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Abstract

In the past two decades, fused deposition modeling (FDM) has been explored widely as one of the
low-cost additive manufacturing (AM) techniques for a different range of thermoplastics and
thermoplastic composites. In the current scenario, various industries (such as medicine,
construction, mechanical, electrical, etc.) are using FDM for printing critically designed products.
Various range of polymeric materials such as polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), polyamide (PA6), polyvinyl chloride is available for FDM applications. PLA is one of the
widely used materials for FDM applications. Especially bio compatibility issues have been
explored widely by various research groups. But little has been reported on the in-house feedstock
filament development and printing capability for multi-material (product comprising of different
composite materials at each successive layer of 3D printed design) and hybrid composites (all
reinforcements in a single composite).

In this work, PLA was reinforced with PVC, wood powder, and magnetite powder (FezO4) for
preparing multi/nybrid composites to support 4D applications. The reinforcement of PVC in PLA
has been chosen to make the PLA material flexible and use the waste PVC in the PLA matrix. The
wood powder has been reinforced in the PLA matrix to reduce the thermal conductivity to control
the heat flow from the material matrix. FesO4 powder has been used to provide the 4D capability
to the newly designed composite matrix to acquire the property of self-assembly when triggered
with the external magnetic field (as stimulus). Two different types of prototypes (a) hybrid blend
(PLA/PVC/wood powder/FezO4 powder in single composite) and (b) multi-material with four
different feedstock filaments ((a) PLA, (b) PLA/PVC, (c) PLA/wood powder and (d) PLA/Fe304
powder) have been used in a single prototype. To explore the properties of two different types of
prototypes, the selected material matrix has been initially prepared as feedstock filament using
twin-screw extrusion (TSE) followed by 3D printing on an FDM setup. At each step of processing,
Taguchi orthogonal array (OA) approach has been used to prepare the components so that
optimization of processing conditions may be achieved for maximizing the results. After
developing functional prototypes of different combinations, properties such as mechanical,
morphological, rheological, thermal and magnetic, were tested. Finally, the prepared composites

were tested for addressing the recycling issues.
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CHAPTER 1

INTRODUCTION

1.1 Three-dimensional (3D) printing

3D printing is an additive manufacturing (AM) technique that was commercially introduced in the
late 1980s. The technique is used to print 3D models of intricate designs. AM is one of the most
recent fields for low-cost product development. It offers a wide range of variability in the design
matrix of a product which makes it suitable for critical designs which were previously not possible
with any other manufacturing techniques. These parameters of AM affect the quality of the product
significantly. The regression analysis has shown the inverse relation between raster width and
surface roughness. Although a significant number of studies have been reported on the
development of various 3D printing techniques yet a lot of research is still required for making 3D
printed products cost-effective [1]. Different techniques of AM are used to 3D print the ready-to-
use products under different AM processes based on the physical condition of processing material
as categorized below [2].
(1) Liquid-based AM
(a) Fused deposition modeling (FDM)
(b) Stereolithography (SLA)
(c) Polyjet printing
(2) Solid based AM
(a) Laminated object manufacturing (LOM)
(3) Powder-based AM
(a) Selective laser sintering (SLS)
(b) Electron beam melting (EBM)
(c) Laser engineered net shaping (LENS)
111 FDM

Fused deposition modeling (FDM) is an additive manufacturing (AM) technique capable of
printing complex designs with commercial and non-commercial feedstock filaments using
different processing parameters. The low-cost effectiveness and compatibility of the FDM setup
for feedstock filaments developed on a laboratory scale make it different from other AM
techniques. FDM is a 3D printing technique of polymeric material in which raw material is first



fed as feedstock filament through a tractor-trolley system. The processed feedstock is then heated
in a nozzle and gets melted and flows out through it on a 3D printing bed. The 3D printing machine
may be operated with different printing parameters such as nozzle angle, raster width, thickness,
shape, and geometry of an object. These parameters play a vital role in the final product properties.
The object which is to be 3D printed is the first 3D modeled and the model design in .STL file
format is made to run on FDM integrated computer [3]. The material from the nozzle is extruded
in the form of a thin ribbon which facilitates the joining of one layer over the other [4]. The
deposited material in the layer form is known as road [5-6]. The support structure also gets
generated automatically and after solidification, the final product is removed from the printing bed

[7]. Figure 1.1 shows the schematics of the FDM printing setup.

Tractor trolley mechanism

a Feedstcok Printed material
Printing Bed

Nozzle

Figure 1.1 Schematics of 3D printing setup
Different feedstock materials and composites are available commercially and prepared on a
laboratory scale that may be categorized by Figure 1.2. It has been observed that the
nanocomposites prepared on a lab-scale have a great edge over the micro-composites as the
properties obtained for nano-composite material are far better than micro-composites [5]. Various
researchers have used commercially available feedstock filaments, but the virgin polymeric
feedstock filaments have their limitations such as low thermal conductivity, poor electrical
conductivity, diamagnetic character, inadequate mechanical properties, and surface properties, etc.

To overcome these issues, researchers have tried reinforcements of various foreign particles into



the polymeric matrix of virgin polymer. The polymeric blend of a composite may be prepared by
two routes (a) mechanical route and (b) chemical route. The reinforcement particles may be
categorized into two classes (depending on their size) (i) microparticles (ii) nanoparticles. Based
on these, the composites may also be categorized into two classes (1) micro composites and (2)

nanocomposites.

Commercially available
feedstock filaments

Fused deposition
modelling

Micro-composites

Non- commercial feedstock
filaments prepared on lab
scale

Nano-composites

Figure 1.2 Classification of FDM on availability of feedstock filament
112 SLA
Stereo-lithography is a type of three-dimensional printing in which the material is added layer by
layer using photopolymerization in which light enhances the chain reaction in polymer molecules
so that they can cross-link each other. This technique is intensively used in printing smart materials
such as soybean oil epoxidized acrylate with some curing chemical, methacrylate hyaluronic acid,

hydrogels such as Agarose, Alginate, etc [8-12]. Figure 1.3 shows the schematics of SLA.

Optical lens g
Laser Scanning system

Z-axis elevator

Figure 1.3 Schematics of SLA system [13]



1.1.3 Polyjet printing

Direct write printing is also known as maskless lithography. There are several approaches to DWP
such as inkjet printing, spray jet printing, and laser writing, etc. In this type of printing, modified
ink cartridges can be filled with the material that needs to be printed. These types of printing take
the help of a robotic arm therefore sometimes known as robotic printing. Materials such as
VeroWhitel and Tangoblackl, Glassy shape memory polymer, etc. have also been printed through
this technology [14- 16]. One chemical acting as the curing agent is generally used so that when it
evaporates the resin or the printed material gets solidified fast e.g., PLA, benzophenone, is printed
via this technique, and dichloromethane is used as a curing agent [17-18]. Figure 1.4 shows the

schematics of polyjet printing.

== Print block travel direction (x) Print block
ol T
w uv
Lamp Lamp
R A
_l‘ 1 L .' ! "-
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e S

I Build tray travel direction {z}

Figure 1.4 Schematics of polyjet printing [19]
114 SLS

SLS route of additive manufacturing represents a way in which laser is used as a source to melt
the powder which is generally known as powder sintering where a laser works with the guidance
of a 3D model and melts at a certain defined space as per built 3D model. Figure 1.5 shows the
schematic of the SLS system [20]. Various researchers have worked with the SLS system and
observed that the 3D printed parts of the SLS system have an edge over the other 3D printed parts

in terms of mechanical and morphological properties.
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Figure 1.5 Schematics of SLS setup of 3D printing [20]

115 LOM

In this rapid prototyping technique, the layers of material to adhere to the substrate plate are glued
with the base using a roller heater. The mechanism of LOM [20] is very simple in which a different
range of materials such as plastics and non-plastics may be combined to one object for the required
application. Figure 1.6 shows the schematic of the LOM technique. Multi-material objects can
easily be printed using this technique of manufacturing. The LOM-based product may have
superior properties than only a single material-based matrix but depends on the adhesion force of

different materials with each other.

Layer contour

Supply Roll

Figure 1.6 Schematics of LOM technique [20]



The above techniques of AM have represented 3D printing techniques where the different range
of materials and processing conditions result in a solidified product. It should be noted that the
properties obtained for 3D printed products for different production techniques vary from each
other, depending on the processing conditions and complexity of the design. Some of the

advantages of 3D printing are given below:

— Low-cost component production

— Low weight components manufacturing

— Easy production of intricate designs

— Easy modifications in dimensions of components

1.2 Definition of 4D printing

The last decade has witnessed the transformation of 3D printing towards 4D printing. 4D printing
may be defined as the printing of smart materials and designs, which can transform their shapes
and properties at the required time when triggered by external stimulus [21]. Various
nanocomposites have been explored to induce smart nature in composites [22]. Shape memory
alloys (SMA) represent one such category of the smart matrix which can be actuated with external
stimulus and the SMA can memorize their state of change [23-26]. Similarly, design-based
smartness has also been explored by researchers and it was observed that structures having specific
edge dimensions and joint angles may be triggered with stimulus for the change in shape [27-29].

Figure 1.7 shows the 4D behavior of 3D printed parts on the application of an external stimulus.

Foldad structure

Printed structure

External stimulus

Figure 1.7 4D behavior of 3D printed part on the application of stimulus [29]



1.2.1 Programming for 4D printed components

4D printing refers to the 4D behavior of 3D printed objects based on time and stimulus. The
solidified 3D printed objects when triggered with external stimulus at the required time may
provide some change in structure and shape which is recognized as 4D property The 4D nature of
objects is not a new concept, but recently recognized for a range of applications. The 4D nature in
3D printed objects may be due to external and internal forces. In the case of external forces, the
objects are triggered with different external stimuli depending on the nature of the material matrix
and dimension whereas, for internal forces, the material matrix itself has some capabilities to
respond to external conditions such as heat and pH value of the environment. Meta-materials are
those materials that possess special characteristics due to their shape, geometry, orientation angle,
or joint angles. Various 3D printed objects show time property producing 4D behavior. FDM
technique may be used for printing parts that can be engineered to behave like meta-materials
which can be trained for shape memory effect [30]. Various shape memory polymers and shape
memory alloys have been used extensively for different applications. These materials are used for

different external stimuli depending on whom they respond to accurately.

1.2.2 Shape memory polymer V/s Shape changing polymer V/s Meta-materials
Table 1.1 gives the basic differences between shape memory polymers, Shape changing polymers
and meta-materials

Table 1.1: Shape memory polymer V/s shape-changing polymer V/s Meta-materials

Factors Shape Memory Shape-Changing Polymers Meta-materials
Polymers (SMP) (SCP)
Definition | Those materials | These materials also respond | That material has shape-
respond to the applied | to external stimuli, but as | changing behavior due to
external stimuli [31]. external stimuli or factor is | its geometry or joint

removed, they acquire their | angles [33].
original shape [31].

Category | (a). One way | Single category only depends | Single category only
programmed on local external stimulus | depends on local external
(b). Two ways | [31]. stimulus [33].
programmed
[32].




1.2.3 One way programmed SMP

Shape memory polymers are programmed only for a single step and when further contraction or
expansion is needed another stimulus is provided so that material can take the required shape at
the required instant [32]. In figure 1.8 one-way programming is illustrated where “A” refers to the
original shape at the time (t) equal to zero (0), “B” refers to the step where shape A get changed
and acquire the required shape with the application of external stimulus which may be mechanical,
electrical, thermal, pH based, etc. One-way programming is not cyclic as a further application of
the same stimulus may not lead to shape A. Many SMP such as PEEK, polyurethane, polyvinyl
chloride, polyamide, etc has been 3D printed for various applications using different additive

manufacturing platform.

e

Figure 1.8 One way programmed SMP

1.2.4 Two-way programmed SMP

Shape memory polymers are programmed for single-step but give reversible change phenomenon
and when further contraction or expansion is needed no extra stimulus is applied only stimulus is
turned off on requirement [32]. Figure 1.9 illustrates the two-way programming of smart materials
where “A” refers to the original shape of the material and “B” refers to the changed shape of
material on application of stimulus which may be of any type. When the stimulus is applied, the
shape of the object changes from A to B, and whenever the original shape is required, the stimulus

is turned off.
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Figure 1.9 Two-way programming of SMP

1.2.5 Multiple shape memory polymers

The above described SMP was one-way or two-way programmed materials but having a single
temporary shape. One more class of SMP exists which possesses two or more temporary shapes
and is called multiple SMP. This property of three-stage change depends mostly on its broad glass

transition temperature [33]. Figure 1.10 shows the shape transformation in multiple SMP.

22 s® 5
.. y

Figure 1.10 Multiple-way programming of SMP

1.2.6 Actuating mechanisms

There are various ways through which smart materials can be actuated such as mechanical-based
thermal-based, electrical-based, pH-based, magnetic field-based, light-based, electrochemical-
based, ionic strength-based, and biological actuation-based [34]. Figure 1.11 shows the various



actuating mechanism which may be applied to get a 4D response depending on the type of material
matrix used for 3D printed design.
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Figure 1.11 Various stimulus for 4D nature [34]

1.2.6.1 pH response based 4D nature

10



Various pH-responsive materials are available which can change their shape and can be trained to
change their shape on basic application of different pH condition in external environmental
conditions. Two types of pH-responsive materials are available; which are poly-bases and poly-
acids depending on the present functional group in them. Figure 1.12 shows the schematics for a

pH-responsive mechanism for 4D nature [35].

Contracton

Expansion
takes place Expansion

Figure 1.12 Schematics of pH-responsive mechanisms [35]

1.2.6.2 Electrical responsive stimuli

The molecules which are photosensitive show photo-chromic changes in structure (like the change
of structure from trans—to-cis photoisomerization) on providing a low amount of external electrical
energy [36]. Some materials, when exposed to the electromagnetic field get ionized and thus show
the change in structure as the phenomenon of photochromic change. Figure 1.13 shows the
schematics of electrical response in the case of 4D materials. Lecuo [37-38] and Spiropyran [39-
41] are such materials that respond to electromagnetic fields and get ionized and behave like a
smart material. Some materials possess a liquid crystalline structure that has a permanent dipole
moment and has optical and geometrical anisotropies due to which they can respond to an external
electrical stimulus due to the alignment of the optic axis parallel to the external field [42-44].
Electromagnetic characteristic is essential to various applications such seismic vibration dampers,

absorbers, viscosity reduction of crude oil, human muscle stimulators, clutches, actuators, optical

11



finishing systems, medical therapies and micro-fluidic control [45-51]. Figure 1.14 shows liquid

crystalline structures in selected thermoplastics.

Orientation Changes under Electric Field

+ 1 +
R — ®
— i
- [
Without Electric Field With Electric Field

Figure 1.13 Schematics of electrical-based responsive mechanisms [36]
Liquid Crystalline Structures

c,uicu c,H,cH

Pentylcyanobiphenyl (5CB) 4-Heptyl-4'-cyanobiphenyl (7CB)
o)) en DD~
Octyloxycyanobiphenyl (8OCB) 4-Pentyl-4‘-cyanoterphenyl (5CT)

Figure 1.14 Liquid crystalline structures

1.2.6.3 Thermal based actuation

In thermal actuation materials, physical properties play a vital role such as its critical temperature
or glass transition temperature, or crystal-melt transition temperature (Tg). The printed structure
can be heated to a temperature greater than glass transition temperature up to T1 at which strain is
applied to give a particular required shape to the structure. Then that structure is cooled under
external pressure below its glass transition temperature up to T». At this stage, stress is removed
and thus the material is temporarily fixed in the strained geometry. If the original shape is required
from which it started, then the material must be heated up to T1 [52-53]. The behavior of SMP can
be categorized into two types: one is melting-based SMP and the second is glass transition

temperature-based SMP. The basic difference between these two is the training of SMP against

12



stimuli. In melting-based SMP (Tm) the strain is given by taking the temperature T> near to melting

point whereas, in the case of SMP of glass transition temperature-based technique the temperature

is varied near Tq [32]. Figure 1.15 shows the mechanism of thermal actuation for SMP.

Shape is printed through various additive manufacturing technigques

!

Material is heated upto T1 which is greater than Tg {T1= Tg)

!

Material is stretched at T1 with some amount of sirain depending over applications I

1l

Under external stress structure is cooled upte T2 (T2< Tg) strain remaining

I}

External stress of structure is removed at T2

(T2< Tg)

il

Desired temporary shape is gained

Iy

Now struciure can be reheated to T1 to obtain its original state

Figure 1.15 Mechanism of thermal actuation for SMP

There are two techniques for thermal actuation of programming (a) constrained and (b) non

constrained technique [53]. Table 1.2 shows the basic difference between constrained and

unconstrained processes.

Table 1.2 constrained and unconstrained processes

Constrained technique

Non constrained technique

Temperature  above  glass  transition

temperature is specified up to which the

material is heated and external strain is applied

Temperature  above  glass  transition

temperature is not specified

13



Temperature  below  glass  transition | Temperature  below  glass  transition
temperature is specified up to which material | temperature is not specified up to which

is cooled under external stress material is cooled under external stress

1.2.6.4 Hydrothermal based actuation

In this mechanism, material first contracts in cold water and then swell in hot water. This
mechanism contains two stimuli, one is hot water and the second is cold water. This cycle of shape-
changing can be repeated several times. Again, this mechanism can be used as a constrained
mechanism by applying some external load or unconstrained by freely considering it.
Polycaprolactone (PLA) was added with Iso-cyanatoethyl methacrylate under nitrogen atmosphere
and reacted for 2 h at 85 °C in dioxane the macromonomer was precipitated with cold petroleum
ether [54].

1.2.6.5 Osmosis based Stimuli

Most hydrogels are responsive to osmotic pressure due to which they collapse and extend. Water
acts as a basic stimulus to these types of smart materials. Those materials having high osmolarity,
expand in water, and those having low osmolarity collapse in water. Thus, a composite of

hydrogels can be used to produce bending or any other effect [55-62].
1.3 Thermoplastic matrix

The polymeric waste of thermoplastic and thermoset plastic poses a serious threat to all levels of
societal balance. Therefore, the reduction of plastic solid waste (PSW) is an important area of
research (as thermoplastics have several applications in day-to-day life and their discard rate is
also high, which is a leading cause of polymeric waste in the environment). The polymeric granules
may be categorized into two types of matrix (a) thermoplastic and (b) thermoset plastic matrix.
The difference between the two lies in the polymeric chain present inside the matrix of the
polymer. Generally, the thermoplastic matrix is easily recyclable due to straight/linear linkages
present among the monomers whereas contrary to it, the thermoset matrix possesses cross-linking
of the polymeric chain which is hard to degrade. Therefore, recycling this cross-linked polymer is
not possible through all routes of recycling [63-64]. Figure 1.16 shows the categories of polymeric

matrixes with applications. The thermoplastic matrix provides an edge over the thermoset matrix
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as it is recyclable, which is a great concern for society. The researchers have highlighted the
importance of polymeric composites for different types of industries and it was found that
automobiles, aeronautics, civil, sport, railways, etc. are the major industries being benefited from
composite materials [65]. Figure 1.17 shows the percentage of composite materials being used by

different industries.

Polymeric matrix

1 |
Thermoplastic matrix

Thermoset Matrix

1. Recyclable 1. Non-recyclable
2. Linear linkage of monomers 2. Cross linkage of monomers
Applications Applications
Plastic containers, diapers, Insulating foams,
sanitary pads, ropes, mattresses, coatings,
carpets, plastic moldings, adhesives, car parts, print
piping systems, car rollers, shoe soles, flooring
batteries, motorcycle helmet synthetic fibers, .
visors, aircraft windows etc. electrical-insulators, printed
_ circuit boards

Figure 1.16 Categories of polymeric matrixes

Civil Industrial
Engineering Engineering
12% 6%
Ship building
3%
Medical
equipment
Automobiles 2%
32%
Railways
2%
Others
1%

Figure 1.17 Percentage of composite material used by various industries [65]
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The thermoplastic solid waste consists of different grades of plastic depending on the functional
group present among the chain of monomers. There is a range of thermoplastics available for
different applications such as acrylonitrile butadiene styrene (ABS), nylon, low-density
polyethylene (LDPE), polyvinyl chloride (PVC), polyethylene terephthalate (PETE),
polypropylene (PP), high-density polyethylene (HDPE), polylactic acid, polybenzimidazole,
polycarbonate, polyetheretherketone (PEEK), polystyrene (PS), etc. Table 1.3 shows the different
thermoplastics with their applications. From Table 1.3 the applications of plastic products are
immense and substituting the plastic product is difficult.

Table 1.3 Different thermoplastic available in the market with their applications

Serial Symbols Applications
number
1 (a) Blister packs

,1& (b) Soft-drink bottles
Lq) (c) Detergents

PETE (d) Mineral water bottles etc.
2 A (a) Packaging applications
2 (b) Thick wall bottles
CQ) (c) Flasks
HDPE (d) Barrels etc.
3 (@) Films for perishables
,3\: (b) Packs for medications etc.
VvV
4 (@) Tubular films

A (b) Shrink wraps
&4) (c) Carrier bags

LDPE (d) Wrappers etc.
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N,
A

5 A (a) Buckets
5 (b) Boxes
L 4) (c) Bottle caps
PP (d) Adhesive tapes etc.
6 (a) Iceboxes

(b) Covers of videotapes

(c) Electronic instruments

(d) Fast-food packaging etc.

1.4 Different types of recycling processes

There are different routes of recycling plastic solid waste comprising of (1) primary recycling, (2)

secondary recycling, (3) tertiary recycling, and (d) quaternary recycling. Table 1.4 shows the

differences between these routes of recycling. Fig. 1.18 shows the routes of recycling with a focus

on primary and secondary recycling. From Table 2, it is clear that reusability of a plastic product

as another product could be made possible through the only primary, secondary and tertiary

recycling as quaternary recycling decompose the plastic into liquid form to utilize its energy for

different purpose and further usage of that disintegrated polymeric matrix as polymeric granule is

not possible [66-67]. The recycling of thermoplastic by primary and secondary routes has been

already explored extensively.

Table 1.4 Differences between the various recycling processes

without any
change in the
base  polymeric
matrix

with some changes
in the base
polymeric matrix in
terms of foreign

infill

in the polymeric
chain with the use
of heat and

chemical reaction

Properties Primary Secondary Tertiary recycling | Quaternary
recycling recycling recycling

Brief Recycling of the | Recycling of the | Recycling by using | Degradation of

Description | polymeric waste | polymeric ~ waste | chemical alteration | the polymeric

base with high
heat

application
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1.4.1 Primary recycling of thermoplastic matrix

for the primary recycling process [73].

Figure 1.18 Different route of polymer recycling

Process Reuse Extrusion and re- | Chemical Incineration
involved melting processing and
thermolysis
Cost Low cost Moderate High High
involvement
Complexity Less Complex | Less Complex Complex Complex
Recycling routes
| | |
Primary recycling Tertiary recycling Quaternary recycling
Mechanical recycling 1. Chemical Incineration
without change in base ; 2. Thermolysis
matrix Secondary recycling
Mechanical Routd
1.Extrusion
2.Shredding
3 Drawing
4 Palletising
5 Injection
Molding

The primary recycling route consists of the reuse of polymer as a different product or change of
shape of the polymeric product by using a melting technique without any change in the basic
polymeric matrix. This process is also known as closed-loop recycling [68]. The polymeric
properties of the recycled polymer are generally inferior to the processed polymer [69-71]. The
recycled polymer obtained after recycling may have a different application than the parent
polymeric product as the strength of recycled polymer gets decreased and it is further no longer
suitable for similar usage [72]. It should be noticed that for primary recycling the solid waste must

be least contaminated therefore generally municipal solid waste (MSW) is not a good candidate




1.4.2 Secondary recycling of thermoplastic matrix

The secondary recycling of polymer consists of the reshaping of polymeric waste and converting
the melted plastic waste again into polymeric granule form and then adding some foreign infill
[74-85] to change the basic composition to acquire some improved qualities [85-90] such as high
strength, high resistance to heat, etc which was previously not possible in primary recycled
polymeric products. Various researchers have worked for secondary recycling of polymeric

products for a different range of applications [91-95].
1.5 Present research work

In the present study, functional prototypes of 4D filament have been developed using PLA, PVC,
wood powder, and FesO4 powder. Two different types of prototypes (a) based on hybrid blend
(PLA/PVC/wood powder/FesO4 powder in single composite) and (b) multi-material component in
which four different feedstock filaments ((a) PLA, (b) PLA/PVC, (c) PLA/wood powder and (d)
PLA/Fes04 powder) were used in a single component, have been developed. To explore the
different properties of two different types of prototypes, the selected material matrix was first
developed into feedstock filament using a twin-screw extrusion machine (TSE) and then the FDM
platform was used without any hardware and software changes in the machine to 3D print the
functional prototypes. At each step of processing Taguchi orthogonal array (OA) approach was
used to prepare the component so that optimization of processing condition may be performed
later for maximizing the results. After developing functional prototypes of different combinations,
various properties were explored for both types of functional prototypes such as mechanical
properties, morphological properties, rheological properties, thermal property, and magnetic
property, etc. For mechanical properties, a universal tensile testing machine (UTM) (Capacity:
5000N) was used. To explore the morphological properties of porosity testing by metallurgical
image analysis software package tool (MIAS) tool, the fractured surface was investigated using
Tool maker’s microscopic image, scanning electron microscopy (SEM) and Energy dispersive x-
ray spectroscopy (EDAX) was performed. Vibration sample magnetometry (VSM) was performed
to explore the magnetic properties of prepared 4D feedstock filament. The prepared composite
ratios were tested for the recycling issue so that recycling life may be quantified for the newly

developed feedstock filament of the material matrix.
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1.6 Organization of the thesis
The performed study on the multi-material and hybrid matrix of the polymeric composite of PLA

has been divided into 6 chapters as shown by Figure 1.19.

« Introduction of 3D printing, 4D printing and recycling processes
Chapter 1

« Literture survey for problem formulation
Chapter 2

Chapfer 3| * Methodology and objectives of the study

» Experimentaion details
Chapter 4

 Results and disussions
chapter 5

» Conclusions drawn from the research
Chapter 6

* Future scope

Chapter 7

Figure 1.19 Different parts of reported work
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Literature review of 4D printing

Meta-materials are those materials that possess special characteristics due to their shape, geometry,
orientation angle, or joint angles. Various 3D printed objects show time property producing 4D
behavior. FDM, an additive manufacturing technique used for printing parts can be engineered to
behave like meta-materials which can be trained for shape memory effect [96].
Magnetorheological (MR) properties of 3D printed objects can be varied using an external
magnetic field as a stimulus. These intelligent materials usually are a matrix of host material matrix
with MR fluid or MR elastomer and their properties depend on the basic properties of MR whether
vulcanized or non-vulcanized [97]. Epoxide functional inorganic/organic composite can be
prepared which can be influenced by external magnetic field stimulus. Functional epoxides which
are added to these composites make these meta-materials bio-compatible. Being a biocompatible
material, it opens a new field of application where a hybrid of inorganic and organic material gives
a stable composite, which provides required properties for biomedical application [98]. 3D printed
shape memory polymer (SMP) responds to various external stimuli, depending on the complexity
of structure and strain rate. Properties of the material, near glass transition temperature,
crystallization temperature, melting temperature play a vital role in training the shape memory
polymers for giving 4D nature. Heat exposure generates strain rate in samples of SMP, which
further shrinks and expands to various strain levels. 3D geometry printed on FDM also has an
important role in expansion and contraction overstrain rate. Anisotropy and directionality of the
printed geometry affect the properties of SMP. Strain generated due to heat exposure is
heterogeneous over structure [99].

3D printing of net-shaped parts using various printing technology employing different metals or
powder holds quality to be worked as 4D behavior. Ni-Mn-Ga alloy having magnetic properties
can be trained to SMP behavior. The composition of the alloy is vital for the required properties.
Post-treatment of composite printed from 3D gives a suitable result to the object. Martensitic
transformation gives the SME to the metal composite part printed from additive manufacturing

technology and cured by some post-treatment [100]. SMP can be trained to various external stimuli
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such as heat, pressure, temperature, pH, etc. Biomedical application of such SMP makes these
meta-materials of high importance. Hydrogel responding to osmotic pressure also gives a 4D
property. These hydrogels mixed with some sort of polymer give the required shape-changing
behavior on changing the osmaotic pressure conditions. Self-folding devices are also the application
of SMP. SMP is of two types, one of which has some inherent properties which respond to external
stimuli, and the other is mechanically trained to external conditions for various applications.
Scaffolds printed for biomedical applications are a perfect example of time-responsive materials.
Two hydrogels having different osmotic properties can be used as a composite to gain shape-

changing behavior on applying osmotic pressure. [101-103].

Many smart materials, having piezoelectric properties have been reinforced with a polymer matrix
to obtain the desired configuration of a composite. Boron nitride nanotubes and PVDF polymer
present one such composition giving piezoelectric properties. L/R ratio of nano-tubes plays
important role in composite behavior. Shape memory polymers also provide self-healing
properties which are critical to soft actuators to mimic natural tissues [104-105]. 4D printing of
smart materials finds suitable application in the medical field such as scaffolds, drug delivery, self-
actuators, heat-responsive tissues, etc. various smart materials producing 4D property are printed
based on natural phenomena such as activity shown by venus flytrap and shame plant or nocturnal
and diurnal plants [106]. Many researchers have used one-way programming of smart materials to
external stimuli requiring human interaction at various stages but at the same time, two-way
programming can replace human interaction from the system by using other stimuli at the second
stage. This process is generally called reversible 4D printing [107].

Meta-materials especially possess their properties of smartness due to their structural features such
as joint angles, edge length, and geometry of the shape. One such geometry is famous as the Miura
origami structure which can show 4D properties based on its geometry. Generally, a pattern of
folds or edges is responsible for their behavior [108-109]. Vulcanized and non-vulcanized rubber
which has elastomeric property can be used with some magnetic powder such as FesO4. Thus, the
matrix obtained by composites can be printed using additive manufacturing techniques which will
be useful in electronics as well as static applications [110]. Various shape memory polymers and
shape memory alloys have been used extensively for different applications. These materials are

used for various stimuli depending on whom they respond to accurately or to the required behavior.
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Two types of pH-responsive materials are available: (a) poly-bases and (b) poly-acids depending
on the present functional group in them as shown by Figure 2.1. These smart materials contain an
ionizable functional group that can accept or donate protons upon pH changes in the external
environment. Alteration in hydrophobic volume is the basic thing that occurs in these materials
upon electrostatic repulsion between the generated charges over them due to which they collapse
or expand. Polyacid material swells overtime on a change of external pH due to the release of
protons [111-115]. Polybases type of materials contract over pH change due to acceptance of
protons [116-122]. Table 2.1 shows the pH-responsive materials that can be blended to obtain

multi-responsive smart material.

0, -OH [\
e A
"CON T
H
H H n m
Poly (acrylic acid) (PAAc) (Polyacid Poly (vinyl pyridine) (PVP) (Polybase
structure) structure)

Figure 2.1 Functional representation of polyacid and polybasic groups

Table 2.1 pH-responsive materials and electrical responsive materials

Name of material Category of material
Poly (acrylic acid) (PAAC) Polyacids
Poly (methacrylic acid) (PMAAC) Polyacids
Poly (N, N’-dimethyl aminoethyl Polybase pH-responsive
methacrylate) (PDMAEMA)
Poly (vinyl pyridine) (PVP) Polybase
Pentyl-cyano-bi-phenyl (5CB) Poly crystalline
4 heptyl-4’-cyano-bi-phenyl(7CB) Poly crystalline
Octyloxy-cyano-biphenyl(80CB) Poly crystalline Electrical responsive
4-pentyl-4’-cyanoterphenyl(5CT) Poly crystalline
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Various materials have shown thermal responsive behavior over a different range of temperature
such as PEEK is trained at a temperature above 180°C [123]. Sulphonated PEEK, polyimide,
cyanate SMP have been trained at 200°C, 220°C, and 290°C, respectively [124-126].
Polymethacrylate network have been trained at various temperature such as 52-96°C [127], below
recrystallization temperature (RT) [128], 70°C [129], 65°C [130]. A list of materials used with

thermal stimuli is provided in Table 2.2. Table 2.3 shows various materials that have been used as

multiple SMP.

Table 2.2 Thermal responsive 4D material

Material Training temperature | Hard phase Soft phase

PEEK >180°C Crystalline Amorphous structure
Sulphonted PEEK 200°C lonic Amorphous
polyimide 220°C Crosslink polyimide

Cyanate SMP 290°C Crosslink Amorphous
Polyaspartimide urea 150°C Crosslink Polyaspartimide
Polymethacrylate network | 56-92°C Crosslink PEGDMA
Polymethacrylate network | Below RT Crosslink PEGDMA
Polymethacrylate network | 70°C Crosslink Polyester
Polymethacrylate network | 65°C Crosslink Low Tg methacrylate
Polyester 45°C Nano crystal Polyester
Polyurethane 55°C Crosslink PU

Polyurethane 30°C Crystalline PU | Amorphous PU
Polyurethane 0-60°C PU Cross linked polyester
Polyurethane 70°C PU Copolyester
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Table 2.3 Various materials used as multiple SMP

Material Working Temp or Hard phase Soft phase
switching temperature
PFS 25-65°C Crosslinks PFS
PCL/PCHMA 70°C -150°C Crosslinks PCLTM, PCHMA (Tg)
PCL/PEG 40 °C -70°C Crosslinks PCL, PEG
PCL/PPD 40-60 °C, 70-80°C Crosslinks PCL, PPD
Two IPN 23°C- 45°C Crosslinks Mercaptoacetate-vinyl
sulfone;
mercaptopropionateacrylate
PCL/PU 40°C -65 °C Crosslinks PCL, SM-PU
Epoxy/PCL 40 °C-75°C Crosslinks PEG epoxy or PPG epoxy,
PCL
Poly(styrene- 60-80-100 °C Hard domains Soft domains
grad-n-butyl
acrylate)
Bilayer epoxy 56 -90 °C Crosslinks Epoxy with high and low Tg
Cross linked PE 130-175 °C Crosslinks PE PP
and PP blends
EQOC, HDPE, 42-78-122 °C Crosslinks LDPE HDPE EOC
LDPE
Naflon 53-140°C Physical Amorphous phase
Crosslinks
PMMA/PEG 35 (Tm of PEG) -50-70- Physical Amorphous phase
110 °C Crosslinks

2.2 Literature survey of thermoplastic composite matrix used on FDM platform

LDPE and HDPE have been reinforced with calcite or calcium carbonate (CaCOs) and their

mechanical properties have been explored and it was found that 50% filled polyethylene had better
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mechanical properties than unfilled polymers. A phase morphology study was also performed to
know how the crack propagation occurs in the reinforced composite. It has been found that crack
propagation initiated at 50% elongation and was a result of the de-wetting phenomenon and
initiated along the transverse direction [143]. Carbon nanotube (CNT) in different proportions
varying from 0.5 to 7 weight percentage in LDPE and HDPE matrix have been explored for
conductivity and rheological properties of the composite matrix and it has been found that
increasing content of CNT increases the interaction of the polymer with reinforced CNT.
Reinforcement of CNT (1-2.5 weight percentage) in polymer matrix increased the electrical
conductivity of polymer matrix by six orders. A similar increase in percolation has been seen in
rheological property with an increase of CNT content [144]. Performance of several coupling
agents in wood fiber composite has been explored for mechanical properties such as tensile
strength, flexural strength and it has been found that there was a direct relationship between the
coupling agent and mechanical properties of composite as coupling agent improves the interfacial
bonding between polymer and reinforcement. The maleated polyethylene coupling agent was
found to be more effective than oxidized polyethylene and pure polyethylene. Molecular weight
with a large number, moderate level of acid number, and low level of concentration of coupling
agent was found to be optimized condition for better performance of coupling agent [145].

