the pure PVDF and feedstock filament comprised of
PVDF, BTO and Gr were subjected to DSC analysis. In this research work, a total of three
samples were prepared, the first sample was taken from the virgin PVDF and second and
third sample was taken from the filament possessing the best and worst mechanical strength
respectively. To measure the thermal transition, DSC (Make: METTLER TOLEDO, Swiss)
operated with A STAR® (SW 14.00) the software has been used,
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Figure 5.5: DSC graphs of virgin PVDF and composites developed by reinforcement of BTO
and Gr in PVDF at different proportions
Figure 5.5 compares the thermal graphs of all three different samples; curve 1 is of pure PVDF
and whereas curve 2 and curve 3 are for filament having best mechanical properties (prepared at
200°C processing temperature, 50 rpm and composition/ proportion ‘C) and worst mechanical
properties respectively. Thermal analyses were performed at two successive heating-cooling
cycles, having a temperature range of 30°C to 250°C, and the heating rate was set at 10K/min.
The whole experimentation was performed under a controlled N, gas environment. In the first
thermal cycle of curve 1 (virgin PVDF), it has been observed that there is a valley that starts at
164°C and ends at 177°C, the melting point of the PVDF is at 174°C. During cooling, the
solidification starts at 146°C and ends at 140°C. The same trend has been seen in the 2" cycle of
the treatment and a negligible change in melting of the material has been observed. Therefore,
the DSC results for virgin PVDF supports that it is thermally stable. The DSC curves of sample
2 (prepared at 200°C processing temperature, SO0rpm and composition/ proportion ‘C’) best
sample from mechanical properties viewpoint and sample 3 (poor sample from mechanical
properties viewpoint) clearly represent that the melting and solidification temperature of the
prepared composite is almost similar to the corresponding temperatures of virgin PVDF. This
means that the addition of BTO and Gr does not affect the liquefying and freezing temperature
of the PVDF. Thus, it has been indicated that even after 2 repeated cycle’s behaviour of material
has shown remarkable consistency.

In the case of energy absorption rate, in the first thermal cycle, virgin PVDF absorbed only
27.59 Jg-' energy, whereas the sample having more proportion of BTO, absorbed maximum
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energy 30.97 Jg*. Moreover, the energy absorption rate in all three samples has been increased
in 2" thermal cycle. Thus, it highlights that the developed composites not only support the
reusability, in fact it acts as a thermodynamic sink.

5.1.8 Microscopic analysis

(b)At ><50

()At x150

(b) At x300

S

SEI 15Kk
SAI Labs, TIET

(a) Atx500 | (b) At x500
Figure 5.6 SEM images of sample having poor and best mechanical properties at four
different magnification levels
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After successful investigations of mechanical and thermal properties, the specimen of the in-
house developed feedstock filament comprised of PVDF, BTO, and Gr, having best and
worst mechanical strength were subject to microscopic analysis. The microphotographs of the
samples were taken on the JEOL JSM-6510LV SEM (Japan) at different magnification
levels. As the samples were made up of non-conductive polymer, therefore a coating of gold
layer has been made over its surface. SEM images were taken at magnification levels 50x,
150x, 300x, and 500x are shown in Figure 5.6 for a sample having poor mechanical
properties and best mechanical properties (prepared at 200°C processing temperature, 50rpm
and composition/ proportion ‘C). Micrographs clearly represent that the filament extruded as
per the settings suggested i.e. 200°C processing temperature, 50 rpm, and composition/
proportion ‘C has a fine surface finish as compared to the specimen extruded as per
experiment no. 1. It has been observed that the sample extruded at 200°C, 50rpm, and having

20% BTO shows better dispersion (at different magnification).

T T T[T T T T T T T T T[T I T T T T[T I T T T T T T[T T TrTT
0.0 0.2 0.4 0.6 0.8 1.0

' v x [mm]
w Ra31.12nm
Figure 5.7 (a) and (b): Rendered SEM images of the extruded samples at worst and best

parametric settings.
The rendered images of the SEM at X-500 magnification have been used to measure the
surface roughness (Ra) of the extruded samples (as shown in Figure 5.7). It has been found
that the Ra value of sample extruded at settings having poor mechanical properties is more

than the Ra value of sample extruded settings having the best mechanical properties.
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Figure 5.8 (a) and (b) shows the EDX analysis of composite filaments at different proportions
of PVDF, BTO, and Gr. The element analysis for the filament having poor mechanical
strength shown in Figure 5.8 (a) represents that it contains the majority of carbon and fluoride
whereas, it contains very less amount of barium, oxygen, and titanium. On the flip side, the
element analysis of the filament having the best-required properties (Figure 5.8 (b) shows that
it has more amount carbon, barium, titanium, and oxygen as compared to the previous one.
Thus, it has been indicated by the EDX analysis that the addition of BTO and Gr are directly
responsible for the enhancement of mechanical and thermal properties of the developed

composite.
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. O o ek S CK 3375|4542
b~ R e, 5LV 0K 392 3%
A R I o YN R 8 FK - [5881  [50.04 |
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Figure 5.8 (a) EDX analysis of sample having worst mechanical and thermal properties,
(b) Sample having best mechanical and thermal properties
Further, the fractured surfaces of feedstock filaments having the best and worst mechanical

properties were also subjected to SEM analysis. Morphological analysis of fractured surfaces
of feedstock filament was performed by taking microphotographs at various magnification
levels of X50, X150, X300, and X500 (see Figure 5.9). It has been observed from the

microphotographs that dimple formation occurs at both the surfaces, In case of filament
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shown best mechanical strength also shows proper joining of fibres over its surface, whereas
in case of filament shown poor mechanical strength shows rough and improper fractured

surface like not a proper joining in between the fibres/ filler particles with PVDF matric.

(a) SEM images of MB feedstock (b) SEM images of MB feedstock
filament (best mechanical properties) filament (worst mechanical
properties)

Figure 5.9 SEM images of fractured surfaces of feedstock filaments
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5.2 Results and discussion (Stage 2)

e Destructive testing of 3D printed parts for optimization of FDM process
parameters

After the successfully completion of extrusion of feed stock filament by taking a fixed

proportion of materials at optimized settings of TSE, by keeping the diameter of the wire at

1.75£0.05 mm, 3D printing of the part has been performed. To optimize the FDM process

parameters, standard tensile, flexural and pull-out specimens were 3D printed as per the

design of experiments and Further, a mechanical testing was performed on the fabricated

structures.

5.2.1 Tensile Testing of 3D printed specimens

3D printed tensile specimens prepared as per control log of experimentation were subjected
to destructive testing as per ASTM D-638 standard. The tensile testing of dumbbell shaped
specimens was performed on UTM (Make Shanta Engineering, India) by using a load cell of
10KN and accuracy of load cell is 0.5 N. The results of tensile testing in the form of PL, BL,
PS and BS are shown in Table 5.11).

Table 5.11 Tensile properties of printed 3D parts
Experiment No. PL (N) BL (N) PS (MPa) BS (MPa)
1 659+3 632+3 34.32+0.14 32.92+0.13
2 731+7 69516 38.07+0.38 36.20+0.29
3 770111 731+10 40.10+0.59 38.07+0.50
4 69418 663+8 36.15+0.40 34.53+0.41
5 76418 726+3 39.79+0.39 37.81+0.14
6 630+11 605+10 32.81+0.59 31.51+0.53
7 727+12 694+13 37.86+0.63 36.15+0.65
8 612+7 589+6 31.88+0.36 30.68+0.31
9 638+8 616+8 33.23+0.42 32.08+0.40

The output values obtained from the tensile results shown that the maximum value of PL
(770 N) and BL (731N) has been found in experiment no. 3, Whereas the output values of PS
and BS for the same experiment are 40.10 MPa and 38.07 MPa respectively. The minimum
values of tensile properties were obtained in experiment no 8. In which the observed values
of PL is 612 N and BL 589 N. The levels of parameters at which the best values have found
are infill speed (IS) 50 mm/s, infill angle (1A) 90° and infill density (ID) is 100%. It may be
due to very fine printing happened at very low speed whereas there might be proper bonding

in between the layers at no void condition that is 100% ID. However for experiment no. 8
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that was conducted at highest IS i.e. 90 mm/s and ID is minimum (60%) among the selected
level of values. Thus, it might lead to poor printing at high speed and less strength at low

density level.

Stress (MPa)
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Figure 5.10 Stress-strain curve of 3D printed parts

The stress strain curve obtained from the tensile testing is shown in Figure 5.10. The area

under the curve represents the MoT. The calculated values of MoT are shown in Table 5.12.

It has been observed that the maximum value of MoT is 4.706 MPa for experiment no. 2.
Table 5.12 MoT of printed parts

Experiment | BS (MPa) Strain MoT (MPa)

no. (1/2*BS*strain)
1 32.92 0.189 3.111

2 36.20 0.260 4.706

3 38.07 0.223 4.245

4 34.53 0.176 3.038

5 37.81 0.244 4.613

6 31.51 0.143 2.253

7 36.15 0.202 3.651

8 30.68 0.210 3.221

9 32.08 0.168 2.694

To optimize the process parameters of FDM for mechanical properties (PS, BS, PL, and BL)
ANOVA method has been used on Minitab statistical software. The ANOVA table for PS is
shown in Table 5.13. It represents that there are only two significant parameters that are IS
and ID by having P value less than 0.05 whereas in case of IA the P value is not less than
0.05 so it is not found significant at 95 % confidence level. The value of residual error is
found to be 0.022 that is only 0.49% of the total value which supports that model used for
optimization model is significant.

Table 5.14 shows the rank of input parameters at larger the better condition for SN values of

PS. It shows that the most prominent factor that affects mechanical properties of the
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Table 5.13 ANOVA Table for PS

effect on the tensile properties of the parts as it is lying around the mean value.

fabricated parts is ID, followed by the IS at positon 2. Whereas the 1A does not shown much

Factor DoF | Seq.SS | Adj SS | Adj MS F P %C
IS 2 0.912 0.912 0.456 42.42 | 0.023 20.37
1A 2 0.132 0.132 0.66 6.16 0.140 2.95
ID 2 3.411 3411 1.706 | 158.67 | 0.006 76.19
Residual Error 2 0.022 0.022 0.010 0.49
Total 8 4.477

Main Effects Plot for SN ratios
Data Means

INFILL SPEED INFILL ANGLE INFILL DENSITY

32.00

-5
31.25
31.00 /\
30.75
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Mean of SN ratios
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Figure 5.11 Main effects plot for SN ratios
The main graph of SN responses (see Figure 5.11) for PS shows that the first level of IS (50

mm/s), second level of 1A (45°) and third level of ID (100%) are best settings of FDM setup

for 3D printing of parts of this material.

Table 5.14 Rank table of input parameters (larger the better)

The SN responses obtained from Minitab software has been further used to calculate the

Levels IS 1A ID
1 31.46 31.15 30.37
2 31.16 31.23 31.07
2 30.69 30.94 31.87

Delta 0.77 0.29 1.51

Rank 2 3 1

optimized values of PS at larger the better status by using the following equations.

Nopt = P+(Pa—P) +(Ps—P) +(Pc-P) (5.1)
Yopt> = (1/10)PY10 (for lesser the better properties)  (5.2)
Yopt2 = (10)™°PY 10 (for larger the better properties)  (5.3)

Similarly, to calculate the optimized values for BS, PL and BL above mentioned equations

have been used.

So, To calculate the optimized value PS following equation has been used:
Nepyy = P + (Pa—P) +(Ps—P) +(Pc-P)

110



Yopt? = (10)™P" 20 for properties where, largest is better

P= Mean of SN for PS =31.10

Pa=Max IS from rank table = 31.46

Pg = Max IA from rank table = 31.23

Pc = Max ID from rank table = 31.87

Nepy = 31.10 + (31.46-31.10) +(31.23-31.10) +(31.87-31.10)

Neopt) =32.36

Yopt2 - (10)32.36/ 10

Y opt=42.65 MPa

The calculated value of PS is 42.65 MPa. A confirmatory experiment was performed at the
best parametric settings suggested (see Figure 5.10) i.e., IS 50 mm/s, 1A 45° and ID is 100%
and the observed output value of PS is 42.98 MPa, which is found to be very close to the
calculated value.

The contour graphs of PS, BS, PL, and BL are shown in Figure 5.12. Contour plats represent
the effect of change in two significant input parameters on the output responses. Contour
graphs have drawn by taking the 1A constant i.e., 45°. IS is taken in the Y direction and ID
was taken in X direction, whereas in z axis it shows the change in values of output response

with respect to input parameters.

BS

|
¥

< 32
- 34
- 36
- 38
- 40
> 40

32 - 34
34 - 36
M 36 - 38

3
o
2

|

w
®

S

70

INFILL SPEED (mm/s)
|
INFILL SPEED (mm/s)
o

o

=3
@
S

50,
60 70 80 920 100
INFILL DENSITY (%) INFILL DENSITY (%)

60 70 80 90 100

M 600 - 620
620 - 640
640 - 660

I 660 - 680

M 680 - 700

W 700 - 720

™ > 120

%)
=)

INFILL SPEED (mm/s)
S

INFILL SPEED (mm/s)

=Y
=}

20
PL 00
W <630
M 630 - 660
660 - €90
80 590 - 720 o)
W 720 - 750 g
- > 750 =
70 @
60
. 50
60 70 0

EY 100
)

60 70 80 S0 100

3 o
INFILL DENSITY (% INFILL DENSITY (%)

Figure 5.12 Contour graphs of tensile properties
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5.2.2 Regression equations and surface plot analysis

The resulted output values of mechanical testing of each property were further used to fit in

regression model at three level of interaction, the regression equations of PS, BS, PL and BL

are shown in the Table 5.15.

These regression equations have been used to draw the surface plots by keeping the IA
constant at 45° (as it was least significant factor). Output responses were taken in Y-axis
whereas input parameters IS and ID were taken in X and Z axis respectively. Figure 5.13
shows the surface plots of mechanical properties with respect to input parameters. It has been
clearly identified from the surface plots that at lower IS (50 mm/s) and higher ID (100%)

helps to improve the mechanical properties of the printed parts.

Table 5.15 Regression equations of tensile properties
PS=29.44- 0.0794 IS- 0.00809 1A+ 0.1563 ID | (5.4)
BS=28.31- 0.0690 IS- 0.00714 IA+ 0.1411ID | (5.5)
PL =565.3-1.525 IS - 0.155 IA+ 3.000 ID (5.6)
BL =543.5-1.3251S - 0.1370 IA+ 2.708 ID (5.7)
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Figure 5.13 Surface plots of tensile properties v/s input parameters
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5.2.3 Morphological properties testing

The fractured surfaces of tensile specimens were further subjected to SEM and EDS for
morphological properties. The samples have shown the best and worst mechanical strength
were analyzed based on microscopic images. The JEOL JSM-6510LV SEM (Japan) was used
to take the micrographs of the flexural samples at three different levels of magnification
%150, x 300, and x500 (as shown in Figure 5.14). SEM images have clearly shown that parts
fabricated at the parametric settings shown the best tensile strength have a fibrous structure
with good bonding in between them; moreover there is a dimple formation at the fracture

surface that supports the more tensile strength in the specimen.

SEl  15kV WD6mm X im SEl  15kV WD8mm  S$S30 x150 100pm
SAl Labs, TIET Patiala Mourya SAl Labs, TIET Patiala G.Mourya 0000 14 Nov 2019

SEl  15kV WwD8mm  S$S30
SAl Labs, TIET Patiala G.Mourya

SEl  15kV 3 x50 — SEl 15K sS30 X500 50um
G G

(c) x500
(@ SEM images of the tensile | (b) SEM images of the tensile
specimen shown worst mechanical | specimen shown best mechanical
strength strength

Figure 5.14 SEM images of fractured surfaces of tensile specimens

Further, the SEM images were rendered using a Gwyddion computer-operated software to
measure the surface roughness of the specimens. The rendered images and graph of surface
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roughness shown that the part having maximum tensile strength having low surface

roughness.

0.50 ym
0.00 pm
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Figure 5.15 3D rendered SEM images of tensile specimens and surface roughness graphs

The EDAX of 3D printed parts fabricated as per different process parameters shown in Figure

5.16. The element analysis for the printed samples having the best mechanical properties (see

Figure 5.16(a)) has more carbon, fluorine, oxygen, and titanium as compared to samples

200pm
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Figure 5.16 (a) and (b) EDX analysis of sample having worst and best mechanical and

thermal properties
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5.2.4 Flexural testing of 3D printed specimens

The parts produced according to the design of experiments were further subjected to
destructive testing as per the ASTM D790 for flexural testing of plastics for flexural
properties on a universal tensile testing machine (Make Shanta Engineering, India). The
output values of PL, BL, strength at peak, strength at break, have been noted for flexural
testings. Stress-strain curves have been plotted to understand the mechanism of the
deformation of the material. The fractured specimens of flexural testing are shown in Figure
5.17. From the elevation, it has been observed that sample 3 bent maximum or we can say
maximum bending angle is found in specimen no. 3, during destructive testing. Further, these
mechanical properties have been optimized by using ANOVA method, using Minitab

software a tool for statistical analysis.

