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Date of Degree: JULY, 2020

Title of Study: IN-SITU IMPREGNATION OF POLYMER MATRIX WITH COPPER
POWDER DURING ADDITIVE MANUFACTURING

Major Field: MECHANICAL AND AEROSPACE ENGINEERING

Abstract: The fillers are used to increase the functional properties of polymer matrix
composites (PMCs). Additive manufacturing can be potentially used to tailor the PMCs’
properties through customization of the spatial architecture of fillers (heterogeneous
phases). In this study, a novel additive processing of PLA-copper composite is introduced.
The fused deposition modeling (FDM) process was utilized as a platform to customize the
spatial architecture of copper fillers in the 3-D structure of the PLA matrix. Prior to the
extrusion process in FDM, the grooves were made on the surface of PLA filament by the
knurling process. Based on the final design requirements, selected grooves were filled with
copper powders. The copper powders were emulsified into liquid starch before introducing
them to the groove regions. The geometry of the grooves, the interval between them, and
the size/type of the powders can be independently changed to control the
amount/distribution and size/type of the fillers in the final PMC product. Monolayer
samples were manufactured layer by layer with a layer height and width of 0.6 and 25 mm,
respectively. The PMC was devised to have a 20 mm length at the middle of samples with
90 mm length. After printing, the samples were treated with 3 kW microwave exposure
for 30, 60, 75, and 90 seconds. Both treated and non-treated samples were subjected to
uniaxial tensile tests to assess their fracture energy. For all samples, the fracture was brittle
at the interface between the layers. The samples with PMC sections showed inferior
fracture strength in comparison with pure PLA samples. This result was attributed to the
presence of imperfections (voids and micro-cracks) at the interlayer areas. The microwave
treatment for 75s significantly improved the fracture energy of composites. The
microwave heating helped in enhancing the interlayer bond strength through the interaction
with copper particles. Different mechanisms are suggested to explain this improvement.
Further studies are required to assess the mechanisms.
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CHAPTER |

INTRODUCTION

1.1 Overview of Polymer Matrix Composites (PMCs)

With the fast-technological advancements, the need and individual criteria for advanced materials
are becoming more stringent. The research track of developing new materials seems moving away
from the trend of observation and working with experiences. Currently, the trend is evolving more
towards designing materials having specified properties. The development and manufacturing of
composite materials are deemed promising to address the ever-changing demands for novel

properties.

The composites are multi-phased systems that consist of a matrix and dispersed reinforcement/filler
materials. The matrix phase can contain polymeric and non-polymeric material based on specific
requirements and applications. These matrix materials play a vital role in the composites by
keeping the spacing and proper orientation of the secondary phases (reinforcements/fillers). Also,

they can protect the fillers from harsh environments and abrasion.



The polymer matrix composites (PMCs) involve a polymer matrix phase and secondary phases as
reinforcements or fillers. In almost every area of modern life, PMCs are present-from parts in
personal gadgets to a vast range of automotive components. The polymers are mainly made up of
repeating carbon and hydrogen bonds that are chemically interconnected to form a chain [1]. Based
on the processing methods or applications, the polymers typically used as matrix are either
elastomers, thermoplastic, or thermosetting polymers. In comparison with other materials, the
polymers can offer some high-end properties such as lower density, high corrosion resistivity, better
thermal, and electrical insulation [2]. Furthermore, they provide easy formability and suit for
economical mass production. Also, the equipment used to process PMCs is relatively cheap, and

the processing technigques are mostly automated.

The reinforcements or the secondary phase in composites can work as the major element for load-
bearing or other mechanical and physical properties. The interphases between the primary (matrix)
and secondary phases, shown in Fig. 1, work as a transition zone for the loads. The types and
volume fraction of the matrix and reinforcement are critical for the end properties of the composite.
The geometry of the reinforcements/fillers and the nature of interfaces are some other important

factors that play a vital role in determining the properties of PMCs [3].