LDPE, HDPE, and polypropylene (PP) polymer matrix reinforced with liquefied wood has been
investigated for its thermal behavior analyzed through DSC and thermogravimetric (TGA)
analyses. Increasing the content of liquefied wood (LW) decreases thermal stability while
increasing heating rate improves the thermal stability of the composite. LW content ( 10 weight
percentage) decreases the melting temperature of HDPE, LDPE, and PP whereas the HDPE matrix
was found to be more thermally stable than the PP matrix for the same content of LW [146]. Wood
and clay reinforced LDPE, HDPE, and PP composite polymer matrix has been explored for its
properties and it has been found that silicate layer was well dispersed with 3 weight percentage
clay in polymer composite and it had better thermal stability than 1 and 5 weight percentage clay
in wood polymer composite. Limiting oxygen index (LOI) has been increased and storage and lost
modulus were also in direct relation with the presence of clay in wood polymer composite as shown
by TGA analyses [147]. HDPE reinforced LDPE polymer matrix has been investigated for single
polymer composite preparation and it has been found that the shear strength of the composite was
7.5 MPa whereas it was high for HDPE (17 MPa). It has been found that the high value for
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mechanical properties was due to epitaxial bonding which resulted in improved adhesion. The
tensile modulus of LDPE reinforced with HDPE was found to be increased by a factor of 10. It
has been found that 130-132°C temperature was ideal for better bonding. Mechanical properties
were found to be in direct relation with the angle of embedding for HDPE fiber film in the LDPE
matrix [148]. CB reinforced LDPE, HDPE, and ethylene-vinyl acetate (EVA) polymer matrix has
been investigated for electrical conductivity. High structure (CSF-111) and low structured (FEF)
carbon black reinforcement was used in the polymer matrix. It has been found that HDPE/CSF-I1I
composite had lower PTC intensity and worse electrical conductivity than HDPE/FEF.
HDPE/CSF-II/EVA composite had greater PTC intensity than EVA/CSF-111 and HDPE/CSF-III.
It was found that absorption of CB on the surface of the polymer was due to free radical reaction
which in turn gives rise to PTC intensity behavior [149].

HDPE matrix reinforced with micro size boron nitride (BN) has been explored for its thermal using
DSC and TGA analysis. Micro size BN were then balled milled for preparation of nanosized BN
and LDPE coated nano BN powder was prepared for composite preparation. It has been found that
among pure HDPE, micro size BN composite with HDPE, and nano-size BN composite HDPE the
thermal stability was best for nano size BN composite of HDPE [150]. Clay mixed in the HDPE
matrix of the polymer has been investigated for microhardness, thermal stability, and flammability
using TGA, DSC, LOI, and microhardness test. It has been found that the properties tested were
dependent on the type of compatibilizers. Acrylic acid grafted HDPE (HDAA) and maleic
anhydride grafted HDPE (HDMA) has shown better thermal stability and low flammability than
HDPE compatibilized with ethylene- acrylic acid (EAA) while phase transition of HDPE was
independent over the type of compatibilizers [151]. LDPE reinforced with wheat straw coupled
with the waterborne agent has been investigated for mechanical properties of composite and size
stability. It has been found that LDPE polymer and wheat straw coupled by polyacrylate latex
(PAL) improved composite quality while other coupling agents named polymethylene
polyphenylene isocyanate (PAPI) resulted in more uniform composite structure quality than
others. PAPI/PAL with a 30/70 ratio and 4.5 weight percentage resulted in the best composite for
maximum interfacial bonding [152]. Glass fiber (GF) reinforced polymer matrix of LDPE and
HDPE have been investigated for the effect of the chain linking on the properties of composite
polymer. Long branching in GF/LDPE had increased the elastic modulus in solid form and

modulus of storage in the melt state. Crystalline structure formation of HDPE resulted in high
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tensile properties. GF reinforcement in polymer matrix greatly modified the thermal stability for
the various composite of HDPE and LDPE [153].

LDPE and HDPE mixed with ethylene-propylene-dine terpolymer (EPDM) and jute fibers
composite matrix has been investigated for mechanical, rheological, and thermal properties of
composite using various specified tests. It has been found that increased fiber content and high
compatibilizer content lead to an increase in mechanical properties of polymer composite such as
flexural strength, impact strength, flexural modulus, etc. HDPE/EPDM/jute fibers have shown
large values for storage and loss modulus in comparison to the LDPE composite. Treated
composite has shown better properties in contrast to untreated ones [154]. LDPE and HDPE
polymer films have been reinforced in polyethylene (PE) using compression molding technique
and composite matrix was investigated for mechanical, thermal, and morphological behavior of
composite. It has been found that thin films LDPE in PE improves the tensile strength and elastic
modulus of PE with a great significance about 60 and 30 times respectively. But the composite of
PE/HDPE has shown better elastic modulus than PE/LDPE [155]. Copper (particle size of micro
and nano) reinforcement in HDPE and LDPE have been investigated for mechanical properties
and it has been found that microparticles had the least significance for the mechanical property of
LDPE and HDPE whereas tensile property gets lowered when linear LDPE was used in the matrix.
Cu particle reinforcement increases the tensile modulus but decreases the break elongation. While
when nano Cu particles were mixed in the matrix have shown better mechanical properties as
storage and loss modulus got increased [156].

The use of 3D printed functional prototypes in 4D applications is quite common nowadays and a
lot of smart thermoplastic materials having such properties are commercially available. For
example, PLA exhibits 4D properties when triggered by external stimuli. Along with this,
mechanical properties of PLA printed with a 3D printer have been investigated (for various settings
of process parameters such as the number of layers, build orientation, layer thickness, etc.) by
some researchers. Also, the effect of the feed rate of the 3D printer on mechanical properties has
been evaluated which shows that mechanical properties are directly dependent upon layer
thickness and in negative relation with feed rate[157]. The reported studies show that PLA material
printed via fused deposition modeling (FDM) has an ultimate tensile strength in the range of 42.28-
53.59 MPa, elastic modulus in the range of 2799.43-3497.63 MPa [158]. PLA itself behaves as
brittle and a low thermally stable polymer. Its toughness, as well as strength, is increased by
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reinforcing it with carbon nanotubes (CNT) possessing —COOH functional group which gives it
toughness and strength. Mechanical properties such as elongation at break, tensile strength get
improved by adding CNT-COOH as reinforcement. Thermal stability, as well as glass transition
temperature, also improved and are in positive relation with CNT-COOH addition [159].

Rayon (viscose) when added to PLA fibers by the method of filament winding for hollow structure
and by film stacking method improves the mechanical properties specifically elongation at break
and strength of fibers in textile industry application [160]. Tensile strength and flexural strength
decrease when a seagrass named Posidonia oceanic (PO) is added as filler material in PLA matrix
but on the contrary tensile modulus as well as flexural modulus is in positive relation with filler
material [161]. Chitin when added with PLA enhances the bio-medical compatibility and
application of PLA in implantation such as of bone and joints. Laminated chitin-based PLA
polymer composite has a high tensile strength of 25MPa in comparison to pure PLA film that is
18 MPa, and low water absorption 0.265-1.061% when immersed in water for 30 min to 24 hr time
interval [162]. PLA shows good characteristics properties when blended with organo-
montmorillonites and graphite. This tri-material blended mixture shows good rheological
properties in comparison to neat PLA. This mixture was blended using a twin-screw extruder
(TSE) at 180°C at 32 rpm for 5 minutes and with 64 rpm for 3 minutes only. Graphene, when
added to the PLA matrix, improves the elastic storage modulus but the tri-material blended mixture
has more enhanced elasticity and other mechanical properties such as storage modulus and lost
modulus [163].

Natural sisal fibers when coated with PLA and reinforced with polyester resin show improvement
in flexural strength, breaking strength, and flexural modulus [164]. PLA/PCL (poly-caprolactone)
can also be mixed with nano-sized hydroxyapatite which enhances its smart nature and gives a
strong response to thermal actuation of a composite at 55°C. Obtained composite of PLA/PCL
with n-hydroxyapatite behaves like smart material which response to thermal actuation which is
necessary for some biomedical application and packaging application. Furthermore, this composite
polymer is biodegradable as they have tested its biodegradability [165]. Ethylene co-vinyl acetate
when mixed with PLA makes it thermally stable and increases its damping parameter with a slight
increase in storage modulus and viscosity of complex. But ethylene-co-vinyl acetate is less

miscible with PLA and is slightly incompatible but dynamic mechanical analysis has shown
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reinforcement and interaction of particles with each other [166]. The kenaf fiber (KF) which is
chemically functionalized and multi-walled carbon nanotubes (MWCNT) addition to the matrix
of PLA enhances its physical properties. The particles of KF, MWCNT, and PLA are excellently
compatible with each other, which leads to thoroughly chemical bonding of atoms, and around

reinforcement transcrystalline structure is generated which improves the physical properties [167].

Multi nano cellulose (MNC) obtained from mechanical treatment of softwood pulp when added to
PLA matrix decreases the melt flow index of PLA so, the obtained composite becomes suitable as
a filament for FDM. Polyethylene glycol (PEG) is also mixed in this composite such that a certain
improvement in melt flow index is obtained which was lost due to the addition of MNC to PLA.
PEG decreases the mechanical properties of composite as it weakens the bonding between MNC
and PLA. A suitable ratio of 30% MNC, 5% PEG6000, and 65% PLA was obtained which can be
used as FDM filament with better mechanical properties in comparison to neat PLA [168].
Polyurethane (PU) elastomer which is a thermoplastic polymer improves the ductility of PLA
which inherently is very brittle. Alone reinforcement of 10weight percentage of thermoplastic PU
(TPU) to PLA decreases the flexural strength and tensile strength. Glass fiber (GF) reinforcement
in PLA improves the elastic modulus and strength of PLA which is very much required in different
applications. When 10weight percentage PU, as well as 15weight percentage GF together mixed

in the matrix of PLA, significantly improves the mechanical properties of [169].

ZnO and nano-composites also improve the water absorption but on increasing the content of ZnO
composite decrement in water absorption is seen while nano-composites increase the water
absorption. Mechanical properties of PLA also improve with ZnO and nano-composite addition
[170]. Natural fiber such as flax fiber can also be used as reinforcement to the PLA matrix which
gives prominent results in comparison to polypropylene (PP)/flax composite. 30 weight percentage
addition of flax fiber in composite makes the composite more stiff and also mechanical properties
of PLA get improved thus PLA and natural fiber composite may also be used for various industrial
applications as compared to other used polymers [171]. PCL/PLA matrix properties can be varied
by adding reinforcement of graphene nanoparticles (GNP). Component composition plays an
important role in tailoring the properties of the PCL/PLA and GNP blend. GNP when reinforced
into PLA/PCL matrix increases the toughening efficiency. GNP has the potential to change the
structural as well as mechanical properties of PCL/PLA biocompatible composites [172]. PLA
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itself behaves as a smart material when worked near its glass transition (Tg) temperature and is
used as smart fiber when reinforced with nylon fibers for the textile industry. Nylon, when added
to PLA improves the mechanical properties but does not harm the smart behavior of PLA, thus a
composite matrix of PLA/Nylon is prepared for textile applications [173].

Carbon fiber (CF) reinforced PLA and virgin PLA have been investigated for the difference of
mechanical properties and it has been found that length of fibers in composites played a vital role
in enhancing the properties of composite whereas in composite matrix CF was highly intended
towards the material supplanting inclination. CF fibers reinforcement with suitable matrix
direction enhanced the mechanical properties such as tensile modulus and shear modulus by 795
MPa (for 90° orientation of deposition) and 176 MPa (for 45° orientation), respectively but tensile
strength got reduced. From scanning electron microscopy (SEM) it was clear that short fibers of
CF in the matrix of PLA were less joined with the PLA due to less surface area of contact which
resulted in low strength of composites [174]. Smart textile made up of PLA with nylon matrix can
give a dynamic performance or four-dimensional (4D) response in contrast to static applications
of 3D printing. It has been found that PLA’s response to temperature remained unaffected when
mixed with nylon fibers. Composite matrix (PLA and nylon) driven textile represented a new class
of composite which has shown dynamic properties or change in shape when exposed to external
stimulus [175]. Micro-physiological system (MPS) for cardiac health applications have been
investigated with multi-material 3D printing, which opened a new area of vital research as
biomedical findings were previously dependent on animal studies but now with MPS system can
respond in the same way as animal tissue via in-vitro testing. The embedded sensor in printed parts
with piezo-resistive, conductive materials represented a new class of sensors that could give digital
reading without being invasive. This approach of multi-material ink printing has given a new class
of manufacturing which on demands can print sensors with higher complexity for any tissue
structure such as cardiac tissues [176]. Hard and Soft PLA, nylon and ABS filaments have been
used for 3D printing of textile and it was found that ABS, nylon, and hard PLA were immensely
brittle from the textile application but soft PLA had produced somewhat desirable properties. 3D
printing of polymeric material, as a low-cost operation and digitally driven technology has
presented a new set of research for the textile industry for the complex design of clothing and
multi-material printed textiles for specific needs of textile driven industries such as fashion shows

and exhibitions. Textile with 3D printing has been investigated by researchers and it was found
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that a low mechanical property of printed parts was of the great disadvantages for this additive
manufacturing technique. Acrylonitrile butadiene styrene (ABS) as a stiff and brittle material was
not suitable for textile applications, therefore a soft PLA composite matrix has been explored with
different designs of printing. It has been found that soft PLA represented a good compatible

material for textile applications with optimum mechanical strength [177-178].

Dual extrusion has been investigated for printing purposeful anatomical models by some
researchers. Flexible part such as a muscle has been printed with flexible element and for bone,
PLA filament was used. Vocal cord for the anatomical model purpose has been printed and the
combined model of extrusion for hard and soft filaments offered an excellent technique for
demonstrating the intrinsic human organ system. Thus, 3D printed parts of the human organ system
could be very useful for anatomists for research purposes reducing the need for hard models and
invasive surgeries [179]. Carbon nanotube (CNT) and graphene reinforced polybutylene
terephthalate (PBT) polymer, an electro-conductive structure, have been printed using 3D printing
and it has been found that 3D printed parts of multi composites have superior mechanical and
electrical properties whereas composite in which graphene was reinforced with PBT have shown
poor performance than composite reinforced with CNT. It has been found that new materials must
be optimized for their melt flow rate or index (MFI) and solidification characteristics which
ultimately drive their mechanical properties [180]. Multi-layer printing is also correlated to 4D
printing as two different materials can be printed in a single object for 4D behavior. One such
double-layer printing has been investigated based on the PLA composite matrix and carbon fiber
reinforced polyether-ether-ketone (PEEK) polymer matrix. It has been found that double-layer
laminates were different in bending behavior as shown by the electro-caloric deformation test.
PLA-based laminates have shown less deformation value of 7mm as compared to 10mm for
CF/PEEK composite. Also, similar results were obtained for the deformation force which was 100
MN for PLA and 200 MN for CF/PEEK-based composite. Thus, multi-material laminate printing
has shown a new way for manufacturing of new class of biomedical sensors and actuators [181].
Carbon black (CB) reinforced polyethylene (PE) matrix has been explored for its crystalline
structure and conductivity properties and to find the relationship between morphological and
conductivity properties using DSC, small-angle X-ray scattering (SAXS), and wide-angle X-ray
diffraction (WAXD) characteristic tests. It has been found that the positive temperature coefficient

(PTC) increases with increased content of CB in the matrix of polyethylene while a significant
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effect of PTC was not seen in the amorphous structure of CB/PE. Annealing of the composite
increased the PTC intensity in the composite which, in turn, modified the properties of the
composite. Crystallinity, as well as the lamellar size and long spacing, had also a significant effect
on the PTC intensity of the composite [182].

Multi-material printed parts have been investigated by researchers and it has been found that weak
chemical and physical bondage between the composite polymers lead to weak strength of printed
objects. The single-layer temperature adjusting transition method (SLTAT) has been investigated
for the improvement of multi-material printed objects in which bond layer temperature has been
adjusted to improve the bond strength. PCL/PLA composites have shown 28% enhanced tensile
strength when the bond layer temperature was 130°C [183]. Polyurethane (PU) reinforced with
hexagonal boron nitride (hBN) has been explored for 3D printing base additive manufacturing of
microelectronic components with thermal conductance and electrical insulation property. It has
been found that hBN reinforced particles get highly supplanted in the direction of printing and a

2.8 times improvement in thermal conductance has been reported [184].

PLA is a biodegradable thermoplastic polymer that has been widely used with various
reinforcements for different applications. In the past, magnetic microspheres of PLA in different
ratios have been prepared by the chemical (emulsion solvent extraction) method. The particles
were tested for biodegradability and it has been found that these magnetic microspheres were
hemocompatible. Further, when a large percentage (up to 60%) of magnetite was mixed chemically
with PLA there was an agglomeration of magnetite which was not good for composite mixture and
40% magnetite in the composite mixture was found optimum [185]. PLA coated with magnetite
powder (30weight percentage) is biocompatible as researchers have found that magnetic and
nonmagnetic microspheres led to equal growth of the cell when tested for cell growth assay
through in vitro and in vivo analysis [186]. PLA polymer coated with magnetite powder composite
has been prepared for magnetic field responsiveness and an efficient drug delivery system. A
comparative analysis of the surface property, structure, and chemical nature has been performed
to know the effectiveness of prepared composite and it has been found that prepared composite
behaves intermediate of the parent material in terms of chemical nature such as electrophoresis
value and surface thermodynamic property (surface free energy) [187]. The study reveals that a

maximum 40weight percentage of magnetite can be added to polymer matrix with a chemically
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established method such as emulsification and mini emulsion polymerization. Weight ratio plays
a vital role in administering the magnetite content in magnetic polymer latex [188]. Polyurethane
(PU) polymer which holds shape memory property has been reinforced with magnetite powder up
to 40weight percentage and has been tested for magnetic, thermal, and electrical properties. Results
have shown that electrical resistivity is in negative relation with magnetite concentration whereas
thermal conductivity is in positive relation. Shape recovery time also got increased (approximately
4 min) with the reinforcement [189]. The polyethylene co-vinyl acetate (EVA) reinforced with
FesO4 by two-layer compress molding shows improvement in hardness, but the reduction in
strength at break and elongation at break. The composite has shown good flame resistance also.
Moreover, the composite was thermally stable [190]. Composite of poly (methacrylic acid)
(PMAA) reinforced with magnetite powder has been tested for its characteristics such as magnetic
properties and chemical bondage etc. using various techniques such as transmission electron
microscopy (TEM), X-ray diffraction, and VSM testing and it has been found that the prepared
composite holds lattice constant (by XRD) value of 0.838 which means the sample is magnetic as
this value is close to the lattice value of magnetite (0.839) and particles occupied nearly spherical
shape (TEM results) and magnetic moment (VSM results) of the composite particle was 40
emu/gm [191].

PLA when reinforced with nano clay (cloisite C30B) (1-5% by weight) and nano cellulose (1-5%
by weight) exhibits excellent barrier properties which are necessary for food packaging
applications. Thus, PLA being a biocompatible polymer can easily be used for the food packaging
industry when a suitable nano clay and cellulose nanofibres are mixed in the matrix of PLA. This
PLA hybrid material reduces 90% oxygen transmission rate and 70% water vapor transmission
rate thus showing excellent barrier properties with bio-compatibility [192]. Different concentration
of chitin (1-20%) in addition to PLA base matrix by using solvent casting method and a laminated
composite of chitin-based PLA (LCP) using hot press method shows excellent bio-compatibility
and opens bio-medical application for such composites such as bone and dental implants. At 500°C
thermogravimetric analysis (TGA) shows that chitin gets 100% degradation, PLA sheet gets 95%
of degradation, 5% chitin-based PLA part gets 87% of degradation, and laminated chitin based
PLA made via hot press method get 97% of degradation. LCP polymer composite shows ductility
of 25MPa which is greater than the pure PLA (18 MPa) [193]. PLA reinforced with magnetite
powder and polyethylene glycol (PEG) has been tested for drug delivery application and it has
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been found that drug loading and efficiency of encapsulation was higher with the increase in
magnetite and PEG content in composite. The magnetite nanoparticles prepared by the co-
precipitation method were tested for crystal structure and magnetic properties. Magnetite was
mixed from 5-25% in PLA composite matrix and it has been found that sample containing 25% of
magnetite have shown maximum magnetization and sample with 5% of magnetite was poor in
magnetization [194]. PLA composite reinforced with poly-lactic co-glycolic acid (PLGA) and
interferon alpha-2B has shown potential for efficient drug delivery application. Researchers have
reinforced 10 to 30% FesO4 for this purpose and it has been found that PLGA microspheres have
shown better magnetization than PLA and 20% reinforcement of magnetite has shown the best
results and almost all required properties have been obtained with this percentage reinforcement
[195]. Polyvinyl alcohol (PVA) reinforced with magnetite powder has shown changes in the
crystal, magnetic and chemical structure when irradiated. It has been also found that polymeric
composite having magnetite in the matrix was super-paramagnetic and no coercivity and
retentivity have been shown by resulted in the polymer composite. XRD results of the samples
have shown that magnetite particles were spherically distributed all over the surface and
agglomeration of particles was absent [196]. Magnetite particles prepared with different methods
have a critical impact on magnetic properties. Magnetite particles prepared with co-precipitation
and hydrolysis method have shown different magnetic range which indicated that preparing
magnetite particles could have an important role to play in the required properties range.
Polyvinylidene fluoride (PVDF) reinforced with magnetite particles has shown that with an
increase of magnetite content in the matrix, magnetic properties get improved. The hydrolysis
method has shown better magnetization of magnetite particles in comparison to the co-

precipitation method [197].

PVC/PP/HAp/chitosan composite is a bio-compatible thermoplastic that can be used in medical
applications. The mechanical properties of PVC/PP/HAp/chitosan composite depend on the
parametric set of conditions of extrusion. It has been found that 200°C screw temperature, 20Kg
load, 50 rpm of screw rotations are the best conditions of extrusion [198]. PLA, when reinforced
with nano-size HAp particles decreases the MFI (melt flow index) as well as other mechanical
properties such as elongation, break strength, and ultimate strength. Further, 3D printed part is
treated externally with a vapor smoothing process which improves 80-87% surface finish of the

printed part [199]. Polyamide 6 (PA6) can be recycled with good mechanical properties by
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recycling it with TSE and thus recycled PA6 can be further used with good mechanical strength.
Parametric optimization of TSE was reported in this research which gives the best setting of TSE

for recycling the PA6 polymer [200].

Researchers have tried to explore FDM with different feedstock filament materials such as carbon-
reinforced polymers, metal-reinforced polymers, ceramic reinforced polymers, and CNT
reinforced polymers, and various other reinforced or composite feedstock filaments for different
range of applications. The flexible nature of FDM has made it possible to print a different range
of feedstock filaments without causing any change in machine interface such as hardware or
software [201-202]. PLA a biodegradable polymer with almost similar properties to ABS has been
recently explored by researchers for medical, structural applications. The effect of build orientation
(one of the input parameter of 3D printing) on the printed part of PLA has been investigated for
prediction of mechanical (tensile) property of the material and it has been found that supplanting
of material with 0° has shown maximum tensile property in comparison to other angles of
deposition because of the parallel deposition of material to the product length. Fatigue testing of
PLA printed part with different build orientation varying from 0-45° has been investigated and it
has been found that under constant loading part with 0° supplanted layers have shown maximum
strength whereas in case of dynamic loading part with 45° supplanted layers have shown better
fatigue value in comparison to other parts made with different input parameter. It was found that
an increase in the temperature of the product leads to a decrease in the fatigue life cycle of the
product [203-204].

3D printed scaffolds with high porosity and geometrical porosity have been investigated for fatigue
behavior and it was found that with reversal strain load application, strain-softening of samples
has been seen. Circular geometry of pores has exhibited stable fatigue life, whereas triangular
geometric pores were inefficient for fatigue loading conditions. Low-stress concentration in the
case of circular pores was found to be the reason for better fatigue resistance of scaffold. Thus,
varying geometry of pores lead to fatigue life improvement of 3D printed PLA scaffold with high
significance. Circular pore-based printed samples were found to be deformed due to buckling
whereas in triangular pore-based specimens simple shear mechanism has been seen as the
deformed geometry has a 45° inclination to the load [205]. PLA reinforced with wood particles

from 0-50 weight percentage has been investigated for the 3D printing conditions and mechanical
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properties were investigated for the printed samples. It has been found that printed parts with a
high level of wood content have shown a decrease in tensile strength of specimen while loading
up to 10% (tensile strength: 57MPa) has shown better mechanical property than neat PLA (tensile
strength: 55MPa). Surface roughness and porosity were found to increase with the increased
loading of wood particles. Further, DMA analysis has shown a decrease in storage modulus with

high wood reinforcement [206].

Various 3D printers are available in today’s world for different fields of applications. An open-
source replicating rapid prototype (Rep-Rap) 3D printer has been used for the printing of PLA to
investigate the mechanical properties of printed parts with a different set of input conditions. The
ultimate tensile strength of samples was reduced with 90°orientation deposition of layers as
fracturing force was perpendicular to the layer of deposition. Further, it was noticed that layer
thickness up to 0.15 mm maximum strain rate has been obtained and for the 0.2 mm layer thickness
minimum strain rate has been obtained [207]. Filaments of wood and polymeric material have been
investigated for mechanical, morphological, and chemical properties in which content of wood
powder changed from 20-40 weight percentage, it has been found that 20 weight percentage wood
in composite improved the tensile properties while increasing further wood contend lead to a
reduction in properties whereas high content of wood in polymeric matrix leads to improvement
in flexural properties and hardness of printed specimens [208]. Highly dense PLA blocks have
been prepared with 3D printing and examined for the tensile, compressive, and fracture properties.
The effect of extrusion direction has been investigated with the loading conditions in testing. It has
been found that when the material was loaded in the direction of deposition, the results were better
for the mechanical properties in comparison to loading in any other direction such as in the

transverse direction [209].
2.3 Literature survey for thermal conductivity of the thermoplastic composite matrix

The researchers have investigated the thermal conductivity of polymers and have found that
amorphous and virgin polymers have shown low thermal conductivity (ranging between 0.1-0.3
W/mK) [210]. Polyvinyl-alcohol (PVA) reinforced with cellulose nanocrystals (CNC) have been
investigated by researchers for the different molecular weight of PVA, different loading of CNC
fillers in PVA and for different ordering parameters and it has been observed that with increasing

content of CNC in the base matrix the thermal conductivity has improved up to 3.45 W/mK. The
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CNC orientation in the composite matrix has a vital role to play in the improved thermal
conductivity of the prepared composite [211]. Researchers have also worked for the super thermal
conductivity of the polymeric composites for thermal management application and have observed
that polyethylene when carefully deposited in the perfect chain without entangling of atoms may
result in a better thermally conductive chain with thermal conductivity of 62 W/mK. which was

higher than for some of the ceramic and metals [212].

Hybridized fillers reinforcement, one of the techniques to prepare electrically and thermally active
polymeric composite have been investigated by some researchers and it has been observed that
deposition of different fillers in the matrix for different continuous phases of polymeric crystal has
resulted in multi-functional components with high thermally and electrically active component
[213]. Polymeric composite with lower weight of reinforcement and high thermal and electrical
conductance may have some good application for lightweight components such as for electronic
and electrical parts as these composites may be used for replacement of heavyweight components
from circuits which are generally made of metal or ceramic composites. These lightweight
components may also find application in the manufacturing of fuel cells [214-215]. The effect of
filler dimension has also played important role in the conductivity of composites, but some
researchers have also used similar thickness, aspect ratio, and size of filler in hybrid composites
so that compatibility of composite would be enhanced in comparison to different size fillers. It has
been observed that 44% of filler (graphene and boron nitride) enhances the thermal conductivity
by 35 times [216].

Some research groups have investigated the effect of graphene reinforcement in epoxy-based
thermoset polymers and have observed that when graphene content in epoxy resin is increased
more than 40 wt.%, the thermal conductivity of composite reached 12 W/mK. Moreover, graphene
presence in the composite has enormously enhanced the electrical conductivity of the component
[217-218]. LDPE and PVC reinforced with a varying range of carbon materials and weight
percentage in the composite have been investigated for the thermal conductivity and it has been
observed that with increasing carbon chain in a composite the conductive chain of the composite
increases to the same extent. It was observed that temperature has a negative relation with the
thermal conductivity of composite material [219]. Researchers have also investigated some

fundamental theoretical models for thermal conductivity approximation and have suggested an
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equation that may be used to calculate the thermal conductivity of any composite material whose
parent component thermal conductivity is known already. The observation has suggested that the

theoretical model was accurate [220].

Further, new parameters were added in the standard theoretical equation to enhance the
predictability of the model such as length/diameter (L/D) ratio, which was incorporated into the
model equation [221]. The comparative study of graphene and CNT have suggested that graphene
has shown higher thermal conductivity in comparison to CNT tubes. Therefore, graphene may also
be used in electronic applications where the superconductive composite is required with the
reduced weight of components [222]. The microstructure of a polymer composite may also be
designed as per the requirement so that it may behave as superconductive material from a thermal
viewpoint. Researchers have explored this and have observed that filler orientation and filler
agglomerates have a positive effect on the thermal and electrical properties of composites [223].
It has been observed that phonons are the responsible factors for polymeric heat conduction. The
length of the phonon in the case of polymer is very low due to which most of the polymeric matrix
exhibit a small thermal conductivity range varying from 0.1-0.5 W/mK. But the flexibility of
polymer for processing conditions, preparation of composites, lightweight components, etc. attract
the scientists to explore the polymeric matrix for higher thermal conductivity with some

reinforcement of metal/ceramic powder.

Various filters such as Al>QOg, silica powder, Fe powder, graphene powder, etc. have been used by
previous researchers to make the polymeric matrix more thermally conductive [224-225].
Polyimide matrix with boron nitride (BN) up to 30 weight percentage has shown thermal
conductivity of 0.71 W/mK which was higher than the polyimide alone. Moreover, the presence
of BN particles in polyimide has also increased the thermal stability by increasing the glass
transition temperature as well as heat resistance index [226]. Polyethylene glycol (PEG) polymeric
base in addition to Al.Oz have shown better thermal conductivity (0.42 W/mK) than virgin PEG
(0.29 W/mK). Only 4 weight percentage of Al>Os has resulted in nearly 41% improvement in
thermal conductance of composite [227]. It has been observed by previous studies that the
amorphous structure of polymeric material results in low thermal conductivity (k<0.2 W/mK)
whereas crystalline and dense structure such as high-density polymer ethylene (HDPE) results in
better thermal conductivity (k>0.5 W/mK) [228]. Also, it has been observed that the amorphous
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structure of polymers shows strange phenomena as up to glass transition (Tg) temperature the
thermal conductivity shows improvement whereas after T4 the thermal conductivity decreases
[229-230]. Researchers have investigated the effect of carbon black as reinforcement in the
polymeric matrix and have found that the carbon black has less contribution towards thermal
conductivity whereas its effect on electrical conductivity was significant [231]. Researchers have
observed that covalent bond formation between filler and the polymeric base has resulted in a
better transfer of phonon which is responsible for heat carrying capacity thus ultimately leading to
better thermal conductivity [232].

2.4 Literature survey for commercially available feedstock filaments of FDM

Different ranges of polymeric materials are present in the market for FDM. Some of the common
materials used on FGDM working are ABS, PLA, PA, PP, polycarbonate (PC), polyethylene (PE),
etc. The commercially available feedstock filaments of different polymeric materials for various

applications have been explained as follows

ABS is a common thermoplastic that is available in the form of feedstock filament for FDM
applications. It has been observed that ABS when 3D printed on an FDM platform has anisotropic
properties and shown 65-72% tensile strength and 80-90% compressive strength in comparison to
injection molded parts [233]. The strength of the ABS-based fabricated part was less but the design
intricacy of FDM was one of the important reasons to fabricate part through FDM technique rather
than injection molding. ABS-based translucent parts were fabricated for the packing of mechanical
and electrical components. Post-processing techniques were used for increasing the translucency
of part such as (i) elevated temperature technique which resulted in improved transmissivity but
shrinkage was observed in fabricated part, (ii) resin in-filtration, and (iii) surface sanding which
resulted in a 16% increase in transmissivity without dimensional shrinkage [234]. It has been
observed from dynamic mechanical analysis (DMA) that the ABS printed part with normal built
style possessed more strength than double dense and sparse structures whereas the loss modulus
was found to be enhanced with increasing temperature but the reduction in viscosity was observed
for the fabricated part of ABS [235]. The process optimization study of FDM for ABS based
feedstock filament has proved that the selection of input process parameters was the critical step

where the behavior of printed prototype might get changed such as with raster angle of -45°/45°
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has shown maximum tensile strength as compared to other raster angles, whereas for flexural

properties 0/90° raster angle has shown optimized results [236].