Figure 5.17 Fractured samples after destructive testing

5.2.4.1 Flexural testing

After the completion of the extrusion process, the extruded filament was used for 3D printing
of standard flexural specimen. For all the printed specimens flexural test was performed and
observed values of PL, BL, flexural strength at peak (PS), and flexural strength at break (BS),
flexural modulus (FM) (as shown in Table 5.16) were recorded using UTM interface
machine, the flexural modulus and MoT shown in Table 3 were calculated using formula
write in equations 1 and 2 respectively.

The Flexural modulus is calculated with the formula given below: -

Flexural modulus = (PLxL3) / (48xIxD) ....... (1)

The MoT is calculated with the formula given below: -

MoT =1/2 x Flexural strength at break x strain at break (Deflection)..... (2)

where

I - Moment of inertia
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| = BH%12
H — Height (thickness) of sample (3.20) in mm
B - Width of sample (12.7) in mm
D - Deflection at the load P in N
L - Support span (40) in mm
Table 5.16 Results obtained from the flexural testing

PL BL PS BS FM MoT
53.81 | 48.44 | 31.28 | 28.16 | 570.44 | 3.61
82.09 | 73.87 | 47.72 | 42.94 | 657.52 | 12.71
93.67 | 83.35 | 54.45 | 48.45 | 888.45 | 9.56
69.07 | 62.74 | 40.15 | 36.47 | 553.21 | 11.18
100.55 | 92.81 | 58.45 | 53.95 | 906.03 | 17.22
48.41 | 43.59 | 28.14 | 25.34 | 484.66 | 6.92
78.31 | 71.46 | 45.52 | 41.54 | 613.57 | 13.70
51.13 | 46.00 | 29.72 | 26.74 | 317.72 | 10.50
56.32 | 50.72 | 32.74 | 29.48 | 472.10 | 10.40

The above table has shown that the maximum value of the load at peak (100.55 N), load at
break (92.81 N), flexural strength at peak (58.45 MPa), flexural strength at break (53.95
MPa) were noted in experiment no. 5 (IS 70 mm/s, 1A 45° and ID 100 %), however, the
minimum flexural strength was found in experiment no. 6. It may be due to stronger bonding
between the layers and lack of voids formation at 100% ID when fabricated at an orientation
angle of 45° whereas experiment no. 6 was conducted at lower ID (60%) and 1A was 90°.
Thus it might have led to lower bonding between the layers due to more gap between the
successive layers.

Stress-strain curves obtained from the mechanical testing are shown in Figure 5.18. For these
mechanical properties, the signal to noise (SN) ratios at larger the better type case is shown in
Table 5.17.

STRESS (MPa)

o— o— ®— o— ARG

@ —®

0.000 0.080 0.160 0.240 0.320 0.400 0.480 0.560 0.640 0.720 0.800
STRAIN

Figure 5.18 Stress-strain curves obtained from flexural testing
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Table 5.17 SN values for PS, BS, FM and MT
PS (SN) | BS(SN) [ FM(SN) | MoT(SN)
29.905 | 28.992 | 55.124 11.143
33,574 | 32.657 | 56.358 | 22.086
34.720 | 33.705 | 58.972 19.612
32.073 | 31.238 | 54.857 20.970
35.335 | 34.639 | 59.142 | 24.721
28.986 | 28.076 | 53.708 16.799
33.164 | 32.369 | 55.757 | 22.731
29.461 | 28.543 | 50.040 20.424
30.301 | 29.390 | 53.480 20.341

To optimize the FDM process parameters for flexural properties (PS, BS, FM, and MT)
ANOVA has been used. ANOVA table created on the basis of SN values of PS shown in
Table 5.18. As the probability (P) value of all three selected parameters is less than 0.05, in
Table 5.18. Thus, all these parameters were found significant at a 95% confidence level.
Moreover, the value of residual error is only 0.20% of the total value supports that the
optimization model is significant.

Table 5.18 ANOVA Table based upon the SN values of PS

Factor DoF | Seq.SS | Adj SS | Adj MS F P %C
IS 2 4.787 4.787 2.393 52.48 | 0.019 | 10.61
IA 2 3.415 3.415 1.707 37.43 |0.026 | 7.57
ID 2 36.843 | 36.843 | 18.421 403.82 | 0.002 | 81.62
Residual Error | 2 0.091 0.0912 | 0.0456 0.20
Total 8 45.137

The rank table (Table 5.19) shows the rank of process parameters for SN values of strength at
the peak that the ID has a most effective role as it was stood 1y, whereas IS and IA ranked 2"
and 3" respectively. The main effects plot for SN ratios shown in Figure 5.19 represents that
the part printed at the first level of IS by keeping the IA 45° and 100% ID shown best

mechanical properties.
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Main Effects Plot for SN ratios
Data Means
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Figure 5.19 SN ratio graph for PS
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Table 5.19 Response table of input parameters

Levels IS 1A ID
1 32.73 31.71 29.45
2 32.13 32.79 31.98
3 30.98 31.34 34.41

Delta 1.76 1.45 4,96

Rank 2 3 1

For the prediction of optimized values for flexural properties ANOVA statistical tool has
been used. The SN values obtained from Minitab software has been further used for the
prediction of optimized value using equation 5.8

Nopt = R+¥(Ra-R) +(Rg—R) +(Rc—R)............ (5.8)

where RA, RB, and RC are the maximum values of IS, 1A and ID from Rank Table and R is
mean of SN values (obtained from Minitab) for PS.

R=31.95, Ra=32.73, Rg = 32.79, Rc = 34.41

After putting these values in the equation (5.8)

Nopt = 36.03
Now,
Yopt2 = (10)"°P" 1 (for larger the better type case).......... (5.9)

Yopt2 - (10)36.03/ 10

Y opi=63.31MPa

A total of three repetitive experiments were performed at settings suggested by the ANOVA
table and the average PS was found 64.12 MPa which is very close to the calculated value i.e.
63.31 MPa.
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5.2.4.2 Contour graphs and regression equations

The contour graphs of PL, BL, PS, and BS are shown in figure 5.20. Contour plots represent
the effect of change in two significant input parameters on the output responses. Contour
graphs have drawn by taking the IA constant i.e., 45°. ID is taken in the x-direction and IS
was taken in the y-direction, whereas in the z-axis it shows the change in values of output

response with respect to input parameters.
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Figure 5.20 Contour graphs of flexural properties

The resulted output values of mechanical testing of each property were further used to fit in
the regression model at three levels of interaction, the regression equations of PS, BS, PL and
BL are shown in Table 5.20.

Table 5.20 Regression equations of flexural properties
PS=9.85-0.2123 IS - 0.0060 IA + 0.5773 ID (5.10)
BS=7.74 - 0.1816 IS - 0.0107 1A + 0.5308 ID (5.11)
PL=16.9-0.365 1S - 0.0103 IA + 0.993 ID (5.12)
BL =13.3-0.312 1S - 0.0185 IA + 0.913 ID (5.13)
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5.2.5 Pull out testing

Similar to flexural testing, experiments were also performed for pull-out testing that is a
relative comparison to check out the pull-out strength of the printed parts. The output values
of PL, BL, strength at peak, strength at break, have been noted for pull-out testings. Stress-
strain curves have been plotted to understand the mechanism of the deformation of the

material. The 3D printed pull-out specimens after testing are shown in Figure 5.21.

Flgure 5.21 3D printed samples of pull out testing

For the pull-out test, a screw was tightened in the specimen and pulling (shear) force was
applied to the specimen on UTM. Some properties of the pull-out test like PL, BL, peak
elongations, and break elongation were obtained directly from the UTM, whereas some
properties like shear strength at peak, shear strength at break, shear modulus, MoT were
calculated. The results obtained from the pull-out test are shown in Table 5.21.

Table 5.21 Observations obtained from the pull-out testing

R e I It LT
S ECHEIEH B E S PR
3 @ @ D 17

1 248 223.2 8.4 12.18 11.29 10.16 4.30 19.33
2 337.2 | 303.48 5.88 9.03 15.35 13.81 8.35 19.49
3 357.8 | 322.02 8.82 11.76 16.29 14.66 5.91 26.93
4 411.3 | 391.86 | 10.29 13.86 18.72 17.84 5.83 38.63
5 400 360 9.87 13.02 18.21 16.39 5.90 33.34
6 236 212.4 7.98 10.08 10.74 9.67 4.31 15.23
7 167.6 | 150.84 17.77 9.66 7.63 6.87 3.14 10.36
8 1422 | 127.98 9.45 11.97 6.47 5.83 2.19 10.89
9 189.2 | 170.28 7.14 10.08 8.61 7.75 3.86 12.21
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It has been observed from Table 5.21 that, sample no. 4 shows maximum shear strength at
peak (18.72 MPa) and maximum shear strength at break (17.84 MPa), which was printed by
keeping the IS 70 mm/s, at ID 80% and the IA was set at 45°, whereas sample no. 2 shows
the maximum shear modulus (8.35 MPa). Figure 5.22 shows the stress versus strain curves

obtained from destructive testing performed at UTM.

Figure 5.22 Stress-strain curves for pull out properties
Further ANOVA was used, for the further optimization of pull-out properties. SN values for
SS at peak, SS at break, SM and MT calculated at larger the best settings are shown in Table
5.22.
Table 5.22 SN values for pull-out properties

SS at Peak (SN) | SS at Break (SN) | SM (SN) | MT (SN)
21.05 20.13 12.66 25.72
23.72 22.80 18.43 25.79
24.24 23.32 15.43 28.60
25.45 25.02 15.79 31.73
25.21 24.29 15.41 30.45
20.62 19.70 12.68 23.65
17.65 16.73 9.93 20.30
16.22 15.31 6.80 20.74
18.70 17.78 11.73 21.73

(SS-Shear Strength, SM- Shear Modulus, MT-MoT, SN- Signal to Noise)
It has been observed from the ANOVA table (shown in Table 5.23) that out of three input

parameters, only IS was found significant, however, the 1A and ID were found insignificant,
as their probability (P) values are more than 0.05. The percentage contribution of residual

error is only 2.97 represent the significance of the tool.
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Table 5.23 ANOVA table based on SN values of shear strength at peak

Factor DoF | Seq.SS | AdjSS | Adj MS F P %C
IS 2 69.488 | 69.488 |34.744 |25.03 |0.038 | 74.54
1A 2 0.429 0.429 0.215 0.15 |0.866 |0.46
ID 2 20.535 |20.535 |10.267 |7.40 |0.119 |22.03
Residual Error 2 2.776 2.776 1.388 2.97
Total 8 93.228

Table 5.24 shows rank of input process parameters for SN values of shear strength at peak. It
was found that IS shown most significant role with ranked 1* followed by ID and IA, which
were ranked 2" and 3" respectively. The main effects plot for SN ratios shown in Figure 5.23
represents that the part printed by keeping the intermediate level of all three input parameters
shown the best mechanical properties.

Main Effects Plot for SN ratios
Data Means

INFILL SPEED INFILL ANGLE INFALL DENSITY

r{—”"\-\_\'

Mean of SN ratios
N

50 sl 20 o 45 90 60 80 100

Signal-to-noise: Larger Is better

Figure 5.23 SN ratio graph for shear strength at peak

Table 5.24 Response table for input parameters

Levels IS 1A ID
1 23.00 21.38 19.30
2 23.76 21.72 22.62
3 17.52 21.19 22.37

Delta 6.23 0.53 3.33

Rank 1 3 2

The SN values obtained from Minitab software has been further used for the prediction of
optimized value using equation 1.

Nopt = R+(R—R) +(Ry-R) +(R~R) ............ (5.14)

where Ry, Ry, and R; are the maximum values of IS, IA and ID from Rank Table and Rayg is
mean of SN values (obtained from Minitab) for shear strength at peak.

Ravg=21.43, Rx=23.92, Ry=21.72, R, = 22.62

After putting these values in the equation (5.14)

Nopt= 25.4

Now
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Yopt2 = (10)°PV 10 (for larger the better type case)

Yopt2 - (10)25.4/ 10
A total of three repetitive experiments were performed at settings suggested by the ANOVA

(5.15)

table and the average shear strength at peak was found 18.75MPa which is very close to the
calculated value i.e. 18.62 MPa.

5.2.6 Multi-optimization

To obtain the best parametric settings for flexural and pull-out properties, a Taguchi

multifactor optimization technique has been used. In this combined optimization process the

values of SN ratios of both flexural (strength at peak) and pull-out (shear strength at peak)

properties have been used. Table 5.25 shows the SN values of respective properties and
combine SN values. Table 5.26 shows the ANOVA table of SN values obtained from

multifactor optimization. The main effect plot for combine SN rations is shown in Figure

5.24.
Table 5.25 Combine SN values of input parameters

Sr. IS 1A ID SN SN SN

No. (mm/s) (°) (%) (Flexural strength) | (Pull-out) | (Combine)
1 50 0 60 29.905 21.05 27.73
2 50 45 80 33.574 23.72 28.75
3 50 90 100 34.720 24.24 28.97
4 70 0 80 32.073 25.45 29.00
5 70 45 100 35.335 25.21 29.25
6 70 90 60 28.986 20.62 27.51
7 90 0 100 33.164 17.65 26.86
8 90 45 60 29.461 16.22 26.06
9 90 90 80 30.301 18.70 27.04
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Figure 5.24 Graph for combine SN values
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Table 5.26 ANOVA table for combine SN values

Factor DoF | Seq.SS | AdjSS | Adj MS F P %C
IS 2 7.107 7.107 3.553 | 39.21 | 0.025 | 68.83
1A 2 0.057 0.057 0.028 0.31 | 0.760 0.55
ID 2 2.979 2.979 1.489 | 16.44 | 0.057 | 28.85
Residual Error 2 0.181 0.181 0.090 1.77
Total 8 10.325

Table 5.27 shows the rank of the input parameters on the basis of larger the better type for
Combine SN ratios.

Table 5.27 Response table for input parameters

Levels IS 1A ID
1 28.49 27.86 27.10
2 28.59 28.02 28.27
3 26.65 27.84 28.36

Delta 1.93 0.18 1.27

Rank 1 3 2

The best parametric settings obtained from the multi-optimization for 3D printing is 70 mm/s
IS at 45° IA by keeping the ID 100%. A total of 3 confirmatory experiments were performed
at the best parametric settings of FDM suggested by multi-optimization. The output values of
flexural and pull-out strength were compared with the optimized values. Table 5.28 shows
the results of confirmatory experiments.

Table 5.28 Observations from confirmatory experiments

Sr. No. Flexural properties Pull-out testing (shear
(Strength at peak in MPa) strength at peak in MPa)
1 62.34 18.74
2 61.15 18.67
3 62.96 18.71

5.2.7 Microscopic analysis

As the optimization of mechanical properties for flexural and pull-out testing of 3D printed
parts was completed, the specimen shown best and worst mechanical strength were subjected
to microscopic analysis. The JEOL JSM-6510LV SEM (Japan) was used to take the
micrographs of the flexural samples at three different levels of magnification x150, x 300,

and x500 (as shown in Figure 5.25). For SEM analysis the sample should be conductive in
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nature. Thus to make the polymeric samples conductive, a gold layer has been coated over its
surface. Micrographs showed that the sample fabricated as per optimized suggested settings
has a solid structure and proper bonding in between the layers. Whereas the sample showed
poor mechanical strength is porous and gaps between layers reduced the mechanical strength

of the part.

SEl  15kV WDémm 100um  — SEI  15kV WD9mm SS30 x150 100um  —
SAl Labs, TIET Patiala 0000 14 Nov 2019 SAl Labs, TIET Patiala G.Mourya 0000 14 Nov 2019
(a) At x150 (b) At x150
P 3 AN

- % 3 .&,
. "-‘. L
- - o . 4
SElI  15kV WDémm 50pUm  e— SElI  15kV WDSmm SS30 x300 S0pum  e—
SAl Labs, TIET Patiala 0000 14 Nov 2019 SAl Labs, TIET Patiala G.Mourya 0000 14 Nov 2019

(2) At x300 | (b) At x300

R o ek A

SElI  15kV WDémm SS30 50pm S — SElI  15kV WD9mm SS30 x500 50pm P —
SAl Labs, TIET Patiala G.Mourya 0000 14 Nov 2019 SAl Labs, TIET Patiala G.Mourya 0000 14 Nov 2019

(@) At x500 (b) At x500
Figure 5.25 (a) SEM micrographs of fractured surfaces of samples shown best flexural
properties, (b) samples shown worst flexural properties
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Figure 5.26 Rendered SEM images of flexural tested parts shown best (a) and worst (b)
mechanical properties respectively
The surface roughness (Ra) of 3D printed parts has been measured by taking the rendered

images of SEM of the specimen at x500 magnification. Figure 5.26 shows the rendered
images and surface roughness graphs of flexural samples. It has been observed from Figure
5.26 (b) that the parts fabricated as per the settings shown poor mechanical properties having
more surface roughness whereas the samples printed as per best settings (Figure 5.26(a))
shown less surface roughness it may be due to better bonding between the layers at higher ID
level.