It has been observed for the wear resistance of the FDM build a prototype that layer thickness of
0.127mm, raster angle of 0°, raster width of 0.5064mm, an air gap of 0.008mm, and build
orientation of 0° has provided an optimized FDM processing condition for minimum wear of part.
Extensive studies of FDM process parameters have been performed to predict the behavior of build
prototypes for wear property [237]. The electrical conductivity of the printed prototype was
enhanced by chemical deposition of Copper (Cu) particles on a 3D printed prototype of ABS using
the chemical etching method and it was observed that the electrical insulator ABS has been
successfully converted into the conductor and highest electrical conductivity was observed for
parts which were chemically etched with chromic acid in comparison to etching done with any
other acids [238]. Various other researchers have also explored the FDM processing parameters
to highlight the mechanical performance of functional prototypes based on ABS [239-245].

These days’ researchers have been focusing on a biodegradable polymeric matrix such as PLA.
For mechanical performance, it has been observed that 225°C of nozzle temperature has given the
best tensile modulus for virgin PLA. Whereas part geometry has also played a significant role in
mechanical performance and processing temperature controlled the morphological behavior of
PLA [246]. Various 3D printers based on FDM technology are available in the market today such
as Divide by zero model, Cube-2 3D printer, Stratasys FDM, and many others. Researchers have
explored the tensile properties of PLA for a different set of input parameters. Build orientation
with 0° has shown maximum tensile strength among various build orientation angles [247]. Further
fatigue property of PLA-based 3D printed part has shown maximum fatigue life for 45° build
orientation for the cyclical loading on the universal tensile testing machine (UTM) [248]. PLA
represents a biodegradable polymer with high strength properties and thus is beneficial for
biomedical applications. Researchers have explored the fusion of silver particles on the 3D printed
surface of PLA for antimicrobial applications. The study suggested that the printed structure had
voids in inter and intra-layer which was found beneficial for the synthesis of foreign particles on
its surface [249].

PA, one of the thermoplastic polymers, which exist in semi-crystalline form with great flexibility

and low density (1 g/cmq), high fatigue and flexural strength is one of the important thermoplastics
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which could have a great role in FDM based applications such as the aerospace industry, consumer
goods, etc. Researchers have observed that built-up angle plays a vital role in the mechanical
strength of PA specimens. Moreover, anisotropy of tensile strength was present for different
directions whereas for compressive strength low anisotropy has been observed [250]. The high
shrinkage stress of nylon-6 was one of the problems of the FDM fabricated prototype which
hinders the applicability of the material for a wide range of fields. Researchers have explored the
infusion of maleic anhydride grafted poly (ethylene 1-octene) (POE-g-MAH) into the polymeric
matrix of nylon-6 to address the shrinkage issue of polyamide and have successfully prepared
polyamide which had low shrinkage after solidification of 3D printed part [251]. Various
researchers have explored the FDM process parameters for optimizing the printing condition as

well as the output properties for polyamide-based feedstock filaments [252-254].

PC is a thermoplastic that possesses high toughness and optical transparency (in some cases).
Researchers have explored the feedstock filaments of PC for FDM applications. Dynamic
mechanical analysis of 3D printed parts has shown that the number of build parameters has affected
positively the tensile modulus of parts whereas testing conditions have a significant impact on the
mechanical performance of fabricated prototypes [255]. Fabrication of prototypes and simulation
of failure analysis was performed by researchers to explore the validity of the failure model with
that of practically obtained results. Predictability of practical results with failure model has shown
close relationship thus isotropic material has shown high predictability for failure modes [256].
Input process parameters such as build angle, orientation angle, raster width, infill speed, etc. have
been explored by researchers to optimize the printing condition for PC-based feedstock filaments
[257-258, 259-261]. It has been observed that with the decrease in contour and increase in raster

to the raster air gap, the creep strain increases (up to 10) [262].

PP thermoplastic polymer also represents a class of polymer that can also be used for FDM
application. Researchers have explored the mechanical, flexural properties of PP-based 3D printed
prototypes for their possible applications [263]. Different input process parameters have been
optimized for the printing of PP and it has been observed that orientation angle of 0°, the layer
thickness of 0.35mm, and infill of 100% represented the optimized conditions for 3D printing of
PP based thermoplastic feedstock filament [264]. The feedstock filament of the PP matrix has been

explored for the in-house fabrication of a nanoreactor with an integrated magnetic stirrer on an
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FDM setup [265]. Table 2.4 shows the various commercially obtainable feedstock filaments with

their application on the FDM platform.

Table 2.4 Various polymeric materials (commercially available) used on the FDM platform

Materials Studies performed
(@) | FDM process optimization
(b) Dynamic behavior analysis of FDM fabricated part
(c) | Prototype printing for packaging of mechanical and electrical components
ABS . — -

(d) | Wear analysis and process optimization of functional prototypes

(e) | Enhancement of electrical conductivity of functional prototypes for electrical
and electronics applications

(@) | Testing of PLA properties for FDM 3D printed part for future biomedical
application

(b) | FDM process optimization for 3D printed part of PLA

(c) | Fusion of silver particles on PLA prototype for antimicrobial function in the
biomedical field

(d) | Comparison of different FDM machine setups to characterize reproducibility

PLA of 3D printed parts

(e) | Textile based design printing on FDM setup for soft PLA matrix

(F) | Characterization of Adhesiveness of FDM fabricated prototype

(g) | Comparative study of ABS and PLA prototypes fabricated on a 3D printer

(@) | Anisotropic characterization of nylon-based 3D printed specimen for
compressive as well as tensile testing

PA (b) | Reduction of shrinkage of the polyamide-based 3D printed part
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(c) | FDM process optimization for 3D printed part

(@) | DMA analysis of 3D printed prototype for characterizing the PC feedstock

filament

(b) | Finite element analysis (FEA) of isotropic PC based prototype

PC

(c) | FDM process optimization for mechanical performance

(d) | Creep analysis for 3D printed prototype

(@) | FDM process optimization and mechanical properties evaluation for PP
PP polymeric feedstock filament

(b) | In-house fabrication of miniature nanoreactor

2.5 Literature survey for non-commercial feedstock filaments of FDM developed in-house

Various researchers have used commercially available feedstock filaments as explained above, but
the virgin polymeric feedstock filaments have their limitations such as low thermal conductivity,
poor electrical conductivity, diamagnetic character, inadequate mechanical properties, and surface
properties, etc. To overcome these issues, researchers have tried reinforcements of various foreign
particles into the polymeric matrix of virgin polymer. A polymeric blend of composites may be
prepared by two routes (a) mechanical route and (b) chemical route. The reinforcement particles
may be categorized into two classes (depending on their size) (i) microparticles (ii) nanoparticles.
Based on these, the composites may also be categorized into two classes (1) micro composites and
(2) nanocomposites.

2.5.1 Micro composites

Various types of reinforcement have been tried in the polymeric matrix for different applications
and alteration of properties of the base polymer. In this part, we will only discuss the
reinforcements which are done in the polymeric base matrix for the preparation of lab-scale
feedstock filaments for FDM platform applications. Low-density polymer ethylene (LDPE) has
been reinforced with SiC/Al>O3 particles and the prepared composite has been used for feedstock

filament development for FDM. It has been observed that LDPE with 50weight percentage, SiC
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with 25 weight percentage, and Al.Oz with 25 weight percentage could be used to prepare
feedstock and has shown best mechanical performance on selected input processing parameter of
FDM [266-267]. Nylon polymeric base has been extruded with Al-Al2O3 reinforcement and
successfully feedstock filament has been developed for FDM and it has been observed that three
compositions (Nylon 60 weight percentage, Al- varying from 26-30 weight percentage and Al2O3
varying of 10-14 weight percentage) for composite may be selected as per the melt flow index
(MFI) requirement. It has been also observed that with the reinforcement of foreign particles (Al/
Al203) in the nylon matrix the tensile properties have been affected and got reduced in comparison
to virgin nylon matrix [268-269]. DMA analysis of ABS-Cu blend has suggested that with
increased Cu filler (22-26% by volume) in polymer matrix the storage modulus and loss modulus
have improved significantly [270].

Various fibers such as carbon fiber (CF), glass fiber (GF), and Kevlar fiber (KF) have been tested
as reinforcement in nylon matrix and it has been observed that the reinforcement of CF in nylon
matrix improved the tensile strength of the composite by 6 times that of non-reinforced matrix
[271]. By the reinforcement of thermotropic liquid crystalline polymer (TLCP) in PP, it has been
proved that with an increased fiber content of TLCP (up to 40 wt.%) in the polymeric matrix the
mechanical properties were found to improve by a significant difference. 1.5 times enhancement
in tensile modulus has been observed for 40 weight percentage reinforcement of TLCP in
comparison to pure PP and 100% improvement in comparison to ABS filament [272]. PP has been
blended with tricalcium phosphate (TCP) for bone graft application and it has been observed that
the prepared composite possessed 12 MPa of ultimate compressive strength and 263 MPa of
compressive modulus. The printed porous structure on FDM held 150-200-micron pore size which
was beneficial for cell growth application as per free area requirement [273]. Friction welding of
two dissimilar plastics has been performed using reinforcement of Al powder which makes the
polymeric matrix compatible for feedstock preparation. FDM platform was used to print objects
which were joined at a later stage [274].

Nylon polymeric base has been reinforced with iron powder (Fe) to improve the thermal
conductivity of the composite and prepared feedstock filament has been printed on FDM. It was
observed that the prepared prototype had thermal conductivity greater than the virgin nylon matrix
and some other composites [275]. Some researchers have also added polymer as reinforcement in

another polymeric base to improve the polymer behavior for some specific applications such as
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for biocompatibility, wear resistance, etc. Ultra-high molecular weight polyethylene (UHMWPE)
has been added in high-density polyethylene (HDPE) to improve the mechanical and wear
characteristics of the composite for biomedical implant application [276]. Researchers have
explored the PP matrix with reinforcement of GF and maleic anhydride polyolefin (POE-g-MA)
by varying content from 0-30 weight percent. It has been observed that the addition of GF has
improved the tensile modulus whereas the flexibility of feedstock filament was reduced. On the
other hand, the POE-g-MA has reduced the tensile strength and improved the flexibility of the
fabricated part [277]. The fiber orientation in the case of FDM processing has been explored and
it was observed that FDM was capable of orienting short fibers inadequate direction ultimately
resulting in better mechanical properties in comparison to simple compression molding technique
[278-279]. Table 2.5 shows the list of composite polymeric materials prepared for feedstock
filament on a lab scale for various applications.

Table 2.5 Polymeric micro-composite used for the preparation of feedstock filament for FDM

application
Polymer Reinforcement Studies performed
Preparation of feedstock filament with better mechanical
LDPE SiC/Al203 properties for LDPE
(@) Al-Al03 Development of alternative feedstock comparable to ABS
filament in mechanical performance
(b) CF, GF, and KF | Comparative study for the mechanical performance of
fiber different fiber reinforced nylon matrix
Nylon
(c) Al powder Prepare compatible composites of ABS and nylon for
frictio9n welding application
(d) Fe powder Enhancement of thermal conductivity of the polymeric
matrix
(@ Cu Dynamic behavior analysis of polymeric blend
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(b) TLCP Feedstock filament preparation with modified mechanical

ABS properties for FDM printed prototype

(c) Al powder Prepare compatible composites of ABS and nylon for
joining of dissimilar plastic
(d) Al/AlO3 Wear characterization for the 3D printed part

(e) CF To enhance the mechanical property for fabricated part

(a) TLCP fiber Feedstock filament preparation with modified mechanical

properties for FDM printed prototype

(b) TCP Biocompatible scaffold printing with porous structure
PP (c) GF and POE- | To alter the mechanical properties of PP based fabricated
g-MA part on FDM setup
HDPE UHMWPE Biomedical implant application with excellent mechanical
property

2.5.2 Nano-composites

Nano-composites are those composites in which foreign particles which are added to the polymeric
matrix are of nano-size (10°mm). It has been observed that in nano-composites ceramic and
metallic reinforcements have been performed whereas in micro-composites the foreign particles
are of micro-size (10°mm). Non-metallic (polymeric, wood, clay), ceramic and metallic, every

type of reinforcement has been done by researchers.

PEEK has been tested with nano-sized CNT varying from 1-5 weight percentage in the polymeric
matrix to evaluate the tensile strength of the prepared part fabricated through FDM. It has been
observed that nanoparticles of CNT when reinforced in polymeric base reduced the porosity of
part in comparison to virgin PEEK. No significant improvement has been observed for mechanical
properties [280]. PU/PLA reinforced with graphene oxide (GO) has been examined for its
biocompatibility and anisotropic behavior of nanocomposite. Mechanical and thermal properties
were observed to be enhanced significantly with the addition of nanosized GO [281]. PLA in
reinforcement with multi-walled CNT (MWCNT) has been explored for high electrical

conductivity and a prototype of a liquid sensor has been printed for sensor application. Various
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input process parameters affecting the topography of the printed prototype have been evaluated
for the optimized condition for best results [282]. PU reinforced with MWCNT has been tested
for strain sensor applications and various properties such as mechanical, electrical; piezo-
resistivity, etc. have been evaluated for the printed part. MWCNT has improved the stiffness of
composite which ultimately made it compatible for printing on FDM setup whereas some
insignificant reduction in elastic modulus was observed. The piezo-resistivity was observed to be
176 on gauge factor and was repeatable for various cyclic loading [283]. PLA has been reinforced
with silica nano clay (4 weight percentage) to evaluate the composite mechanical, dynamic and
morphological behavior. It has been observed that a 115% improvement in elastic modulus was
obtained when silica nano clay was added to the polymeric matrix. Mechanical, dynamic, and

morphological properties were observed to improve than virgin PLA product [284-285].

ABS has been reinforced with graphene nanoparticles (4 weight percentage) by researchers and
has been explored for the build orientation of FDM and it has been observed that prototypes printed
with composite feedstock have shown improved elastic modulus and storage modulus with better
thermal stability [286]. Researchers have tried polybutylene terephthalate (PBT) with the
reinforcement of CNT and graphene separately and tried to compare the printability and
mechanical response of printed prototypes. It has been observed that all the observed properties
(mechanical, morphological, printability, and thermal stability) for PBT/CNT were better than
PBT/graphene composite [287]. Researchers have investigated the combination of Polyvinylidene
fluoride (PVDF) matrix with Barium titanate (BaTiOz) to club functional properties such as
piezoelectric behavior, pyroelectric and dielectric behavior. It has been observed that the value for
piezoelectric constant was three times higher for the FDM printed object of the composite in
comparison to solvent cast nano-composite [288]. It has been also observed for the
MWCNTs/BaTiO3/PVDF multi-composite that CNT has improved the dielectric property of the
composite and a suitable composite ratio for required dielectric and loss properties were obtained
for 1.7 weight percentage CNT, 45 weight percentage BaTiO3, and 53.3 weight percentage of
polymeric matrix [289-290]. Table 2.6 shows different nanocomposites prepared on a lab-scale to

prepare feedstock filaments of FDM.

Table 2.6 Polymeric nano-composite used for the preparation of feedstock filament for FDM

application
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Polymer Reinforcement Studies performed
PEEK CNT Mechanical property evaluation for PEEK and CNT
composite
PU/PLA GO Effect of composite formation on the mechanical and
thermal property along with biocompatibility
(&) MWCNT Functional prototype printing of highly conductive
liquid sensors
PLA (b) Silicate nano Evaluation of nano clay composite on mechanical,
clay thermal, and dynamic properties of fabricated part on
FDM
(c) Graphene Evaluation for the mechanical, magnetic, and
electrical properties of composite
PU MWCNT FDM printing of thermoplastic-based strain sensors
MWCNT Mechanical and thermal property evaluation for FDM
printed electrically and thermally conductive
composite feedstock filament
ABS Graphene Evaluation of printed prototype with composite
feedstock filament for mechanical, dynamic, and
thermal properties
PBT CNT and Graphene | Comparative analysis of two different nanocomposites
for FDM application
BaTiO3 Introduce homogeneity in dispersion with FDM
printing and club the properties of BaTiOz in PVDF
PVDF matrix

MWCNT/BaTiO3

Enhance dielectric property of the multi-composite for

electronic sensor applications
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2.6 Research gaps and problem formulation
Based on the literature review, the following gaps have been identified

() It 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 thermo-
sensitive and magneto-sensitive filament for 4D applications. Further, it has been observed
that very little work has been reported on thermal and magnetic actuation together.

(b) PLA in a combination of PVC reinforcement is very less studied which may be used as
waste management of polymers as waste PVC can be reinforced into the matrix of PLA.

(c) Few studies have been reported on polymeric composite applications for the 3D printing
of tiles. These tiles may have three important characteristics (a) Self-assembly, (b) thermal
insulation, and (c) plastic solid waste management. For self-assembly, Fe3Os powder was
used in this study. Whereas, for thermal insulation, the wood powder was used as the
replacement of wood/timber.

(d) Smart materials are used in actuators, sensor applications and can be fabricated by
conventional manufacturing processes as well as by 3D printing.

(e) Thus, the shape memory polymeric composites (SMPC) developed at a lab-scale have
certain advantages over the shape memory polymer (SMP). In SMPC it is possible to
customize the matrix properties to support printability, tailormade mechanical, physical,
thermal, morphological properties and can be developed at a low cost.
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CHAPTER 3
METHODOLOGY

This chapter highlights the objectives of the study and the step-by-step methodology of research
work carried out to accomplish the objectives

3.1 Objectives of the study

1. To prepare FDM feedstock filament (for commercial open-source 3D printer) comprising of
PLA, PVC, Fe30s4, and wood powder by mechanical blending with TSE

2. To perform rheological (based on melt flow index (MFI)) and thermal analysis (based upon
DSC) of feedstock prepared by the TSE process

3. To perform parametric optimization of feedstock filament wire for mechanical, morphological,

magnetic properties for final selection of feedstock filament for 3D printing

4. To print functional prototypes on FDM with prepared feedstock filaments and perform
parametric optimization from mechanical, morphological, thermal, and magnetic properties

viewpoint.
3.2 Methodology used to achieve the objectives

Figure 3.1 shows the methodology used to attain all the objectives of the present study.

Selection of Smart material polymers (SMP) and its fillers smart
material ceramic (SMC) powder.

!

To check the flowability of different compositions of SMP-SMC for
working on Twin Screw Extruder

!
Fabrication of feedstock filament with different setting to determine
the best set of TSE
l

Select the best feedstock filament accordingly to different properties
(Tensile, Microscopic, Thermal, Wear)

!
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Fabricate the Tensile test sample (ASTM638 TYPE V), compression
test sample, flexural test sample, and shore hardness on FDM

!

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

!

To perform the mechanical testing, thermal testing, and magnetic
testing of the fabricated 3D specimens

l
Conclusions
Figure 3.1 Methodology used to attain the objectives

3.3 Different stages of work

The study deals with the development of functional prototypes of 4D feedstock filaments using
PLA, PVC, wood powder, and FezO4 powder. FesO4 particle reinforcement in the PLA matrix has
been considered smart ceramic powder (as it induces magnetic properties in the hybrid material

matrix). This study is divided into five stages: -

3.3.1 Stage 1

Parametric optimization of TSE process for mechanical, morphological, rheological, thermal, and
magnetic properties for feedstock filament based on hybrid blend (PLA/PVC/wood
powder/Fe304 powder in a single composite).

3.3.2 Stage 2

Parametric optimization of TSE process for mechanical, morphological, rheological, and thermal
feedstock filament based on a multi-material matrix in which four different feedstock filaments
(@) PLA, (b) PLA/PVC, (c) PLA/wood powder, and (d) PLA/Fe3Os powder were explored

separately.

3.3.3 Stage 3
Development of 3D printed tensile and flexural functional prototypes based on ASTM D638 Type

IV and ATM D790, respectively, and optimize the 3D printing process parameters for mechanical,
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thermal, and morphological properties for a hybrid functional prototype made of a hybrid

blend-based feedstock filament of stage 1.

3.3.4 Stage 4

Development of 3D printed tensile and flexural functional prototypes based on ASTM D638 Type
IV and ATM D790, respectively, and optimize the 3D printing process parameter for mechanical,
thermal, and morphological properties for a multi-material functional prototype made of the
multi-material feedstock of stage 2.

3.3.5 Stage 5
The material matrix selected on stages 1 and 2 were again processed for the recycling issue so that
adequate assessment of material matrix life up to 50% reduction in mechanical properties may be

performed.
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CHAPTER 4

EXPERIMENTATION

This chapter presents the details of experimentation carried out in this research work, results

thereof, and a detailed analysis of the results.
4.1 Experimentation for stage 1

4.1.1 Sieve shaking of wood powder

Waste wood dust was collected from a local industry that was composed of a mixture of wood
particles of different sizes. Therefore, there was a need to segregate wood dust of 44—60-micron
size so that there would be fewer compatibility issues while extrusion and 3D printing through
FDM. The compatible sizes of reinforcement in the material matrix reduce the chances of nozzle
choking when extrusion is performed on the TSE machine and while printing the prepared filament
through FDM. Figure 4.1 shows the different sizes of wood particles (a) Waste wood dust collected

from the local market (b) Sieve shaker (c) Fine wood dust collected after sieve shaker (50 microns).

©
Figure 4.1 processing of wood dust (a) collection, (b) sieve shaker machine, and (c) fine wood
particle (50 microns)

4.1.2 Mechanical blending of PLA-PVC-wood dust-Fe3O4 powder

Initially, three compositions/ proportions were selected based on pilot experimentation (see Table
4.1) and coconut oil was used as a binder for preparing the blend so that wood dust and FezOa
powder get attached to the surface of PLA-PVC while blending the composite. Coconut oil has

been used as a binding agent based on commercial field practices.
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Table 4.1 Different proportion of reinforcement in PLA composite matrix

Composition/ Matrix and reinforcements Weight Proportion in composite
proportion (9) Percentage

PLA 20 50
PVC 10 25

1 Magnetite powder (FesOa) 8 20
(44 micron)
Wood dust (50 microns) 2 5
PLA 21 52.5
PVC 6 15

2 Magnetite powder (Fe3Oa) 10 25
(44 micron)
Wood dust (50 microns) 3 7.5
PLA 20 50
PVC 9 22.5

3 Magnetite powder (Fe3Oa) 7 175
(44 microns)
Wood dust (50 microns) 4 10

4.1.3 Taguchi L9 orthogonal array (OA) used for parametric optimization of TSE process

After mechanical blending of PLA/PVC with wood dust and Fe3Oa, extrusion of the composite
mixture was performed on TSE (Make: Thermo Fisher; Model: Haake Mini CTW) by using
Taguchi L18 O.A and feedstock filament of 1.75 £ 0.015mm diameter was obtained. Table 4.2

shows the input parameters for TSE which was used to prepare feedstock filaments.

Table 4.2 Process variables and their level for TSE process

Input process variable

Operating condition

Torque (3 level)

(@ 0.10Nm
(b) 0.12Nm
(c) 0.15Nm

55




Screw Temperature (3 levels) (@) 160°C
(b) 165°C

(c) 170°C

Applied load (2 levels) (@) 5Kg
(b) 10Kg

The above conditions were used with three compositions as given in Table 1 for the feedstock
filaments. Table 4.3 shows the control log of experimentation for feedstock filament preparation.

Table 4.3 Control log of experimentation for TSE process

Serial number | Load (Kg) Composition Torque (Nm) Screw temperature (°C)
1 5 1 0.1 160
2 5 1 0.12 165
3 5 1 0.15 170
4 5 2 0.1 160
5 5 2 0.12 165
6 5 2 0.15 170
7 5 3 0.1 165
8 5 3 0.12 170
9 5 3 0.15 160
10 10 1 0.1 170
11 10 1 0.12 160
12 10 1 0.15 165
13 10 2 0.1 165
14 10 2 0.12 170
15 10 2 0.15 160
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16 10 3 0.1 170

17 10 3 0.12 160

18 10 3 0.15 165

4.1.4 Vibration sample magnetometer testing (VSM)

All the hybrid samples of feedstock filaments of wire prepared by the TSE machine were tested
for their magnetic properties with VSM setup (Make: Lakeshore 7404 VSM) by providing it an
external magnetic field of 1 Tesla. The different magnetic properties such as magnetization,
coercivity, and retentivity were observed so that optimized extrusion conditions can be obtained

to maximize the magnetic properties of feedstocks.
4.1.5 DSC analysis

Thermal analysis for best and worst samples as per mechanical properties was performed using
DSC setup (Model: Mettler, Toledo) for 3 heating and 3 cooling cycles varying from 30°C to
250°C of a heating cycle, 250 °C to 30 °C of the cooling cycle.

4.1.6 Morphological properties testing

The samples of feedstock were observed under Tool maker’s microscope and metallurgical image
analysis software (MIAS) was used to analyze the fractured surface and porosity of the sample.
Scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDS) have been
performed to know the morphological features and element composition present in the composite
so that some relation between mechanical, magnetic, and morphological characteristics may be
established.

4.1.7 Process capability analysis for magnetic, surface hardness, and porosity of feedstock

Ten samples of enough length were prepared of the optimum diameter of feedstock filament.
Similarly, feedstock filament of the hybrid blend (PLA-50 weight percentage, polyvinyl chloride
(PVC)-25 weight percentage, wood powder-5%, and Fe304-20 weight percentage) was prepared

using optimized TSE standard conditions. All the filaments were subjected to VSM testing, surface
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characteristic testing such as surface hardness and surface porosity, and process capability analysis

was performed.
4.2 Experimentation for stage 2

4.2.1 Mechanical blending of different compositions
Mechanical mixing of polymers and reinforcement was the first step for this investigation. PLA
has been taken as the base polymer as the problem is related to multi-material printing of different
layers of different filaments that would be added over each other to have a good strength of
adhesion between two different filaments deposited layer the base of every filament would be
common. For investigation of change of behavior of PLA with different reinforcements. PVC,
wood powder, and FesO4 powder were added, separately in PLA. PVC ratio in PLA has been
varied from 10 to 25 weight percent. The wood powder has been added to the PLA matrix in 2.5-
10 weight percentage as adding more wood powder enhances the chances of choking the extrusion
nozzle. The Fe3O4 has been added to the PLA matrix from 10 weight percent to 20wt.%. In the
end, a multi blend (PLA 50 wt.%, PVC 25 wt.%, magnetite 20%, and wood powder 5 weight
percentage) has also been prepared.
4.2.2 Melt Flow rate testing, twin-screw extrusion (TSE), and universal tensile testing
(UTM)
Different polymers and polymer composites were tested for their melt flow rate as it was one of
the important rheological properties of the thermoplastic polymer. The melt flow index of the
polymer has been tested with ASTM D1238 in which 2.16 kg weight and 190°C temperature of
testing conditions were used. The same composites ratios which were tested for melt flow rate
were then twin-screw extruded so that filaments can be prepared with 1.60 to 1.75 mm diameter
wire. Prepared samples of filaments were then tested with universal UTM for different mechanical
properties and to obtain a stress-strain curve to know the behavior of composites.
4.2.3 Morphological, thermal analysis and VSM (Vibration sample magnetometer)
Filaments were then tested with MIAS, a software package that has been used for porosity testing
of composites so that the behavior of composites could be well explained with reasoning for the
same. For the thermal behavior of the composite, DSC has been performed for the 3 cooling and
3 heating cycles. This test has been performed to know the thermal behavior of composites. The
VSM of PLA with 20% Fe3Os and a multi blend of PLA (single composite of different
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reinforcement) has been performed (by using Lakeshore VSM model machine) to know the
difference between the magnetic properties.

4.3 Experimentation for stage 3
4.3.1 FDM printing of tensile, flexural, and circular disc

The selected feedstock filament of stage 1 was used to 3D print the tensile and flexural specimens
to explore the mechanical, morphological, pull out and other properties. The tensile specimen was
3D printed as per ASTM D638 Type IV and flexural samples were 3D printed using ASTM D790
standard conditions. Three input variables of FDM (a) infill density; (b) infill angle and (c) infill
speed were selected and Taguchi 19 methodology was used to optimize the results as given by
Table 4.4. Table 4.5 shows the design of experimentation (DOE) for Taguchi 19 used for 3D
printing. While other printing parameters, remained constant as given by Table 4.6. Figure 4.2
shows the dimensions of the 3D printed sample (a) tensile specimen and (b) flexural specimen.
Figure 4.3 shows the different input parameters which may be changed for better functional
properties. Figure 4.4 shows the actual 3D printing setup with detailing of the printer setup.
Table 4.4 Levels of input parameter for 3D printing of hybrid blend-based composite

Conditions Selected values

Infill density (percentage) (3 levels) (d) 60
(e) 80
(f) 100
Infill angle (degree) (3 levels) (d) 45
(e) 60
(f) 90
Infill speed (mm/s) (3 level) (c) 50
(d) 70
(e) 90

Table 4.5 DOE based on Taguchi L9 for 3D printing of hybrid blend-based composite

Serial number ID 1A IS
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1 60 45 50
2 60 60 70
3 60 90 90
4 80 45 70
5 80 60 90
6 80 90 50
7 100 45 90
8 100 60 50
9 100 90 70

ID: Infill Density; 1A: Infill angle; IS: Infill speed

Table 4.6 Constant printing parameters

Parameters Value
Bed temperature 65°C
Fill pattern Rectilinear
Nozzle temperature 235°C
Filament Diameter 1.70mm
Nozzle diameter 0.5mm
Solid layers Top 3, Bottom 3
Travel speed 130mm/s
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Figure 4.2 Standard 3D printed functional prototype for (a) tensile and (b) flexural specimen
according to ASTM D638 Type IV and ASTM D790 standard
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Raster width

Raster angle
8 Number of shells

Infill

Infill density

3D printed part

Nozzle Dia

Printing temperature

Printing structure Printing bed temperature

Filament Material

Figure 4.3 Various input parameters of 3D printing

Figure 4.4 3D printing setup with details

4.3.2 Mechanical testing on UTM

All 3D printed functional prototypes were subjected to tensile testing using universal tensile testing
(UTM) (Make: Shanta Engineering’s, India) whose capacity was S000N. Shore D hardness of
samples was investigated using a shore D tester.

62



4.3.3 Thermal conductivity test

The printed specimens/discs were subjected to thermal conductivity testing using Lee disc
methodology. Lee disc apparatus consisted of steam chamber, lee disc, heating equipment, pot for
steam production, pipe to join pot with stem chamber and two temperature sensors, one for steam
chamber and the other for lee disc as shown in Figure 4.5.

Potfor Steam production

=9

Hoating setup

Outflovefor wates

Figure 4.5 Lee disc apparatus used for thermal conductivity measurement

4.3.4 Circular compression testing on UTM setup

The UTM setup (make Shanta engineering, India) with 5000N capacity was used for compressive
testing of the circular disc. To avoid slippage of the disc while in compression testing, a specially
designed circular fixture was 3D printed (see Figure 4.6) and peak load, break load, peak strength,
break strength, and stress vs. strain plot was taken from testing for further optimization of
processing conditions. The stress vs. strain plot was used to calculate the modulus of the toughness
of the printed discs. Figure 4.7 shows the 3D printed circular disc and Figure 4.8 shows the UTM
setup in actual testing. While compression testing on UTM in testing module/software circular
object has been taken with grip separation of 110mm.
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4.3.5 Morphological testing

Samples were subjected to microstructural analysis using porosity testing using standard ASTM

B276 and microstructural graphs using a toolmaker microscope to analyze the behavior of results
for 3D printed samples.

FDM Printed Holder for Disc

Dia110mm

Figure 4.6 3D printed fixture for holding of the disc while circular compression testing on
UTM

»
Diameter 110 mm
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Figure 4.7 3D printing of disc
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Figure 4.8 Circular compressive testing on UTM setup

4.4 Experimentation for stage 4
4.4.1 Multi-material printing using FDM

The prepared feedstock filaments of stage 2 for four different materials of required diameter were
then used for 3D printing of tensile specimens as per ASTM D638 type 1V using DOE (see Table
4.7 for a different level of input parameters of FDM and Table 4.8 for DOE) based on Taguchi L9
orthogonal array (OA) to optimize the printing conditions for mechanical properties of functionally
graded printed part. The printed standard tensile specimen has 6 layers (each layer of 0.53mm) in
which 1 layer of virgin PLA, 1 layer of PVC reinforced PLA, 2 layers of wood powder reinforced
PLA and 2 layers of Fe3zOa reinforced PLA exists (see Figure 4.9)
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Table 4.7 Variable and fixed input parameters of FDM

Input parameters of FDM used as variable

Infill density (%) (3 level)

Infill angle (degree) (3

level)

Infill speed (mm/s) (3 level)

(@) 60
(b) 80
(c) 100

(9) 45
(h) 60
(i) 90

(f) 50

(9) 70
(h) 90

Fixed parameters

(a) Bed temperature: 65°C
(b) Nozzle diameter: 0.5mm
(c) Fan output: 50%

(d) Fill pattern: rectilinear
(e) Number of parameters: 4

Table 4.8 DOE based on Taguchi L9 OA for 3D printing of multi-material composite

Experiment 1

Experiment 2

Experiment 3

ID 60 ID 60 ID 60
1A 45 1A 60 1A 90
IS 50 IS 70 IS 90
Experiment 4 Experiment 5 Experiment 6

ID 80 ID 80 ID 80
1A 45 1A 60 1A 90
IS 70 IS 90 IS 50
Experiment 7 Experiment 8 Experiment 9

ID 100 ID 100 ID 100
1A 45 1A 60 1A 90
IS 90 IS 50 IS 70

Note: ID: Infill density (%); IA: Infill Angle (°); IS: Infill speed
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3.2 mm

¢

2 Layers of magnefite (20wt%) reinforced PLA

1.06 mm

2 Layers of wood powder reinforced PLA

—
Layer of PVC reinforced PLA

1.06mm

0.53mm

1 Layers of virgin PLA

0.53mm

Figure 4.9 Multi-material printed part of different layer

4.4.2 Mechanical testing and Morphological testing

The prepared flexural and tensile specimens were then tested for their flexural, tensile, and pull-
out properties using a UTM machine (Make: Shanta Engg., India) of 5000N capacity. For tensile,
flexural, and pull-out properties peak load (PL), break load (BL), peak strength (PS), and break
strength (BS) were measured. Stress vs. strain diagrams were plotted, so that the mechanics of
the material of composite may also be explained based. Figures 4.10, 4.11, and 4.12 show the
testing setup for tensile, flexural, and pull-out conditions. Further, for optimization of mechanical
properties, analysis of variance (ANOVA) method has been used using MiniTab 17 statistical

software package. The Shore D tester and tool maker’s microscope has been used for hardness

and fractured surface characterization.
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Figure 4.11 Flexural testing of the specimen on UTM
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Figure 4.12 Pull out testing of the specimen on UTM
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4.5 Experimentation for Stage 5

Figure 4.13 shows the methodology of recycling of selected composite ratio.