The EDAX of 3D printed parts fabricated as per different process parameters shown in Figure
5.27. The element analysis for the printed samples having the best mechanical properties (see
Figure 5.27(a)) shown that it has more carbon, barium, oxygen, and titanium as compared to
samples fabricated at a low ID level (see Figure 5.27(b)). The area mapping of the samples,
showed the dispersion of elements per unit area (Figure 5.28). Area mapping clearly
represents that the parts fabricated as per best settings (as shown in Figure 5.28(a)) having
more dispersion of elements per unit area as compared to samples printed at low ID level
(Figure 5.28(b)).
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Figure 5.27 EDAX analysis of 3D printed parts having best (a) and worst (b) mechanical
properties
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Fhal 2 Ti kat Ba La1

Figure 5.28 Area mapping of 3D printed samples having best (a) and worst (b) mechanical
properties

5.2.8 Shore-D hardness

To measure the hardness values of the 3D printed parts a shore D hardness tester was used. It
gives resulted values up to three decimal places. Hardness values are shown in Table 5.29.
The measured surface hardness values (shore-D) of the 3D printed parts lying in between 63
to 74. The maximum hardness value has been found in experiment no 3. The shore-D
hardness value of the confirmatory experiment was 75.2 Shore D i.e., highest values than
others.

Table 5.29 Surface hardness values of 3D printed parts
Experiment No. | Shore-D Hardness
1 69.54
71.12
73.95
70.84
72.57
68.41
71.96
64.75
68.47

OO N OO~ WN
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5.2.9 Dimensional analysis

After the surface hardness (SH) testing, manufactured specimens were subjected to
dimensional analysis. A digital Vernier caliper (make: Mututoyo) having accuracy up to two
decimal places was used to measure the thickness (T) in mm of specimens. To minimize the
measurement error, each sample was measured three times the average thickness of three
measured dimensions of the 3D printed specimens were compared with the standard
dimensions of tensile specimens (as shown in Table 5.30). It has been found that the parts
manufactured/fabricated at IS of 70 mm/s, and depositing material at an IA 90°, with 100%
ID shown least deviation. Whereas, 3D printing performed as per experiment setting having
IS 50 mm/s with 0° and 60% ID have shown maximum deviation.

Table 5.30 Dimensional deviation observed from dimensional analysis

Exp. IS 1A ID T1 T2 T3 T T AT
No. (mm/s) @) (%) avg | (required)
1 50 0 60 290 | 295 | 298 | 2.94 3.2 0.26
2 50 45 80 310 | 3.08 | 3.12 | 3.10 3.2 0.10
3 50 90 100 314 | 315 | 3.21 | 3.17 3.2 0.03
4 70 0 60 3.01 | 3.05| 3.09 | 3.05 3.2 0.15
3) 70 45 80 299 | 3.01 | 297 | 2.99 3.2 0.21
6 70 90 100 312 | 319 | 324 | 3.18 3.2 0.02
7 90 0 60 311 | 3.04 | 3.01 | 3.05 3.2 0.15
8 90 45 80 3.08 | 3.02 | 3.06 | 3.05 3.2 0.15
9 90 90 100 3.01 | 3.04 | 299 | 3.01 3.2 0.19

5.2.10 Surface porosity

Figure 5.29 shows the photomicrographs of the surfaces of the filaments with the percentage
of @ on the surface. The red zone shows the porosity in the captured area for the analysis of
percentage porosity. It has been observed from the photomicrograph’s that parts fabricated at
high density and low IS having less surface porosity as compared to specimen’s 3D printed at
high IS and low ID.
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Figure 5.29 Optical photomicrographs with percentage porosity
5.2.11 Results of DMA

DMA is a sensitive method to study the polymer’s viscoelastic behaviour as a function of
temperature. An oscillation cycle of frequency was selected to observe the effect of different
process parameters on the DMA properties of the material. The testing was performed under
an identical thermal environment. Under this cyclic loading, the sample has oscillated at the
constant displacement of 10 um. The force was applied to the samples by using a single
cantilever bending method. During the testing, the temperature was increasing from 30°C to
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130°C at a rate of 3K/min. Thus, the experimental settings shown best and worst flexural

properties were used for 3D printing of DMA sample as shown in Table 5.31.

Table 5.31 FDM process parameters for 3D printing of standard specimens

Sample no. Sample Type IS (mm/s) 1A (°) ID(%)
1 DMA 50 45 100
2 DMA 70 90 60

Process parameters remain constant

(i) Nozzle diameter: 0.5 mm (ii) Bed Temperature: 85°C (iii) Nozzle Temperature:250°C

(iv) Fan Outpur: 50% (V) Number of parameters: 4  (vi) Fill pattern: rectilinear

The observed curves of storage modulus and tan & with respect to temperature for sample 1

and sample 2 are shown in Figure 5.30 (a) and Figure 5.30 (b) respectively.
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Figure 5.30 (a) and (b) DMA curves in term of storage modulus and tan delta as a function of
temperature corresponding to MB and CAMB composites

The curves obtained from DMA testing show that with the increase of temperature storage

modulus (E’) of the material is decreasing. However tan delta is increasing with respect to

temperature. It has been observed by comparing both the curves that E’ of MB sample lis

more (i.e.8x10"? MPa) as compared to E’ of MB sample 2 (6x10"% MPa). It means the energy

absorbing capacity of MB sample 1 is better than sample 2. The curves of tan 6 represent the

variation in energy dissipation capacity as a function of temperature. The tan & curve of
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sample 2 shows the maximum value of 0.045 at 67°C, whereas in the case of sample 1, the
value of tan 6 at the same temperature is 0.04 at a similar temperature. Thus it means the ratio
of loss modulus to storage modulus is more in sample 2 as compared to specimen 1.
Consequently, the sample prepared as per experimental settings shown the best flexural
properties also have better stiffness and shape recovery property.

5.2.12 Process Capability Analysis

A total of ten standard tensile specimens and ten standard flexural specimens were 3D printed
to report the process capability analysis of 3D printing process parameters. The 3D printed
functional prototypes were subjected to a universal testing machine (UTM) for destructive
testing. The output results of mechanical testing of both types of specimens in the form of PS,
BS, and MoT were noted to perform process capability analysis (see table 5.32). It has been
observed from the output results of mechanical testing that very less variations were found by
printing the samples under similar processing conditions.

Table 5.32 UTM results for tensile specimens

S.No.| PS (MPa) | BS (MPa) | MoT (MPa)
1 42.95 38.70 3.70
2 43.10 39.02 3.54
3 42.68 37.93 4.27
4 41.98 37.04 4.38
5 42.38 37.82 4.54
6 43.19 38.67 3.79
7 43.40 38.92 3.68
8 42.54 37.84 4.14
9 43.14 40.01 4.72
10 42.25 37.24 3.28

For process capability analysis data are shown in Table 5.32 was processed with the
statistical analytical tool. The calculated values of Cp >1 and Cpk>1, for the type of
specimens, represented that the 3D printing process was statistically under control. The
outcome graphs of process capability analysis in the form of the histogram and normal
probability plot for PS, BS, and FT of the tensile specimen are shown in Figure 5.31.the
histogram for the observed values of PS shown that values were inside the upper statistical
limits (USL) and lower statistical limits (LSL) and the bell-shaped curve outlined that the
observed result followed the normal distribution. Further, in the normal probability plot, all
the observed values of PS were lying near the normal line, which outlined that process is in
control. The calculated results of process capability analysis for PS, BS, and fracture

toughness of tensile specimens are shown in Table 5.33.
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Note:

Table 5.13 Results of process capability analysis for 3D printed tensile specimens

PS (MPa) BS (MPa) MoT (MPa)
Std. Deviation 0.46134 0.96491 0.46783
Co 1.08 1.04 1.07
Cou 1.11 1.06 1.07
Col 1.06 1.01 1.07
Cpk 1.06 1.01 1.07
CR 0.92 0.96 0.94

1. Cp and Cpk measure consistency with average performance. The ‘k’ stands for
‘centralizing factor.” The index takes into consideration the fact that data is maybe not

centered.
For tensile specimen

(a) For PS the USL and LSL was 44.3 and 41.3 MPa respectively
(b) For BS the USL and LSL was 41.5 and 35.5 MPa respectively
(c) For MoT the USL and LSL was 5.5 and 2.5 MPa respectively
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Figure 5.31 Process capability index for PS, BS and FT of tensile specimens
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Similar results were also observed for the flexural specimens. Table 5.33 shows the results of
flexural testing. Table 5.35 shows the outcome values of process capability analysis. The
histogram and normal probability plot for PS, BS and FT of flexural specimens are shown in
Figure 5.32.

Table 5.34 UTM results for flexural specimens

S. No PS BS MoT (MPa)
(MPa) (MPa)
1 61.97 56.84 12.52
2 62.29 58.26 11.57
3 63.87 58.97 14.25
4 64.08 58.50 13.21
5 63.18 57.96 12.89
6 64.30 60.10 14.65
7 62.80 58.27 13.48
8 63.25 59.34 11.45
9 61.57 57.85 12.78
10 62.49 58.18 14.31

Table 5.35 Results of process capability analysis for 3D printed flexural specimens

PS (MPa) BS (MPa) MoT (MPa)
Std.Deviation 0.88694 1.05913 0.74074
Cp 1.13 11 1.24
Cou 1.13 112 1.22
Coi 1.12 1.08 1.26
Cox 1.12 1.08 1.22
CR 0.89 0.91 0.81

Note:

1. Cp and Cpk measure consistency with average performance. The ‘k’ stands for
‘centralizing factor.” The index takes into consideration the fact that data is maybe
not centered.

2. For flexural specimen

(d) For PS the USL and LSL was 66 and 60 MPa respectively

(e) For BS the USL and LSL was 62 and 55 MPa respectively

(f) For MoT the USL and LSL was 10 and 16 MPa respectively
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Figure 5.32 Process capability index for PS, BS and FT of flexural specimens

5.3 Results and discussion (Stage 3)

e Synthesis and development of PVDF/Gr/BTO based composite by CAMB

method

Pilot experimentation was conducted to determine the effect of reinforced particles on the
flowability of the base polymer matrix, three proportions of PVDF/Gr/BTO were
provisionally selected for the development of composites. In the chemical blending process,
initially, thin films of composites at all three proportions were prepared by solvent casting
method and followed by the mechanically blending process on TSE for the preparation of
feedstock filaments. These feedstock filaments were further used on an open-source 3D

printer for the fabrication of standard prototypes and piezoelectric sensors.
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5.3.1 MFI of CAMB compositions of PVDF/Gr/BTO

For the chemical blending of materials, the same three proportions of fillers were reinforced
in PVDF as used in the MB method. Initially, Gr 2% by weight was added in PVDF, and then
BTO was added in three different proportions in 10%, 15%, and 20% by weight of PVVDF/Gr.
After the chemical mixing of materials, the MFI of all three compositions was checked. Table
5.36 shows the proportion of composition by weight and their respective MFI values.

Table 5.36 MFI at different proportion of materials

Composition/Proportion X Y MFI (X+Y)
(Wt%) [PVDF (98%) +Gr (2%)] [BTO] (9/210min)
A 90 10 3.98
B 85 15 3.20
C 80 20 2.90

Further the results of MFI were used to determine the n viscosity of the composition prepared
by chemical mixing of materials. The following two equations were used to calculate

viscosity in relation to density and MFI values

 9.13x10%4 Lxp
H = 183 x MFI

dynes — s

or

_9.13x10"4 Lxp p
W= T83xMrix10 & °

To calculate the density of composition a ratio proportion method was used. Table 5.37

shows the composition along with the density of the composition in g/cm?® and viscosity of all
three compositions.

Table 5.37 Composition of materials along with the density and viscosity

Composition/ Proportion | Density (p) MFI g/(10min) Viscosity (p) in (Pa-
(Wt%) glcm?® CAMB sample s) of CAMB sample

A 2.187 3.98 5924.31

B 2.392 3.20 8059.03

C 2.597 2.90 9654.85

5.3.2 Tensile testing of feedstock filaments prepared by the mechanically blended
method

After successfully synthesis of nanocomposite films of all three proportions of
PVDF/Gr/BTO sheets were cleaved into small sizes. These cleaved parts of the sheets were

put into the TSE for the development of feedstock filament. The commercial TSE (Make:
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Thermo scientific HAAKE, Germany) was used for the extrusion of filament as per the
control log of experimentation for available FDM setup, the required diameter of the extruded
feedstock filament should be in the range of 1.75+0.05mm, as the nozzle opening of existing
FDM supports only this size of filament. After the extrusion process, feedstock filaments
were subjected to destructive (tensile) testing on UTM (Make Shanta Engineering, India) by
using a load cell of 10 KN, and the accuracy of the load cell is 0.5 N. For tensile testing, the
prepared samples were fit in the clamps of the machine. Then the machine was started to put
weight on the lower clamp, whereas the upper clamp remains to fix. The applied force is
increasing continuously at a very small rate of 5 mm/ min the results of tensile testing in the
form of PL, BL, PS, and BS are shown in Table 5.38).

Table 5.38 Results of tensile testing of feedstock filaments

EXP. PL BL PS BS

NO. (N) (N) (MPa) (MPa)
1 75.5 67.95 31.41%1.04 28.26+0.58
2 85.8 77.22 35.69:1.75 32.12%0.60
3 102.9 92.61 42.80£0.86 38.52+1.05
4 83.8 75.42 34.8620.75 31.37%0.90
5 81.8 73.62 34.03+1.96 30.62+0.48
6 91.6 82.44 38.10+1.25 34.20+0.98
7 56.8 51.12 26.63+0.58 21.26+0.50
8 54.9 49.41 22.84+0.95 20.55+0.74
9 70.6 63.54 29.37+0.80 26.43+0.68

The stress-strain curves obtained from tensile testing of feedstock filaments are shown in

Figure 5.33.
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Figure 5.33 Stress versus strain curves for the prepared feedstock filament
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Further the results of tensile testing were used to obtain the MoT of the material. It has been
calculated from the BS of the material and strain of the developed composites observed in
tensile testing. The MoT of extruded filaments is shown in Table 5.39.

Table 5.39 MoT of feedstock filaments

Exp. No. | Strain | BS (MPa) | MoT (MPa)
1 0.234 28.26 3.31
2 0.101 32.12 1.63
3 0.082 38.52 1.59
4 0.095 31.37 1.49
5 0.117 30.62 1.79
6 0.108 34.29 1.85
7 0.117 21.26 1.25
8 0.130 20.55 1.33
9 0.089 26.43 1.17

As observed from Table 5.39, the maximum value of PS (42.80 MPa) and BS (38.52 MPa)
were noted in experiment No. 3, however, the minimum tensile strength was found in
experiment No.8. Therefore, the processing conditions of experiment No. 8 can be rejected
outrightly. Signal to noise values of PL, BL, PS, and BS are shown in Table 5.40). Based
upon these observations for 3D printing feedstock filament with maximum tensile strength
(experiment No. 3) may be selected for further processing. Further to optimize the processing
condition of TSE for tensile strength (PS and BS) ANOVA was performed. For these
mechanical properties, the SN ratios at larger the better type case are shown in Table 5.40.

Table 5.40 SN values for PL, BL, PS, and BS
PL(SN) | BL(SN) | PS(SN) | BS(SN)
37.56 36.64 29.94 29.02
38.67 37.75 31.05 30.14
40.25 39.33 32.63 31.71
38.46 37.55 30.85 29.93
38.25 37.34 30.64 29.72
39.24 38.32 31.62 30.70
35.09 34.17 27.47 26.55
34.79 33.88 27.17 26.25
36.98 36.06 29.36 28.44

5.3.3 Optimization for PS

Figure 5.34 shows the SN response for PS. The SN graph represents that extruder temperature
shows a remarkable effect when changed from level 1 to level 3. Two parameters of TSE were
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selected and from the SN graph, it has been found that both parameters put a significant effect on
the PS of the specimen. Thus, with the increase in the proportion of BTO in PVDF/Gr, its
strength first increases but after that it again starts decreasing. In case of temperature when it was
raised from 180 to 200°C, the PS decreases, the rpm of the screws Increases the PS of the
specimen at a higher speed more uniform dispersion of fillers may occur in base polymer matrix.
However in comparison with SN graph for PS (Figure 5.2) of MB feedstock filaments;
composition played a significant role in mechanical blending process. Thus due to different
processing routes, the outcome significant parameters are also different.