1 Selection of different composite ratio

2 Twin screw extrusion
¥
3 Development of feedstock filament
¥
UTM testing, Porosity testing,
Fractured surface analysis

b

5 Shredding of tested samples and re-
extrusion
v
Repetition of stages 3 and 4
v
7 Repetition of stage 5 and & with
recyclates of stage 6
“
Repetition of stages 5 and 6 with
recyclatesof stage 7

Recycling Stage 1

Recycling Stage 2

L

Recycling Stage 3

Figure 4.13 methodology for recycling of selected composite ratio at stage 1 and 2

45.1 Composite preparation

The selected composites of PLA (hybrid and multi-material matrix selected at stage 1 and 2) were
prepared using the method of mechanical mixing in which polymeric grains of PLA were bonded
to wood, FesO4 powder, and PVVC grains using coconut oil as a binder and constant stirring the
mixture in a preparing bowl for 5-10 min. The prepared composite was then placed in a preheated
oven at 45°C for half an hour and then it was used for further experimentation. All the
reinforcements (PVC, wood powder (50um size), and FesO4 powder (44um) size) used in the
composite matrix of PLA were mixed using the method of weight percentage. The trial
experimentation performed previously made it clear that approximately 50g of sample was enough
to develop feedstock of required length and recyclates for another re-extrusion cycle. Figure 4.14
(a-e) shows the polymeric matrix of PLA, composite matrix of PLA/wood, composite matrix of
PLA/PVC, composite matrix of PLA/FesOs4 and composite matrix of a hybrid blend of
PLA/PVC/wood/Fe304 powder.
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Figure 4.14 Polymeric matrix of (a) PLA, (b) PLA/wood, (c) PLA/PVC, (d)
PLA/Fes0s, (e) hybrid blend of PLA/PVC/wood/Fe3z04 powder

45.2 Multi (Three) stage recycling and mechanical testing of feedstock filaments and
differential scanning calorimetry (DSC)

In this study multi (three) stages of recycling were performed to know the strength of recycled
material at each stage for possible 3D printing applications. The feedstock filaments were
fabricated by using the prepared material matrix and the material matrix was re-extruded to get the
recyclates which were further shredded and reprocessed as raw material for the second time
recycling to prepare feedstock filaments of that recycled material. The process was repeated three
times and feedstock filaments of diameter ®1.75+0.05mm were prepared successfully (for each
stage). The prepared samples were tested for their mechanical properties using a universal tensile
testing setup (UTM) (Make: Shanta Engineering, Pune, India, Capacity: 5000N). Relative strength
change was calculated using equation 1 for each stage of recycling. Figures 4.15 and 4.16 show
the twin-screw extrusion of recycled pellets and the UTM testing setup in use, respectively. The
prepared composite of feedstock filament of PLA, PLA R1, PLA R2, and PLA R3 was analyzed
for the thermal properties using a DSC machine for two stages of heating and cooling.

Relative strength change

ol(virgin) — o2(stress of feedstock of that satge)

- (D
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4.5.3 Porosity testing and fractured surface analysis

The fractured samples were investigated for porosity holes under the metallurgical image analysis
software (MIAS) package tool at x100 magnification using testing standards ASTM B276. The
porosity holes were tested as the internal structures of composites have a vital role to play towards
their mechanical strength. The destructed samples were also investigated under Toolmaker’s

microscope so that the fractured surface may be analyzed for the type of failure in UTM testing.

Figure 4.15 Twin-screw extrusion setup
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Figure 4.16 UTM testing setup for feedstock filaments
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Results and discussion for stage 1

5.1.1 UTM results

Based upon the experimental details given in Table 4.3, samples were prepared on TSE and tested
using UTM setup and mechanical properties were recorded (Table 5.1). It has been observed that
sample 6 with of 5 kg, torque 0.15 Nm, screw temperature 170°C for composition 2 has provided
the best results whereas a slight difference has been observed in mechanical properties for sample
10", Therefore, an analysis of variance (ANOVA) statistical tool has been applied to the results to
optimize the condition for best TSE conditions. Based on Table 5.1, signal to noise (SN) ratios for
all properties were calculated (see Table 5.2) by using equation 2.

Where 7] is the SN ratio, n is the number of the experiment, and y is the material properties at
experiment number k. Based upon Table 5.2, for peak load, the main effect plot is shown in Figure
5.1. Table 5.3 shows the ANOVA for SN ratio of peak load based on Table 5.2. As observed from
Table 5.3, temperature contributes is 83.94% towards the best condition for load at peak. The p-
value for the temperature and load was less than 0.05 which means that these are significant
parameters at a 95% confidence level. Further, Table 5.4 shows the ranking of input parameters
for output as peak load. As observed from Figure 5.1, a load of 5kg, composition at level 2, the
torque of 0.12 Nm, and 170°C screw temperature are the optimized conditions for TSE. This may
be because when a load of 5kg was applied to push/feed the composite material into the screws of
TSE, it resulted in better dispersion of reinforcements in the PLA matrix. On increasing the load,
the slippage of feedstock material was observed. The composition at level 2 has shown better
results which were observed due to the high percentage of PLA which ensures better flowability
of the material. It was observed that the torque of 0.12 Nm resulted in screw rotations around 50-
55rpm whereas torque at 0.10 Nm resulted in in25-30rpm and torque at 0.15Nm resulted in 70-
75rpm. It has been observed that better dispersion was achieved with screw rpm at 50-55. Finally,
the processing temperature of 170°C was found to be the best condition as PLA has melting point

around 150°C but for the bulk being processed continuously, high temperature may have resulted
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in better thermal diffusion thus resulting in better mechanical properties. The optimized conditions
for peak load were found to be inside the selected design of experimentation. Further, the modulus

of toughness which is an important property was calculated by using equation 3 as given below

1
Modulus of toughness = > X stress X strain ... ... 3

It has been observed that maximum modulus of toughness was obtained for samples 3 and 16
whereas sample 6 also possesses comparable modulus of toughness and thus a suitable candidate
for applications in crash testing whereas sample 17 held a low modulus of toughness.

Table 5.1 Observations for mechanical properties of hybrid blend

Serial PL PE BL BE PS BS %PE | %BE | Shore D | Modulus
number | (N) | (mm) | (N) | (mm) | (MPa) | (MPa) hardness of
toughness
(MPa)
1 235 | 21 | 215 | 42 | 1169 | 9.76 312 | 592 61.5 0.41
2 353 | 3.01 | 335 | 292 | 1556 | 1352 | 415 | 3.95 62.5 0.39
3 38 4.4 36 47 | 1823 | 1642 | 499 | 685 64 0.77
4 264 | 215 | 245 | 423 | 1098 | 824 3.2 5.8 60 0.35
5 353 | 321 | 332 | 276 | 1556 | 1356 | 4.25 | 3.82 61.9 0.37
6 394 | 421 | 376 | 465 | 17.82 | 1582 | 524 | 7.01 65.2 0.74
7 328 | 29 | 299 | 28 | 1462 | 1256 | 418 | 3.62 62 0.35
8 384 | 43 | 362 | 474 | 1584 | 1381 5.4 7.23 66.4 0.65
9 279 | 204 | 255 | 412 | 11.23 | 9.23 3.4 5.85 59 0.38
10 39.2 | 437 | 368 | 4.68 | 17.68 | 157 5.6 7.26 65.8 0.73
11 235 | 212 | 209 | 406 | 121 | 1032 | 348 | 592 59.5 0.42
12 26.9 | 323 | 245 | 295 | 148 12.8 472 | 378 61.5 0.38
13 274 | 295 | 254 | 284 | 1435 | 1241 | 481 | 3.69 62.5 0.35
14 376 | 405 | 356 | 492 | 1748 | 1556 | 5.98 7.4 64.5 0.77
15 242 | 21 | 221 | 413 | 1156 | 9.11 362 | 591 58.5 0.38
16 385 | 395 | 362 | 486 | 1752 | 1562 | 576 | 7.58 65.5 0.76
17 34 [192 [2098 | 412 | 11.12 8.91 321 | 543 | 585 0.37
18 279 | 298 | 259 | 278 | 1458 | 1258 | 4.48 | 3.85 61.5 0.35

PL: peak load; PE: peak elongation; BL: break load; BE: break elongation; %PE: percentage
peak elongation; %BE: Percentages break elongation
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Table 5.2 SN ratios for mechanical properties for hybrid blend

Serial PL PE BL BE | PS(MPa) | BS (MPa) | %PE %BE | ShoreD
number (N) (mm) (N) (mm) Hardness
1 2742 | 6.44 | 26.65 | 12.46 21.36 19.79 9.88 15.45 35.78
2 30.96 | 9.57 | 30.50 9.31 23.84 22.62 12.36 | 11.93 35.92
3 31.60 | 12.87 | 31.13 | 13.44 25.22 2431 13.96 | 16.71 36.12
4 28.43 | 6.65 | 27.78 | 12.53 20.81 18.32 10.10 | 15.27 35.56
5 30.96 | 10.13 | 30.42 8.82 23.84 22.65 12.57 | 11.64 35.83
6 3191 | 1249 | 31.50 | 13.35 25.02 23.98 14.39 | 16.91 36.28
7 30.32 | 9.25 | 29.51 8.94 23.30 21.98 1242 | 11.17 35.85
8 31.69 | 12.67 | 31.17 | 13.52 24.00 22.80 1465 | 17.18 36.44
9 2891 | 6.19 | 28.13 | 12.30 21.01 19.30 10.63 | 15.34 35.42
10 31.87 | 12.81 | 31.32 | 13.40 24.95 23.92 1496 | 17.22 36.36
11 2742 | 6.53 | 26.40 | 12.17 21.66 20.27 10.83 | 15.45 35.49
12 28.60 | 10.18 | 27.78 9.40 23.41 22.14 13.48 | 11.55 35.78
13 28.76 | 9.40 | 28.10 9.07 23.14 21.88 13.64 | 11.34 35.92
14 31.50 | 12.15| 31.03 | 13.84 24.85 23.84 1553 | 17.38 36.19
15 27.68 | 6.44 | 26.89 | 12.32 21.26 19.19 11.17 | 15.43 35.34
16 31.71 | 11.93 | 31.17 | 13.73 24.87 23.87 1521 | 17.59 36.32
17 27.38 | 5.67 | 26.44 | 12.30 20.92 19.00 10.13 | 14.70 35.34

18 2891 | 9.48 | 28.27 8.88 23.28 21.99 13.03 | 11.71 35.78

PL: peak load; PE: peak elongation; BL: break load; BE: break elongation; %PE: percentage
peak elongation; %BE: Percentages break elongation

76



Main Effects Plot for SN ratios
Data Means

Load(Kg) Composition Torque(Nm) Screw temperature (°C)

32+

31 4

29+

Mean of SN ratios
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T T T T T T T T T T T
5 10 1 2 3 010 012 015 160 165 170
Signal-to-noise: Larger is better

Figure 5.1 SN ratio graph for peak load with Larger is better condition for hybrid blend based

matrix

Table 5.3 ANOVA table for SN ratio of Peak Load for the hybrid blend

Source DF | SeqSS | AdjSS |AdjMS| F P % contribution
Load 1 3.8859 3.8859 | 3.8859 | 9.86 | 0.011 7.3829
composition 2 0.1741 0.1741 | 0.0871 | 0.22 0.806 0.3307
Torque 2 0.4502 0.4502 | 0.2251 | 0.57 | 0.582 0.8553
Temperature 2 | 441811 | 44.1811 | 22.0906 | 56.03 | 0.000 83.9407
Residual Error | 10 | 3.9423 3.9423 | 0.3942
Total 17 | 52.6337

Note: Deg. of freedom is denoted by DF; Sum of the square is given by Seq SS; the adjacent sum
of the square is shown by Adj SS; Fishers value as F; Probability is denoted by P.

Table 5.4 Ranking of input parameters for hybrid blend

Level Load composition Torque Temperature
1 30.24 29.64 29.75 27.87
2 29.31 29.87 29.98 29.75
3 29.82 29.60 3171
Delta 0.93 0.23 0.38 3.84
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Rank 2 4 3 1

5.1.2 Optimization of Peak load for TSE

Further, based on Table 5.4 and 5.5, the peak load property was optimized for the prediction of
theoretical value based on ANOVA analysis. Optimized value was calculated using equation 4 and
predicted value for peak load was calculated using equation 5.

m = mean of SN values for peak load analysis = 29.78 (from Table 5.2)
m, = maximum value of peak load 30.24(from Table 5.4)
mp = maximum value for composition 29.87(from Table 5.4)
m¢e = maximum value for torque 29.98(from Table 5.4)
mp = maximum value for temperature 31.71 (from Table 5.4)
Nopt=m + (my—m)+ (mg—m)+ (mc—m)+ (mp—m)..... (4)

N opt = 29.78 + (30.24 — 29.78) + (29.87 —29.78) + (29.98 —29.78) + (31.71
—29.78)

N opt = 32.46 dB

N (opt)

Y2, =10 © .o (5)
(32.46)
ngt =10 10
Yopt = 41.97N

The predicted value for the peak load is 41.97 N. The actual observed value was near the predicted
value thus making the selected model significant. Similar observations were made for other
mechanical properties (Table 5.5).

Table 5.5 Optimized and predicted results for mechanical properties for the hybrid blend

Properties Diopt) (dB) Predicted (Y (opt) Observed values
Peak Load(N) 32.46 41.97 39.68

78



Peak Elongation (mm) 12.93 4.43 4.82
Break load(N) 32.12 40.36 38.95
Break Elongation (mm) 13.649 4.8133 4.34
Strength at peak (MPa) 25.12 18.03 17.25
Strength at break (MPa) 24.31 16.43 16.53
Percentage elongation at 1541 5.895 6.20
peak

Percentage elongation at 17.3 7.32 8.65
break

Shore D hardness 36.47 66.60 65.80

5.1.3 Combined optimization of mechanical properties

Further, based on Table 5.2, all output properties were analyzed collectively and overall parametric
results were obtained for the best and worst conditions of TSE. Combined optimization was
performed by maximizing SN values for different mechanical properties by using MiniTab 18
software package tool. Figure 5.2 shows the SN graph for combined optimization which suggested
that 10Kg of load, the composition of 1% level, the torque of 0.15Nm, and screw temperature of
3" level were the optimized conditions. It has been observed that experiment number 10 is the best
condition and experiment number 17 gives the poor conditions (Table 4.3) regarding the
mechanical properties. Tables 5.6 and 5.7 show the ANOVA table and the rank table based on the
combined SN ratios (for maximum the better type case). Further, it was noticed that load and
torque had insignificant contributions toward output properties whereas maximum (>98%)
contribution was observed from screw temperature (table 5.6). It may be concluded that screw

temperature was the only significant parameter among the selected input variables for TSE.
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Main Effects Plot for SN ratios

Data Means

Load

Composition

Torque

Temperature

Mean of SN ratios

5
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Figure 5.2 SN graph for combined values of mechanical properties for hybrid blend-based

matrix

Table 5.6 ANOVA for SN ratios for combined optimization for the hybrid blend

Percentage
Source DF Seq SS AdjSS | AdjMS F P |contribution
Load 1 0.0923 0.0923 0.0923 193 | 0.195 0.245
Composition 2 0.1006 0.1006 0.0503 1.05 | 0.384 0.267
Torque 2 0.0284 0.0284 0.0142 0.30 | 0.749 0.075
Temperature 2| 36.8998 | 36.8998 | 18.4499 | 386.27 | 0.000 98.14
Residual Error 10 0.4776 0.4776 0.0478
Total 17 37.5989

Table 5.7 Ranking of input parameters for combined optimization for hybrid blend

Level Load Composition Torque Temperature
1 23.59 23.70 23.60 22.25
2 23.61 23.66 23.57 23.17
3 23.45 23.64 25.39
Delta 0.02 0.24 0.06 3.13
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Rank 4 2 3 1

5.1.4 Surface properties characterization

From mechanical properties optimization viewpoint, it was observed that sample 10 was found the
best whereas sample 17 was the worst among all. To further give conclusive evidence for such
behavior, a surface characterization study has been performed by using a Shore D hardness tester,
metallurgical image analyzer, and tool maker’s microscope.

5.1.5 Shore D hardness

The prepared samples with experimental conditions of 10" and 17" samples were subjected to
shore D hardness testing and it has been observed that sample 10 had a hardness of 65.8 shore D,
whereas sample 17 had 58.5 shore D surface hardness. Figure 5.3 shows a comparison of Shore D
hardness for two samples which justifies that better processing conditions have resulted in better
surface hardness of prepared feedstock filaments whereas sample 6 had comparable surface
hardness as observed from Table 5.1. This may be since the screw temperature which was observed
as the most significant parameter for the current investigation was higher for experimental run 10
than that of 17. This resulted in better diffusion of particles and well-diffused particles were joined

better thus resulting in better mechanical properties.

Shore D hardness
B8

66

64

62

a0

58

Shore D) Har dness

56

54

M 5hore O hardness £5.8 58.5

Figure 5.3 Shore D hardness results for 10" and 17 samples as per Table 4.3
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5.1.6 Porosity analysis and surface roughness evaluation

The 18 different feedstock filaments were subjected to porosity analysis using metallurgical image
analyzer software (MIAS). Figure 5.4 shows the photomicrographs taken at x100 for all samples
which shows that higher porosity in a sample leads to low hardness and poor mechanical
properties. As indicated by the porosity results of sample 10 and sample 17, it clearly shows that
the high porosity of sample 17 resulted in poor mechanical properties as indicated by Table 5.1.
The percentage porosity of sample 10 is 7.18 whereas s the percentage porosity of sample 17 is
20.41. Figure 5.5 provides the comparative porosity data at the surface of all 18 samples which
indicates the porosity for each sample. It has been observed that porosity was different for each
sample due to different input processing conditions. For a better understanding of the relation
between mechanical and morphological properties, the cross-sections of fractured samples on
UTM were tested under the tool maker’s microscope on x30 magnification (Figure 5.6). It has
been observed that more voids were present for the sample with high porosity which resulted in
the poor mechanical performance of prepared samples. Samples 10 and 6 have fewer voids in
comparison to sample 17 which justifies their better suitability from the mechanical and
morphological viewpoint. Further, the porosity images for samples 10 and 17 were subjected to an
image processing software tool for measurement of R, value and it has been observed that the Ra
value for sample 10 was low in comparison to sample 17. This may be due to better dispersion of
reinforcement (as observed from 3D rendered image) in PLA matrix resulting in low Ra value and

better mechanical properties (Figure 5.7).

Sample 1 Smpl 2
Percentage porosity 9.73 Percentage porosity 10.03

Sample 3
Percentage porosity 11.29
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Sample 4 Sample 5 Sample 6
Percentage porosity 9.25 Percentage porosity 11.22 Percentage porosity 10.33

Sample 7 Sample 8 Sample 9
Percentage porosity 8.79 Percentage porosity 12.6 Percentage porosity 11.04

Sample 11 Sample 12
Percentage porosity 10.79 Percentage porosity 8.21

Sample 10
Percentage porosity 7.18

Sample 13 Sample 14 Sample 15
Percentage porosity 9.2 Percentage porosity 14.55 Percentage porosity 10.38

" Sample 16 Sample 17 Sample 18
Percentage porosity 14.22 Percentage porosity 20.41 Percentage porosity 14.43
Figure 5.4 Porosity results of 18 samples extruded via TSE using MIAS as per Table 4.3
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Sample 16 Sample 17 Sample 18
Figure 5.6 Microscopic view of wire surface as per Table 4.3
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Figure 5.7 Surface roughness for 10" and 17" experiment as per Table 4.3

5.1.7 DSC analysis

Thermal analysis for best and worst samples as per mechanical properties was performed using
DSC setup (Model: Mettler, Toledo) for 3 heating and 3 cooling cycles varying from room
temperature(25°C) to 200°C of a heating cycle, 200 °C to room temperature of the cooling cycle.
The evaluation was performed under controlled experimental conditions of continuous heating
(endothermic changes, 5°C/min) in the 25-200°C range through three consecutive cycles at

50ml/min of N2 gas supply.

The DSC trend has shown that experiment noumber10 has better thermal stability because from
2"d heating cycle the intake energy gets stabilized as it takes 4.34J/g (2" heating cycle) to 4.28J/g
(3" heating cycle) but sample 17 shows that the intake heat capacity reduces drastically from
12.85J/g (2™ heating cycle) to 1.08J/g (3™ heating cycle). Thus, it may be concluded that the
thermal stability of sample 17 in comparison to sample 10 is poor and that validates the poor
mechanical performance for sample 17.
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Figure 5.8 DSC analysis of experiment 10 (best) and experiment 17 (worst) as per Table 4.3

5.1.8 Vibration sample magnetometer (VSM) testing

Three compositions of PLA reinforced with PVC, wood dust, and FesOs were used for the
extrusion process (Table 4.1). To confirm that whether the sample holds any magnetic property so
that it can behave as 4D filament, VSM testing was performed (Make: Lakeshore 7404 VSM
machine). Table 5.8 shows the result of VSM which was analyzed for a further selection of the
best sample. Based upon Table 5.8 and Figure 5.9, it has been observed that magnetization was
highest for composition 1 (24.26 emu/gm) which was, therefore, the best candidate for selection
of the composite from a magnetic property viewpoint. In the present investigation, the mechanical
properties were also found better for composition 1. This may be because less quantity of wood
dust in the composite may have poor hindrance for magnetic properties in comparison to

compositions 2 and 3.
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Table 5.8 VSM results for different magnetic properties for a hybrid blend

S. No. Composition Magnetic properties
Magnetization ‘m’ Coercivity ‘H’ Retentivity/
emu/g oersted (emu/g) | Remanence ‘M,
Gauss
1 Compositionl 24.26 72.36 8.88x10
2 Composition2 19.52 74.97 1.12x10°%2
3 Composition3 14.48 76.88 7.93x10%

Moment/mass(emu/gm)

Hysteresis loop (VSM)

30 -

20 -

10 -

-15000 -10000 -5000

U

30 -

5000 10000 15000

Field(G)

e COMpPOSition1

= composition 2

composition3

Figure 5.9 Hysteresis loop for VSM tested samples as per Table 4.1

5.1.9 Parametric optimization for magnetic properties of hybrid feedstock filament

Table 5.9 provides results of magnetic properties which were obtained from VSM testing (as per

DOE given in Table 4.3). Magnetization, coercivity, and retentivity were important properties for

any magnetic sample. Therefore, only these properties were used for the optimization of twin-

screw extrusion conditions. Figure 5.10 shows the hysteresis loop for the best and the worst

sample, which is sample 2 and 8, respectively (Table 5.9). This clearly shows that the samples

obtained by extrusion behave as magnetic material but low retentivity values were obtained which

clearly showed that the samples were super-paramagnetic. As observed from Figure 5.10, sample

2 possesses the maximum value of magnetization (0.2283emu) and sample 8 the least
(0.1524emu). All the samples which were tested for VSM had 0.00785gm of weight so for standard

units for the moment (emu/g); magnetization can be divided with a unit weight of the sample. On




performing calculation of moment (emu/g), it was observed that the maximum value of moment
was obtained for sample 2 which is 28.66emu/g and the lowest magnetization was for sample 8
which was 19.40emu/gm. It has been observed that there was a 31.35% decrease in magnetization
for the 8™ extrusion condition.

From Table 5.9, it may be interpreted that 20-weight percent loading of magnetite powder has
given maximum magnetization and 17.5 weight percentage magnetite powder reinforcement has
given least magnetic property. It has been seen that loading of 25 weight percentage was ineffective
in comparison to loading of 20 weight percent. This may be attributed to the reason that the
composition 1 (PLA 50%, PVC 25 weight percentage, Fes0420 weight percentage, and wood
powder 5 weight percentage) was reinforced with the least amount of wood powder which affects
the distribution of composite matrix whereas in composition 2 in which Fe3O4 (25 weight
percentage) was greater than composition 1 but the reinforcement of wood powder in composition
2 was 7.5 weight percentage than composition 1 (5 weight percentage). Therefore, it has shown a
low magnetization value. Table 10 shows the SN table for all the magnetic properties.

Table 5.9 Magnetic properties value table for hybrid blend

Serial | Magnetization (emu) | Coercivity (Oersted (emu/g)) | Retentivity (Mr)(Gauss)
number
1 0.1837 72.3690 8.88E-03
2 0.2283 75.2536 1.72E-02
3 0.1712 73.1253 8.52E-03
4 0.1925 72.2451 8.46E-03
5 0.2156 76.1253 1.12E-02
6 0.1763 74.3168 8.60E-03
7 0.1847 75.7864 1.23E-02
8 0.1524 73.6953 7.93E-03
9 0.1678 71.9986 9.15E-03
10 0.1625 73.5641 8.20E-03
11 0.1856 72.1542 9.23E-03
12 0.2008 76.1049 2.11E-02
13 0.1925 75.6894 1.67E-02
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14 0.1754 73.5641 6.99E-03
15 0.1824 71.9653 7.95E-03
16 0.1584 73.9865 6.85E-03
17 0.1697 71.9748 7.56E-03
18 0.1756 75.2563 1.45E-02
Table 5.10 SN ratio table for magnetic properties for hybrid blend
Serial | Magnetization (emu) | Coercivity (Oersted (emu/g)) | Retentivity (Mr)(Gauss)
number

1 -14.718 37.19 -41.032
2 -12.83 37.53 -35.289
3 -15.33 37.28 -41.391
4 -14.311 37.18 -41.453
5 -13.327 37.63 -39.016
6 -15.075 37.42 -41.31

7 -14.671 37.59 -38.202
8 -16.34 37.35 -42.015
9 -15.504 37.15 -40.772
10 -15.783 37.33 -41.724
11 -14.628 37.17 -40.696
12 -13.945 37.63 -33.514
13 -14.311 37.58 -35.546
14 -15.119 37.33 -43.11

15 -14.78 37.14 -41.993
16 -16.005 37.38 -43.286
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17 -15.406 37.14 -42.43

18 -15.11 37.53 -36.773
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Figure 5.10 Hysteresis loop for experiment 2 and 8 as per Table 4.3
Based on Tables 5.9 and 5.10, all the properties were optimized using Minitab 18.1 software
package. Basic ANOVA was used for optimization. Table 5.11 provides the analysis of variance
for SN ratios for magnetization property and it clearly shows that the p-value for composition and
screw temperature is less than 0.05 which means these parameters are significant for extrusion
from a magnetic property viewpoint. It has been also found that screw temperature contributes
maximum towards the magnetization property which is 55.39% and composition also contributes
significantly with 29.35%. Table 5.12 shows the response table which is useful in finding the rank
of the input parameters for the output. From this rank Table 5.12, it was observed that screw
temperature which gives maximum contribution towards extrusion is given the first rank. Figure
5.11 shows the main effect plot for magnetization which indicates that for magnetization screw
temperature of 165°C, the torque of 0.12Nm, 2" composition, and the load of 5Kg play an
important role for larger is the better case. Figure 5.12 shows the matrix plot of all the input
parameters with the output results. It can be seen from Figure 5.12 when the load is 5Kg,

magnetization was higher. Composition 1 has provided maximum magnetization of 0.2283 as can
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be seen from Table 5.9 that screw temperature of 165°C gives maximum magnetization value.
Figure 5.13 shows the residual plots for the SN ratio which show that our output results are
independent as they do not follow any trend in the residual vs. order graph. Similarly, in the normal
probability plot, the values are very near the line thus our data follows normal properties. Similarly,
the residual vs. fit graph clearly shows that most of the values are near the centerline. Only some
values distract from the center which shows that our data is homogeneous and very less scattered.
Table 5.11 ANOVA for SN ratios for magnetization for hybrid blend

percentage
Source DF | Seq SS | Adj SS Adj MS F P contribution
Load 1 [0.4943 |0.4943 0.4943 4.63 |0.057 3.67
Composition 2 139604 |3.9604 1.9802 18.54 | 0.000 [29.35
Torque 2 |0.4970 |0.4970 0.2485 2.33 |0.148 |3.68
Screw 2 | 7.4752 |7.4752 3.7376 35.00 | 0.000 55.39
Temperature
Residual Error 10 |1.0680 | 1.0680 0.1068
Total 17 | 13.4949

DF: degree of freedom, Seq SS: sum of squares, Adj SS: adjusted sum of square, F: fisher value,

P: probability

Table 5.12 Response Table for Signal to Noise Ratio for magnetization

Level Load Composition Torque Screw Temperature
1 -14.68 -14.54 -14.97 -14.89

2 -15.01 -14.49 -14.61 -14.03

3 -15.51 -14.96 -15.61

Delta 0.33 1.02 0.36 1.58

Rank 4 2 3 1
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Main Effects Plot for SN ratios
Data Means
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Figure 5.11 Main effect plot of magnetization for SN ratio

Matrix Plot of Magnetizatio vs Load, Composition, Torque, Screw Temper
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Figure 5.12 Matrix plots of all the input parameters with magnetization
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Residual Plots for SN ratios
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Figure 5.13 Residual plot for magnetization

Optimized and predicted values of the best twin-screw extrusion setting were calculated using
equations4 and 5, respectively.

m = mean of SN values for peak load analysis = —14.84 (from Table 5.10)
m, = max value of peakload — 14.68(from Table 5.12)
mp = max value for composition — 14.49(from Table 5.12)
m¢ = max value for torque — 14.61(from Table 5.12)
mp = max value for temperature — 14.03 (from Table 5.12)
Nopt=m + (my —m) + (mg—m) + (mc—m) + (mp —m)

Nopt=—14.84 + (—14.68 — (—14.84)) + (—14.49 — (—14.84)) + (—14.61 — (—14.84))
+ (—14.03 — (—14.84))

N opt = —13.29
N (opt)
ngt =10 10
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(—13.29)

ngt =10 10

Yopt = 0.2165 emu

The optimized result for the magnetization property was observed to be 0.2165emu. On running
the optimized condition for the load: 5Kg, torque: 0.12Nm, temperature:165°C and composition
2, which was the 5" running condition in Taguchi orthogonal assay (see Table 4.3), the
magnetization value was observed to be 0.2156 which was equal to the predicted result. In the
same manner, the other two properties were optimized, the optimized and actual results are shown
in Table 5.13. Figure 5.14 shows the optimized condition for the coercivity from which we get to
know that load of 5Kg, composition 2, torque: 0.10Nm and screw temperature of 165°C provides
the optimized results but this condition was outside the L18 array so we again extruded a sample
for this optimized condition and actual value also came very near the predicted value. Figure 5.15
shows the main effect plot for the retentivity of samples which shows that load of 10Kg, 1%

composition, 0.15Nm of torque, and 165°C of screw temperature gives optimized result.

Main Effects Plot for SN ratios
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Figure 5.14 Main effect plot for coercivity
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Main Effects Plot for SN ratios
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Figure 5.15 Main effect plot for Retentivity
Table 5.13 optimized and actual results for the optimized condition for magnetic properties of

hybrid blend

Attributes Dopt) (dB) Y (opt) Actual values at predicted set up Y opt)
Magnetization (emu) -13.29 0.2165 0.2156
Coercivity (Oersted (OE)) 37.62 76.0043 75.7895
Retentivity (Gauss(G)) -34.59 1.86E-02 1.14E-02

5.1.10 Interaction of input parameters with output for magnetic properties

To know the effect of input parameters on the output properties, regression analysis has been done
and contour plots have been plotted to explain the actual interactions of the different input
parameters with the output. As screw temperature and composition are giving maximum
contribution and have been ranked as 1% and 2" for each property, therefore, for contour plotting,
the composition has been taken on the y-axis and screw temperature has been taken on the x-axis,
and output properties have been shown with different color coding in the plot as can be seen from

Figure 5.16, 5.17 and 5.18 for magnetization, coercivity, and retentivity, respectively. Torque and
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load play the least role in extrusion conditions; therefore, these were fixed with 0.123Nm and
7.5Kg of load which is average values of the torque and load for every set of conditions for
extrusion. Equation 6, 7 and 8 give the regression interaction equation for magnetization,
coercivity, and retentivity, respectively which were used for making contour plots in MiniTab 18.1
software package in which 4 levels of interaction is selected as we have 4 input parameters.

Equation 6, 7, and 8 show the regression equations for magnetization, coercivity, and retentivity
(L = Load, T = Torque, C = Composition and ST = Screw temperature)

Magnetization
=—2759 + 2965L + 11.18C — 83.8T + 0.2029ST — 1.120L xC
+ 697 L XT— 0.02147 L X ST + 15.33C XT — 0.0792C x ST
+ 0.227T X ST — 1.552L XC XT+ 0.00794 L X C X ST
— 0.0138L XT XS ........(6)

Coercivity = —1572 + 182L + 537C — 1733 T + 11.64ST — 53.6LXxC — 8L X T
— 1276 LXST + 719CXT — 3.78CXST — 3.1 TXST — 732LXCXT
+ 0379LXCXST + 1.44LXTXST........(7)

Retentivity = —3.88 + 0.457 L+ 0.98C + 4.1 T + 0.0268 ST — 0.096 L x C
— 1.04L X T—0.00311L X ST 4+ 1.38CXx T — 0.0070 C X ST
— 0.051TXST — 0.144LXCXT + 0.00069L x C x ST
+ 0.0091LXTXST........(8)

As observed from Figure 5.16, the contour loop for magnetization shows that when torque at
0.123Nm and load at 7.5Kg is fixed then magnetization decreases with an increase in temperature,
and also low magnetization value is obtained for composition 3 in which 17.5% of magnetite
powder is mixed with PLA composite matrix. When the temperature is low, about 160°C,
maximum magnetization value is obtained for composition 1 in which 20 weight percentage of
magnetite powder is mixed whereas composition 2 in which maximum amount of magnetite
powder 25 weight percentage is mixed gives intermediate results for magnetization. This may be
because, in composition 2, PLA is 52.5 weight percentage and wood dust are 7.5 weight percentage
which is higher than composition 1 in which PLA 50 weight percentage and wood dust 5 weight
percentage are mixed. Therefore, it may be due to the reason that while preparing the mixture of

different compositions, with a large amount of wood dust present inside the matrix, reduced the
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magnetization as one can see from trends. In sample 1 only 5 weight percentage wood dust is
mixed thus having the highest magnetization and as the composition of wood dust increases from
5 to 7.5 weight percentage in sample 2, magnetization decreases. Similarly, when wood dust is 10
weight percentage in the composite matrix, the magnetization value was the least. But with
increased screw temperature, magnetization decreased. Similarly, from Figure 5.17, the contour
graph for coercivity (when torque at 0.123Nm and load at 7.5Kg is fixed) gives that the coercivity
is low (<65emu/g) when the temperature is low and as the temperature increases coercivity also
increases (>80emu/g). For the 3" composition in which magnetite powder (17.5 wt.%) is mixed
in the composite matrix, the value of coercivity was found to be low whereas for composition 1 in
which 20 weight percentage magnetite powder is mixed holds maximum coercivity and follows
the same trend as followed by magnetization. It has been clear from Figure 5.18 (contour graph
for retentivity (when torque at 0.123Nm and load at 7.5Kg is fixed) that the retentivity is low
(<0.00) when the temperature is low and as the temperature increases retentivity also increases
(>0.03). Similarly, for the 3" composition in which magnetite powder (17.5 wt.%) is mixed in the
composite matrix, the value of retentivity was found to be low whereas for composition 1 in which
20 weight percentage magnetite powder is mixed, holds maximum retentivity and follows the same

trend as followed by magnetization and coercivity as seen in Figure 5.16 and 5.17.
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contour graph for magnetization with Screw temperature and composition
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Figure 5.16 Contour plot for magnetization

contour graph for Coercivity using screw temperature and composition
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Figure 5.17 Contour plot for coercivity
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contour plot for Retentivity using screw temperature and composition
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Figure 5.18 Contour plot for retentivity

5.1.11 Correlation of morphological properties and hardness with magnetic properties

From Table 5.9 one can see that magnetization for sample 2 is maximum (0.2283 emu) and sample
8 has the minimum magnetization value (0.1524 emu). For these samples, porosity results are as
shown in Figure 5.19 which were obtained through MIAS using x100 magnification. Sample 2
had low porosity of 10.03% in comparison to sample 8 which is having a porosity value equal to
12.6%. Figure 5.20 shows the histogram for magnetization and Figure 5.21 shows the graph for
shore D hardness. Figure 5.22 shows the porosity graph for all the samples in which it is clear that
porosity values are independent of the magnetic properties as there is no co-relation observed
between magnetic properties and porosity. Similar is the case with shore D hardness. Thus, it is
ascertained that porosity values and shore D hardness contributes towards the mechanical
properties but not significantly for magnetic properties. This may be attributed to the fact that
magnetite powder in the composite may not be present in large amounts on the surface but deep
into the matrix of the composite thus leading to a contradiction in results of surface properties with
that of magnetic properties. In general, wherever magnetite powder is more there should be more
hardness but in the present case sample 8 had maximum hardness (>66 Shore D) but magnetization

(>0.15 emu) was not the maximum that meant this behavior was due to intermixing of magnetite
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particles in the inner matrix of the composite. Magnetite particles were present in less percentage
on the surface and have moved into the inner matrix thus leading to contradictory results. Thus, to
correlate magnetic and mechanical properties, multi-material printing may be one of the solutions
in which different layers of different materials can be printed in a single object thus leading to

required results.

(a) Porosity 10.03% (b) Porosity 12.6%
Figure 5.19 Porosity results for (a): Sample 2 and (b) Sample 8 as per Table 4.3
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Figure 5.20 Graph for magnetization as per Table 4.3
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Figure 5.21 Graph for Shore D hardness as per Table 4.3
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Figure 5.22 Graph for Porosity as per Table 4.3

5.1.12 SEM results

As observed from Table 5.9, sample 2 has shown maximum magnetization of 28.66 emu/gm or
0.2281emu and sample 8 has shown minimum magnetization of 19.40emu/gm or 0.1524emu.
Therefore, these two samples have been taken as the best and the worst samples, respectively, and
were tested for SEM which clarifies the contradictory behavior of magnetic properties with that of
mechanical property such as Shore D hardness and porosity. Figure 5.23 shows the SEM images
of (a) sample number 2 and (b) 8 of feedstock filament samples. It was observed that the magnetite
particles were not present on the surface of samples and rather they get mixed into the inner matrix
of the composite due to which on the surface, magnetite particles do not contribute towards
hardness. Further, from the comparative analysis, it is clear that the surface texture of sample 8 is

non-uniform, therefore, has high porosity as compared to sample 2.
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Figure 5.23 SEM image of (a) 2" filament and (b) 8th filament as per Table 4.3
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5.1.13 EDS Analysis

EDS of samples 2 and 8 has been performed to know the elements present on the surface of the
filaments. Figure 5.24 shows the EDS images of (a) 2" sample and (b) 8™ sample, with their
spectrum graph which shows the elements present on the composite surface. As one can observe
from spectrum 4 of EDS (for full selection of image) for 2" sample (see Figure 5.25), the Fe
element was just 1.15% (maximum of the four spectrums selected) of the composition of the total
elements on the surface of selection. It clearly shows that magnetite particles are mixed thoroughly
and have moved deep inside of the matrix due to which magnetic properties are not in correlation
with mechanical properties. Thus, to have the impact of magnetite particles on the surface, multi-
material printing may be a better option. Moreover, carbon element is present in a huge percentage
on the surface (>55%) which contributes towards the mechanical properties of the composite.
Similarly, from the spectrum EDS image of the 8" sample (see Figure 5.26), it has been observed
that Fe content on the surface is 1.59% (maximum of the four spectrums selected) of the total
elements present on the surface which is higher than the Fe content in case of filament 2. It,
therefore, has a more heterogeneous surface texture as can be seen in Figure 5.23. It, therefore, has
surface hardness. The presence of more Fe content and oxygen element on the surface leads to
more porosity (12.60%) as shown in Fig.10 (d) in the porosity graph.

y

Spectrum 4

P
300um t Electron Image 1 f 300um ! Electron Image 1

(a) (b)
Figure 5.24 EDS spectrum image for (a) 2" filament and (b) 8" filament sample as per Table 4.3
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1

Spectrum 4

4 7 5 9 10 11 12 13
Full Scale 1307 cts Cursor: 0.000 ke
Spectrum C @) Cl Fe Total
Spectrum 1 55.68 31.10 12.07 1.15 100.00
Spectrum 2 68.86 24.50 6.44 0.19 100.00
Spectrum 3 56.85 32.80 9.47 0.88 100.00
Spectrum 4 58.92 30.12 9.97 0.99 100.00

Figure 5.25 EDS spectrum and element composition present on surface for 2" filament

1

4 = v = 10 11 12 13
Full Scale 1307 cts Cursaor: 0.000 ket
Spectrum In stats. C @) Cl Fe Total
Spectrum 1 Yes 57.13 32.60 8.68 1.59 100.00
Spectrum 2 Yes 57.02 37.78 3.99 1.21 100.00
Spectrum 3 Yes 62.57 30.48 6.08 0.87 100.00
Spectrum 4 Yes 59.95 31.88 7.16 1.01 100.00

Figure 5.26 EDS spectrum and element composition present on surface for 8" filament as per

Table 4.3
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5.1.14 Process capability analysis for feedstock filament of hybrid composition for

magnetization, surface hardness, and percent porosity

Ten samples of sufficient length were prepared of the optimum diameter of feedstock filament.
Similarly, feedstock filament of the hybrid blend (PLA-50 weight percentage, polyvinyl chloride
(PVC)-25 weight percentage, wood powder-5 weight percentage, and Fe304-20 weight
percentage) was prepared using optimized TSE standard conditions. All the filaments were
subjected to VSM testing, surface characteristic testing such as for surface hardness and surface
porosity, and process capability analysis was performed. Table 5.14 shows the values of
magnetization, coercivity, and retentivity for the 10 samples of each blend. The surface
characteristics for the single-particle reinforced matrix and hybrid matrix-based feedstock filament
of PLA are given in Table 5.15. The results for magnetization, coercivity, surface hardness, and
surface porosity were further subjected to statistical tools for the calculation of process capability
for the TSE machine. To check whether the process is in statistical control or not statistical tool
was used to evaluate the Cp and Cpk values and to calculate those values equations (7) and (8) were
used. The Cpsignifies that the process is capable of producing products with required specifications
whereas Cpk signifies that the process is well capable as the process can adhere to the target

specifications.

c o= (USL — LSL)
p - 60 mEs sEs sEs EEE wEE wEE oww
. [w—LSL USL —p
Cpr = min 30 35 | (8)

*Where USL is the Upper specification limit and LSL: lower specification limit.

(7

Table 5.14 Magnetic properties of hybrid and single-particle reinforced blend

Serial Single-particle reinforced matrix of Hybrid matrix of PLA
number PLA
Magnetization Coercivity Magnetization Coercivity (Oersted
(emu/q) (Oersted (emu/qg)) (emu/q) (emu/qg))
1 28.91 84.61 28.62 74.54
2 28.60 84.52 28.52 75.01
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3 28.41 84.74 28.36 74.62
4 28.95 83.95 28.91 75.12
5 27.89 83.86 27.94 74.98
6 27.97 84.35 27.99 75.21
7 28.23 84.51 28.46 74.65
8 27.89 83.98 27.98 74.80
9 28.74 84.94 28.67 75.16
10 27.96 83.97 27.93 74.92

Table 5.15 Surface characteristics for hybrid and single-particle reinforced matrix of PLA.

Serial | Single-particle reinforced matrix of PLA | Hybrid matrix of PLA
number
Surface Percentage porosity | Surface hardness | Percentage porosity
hardness (Shore (%age) (Shore D) (%)
D)
1 61.5 5.14 66 7.18
2 59.5 5.41 65 7.14
3 60 5.12 66.5 6.95
4 59.5 5.45 66.5 6.88
5 60.5 5.62 65.5 6.93
6 60 5.11 66 7.14
7 59 5.65 65.5 7.20
8 60.5 4.99 66 7.24
9 59.5 5.54 66.5 6.98
10 60.5 5.32 66 7.04
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Table 5.16 shows the USL and LSL values for various properties taken for the capability analysis.
From the capability analysis for the feedstock filament made from a hybrid blend of PLA matrix,
it was observed that the values were falling in limits between the USL and LSL. From the normality
test, it was observed that the data followed the normal distribution and thus may be a suitable
candidate for statistical control evaluation as observed from Figure 5.27 (a). Figure 5.27 (b)
(Histogram) showed that all the values observed for the different samples for magnetization were
in specified limits thus making the process standard and reliable. The value for Cp (1.21) and Cpk
(1.08) was greater than 1. Similar studies have been performed on the other observed properties
and it was observed that C, and Cpk for each property were greater than 1 which suggested that the
optimized conditions of TSE were statistically significant and reliable for the mass/batch
production. Table 5.17 shows the observed values of C, and Cpk for the different properties.

Table 5.16 USL and LSL values for magnetic and Surface properties.

Serial | Single-particle reinforced matrix of PLA Hybrid matrix of PLA
number
Magnetization | Surface Percentage | Magnetization | Surface Percentage
(emu/g) hardness porosity (emu/g) hardness | porosity
(Shore D) | (%age) (Shore D) | (%age)
USL 30 64 7 30 70 8
LSL 27 56 4 27 64 5)
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Figure 5.27 (a) Normality test graph and (b) histogram for a control chart.

Table 5.17 Values of o, Cp and Cpk for magnetic and surface properties for the hybrid composite
matrix of PLA

Serial Single-particle reinforced matrix of PLA Hybrid matrix of PLA

number
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Magnetization Surface Percentage Magnetization Surface Percentage
hardness porosity hardness porosity
c 0.4344 0.8865 0.3487 0.4147 0.5910 0.0965
Co 1.15 15 1.43 1.21 1.69 3.45
Cpk 1.04 1.49 1.28 1.08 1.1 3.22

5.2 Results and discussion for stage 2

5.2.1 Rheological properties testing

Melt flow index (MFI) or MFR has been tested for different compositions of reinforcement or
virgin polymers. Maintaining standard conditions of testing (190°C temperature, 2.16Kg of Load),
five trials were performed for each composite ratio. Table 5.18 shows the MFI results of PVC
reinforced PLA and virgin polymers of PLA and PVC. It has been observed (Table 5.18) that as
the reinforcement level of PVC increases, the MFI of the composite also increases. This means
that the MFI of the composite has a direct relationship with the level of loading of PVC in the PLA
matrix. This may be attributed to the fact that in the virgin polymer of PLA, there are strong
intramolecular bonds but when PVC molecules are loaded into the matrix of PLA, the inter-
molecular bonds are not that much strong and thus the MFR is increased as it became easy to melt
the composite than the virgin polymer PLA. The second reason for the enhancement of MFR may
be due to an increase in the length of the fiber as it is a fact that higher length leads to low strength
and ultimately leading to high MFR. For 25% reinforcement of P\VC in PLA, 51.82% improvement
of melt flow rate has been observed. Reduction in bond strength of the composite could also be
validated from UTM testing and microstructural analysis of the composite which has been done
after preparation of polymer filament. Similar trends have been seen for FezOa reinforced polymer
matrix of PLA as shown in Table 5.19. The increased MFI of FezO4 based composite may be
attributed to the heat-absorbing capacity of the reinforced material. As Fe3O4 absorbed heat from
the system of the MFI chamber, the polymer matrix got melted easily and thus MFI got enhanced.
Table 5.19 also shows the MFI for the multi blend (PLA 50 wt.%, PVC 25 wt.%, Magnetite 20
weight percentage, and wood powder 5 weight percentage). The MFI range of multi blend was
found near to 25% PVC reinforced PLA and 20% magnetite reinforced PLA which indicated that
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though the presence of wood powder reduces the MFI FezO4 content dominated in the composite
which improved the heat-absorbing capacity thus higher MFI was obtained for the multi blend.
Table 5.18 MFI (g/10min) results for different compositions/proportions of PLA and PLA/PVC

matrix

Serial PLA PVvC PLA with PLA with 15% PLA with 20% PLA with 25%

number 10% PVC PVvC PVvC PVC
1 28.79 | 25.76 33.51 36.78 38.18 41.43

2 27.26 | 24.92 34.62 35.55 39.54 42.96

3 28.83 | 24.76 33.43 36.13 39.43 42.58

4 26.94 | 2541 32.96 34.93 38.98 43.24

5 28.23 | 24.72 34.08 35.62 40.03 42.42
Avg. 28.01 | 25.114 33.72 35.81 39.23 42.53

Table 5.19 MFI results of PLA with FesO4 powder reinforcement

Serial PLA with 10% Fe304 PLA with 15% Fe30s | PLA with 20% Fez04 Multi-Blend

number

1 34.08 38.53 40.72 41.42

2 33.52 37.76 41.56 42.55

3 34.56 38.72 40.98 42.16

4 33.96 37.93 41.21 43.25

5 34.21 39.21 41.33 42.46

Avg. 34.07 38.43 41.16 42.37

When the wood powder has been reinforced into the PLA matrix, a decreasing trend has been
obtained for the MFI as shown in Table 5.20. It may be due to the entrapment of wood particles
in the PLA matrix. Wood powder being an insulator, when reinforced in polymer resists the heat
flow in the MFI machine chamber and thus lowers the MFI of PLA. Moreover, the large presence
of wood powder in the PLA matrix hinders the proper mixing of wood powder with PLA as they
get self-aggregated when present in large amounts/volume. Therefore, only up to 10% loading of
wood powder in PLA matrix has been done. A maximum reduction of 26.54% of MFI has been
obtained for 10% wood powder reinforced PLA.

Table 5.20 MFI results of PLA with wood powder reinforcement

Serial PLA with 2.5% wood PLA with 5% wood PLA with 10% wood
number
1 26.13 22.14 18.87
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2 25.42 23.54 17.98
3 25.68 22.67 18.53
4 24.97 23.01 19.56
5 25.31 22.68 18.72
Avg. 25.50 22.81 18.73

5.2.2 Universal Tensile Testing (UTM)

The composites were then extruded using 170°C screw temperature, 45rpm of screw rotation, and
5kg of loading condition. The filaments obtained were of 1.65mm-1.75mm diameter which was
compatible with the requirement of the 3D printing machine. These filaments were then tested on
the UTM machine (UTM, Make: Shanta Engineering, Pune, INDIA) for investigation of
mechanical properties such as peak load, peak elongation, break load, break elongation, strength

at peak, strength at break, %age elongation at peak, %age elongation at break, etc.

From the tensile testing, it has been noticed that when PLA was reinforced with PVC from 10
weight percent to 25 weight percentage mechanical properties of PLA were disturbed as peak
elongation and break elongation and have reduced by 47.61% and 50%, respectively. This means
the addition of PVC into the PLA matrix has decreased the strength of the molecular bonding
which resulted in reduced peak and break strength and other mechanical properties as shown in
Table 5.21. But this reduced strength of the composite may not be significant depending on the
application in multi-material printing for different multi-layer components produced by 3D
printing based on the position of the layer deposited (any intermediate layer).

Similar results have been obtained for wood powder reinforcement in the PLA base matrix. MFI
in the case of wood powder reinforced polymer has been reduced due to the heat resistive nature
of the wood powder. Mechanical properties were also reduced. This may be attributed to the fact
that wood powder being heated resistive, absorbs only a little heat from the system due to which

its bonding with the polymer was very weak resulting in low mechanical strength.

In the case of FesO4 reinforcement, the mechanical properties of PLA have reduced for peak load,
break load, strength at peak and break but break elongation, percentage elongation improved while
peak elongation remained the same. This may be attributed to the reason that the magnetite
particles were throughout and evenly present in the composite structure resulting in strong

intermolecular bondage. But the heat content of magnetite was capable of melting the polymer
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with much ease which resulted in high MFI as explained in the MFI result section. The Fe3O4
particles have provided crack resistance because of having high heat capacity at the time of
extrusion. They provide good heat to the polymers in their vicinity thus forming a better bond. At
the time of the break, crack propagation was less due to which break elongation and percentage
break elongation of the specimen were found improved.

Table 5.21 UTM results of PLA based polymer composite

C PL PE BL BE SP SB % | % E Stress | Str-
(N) (mm) (N) (mm) | (MPa) | (MPa) | EP | EB | (MPa) | (MPa) | ain

Pure PVC 61.7 260.3 | 55.53 | 271.89 | 25.66 | 23.1 | 289 | 302 | 6.61 25.66 | 3.88

PurePLA | 1417 399 | 12753 | 418 | 4513 | 4061 | 7 7 | 755.77 | 45.13 | 0.06

10% PVC | 103.9 247 | 9351 | 247 | 33.09 | 29.78 | 4 4 | 937.77 | 33.09 | 0.04

15% PVC 53.9 361 | 4851 | 361 | 17.17 | 1545 | 5 | 5 | 33294 | 17.17 | 0.05

20% PVC 416 247 | 3744 | 418 | 1325 | 11.92 | 4 | 7 | 221.89 | 13.25 | 0.06

25% PVC 36.2 209 | 3258 | 209 | 1153 | 1038 | 3 | 3 | 386.17 | 11.53 | 0.03

10% FesOs | 916 3.8 82.44 | 532 | 2917 | 2625 | 5 | 7 | 383.82 | 29.17 | 0.08

15% FesOs | 1064 | 361 | 9576 | 684 | 3380 | 305 | 5 | 9 | 346.83 | 33.89 | 0.10

20% Fes04 | 107.8 399 | 97.02 | 12.16 | 3433 | 30.9 5 | 15 | 197.62 | 34.33 | 0.17

2.5%
130.9 266 | 11781 | 2.85 41.69 | 37.52 3 4 10239 41.69 | 0.04

Wood 6

5% Wood | 1157 323 | 10413 | 342 | 3685 | 3316 | 4 | 4 | 75424 | 36.85 | 0.05

10% Wood | 735 342 | 66.15 | 361 | 2341 | 2107 | 4 | 5 | 45393 | 23.41 | 0.05

Multi blend

. 38 4.4 36 4.7 18.23 16.42 5 7 271.51 18.23 | 007
Composite ' '

C: Composite; PL: peak Elongation; BL: Break Elongation; EP: Elongation at peak; EB
Elongation at the break; SP: Strength at peak; SB: strength at break, % EP: percentage elongation

at peak; %EB: percentage elongation at break; E: Young's Modulus
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Figure 5.28 provides the stress vs. strain diagram which has given a clear idea of fracture for the
polymer composite. From this diagram, it has been found that when the polymer of PLA was
reinforced with any of the external reinforcement, the mechanical properties were harmed.
However, FesO4 reinforcement in PLA has improved its strain capacity due to which its break
elongation approached 12.16 mm in case of 20 weight percent loading of FesO4 and strain was
found to be 0.152 whereas strain capacity for virgin PLA was 0.05225. Similarly, for the 15%
reinforcement of magnetite, the strain was found greater than the virgin PLA strain level. But for
all the other reinforcements, the strain was less than that of the virgin PLA polymer. The stress
was maximum for the PLA (45.13MPa) and was found lowest for the 25% PVC reinforced
composite (11.53 MPa). Similarly, the lowest strain was found for 25 weight percentage
reinforcement of PVC in PLA polymer which was 0.0261, and highest for 20% magnetite
reinforced PLA polymer composite.

From the stress-strain curve, it has been observed that virgin PLA had maximum strength of 45.13
MPa but the strain range for the same material was low (<0.07). It has been seen that as the
reinforcement of PVC or magnetite is done the brittle nature gets converted to ductile nature as
suggested by the curves. This may be due to the reason that PLA being a flexible material when
get reinforced into brittle material, improves the ductility of the composite and as the PVC content
in composite increased the ductility was improved. Similar trends have been observed for the
reinforcement of FezO4. This may be attributed to the fact that as the FesO4 loading in PLA
increases the MFI also increases which means the flowability of material got better which
improves the ductility of the material. Moreover, the heat-absorbing capacity of FezOs powder
may also be a reason for better mechanical properties. It would have absorbed heat from the system
while extrusion and got properly mixed in the matrix of PLA which resulted in better properties.
But with wood powder loading, the brittleness of PLA composite increased due to which the stress-
strain graph shows the brittle failure of the composite matrix lower than the stress-strain graph for
virgin PLA matrix. Table 5.22 gives the details of energy absorbed during the UTM testing. From
Table 5.22, it has been observed that FesO4 powder reinforcement made the composite ductile and
the composite energy absorbing capacity got increased nearly up to 116% as compared to the virgin

PLA matrix. The least energy absorbance has been observed for 20% PVC reinforcement.
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Table 5.22 Energy absorbed under deformation by various tested composite filaments

Materials / Composite Modulus of toughness or energy absorbed (0.5%
Stressx Strain)
Virgin PLA 1.3539
10% PVC 0.6618
15% PVC 0.42925
20% PVC 0.3975
10% Fe304 1.1668
15% Fe304 1.6945
20 % Fe304 2.91805
2.5% Wood 0.8338
5% Wood 0.92125
10% Wood 0.58525
Multi blend composite 0.63805
60.0
21.5%0 Wood

48.0 / Virgin PLA
506 Wood
- 10%% Magnetite 20%% Magnetite

36.0
24.0 15%% Magnetite
10% Wood
15% PVC
12.0
10% PVC
20% PVC
0.0 &

0.0 0.022 0.044  0.067 0.080 0.111 0.133 0156 0.178

Figure 5.28 Stress vs. Strain for virgin polymer and different polymer composites of PLA
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5.2.3 Morphological properties testing

From mechanical and rheological testing, it has been ascertained that reinforcement of foreign
matter into PLA matrix has reduced its functional ability, except 20% Fe3O4 reinforcement, as it
has shown improvement in break elongation and percentage elongation at the break while the peak
elongation remains constant. Thus, it was important to test for the morphological properties such
as Shore D hardness and microstructural analysis of filaments to have a better understanding of

the mechanical behavior of filament obtained through TSE.
5.2.4 Shore D hardness

The hardness of the filaments has been tested using a Shore D hardness tester through which it has
been found that for the increased loading of reinforcement of PVC in the PLA matrix, hardness
was reduced (see Figure 5.29). This means that PVC polymers were easily blended into the matrix
of the polymer and were also present on the surface of PLA matrix composite which reduced
surface hardness. Similar trends have been found for the wood powder reinforced polymer
composite. Possibly large porosity resulted in low hardness on increased loading of wood powder

into the composite.

A dissimilar trend of shore D hardness has been seen for the FesO4 powder-based composite, which
means that FesO4 powder improves the hardness of filament. But it was not more than the virgin
PLA (69.5 Shore D), which indicates that the surface obtained may have some porosity due to
which hardness was lower than that of the virgin PLA. An increase in the hardness with the FesO4
content proved that with reinforcement, polymer composite is not well structured and bonded but

contained some holes in the form of porosity which may be seen in the microstructural analysis.
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Figure 5.29 Shore D hardness for different composition of PLA and pure polymers

5.2.5 MIAS porosity results

Microstructural analysis of filaments has been obtained using a MIAS software package with a
100-micron scale. It has been noticed that the polymer composites with low hardness have shown
larger porosity. This meant that high porosity leads to larger spaces between inter-molecules of
reinforced particles and polymer base matrix results in poor mechanical properties as seen in the
case of PVC and wood powder reinforced PLA polymer composite matrix. But for the Fez0s, it
has been observed that mechanical properties improved for the higher loading of Fe3O4 in PLA.
This was also clear from the porosity results as low porosity values have been obtained for the
higher concentration of FesOs in the composite mixture as shown in Figure 5.30. It has been
observed that 20 weight percentage of FesO4 loading in PLA polymer (which has shown best
mechanical properties and hardness results among the polymer composites) possesses the lowest
porosity of 5.20% whereas the PVC with 25 weight percentage in PLA matrix has shown poorest
mechanical properties has also shown highest porosity of 11.74%. The porosity results of PLA-
based composites have indicated the relationship of hardness and porosity with mechanical
properties. Thus, from the microstructural analysis, it may be ascertained that poor morphological
properties lead to poor mechanical properties for the composite. Porosity values for different

composites of PLA have been obtained for the surface texture but not on the cross-section of
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deformed filament. For that purpose, the cross-sectional surface has been seen using x30 scale
which has been shown by Figure 5.31.

2.5% wood 5% wood 10% Wood
Porosity 6.18% Porosity 7.59% Porosity 9.75%

15% Fe304 20% Fe304
Porosity 8.94% Porosity 5.2%

10% PVC 15% PVC 20% PVC
Porosity 5.25% orosity 7.91% Porosity 9.59%

25% PVC Multi Blend
Porosity 11.74% Porosity 7.18%
Figure 5.30 MIAS porosity results of different PLA composites (at x100)
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10% Fes30q4

10% PVC 15% PVC 20% PVC

25% PVC Composite (microstructure cross-section)
Figure 5.31 Cross-sectional micro-structural view for different composites of PLA (at x30)
5.2.6 DSC analysis

DSC of virgin PLA, PLA with 25 weight percentage PVC, PLA with 20% Fe3O4, PLA with 5%
wood powder, and multi blend have been performed for thermal behavior prediction of PLA-based
composites using 3 cycles of cooling and heating. Thermal analysis results suggested that all the
samples were thermally stable as there was a marginal change in peak set and peak endpoints as
shown in Figure 5.32. It was also observed that virgin PLA was the most stable as integral energy
was less divergent for all the three cycles of DSC while for other reinforced samples onset and
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peak temperature was stable but integral energy was found to decrease significantly for the
successive cycles of DSC testing.
5.2.7 VSM Analysis

The VSM has been performed for PLA with 20% magnetite content and multi blend for
comparison for the magnetic property. From the VSM results, it has been found that magnetic
properties were dependent on the FesO4 content present in the composite matrix while the presence
of other foreign particles in the composite did not harm magnetic properties as shown in Figure

5.33. There were negligible changes in magnetic properties observed for the two samples.

5.2.8 Feasibility of 3D printing with prepared filaments

Feedstock filaments with TSE were tested for their feasibility in 3D printing using fused deposition
modeling (FDM), one of the low-cost additive manufacturing techniques. FDM (Model: divide by
zero) has been used for printing tensile specimen (ASTM D638 type 1) made of multi blend and
flexural sample (ASTM D790) with infill density 100% infill speed 70 mm/s and infill angle of
45° as shown in Figure 5.34.
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Figure 5.32 DSC for Virgin PLA and PLA composites
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Figure 5.33 Hysteresis loop for (a) PLA with 20% Fe3z04and (b) Multi-blend of PLA

(a)
Figure 5.34: 3D printed sample for (a) tensile specimen made from multi blend as per ASTM

D638 Type 1V and (b) flexural specimen made from PLA with 20% PVC as per ASTM D790
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5.3 Results and discussion for stage 3

5.3.1 TSE results and FDM printing results for tensile samples

The TSE using standard conditions as selected at stage 1 were used for TSE of feedstock filament
to develop sufficient length. Figure 5.35 (a) shows the working principle of twin-screw extrusion
which consists of three phases. In stage 1, the solid phase, where material enters the barrel and was
grounded by the mechanical action of the screw. In the second stage melting phase starts where
due to temperature the ground material started melting. At the final stage, the melted material was
forced out of the die with screw action. The standard wire of the required diameter for 3D printing
as feedstock filament was obtained as shown in Figure 5.35 (b). Using the printing conditions as
provided in Table 4.5, samples for tensile testing were printed using FDM with some constant
parameters such as bed temperature 65°C, number of perimeters 3, rectangular perimeter, and

triangular infill. Figure 5.36 shows the printed samples using FDM.

Inlet Anticlockwise
rotation  Screws
5 Die
PP SN u

e 3

Solid
Phase

Melting
phase

Extrusion
stage

Figure 5.36 3D Printed tensile specimens as per Table 4.5
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5.3.2 UTM testing results of tensile samples

The samples tested with the UTM machine have given results for various mechanical properties
but peak strength and break strength have been considered for analysis (Table 5.23). From Table
5.23 it has been figured out that the sample prepared at Serial number 7 has provided the best
results for peak strength and break strength. Similarly, sample 5 has shown the least values for
peak strength and break strength. The trend for these results may be because, in sample 7, the
maximum density of 100 percent, 45° of infill angle, and moderate infill speed of 70 mm/s have
been used which resulted in the better deposition of the material with minimum pores as the density
was the maximum and orientation angle was the minimum. From the stress-strain curve (Figure
5.37), it has been found that the maximum value of stress exists for sample 7 whereas the minimum
for sample 5. Based on Table 5.23, analysis of variance (ANOVA) has been used for predicting
the optimized 3D printing parameter for maximum output. From the ANOVA analysis (Table
5.24), it has been observed that the model possesses an error, greater than 10% for each property
which was not acceptable for the used confidence interval of 95%. Moreover, no input parameter
was significant as the observed probability (p)values were greater than 0.05. But from the main
effect plots (Figure 5.38), it was observed that infill density of the third level (100%), infill angle
of the first level (45°), and infill speed of second level (70 mm/s) were found to be optimum. This
was outside the DOE therefore confirmatory experiments were carried out and the properties were
recorded. It has been already explored that FesO4, when blended in PLA matrix resulted in stiffer
matrix and reduction in tensile properties such as 23% in peak strength and 24% in break strength
of PLA. But the strain-absorbing capacity of Fe3Os blended PLA was observed to increase by
183%.

The response table shows that infill density has contributed maximum towards peak strength and
was ranked first followed by infill angle at 2" and infill speed at 3" rank as shown in Table 5.25.
It has been observed that the input parameters were not significant, and the model possessed an
error of more than 10% as given in Table 5.26. This indicated that either some missing parameters
were not considered during the printing or there is an interaction between the two input parameters
which has not been considered during ANOVA optimization. Figure 5.38 and Table 5.27 show
the confirmatory experiment conducted at infill density of third level (100%), infill angle of the

first level (45°), and infill speed of second level (70 mm/s).
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Table 5.23 Peak strength, break strength, and young’s modulus of tensile samples for 3D printed
hybrid blend-based samples

Stress (MPa)

Serial Peak Strength (MPa) Break strength (MPa)

number
1 20.06 + 1.13 18.05+1.14
2 18.82 +1.23 16.94 +1.25
3 14.01 +1.03 12.61 +1.10
4 24.21 +1.20 21.79+1.19
5 11.68 +1.02 10.02 +1.04
6 17.35+1.23 1561+1.21
7 29.56 + 1.25 26.60 + 1.21
8 23.87+1.22 23.03 +1.20
9 21.90+1.21 19.71+1.18

kL

0.0% 005 0068 0084 010 0.11 0.14 0,15 018
Strain

Figure 5.37 Stress vs. strain curve for tested samples as per Table 4.5
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Table 5.24 ANOVA for peak strength for 3D printed hybrid blend-based samples

Infill Speed
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Figure 5.38 Main effect plot for SN ratio for peak strength of hybrid blend-based 3D printed

Source DF Seq SS Adj SS Adj MS F P
Fill Density 2 20.713 20.713 10.357 3.87 0.205
Fill Angle 2 16.740 16.740 8.370 3.13 0.242
Infill Speed 2 7.126 7.126 3.563 1.33 0.429
Residual Error 2 5.346 5.346 2.673
Total 8 49.925

126

Further, the data given in Table 5.23 has been used again for optimizing the 27 trails. Each setting
was repeated three times and the historical data approach was used in optimizing the obtained output
for the quadratic model. From the historical data approach (Table 5.28) analysis, it has been
observed that interaction between parameters played an important role in the output (as those
interactions were significant), as F values for some of the variables were greater than 50 or p-value
less than 0.0001 and the model was also significant. The model Fisher’s (F)-value of 59.73 implies
that the model is significant. There is only a 0.01% chance that this F-value could occur due to

noise. P-values less than 0.0500 indicate that the model terms are significant. In this case, B, AB,




AC, BC, A2 B2 are the significant model terms. Values greater than 0.1000 indicate that the model
terms are not significant. The Predicted R2 of 0.9183 is in a reasonable agreement with the Adjusted
R2 of 0.9476; i.e., the difference is less than 0.2 (Table 5.29). Adequate precision measures the
signal-to-noise ratio and the ratio greater than 4 is desirable. A ratio of 25.178 indicates an adequate
signal.

This model can be used to navigate the design space. The predictability of historical optimization
has been given by Figure 5.39, which shows that the predicted and actual values are very near hence
the used model is accurate for the investigation of output properties. Based on the historical data
approach, a regression equation has been obtained (Table 5.30) which was used to plot the 3D curve
so that the effect of input parameters may be analyzed. Using equation 1 for peak strength, the 3D
plot for input parameters infill density and infill angle has been obtained. The base shells of the 3D
plot (Figure 5.40) signify that choosing a low value of infill angle and high value of infill density
produces maximum peak strength while taking the third parameter (infill speed) constant as it
contributed the least towards the output.