Main Effects Plot for SN ratios
Data Means

Temperature RPM COMPOSITION

305
200 /\

Mean of SN ratios

180 190 200 40 50 60 A B c

Signai-to-noise: Larger is better

Figure 5.34 SN graph for PS of filaments

The analysis for SN values was carried out at 95% confidence level. The factor having P value
less than 0.05 is found significant otherwise the factor may find insignificant. ANOVA of SN
ratios for PS shows that two parameters that is extruder temperature and screw speed are found
significant at 95% confidence level. However, the composition is found insignificant as its P-
value is 0.071 i.e., not less than 0.05. The temperature has a major contribution towards the PS
i.e., more than 73%, whereas rpm has an 18% contribution. The total percentage error was only
0.35%, which represents the higher level of accuracy in this model.
Table 5.41 ANOVA for SN ratios (PS of filaments)

Factor DoF | Seg. Adj Adj F P %age

SS SS MS Contribution
Temperature 2 19516 |19.516 | 9.76 216.98 | 0.005 73.63
rpm 2 | 4718 | 4.718 2.36 63.58 | 0.015 17.80
Composition 2 | 2181 | 2.181 | 1.090 13.14 | 0.071 8.22
Residual Error 2 | 0.090 | 0.090 | 0.045 0.35
Total 8 | 26.505

Based upon Table 5.41, the rank table (Table 5.42) shows the ranking of process parameters
for SN values of PS. As observed from Table 5.41 and 5.42, the first parameter (temperature)
has a most effective role as it stood 1st, whereas rpm and composition of filament ranked 2nd

and 3rd respectively. The main effects plot for SN ratios is shown in Figure 5.34, which
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represents that the filament fabricated at 180°C of extruder temperature and speed of screw
60 rpm and intermediate level of composition will have the best mechanical properties.

Table 5.42 Response table of input parameters for PS of filaments

Levels | Temperature rpm Composition

1 31.21 29.42 29.58

2 31.03 29.62 30.42

3 28.00 31.20 30.25
Delta 3.21 1.78 0.84
Rank 1 2 3

The SN values obtained (Table 5.40) has been further used for the prediction of optimized
value using equation 5.16

nopt = R+H(RA-R) +(RB-R) +(RC-R) ............ (5.16)

R=30.08, RA =31.21, RB = 31.20, RC = 30.42

After putting these values in the equation (5.16)

nopt=32.67
Now,
Yopt2 = (10)™P" 1 (for larger the better type case).......... (5.17)

Yopt2 = (10)%267/10

Yopto = 1849.27

Yopt=43.00 MPa

Three repetitive confirmatory experiments were conducted at proposed settings and an
average value of observed PS is 43.18 MPa, which is very close to the calculated value i.e.
43.00 MPa.

5.3.4 Optimization of BS

Based upon the SN ratios of BS the SN response graph at larger the better conditions are
shown in Figure 5.35. Similar to the PS, the results for BS of MB specimens (Figure 5.3) and
BS of CAMB specimens (Figure 5.35) shows variation in significant parameters.

Main Effects Plot for SN ratios
Data Means
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Signal-to-noise: Larger is better

Figure 5.35 SN graph for BS of feedstock filament
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Based upon Table 5.40, the ANOVA table for SN values of BS at 95% confidence level is
presented in Table 5.43.
Table 5.43 ANOVA Table for SN ratios of BS

Factor DoF | Seq. Adj Adj F P %age

SS SS MS Contribution
Temperature 2 | 20529 |20.529 | 10.26 | 216.19 | 0.005 77.37
rpm 2 | 5729 | 5729 | 2.86 63.43 | 0.016 21.59
Composition 2 | 0185 | 0.185 | 0.092 | 13.11 | 0.071 0.70
Residual Error 2 | 0.090 | 0.090 | 0.045 0.34
Total 8 |26.533

Table 5.44 displays the rank of process parameters based upon the SN ratios of BS. It has
been observed that temperature puts a major effect on the BS followed by rpm and
composition with rank 2™ and 3" respectively.

Table 5.44 Response table of input parameters for BS of feedstock filament

Levels | Temperature rpm Composition

1 30.29 28.50 28.66

2 30.12 28.70 29.50

2 27.08 30.29 29.33
Delta 3.21 1.78 0.84
Rank 1 2 3

The SN values of BS (Table 9) has been further used for the prediction of optimized value
using equation 5.18

nopt = R+HRA-R) +(RB-R) +(RC-R) ............ (5.18)

where RA, RB, and RC are the maximum values of temperature, RPM, and composition from
Table 5.44 and R is the mean of SN values for PS.

R=29.16, RA = 30.29, RB = 30.29, RC = 29.50

After putting these values in the equation (5.18)

nopt=31.76

Now,

Yopt2 = (10)™P"1° (for larger the better type case)

Yopt2 — (10)31.76/ 10

Yo" = 1499.68

Y opi=38.73 MPa

A total of three repetitive confirmatory experiments were conducted at proposed settings and
an average value of observed BS was 38.80 MPa, which is very close to the calculated value
i.e. 38.73 MPa.
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5.3.5 Dimensional analysis

After mechanical testing of feedstock filaments of PBGC prepared by CAMB process were
further subjected to dimensional analysis. To minimize the experimental error, a total of three
readings were taken at three different places over the total span length of the filaments. The
average diameters (@) of the three measured dimensions were compared with the required
standard diameter of the filament. Measured dimensions of the filament and their comparison
with the standard dimensions are shown in Table 5.45. It has been observed that the filament
extruded as per experiment No. 3 has minimum deviation, whereas the filament extruded as
per experiment no. 8 has maximum deviation. These observations are in line with the results
of mechanical testing.

Table 5.45 Measured dimensions of the feedstock filaments

Experime | Parameter(A) | Parameter(B) | Parameter(C) | @ avg %) AD
nt No. Temperature RPM Composition | (mm) | (required)
(C) wt% (mm)
1 180 40 A 1.69 1.75 0.06
2 180 50 B 1.74 1.75 0.01
3 180 60 C 1.76 1.75 0.01
4 190 40 B 1.69 1.75 0.06
5 190 50 C 1.71 1.75 0.04
6 190 60 A 1.72 1.75 0.03
7 200 40 C 1.89 1.75 0.14
8 200 50 A 1.81 1.75 0.06
9 200 60 B 1.80 1.75 0.05
5.3.6 Surface porosity

After the mechanical and dimensional testing of all fabricated filaments, it has been observed
that the filament extruded as per experiment No. 3 (prepared at 180°C processing temperature,
60 rpm, and composition/proportion “B”’) has shown the best mechanical properties, and
filament extruded as per experiment no. 8 resulted into poor mechanical properties. Further, to
ascertain the effect of processing conditions on the surface properties (such as porosity/voids
and surface roughness) of the extruded filaments, morphological analysis was performed. Figure
5.36 shows the photomicrographs of the surfaces of the filaments with the percentage of ® on
the surface. The red zone is the porosity in the selected area for the analysis of percentage
porosity. It has been observed from the photomicrograph’s filament shown maximum tensile

strength has less porosity (®=1.53%) on its surface as compared to the other filaments. Whereas
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the filament having poor mechanical properties is having a maximum percentage of porosity

(®=5.58%) among the all samples.

7 '8 9

Figure 5.36 Optical photomicrographs with a variation of percentage porosity

5.3.7 Thermal analysis

The PVDF is known for its high thermal resistance; however, to study the effect of reinforced
materials on the thermal properties of the polymer matrix, thermal analysis was performed.
Thermal properties of the material play a very effective role in the use of the material in a
particular application. The results of mechanical testing suggested that the filament extruded

at 180°C processing temperature, 60 rpm and composition ‘B’ has maximum tensile strength.
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For thermal analysis of the filaments, a DSC (Make: METTLER TOLEDO, Swiss with
STARe (SW 14.00) software) was used. In this present study, two samples were prepared for
thermal analysis; the first sample was taken from the filament shown the best mechanical
strength, and the second sample was taken from the filament with the worst mechanical
strength. Thermal analysis was performed in the presence of N, gas.

Thermal graphs for two samples are shown in Figure 5.37. Curve 1 is for the filament with
maximum tensile strength (prepared at 180°C processing temperature, 60 rpm and
composition/ proportion ‘B’), whereas curve 2 is of filament with poor mechanical properties.
For thermal analysis, each sample faced two repetitive heating-cooling cycles, by keeping the
temperature range from 30°C to 250°C. The samples were heated at the rate of 10K/min. As
observed from curve 1, it clearly depicts that, the melting of material starts at 164°C and ends
at 177°C. The melting point of composite material is 174°C and the solidification of the
material starts at 146°C and ends at 140°C. An almost similar trend has been observed in the
2" cycle of heating and cooling. Thermal cycles for curve 2 also show almost the same values
of the temperature for melting and solidification of the material. Hence, it is ascertained that
the addition of Gr and BTO does not affect the liquefaction and solidification of the PVDF
matrix even in CAMB. Moreover, the similar trends obtained from both cycles of thermal

analysis justify the thermal consistency of the material.
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Figure 5.37 DSC graphs of composites developed as per the settings shown best and worst
mechanical properties
However, there is a difference in the energy absorption rate of both samples. Curve 1 of the
sample having more BTO absorbed 26.43 Jg™ energy, whereas the sample having minimum
BTO absorbed less energy i.e., 25.56 Jg™*. However, the 2™ thermal cycles of the samples show

that both the samples absorbed more energy than their respective first thermal cycles.
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5.3.8 SEM Analysis
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Figure 5.38 SEM images of fractured surfaces of feedstock filaments

Further, the fractured surfaces of feedstock filaments having the best and worst mechanical

properties were also subjected to SEM analysis. Morphological analysis of fractured surfaces
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of feedstock filament was performed by taking microphotographs at various magnification
levels of X50, X150, X300, and X500. It has been observed from the microphotographs that
dimple formation occurs at both the surfaces, the filament is shown best mechanical
properties having uniform dimples throughout its surface, leads to more tensile strength,
However, the filament having poor mechanical properties shows only a big dimple in its

center whereas the remaining surface is flat thus leads to non-uniform strength over its entire

surface.
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Figure 5.39 (a) and (b) Rendered SEM images of the extruded samples at best and worst

parametric settings.

The rendered SEM images taken at X-500 magnification have been used to measure the Ra of
the extruded samples (as shown in Figure 5.39). It has been found that the Ra value of sample
extruded at settings having poor mechanical properties is less than the Ra value of sample
extruded settings having the best mechanical properties. It may be due to more fibrous
structure in filament having the best mechanical properties.

Figure 5.40 (a) and (b) shows the EDX analysis of feedstock filament having the worst and
best mechanical properties. The element analysis for the filament having poor mechanical
strength shown in Figure 5.40 (a) represents that it contains the majority of carbon and
fluoride whereas, it contains very less amount of barium, oxygen, and titanium. On the flip
side, the element analysis of the filament having the best-required properties (Figure 5.40 (b)
shows that it has more amount carbon, barium, titanium, and oxygen as compared to the

previous one. Thus, it has been clearly indicated by the EDX analysis that the addition of
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BTO and Gr are directly responsible for the enhancement of mechanical and thermal

properties of the developed composite.

Spectrum 3

Element Weight% Atomic%
CK 36.05 47.15
OK 9.88 9.71
FK 48.52 41.45
TIK 175 0.52
BaK 3.80 0.98
Totals 100

1
Full Scale 1737 ct: Cursor: 0.000

Element Weight% Atomic%
CK 38.18 48.42
OK 10.35 10.92
FK 42.78 3453
TiK 1.89 0.77
BaK 6.80 1.01
Totals 100

ull Scale 2825 cts Curzor: 0,000

Figure 5. 40 (a) and (b) EDX analysis of sample having worst and best mechanical and
thermal properties

5.4 Results and discussion (Stage 4)

e Destructive testing of 3D printed parts for optimization of FDM process
parameters

Feedstock filaments of PBGC prepared by CAMB method having maximum mechanical
strength and diameter within 1.75+0.05 mm were further used to run on an open-source 3D
printer. A control log of experimentation was prepared as per Taguchi L9 orthogonal array
for optimization of FDM process parameters. Standard tensile, flexural, and pull-out
specimens were 3D printed as per the design of experiments and further, mechanical testing
was performed on the fabricated structures.
5.4.1 Tensile testing
3D printed dumbbell-shaped specimens prepared as per the control log of experimentation
were subjected to destructive testing as per ASTM D-638 type IV standard. A total of nine
specimens were fabricated as parametric settings (with three repetitions). The tensile testing
of specimens was performed on UTM (Make Shanta Engineering, India) by using a load cell
of 10 KN and accuracy of load cell is 0.5 N. Results of tensile testing in the form of PL, BL,
PS, and BS, are shown in Table 5.46).
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The 3D printed parts were further subjected to destructive tensile testing on UTM. Results of
tensile testing in the form of PL, BL, PS, and BS, are shown in Table 5.46.

Table 5.46 Output values of tensile strength of 3d printed parts

Exp IS IA | ID PL BL PS BS

No. | (mm/s) | (°) | (%) (N) (N) (MPa) (MPa)
1 50 0 | 60 | 792.0+£3.61 | 730.0+4.58 41.25+0.19 38.02+0.19
2 50 45 | 80 | 848.6+4.37 | 768.4+4.72 44.2+0.23 40.02+0.23
3 50 90 | 100 | 1058.7+4.05 | 950.4+4.88 55.14+0.21 49.5+0.21
4 70 0 | 60 | 686.6+3.86 | 617.5+4.25 35.76%0.20 32.16%0.20
5 70 45 | 80 | 919.7+3.48 | 808.3+2.76 47.9+0.18 42.1+0.18
6 70 90 | 100 | 585.6+2.31 | 541.1+1.58 30.5+0.12 28.18+0.12
7 90 0 | 60 | 732.5+1.80 | 675.8+3.90 | 38.15+0.09 35.2+0.09
8 90 45 | 80 | 427.2+3.29 | 387.1+3.65 22.25+0.17 20.16+0.17
9 90 90 | 100 | 548.9+4.67 | 500.7+4.90 28.59+0.24 26.08+.024

Table 5.46 has shown the maximum value of PL (1058 N) and BL (950 N) has been found in
experiment no. 3, whereas the output values of PS and BS for the same experiment are 55.14
MPa and 49.5 MPa respectively. However, experiment no 8 shows the minimum values of
tensile properties such as PL is 427 N and BL 387 N. The output values of tensile testing show
that the maximum PS was observed in the part fabricated at the lowest IS (50 mm/s) and having
a maximum ID (100%) by depositing the material at 90° IA. It might be due to proper
positioning of material at lower speed and bonding might be also more at 100% ID. However,
the part with the worst mechanical properties was built as per experiment no. 8, in which IS was
put as maximum and 1A was kept 45° and having an intermediate level of ID. The stress-strain
curves obtained from the mechanical testing of 3D printed tensile specimens are shown in
Figure 5.41.

Stress (MPa)

0k 1 9 strain
0.000 0.030 0.060 0.080 0.120 0.150 0.180 0.210 0.240 0.270 0.300 0.330

Figure 5.41 Stress-strain curves of tensile tested parts
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In stress-strain curves, an area under the curve represents the MoT. The calculated values of
MoT are shown in Table 5.47. It has been observed that the maximum value of MoT is 6.82
MPa for experiment no. 5, whereas, experiment no. 8 shows the minimum value of MoT
(1.69 MPa).

Table 5.47: MoT of 3D printed parts

Exp. no. | BS (MPa) Strain MoT (MPa)
1 38.02 0.249 4.73
2 40.02 0.263 5.26
3 49.5 0.227 5.62
4 32.16 0.312 5.02
5 42.1 0.324 6.82
6 28.18 0.237 3.34
7 35.2 0.212 3.73
8 20.16 0.168 1.69
9 26.08 0.198 2.58

Further, the SN values of the measured tensile properties were calculated using Minitab 17.0
software. For these mechanical properties, the SN at larger the better type case is shown in
Table 5.48.

Table 5.48 SN of tensile properties of 3D printed parts

PS (SN) BS (SN) FM (SN) | MT (SN)
29.905 28.992 55.124 | 11.143
33574 32.657 56.358 | 22.086
34.720 33.705 58.972 | 19.612
32.073 31.238 54.857 | 20.970
35.335 34.639 59.142 | 24.721
28.986 28.076 53.708 | 16.799
33.164 32.369 55.757 | 22.731
29.461 28.543 50.040 | 20.424
30.301 29.390 53.480 | 20.341

To optimize the parametric settings of FDM for tensile strength of the printed parts ANOVA
tool was used shown in Table 5.49. As the probability (P) value of the first and third
parameters (IS and ID) is less than 0.05 (Table 5.49), thus these two parameters are
significant at a 95% confidence level. However, for the second parameter (I1A) the value of P
is not less than 0.05 thus found insignificant. Moreover, the value of residual error is only

1.71% of the total value supports that the optimization model is significant.
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Table 5.49 ANOVA for SN ratios (PS)

Factor DoF | Seq. Adj Adj F P %age

SS SS MS Contribution
IS 2 |25.456 | 25.456 | 12.73 | 31.00 | 0.031 53.24
1A 2 | 0476 | 0476 | 0.24 | 0.58 | 0.633 1.00
ID 2 [21.064 | 21.064 | 10.53 | 25.65 | 0.038 44.05
Residual Error 2 | 0.820 | 0.820 | 0.41 1.71
Total 8 |47.816

The main effects plot for SN is shown in Figure 5.42, which represents that the part printed at
the first level of IS by keeping the 1A 0° and 100% ID having the best mechanical properties.
The main graph plot of SN ratios for PS shows that infill speed directly affects the
mechanical strength of the part. The increase in infill speed reduced the PS of the 3D printed
specimen. However, ID is directly proportional to the tensile strength of the fabricated part.
In comparison with the SN graph of 3D printed parts using MB feedstock filaments (Figure

5.11), both charts represent almost similar best levels of IS and ID. However there is

difference between the levels of 1A.

values of PS.

29

Main Effects Plot for SN ratios

Data Means

Infill Speed

Signal-to-noise: Larger is better

Table 5.50 Response table of input parameters for PS

Figure 5.42 SN ratio graph for PS
Based upon Table 5.49, rank table (Table 5.50) shows ranking of process parameters for SN

Infill Angle

T

as

Infill Density

a0

100

Levels IS 1A ID
1 33.35 31.67 29.65
2 31.45 31.15 31.03
2 29.23 31.21 33.36

Delta 4.12 0.51 3.71

Rank 1 3 2

The SN values obtained (Table 5.51) has been further used for the prediction of optimized

value using equation 5.19

Nopt = R+(Ra—R) +(Rs-R) +(RcR)

. (5.19)

150




where Ra, Rg, and R¢ are the maximum values of IS, IA and ID from Table 18 and R is mean
of SN values for PS.

R=31.34, Ra = 33.35.21, Rg = 31.67, Rc = 33.36

After putting these values in the equation (5.19)

Nopt= 35.69
Now,
Yopt2 = (10)™P" 10" (for larger the better type case).......... (5.20)

Yopt2 - (10)35.69/ 10

Yopt” = 3706.81

Y opt = 60.88 MPa

Three repetitive confirmatory experiments were conducted at proposed optimized settings
and an average value of PS was 62.78 MPa, which is very close to the calculated value i.e.
60.88 MPa. Contour plats represent the effect of change in two significant input parameters
on the output responses. Contour graphs have drawn by taking the 1A constant i.e., 45°. IS is
taken in the Y direction and ID was taken in the x-direction, whereas in the z-axis it shows
the change in values of output response with respect to input parameters. The contour graphs
of PL, BL, PS, and BS are shown in Figure 5.43.
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The resulted output values of mechanical testing of each property were further used to fit in
the regression model at three levels of interaction, the regression equations of PS, BS, PL,
and BL are shown in Table 5.51.
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Table 5.51 Regression equations of mechanical properties

PS =36.99 - 0.4300 IS - 0.0034 IA + 0.3933 ID (5.21)
BS =34.80- 0.3842 1S - 0.0060 IA + 0.3370 ID (5.22)
PL =710.2 - 8.2560 IS - 0.0660 IA + 7.5500 ID (5.23)
BL =668.2 - 7.3760 IS - 0.1150 IA + 6.4700 ID (5.24)

5.4.2 Morphological properties testing
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Figure 5.44 SEM images of fractured surfaces of tensile specimens
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After destructive testing, fractured surfaces of 3D printed tensile specimens were further to
SEM analysis for morphological properties. The samples that have shown best and worst
tensile properties were analyzed based on microscopic images. The JEOL JSM-6510LV SEM
(Japan) was used to take the micrographs of the flexural samples at three different levels of
magnification x150, x 300, and x500 (as shown in Figure 5.44). SEM images have clearly
shown that parts fabricated at the parametric settings shown the best tensile strength have a
fibrous structure with good bonding in between them; moreover there is a dimple formation
at the fracture surface that supports the more tensile strength in the specimen.

Further, the SEM images taken at X-500 magnification were rendered using a Gwyddion
computer-operated software to measure the R, of the specimens. The rendered images and

graph of R, shown that the part having maximum tensile strength having low R,.
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Figure 5.45 Rendered SEM images of fractured surfaces and roughness graphs
5.4.3 Flexural Testing

3D printed flexural specimens were also subjected to destructive testing as per ASTM D-790
standard. For flexural testing of standard prototypes, UTM interfaces a computer-controlled
machine was used. For all the printed specimens flexural test was performed and observed
values of PL, BL, flexural PS, and flexural BS (as shown in Table 5.52) was recorded, further
to calculate the flexural modulus and MoT same equations as used for MB specimens were

used.
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Table 5.52 Flexural testing output

S.No. PL BL PS BS FM MoT
1 88+0.65 | 78+0.83 | 51+0.81 | 45+0.82 | 1294+9 | 2.58+0.04
2 100+0.84 | 86+0.47 | 58+0.82 | 49+0.65 | 1530+13 | 2.45+0.03
3 105+1.7 | 95+0.86 | 61+0.67 | 55+0.86 | 2308+37 | 2.20+0.03
4 109+1.2 | 100+0.97 | 63+0.76 | 58+0.77 | 1538+17 | 4.40+0.05
5 123+1.2 | 107+0.19 | 71+0.47 | 62+1.25 | 1677+17 | 4.13+0.08
6 99+0.90 | 88+0.96 | 57+0.47 | 51+0.46 | 1446+13 | 2.90+0.02
7 97+1.23 | 86+0.83 | 56+1.16 | 50+0.73 | 2125+27 | 1.70+0.02
8 83+0.91 | 73+0.75 | 48+0.81 | 42+0.52 | 1731+18 | 1.52+0.01
9 90+0.74 | 83+0.73 | 52+0.47 | 48+0.47 | 1229+10 | 3.01+0.03

Based upon Table 5.52, maximum value of PL (123.11 N), BL (107.58 N), PS (71.00 MPa),
BS (62.04 MPa) were noted in experiment no. 5 (IS 70 mm/s, 1A 45°and ID 100 %). This
may be due to more strong bonding between the layers and lack of voids formation at 100 %
ID when fabricated at IA of 45° however, the minimum flexural strength was found in
experiment no. 8.That was printed at higher IS, i.e. 90 mm/s, lower ID (60 %) and IA was
45°. Thus it might have led to lower bonding between the layers due to more gap between the
successive layers.

Stress-strain curves obtained from the mechanical testing are shown in Figure 5.46. For these

mechanical properties, the SN ratios at larger the better type case is shown in Table 5.53.
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Figure 5.46 Stress-strain curves obtained from flexural testing
To optimize the FDM process parameters for flexural properties (PS, BS, FM, and MT)
ANOVA has been used (Table 5.54 As the probability (P) value of all three selected

parameters is less than 0.05, in Table 5.54, thus all these parameters are significant at 95 %
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confidence level. Moreover, the value of residual error is only 0.13 % of the total value which
supports that optimization model is significant.
Table 5.53 SN values for PS, BS, FM and MT

PS (SN) | BS(SN) | FM(SN) | MT(SN)
34.15 33.11 62.24 8.23
35.27 33.91 63.69 7.78
35.65 34.83 67.27 6.85
35.97 35.25 63.74 12.87
37.03 35.85 64.49 12.32
35.12 34.15 63.21 9.25
34.94 33.94 66.55 4.61
33.63 32.50 64.77 3.64
34.32 33.62 61.79 9.57
Table 5.54 ANOVA table based upon the SN values of PS
Factor DoF | Seq. SS | AdjSS | Adj MS F P %C
IS 2 4.598 4.598 2.299 431.77 | 0.002 54.04
[JAN 2 0.161 0.161 0.080 15.15 | 0.062 1.89
ID 2 3.738 3.738 1.869 351.02 | 0.003 43.94
Residual Error 2 0.011 0.011 0.005 0.13
Total 8 8.508

Based upon Table 5.54, Table 5.55 shows rank of process parameters for the main effects plot

for SN ratios is shown in Figure 5.47.

Main Effects Plot for SN ratios
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Figure 5.47 SN ratio graph for PS

Table 5.55 Ranking of input parameters for PS

Levels IS 1A ID
1 35.03 35.02 34.30
2 36.04 35.31 35.19
3 34.29 35.03 35.87

Delta 1.74 0.29 1.57

Rank 1 3 2
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For prediction of optimized values for flexural properties ANOVA statistical tool has been
used. The SN values obtained from Minitab software has been further used for the prediction
of optimized value using equation 5.25

Nopt = R+(Ra>R) +(Re2—R) +(Rcz—R) ............ (5.25)

where Ra2, Rgz, and Rcs are the maximum values of IS, IA and ID from Rank Table and R is
mean of SN values (obtained from Minitab) for PS.

R=35.12, Ra; = 36.04, Rg, = 35.31, Rc3 = 35.87

After putting these values in the equation 5.25

nopt = 36.98
Now,
Yopt2 = (10)"°P" "1 for larger the better type case) .......... (5.26)

Yopt2 = (10)%9¥/10

Y opt=70.63 MPa

A total of three repetitive experiments performed at settings suggested by ANOVA table and
the average PS was found 71.00 MPa which is very close to the calculated value i.e., 70.63
MPa.

The contour graphs of PL, BL, PS, and BS are shown in figure 5.48.
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Figure 5.48 Contour graphs of flexural properties

Contour plots represent the effect of change in two significant input parameters on the output

responses. Contour graphs have drawn by taking the 1A constant i.e., 45°. ID is taken in the x
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direction and IS was taken in y direction, whereas in z axis it shows the change in values of
output response with respect to input parameters.

The resulted output values of mechanical testing of each property were further used to fit in
regression model at three level of interaction, the regression equations of PS, BS, PL and BL
are shown in the Table 5.56.

Table 5.56 Regression equations of flexural properties

PS=445-0.116 IS - 0.0002 1A + 0.262 ID (5.27)
BS =37.7-0.083 IS + 0.0043 IA +0.238 ID (5.28)
PL=77.2-0.200 IS - 0.0003 IA + 0.455 ID (5.29)
BL =65.4-0.144 1S+ 0.0076 IA + 0.413 ID (5.30)

5.4.4 Pull out Testing

Similar to flexural testing, experiments were also performed for pull out testing that is a
relative comparison to check out the pull-out strength of the printed parts. For establishment
of pull out properties of 3D printed samples, an eye bolt screw was used. It was screwed
inside the 3D printed specimen with 3 cycles of thread. The dimensions of the screw threads
are shown in the Table 5.57.

Table 5.57 Thread profile of a screw

S.No. | Terminology value
1 Outer Diameter | 2.2 mm
2 Inner Diameter | 1.6 mm
3. Pitch 1.06 mm
4 Thread angle 75°

The pull-out test was performed on the UTM (Make: Shanta Engineering, Pune, India) of
5000 N capacity. For pull-out test, screw was tightened in the specimen and pulling (shear)
force was applied to the specimen on UTM. The results obtained from the pull-out test are
shown in Table 5.58. It has been observed from the Table 5.58 that, the sample no. 7 shows
maximum shear PS (22.63 MPa) and maximum shear BS (20.36 MPa), which was printed by
keeping the 1S 90 mm/s, at ID 100 % and the IA was set at 0°, whereas sample no. 1 shows
the maximum shear modulus (8.07 MPa). Figure 5.49 shows the stress versus strain curves

obtained from destructive testing performed at UTM.
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Table 5.58 Observations obtained from the pull-out testing

Figure 5.49 Stress strain curves for pull out properties
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Further ANOVA was used, for the optimization of pull-out properties. SN values for SS at

peak, SS at break, SM and MT calculated at larger the best settings (Table 5.59).

Table 5.59: SN values for pull-out properties

SS at Peak (SN) | SS at Break (SN) | SM (SN) | MT (SN)
20.84 19.95 18.14 17.70
19.40 18.720 10.86 21.24
21.07 20.40 7.60 27.93
22.19 21.73 12.93 29.70
23.36 22.44 14.25 2552
19.17 18.25 12.11 2252
27.10 26.18 16.51 31.48
20.96 20.04 12.63 2256
20.37 19.45 12.85 21.37
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It has been observed from Table 5.60 that P value for all three input parameters is less than
0.05 so all have found significant at 95 % confidence level. The percentage contribution of
residual error is only 0.8% represents the significance of tool.

Table 5.60 ANOVA Table based on SN values of SS at peak
Factor DoF | Seq.SS | AdjSS | Adj MS F P %C

IS 2 8.429 8.429 4.215 22.51 | 0.043 | 17.87
IA 2 15.743 | 15.743 | 7.871 42.04 | 0.023 | 33.38
11D 2 22.617 |22.617 |11.309 |60.40 [0.016 |47.95
Residual Error 2 0.374 0.374 0.187 0.8
Total 8 47.164

The Table 5.61 shows rank of input process parameters for SN values of SS at peak. The

main effects plot for SN ratios is shown in Figure 5.50.
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Figure 5.50 SN ratio graph for shear strength at peak

Table 5.61 Rank table for input parameters for SS at peak

Levels IS 1A ID
1 20.44 23.38 20.33
2 21.58 21.24 20.65
3 22.81 20.20 23.84

Delta 2.37 3.18 3.52

Rank 3 2 1

The SN values obtained from Minitab software has been further used for the prediction of

optimized value using equation 5.31
Nopt = R+(Rxa—R) +(Ry1—R) +(RzR) ............ (5.31)



where Rys, Ry1, and R,z are the maximum values of IS, A and ID from Rank Table and Rayg
is mean of SN values (obtained from Minitab) for SS at peak.

Ravg=21.61, Rys = 22.81, Ry; = 23.38, R,3= 23.84

After putting these values in the equation 5.31

Nopt= 26.81

Now

Yopt2 = (10)"P 1% (for larger the better type case)........... (5.32)

Yoptz — (10)26.81/ 10

Y opt=21.90 MPa

A total of three repetitive experiments performed at settings suggested by ANOVA table and
the average SS at peak was found 22.63 MPa which is very close to the calculated value i.e.
21.90 MPa.

5.4.5 Multi-optimization

To obtain best parametric settings for flexural and pull-out properties, a Taguchi multifactor
optimization technique has been used. In this combine optimization process the values of SN
ratios of both flexural (PS) and pull-out (SS at peak) properties have used. Table 5.62 shows
the SN values of respective properties and combine SN values. The Table 5.63 shows the
ANOVA table of SN values obtained from multifactor optimization. The main effect plot for
combine SN rations is shown in Figure 5.51.

Table 5.62 Combine SN values of input parameters

S.no IS 1A ID SN SN SN
(FS) (Pull-out) | (Combine)
1 50 0 60 34.15 20.84 28.01
2 50 45 80 35.27 19.40 27.61
3 50 90 100 35.65 21.07 28.18
4 70 0 80 35.97 22.19 28.53
5 70 45 100 37.03 23.36 28.92
6 70 90 60 35.12 19.17 27.53
7 90 0 100 34.94 27.10 29.62
8 90 45 60 33.63 20.96 28.01
9 90 90 80 34.32 20.37 28.95
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Main Effects Plot for SN ratios
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Figure 5.51 Graph for combine SN values
Table 5.63 ANOVA table for combine SN values

Factor DoF | Seq.SS | Adj SS | Adj MS F P %C
IS 2 0.506 0.506 0.253 | 378.83 | 0.003 | 14.08
1A 2 1.131 1.131 0.565 | 847.12 | 0.001 | 31.47
IS 2 1.955 1.955 0.977 | 1464.03 | 0.001 | 54.39
Residual Error 2 0.001 0.001 0.000 0.06
Total 8 3.594

Table 5.64 shows the rank of the input parameters on the basis of larger the better type for
Combine SN ratios.

Table 5.64 Response table for input parameters

Levels IS 1A ID
1 27.94 28.72 27.85
2 28.33 28.19 28.01
3 28.51 27.86 28.91

Delta 0.57 0.86 1.06

Rank 3 2 1

The best parametric settings obtained from the multi-optimization for 3D printing is 90 mm/s
IS at 0° infill angle by keeping the ID 100%. A total of 3 confirmatory experiments were
performed at the best parametric settings of FDM suggested by multi-optimization. The
output values of flexural and pull-out strength were compared with the optimized values. The
Table 5.65 shows the results of confirmatory experiments.

Table 5.65 Observations obtained from confirmatory experiments

S.no. Flexural properties Pull-out testing
(PS in MPa) (SS at peak in MPa)
1 67.41 21.68
2 66.82 22.10
3 67.10 21.84
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5.4.6 Microscopic analysis

After the successfully completion of optimization of mechanical properties for flexural and
pullout strength of the 3D printed parts, the specimen with best and worst flexural strength
were subjected to SEM analysis.
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Figure 5.52 Fracture surfaces of samples with best flexural properties (a), fracture surfaces of
samples with worst flexural properties
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The micrographs were taken at magnification levels x35, x150, x300 and x500 (Figure 5.52).
For SEM analysis the sample should be conductive in nature. Thus to make the polymeric
samples conductive, a gold layer has been coated over its surface. Micrographs clearly shown
that the sample fabricated as per optimized suggested settings have solid structure with
proper bonding in between the layers. Whereas the sample shown poor mechanical strength is
porous and gaps between layers reduced the mechanical strength of the part.