Table 5.25 Rank table for SN ratio for peak strength for 3D printed hybrid blend-based samples

Level A B C
1 24.82 27.71 26.13
2 24.60 24.80 26.66
3 27.93 24.84 24.56
Delta 3.32 2.91 2.10
Rank 1 2 3

Table 5.26 Error in ANOVA model for all properties for 3D printed hybrid blend-based samples

Property Peak Strength Break Strength
Percentage error 11% 12%

Table 5.27 Confirmatory experiment results for 3D printed hybrid blend-based samples

Property Peak Strength (MPa) Break Strength (MPa)
Confirmatory experiment 30.29 25.58
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Table 5.28 ANOVA for Quadratic model using the historical approach for 3D printed hybrid

blend-based samples

Source Sum of Squares | Degree of Mean F-value | p-value Significant/Not
freedom Square Significant
Model 722.97 8 90.37 59.73 | <0.0001 significant
A-A 2.47 1 2.47 1.63 0.2177
B-B 193.76 1 193.76 128.07 | <0.0001
C-C 1.57 1 1.57 1.04 0.3215
AB 29.61 1 29.61 19.57 0.0003
AC 71.32 1 71.32 47.14 | <0.0001
BC 94.29 1 94.29 62.32 | <0.0001
A? 171.56 1 171.56 113.40 | <0.0001
B2 157.55 1 157.55 104.14 | <0.0001
C? 0.0000 0
Pure Error 27.23 18 1.51
Cor Total 750.20 26

Table 5.29 Fit Statistics for peak strength for 3D printed hybrid blend-based samples

Std. Dev. 1.23 R2 0.9637
Mean 20.16 Adjusted R? 0.9476
CV.% 6.10 Predicted R2 0.9183
Adeq Precision 25.1781

Table 5.30 Regression equation for peak strength, break strength, and modulus of elasticity for 3D

printed hybrid blend-based samples

7.00xBxC+8.35xA2+9.72xB2+0.0000%C?

Peak Strength = +5.72+ 4+0.6142x A-7.56x B-0.3979x C+3.33x AxB-8.27x AXC-7.87x
BxC+8.87x A2+10.93%x B2 +0.0000x C2
Break strength =  +5.08 + 0.8150%A - 6.99xB + -0.8037xC + 2.74xAXB - 7.82xAxC -

Modulus of Elasticity

+114.21 - 8.13%A - 36.79%B - 9.18xC + 37.64xAxB - 37.50xAxC -
49.10xBxC + 37.28xA? + 54.51xB2 + 0.0000xC?
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Figure 5.39 Predicted vs. Actual graph for peak strength of hybrid blend based 3D printed
sample
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Figure 5.40 3D surface plot for peak strength of hybrid blend-based 3D printed sample

5.3.3 Shore D hardness of tensile samples

3D printed samples were subjected to shore D hardness testing and the hardness values for all 9
samples have been given in Figure 5.41 which indicates that the hardness of samples is related to
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mechanical properties. The samples which have shown better peak strength and break strength

hardness have also shown a better trend. Moreover, the high hardness of samples reflected the low

values of porosity.

5.3.4 Porosity results of tensile samples

All UTM tested parts were then subjected to porosity testing using photomicrographic analysis at
%100 magnification and it was observed that sample 7 has the least porosity value (Figure 5.42) of
6.02% and maximum value of porosity was possessed by sample 5 (16.12 %). This indicated that
the porosity values of the samples have a direct correlation with the mechanical properties. It is a
fact that in general, the high porosity of a structure leads to poor mechanical properties. Thus, the

low structural porosity of 3D printed samples has shown better resistance towards fracture.

Shore D hardness

80

(o))
o

Shore D Hardness
N
o

N
o

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9
|lShoreDhardness 60.5 | 59.5 | 53.5 | 66.5 | 495 | 57.5 | 70.5 | 65 | 62.5

Figure 5.41 Shore D hardness results of printed samples as per Table 4.5
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Serial Metallurgical image analysis software Percentage Porosity

number (MIAS) image
1

Porosity (ASTM B276)
Intenszity Range FReszults

Tatal Count 5353
b ax. Peri. 2341.9 Micron
kit Peri. 11.94 Micron
Max. Area 10006.68 Micron
Min. Area 8.9 Micron
Fercentage 9.38%
Show | REPOAT |  Clos= |
2 *  Porosity (ASTM B276)
Intensity Hange I Results I
Taotal Count 1573
Max. Per. 1050.39 Micron
tin. Peri. 11.94 Micron
Max. Area 2147 47 Micron
Min. Area 5.91 Micron
Fercentage 10.88%
Show | REPORT | Close |
3 * Porosity (ASTM B276)
Intenszity Fange | Reszults I
Tatal Count 367
M ax. Peri 3004. 76 Micron
kit Peri. 11.394 Micron
bk ax. Area 16948.1 Micron
Min. Area 8.91 Micran
Fercentage 16.12%
Show | REPORT |  Close |
4 * Parosity [ASTM B276)
Intensity Range I Results I
Total Count 38
Max. Peri. 1060.45 Micron
Mir. Peri. 11.94 Micron
Max. Area 14230.34 Micron
kin. Ares 891 Micron
Fercentage B.12%
Show | REPORT |  Clese |
5 * | Porosity (ASTM B276)
Intensity Bange I Results I
Total Count 367
Max. Peri. 300476 Micron
kin. Peri. 11.94 Micron
Max. Area 16948.1 Micron
Min. Area 5.91 Micron
Percentage 16.12%
Show | REPORT | Close |
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* Porosity (ASTM B276)

Intensity Range Results

Total Count 7E2

P am. Peri. 2622.02 Micron
tin. Peri. 11.594 Micron
kax. Arza 11049.23 Mizron
Min. frea 297 Micron
Feicentage 14 26%
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7 * Porosity (ASTM B276)
Intensity Range I FResults I
Total Count 556
rax. Peri. 573,32 Micron
kdin. Peri. 11.94 Micran
tax. Area 1318.78 Micron
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Show | REPORT | Close |
8 * Porosity (ASTM B276)
Intenszity Ranos I Results I
Total Count 1196
M am. Peri. F22.88 Micron
kir. Peri. 11.94 bicron
Max. Area 1342 53 Micron
Mir. Area 2.91 Micron
Percentage T4
Shew | REPORT |  Close |
9 * porosity (ASTM B276)
Intensity FHange I Results I
Total Count 182
bax Peri 3215.6 Micron
kin. Peri. 11.94 Micran
tax. Area 38538.65 Micron
Min. Area 291 Micron
Percentage 8015
Show | REPORT| Clos= |

Figure 5.42 Porosity results of fractured samples (at x100) as per Table 4.5

5.3.5 Micrographs of the fractured surface of tensile samples

The fractured samples (prepared as per Table 4.5) were tested on the tool maker’s microscope at
x30 magnification and photomicrographs were taken which indicate that the porosity holes are
present on the surface as shown by Figure 5.43. For better clarity, photomicrographs observed in
Figure 5.43 were re-processed for 3D rendering and surface roughness (Ra) analysis (Figure 5.44).

As observed from Figure 5.44 (a —d) for samples with poor and best mechanical properties (i.e.,
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samples prepared at serial numbers 5 and 7 as per Table 3), a more uniformly distributed structure

with less Ra may be the key factor for controlling the mechanical properties.

Experiment 7 Experiment 8 Experiment 9

Figure 5.43 Photomicrographs at x32 for fractured surface as per Table 4.5
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Fig. 5.44 (a) 3D Rendered photo-micrographic image for sample No. 5, (b) Ra profile for

sample no. 5, (¢) 3D Rendered photo-micrographic image for the sample prepared at Serial
number 7, and (d) Ra profile for the sample prepared for sample no. 7 as per Table 4.5
5.3.6 SEM and EDAX characterization of the fractured surface of the hybrid blended
matrix-based 3D printed prototype

The fractured samples on the UTM machine were subjected to SEM characterization so that the
internal surface of 3D printed samples may be observed for correlation of mechanical properties
with surface characteristics. Four different images were taken using different magnification
varying from x500 to x3000 magnification scale for a 3D printed specimen/prototype made of the
hybrid blended matrix. Figure 5.45 shows the SEM images of the prototype made of the hybrid
blended matrix. It has been observed that several circular-shaped voids are present on the fractured
surface which resulted in poor strength among the prepared composite particles using mechanical
mixing, ultimately resulting in poor bonding of layers. Fig. 5.45 (e) shows the EDAX report of the
hybrid blended matrix-based prototype (3 different spectrum (surface) were selected to observe
the elemental composition present on the surface under observation) which specifies the presence
of different atoms of carbon (due to PLA and PVC polymeric blend), chlorine (due to PVC) and
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Fe (due to magnetite powder) throughout the surface of the observed fractured specimen which

justifies the hybrid blending.
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Spectrum In Stats C 0 Cl Fe Total
Spectrum 1 Yes 70.04 4.01 25.70 0.26 100.00
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Spectrum 2 Yes 57.10 33.00 9.41 0.48 100.00
Spectrum 3 Yes 55.91 33.83 9.93 0.32 100.00

Figure 5.45 SEM image (a) at x3000, (b) at x2000, (c) at x1000, (d) at x500 magnification, and (e)
EDS spectrum selected for elemental composition of fractured surface for hybrid blend based
composite matrix

5.3.7 3D printing results for flexural specimens

Figure 5.46 shows the 3D printed flexural specimens as per ATSM D790 with in-house prepared
composite feed-stock filament (as per stage 1).

S
\l ‘
-

Figure 5.46 3D printed flexural specimens as per Table 4.5

5.3.8 Flexural testing results for flexural specimen

For all the printed specimens, flexural test and pull-out test have been performed and properties
recorded using the UTM interface on the machine as given by Table 5.31 and Table 5.32. For those
values, the properties were analyzed using ANOVA to calculate the signal to noise (SN) ratios of
properties (Table 5.33) for larger the better type case. As observed from Table 5.34, it was clear
that the model was accurate as the percent residual error (2.13 %) was less than 5%, and the infill
angle input parameter was also significant (P-value < 0.05). From rank Table 5.35, it was observed
that the effect of infill angle was the most prominent as it was ranked 1%, infill density was ranked
at 2" and infill speed was the least significant for the process of printing. Stress Vs. strain
relationship, as seen from Figure 5.47 (flexural tested samples), clearly demarcates the difference

among printed samples (with different conditions). Sample at Serial number7 (Table 5.31) has
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shown maximum strain as well as stress. Similarly, from Figure 5.48 (pull-out tested samples) a
similar trend was observed.

From the main effect plot (see Figure 5.49), it was ascertained that infill density of 100%, infill
angle of 45°, and infill speed of 70 mm/s was the optimized condition for a peak load of the flexural
property but a critical point was noticed that the required set of conditions were out of the design
of experimentation. Therefore, it was necessary to perform a set of experimentation with the
optimized condition. With optimized conditions, experimentation was performed and actual values
of each property were obtained by flexural and it was found that the predicted and actual results

were very close to each other as seen from Table 5.36.

Table 5.31 Flexural properties of FDM based 3D printed samples with standard deviation for

hybrid blend-based sample

Flexural Properties
Serial PL PE BL BE PS BS
number
1 12.741.21 | 7.61+0.31 | 13.11+1.20 | 14.56%1.01 9.16+1.01 9.46 +1.01
2 11.2+1.04 | 5.98+0.15 | 10.08+1.01 | 10.24+1.56 8.08+0.65 7.27 £1.05
3 7.8£0.65 | 1.99+0.08 | 5.06+0.56 4.55+1.20 5.63+0.21 3.65+0.51
4 18.1+2.21 | 7.89+0.51 | 16.29+1.42 | 15.77%3.32 13.06+2.21 11.75 +1.04
5 11.741.21 | 6.84+0.21 | 10.53+1.35 | 13.49+1.67 8.44 +1.01 7.60 £0.51
6 8.1+1.03 | 2.66+0.11 | 5.67+1.05 6.65+1.45 5.84 £1.03 4.09 +0.56
7 19.6+3.10 | 8.23+1.35 | 17.64+2.21 | 20.47%£3.35 14.14+2.52 12.72+2.35
8 14.2+2.21 | 6.35+0.74 | 12.78+1.67 | 17.52+3.20 10.24 +1.67 9.22 +1.53
9 9.78+0.65 | 3.2+0.24 7.8+£1.05 7.84+1.14 7.05 £0.65 5.63+0.58

Note: PL: Peal Load; PE: Peak Elongation; BL: Break Load; BE: Break Elongation; PS: Peak
Strength; BS: Break Strength. It should be noted that each sample was printed with 3 repetitions
on the FDM setup so that deviation in properties may also be reported.
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Table 5.32 Pull out properties FDM based 3D printed samples with standard deviation for hybrid

blend-based sample

Pull Out Properties

Serial PL PE BL BE PS BS
number
1 50.21+4.52 | 32.45+3.54 | 48.21+4.20 | 30.4+3.54 | 36.22+4.52 | 34.78 +2.65
2 45.21+3.54 | 29.13+4.52 | 40.12+3.14 | 28.56+4.52 | 32.61 £3.54 | 28.94 £3.54
3 42.23+3.12 | 26.12+4.01 | 38.54+3.54 | 25.87+3.61 | 30.46 £2.65 | 27.80 +4.52
4 55.05+£5.54 | 32.15+4.52 | 52.14+4.52 | 34.1843.54 | 39.71 +3.54 | 37.61 +2.65
5 50.23+4.52 | 28.12+3.54 | 46.24+3.61 | 30.61+4.52 | 36.23 +4.52 | 33.35+3.54
6 40.63+3.12 | 24.13+2.36 | 38.62+3.54 | 28.51+3.54 | 29.31+3.54 | 27.86 +4.52
7 63.41+4.85 | 40.12+4.52 | 59.91+4.52 | 40.12+3.61 | 45.74+3.42 43.21+3.67
8 59.54+3.12 | 35.26+2.81 | 55.63£3.54 | 36.54+4.52 | 42.95+2.65 40.13 £3.54
9 56.23+4.52 | 33.85+3.54 | 50.84+4.52 | 32.12+3.61 | 40.56 +4.52 | 36.67 +4.52

Table 5.33 SN ratios for tested samples for flexural and pull-out properties for hybrid blend-

based sample

SN ratios for Flexural properties (dB)

Serial PL PE BL BE PS BS

number
1 22.08 17.63 22.35 23.26 19.24 19.52
2 20.98 15.53 20.07 20.21 18.15 17.23
3 17.84 5.98 14.08 13.16 15.00 11.25
4 25.15 17.94 24.24 23.96 22.32 21.40
5 21.36 16.70 20.45 22.60 18.53 17.62
6 18.17 8.50 15.07 16.46 15.33 12.23
7 25.85 18.31 24.93 26.22 23.01 22.09
8 23.05 16.06 22.13 24.87 20.21 19.29
9 19.81 10.10 17.84 17.89 16.97 15.01

SN ratios for Pull out properties
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Serial PL PE BL BE PS BS

number
1 34.02 30.22 33.66 29.66 31.18 30.83
2 33.10 29.29 32.07 29.12 30.27 29.23
3 32.51 28.34 31.72 28.26 29.68 28.88
4 34.82 30.14 34.34 30.68 31.98 31.51
5 34.02 28.98 33.30 29.72 31.19 30.46
6 32.18 27.65 31.74 29.10 29.34 28.90
7 36.04 32.07 35.55 32.07 33.21 32.71
8 35.50 30.95 34.91 31.26 32.66 32.07
9 35.00 30.59 34.12 30.14 32.16 31.29

Table 5.34 Analysis of Variance for SN ratios for peak load (Flexural property) for hybrid blend-

based sample

Source DF Seq SS Adj SS Adj MS F P
Infill Density 2 10.131 10.131 5.0654 7.62 0.116
Infill Angle 2 49.830 49.830 24.9150 37.47 0.026
Infill Speed 2 1.215 1.215 0.6074 0.91 0.523
Residual Error 2 1.330 1.330 0.6649

Total 8 62.505

DF: Degree of freedom; Seq SS: sum of the square; Adj SS: adjusted sum of the square; F: Fisher
value; P: Probability
Table 5.35 Response table for SN ratios for peak load (Flexural Property) for hybrid blend-based

sample
Level Infill density Infill angle Infill speed
1 20.30 24.36 21.10
2 21.56 21.80 21.98
3 22.90 18.61 21.68
Delta (Difference between maximum 2.60 5.75 0.88
and minimum observed value)
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Figure 5.47 Stress Vs strain diagram for samples for flexural testing as per Table 4.5
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Figure 5.48 Stress Vs strain diagram of samples for pull out testing as per Table 4.5
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Main Effects Plot for SN ratios

Data Means
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Figure 5.49 Main effect plot for SN ratio for peak load (for flexural specimen) for hybrid
blend-based specimens
5.3.20 Optimization for the flexural and pull-out properties using ANOVA statistical tool
Note: ma, mg, and mc are the maximum values of input processing parameters from Table 5.35.
K= mean of SN values for peak load analysis= 21.59
N (opt) =m + (ma—m)+ (mb—m)+ (mc—m)

ma = 22.90
mb = 24.36
mc = 21.98
Putting these values in the below equation
N opt = 26.06
Yot = (10)1901_1?)t ........................ for larger is the better case

ngt — (10)26.06/10
Y2, = 403.65
Y,pe = 20.09 dB
Similar studies have been performed for all other properties and predicted values have been found

and compared with actual observed values for flexural and pull-out properties (see Table 5.36).
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A multifactor optimization tool for all the SN values (Table 5.33) of flexural properties and pull-
out properties were applied individually to know the best and the worst conditions of printing from
which it was found that sample 7 was the best among all and sample 3 were the worst of all for
flexural and pull-out properties (Table 5.37).

Table 5.36 Actual Vs predicted optimum values for each property of flexural specimen for

hybrid blend-based sample

Flexural properties

Serial | Properties Y (opt) Y (actual)

number Ka Kb K¢ K D opt (predicted)

1 Peak load 2290 | 2436 | 21.98 | 2159 | 26.06 20.09 19.56

2 Peak 1482 | 1796 | 1453 | 14.08 | 19.15 9.07 10.24
elongation

3 Break load 21.63 | 23.84 | 20.72 | 20.13 | 25.93 19.79 19.65

4 Break 2299 | 24.48 | 2153 | 20.96 | 27.08 22.59 20.93
elongation

5 Peak 20.06 | 21.52 | 19.14 | 18.75 | 23.22 14.49 15.54
strength

6 Break 18.80 | 21.00 | 17.88 | 17.29 | 23.10 14.29 14.24
strength

Pull out properties

1 Peak load 3551 | 3496 | 34.31 | 34.13 | 36.52 66.99 68.54

2 Peak 31.2 | 30.81 | 30.01 | 29.8 | 32.42 41.78 40.41
elongation

3 Break load | 34.86 | 34.52 | 33.52 | 33.49 | 35.92 62.52 61.49

4 Break 31.15 | 308 | 30.01 | 30 31.96 39.63 38.95
elongation

5 Peak 32.68 | 32.12 | 31.47 | 31.29 | 33.69 48.36 47.54
strength

6 Break 32.02 | 31.68 | 30.69 | 30.65 | 33.09 45.13 44.59
strength

Table 5.37 SN values for multifactor optimization of flexural and pull-out properties for hybrid

blend-based sample

Multi-factor | S. No S.No2 | S.No3 | S.No4 | S.No5 | S.No6 | S.No7 S.No 8 S.No 9

optimization |
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SN value 26.18 | 25.29 | 20.44 |26.87 |25.67 |22.23 |27.18 |26.15 |2354
(Flexural)
SN value 29.96 | 29.66 |29.47 |30.13 |29.86 |29.48 | 30.50 |30.30 |30.12
(Pull out)

Experiment number 7 as shown by Table 5.37 has resulted in the best mechanical (flexural, pull-
out properties). This sample was subjected to a Creo commercial structural analysis package for
flexural testing (Figure 5.50). From rank Table 5.35, it was clear that the printed sample with an
infill angle of 45° and infill density of 100% has given optimum result. This behavior may be
attributed to the fact that the flexural testing instrument applies destruction force perpendicular to
the surface (Figure 5.50) but the printed part had solid layers at 45° and high infill density provided
low porosity due to which when destructing force is applied, the layers were strong enough to
absorb the maximum load and thus provided the best results. In the case with printed part at 90°
orientation, the layers were parallel to the destructing force and the strain was maximum at the
lowest layer. Thus, the layer got separated easily due to which that sample was not capable of
resisting applied load and get destroyed easily. It was noticed that with an increase in infill angle
from 45-90°, the strength of printed samples decreased whereas with increasing infill density from
(60-100 %) the strength of printed specimen increased. When the load was applied from UTM for
the sample with 45° deposition, the layers resisted the maximum as strain lines are present at the
bottom surface and the upper surface is in compression while the bottom surface is in tension, and
the load gets distributed on several inclined layers. In contrast, when a sample with 90° deposition
was tested with the same conditions, the material layers being parallel to the destructing force get
easily separated. Due to this, poor properties were recorded for them. The cut-section ‘A-A’ clearly
shows tensile loading in the lower layers and compressive loading in the upper layers of fractural
test specimens. For more understanding, photomicrographs of fractured and un-fractured printed
parts were taken at x 30 magnifications with tool maker’s microscope (Figure 5.51) and it has been
observed that while flexural loading the inner zone was under compression and the outer was under

tension.
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Flexural testing equipment Direction of applied load (Gradual)
Printed layers at 45°

Area under applied load ( 65 sq.mm)

125mm

3D structural analysis on Creo

Blue arrows showing stress

: Red arrows showing strain
concentration area

Figure 5.50 2D view of flexural testing with 3D simulation for stress and strain

Zone under compression

Zone under tension
(b)
Figure 5.51 Toolmaker microscopic image for (a) 3D printed part and (b) fractured part

under flexural loading as per Table 4.5
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5.3.21 Shore D hardness for 3D printed flexural specimens

3D printed samples were tested for their Shore D hardness characteristic as it was evident from
past literature that hardness plays a crucial role in deciding the properties of the composite. From
shore D testing, it was found that sample number 7 had maximum hardness whereas sample
number 3 had the least hardness as depicted by Figure 5.52. Sample 7 was printed with the
maximum density and the print angle was 45°. It, therefore, had the maximum hardness. The print
density of sample 3 was the least (60%) and therefore interspacing was much prominent in sample
1. This caused the low hardness of the print sample. Photo-micrographic analysis (at 100x
magnification) of samples (Figure 5.53) revealed that percentage porosity was also playing a role
in the hardness and sample mechanical properties as is evident from Figure 5.53. The sample
possessing the maximum hardness has the least porosity whereas the sample whose hardness was

less possessed maximum porosity.

5.3.22 Surface roughness testing for 3D printed flexural specimens

From surface and mechanical performance, it was observed that sample 3 had the least mechanical
performance (as per flexural and pull-out results) and sample 7the maximum mechanical
performance. The photo-micrographic images were further processed with the image processing
software package tool and Ra profile was observed (Figure 5.54). From the Ra profile, it was
observed that sample 3 had a higher roughness value (Ra=51.48nm) than sample 7 (Ra=21.47nm)
which may also be one of the reasons for its poor mechanical performance. The same was also

visible from 3D rendered images of photomicrographs.
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Figure 5.52 Shore D hardness of printed samples (as per Table 4.5)
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Figure 5.54 Surface roughness profile (at the cut-off length of 0.04mm), (a) for the sample at
Serial number 3, (b) for the sample at Serial number7 (as per Table 4.5)

Based on the 3D rendered images, the amplitude distribution function (ADF) was noticed (Figure

5.55) which indicates that the sample at 7 (Table 5) was more uniformly distributed (normal

distribution viewpoint) in comparison to the sample at 3 (which was more aligned towards left).

ADF function gives a further explanation to surface roughness profile as sample 7 held a uniform

spread of signature of the surface profiles.
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Figure 5.55 ADF (at the cut-off length of 0.04mm) for (a) sample at Serial number 3 and

(b) sample at Serial number7 as per Table 4.5

5.3.23 Thermal conductivity results for 3D printed circular disc

The 3D printed discs on the FDM setup were subjected to thermal conductivity testing based on
the “lee disc method”. In the lee disc method, the 3D printed disc of ®110mm (see Figure 4.7) was
inserted between the steam chamber and lee disc (Figure 4.5), and a heater was used to generate
steam by heating the setup. The steam-heated the steam chamber due to which the printed disc
started conducting heat and the lee disc also started showing temperature reading using a connected
sensor. After stabilization of temperature, the printed disc was taken out and the steam chamber
and lee disc were made to touch each other so that the temperature may rise for measuring the

dT/dt (temperature vs. time) plot. After calculation of dT/dt (Figure 5.56) the thermal conductivity
was calculated.

k= [m X c¢X (dT/dt) X thickness] /A x (T1- T2)

Value for mass, thickness, area and specific heat conductivity for lee disc are given below;
A= 3.14 x 0.11 x 0.11/4 = 0.0095m?
Thickness = 1.74 mm = 0.00174m
Mass of Lee disc (kg) = 0.769 kg
C =377 ]/KgK
Slope calculations for dT/dt plot (Fig.7) = (y2 —y1/x2 —x1)
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yl=>51
x2 =105
x1=5

dT/dt = (y2 —yl/x2 —x1)
dT/dt = (62 —51)/ (105 —=15)
dT/dt = 0.11

Table 5.38 shows the measured thermal conductivity for the 9 sets of 3D printed discs. It was
observed that the least thermal conductivity (0.139 W/mK) was obtained for sample 1 which was
printed with 60% infill density, 45° of infill angle, and 50mm/s of infill speed. The maximum
thermal conductivity of 0.2781 W/mK was obtained for sample 9 which was printed with a
maximum infill density of 100%, infill angle of 90°, and infill speed of 70 mm/s. This may be
because thermal conductivity is directly related to the uniform structure formation as with the least
infill density the structure may have more voids/porosity which results in non-uniformity of links
between the deposited materials and hence results in low percolation effect and thus ultimately
resulted in poor thermal conductivity. Whereas for maximum infill density the printed sample may
have fewer voids/porosity due to which links between the subsequent layers would be good enough
to transfer heat without any resistance due to which the thermal conductivity has been improved
as seen from Table 5.38. Also, the trend for thermal conductivity shows that as the infill density
increases the thermal conductivity gets improved which again may be due to the reason that
increase in infill density enhances the percolation effect due to fewer voids/ porosity between the
deposited subsequent layers which ultimately helps to transfer heat from one side to the other.
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Figure 5.56 dT/dt plot from Lee disc apparatus

Table 5.38 Thermal conductivity for 3D printed discs for hybrid blend-based sample

Serial Temp 1(°C) Temp 2(°C) Thermal conductivity (W/mK)
numbe
r
1 99 57 0.139+0.009
2 99 58 0.142+0.014
3 99 59 0.146+0.021
4 99 66 0.177+0.016
5 99 68 0.188+0.024
6 99 68 0.188+0.013
7 99 75 0.243+0.017
8 99 76 0.253+0.011
9 99 78 0.278+0.022

For structural engineering applications, a low value of thermal conductivity is desirable. The
lowest value was observed in the case of sample 1, whereas the highest value was observed in
sample .9. The value for thermal conductivity for virgin PLA is around 0.23 W/mK. For
processing conditions optimization, the thermal conductivity results were taken by using the

150



MiniTab software package tool and Taguchi L9 OA was used for optimization. Table 5.39 shows
the ANOVA table for the SN ratio of thermal conductivity. It was observed that infill density
played a significant role in the thermal conductivity of specimens of hybrid blended PLA matrix.
The percentage contribution of infill density towards the output was maximum (97.60%) and it
was the only parameter that was observed to be significant (P-value <0.05 and F value >10). Thus,
it may be concluded that infill density is the only responsible input parameter for the thermal
conductivity of the PLA hybrid blended matrix.

Table 5.39 ANOVA table for SN ratio of Thermal conductivity for hybrid blend-based sample

Source DF | SeqSS |AdjSS |AdjMS |F P % Contribution
Infill Density 2 40.1574 | 40.1574 | 20.0787 | 208.68 | 0.005 | 97.60

Infill Angle 2 07546 |0.7546 |0.3773 |3.92 0.203 | 1.8

Infill Speed 2 0.0414 0.0414 0.0207 0.22 0.823 | 0.1

Residual Error | 2 0.1924 0.1924 0.0962 0.46

Total 8 41.1458

DF: degree of freedom; Seq SS: sequential sum of the square; Adj SS: Adjusted sum of the square;
F: Fisher’s value; P: Probability; %: percentage

5.3.24 Circumferential compressive testing results

The 3D printed discs based on DOE (Table 4.5) were subjected to UTM testing to ascertain the
circumferential compressive properties for the printed disc. To avoid slippage of the disc while in
compression, a specially designed holding fixture was printed on an FDM setup (which was made
up of PLA material (Figure 4.6) and the disc was held tightly with the prepared holder (Figure
4.8). Table 5.40 shows the compressive properties (PL, BL, PS, and BS) for the 3D printed discs.
Three samples for each experiment were printed and tested for compressive strength so that
standard deviation may also be reported for the processing conditions. From Table 5.40, it is
observed that compressive properties improved as the infill density increased and observed
maximum for sample 9, printed with infill density 90%, infill angle of 90°, and infill speed of 70
mm/s which was in line with the observed thermal conductivity trends. It clearly showed that better
diffusion of material in a layer fashion resulted in better mechanical properties as well as provided
a proper linkage/bonding between extreme printed layers for better thermal conductivity. Figure
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5.57 shows the stress vs. strain plot for the circular compressive testing which was further used to
calculate the toughness of printed discs as shown by Table 5.41. From Figure 5.57, it was observed
that the printed discs have shown some ductility as their strain curve suggests. This may be because
the printed disc was of a low thickness (1.74mm) which may have given some flexibility towards
distortion. Further, the stress vs. strain plot was used to evaluate the modulus of toughness. From
Table 5.41, it was clear that sample 9 had a maximum modulus of toughness (0.7686 Pa) whereas
sample 2 had the least value of modulus of toughness (0.2934). Infill density has played again a
major role in modulus of toughness as the values of modulus of toughness have been observed to
increase with increasing infill density. This shows that sample 9 may have better crash applications

(where a larger modulus of toughness is required for circular sections).

Table 5.40 Circumferential compressive properties for 3D printed discs for hybrid blend-based

sample
S.No Peak load (KN) Break load (KN) | Peak strength (Pa) | Break strength (Pa)
1 35.30£2.50 31.77+1.50 3.71+0.65 3.34+0.51
2 46.30£1.50 43.20+1.60 4.87+0.69 4.54+0.64
3 50.10£3.00 47.20+£2.00 5.27+0.71 4.96+0.71
4 53.40£3.50 48.06+1.40 5.62+0.60 5.05+0.68
5 57.50+2.50 53.20+1.50 6.05310.74 5.69+0.65
6 64.20£3.40 60.50£2.10 6.75+0.52 6.364+0.60
7 70.40+4.50 62.41+1.80 7.41+0.34 6.57+0.72
8 82.54+1.50 65.70+£1.50 8.68+0.75 6.91+0.52
9 92.50£2.50 71.57+£2.50 9.73+1.25 7.53+0.75
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Figure 5.57 Stress vs. strain plot for compressive testing as per Table 4.5

Table 5.41 Modulus of toughness for 3D printed discs for hybrid blend-based sample

S.No Break stress (Pa) Strain Modulus of toughness (Pa)
1 3.34 0.27 0.45
2 4.54 0.12 0.29
3 4.96 0.13 0.33
4 5.05 0.15 0.38
5 5.60 0.22 0.63
6 6.36 0.23 0.76
7 6.57 0.15 0.51
8 6.91 0.18 0.64
9 7.53 0.20 0.77

5.3.25 Optimization for compressive properties of the 3D printed circular disc

The properties observed from compression testing of the circular disc were further used for the
optimization of printing conditions so that the processing conditions of 3D printing may be

standardized for batch production. Table 5.42 shows analysis of variance (ANOVA) for the signal
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to noise (SN) ratios from which it was observed that maximum contribution (82.86%) was given
by infill density and infill angle (15.54%) whereas infill speed has the least role to play towards
the output. It was also observed that infill density and infill angle were the significant parameters
for the 3D printing as their probability (p)-value was less than 0.05 and Fisher’s (F) value greater
than 10. Table 5.43 shows the rank table for a peak load of compressive tested samples from which
it was observed that infill density was ranked 1% as its contribution was maximum towards the
output. Infill angle was given 2" rank and infill speed which was the least significant was given
3" rank. Figure 5.58 shows the main effect plot for the SN ratios of peak load which highlights
that infill density of 100%, infill angle of 90°, and infill speed of 70 mm/s were the optimized
conditions for 3D printing of the disc on the FDM setup. It was observed that the

optimized/suggested conditions were inside the selected DOE as experiment 9 (Table 4.5).

Table 5.42 ANOVA for SN ratios for peak load of compressive testing of 3D printed disc for

hybrid blend-based sample

Source DF | SeqSS | AdjSS | Adj MS F P % Contribution
Infill Density | 2 4458 | 44.58 22.29 | 129.79 | 0.008 82.86
Infill Angle 2 8.36 8.36 4.18 24.35 | 0.039 15.54
Infill Speed 2 0.51 0.51 0.25 1.50 | 0.400 0.95
Residual Error | 2 0.34 0.34 0.17 0.63
Total 8 53.80

Table 5.43 Rank table for peak load of compressive testing of 3D printed disc for hybrid blend-

based sample

Level Infill Density Infill Angle Infill Speed
1 92.75 94.15 95.15
2 95.30 95.61 95.73
3 98.20 96.49 95.38
Delta 5.45 2.34 0.58
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Rank 1 2 3

Main Effects Plot for SN ratios

Data Means
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Figure 5.58 Main effect plot for SN ratios of peak load for compressive testing of 3D

printed disc

Nopt= m+ (mA—m)+ (mB—m)+ (mC—m)
Y2, = 108 °PY10(for properties, larger is the better case)
m = SN mean of PL = 95.42
mA = max infill density from Table 9 = 98.2
mB = max infill angle from Table 9 = 96.49
mC = makx infill speed from Table 9 = 95.73
putting all values in the equation

Nopt= 95.42 + (98.2 —95.42) + (96.49 — 95.42) + (95.73 — 95.42)

N opt = 99.58 dB

155




ngt — 1099.58/10

Yopt = 95.31KN
The actual peak load value for experiment number 9 (92.50 £ 2.50 KN) was very near the predicted
value for the peak load (Table 5.40). All other properties were optimized on the same line as
explained above and it was observed that similar trends have been obtained for all properties and
predicted results were very close to the observed results of compressive testing.
5.3.26 Shore D hardness of the 3D printed circular disc

All the prepared samples were subjected to Shore D hardness testing. It was observed from the
hardness values that the results are in line with the compressive properties. The sample which has
maximum circumferential compressive strength also has shown maximum hardness. This may be
because infill density has played a maximum role in output. In the case of samples 7,8 and 9, the
samples were printed with maximum infill density. Due to this, better diffusion of the material
may have occurred in subsequent layers which resulted in less void formation in the inter-space of
the structure resulting in higher hardness values for the samples. Table 5.44 shows the Shore D
hardness results for the samples printed on the FDM setup.