The R, of 3D printed parts has been measured by taking the rendered images of SEM of the
specimen at X500 magnification (Figure 5.53). It has been observed from the Figure 5.53 (b)
that the parts fabricated as per the settings shown poor mechanical properties is having more
Ra whereas the samples printed as per best settings 5.53(a) shown less R,. This may be due to

better bonding between the layers at higher ID level.
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Figure 5.53 Rendered SEM images of flexural tested parts with best mechanical properties
(a) and worst mechanical properties (b)
In addition to SEM analysis for material characterization, the samples were also subjected to

EDAX for elemental level analysis. To ensure whether both tested sample having same
composition EDAX was performed at both specimens shown best and worst mechanical
properties. The element analysis for the printed samples having best and worst mechanical
properties is shown in Figure 5.54 (a) and (b). It has been clearly observed from the Figure
5.54 that both the specimens having same elements with almost equal quantity. Thus it
supports that the variation in mechanical properties is only due to printing parameters of
FDM. The area mapping of the samples shows the dispersion of elements per unit area
(Figure 5.55).
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Figure 5.54 (a) and (b) EDAX analysis of 3D printed parts having best (a) and worst (b)
mechanical properties
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Figure 5.55 Area mapping of 3D printed samples having best (a) and worst (b) mechanical
properties

5.4.7 Shore-D hardness (SH)

SH was measured with shore-D hardness tester. The hardness of fabricated parts were lying
in between 65 to 77 shore-D. Table 5.66 shows the outcome values of hardness of fabricated
parts. The maximum hardness value has been found in the experiment no 3. The shore-D

hardness value of the confirmatory experiment was 77.50 Shore D i.e. highest values than

others.
Table 5.66 SH (shore-D) values of fabricated parts
Exp. No. IS (mm/s) IA(®) | ID (%) | Shore-D Hardness
1 50 0 60 73.25
2 50 45 80 74.48
3 50 90 100 76.89
4 70 0 60 71.57
5 70 45 80 72.57
6 70 90 100 69.84
7 90 0 60 72.04
8 90 45 80 65.07
9 90 90 100 66.34
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5.4.8 Dimensional analysis

After the SH testing, manufactured specimens were subjected to dimensional analysis. A
digital Vernier calliper (make:Mututoyo) having accuracy up to two decimal places was used
to measure the thickness of specimens. To minimize the measurement error, each sample was
measured three times the average thickness of three measured dimensions of the 3D printed
specimens were compared with the standard dimensions of tensile specimens (as shown in
Table 5.67). It has been found that the parts manufactured/fabricated at IS of 70 mm/s, and
depositing material at an 1A 90° with 100% ID shown least deviation. Whereas, 3D printing
performed as per experiment setting having 1S 90 mm/s with 90° and 100% ID shown
maximum deviation.

Table 5.67 Dimensional deviation observed from dimensional analysis

Exp. [IS(mmis) [ IA ] ID [ T1 [ T2 [ T3] T T AT

No. ©) (%) avg | (required)
1 50 0 60 291 | 299 | 3.04 | 2.98 3.2 0.22
2 50 45 80 298 | 3.05 | 3.12 | 3.05 3.2 0.15
3 50 90 100 | 3.10 | 3.12 | 3.20 | 3.14 3.2 0.06
4 70 0 60 3.10 | 3.15 | 3.19| 3.14 3.2 0.05
5 70 45 80 3.05 | 3.01 | 297 | 3.01 3.2 0.19
6 70 90 100 | 3.19 | 3.0 |3.26| 3.15 3.2 0.05
7 90 0 60 3.21 | 3.05 | 3.04 | 3.10 3.2 0.10
8 90 45 80 299 | 2.85 | 3.10 | 2.98 3.2 0.22
9 90 90 100 | 2.80 | 3.10 | 2.83 | 291 3.2 0.29

5.4.9 Surface porosity

As all types of specimens were prepared according to same DOE, thus only tensile specimens
were used to analysis the surface porosity. Figure 5.56 shows the photomicrographs of the
surfaces of the filaments with the percentage of @ on the surface. It has been observed from
the photomicrograph’s parts fabricated at high density and low infill speed having less

surface porosity as compared to specimen’s 3D printed at high infill speed and low ID.
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Figure 5.56 Optical photographs shown the surface porosity of 3D printed specimens

5.4.10 Dynamic mechanical analysis (DMA)

For 3D printing of DMA standard samples experimental settings shown best and worst

flexural properties were used. Similar controllable process parameters [ IS, IA and ID] of

FDM setup were used for 3D printing of parts using CAMB composites as shown in Table

5.68.
Table 5.68 FDM process parameters for 3D printing of standard specimens
Smaple no. Sample Type IS (mml/s) 1A (°) ID (%)
1 DMA 70 45 100
2 DMA 90 45 60
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Process parameters remain constant during the 3D printing are as:
(i) Nozzle diameter: 0.5 mm (ii) Bed Temperature: 85°C (iii) Nozzle Temperature:250°C
(iv) Fan Outpur: 50% (v) Number of parameters: 4 (vi) Fill pattern: rectilinear

The observed curves of storage modulus and tan & with respect to temperature for sample 1

and sample 2 are shown in Figure 5.57 (a) and Figure 5.57 (b) respectively.
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Figure 5.57 (a) and (b) DMA curves in term of storage modulus and tan delta as a function of
temperature corresponding to MB and CAMB composites
The curves obtained from DMA testing shows that with the increase of temperature storage
modulus (E’) of the material is decreasing. However tan delta is increasing with respect to
temperature. It has been observed by comparing both the curves that E* of MB sample 1 is
more (i.e.,1.5x10"° MPa approx.) as compared to E* of MB sample 2 (1.210"° MPa). It means
the energy absorbing capacity of MB sample 1 is better than the sample 2. The curves of tan &
represent the variation in energy dissipation capacity as a function of temperature. The tan &
curve of sample 2 shows the maximum value of 0.08 at 130°C, whereas in case of sample 1,
the value of tan 6 at same temperature is 0.09 at similar temperature. Thus it means the ratio
of loss modulus to storage modulus is more in sample 2 as compared to specimen 1.
Consequently, the sample prepared as per experimental settings shown best flexural

properties also have better stiffness and shape recovery property.
5.4.11 Process Capability Analysis

Similar to the MB process, In CAMB process same total of ten standard tensile specimens
and ten standard flexural specimens were 3D printed to report the process capability analysis

of 3D printing process parameters. The 3D printed functional prototypes were subjected to
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UTM for destructive testing. The output results of mechanical testing of both type of
specimens in the form of PS, BS and FT were noted to perform process capability analysis
(see Table 5.69). It has been observed from the output results of mechanical testing that very
less variations were found by printing the samples under similar processing conditions.

Table 5.69 UTM results for tensile samples  Table 5.70 UTM results of flexural samples

S.No.[ PS (MPa) | BS (MPa) | FT (MPa) | [ S. No | PS (MPa) | BS (MPa) | FT (MPa)
1 61.05 54.45 6.18 1 71.2 62.1 4.13
2 60.82 55.87 6.93 2 72 61.9 4.18
3 59.85 53.98 5.80 3 70.5 63.18 4.20
4 61.58 55.72 6.88 4 69.98 61.52 4.09
5 62.01 55.24 6.37 5 68.95 60.85 3.90
6 60.74 53.65 5.90 6 69 61 4.06
7 59.98 53.05 5.57 7 71.2 62.41 4.15
8 61.89 54.42 6.37 8 72.5 63.05 3.95
9 61.74 54.07 5.81 9 71.28 62.9 4.18
10 60.71 53.79 6.02 10 70.48 61.45 4.09

For process capability analysis data shown in Table 5.69 and 5.70 was processed with
statistical analytical tool. The calculated values of Cp >1 and Cpk>1, for type of specimens,
represented that the 3D printing process was statistically under control. The outcome graphs
of process capability analysis in the form of histogram and normal probability plot for PS,
BS, and FT of tensile specimen are shown in Figure 5.58. The calculated results of process
capability analysis for PS, BS and FT of tensile specimen are shown in Table 5.71.

Table 5.71 Results of process capability analysis for 3D printed tensile specimens

PS (MPa) BS (MPa) FT (MPa)
Std. Deviation 0.70175 0.91617 0.44184
Co 1.04 1.06 1.06
Cou 1.03 1.08 1.07
Col 1.06 1.03 1.04
Co 1.03 1.03 1.04
CR 0.96 0.95 0.95

Note:

Cp and Cpk, measures consistency with average performance. The ‘k’ stands for
‘centralizing factor.” The index takes into consideration the fact that data is maybe not
centered.

For tensile specimen
(9) For PS the USL and LSL was 63.2 and 58.8 MPa respectively

(h) For BS the USL and LSL was 57.4 and 51.6 MPa respectively
(i) For FT the USL and LSL was 7.6 and 4.8 MPa respectively
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Figure 5.58 Process capability index for PS, BS and FT of tensile specimens

Similar results were also observed for the flexural specimens. The Table 5.72 shows the

outcome values of process capability analysis. The histogram and normal probability plot for

PS, BS and FT of flexural specimens are shown in Figure 5.59.

Table 5.72 Results of process capability analysis for 3D printed flexural specimens
PS (MPa) BS (MPa) FT (MPa)
Std. Deviation 1.27680 0.756985 0.09746
Cp 1.07 1.06 1.11
Cou 1 1.04 1.05
Col 1.15 1.07 1.17
Cok 1 1.04 1.05
CR 0.93 0.95 0.9

Note: Cp and Cpk measures consistency with average performance. The ‘k’ stands for

‘centralizing factor.” The index takes into consideration the fact that data is maybe not
centered.
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For flexural specimen

() For PS the USL and LSL was 74.6 and 66.4 MPa respectively
(k) For BS the USL and LSL was 64.4 and 59.6 MPa respectively
() For FT the USL and LSL was 4.4 and 3.75 MPa respectively

HISTOGRAM Normal Probability Plot

— _ v
/ —\ 2] 1/
=4 p i
i
1]

A "
58838 88 @

(@) _ (b)
/ =g ) B
pei : =
= 3“/5_ &2 : = )
(c) (d)
T : -/ //
~ - .
\ S
i —

(€) ()

Figure 5.59 Process capability index for PS, BS and FT of flexural specimens

5.5 Results and discussion (Stage 5)

5.5.1 X-ray diffraction analysis for MB 3D printed specimen

As PVDF is a semi crystalline material with no more than 50-60 % crystal content. PVDF
mainly exists in three crystalline phases such as a, § and y-phases. In this research work, for
crystal structure characterization of 3D printed specimens of BTO/Gr/PVDF, X-ray
diffraction analysis was performed. The specimen for XRD testing was 3D printed at the
optimized settings of FDM. Further for poling, the sample was subjected to high voltage

supply at elevated temperature. The 3D printed specimen before poling and after poling was
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analyzed through XRD (Figure 5.60). The observed spectrums have been matched with
standard directory cards (for PVDF and BTO the ICDD/JCPDS:00-038-1638 and
ICDD/JCPDS: 01-079-2264 were used respectively). In the non-poled part the peaks at 18.4°
(020), 20.1° (110) represents the monoclinic a- phase, a peak at an angle of 26.8° (022) and a
small peak at 35.9° (200) corresponding to y- phase and orthorhombic - phase respectively.
Whereas the peaks at 22.2° (100), 31.6° (110), 38.9° (111) and 45.3° (200) corresponds to
BTO nano-powder. However, after poling the peak of 20.1° is slightly shifted at 20.8° (100)
and a broad peak is observed at 35.9° (200) corresponds to the more [3-phase content. That
clearly shows the effect of electrical poling on the 3D printed part. Whereas similar peaks
have been observed for BTO in both specimens represents the homogenous dispersion of
BTO nanoparticle in PVDF matrix. The results of XRD analysis were found to be in
correlation with the previously published research works [147,168-169].
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Figure 5.60 XRD spectra of 3D printed specimens

5.5.2 FTIR for MBD 3D printed specimen
In FTIR analysis, absorption bands were used to determine the degree of crystallinity of a, 8
and y-phases. Generally, PVDF exists in a-phase until it goes through some extra processing
conditions like electrical poling, mechanical stretching, thermal poling or by doping some
other material in it. The B-phase of PVDF is showing its eligibility for energy harvesting
applications. Figure 5.61 shows the FTIR spectra of 3D printed discs of MBCof PBG, before
and after thermal poling. The effect of poling is clearly observed in the FTIR analysis. The
FTIR analysis indicate the absorption peaks for a-phase are formed at wavenumber of
614,761,795, 1149, and 1382 cm ™', B-phase is formed at wavenumber of 836,1278 cm™' and
y-phase formed at wavenumber of 1236 cm™'. In non-poled sample more o-phase content

appears. However, very small peaks are formed at 836 cm ™' and 1278 cm ™' corresponding to
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B-phase content. On the flipside, the big peaks formed at 836 cm™' and 1276 cm™' clearly
represents that electroactive B-phase increases with electrical poling process. FTIR results
were found to be in line with the previously published literatures [52-54]. It has been
ascertained from XRD and FTIR analysis, that electrical poling plays a very prominent for

transformation of a-phase into electroactive 3-phase in PVDF based composites.
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Figure 5.61 FTIR absorption bands of 3D printed specimens

5.5.3 Piezoelectric constant Measurement for MBD 3D printed specimen
After thermal poling, the 3D printed discs of MBD composites of PVDF/Gr/BTO were used

to measure the piezoelectric coefficient by two probe method A ds3 meter (Model YE2730A
D33 make: Marine India) has been used with high degree of resolution i.e. 0.1 pC/N. In this
study 3D printed cylindrical disc having diameter of 10 mm and thickness is 0.4 mm was
used for testing. The piezoelectric constant (ds3) value of cylindrical disc is 20 pc/N, which is
close to the solvent casted film of PVDF+ BTO. Figure 5.62 shows D33 meter used to

measure piezoelectric constant and silver coated 3D printed disc under the probes.

Digital display unit

Specl;‘hen fixed'in. |-

two probes

Figure 5.62 D33 meter used to measure piezoelectric coefficient
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5.5.4 XRD analysis of CAMBD 3D printed specimen

The specimen for XRD testing was 3D printed at the optimized settings of FDM. Further for
poling, the sample was subjected to high voltage supply at elevated temperature. The 3D
printed specimen before poling and after poling was analyzed through XRD (Figure 5.63).
The observed spectrums have been matched with standard directory cards (for PVDF and
BTO the ICDD/JCPDS:00-038-1638 and ICDD/JCPDS: 01-079-2264 were used
respectively). In the non-poled part the peaks at 18.4° (020), 20.1° (110) represents the
monoclinic a- phase, a peak at an angle of 26.8° (022) and a small peak at 35.9° (200)
corresponding to y- phase and orthorhombic B- phase respectively. Whereas the peaks at
22.2° (100), 31.6° (110), 38.9° (111) and 45.3° (200) corresponds to BTO nano-powder.
However, after poling the peak of 20.1° is slightly shifted at 20.8° (100) and a broad peak is
observed at 35.9° (200) corresponds to the more -phase content. That clearly shows the
effect of electrical poling on the 3D printed part. Whereas similar peaks have been observed
for BTO in both specimens represents the homogenous dispersion of BTO nanoparticle in
PVDF matrix. The results of XRD analysis were found to be in correlation with the

previously published research works [147, 168-169].
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Figure 5.63 XRD spectra of 3D printed specimens

5.5.5 FTIR analysis of CAMBD 3D printed specimen

In FTIR analysis, absorption bands were used to determine the degree of crystallinity of a,
and y-phases. Generally, PVDF exists in a-phase until it goes through some extra processing
conditions like electrical poling, mechanical stretching, thermal poling or by doping some
other material in it. The B-phase of PVDF is showing its eligibility for energy harvesting
applications. Figure 5.64 shows the FTIR spectra of 3D printed films before and after thermal
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poling. The effect of poling is clearly observed in the FTIR analysis. The FTIR analysis
indicate the absorption peaks for a-phase are formed at wavenumber of 614,761,795, 1149,
and 1382 cm™', B-phase is formed at wavenumber of 836,1278 cm ™' and y-phase formed at
wavenumber of 1236 cm™'. In non-poled sample more a-phase content appears. However,
very small peaks are formed at 836 cm™' and 1278 cm™' corresponding to B-phase content. On
the flipside, the big peaks formed at 836 cm™' and 1276 cm' clearly represents that
electroactive B-phase increases with electrical poling process. FTIR results were found to be
in line with the previously published literatures [147,168-169]. It has been ascertained from
XRD and FTIR analysis, that electrical poling plays a very prominent for transformation of a-

phase into electroactive B-phase in PVDF based composites.
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Figure 5.64 FTIR absorption bands of 3D printed specimens
5.5.6 Measurement of Piezoelectric coefficient of CAMBD 3D printed specimen

Figure 5.65 Setup used to measure the piezoelectric coefficient (ds3)

The piezoelectric coefficient of the PVDF/Gr/ BTO based 3D printed film was measured
using a two probe method. A disc having 10 mm diameter and 0.4 mm thickness was 3D
printed. The printed disc was coated with silver paint from both sides to make it conductive.

Further the disc was subjected to high voltage electric filed with temperature for 3 hours of
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poling process, After electrical poling, the disc has been placed in between the probes of d33
meter and tighten the knob properly. Figure 5.65 shows the d33 meter that is used to measure
piezoelectric coefficient, and silver-coated 3-D printed disc. The meter is then switched on,
that displays the digital value of ds3 in pC/N. The piezoelectric constant (ds3) value of 3D
printed disc is 30.2 pC/N.

5.5.7 Comparison among the properties of feedstock filaments prepared from MB and
CAMB composites of PVDF/Gr/BTO

After the fabrication and characterizations of feed stock filaments and 3D printed parts of
MBD and CAMBD composites of PVDF/Gr/BTO on the basis of mechanical, dimensional,
thermal, morphological and piezoelectric properties, a comparative study was performed to
determine the effect of blending process, on various properties of feedstock filaments, and 3D
printed parts of composites processed on similar parameters of TSE and FDM. In this part of
the study, initially the various properties of feedstock filaments prepared form MB and
CAMB composites were compared. Further the properties of 3D printed parts prepared from

MB and CAMB composites-based feedstock filaments have compared.

5.5.7.1 Rheological properties

Viscosity of PVDF/Gr/BTO composites prepared by MB and CAMB method was calculated
from their density and MFI values. Initially shear stress and shear rate was calculated. Further
the viscosity (u), has been calculated from shear stress (1) divided by the shear rate (y). the
comparison of viscosity of MBD and CAMBD composites is shown in Figure 5.66. The
viscosity graph clearly represents the effect of blending process on the rheological properties
of the developed composites. It has been observed that MB composites of PBG having more

viscosity than CAMB composites at same proportion of material.
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Figure 5.66 Comparison of viscosity of MB and CAMB composites
5.5.7.2 Tensile properties of feedstock filaments

A comparison was made between the tensile properties of extruded filaments of MB and
CAMB composites. The values of PS of the filaments of MB composites and PS of the
filaments of CAMB are shown in bar graph (Figure 5.67). In both cases the extrusion of
filaments was performed at similar experimental condition. It should be noted that the
methods of preparation of composites were different. Thus, it has been revealed from the bar
graph that the filaments of chemically mixed composites having higher PS as compared to
filaments of mechanically blended composites. Moreover, the best parametric settings of the
TSE are also different in both cases. As in case of chemically mixed composites, the
optimised settings to fabricate the filament shown maximum tensile strength were: 180°C of
extruder temperature, 60 rpm screw speed and 15% of BTO. However, for mechanically
mixed composites, the optimised settings are 200°C processing temperature; 50 rpm screw
speed and 20% BTO. The results of mechanical testing shown that feedstock filaments
prepared by CAMB containing only 15 % BTO shown better mechanical properties, than MB
composites containing 20% BTO. Thus, it has been observed that blending process plays very

prominent role on mechanical properties of developed composite.
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Figure 5.67 Comparison of PS for filaments (mechanically extruded and CAMB composites)
Similar to PS a comparison was also made between the BS of filaments prepared via

chemically/mechanically mixed composites as shown in Figure 5.68.

177



The results of mechanical testing shown that feedstock filaments prepared by CAMB
containing only 15 % BTO shown better mechanical properties, than MB composites
containing 20% BTO. Thus, it has been observed that blending process plays very prominent

role on mechanical properties of developed composite.
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Figure 5.68 Comparison of BS for filaments of mechanically blended and CAMB
composites

5.5.7.3 Dimensional properties
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Figure 5.69 Dimensional measurements of filaments (CAMBD/MBD composite)

The existing FDM setup supports only the filament having diameter within the range of
1.75+£0.05mm. Thus, it was necessary to perform the dimensional analysis of the extruded
filaments. After successfully comparison of tensile properties, dimensional properties of
feedstock filaments prepared by MB and CAMB were also compared. To minimize the
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experimental error, total of three readings were taken at three different places over the total
span length of both types of filaments. The average diameter (&) of three measured
dimensions is taken as final for all the filaments. To make a comparison in between the
measured dimensions of filaments of CAMBD/MBD of PBGC line graph has been used
(Figure 5.69).

5.5.7.4 Thermal Properties

PVDF is mainly known for its good thermal resistance properties. However, some processing
conditions or doping may change its thermal properties. Thus, to evaluate the effect
processing conditions (MB or CAMB) used for reinforcing materials on the thermal
properties of PVDF, DSC analyses were performed. After the mechanical testing of the
filaments of PVDF/BTO/Gr composites prepared via MB and CAMB were subjected to the
DSC platform for thermal analysis. Two samples, one from MB composite and the other from
CAMB composite-based feedstock filaments were taken. Each sample was gone through two
repeating cycles of heating and cooling within the temperature range of 30°C to 250°C. The

obtained thermal curves of both the samples are shown in Figure 5.70.
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Figure 5.70 Thermal behaviour curves of MB and CAMB composites obtained from DSC

The red curve of MB composites depicts that the melting range of material is164°C to 178°C,
whereas the melting point of composite material, is 175°C. A similar pattern has been shown

in the 2" consecutive cycle of heating and cooling. On the other hand, the black curve of
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CAMB based composite also shows similar results on melting and solidification of materials.
Thus, it implies that the processing condition does not show much effect on the liquidation
and solidification of developed composites. However, the energy absorption rate is found
different in both of the samples. MB composites absorbed more energy (31.09 J/g) as
compared to CAMB composites, which absorbs only 26.59 J/g of energy. In the 2"
consecutive cycle, both samples absorbed more energy as compared to their first respective
thermal cycles. Thus, the results of thermal analyses show that the mechanically blended
material has better heat-absorbing capacity than the CAMB composites. However, for

reusability both samples showed equivalent results.

5.5.7.5 SEM analysis of prepared feed stock filaments
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Figure 5.71 Microphotographs of correctional view of feedstock filaments of MBD (a) and
CAMBD (b) composites at X50, X150, X300 and X500

After successful comparison mechanical, dimensional and thermal properties, the
morphological properties of feedstock filaments of MBD and CAMBD composites having
maximum mechanical properties were compared. Morphological analysis of fractured
surfaces of feedstock filament was performed by taking microphotographs at various
magnification levels of X50, X150, X300, and X500 (see Figure 5.71). At X50 of CAMBD
composite shows dimples formation throughout the surface, whereas only two dimples are
seen in MBD composites and the remaining surface is almost plan.

This uniform dimple formation may show the high tensile strength of filament developed by
the chemical assisted blending process. Moreover, at higher magnification, the material
structure seems homogenous in CAMBD composites. Porosity testing revealed that both
types of feedstock filament shown good surface properties. However, from comparison point

of view, CAMBD composites have less surface porosity.

5.5.8 Comparison among the properties of 3D printed parts prepared form MBD and
CAMBD composite based feedstock filament

5.5.8.1 Tensile Testing of 3D printed parts

The feed stock filaments fabricated by MB and CAMB were used to run at FDM for 3D
printing of standard tensile, flexural and pull-out specimens. To obtain the mechanical
properties, prepared samples were subjected to destructive testing. A universal testing
machine with a load cell of 10 KN was used to perform the tensile and flexural testing. The
output results of tensile, flexural and pull-out testing in the form of PS, BS and MoT are

shown in Figure 5.72 and Figure 5.73 respectively.
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Figure 5.72 Comparison of tensile properties of the 3D printed parts prepared from MBD
and CAMBD composites
The results of tensile strength show that the specimens prepared by using a CAMBD

composite having more PS i.e., 63.1 MPa as compared to specimens fabricated by using
MBD composites whose PS was found 42.99 MPa. Similarly, the bar graph also shows that
other tensile properties such as BS and MoT were also found better in parts fabricated by
using CAMBD composite materials.
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Figure 5.73 Comparison of flexural properties of the 3D printed parts prepared from MBD
and CAMBD composites
Figure 5.73 shows the flexural properties of 3D printed parts. It has been observed that the

flexural strength of the CAMB based 3D printed specimen is found more i.e., 71.54 MPa.
Whereas the PS of the MB-based 3D printed part is 64.21 MPa. Consequently, the results of
tensile and flexural properties suggested that the chemically blended composites-based
specimens shown comparatively better results even containing less amount of BTO (15%) as
compared to MB composites having 20% BTO.

After tensile and flexural properties, pull out properties of 3D printed parts of MBD and
CAMBD composites have been also compared as shown in Figure 5.74. It has been observed
that SS at peak of 3D printed parts prepared from CAMBD composites is 120.5% more than

the parts of MB composites. However, MoT of MBD specimens is better than parts fabricated
from CAMBD composites.
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Figure 5.74 Comparison of pull-out properties of the 3D printed parts prepared from MBD
and CAMBD composites

5.5.8.2 DMA of 3D printed functional prototypes

DMA is a sensitive method to study the polymer’s viscoelastic behaviour as a function of
temperature. A similar oscillation cycle of frequency was selected for a meaningful
comparison between the MBD and CAMBD specimen under identical thermal environments.
A controlled force of 1N is dynamically applied at the frequency of 10 Hz. Under this cyclic
loading, the sample oscillated at a constant displacement of 10 um. The force was applied to
the samples by using a single cantilever bending method. During the testing, the temperature
was increasing from 300C to 1300C at a rate of 3K/min. The observed curves of storage
modulus and tan & as a function of temperature for MB and CAMB based specimens are

shown in Figure 5.75 (a) and Figure 5.75 (b) respectively.
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Figure 5.75 (a) and (b) DMA curves in term of storage modulus and tan delta as a function of
temperature corresponding to MBD and CAMBD composites
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It has been observed from both the curves that the storage modulus (E’) of the material is
decreasing with the increase in temperature. However, if we compare both the curves, then
the E> of CAMB specimen is more (i.e.10x10"% MPa) as compared to E* of MBD specimen
(8x10"% MPa). It means the energy absorbing capacity of the CAMBD part is better than the
part prepared from MBD composites. The curves of tan & represent the variation in energy
dissipation capacity as a function of temperature. The tan 6 curve of MBD composite shows
the maximum value of 0.05 at 67°C, whereas in the case of CAMB, the value of tan 6 at the
same temperature is 0.04. Thus, it means the ratio of loss modulus to storage modulus is more
in MB specimen as compared to CAMBD specimen. Consequently, the CAMBD composites
have better stiffness and shape recovery property than the MBD composites

5.5.8.3 SEM analysis of 3D printed functional prototypes
The morphology and fractured behaviour of tensile and flexural specimens were further

analysed by SEM images. Figure 5.76 shows the microphotographs of fractured surfaces of

tensile and flexural specimens prepared from MBD and CAMBD composites.

3D printed parts of MB composites 3D printed parts of CAMB composites
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Figure 5.76 SEM images of tensile specimens (a)-(d), flexural specimens (e)-(h), prepared

by MBD and CAMBD composites respectively.

It has been observed from Figure 5.76 (b) that more elongated pores are observed in Figure

5.76 (a), which indicates that the ductility of (b) is more than (a). It has been also observed

that a proper flow of material seems in CAMBD composites as compared to MBD

composites. This may be due to the uniform mixing of materials in the CAMB process. The

fractured surfaces of the MBD flexural specimen seem to be more brittle as compared to the

flexural specimen prepared by the CAMBD process.

The surface roughness of 3D printed parts of mechanically and chemically blended

composites have been ascertained from the rendered images of SEM at X300 for each

specimen. Figure 5.77 shows the 3D rendered images of fractured surfaces along with the R,

graph of tensile and flexural specimens
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Figure 5.77 3D rendered images of fractured surfaces along with R, graph of tensile and
flexural specimens

It has been observed that the R, of tensile prototypes prepared from chemically blended
composites is comparatively less than parts prepared by using mechanically blended
composites. However, for flexural specimens, the R, of MBD composites has less as compare
to CAMBD composites-based specimens.

Figure 5.78, shows the surface porosity values of the best mechanical blended specimen and
CAMBD specimen are to be shown. The MB based specimen has porosity (5.14 %)
compared to CAMBD composites having porosity (4.02 %). Porosity results show that
chemical associated mechanical blended specimen may have comparatively better surface

properties as compared to specimen prepared from MBD composites.

v

@ (b) CAMB

Figure 5.78 Surface porosity of 3D printed specimens prepared from (a) MBD and (b)
CAMBD composite
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5.5.8.4 XRD Analysis

For XRD analysis thin cylindrical discs were 3D printed at the optimized settings of FDM by
using MB and CAMB composites. Further for polling, the discs were subjected to a high
voltage supply at elevated temperatures.3D printed discs of MBD and CAMBD composites,
before polling and after polling were analysed through XRD (see Figure 5.79). The observed
spectrums have been matched with standard directory cards such as for PVDF and BTO the
ICDD/JCPDS:00-038-1638 and ICDD/JCPDS: 01-079-2264 were used respectively. In the
non-poled parts of both MBD and CAMBD composites, peaks at 18.4° (020), 20.1° (110)
represents the monoclinic a- phase, a peak at an angle of 26.8° (022) and a small peak at
35.9° (200) corresponding to y- phase and orthorhombic - phase respectively. Whereas the
peaks at 22.2° (100), 31.6° (110), 38.9° (111), and 45.3° (200) corresponds to BTO nano-
powder. However, after polling sharp peaks are observed at 20.8° (100) and a broad peak is
observed at 35.9° (200) corresponds to the more B-phase content. As electric poling
transforms the B-phase in both MBD and CAMBD composite-based discs, however, the
intensity of peak corresponding to B-phase was found more in discs prepared from CAMBD
composites containing only 15% BTO as compared to 20% BTO in MB composites. Thus, it
has been observed that chemical mixing plays very dominating role in the formation of p-
phase in the prepared composite. The results of XRD analysis were found to be in correlation

with the previously published research works.
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Figure 5.79 XRD spectra of 3D printed specimens
5.5.8.5 FTIR analysis

Figure 5.80 shows the FTIR spectra of 3D printed discs of MBD and CAMBD composites,
before and after thermal poling. The effect of polling is observed in the FTIR analysis. The
FTIR analysis indicates the absorption peaks for a-phase are formed at a wavenumber of
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614,761,795, 1149, and 1382 cm ', p-phase is formed at a wavenumber of 836, 1278 cm™!
and y-phase formed at a wavenumber of 1236 cm'. In a non-poled sample, more o-phase

content appears in both types of discs.
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Figure 5.80 FTIR absorption bands of 3D printed specimens

After poling small peaks are formed at 836 cm ' and 1278 cm™' corresponding to B-phase
content in discs of MBD composites. On the flip side, the big peaks were generated at 836
cm 'and 1276 cm ' in the discs prepared from CAMBD composites after the electrical poling
process. FTIR results were found to be in line with the previously published literature [168-
169]. It has been ascertained from XRD and FTIR analysis, that transformation of B-phase is
more in CAMBD composites as compared to MBD composites under the identical poling

conditions.

5.5.8.6 Dielectric properties
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Figure 5.81 Variation of Dielectric constant (a) and dielectric loss (b) of MBD and CAMBD
composites with respect to the frequency at room temperature.
Figure 5.81 shows the Dielectric constant and dielectric loss of composites prepared by

mechanical and chemical blending of the materials. The variation of dielectric constant and
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dielectric loss with respect to the frequency at room temperature for both MBD and CAMBD
composites has been studied. Chemically blended composites have a high dielectric constant
at a low-frequency range, after that it starts decreasing linearly. The graph of dielectric loss
depicts that more dielectric loss occurs in MBD composites as compared to CAMBD
composites. It has been observed that the dielectric constant of the composites decreases with
the increase in frequency. Thus, results obtained from dielectric testing shown that
composites prepared by CAMB having more charge carrying capacity even with less
proportion of barium titanate. It implies that processing conditions have more effect than

composition of the material
5.5.8.7 Piezoelectric coefficient (ds3)

Further the piezoelectric properties of the thin cylinders discs prepared from MB and CAMB
process were compared. The ds3 of a specimen prepared from MBD composites was 20 pC/N.
whereas the dss3 value of the part prepared from CAMBD composites was 30.2 pC/N.

Therefore, CAMB process provides better properties from piezoelectric point of view.
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CHAPTER 6
CONCLUSIONS

Following are the stage wise conclusions in this study:

6.1 Conclusions (Stage 1)

In this stage of research work, PVDF, BTO, and Gr-based composite have been developed by
MB process for the fabrication of feedstock filament for 4-D printing applications. Following
outcomes have been found based on experimental results.