Table 5.44 Shore D hardness results for circular shape 3D printed samples for hybrid blend based
sample

Serial number Shore D hardness
1 58.5

57.5

55.5

59.5

58.5

59.5

63.5

64.5

65.5

©O| O Nl O o | W N
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5.3.27 Fractured surface analysis using tool maker microscope of the 3D printed circular
disc

The fractured samples of compressive testing (Table 4.5) were subjected to the tool maker’s
microscope for fractured surface analysis using x30magnification. It was observed from the
fractured surface image that samples with lower infill density had maximum voids/porosity present
in the composite matrix (Figure 5.59) which may be the reason for their poor mechanical and
thermal performance. Samples 7, 8, and 9, printed with 100% infill density have shown fewer

voids/porosity holes due to which their mechanical and thermal performance was better.
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Sample as per serial number 5 Sample as per serial number 6

157



Sample as per serial number 9

Figure 5.59 Fractured surface observed under tool maker microscope as per Table 4.5

5.3.28 Surface roughness (based on image rendering) for best and worst samples

The photomicrographs of sample .9 (with best mechanical properties) and sample 1 (with poor
mechanical properties) as per Table 5.40 were processed on image processing software to evaluate
the Ra (Figure 5.60) using 3D rendered images. It has been observed that Ra for sample 1 (at the
cut-off length of 0.04mm) was more than sample that of sample 9 (as per Table 4.5) which may

also be one of the reasons for the poor mechanical and thermal properties of sample 1.

Serial 3D rendered image Roughness profile
number
R
O.l—i
1
D.l—i
Ra = 33.65nm
0.2 -
T T 1 1 1 1 1T ‘ T T T T T T T T T | T T T T T T T 7T
0.

0 0.1 0.2 0.3
x [mm]
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Figure 5.60 Surface roughness profile for 1%t and 9™ sample as per Table 4.5 for 3D printed
disc

5.3.29 Electrical conductivity results

Four probe testing method of capacity 10° to 10° S/cm was used for electrical conductivity
measurement of 3D printed samples. It has been observed that the samples had very low electrical
conductivity (<10) due to which it was impossible to quantify the electrical conductivity. Hence,
it was noted that the 20-weight percentage of magnetite powder in the PLA matrix has not shown
improvement in the electrical conductivity of the composite matrix. This may be because the
presence of PVC and wood dust which are insulators have dominated in electrical behavior of the
composite. This also suggested that electrical properties were independent of FDM processing

conditions as no improvement was observed in electrical conductance.
5.3.19 Dimensional deviation results

Table 5.45 shows the dimensional deviations in 3D printed parts on the FDM setup. From Table
5.45, it was made clear that for samples 1, 2, and 3, the deviation recorded in diameter and
thickness was lower in comparison to other samples. It has been observed that as the infill density
of samples was increased the deviation got enhanced. This may be because as the sample density
increases the voids/porosity reduce resulting in better structure formation but due to low internal
vacant space, the material after solidification has shown more deviation for thickness as well as
for diameter. But for lower infill density, the vacant space as voids/porosity was more available
due to which the expansion of material while solidifying filled the vacant space first. Due to this,
low dimensional deviations have been observed. Further, the values of AD and AT were subjected
to MiniTab 17 statistical software package tool for analysis of variance (ANOVA) optimization of
dimensional deviations for the minimum is the better case (as less deviation is required for the

production of prototypes to eradicate the extra post-processing of product). Figure 5.61 shows the
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main effect plot for the signal to noise (SN) ratio of AD which suggested that the least infill density
(60%), low infill angle of 45°, and medium infill speed of 70mm/s were the optimized conditions
for the least dimensional deviation for the 3D printed disc on FDM setup. Table 5.46 shows the
ANOVA for SN ratios of AD, from which it was observed that infill density was the only
significant parameter for the dimensional deviation feature for printed discs and has contributed
maximum (91.83%) while the other two selected parameters of FDM processing were
insignificant. It is noted that the optimized/suggested conditions were outside the design of
experimentation (DOE) but from ANOVA table 5.46, it was clear that the infill angle and infill
speed were the least significant as FDM processing condition. Also, as per Table 4.5 in sample 1;
the suggested infill density and infill angle was present therefore in place of the
suggested/optimized condition one may take sample las the standard conditions for the printing
of discs for FDM printing. Table 5.47 shows the rank table for SN ratios of AD which suggests
that the infill density was ranked 1st as per its contribution towards the output whereas infill speed
was ranked 2nd and infill angle was ranked at 3rd position. From the ANOVA table, it was
observed that the used statistical model was significant as the total residual error was 0.65% of the
total error. Thus, the used model and observed values for the FDM setting were correct up to a
95% confidence interval. From the percentage contribution, it has been observed that infill density
has contributed the most (91.83%), whereas the other two factors were not significant for the
current investigation. It is known that surface properties such as hardness and electrical properties
(electrical conductivity) are greatly dependent on the inner structure (porosity holes, bonding
between polymer and reinforcements, proper adhesion between different molecules) of printed
prototypes. Therefore, in the present case infill density has played a significant and maximum role
towards the observed surface hardness and electrical properties. Moreover, the dimensional
deviations are also the result of structural formation. Therefore, for the observed properties only

infill density has the maximum role to play.

Table 5.45 Observed dimensional deviations for FDM printed discs for hybrid blend-based
sample
Serial Printed | Original Printed Original AD(mm) AT(mm)

Number dia dia (mm) | thickness(mm) | thickness(mm)

(mm)
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1 110.86 110 1.67 1.74 0.86+0.21 | -0.07+0.02
2 110.62 110 1.71 1.74 0.62+0.19 | -0.03+0.01
3 110.9 110 1.73 1.74 0.9+031 -0.01+0.01
4 111.62 110 1.83 1.74 1.62+0.21 | 0.09+0.09
5 112.64 110 1.82 1.74 2.64+0.19 | 0.08+0.04
6 112.57 110 1.85 1.74 2.57+0.30 | 0.11+0.08
7 112.92 110 1.92 1.74 2.92+0.19 | 0.18+0.05
8 112.85 110 2.07 1.74 2.85+0.24 | 0.33+0.04
9 112.56 110 2.16 1.74 2.56+0.28 | 0.42+0.09
Table 5.46 ANOVA for SN ratios of AD for hybrid blend-based sample
Source DF Seq SS AdjSS | Adj MS F P Percentage
contribution
Infill density | 2 206.476 206.476 | 103.238 140.82 0.007 91.83
Infill angle 2 1.815 1.815 0.907 1.24 0.447 0.81
Infill Speed 2 15.067 15.067 7.534 10.28 0.089 6.71
Residual 2 1.466 1.466 0.733
Error
Total 8 224.824
Table 5.47 Rank table for SN ratios of AD for hybrid blend-based sample
Level Infill density Infill angle Infill Speed
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1 2.126 -4.063 -5.329
2 -6.940 -4.459 -2.734
3 -8.856 -5.149 -5.608
Delta 10.982 1.087 2.874
Rank 1 2 3
Main Effects Plot for SN ratios
Data Means
Infill density Infill angle Infill Speed
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Figure 5.61 Main effect plot for SN ratio of AD for hybrid blend-based 3D printed sample
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5.4 Results and discussion for stage 4
5.4.1 Multi-material printing results

First TSE of four PLA polymer-based different feedstock filaments of required diameter (1.75mm)
have been performed and feedstock of sufficient length was obtained (Figure 5.62) and then 3D
printing of different layers has been performed as per DOE (Table 4.8). Figure 5.63 shows different
steps of multi-material printing. According to DOE (Table 4.8), the printing has been done and 9
different prototypes have been printed for mechanical and surface characterization.

(d)
Figure 5.62 In-house developed feedstock filament of (a) PLA, (b) PLA/PVC, (c) PLA/wood
powder, and (d) PLA/Fe304
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(©) (d)

(9)
Figure 5.63 Printing for (a) Virgin PLA layer, (b) PVC reinforced PLA layer, (c) wood

reinforced PLA layer, (d) FesO4 reinforced PLA layer, () multi-layer printed part (front view),

(F) multi-layer printed part (top view) and (g) multi-layer printed parts (bottom view) as per
Table 4.8
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5.4.2 UTM testing results for multi-material 3D printed tensile specimen

The 3D printed parts as shown in Figure 5.63 were then subjected to UTM testing for mechanical
properties analysis and various properties were identified for further optimization (table 5.48). It
has been observed that maximum peak strength (46.28 MPa) and break strength (41.67 MPa) have
been obtained for experiment number 7 whereas the least properties have been obtained for
experimental condition 3 (peak strength 31.99 MPa and break strength: 28.79 MPa). The observed
best values have been obtained for 45° infill angle, infill density of 100%, and infill speed of 90
mm/s. This may be due to the reason that in a 45° orientation angle, the supplanted layers are
joined better with the subsequent layers and when tested for tensile property provide maximum
resistance as destructing force and material deposition layer angle is different. Whereas in the case
of the 3™ experiment, the infill angle is 90° due to which poor resistance to destruction has been
seen as the layers are in the direction of applied force. Moreover, in the case of the 7" experiment,
infill density is 100% which resulted in very low porosity holes and better joints between different
layers have been formed which resulted in better tensile properties. In the case of the 3" experiment
infill density of 60% (lowest among DOE) may be the reason for poor mechanical properties.
Figure 5.64 shows the stress vs. strain curve for UTM tested 3D printed parts. It has been observed
that the multi-material printed parts were brittle as suggested by the stress vs. strain curve.
Experiment 7 has shown maximum area under the curve which meant it has a maximum modulus
of toughness (4.76 MPa) nearly double than any other sample whereas the least toughness has been
observed for experiment 1 (1.752 MPa) (see Table 5.49).

Table 5.48 Tensile properties of multi material printed 3D parts

Serial
number PL (N) BL (N) PS(MPa) BS(MPa)
1 730.100 + 10 657.090 + 12 34.767 £ 2.3 31.290 £ 0.95
2 714.400 + 12 642.960 + 10 34.019+£1.52 30.617£2.3
3 671.700 +9 604.530 + 10 31.986 + 0.95 28.787 £ 1.52
4 808.500 + 12 727.650 +9 38.500 £1.52 34.650 £ 0.95
5 745.800 + 10 671.220 + 12 35.514+2.3 31.963+2.3
6 707.500 + 10 636.750 + 8 33.690 + 0.95 30.321 +1.52
7 971.800 +9 874.620 +9 46.276 + 1.52 41.649+2.3
8 896.300 + 12 806.670 + 12 42.681 + 0.95 38.413+£ 1.52
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9 788.000 + 10 700.960 + 10 37.524+2.3 33.379+£0.95
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Figure 5.64 Stress vs. Strain curve for multi-material 3D printed parts as per Table 4.8
Table 5.49 Modulus of the toughness of printed parts of multi-material printed 3D parts

Experiment no. PS (MPa) Strain Modulus of toughness (MPa)
(1/2xstressxstrain)
1 34.767 0.101 1.752
2 34.019 0.143 2.429
3 31.986 0.134 2.149
4 38.500 0.160 3.072
5 35.514 0.155 2.759
6 33.690 0.126 2.123
7 46.276 0.206 4.762
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8 42.681 0.130 2.779

9 37.524 0.130 2.443

5.4.3 Optimization of mechanical properties for PL, BL, PS, BS

Table 5.48 has been further used for the optimization of printing conditions for mechanical
properties using analysis of variance (ANOVA) statistical tool using Minitab 17 software package.
Table 5.50 shows the ANOVA table for the signal to noise (SN) ratio of PL. It has been observed
from the ANOVA table that the residual error (0.28726) is just 3.31% of the total error (8.66)
which signifies that the model used for the optimization of printing conditions was significant.
Infill density was found to be a significant parameter as its p-value (0.046) was less than 0.05.
Table 5.51 shows the rank table of SN ratios for PL. It was observed from the rank table that infill
density has been ranked 1% whereas infill angle and infill speed were ranked 2" and 3'¢
respectively as per their contribution toward output properties. Infill speed was the least significant
as its contribution was least (0.71%) among selected input parameters for mechanical properties
as shown in Table 5.50. From the main effect plot (Figure 5.65) of PL, it has been observed that
infill density of 100%, infill angle of 45°, and infill speed of 90 mm/s were the optimized
conditions for 3D printing of multi-material functionally graded parts. The optimized condition
for 3D printing was present inside the DOE (Table 4.8) as experimental condition 7.

Table 5.50 ANOVA of SN ratios for PL of multi material printed 3D parts

Source DF | SeqSS Adj SS | Adj MS F P % Contribution
Infill Density 2 | 6.01184 | 6.01184 | 3.00592 | 20.93 | 0.046 69.40
Infill Angle 2 | 230186 | 2.30186 | 1.15093 | 8.01| 0.111 26.57
Infill Speed 2 | 0.06155| 0.06155| 0.03078 | 0.21| 0.824 0.71
Residual Error | 2 | 0.28726 | 0.28726 | 0.14363 3.31

Total 8 | 8.66253
Table 5.51 Rank table for PL of multi material printed 3D parts
Level Infill Density Infill Angle Infill Speed
1 56.96 58.39 57.77
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2 57.53 57.86 57.72
3 58.91 57.16 57.92
Delta 1.95 1.23 0.19
Rank 1 2 3
Main Effects Plot for SN ratios
Data Means
Fill Density Fill Angle Infill Speed
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Figure 5.65 Main effect plot of SN ratios for PL for multi-material specimen

Further, the SN values of PL have been used for optimization and similar studies have been

performed for BL, PS, and BS.

Nopt=m+ (mA—m)+ (mB—m)+ (mC—m)

Y2, = 10N°PY10(for properties, larger is the better case)

m = SN mean of PL = 57.80

mA = max infill density from Table 5.51 = 58.91

mB = max infill angle from Table 5.51 = 58.39
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mC = max infill speed from Table 5.51 = 57.92
putting all values in equation
N opt = 57.80 + (58.91 —57.80) + (58.39 —57.80) + (57.92 —57.80)

N opt = 59.62 dB
ngt = 1(059-62/10
Yopt = 956.66 N
The optimized value was found to be near the observed actual PL (971.80 N) as provided in Table
5.48. Similar studies have been performed on all other properties and it has been found that the
optimized values were near the actual observed values.
5.4.4 Regression and surface plot analysis for 3D printed multi-material component
Further, the values as observed from Table 5.48 were used for fitting regression model for 3 level
interaction, and surface plots were formed for infill density and infill angle as input parameters
while taking infill speed as constant; at 70 mm/s as it was the least significant and outputs on the
third axis of the surface plot to show the behavior of output properties with input parameters on
changing conditions. Table 5.52 shows the regression equations for PL, BL, PS, and BS. The
obtained regression equations were used for surface plotting for behavior analysis. Figure 5.66
shows the surface plots for different properties. It has been observed from the surface plot of PL
(Figure 5.66 (a)) that with the combination of low infill angle (Infill angle < 45°) and high infill
density (> 100%), higher PL values have been observed. It has been validated by surface plots that
higher infill angles lead to poor mechanical results (Table 5.48). Similarly, higher infill density
leads to better tensile properties. Similar trends have been seen for BL, PS, and BS. From the
surface plots, it has been observed that the optimized values for each property remain the same as
higher infill density and low infill angle lead to better results in each case.
Table 5.52 Regression equations for PL, BL, PS, and BS
PL = 1186 — 12.08 Fill Density — 2.480 Fill Angle + 0.462 Infill Speed
+ 0.1036 Fill Density x Fill Density
BL = 1055 — 10.39 Fill Density — 2.297 Fill Angle + 0.415 Infill Speed
+ 0.0898 Fill Density x Fill Density
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PS = 56.5 — 0.57 Fill Density — 0.1181 Fill Angle + 0.0220 Infill Speed
+ 0.00493 Fill Density x Fill Density

BS = 50.2 — 0.49 Fill Density — 0.1094 Fill Angle + 0.0198 Infill Speed
+ 0.00428 Fill Density x Fill Density

45

Peak Strength

75 -

30

(c) (d)
Figure 5.66 Surface plots for (a) PL, (b) BL, (c) PS, and (d) BS for multi-material specimen

5.4.5 Surface characterization
The 3D printed samples were tested for surface properties such as hardness using shore D tester

on the bottom and top surfaces as the materials were different for each layer. Porosity was
investigated at the cross-section of fractured samples and photomicrographs of fractured samples

170



were taken to establish the relationship between surface and mechanical properties. Shore D
hardness of 3D printed sample was investigated using shore D hardness tester. The top and bottom
surfaces of printed samples were investigated to know the difference in hardness of different
surfaces printed using different materials. After hardness measurement, it has been observed that
the top surface (layer made of Fe3O4 reinforced PLA: 54 < Shore D hardness< 64) has low hardness
than that of the bottom layer (layer made of virgin PLA: 77 < Shore D hardness < 80). It has also
been observed that sample 7, printed with 100% infill density had maximum hardness (62.5 Shore
D, Table 5.53) whereas sample 3 the lowest (54.5 Shore D) which meant that the hardness of
samples was concerning mechanical properties as 7 samples had best tensile properties.

Table 5.53 Shore D hardness on the bottom and top surface of 3D printed samples for multi-

material printed 3D parts

Experiment No. Top surface hardness Bottom surface hardness
1 55 78
2 56.5 78.5
3 54.5 79
4 58 79.5
) S7 78
6 57.5 79.5
7 62.5 79.5
8 60.5 775
9 62 78

5.4.6 Fractured surface image analysis

Photomicrographs of fractured samples have been taken on the tool maker’s microscope on a x30
scale. It has been observed from the mechanical testing that by using the 3" experimental
condition, the printed sample had the least tensile property (Figure 5.67). The analysis of fractured
surfaces from photo-micrographs has made it clear that the worst properties were due to large
porosity holes present inside the printed specimen. Further, the 7! specimen with the best property,
ha very low porosity holes which ultimately have given it more strength and better tensile and
surface results. Similarly, the fractured cross-section of printed samples was subjected to surface

rendering using the image analysis software package tool, through which surface roughness was
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investigated and similar trends have been observed as it was observed for fractured surface analysis
by toolmakers microscope. It has been noted that for low density (Infill density: 60%) printed
samples held maximum surface roughness (R.>14 see Figure 5.68) whereas samples printed with
high density (100% infill density) had low surface roughness (Ra<10) which ultimately resulted in
better mechanical properties. For intermediate infill density (80%) the value of surface roughness

varies in the range from 11<Ra.<13 nm.

Serial number 4 Serial number 5

-

&

Serial number 7 Serial number 8 Serial number 9
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Figure 5.67 Tool maker’s microscopic images at the cross-section of the fractured tensile

specimen as per Table 4.8
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Figure 5.68 Surface roughness for multi-material printed part on the fractured cross-section as
per Table 4.8
5.4.7 SEM and EDAX characterization of the fractured surface of multi-material matrix-

based 3D printed tensile specimen

The fractured part of multi-material matrix-based 3D printed parts was also subjected to surface
characterization using SEM image analysis. The 3D printed prototype held several interfaces at
different locations therefore one SEM image at x30 magnification was taken so that the whole
surface may be captured to locate the different interfaces of different layers (Figure 5.69). Figure
5.70 shows the interface of PLA (100 weight percentage) and PLA/PVC (75/25 weight percentage)
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from which it was clear that the polymeric chain of PLA/PVC got embedded in the PLA (100
weight percentage) layer and has formed strong bonds due to which the mechanical properties
improved in comparison with the single hybrid matrix. Figures 5.71 and 5.72 show the interfaces
of PLA/PVC with PLA/wood powder (95/5 weight percentage) and PLA/wood powder with
PLA/magnetite powder (80/20 wt.%) interfaces, respectively. Further, Figure 5.73 shows the
EDAX characterization at 4 different locations for observing the elemental composition so that
proper mapping of elements at different interfaces may be observed to know the molecular
behavior while fusion at elevated temperature. As observed from the EDAX report (Table 5.54),
spectrum location elements were different at different locations. Only in spectrum 1, the presence
of Fe particles was observed which specifies that the layer contains PLA reinforced with magnetite
powder at the extreme position. Thus, on the application of a magnetic field, the extreme layer
may be magnetized (hence justifies the functionally graded layer formation). Similarly, spectrum
3 containing chlorine indicates that the layer is composed of PVC and PLA and provides ductility
at the middle of the structure resulting in more stain capacity of the prototype. Spectrum 4 shows
the presence of a 100% PLA layer as only carbon and oxygen are present as elements of that

spectrum.

Interface of PLA
100 wt%6 and
PLA reinforced
with PVC
75wt%0/25wt%0)

Interface of PLA reinforced
with PVC (75wt%0/25wt%0)
and PLA reinforced with wood

Interface of PLA reinforced with powder (95wt2%0/5 wt%0)

wood powder (75/25wt%0) and PLA

reinforced with magnetite powder

(80/20wt%0)

Figure 5.69 SEM image of fractured multi-material specimen at (a) x30 magnification
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Figure 5.70 SEM image at x1000 magnification for PLA and PLA/PVC interface
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Figure 5.71 SEM image at x1000 magnification for PLA/PVC and PLA/wood powder interface
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Figure 5.72 SEM image at x1000 magnification for PLA/wood powder and PLA/magnetite powder
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Figure 5.73Four selected spectrum at different location of the observed surface under EDS for multi-

material matrix-based prototype
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Table 5.54 Elemental composition present over the observed spectrum of multi-material matrix-
based prototype under EDS testing

Spectrum In stats. C ) Cl Fe Total
Spectrum 1 Yes 47.02 45.29 0.35 7.34 100.00
Spectrum 2 Yes 50.02 47.18 2.72 0.09 100.00
Spectrum 3 Yes 61.85 24.10 14.04 0.00 100.00
Spectrum 4 Yes 49.13 49.50 1.01 0.36 100.00

5.4.8 3D printing results for flexural specimens

For the preparation of functionally graded prototypes, four different feedstocks were used (Figure
5.62) at different layers of the printing. The bottom layer was printed with virgin PLA, the 2nd
layer with PVC reinforced PLA. The 3rd and 4th layers were printed with wood powder reinforced
PLA and the 5th and 6th (top) layers were printed with FezO4 reinforced PLA (with fixed layer
height 0.53mm). Figure 5.74 (a) shows the top view of the printed sample, 5.74 (b) shows the
bottom view of 3D printed flexural specimens using ASTM D790 standard and 5.74 (c) shows the

UTM tested flexural specimens.

(b)
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Figure 5.74 3D printed flexural specimens (a) Top view, (b) bottom view, and (c) UTM tested

flexural specimens as per Table 4.8

5.4.9 Flexural and pull-out testing results of multi-material 3D printed specimens

The 3D printed samples were tested with UTM for flexural and pull-out properties. Table 5.55
shows the observed values of PL, BL, PS, and BS for flexural properties, and Figure 5.75 shows
the stress vs. strain diagram for flexural tested specimens. From Table 5.55 it has been observed
that experimental condition 7 provides the maximum values for all mechanical properties and
sample 3 has shown poor results. This may be because sample 7 was printed with 100% infill
density and 45° infill angle which resulted in the better joining of layers and least void formation
due to which the specimen has shown excellent flexural properties in comparison to any other
specimen. From the stress and strain curve, it was observed that sample 7 has maximum peak
strength but the strain capacity was not maximum resulting in the brittle nature. Sample 8 has less
peak strength than sample 7 but was found to be more ductile as its strain-absorbing capacity was
higher. Based on Table 5.55 and Figure 5.75, modulus of toughness (Table 5.56) was calculated
and it was observed that maximum modulus of toughness was found for sample 8. Therefore,
sample 8 was considered a better candidate for crash applications than sample 7 which was found
to be more brittle than sample 8. Similar studies were performed for pull-out tested specimens and
properties PL, BL, PS, and BS (Table 5.57) were recorded for further analysis. From Table 5.57,
it was observed that the trends seen for flexural properties were similar for pull-out properties
(sample 7 was observed the best for pull properties and sample 3 was least effective). The poor
properties for sample 3 may be due to reason that it was printed with the lowest infill density of
60% and infill angle of 90° which resulted in more void formation or poor joining of layers due to

which it has given the least resistance to destruction. Figure 5.76 shows the stress vs. strain plot
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for pull-out tested specimen and it has been observed that sample 1 had a maximum modulus of
toughness in case of pull-out testing (Table 5.58). But its peak strength was not the highest. Other
than sample 1, test specimens printed with 100% infill density (samples 7, 8, and 9) have shown

better results in the case of modulus of toughness.

Table 5.55 Observations of flexural testing of multi material specimen

Serial number PL (KN) BL (KN) PS (MPa) BS (MPa)
1 128.4 + 6.67 115.56 + 8.81 24.48 + 3.20 22.03+1.73
2 107.8 +8.81 97.02 £7.52 20.55+2.21 18.5+3.20
3 93.1+7.52 83.79+ 6.67 17.75+1.73 15.98 +1.73
4 132.3+8.81 119.07 £ 8.81 25.22+3.12 22.7+3.12
5 123.5 + 6.67 111.15+7.52 23.55+1.73 21.19+3.12
6 118.1+7.52 106.29 £ 6.67 22.52 +3.20 20.27 £ 3.20
7 141.2 +7.52 127.08 £ 8.81 26.92 + 3.12 24.23 £ 3.12
8 132.3+8.81 119.07 £7.52 25.22+1.73 22.7+1.73
9 118.6 + 6.67 106.74 £ 6.67 22.61 +3.20 20.35+3.20

Table 5.56 Modulus of toughness for flexural specimens of multi material

Serial BS (MPa) Strain Modulus of toughness (1/2xBSxStrain)
number (MPA)
1 22.03 0.409 4.5051
2 18.5 0.51 4.7175
3 15.98 0.539 4.3066
4 22.7 0.46 5.2210
5 21.19 0.549 5.8166
6 20.27 0.58 5.8783
7 24.23 0.46 5.5729
8 22.7 0.631 7.1618
9 20.35 0.379 3.8563
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Figure 5.75 Stress vs. strain for flexural properties as per Table 4.8
Table 5.57 Pull out testing results of multi material specimen
Serial number PL (KN) BL (KN) PS (MPa) BS (MPa)
1 339.8 £ 6.67 305.82 +10.14 16.86 + 3.67 15.17 + 3.67
2 312.3+10.14 281.07 £ 6.67 1549 +2.14 1394+ 1.31
3 254 £9.31 228.6 +10.14 126 +1.31 11.34 £2.14
4 379.5+10.14 341.55 + 6.67 18.82 + 3.67 16.94 + 3.67
5 360.4 £ 9.31 324.36 £9.31 17.88 £2.14 16.09 £ 1.31
6 311.3+6.67 280.17 + 6.67 15.44 + 3.67 13.9+2.14
7 382.9+9.31 344.61 +10.14 18.99+1.31 17.09+1.31
8 362.8 +10.14 326.52 +9.31 18 +2.14 16.2+2.14
9 348.1 £ 6.67 313.29 + 6.67 17.27 £ 3.67 15.54 + 3.67
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Table 5.58 Modulus of toughness for pull out properties of multi material specimen

Serial BS (MPa) Strain Modulus of toughness (1/2xBSxStrain) (MPA)
number
1 15.17 0.92 6.9782
2 13.94 0.11 0.7667
3 11.34 0.19 1.0773
4 16.94 0.38 3.2186
5 16.09 0.30 2.4135
6 13.90 0.26 1.8417
7 17.09 0.35 2.9907
8 16.20 0.30 2.4301
9 15.54 0.42 3.3022
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Figure 5.76 Stress vs. strain for pull out test as per Table 4.8
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5.4.10 Optimization of flexural and pull-out properties

Optimization for a peak load of flexural property for a multi-material component

Based on the information in Tables 5.55 and 5.57, flexural and pull-out properties were further
optimized so that a standard 3D printing condition may be obtained for statistical control of the
output properties. The analysis of variance (ANOVA) method has been employed for optimization
using MiniTab 17 statistical package tool. Table 5.59 shows the ANOVA table for the peak load
property of the flexural tested specimen. It has been observed that infill angle has contributed
maximum (48.85%) towards output whereas infill density has also significant contribution
(41.70%) but infill speed has shown least contribution of only 6.66%. The residual error (0.2701)
IS just 2.89% of the total error which signifies that the model accuracy is within 95% confidence
interval. Table 5.60 shows the rank table for the peak load property of the flexural specimen. From
the rank table, it has been observed that infill angle has been ranked at 1% position and infill density
at 2" position whereas infill speed with the least contribution has been ranked 3" or at the
lowermost position. Figure 5.77 shows the main effect plot of peak load for the flexural tested
sample and it has been observed that infill density of 100%, infill angle of 45°, and infill speed of
50 mm/s are the optimized condition for 3D printing. The optimized conditions were out of
selected DOE (Table 4.8), therefore for peak load, flexural testing optimized values were again
predicted. From ANOVA optimization, it has been found that the optimized value for the
suggested condition was 150.48 N for peak load which was very near the actual value of peak load
for sample 7. This may be because the infill density and infill angle are the same for sample 7 and
the suggested/optimized condition of 3D printing. The difference was only in infill speed. As the
infill speed has the least contribute towards the output, the difference in the value of peak load for
suggested/optimized and actual condition (sample 7) was very less. Therefore, one may select the
7" experimental condition (Table 4.8) for 3D printing the flexural prototype of multi-material
functionally graded material. Similar studies have been performed for all other mechanical
properties and it has been ascertained that similar trends were present for all the properties of the
flexural specimen. In the case of pull-out property, infill density of 100%, infill angle of 45° and
infill speed of 70 mm/s were the optimized/suggested conditions for 3D printing. But from

observations, it has been noted that infill speed has an insignificant role to play in the output. So it
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may be ignored and experimental condition 7 can be taken as the optimized condition for

standardizing printing of prototypes.

Table 5.59 ANOVA for SN ratios of PL for flexural specimen

Source DF |SeqSS | AdjSS | Adj MS F P Percentage
Contribution

Infill 2 3.9881 | 3.9881 | 1.9941 14.77 0.063 | 41.70

Density

Infill 2 4.6705 | 4.6705 | 2.3352 17.29 0.055 | 48.85

Angle

Infill 2 0.6338 | 0.6338 | 0.3169 2.35 0.299 | 6.66

Speed

Residual | 2 0.2701 | 0.2701 | 0.1350 22.89

Error

Total 8 9.5625

Table 5.60 Rank table for SN ratios of peak load for flexural specimen of multi material printed

3D parts
Level Infill Density Infill Angle Infill Speed
1 40.73 42.53 42.02
2 41.90 41.64 41.52
3 42.30 40.77 41.40
Delta 1.57 1.76 0.61
Rank 2 1 3
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Main Effects Plot for SN ratios
Data Means
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Figure 5.77 Main effect plot for SN ratio for the peak load of flexural specimens for multi-
material specimens
Nopt=m+ (mA—m)+ (mB—m)+ (mC—m)
YZ,: = 108 °PY10(for properties, larger is the better case)

m = SN mean of PL = 41.65

mA = max infill density from Table 5.60 = 42.30

mB = max infill angle from Table 5.60 = 42.53

mC = makx infill speed from Table 5.60 = 42.02
putting all values in equation

Nopt = 41.65 + (42.30 — 41.65) + (42.53 — 41.65) + (42.02 — 41.65)

N opt = 43.55dB

ngt — 1043.55/10

Yopt = 150.48 KN
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5.4.11 Shore D hardness results for flexural specimens of multi-material component

The surface hardness of 3D printed prototypes was measured on top and bottom surfaces as the
two extreme surfaces were with different reinforcements. It has been observed from the hardness
characterization that the top layer (PLA reinforced with 20 weight percentageFeszOs4) was less hard
than the bottom layer (virgin PLA). This may be because the virgin PLA layer has fewer voids and
better-diffused material as compared to the reinforced PLA layer. Figure 5.78 shows the observed
values of surface hardness on two extreme faces of flexural printed specimens. It should be noted
that with higher infill density, surface hardness was improved for PLA reinforced with 20 weight
percentage FesO4 powder, whereas for virgin PLA layer, no significant effect of infill density on

hardness was recorded.
Surface Hardness for extreme surfaces

20
70

50

30
20

Surface hardness
P

10

1 2 3 4 5 6 7 B 9
M Top surface hardness 545] 56 | 54 |575|575)] 38 | 63 |615]625

® Bottom surface hardness| 78 | 775|785 79 | 78 | 79 |79.5|785| 78

Figure 5.78 Shore D surface hardness for extreme surfaces as per Table 4.8
5.4.12 Fractured surface analysis for flexural specimens of multi-material component
The tested samples were observed under tool maker’s microscope on x30 magnification and it has
been observed over the cross-section of the fractured sample that specimens printed with infill
density 100% had uniform diffusion of material which resulted in fewer voids (Figure 5.79) due
to which the joint strength was more than that of lower infill density. Thus, it may be concluded

from the fractured surface analysis that higher infill density (Infill density: 100%) and low infill
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angle (infill angle: 45°) result in uniform material deposition of diffused material on 3D platform
resulting in better mechanical properties. The fractured surface photomicrographs were used for
image analysis using an image analyzing software package tool for conversion of fractured surface
image (which is in 2D) into the 3D rendered surface for further quantifying the surface roughness
trends for the fractured specimens. It has been observed that a high Ra value was recorded for 3D
printed flexural specimens with high infill angle and low infill density (Figure 5.80). This may be
because with low infill density there may be some internal voids due to which the joining of
diffused material was not proper which resulted in high roughness and ultimately in poor flexural

and pull-out performance.
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Figure 5.79 Cross-section of fractured surface images for flexural specimens as per Table 4.8
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Figure 5.80 Processed image for the fractured surface of flexural tested samples as per Table 4.8

5.5 Results and discussion for stage 5

55.1 Extrusion and UTM results

The mechanical recycling of polymeric material of PLA composite was performed for three stags
and feedstock was developed for each stage successfully. The images of recycled pellets were
taken at each recycling step to differentiate between their conditions after each stage of recycling.
Figure 5.81shows the actual images of virgin/polymeric blend and recycled pellets of PLA
composites of different recycling stages. Table 5.61 shows the UTM results of different feedstock
tested for their mechanical strength. From UTM results, it was observed that among the four
different feedstocks of PLA composites, the first stage of feedstock developed with virgin
polymeric blend was the best. As the material was processed again for different stages of recycling
the material strength got reduced. This may be due to the reason that the first stage of feedstock
was made of the virgin polymeric blend which holds an un-deformed chain of polymeric
composition/ proportion.