(a) From the MFI testing, it has been found that the composite material flows continuously
only when BTO is added from 10% to 20% by weight in the PVDF matrix, whereas the
proportion of Gr was kept fixed at 2% by weight. The viscosity of composites calculated at
different proportions shown that, with the increase in the proportion of BTO from 10% to
20%, the viscosity was increased from 7.58 x10"° Pa-s to 12.07 x 10"° Pa-s.

(b) The results of mechanical testing suggested that the feedstock filament having
composition PVDF (78%) + Gr (2%) + BTO (20%) and extruded at temperature 200°C at 40
rpm has shown maximum mechanical strength and feedstock filament fabricated at low
extrusion temperature and having composition PVDF (88%) + Gr (2%) + BTO (10%) shown
comparatively poor mechanical properties.

(c) The results of ANOVA outlines that composition has maximum contribution (90% and
82%), followed by extruder temperature (16% and 8%) toward the BS and PS, respectively,
whereas screw speed was found insignificant.

(d) The feedstock filament having composition PVDF (78%) + Gr (2%) + BTO (20%) and
extruded at temperature 200°C at 50 rpm has shown optimized mechanical strength. The
optimized values of PL, BL, PS, BS, and modulus of toughness are 71.81 N, 65.81 N, 29.92
MPa, 27.42 MPa, and 1.71 MPa respectively.

(e) It was observed from dimensional analysis that feedstock filaments extruded at six out of
nine experimental settings have a diameter within the permissible limit of 175 + 0.05 mm.

(F) Surface porosity results are in lined with results of mechanical properties. The filament
having maximum strength shown very less surface porosity (4.93 %) as compared to 7.4 %

porosity on the surface of feedstock filament having minimum mechanical strength.
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(g) The graphs obtained from DSC analysis illustrated that the developed composite has
shown the same consistency over two thermal cycles. The addition of Gr and BTO does not
affect the processing conditions of the PVDF matrix. There was no change observed in the
melting point of the developed composite as compared to virgin PVDF. The developed wire
at the aforementioned parametric settings can be easily used without any change in hardware.
Moreover, the energy absorption capacity has been increased in developed composite during
the heating cycle.

(h) Further the results of surface characterization based upon the surface roughness and
fractured surface microphotographs obtained from the SEM, EDAX, and area mapping,
proven the correlation between mechanical and morphological properties of the prepared

filaments.
6.2 Conclusions (Stage 2)

In this stage of research work, the filament shown best mechanical properties at stage 1 was
used to run on an FDM setup. Functional prototypes as per ASTM standards were fabricated
using DOE to optimize the process parameters of FDM. Following conclusions have
observed for this stage:

(a) An EAP polymer-based feedstock filament comprising of PVDF (78% by weight), BTO
(20% by weight), and Gr (2% by weight) was successfully prepared via a mechanical
blending process through TSE. Fabricated feedstock filament was used for 3D printing of
functionally graded prototypes. The 3D printed parts were subjected to destructive testing, for
tensile, flexural, and pull-out properties.

(b) It has been ascertained from the mechanical testing that standard specimens 3D printed at
infill speed of 50 mm/s and infill angle of 45° with 100% infill density provides better tensile
and flexural strength. Also, the regression equations for extrapolating various mechanical
properties have been developed. The observed values of mechanical properties were found
near the predicted values at a 95% confidence level.

(c) The observed value of PS, BS, and modulus of toughness of tensile specimen printed at
optimized experimental settings was 42.98 MPa, 39.15 MPa, and 4.32 MPa respectively. The
optimized value of PS, BS, flexural modulus, and modulus of toughness of flexural specimen
was 64.12 MPa, 59.07MPa, 1018.17 MPa, and 18.05 MPa, respectively.

(d) The results of pull-out testing outlined that part fabricated at infill speed 70 mm/s and

infill angle 45° at 80% infill density provide maximum value of PS 18.75 MPa. From multi

192



optimization for flexural and pull-out properties ascertained that the part fabricated at 1S
70mm/s, IA 45° and ID 100% shows better flexural and pull-out strength. However,
experimental settings with infill speed 90mm/s, infill angle 90°, and infill density 60% shown
the worst mechanical properties as compared to all.

(e) Microscopic images illustrated that parts fabricated at high infill density with low infill
speed shown less porosity/void formation which contributed to better mechanical
performance as compared to parts fabricated at low-density level.

(f) The 3D printed specimens were further used to measure the surface hardness with a shore-
D durometer. It was found that shore-D values were in line with tensile and flexural
properties.

(9) It was revealed from the dimensional analysis that infill speed 50 mm/s, infill angle 45°
and infill density 100% were optimized settings for 3D printing of parts, whereas parts
fabricated at high infill speed shown more dimensional deviation.

(h) Further the fractured surfaces of the tensile and flexural specimen were examined by
SEM, EDS, and area mapping analysis. Results of the morphological analysis were in
correlation with mechanical properties. Area mapping analysis illustrated that more
homogenous dispersion of elements was found in specimens having better mechanical
strength.

(i) For surface roughness analysis, 3D rendered SEM images were used with the help of
Gwyddion (an image processing) software. The observed values of surface roughness of
specimen shown maximum tensile and flexural strength were 28.47 nm and 13.04 nm,
respectively.

(J) Results of the dynamic mechanical analysis revealed that the part shown better flexural
properties also having more storage modulus and absorbs more energy under the repeated
cyclic force. Thus it may suit better for piezoelectric applications.

(k) From process capability indices the observed values of C, and Cyx were found greater
than 1 for both tensile and flexural properties. Therefore FDM printing of PVDF+Gr+BTO
based composite at optimized parametric settings was a statistically controlled process.
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6.3 Conclusions (Stage 3)

In this stage, the EAP-based matrix of PVDF was reinforced with BTO and Gr to prepare
PBGC for the fabrication of a feedstock filament by CAMB process for FDM (for possible
4D applications). Followings outcomes have been drawn from the study performed at stage
3.

(a) The results of rheological testing shown that MFI of the composites decreased by loading
of more filler proportion in the base polymer matrix. Further, the viscosity was also
measured and found to increase as opposed to MFI.

(b) Results of mechanical testing shown that feedstock filament having composition PVDF
78%+2%Gr+20%BTO, extruded at 180°C at 60 rpm has shown maximum mechanical
strength and feedstock filament fabricated at 200°C and 50 rpm having PVDF
88%+2%Gr+10%BTO shown comparatively poor mechanical performance.

(c) Results of ANOVA shown that extruder temperature has maximum contribution (74%
and 77%), followed by screw speed (18% and 22%) toward the PS and BS, respectively,
whereas composition has been found insignificant. Thus the optimized experimental settings
of TSE for better mechanical properties are 180°C extruder temperature, screw speed 60
rpm with composition having 83% PVDF+2%Gr+15% BTO.

(d) The observed values of PL, BL, PS, BS, and modulus of toughness of specimens
prepared at optimized settings are 103.2 N, 92.95 N, 43.00 MPa, 38.73 MPa, and 1.70 MPa
respectively.

(e) Results of dimensional analysis and surface porosity analysis shown that filaments of
CAMB composites shown better mechanical strength also have the least dimensional
deviation (0.01) and low surface porosity (1.53%), whereas filament is shown poor
mechanical performance having a more porous surface. Conclusively, the results of
dimensional analysis and surface porosity are in correlation with the mechanical properties
of the prepared filaments.

(f) DSC analysis performed on filaments having the best and poor mechanical properties
illustrated the thermal consistency of the developed composite over two thermal cycles. It
was observed that the energy absorbing capacity of composite has been increased in 2"
consecutive cycle.

(g) SEM microphotographs of fractured surfaces illustrated that filament shown best

mechanical strength having uniform dimples formation throughout its surfaces. These
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dimples may be formed due to the more ductility of the composite. Morphological results

are in line with the mechanical performance shown by the CAMBD composites.
6.4 Conclusions (Stage 4)

In this stage of research work feedstock filament prepared by CAMB was used to run on an
open-source FDM printer. Based on the experimental results, the following outcomes have
drawn:

(@) An EAP polymer-based composite comprising PVDF (83% by weight), BTO (15% by
weight), and Gr (2% by weight) was successfully prepared via a chemical mixing process.
Prepared films of composites were chopped and used on the TSEfor the fabrication of
feedstock filament. Fabricated feedstock filament was used for 3D printing of functionally
graded prototypes. Standard tensile and flexural specimens were successfully prepared on the
existing low-cost FDM setup (without changing any hardware/software). The 3D printed
parts were subjected to destructive testing for tensile, flexural, and pull-out properties.

(b) Results of tensile testing outlined that experimental setting with infill speed 50mm/s, infill
angle 0°, and infill density 100% was best to provide maximum value of PS (63.1 MPa), BS
(54.2 MPa), and fracture toughness (5.8 MPa). However, specimen prepared with infill speed
90 mm/s, infill angle 45°, and infill density 80% shown poor tensile properties.

(c) Flexural testing results shown that maximum value of PS (71.54 MPa), BS (62.18 MPa)
and MoT (6.7 MPa) was found in specimen fabricated by keeping infill speed 70 mm/s, infill
angle 45°, and infill density 100% as process parameters of FDM. However, an experiment
conducted with an infill speed of 90 mm/s, infill angle of 45°, and infill density of 60%
shown the worst mechanical properties.

(d) Multi optimization of flexural and pull-out properties ascertained that the part fabricated
at 1S 90 mm/s, 1A 0° and ID 100% shows better flexural and pull-out strength. However,
experimental settings with infill speed 50 mm/s, infill angle 90° and infill density 60%
shown the worst mechanical properties as compared to all. From pull-out testing, the
maximum value of PS, BS, and modulus of toughness was 22.63 MPa, 20.36 MPa, and 37.48
MPa, respectively.

(e) Dimensional analysis performed on 3D printed specimens illustrated that minimum
dimensional deviation was found in the parts printed at 100% infill density, whereas parts
printed at high infill speed and low infill density shown more deviation.
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(F) Surface hardness of 3D printed parts, measured by shore-D durometer revealed that
maximum shore D value (72,87) was found in the part fabricated at 100% infill density, infill
speed 50 mm/s with infill angle 90°. The photomicrographs captured with a metallurgical
microscope concluded that results of surface porosity are in lined with the mechanical
strength of the 3D printed parts.

(g) SEM images of fractured surfaces of tensile and flexural specimens, shown that a proper
layer to layer joining was found in CAMB composites, even more number of uniformly
distributed dimples was observed in part shown better mechanical properties. Further, results
of mechanical strength were supported by EDAX and area mapping analysis.

(h) 3D rendered SEM images were used for predicting the surface roughness of 3D printed
parts. Surface roughness of the specimen shown best tensile and flexural strength was
32.68nm and 31.72 nm, respectively.

(i) Results of DMA analysis shown that the specimen fabricated with infill speed 70 mm/s,
infill angle 45, and infill density 100% having more storage modulus 1.5x10"* MPa. The
energy absorbing capacity of the composite decreased with the increase in temperature.
However, the part shown poor flexural strength dissipates more energy under low force cyclic
loading conditions.

(J) Results of process capability indices, shown that the value of C, and Cp was found greater
than 1, therefore, 3D printing of CAMB composite at optimized parametric settings of FDM

was found as a statistically controlled process.
6.5 Conclusions (Stage 5)

(@) Thin cylindrical discs were successfully 3D printed using optimized settings of FDM for
MB and CAMB composites. These cylindrical discs were electrically poled at the very high
electric voltage for proper alignment of PVDF dipoles.

(b) The 3D printed discs before and after poling was characterized and compared by using
XRD and FTIR. XRD spectra showed the identical peaks of BTO in both cases, which
represent the homogeneous dispersion of BTO powder in the PVDF matrix. Moreover, it has
been also ascertained that more B-phase content was obtained in the electrically poled
specimen as compare to the non- poled part. The FTIR analysis demonstrated that under the
high voltage electrical field, the dipoles of PVDF are aligned properly, thus a and y phases

have transformed into 3 phase.
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(c) Then 3D printed discs were used to identify the variation in dielectric constant and
dielectric loss as a function of frequency in both the composites prepared by the MB and
CAMB process. It was found that for both the composites value of the dielectric constant
decreased with the increase of frequency, whereas dielectric loss was increased as opposed to
the dielectric constant. The results of the dielectric analysis revealed that CAMBD
composite-based disc having more dielectric constant as compared to disc prepared from
MBD composite.
(d) Piezoelectric coefficient of 3D printed discs was measured by using dssz meter. ds3 value
of discs prepared from MBD and CAMBD composites has been found 20 pC/N and 30.2
pC/N respectively. Thus the developed composites may be easily used as sensors for 4D
applications.

e Comparative analysis: To study the effect of MB and CAMB process on the

properties of feedstock filaments and 3D printed parts

Effects of blending techniques have been compared based on different properties of feedstock
filaments and 3D printed parts. Following conclusions have drawn from this comparative
study:
(a) Mechanical testing performed on feedstock filaments prepared from MBD and CAMBD
composites shown that filaments prepared from CAMBD composites having 45% more
tensile strength even with less amount of BTO (15% by weight) than MBD composites
having 20% (by weight) of BTO.
(b)Result of SEM analysis has shown the uniform dimple formation at the fractured surface
of CAMBD composite-based filament whereas only two dimples were observed in MB-based
composites. Uniform dimple formation may represent the high ductility and tensile strength
of CAMBD composites. Moreover, porosity testing has shown that filaments prepared from
CAMB have 69% less surface porosity.
(c) DSC analysis shown that MBD composites absorbed more heat (31.09 J/g) during the
heating cycle as compared to heat absorbed by CAMBD composite (26.59 J/g). As regards
thermal stability, both MBD and CAMBD composites showed similar trends in 2"
consecutive cycle of heating and cooling.
(d) The results of tensile and flexural testing performed on the 3D printed functional
prototypes shown that parts prepared from CAMBD composites having 47%, 11%, and 21%
more tensile, flexural, and pull-out strength respectively, as compared to parts prepared from

MB composites.
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() SEM analysis performed on fractured surfaces of 3D printed tensile and flexural
specimens depicts the proper adhesion of material and shows strong bonding in between the
layers in 3D printed parts prepared from CAMBD composites.

(F) DMA results shown that parts prepared from CAMBD composites having a high value of
storage modulus. Thus, chemically blended composites dissipated low energy under low
force cyclic loading, whereas MBD composites dissipated more energy under cyclic loading
conditions.

(9) The 3D printed discs before and after poling were characterized and compared by using
XRD and FTIR analysis. XRD analysis ascertained that more -phase content was obtained
in the electrically poled specimen of CAMBD composite as compared to an electrically poled
sample of MB composite. The FTIR analysis demonstrated that the intensity of  phase peaks
was observed more in CAMBD composites having 15% BTO, as compared to MBD
composites having 20% BTO, after an identical poling process. It implies that the mode of
mixing played a better role in B phase formation as compared to the composition of
developed PVDF-based composites.

(h) The dielectric properties of both the samples were measured at room temperature. The
dielectric constant value of CAMBD composite was 3 times more than the dielectric constant
of MB composite at the same frequency level. However, the dielectric constant of both
samples was decreased with the increase of frequency.

(i) Piezoelectric coefficient of the 3D printed disc was measured by using dss meter. ds; value
of discs prepared from MBD and CAMBD composites has been found 20 pC/N and 30.2
pC/N respectively. Thus, the developed composites may be suitable for pressure sensors,
touch-sensitive buttons, or other user interface control, actuators for bio-mimetic-based 4D
applications.

The overall conclusion of this study represents that the CAMB process provides better
mechanical, morphological, dielectric, and piezoelectric properties in developed composites
even having less proportion of filler material (BTO) in the base polymer matrix (PVDF). This
may be due to the homogeneous dispersion of doping particles in the PVDF matrix during the
chemical mixing process. This study represents that as compared to the composition of the
material, the mode of mixing played the more dominant role to improve the various above-

mentioned properties of developed composites.
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CHAPTER 7
FUTURE SCOPE

In this research work, functional prototypes of PBGC have been 3D printed. Further,
studies may be conducted for recyclability analysis and life cycle assessment of
developed composite.

In this study, MB and CAMB of virgin PVDF have been studied. Further, study may
be performed on MB and CAMB of primarily recycled polymer matrix.

In this study, the effect of filler particles on the various properties of polymer matrix
has been discussed at constant particle size; Further, this study may be extended by
varying the size of filler particles in a polymer matrix.

As PVDF exists in five different phases, in this research work, the only
transformation of B-phase to a-phase has been discussed. Further, a research study
may be performed to study other phases of PVDF.

In this study, the effect of single-particle size (SPS), double particle size (DPS), and
triple particle size (TPS) has not been discussed. Therefore, in the future, this study
may extend by studying the contribution of SPS, DPS, and TPS on developed
composites.

In this present study, only technical properties have been discussed, further, this
research work may be extended by studying the techno-economic analysis of
developed composites

In this research work, the Taguchi L9 method was used for the optimization of the

process parameters. In the future, some other optimization techniques may be used.
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