The first stage of feedstock was unharmed in the manner that the polymeric blend has gone through
the heating cycle for the first time in its life. But as the extruded material was again used as material
in the second stage of recycling, the chain may have got disturbed due to passing through more
heating cycles which affected the material strength by reducing the chain bonding capacity of the
monomer. From Table 5.61, it may be observed that the properties for PLA (without
reinforcement) in different recycled stages were not reduced significantly in comparison to the
PLA composite matrix. This may be due to the reason that the PLA matrix was capable of passing
through several heating cycles which may also be observed from Figure 5.81, where the change in
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material matrix color was very less compared to the first stage of recycling to the last stage. Similar
results were observed for the PLA/Fe3sO4 composite matrix that also resulted in less loss in
mechanical properties for different stages of recycling. Figure 5.81 shows the minor changes in
the color of the recycled material matrix of PLA/Fe3Os. Table 5.61 also shows the percentage
mechanical property losses of materials for different stages of recycling using equation 1. From
Table 5.61, it was observed that minimum mechanical property loss (-1.25%) was observed for
the PLA/Fes04 material matrix which shows that the addition of Fe3O4 in the PLA matrix was
beneficial as its mechanical strength and recycling life got improved. The recycling efficiency of
PLA for stage 1 was at the second position in terms of minimal loss in mechanical strength.

The break elongation (BE) for PLA was seen to improve for two stages of recycling from 3.23mm
to 6.65mm but for stage 3 the value decreased to 3.8mm which may be due to the reason that the
PLA matrix has reported 36% of loss in its strength for stage 3. Also, the strain capacity of PLA
recycled material was reduced to 0.063 (Figure 5.81). Similarly, other composites have reported a
decrease in BE except for PLA/Fe3O4 for which it was observed that the matrix showed continuous
improvement for the successive recycling stages. The reason for the improvement in the BE of
PLA/Fe304 was observed to be the low losses in tensile strength of the matrix. For recycling stage
3, the matrix resulted in a 22% decrease in peak strength which means that the material is less hard
and therefore the matrix exhibited improved BE under the loading condition. Moreover, the
decrease in mechanical properties may be due to internal structural non-uniformity such as
porosity, voids, etc.

Table 5.61 UTM testing results for different recycled material matrix of PLA composites

%
Loss
Composite PL(N) PE (mm) BL(N) BE (mm) PS(MPa) BS(MPa) (PS)
PLA 84.3+2.12 | 1.52+0.08 | 75.87+3.21 | 3.23+0.08 | 46.07£1.42 | 41.56x+1.42 -
-0.04
PLAR1 81.841.83 | 2.28+0.10 | 73.62+2.95 | 4.94+0.14 | 44.03+1.12 | 40.62+1.12
-0.17
PLA R2 72+1.69 152+ 0.08 | 64.8£157 | 6.65+0.17 | 37.95+1.21 | 32.95+1.25
-0.36
PLA R3 53.4+1.25 | 0.76+£0.02 | 48.06+1.42 | 3.8£0.12 | 29.21+1.05 | 24.99+1.12
PLA/Wood | 71.1+2.14 | 1.14+0.04 | 63.99+2.84 | 2.09+0.08 | 40.25+2.31 | 36.23+1.86 -
PLA/Wood
R1 72+2.04 0.95+0.01 | 64.8+2.36 | 2.66+0.09 | 29.95+0.98 | 26.95+£0.94 | -0.25
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PLA/Wood
R2 36.2+0.78 | 0.76x0.05 | 32.58+1.42 | 0.95+0.05 20.5+1.42 18.45+1.42 | -0.49
PLA/Wood
R3 44.6+1.21 | 0.95+0.07 | 40.14+1.76 | 0.95+£0.08 | 18.55+ 0.86 16.7£0.93 | -0.53
PLA/PVC 19.6+0.85 | 0.76+0.05 | 17.64+0.83 | 0.76x0.05 | 24.97+1.05 | 22.47+1.20 -
PLA/PVC
R1 37.7+0.74 | 1.52+0.08 | 33.93+1.42 | 1.52+0.08 | 21.34+1.54 | 19.21+1.34 | -0.14
PLA/PVC
R2 49+ 0.63 0.76+ 0.05 441+2.14 | 0.95+0.06 | 19.27+1.24 | 17.34+1.14 | -0.22
PLA/PVC
R3 20.5+£0.21 | 0.76£0.04 | 18.45+0.96 | 0.95+£0.05 | 11.61+0.54 | 10.45+0.86 | -0.53
PLA/FesOs | 7941195 | 1.14+0.05 | 71.46+3.85 | 1.33£0.08 | 44.95+2.65 | 40.46+ 1.53 -
PLA/ FesO4
R1 78.4+2.31 | 1.52+0.08 | 70.56+2.94 | 1.52+£0.09 | 44.39+1.63 | 39.95+1.32 | -0.01
PLA/ FesO4
R2 68.1+1.83 | 1.9+0.11 61.29+1.85 | 2.09+0.11 | 38.56+1.40 347+112 | -0.14
PLA/ FesOq4
R3 61.7£1.76 | 1.14+0.09 | 5553+£1.04 | 513+£0.19 | 34.93+1.63 | 31.44+141 | -0.22
60.40+
PLA/Hybrid 0.36 0.38£0.01 | 13.68+1.10 | 0.38+0.01 | 19.36+0.84 | 17.43+0.76 -
PLA/Hybrid 56.45+
R1 0.24 0.95+0.04 | 12.78+1.23 | 1.14+0.04 | 18.09+0.63 | 16.28+ 0.64 | -0.06
PLA/Hybrid | 37.81+
R2 0.29 1.14+0.09 | 12.33+142 | 1.33£0.10 | 12.12+£0.45 | 10.91+0.39 | -0.37
PLA/Hybrid | 26.15+
R3 0.98 0.57+£0.03 | 36.99+0.97 | 0.57+£0.03 | 8.38+0.30 7.54+0.28 | -0.56

Note:

— Three samples were tested for each type of composite material and an average of those has
been shown in Table 1.

— R1: Recycling Stage 1; R2: Recycling stage 2; R3: Recycling stage 3

— PL: Peak load; BL: Break Load; PE: Peak Elongation; BE: Break Elongation; PS: Peak
Strength; BS: Break Strength; % Loss PS: Percentage loss in peak strength

— % loss in PS = PS (virgin/blend)-PS (Recycled for different stages)/ PS (virgin/blend)

PS (virgin/blend)—PS (Recycled for dif ferent stages)
PS(virgin/blend)

— % lossin PS =
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— The material matrix has been compared to their respective groups only as PLA recyclates
were compared to PLA as the base, PLA/PVC recyclates were compared to PLA/PVC, etc.

— A negative sign denotes the loss in strength

— “Virgin” means the polymeric material extruded by the researcher in the lab after

procuring the material in form of a granular structure to produce feedstock and recyclates.

Virgin/blend
LI O s
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®
Figure 5.81 Images for virgin/blend and recycling pallets for (a) PLA, (b) PLA/wood powder,

(c) PLA/PVC, (d) PLA/Fe304 powder and (e) hybrid blend of PLA/ PVC/ Fe304/ wood
powder

From Table 5.61 it was observed that the maximum losses in mechanical properties were observed
for the third stage of recycling for each material matrix was of PLA composite. The hybrid matrix
of PLA/ PVC/ Fe304/ wood powder has shown maximum losses in mechanical properties 6.5%
for stage 1, 37.40 % for the second stage, and 56.71% for the third stage which showed that the
magnetostrictive polymeric matrix PLA/ PVC/ Fe304/ wood powder was recyclable only up to
one stage and after that, it loses its mechanical strength significantly. This may be due to the reason
that the wood powder and PVC present among the hybrid matrix has resulted in poor mechanical
bonding between the chains of PLA polymer and ultimately resulted in significant property losses.
The matrix of PLA/PVC has also shown 53.5% losses in mechanical strength at stage 3 but for the
first two recycling stages, the matrix was stable and has incurred only up to 22% losses in
mechanical strength whereas PLA/wood lost approximately 50% of mechanical strength for the
second stage of recycling. This may be due to the reason that the wood powder present in the
polymeric chain has degraded as it was passed through the second heating cycle and thus
decreasing the chain strength of PLA significantly. Figure 5.81 (b) shows the changes in the colors
of PLA/wood composite where it could be easily seen that in the first stage of recycling the
material matrix is dark brown but as it passed through the second and the third heating cycles of
extrusion, the color faded to light brown which was a clear signal of loss of wood particles from
the composite material matrix.

Figure 5.82 shows the stress vs. strain curve for three stages of (a) PLA, (b) PLA/wood, (c)
PLA/PVC, (d) PLA/Fe3O4 and (e) PLA/ PVC/ FezO4/ wood powder composite matrix. It was
observed that as the material matrix was passing through heating cycles the matrix became brittle

and thus showed sudden breakage while mechanical testing. This phenomenon of brittle failure
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was predominant in all other matrices of PLA composites whereas the matrix of PLA has shown

some ductility (Figure 5.82 (a)).
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Figure 5.82 Stress vs. strain graph for virgin/blend and recycled pellets for 3
stages of (a) PLA (b) PLA/wood powder, (c) PLA/PVC, (d) PLA/Fe304 powder,
and (e) Hybrid blend of PLA/PVC/wood/Fe304 powder
The stress vs. strain graph was further used for the calculation of modulus of toughness (MoT).
Table 5.62 shows the MoT for different PLA composites and %age change in MoT with repeating
heating and cooling through recycling stages. From Table 5.62 it was observed that for PLA
material, the MoT improved for the first and second stage of recycling and maximum MoT (2.182
MPa) was observed for PLA R2 where it improved by more than 66.19%. But for the third stage,
the material MoT decreased significantly which meant that the material matrix was degraded
significantly and was no longer in a condition to holding its strength. This may be due to the reason
that the percentage porosity and irregularities in the internal structure for PLA R2 may have
increased which resulted in the poor matrix. Therefore, the internal structure testing through
microscopic images became an important step to relate the material behavior. Similarly,
PLA/Fe304 matrix has shown improvement in MoT for the increasing cycles of recycling, and
maximum MoT was observed for PLA/FesO4 R3 (184.93% improvement over PLA/Fez04). For

PLA/PVC matrix only the first stage of recycling has resulted in positive results, which may be
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due to the reason that as the recycling was performed for the second and the third recycling, the

PVC degraded and thus formed incapable bonds among the PLA and PVC molecules.

Table 5.62 MoT values with standard deviation (SD) for different PLA composites of recycled

material matrixes

Relative change

Composite PS(MPa) Strain MoT (MPa) in MoT (percent)
PLA 4607142 | 4 057+ 0.02 131+ 0.12 :
PLARL 44031121 40814 0.03 1.78+ 0.16 0.36
PLA R2 3191211 4 1954 0.06 2.18+0.17 0.66
pLAR3 | #ELOS T 4063+ 0.02 0.92+ 0.09 10.30
PLAWood | 49252311 0354 0.01 0.70+ 0.08 :
PLAWood R1 | 22098 | 4043+ 0.02 0.64+ 0.06 0.08
PLAMWood R2 | 29°F 142 | 016+ 0.01 0.16+ 0.03 0.77
PLAWood R3 | 1851086 | 515: 0,02 0.14+ 0.02 0.79
pLapve | 249EL05 146134 0.009 0.16+ 0.03 :
PLAPVCRL | 2134154 6 0255+ 0.02 0.27+ 0.04 0.68
pLAPVCR2 | 9271241 40168+ 0.01 0.16+ 0.03 10.002
pLAPVCR3 | 11010541 4 0165+ 0.01 0.09+ 0.01 0.40
PLA/Fe304 | Y2851 0044 0.01 0.53+ 0.07 :
PLA/Fe304R1 | #4399 1831 006+ 0.01 0.57+ 0.09 0.07
PLA/Fe304R2 | 382011401 (0354 0.02 0.67+ 0.08 0.25
PLA/Fe304R3 | S*931 1831 0gg+ 0.04 153+ 0.15 1.84
PLA/Mybrid | 123020841 (5074 0.01 0.07+ 0.01 :
PLAHybrid R1 | 189950631 4 0194 .01 0.17+ 0.04 153
PLA/Mybrid R2 | 121220451 4 5934 .01 0.14+ 0.02 1.06
PLAMHybrid 3 | 838030 | 5514001 0.04+ 0.01 0.38

*Note:

Percentage Variation in MoT =

MoT (virgin/blend) — MoT (Recycled stages)
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5.5.2 Fractured surface analysis results

The failure of recycled materials has shown an interesting trend that outlined the altered behavior
of the composite material matrix (which is visible by the images of re-cycled matrixes Figure
5.81). Moreover, the stress vs. strain graph has identified the brittle nature of the recycled material
matrix. But the reason for poor mechanical performance by recycled materials over the different
stages may be its internal structure which could be harmed by the number of heating cycles.
Therefore, fractured surface analysis was made using Tool Maker’s microscope in which the
fractured samples were examined under the microscope at x30 magnification. The samples were
tested at the internal cross-section of fractured surfaces from which it was observed that the PLA
recyclates and PLA material matrix have shown neck formation (Figure 5.83 (a)) while all other
samples held brittle failure as the fractured cross-section for all other composite matrix was flat
and no neck formation has been observed. From the microscopic image of fractured the surface, it
may be observed that the material matrix of PLA/FesOs and hybrid matrix of
PLA/PVC/FesOs/wood powder held several porosity holes/ voids at their surfaces. Also, it was
observed that as the heating cycles increased or recycling stages increased the surface held more
irregularities which was a clear sign of a relationship between mechanical properties and surface
irregularities. It may be due to the reason that as the recycling stages increased, the polymeric
chain of the composite got disturbed and the packing efficiency of the monomer got reduced due
to elongated chain length of polymers which caused internal irregularities among molecular chain
and resulted in more voids inside the structure (which ultimately reduced the mechanical strength

of recycled composite matrix).

Virgin/blend
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Figure 5.83 Tool maker’s microscopic images of fractured specimens for (a) PLA pellets, (b)
PLA/wood powder, (c) PLA/PVC, (d) PLA/Fe304 powder, and (e) Hybrid blend of
PLA/Fe304 powder and recycled pellets

5.5.3 Porosity results

Figure 5.84 shows the porosity results of fractured samples of recycled composite matrix from
which it was observed that the recycling strength was related to porosity holes directly. With the
recycling stage, the relative percentage porosity observed to increase thus the internal structure of
the composite after recycling was deteriorated further resulting in poor mechanical strength. A
similar observation may be made by observing Figure 5.81 which highlights that the recyclates

processed through TSE for stage 1 to stage 3 held a high amount of air inside the recycled matrix
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as the recyclates were thicker than their counterparts. Thus, when processed for feedstock these
resulted in a larger number of porosity holes on the release of entrapped air. Similarly, when Figure
5.81 (b) was observed, it was found that the wood present in the matrix was burnt with the repeated
recycling stages that resulted in fading of the dark brown color of the material matrix at recycling
stage 1 to light brown at recycling stage 3. The increasing porosity holes with increasing recycling
stages deteriorated the matrix of PLA composite for further recycling which ultimately resulted in
50-60 % of mechanical property losses at recycling stage 3. The maximum porosity was observed
for the third stage of recycling in every group. The PLA/PVC/wood/ Fe304 powder composite for
stage 3 held maximum porosity of 19.84 % and PLA/PVC for stage 3 held 19.58 % relative
porosity and also their mechanical strength was the least among all. It gives clear evidence of a
relationship between percentage porosity and mechanical performance of prepared feedstock of
recycled material matrix of the PLA composite.

Virgin/Blend

Porosity: 5.4% Porosity: 5.86%

Porosity: 10.27% Porosity:15.75% Porosity: 17.23% Porosity: 19.58%
(b)
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Porosity: 7.85%

(d)

“ o

Porosity: 19.84%

Porosity: 11.87% Porosity: 12.75% Porosity: 16.22%
(e)
Figure 5.84 Porosity results for (a) PLA, (b) PLA/wood powder, (c) PLA/PVC, (d) PLA/Fe304 powder
and (e) hybrid blend of PLA/ PVC/ Fe304/ wood powder
5.5.4 DSC analysis
To prove that pure PLA remains pure PLA, the thermal testing using DSC was performed for two
cycles of heating and cooling (heating cycle: 25°C to 200°C and cooling cycle 200°C to 25°C)
cycles. Only 4 samples: PLA, PLA R1, PLA R2, and PLA R3 were tested for DC analysis. It was
observed that for different cycles of recycling, there was a marginal change in the integral energy
varying from 108mJ to 96mJ for the first heating cycle of DSC (Figure 5.85), whereas the onset
temperature also varied from 144°C to 130°C, which meant that with the heating cycles of TSE
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the material matrix remains the same as the DSC graphs/trends were similar for each material

matrix of PLA.
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Figure 5.85 DSC analysis for samples of PLA, PLA R1, PLA R2, and PLA R3
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It should be noted that for comparative purposes best samples of a hybrid composite of PLA
prepared at stage 3 and a multi-material composite of PLA developed at stage 4 have been taken
for calculation of standard deviation for experimental data sets. For calculating standard deviations
(sigma o) of the data set 10 samples have been prepared by using standard optimized conditions
for both types of samples (condition no. 7 for hybrid as well as for multi-material prototype) and

calculations were made using the following equation.

1 X

o=\ % e — )

=1
It was found that the hybrid material component exhibited o: 0.3375 for peak strength and
o: 0.4716 for surface hardness. Whereas in the case of multi-material prototypes ¢ was found to
be 0.3214 and 0.4125 for peak strength and surface hardness respectively.
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CHAPTER 6

CONCLUSIONS AND FUTURE SCOPE

This chapter highlights the conclusions of experimentation performed at various stages of the

work.

6.1 Conclusions for stage 1

1.

The results of the study suggest that for the combined optimization of mechanical
properties, experiment number 10 (Table 4.3) with 170°C barrel temperature, torque
0.15Nm, composite mixture 1, and the load of 10kg are the optimized conditions for TSE.
It has been noticed that only screw temperature is a significant parameter for TSE
processing and other parameters contributed less than 2% collectively.

Optimized values of different mechanical properties; peak load, peak elongation, breaking
load, break elongation, strength at peak, strength at break, percentage elongation at peak,
percentage elongation at break, shore D hardness come as 41.97N, 4.43mm, 40.36N,
4.81mm, 18.03MPa, 16.43 MPa, 5.89, 7.32 and 66.60 shore D, respectively.

The high porosity (20.41%) of samples obtained from experiment no.17 resulted in poor
surface hardness (58.5 Shore D) (which indicated the poor composite matrix) which
ultimately resulted in poor mechanical properties. In contrast, experiment number10 has
shown a low value of porosity (7.18%) and high hardness (65.8 Shore D) thus resulting in
a better surface texture of the filament as observed from photomicrographs thus resulting
in better mechanical performance.

DSC analysis shows that sample 10 is thermally stable in comparison to sample 17,
contributing to better mechanical properties.

Further, VSM testing has indicated that all compositions held significant magnetic
properties which may have usefulness for self-assembly and 4D applications.
Characterization for surface properties (surface hardness, surface roughness, porosity, and
fractured surface analysis) have given conclusive evidence for the relationship between
obtained mechanical performance and morphological properties of prepared feedstock
filaments.

Extrusion condition 5 (as per Table 4.3) in which sample composition 2 (Fez04 25 weight

percentage, PLA 52.5 weight percentage, PVC 15 weight percentage and wood particles
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10.

11.

7.5 weight percentage), the torque of 0.12Nm, screw temperature of 165°C, and the load
of 5Kg plays a crucial role and is the optimized condition for the magnetization whereas
maximum magnetization has been obtained in experiment 2 which contained composition
1 in which 20% Fe3O4 is present.

Regression analysis of all the input parameters with output for different properties has
shown that magnetization is the maximum when screw temperature is less than 165°C and
composition lies between samplel and 2. The lowest magnetization is found for the highest
temperature and the sample having the lowest FesO4 content (sample 3; Fe3O4 = 17.5%).
From VSM analysis it has been found that all the samples having FezO4 in the matrix are
of super-paramagnetic nature which is clear from their hysteresis loop and can be gainfully
used for self-assembly applications.

Magnetic and mechanical properties are not in correlation with each other as verified from
SEM and EDAX analysis and it is clear that few Fe3O4 particles are present on the surface
of the filament which means that magnetite particles get mixed into the inner matrix of the
surface. As magnetic properties are dependent solely on the presence of magnetite powder
in the composite which is inside the composite matrix and thus therefore it is hard to find
any correlation between magnetic and mechanical properties of a composite.

The magnetic and surface properties were statistical controlled and have shown Cp and
Cpk values greater than 1 which signified that the processing condition of TSE (i.e. barrel
temperature of 170°C, screw speed 45 rpm, and extrusion load of 5kg) is capable of
producing feedstock filaments of required properties (magnetization, surface hardness, and

surface porosity) for the number of times.
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6.2 Conclusions for stage 2

1. The MFI of the composite increases with the loading of reinforcements in the PLA polymer
matrix except for the wood powder which has shown a negative trend with increased
loading. It is concluded that for successful multi-material printing, MFI is to be maintained
to the nearest possible value so that proper fusion may occur among successive layers.

2. Mechanical properties were also reduced with the loading but with increasing Fe3Os
content in polymer composite matrix, mechanical properties have shown improvement.
The Fes04 reinforcement in PLA has reduced the peak load, break load, strength at peak,
and strength at the break but improved the break elongation, percentage elongation while
peak elongation remained the same. For the reinforcement of PVVC from 10 weight percent
to 25 wt.%, peak elongation and break elongation have reduced by 47.61% and 50%,
respectively. Shore D hardness and porosity results have supported the rheological and
mechanical results. Hence, it is concluded that for possible multi-material printing the level
of reinforcements may be selected as per desired mechanical properties in successive layers
of the 3D printed parts.

3. DSC has been performed for samples which have suggested that all the samples were
thermally stable as there was a marginal change in peak set and peak endpoints. Virgin
PLA was the most thermally stable while for other reinforced samples, onset and peak
temperature were stable but integral energy was found to decrease significantly for the
successive cycles of DSC testing. Finally, the VSM of the sample suggested that magnetic
properties were dependent on the content of FesO4 present in the composite while the
presence of other foreign reinforcement does not affect the magnetic properties.
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6.3 Conclusions for stage 3

1.

The process optimization results have suggested that infill density of 100%, infill angle of
45°, and infill speed of 70 mm/s have given the best result for the peak strength and break
strength.

ANOVA model suggested that there may be some missing terms in the model prepared
based upon Taguchi L9 OA, which indicated poor predictability as the model was not
significant due to error greater than 10%. Historical data approach has ascertained that
interaction among input variables has played a greater role than that of single variable effect
towards output which resulted in predictable model and the accuracy of the model was also
higher.

Morphological analysis suggested that sample printed with maximum density and low infill
angle has the minimum porosity and thus have shown better mechanical results.

From multifactor optimization of flexural and pull-out properties, it has been ascertained
that experimental condition 7 (Infill density: 100; Infill angle: 45°; and Infill speed:
90mm/s) is the best printing condition and experimental condition 3 (Infill density: 60;
Infill angle: 90°; and Infill speed: 90mm/s) is the worst among all.

From the stress and strain curve of the flexural specimen, it has been found that the sample
with the best properties (sample 7) also holds maximum strain-absorbing capacity as its
break elongation is 20.47mm and strain capacity is 0.4094 for flexural results whereas in
the case of pull out, sample 7 holds break elongation of 40.12 and strain capacity of 0.8024.
Hence, this may be considered as the best condition of 3D printing for crash applications.
From morphological testing of flexural and pull-out specimens, it has been found that
mechanical properties are in a relationship with hardness, porosity, and surface roughness.
From Creo model analysis it may be concluded that strain increases downwards in the
thickness and is maximum at the lowest layer due to which the failure starts from the base
row in flexural testing. Therefore, it is recommended to use a small angle of printing. As
the number of load-sharing layers increases, maximum strength is obtained.

From the thermal conductivity test, it has been ascertained that sample 9 printed with infill
density 100%, infill angle 90°, and infill speed of 70 mm/sec, has shown maximum thermal
conductivity (0.27817 W/mK). Also, it has been observed that with the increase in infill

density, the thermal conductivity of the sample improved. Hence, from a thermal
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11.

12.

conductivity viewpoint, the sample (Table 4.5) is a better candidate for structural
engineering applications. However, the value of observed maximum thermal conductivity
(for PLA matrix having self-assembly characteristics) is near the virgin PLA and can be
used in structural engineering applications.

From circumferential compressive testing on UTM setup, it has been ascertained that infill
density has maximum contribution towards the output and is a significant parameter along
with infill angle, but infill speed has no significant role in output properties. Experimental
condition 9 (Infill density 100%, infill angle 90°, and infill speed of 70 mm/sec) is the
optimized condition for printing on an FDM setup. These results are at a 95% confidence
level.

Further, morphological testing (surface hardness, fractured surface analysis, and surface
roughness) has supported the observed behavior for compressive as well as thermal
behavior of 3D printed samples.

From testing for electrical properties, it has been observed that the electrical properties
were independent of FDM processing conditions as no improvement was observed in
electrical conductance. The prepared composite has shown very low electrical conductivity
(<10 S/cm) which was favorable for non-structural engineering applications.

From dimensional deviation results for 3D printing of circular disc, it has been observed
that infill density 60%, infill angle 45°nd infill speed of 70mm/s are the
optimized/suggested printing condition but sample number 1 as per DOE (Table 4.5) may
also be taken as the optimized condition as only infill density was the significant parameter

of the present investigation.
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6.4 Conclusions for stage 4

1.

From mechanical testing of the multi-material tensile specimen, it can be concluded that
when the sample was printed with the highest density 100%, low infill angle of 45°, and
infill speed of 90mm/s, then the properties obtained for multi-material printed sample are
the maximum, such as peak strength of 46.28MPa and break strength of 41.65 MPa.
Modulus of the toughness of multi-material tensile specimen for sample 7 (4.762 MPa)
was the highest among all whereas 1% sample held the lowest value for modulus of
toughness. Thus, experimental condition 7 may also be used for printing prototypes of
proposed material for high toughness applications.

The hardness of multi-material tensile specimen, measured on two surfaces (top and
bottom) has revealed that the hardness value for the virgin PLA layer was greater than the
hardness value for the top layer (magnetite reinforced PLA)

From the fractured surface analysis of multi-material tensile specimen using
photomicrographs taken from tool maker’s microscope, it has been observed that the
printed samples with low density held maximum porosity holes due to which their
performance was poor in comparison to the samples which were printed with high density.
Surface roughness of multi-material tensile specimen obtained from surface rendering
revealed that the high roughness value of samples printed with low density was also one of
the reasons for their poor performance.

The process optimization for the 3D printed flexural specimen of the multi-material
component has suggested that infill density 100%, infill angle 45° and infill speed of 50
mm/s were the optimized conditions but from further optimization, it has been found that
infill speed has insignificant contribution towards mechanical properties. Therefore, in
place of suggested/optimized conditions, one may also use experimental condition 7 (Infill
density: 100%, Infill angle: 45°, and infill speed: 90mm/s) as a standardized condition of
printing.

The flexural testing for sample 7 has shown maximum flexural strength of 26.92 MPa
whereas, in the case of pull-out testing, sample 7 has shown pull-out strength of 18.11 MPa.
Modulus of toughness for 3D printed flexural specimen of the multi-material component
has revealed that 8th sample for flexural specimen and 1st sample for pull out tested
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specimen held maximum modulus of toughness which meant that they came as suitable
candidates for crash applications due to their ductile nature.

9. From fractured surface analysis and hardness result for the 3D printed flexural specimen
of multi-material component, it may be concluded that higher density and low infill angle
lead to better diffusion of material in the layer-by-layer fashion resulting in less void
formation and better diffusion among different layers and thus results in better flexural and
pull out performance.

6.4.1 Comparative result analysis for Hybrid and multi-material 3Dprinted components

Table 6.1 shows the summary of the investigation on comparison of properties of multi-material
and hybrid blend PLA matrix-based 3D printed prototypes on FDM machine (with same standard

printing conditions).

Table 6.1 Comparison of hybrid blended, and multi-material matrix-based 3D printed prototype

Properties Hybrid blended PLA matrix- | Multi-material PLA  matrix-
based prototype based 3D printed prototype

Peak Strength 30 MPa (approx.) 47 MPa (157% greater than
Hybrid Blended prototype)

Break Strength 26 MPa (approx.) 42 MPa (157% greater than

Hybrid Blended prototype)

Functionally graded

Hybrid blend no alteration of

properties in consecutive layers

Yes, functional gradation is
possible by introducing different
material matrix layers at different
layer positions.

(in the present investigation 4
different material matrix layers

have been printed in a single

prototype)

Aesthetic

Average as a rough aesthetic

feature is visible

The good aesthetic is possible as
different layer matrix gives a
different look
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Surface Roughness

Ra value of 759.8 nm

Only  40%
comparison to hybrid material

roughness in

matrix-based prototype

4D nature

It may be less strongly attracted
to the external magnetic field as
the magnetite
throughout the 3D

particles are
present

printed prototype

It may be strongly attracted
towards the external magnetic
field as the last layer which is
near to the external magnetic
source consist of magnetite
powder in a single layer rather
than distributing magnetite in the

whole component.

(a) The mechanical properties of multi-material blended PLA matrix-based 3D printed prototypes

are superior to the hybrid blended PLA matrix-based functional prototypes. It has been

ascertained that approximately 157% enhancement of mechanical properties was observed

especially for break strength and peak strength values.

(b) From SEM analysis, it was observed that the multi-material blended PLA matrix-based 3D

printed prototype had several interfaces where the PLA base polymer has shown a better

affinity for different layers/interface due to which fusion of one layer into another composite

layer was observed at interfaces which resulted in better mechanical properties.

(c) From 3D surface rendering it was observed that the multi-material blended PLA matrix-based
3D printed prototype has better Ra (approx. 60% less) than that of the hybrid blended PLA

matrix-based prototype. Thus, a better Ra has resulted in better mechanical performance.
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6.5 Conclusions for stage 5

1.

The composite matrixes of PLA have lost 50-60% of their original peak strength for the
third cycle of recycling except for the PLA/Fe30O4 and virgin matrix of PLA (which lost
only 22% and 36% of mechanical strength, respectively). Hence, it may be concluded that
after the third cycle, the PLA composite matrix will not be useful for 3D printing
applications (mainly because of loss in strength).

As suggested by porosity testing and fracture surface analysis, the level of porosity and
irregularities of the inner material matrix is found to be the key reasons for their significant
loss in properties throughout recycling.

It was also observed that with the number of recycling stages the ductility of PLA was
reduced, and brittle failure was observed for most of the recycled composite matrix.

From this study, it can be concluded that only the addition of Fe3Oa in the PLA matrix has
improved the recycling life of PLA and also ductility was improved, and mechanical
strength was significantly retained over the number of cycles.

There were also positive effects of recycling as the Modulus of toughness for PLA
composite matrixes, in most of the cases, was improved (except for PLA/PVC composite)
matrix which is an important property for polymeric matrix.

This study also suggests that the PLA composites retain 85-90 % of their mechanical
strength (except PLA/PVC composite) for first recycling, 65-75 % of their strength up to
the second stage of recycling, and 50% the third stage of recycling, whereas MoT of
polymeric composite matrix improved (except for PLA/PVC).

From DSC analysis, it can be concluded that the thermal properties got reduced with
recycling stages whereas the trends were found similar which meant that there was no

change in the composition of the material matrix.
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6.6 Limitations of work and future scope

The current work has been performed in 5 stages starting from the development of feedstock
filament for hybrid and multi-material matrixes at stages 1 and 2 and then followed by 3D printing
of functional prototypes using feedstock filaments developed at stage 3 and 4. At the last stage 5,
recycling life for three stages of different polymeric matrixes has been ascertained. At each

working stage, there was the certain limitation of the process which are mentioned as following.
6.6.1 Limitation and future scope for stage 1 and 2

In the first two stages mechanical-based blending was used as a processing technique for the
polymer to reinforce different external reinforcements in the base matrix of PLA while the
chemical assisted mechanical blending method using some suitable solvent was not explored thus
in the future, researchers may use some suitable solvent to dissolve the base matrix and
reinforcement for proper material matrix formation and similar studies may be performed for the

chemically processed material matrix which may give better results.
6.6.2 Limitation and future scope for stage 3 and 4

At stages 3 and 4, 3D printing of functional prototypes were printed using a different set of
processing parameters of the FDM machine while only infill density, infill angle, and infill speed
were selected as the varying input process parameter while taking other parameters of the FDM
machine as fixed. In the future researchers may take the number of the perimeter, raster width,
infill pattern as varying input parameters and may find the effect of these on mechanical
performance. In the present study for 3D printing of multi-material matrix the base polymeric
matrix of PLA has been used whereas in the future one may take different polymeric materials in
the single functional component in which glass transition temperature (Tg) of polymeric material
may be taken as the base for selection of layer material at a specific location such as the material
combined with high Tg must be 3D printed on base and the succeeding layers must have lower Tg

otherwise the material may not have proper fusion.
6.6.3 Limitation and future scope for stage 5

In stage 5 the different polymeric composites were tested for their recycling compatibility from
the sustainability viewpoint, but full life cycle assessment and techno-economic analysis were not
performed thus in the future researchers may take the initiative of life cycle assessment and techno-

economic analysis for different feedstock of polymeric composite developed on a lab scale.
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