Strong bonding between the polymer matrix and reinforcement/fillers is always desired for load-
bearing applications. The interphases (represented by the grey color in Fig. 1) are usually formed
as a result of the interaction between the reinforcements (represented by the black region) and the
polymer matrix (represented by the white region). At these interphases, the properties may be the
same as the bulk matrix, or they may have some different characteristics resulting from the
interaction of the phases [3]. With an increase in the volume fraction of reinforcements or the
decrease in their size having the same volume fraction, these interfaces become more
interconnected and widespread among the particles. This eventually results in the interfaces act as

the effective matrix material, making the initial bulk matrix a discontinuous phase [4].
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Fig. 1. (a) The interphases between matrix (in white) and secondary phase (in black) are shown in

gray color. In (b) and (c), it is shown that the interconnected path develops with the increase in

the volume fraction of the reinforcement. [3].

1.2 Properties of PMCs

Regarding the mechanical properties, the key advantage of the PMCs is that they offer a high
specific strength compared to the constituent materials. For PMCs, the stiffness and strength are
provided by the reinforcement phase. Compared to the matrix materials, generally, the reinforcing
phases are stiffer, stronger, and harder. The particles or fibers are usually used as reinforcement
materials. The particulates can be in the form of a regular or irregular geometrical shape, platelets,
or spheres [5]. The dimensions of the particulate composites are approximately equivalent in all
directions. In terms of strength, compared with the continuous fiber-reinforced composites, the
particulate composites are usually less stiff and weaker [5]. In terms of processing, however, they
can be processed at a relatively cheaper cost. Dependent on the involved materials, there is a
threshold amount of particulate reinforcements, which makes PMC brittle and causes processing

difficulties [6,7].

For fibers, the length is relatively greater compared to other dimensions. The aspect ratio, which
is represented by the ratio of the largest dimension to the smallest one, varies significantly with the
geometry. Usually, the aspect ratio in the case of continuous/long fibers is much higher compared

to the discontinuous/short fibers, which maintain a smaller aspect ratio. Also, when it comes to the
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orientation of the fibers in the matrix, the continuous fibers generally tend to maintain a preferred
orientation. In contrast, a random orientation is usually seen in the case of discontinuous fibers.
Some schematics of PMCs with continuous and discontinuous fibers are given in Fig. 2 [8]. Due
to the differences in geometry, there are various processing methods for the composites. Usually,
continuous fibers sheets are piled together to form a laminate having a preferred fiber orientation
[9]. The fibers volume fraction can go as high as 60-70 volume percentages based on the desired
stiffness and strength requirements [10]. As a practical matter, the smaller the fiber diameter, the
higher is the processing cost [11]. The continuous fiber reinforcement causes the PMCs to have
anisotropy, which is characterized as a directional property. PMCs with continuous fibers show
the highest tensile strength when the mechanical loads are applied parallel to the direction of the
fibers and show the lowest strength when loaded in the orthogonal direction [10]. The inherent
anisotropic properties of these composites make them suitable for complex practical loading

conditions.

Fig. 2. Different shapes of reinforcements/fillers for PMCs [8]

The quality and properties of the end products highly depend on the nature and quality of the
reinforcements. As shown in Fig. 3, the highest quality of PMCs with high strength and stiffness
can be obtained by using continuous fiber. However, it increases the manufacturing cost compared
to the others. Unlike the discontinuous reinforcements, the continuous fiber reinforcements offer
higher flexibility in increasing the fiber volume percentages without downgrading the fracture and

failure properties of the composites [12].



For the discontinuous fibers or particles, it is also possible to achieve a higher strength value by
maintaining a proper filler aspect ratio and alignments. The discontinuous fibers cause more
isotropy in the properties of the composites. Practically, maintaining a proper alignment within the
discontinuous fibers/particles is a technical difficulty. The random orientation causes the
discontinuous fiber-reinforced composites to have a lower stiffness and strength value compared
with the continuous fiber-reinforced counterparts. The low cost of discontinuous fillers makes
them perfect for use in the applications where the modulus or strength is less important, and the

cost plays a more important role.
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Fig.3. Fiber orientation and properties of PMCs with fiber volume percentages [12]

For particulate reinforcements, the reinforcements or fillers can be polymer particles or powders,
metal particles, ceramic whiskers, etc. Dependent on the application and service conditions of the
PMCs, the mechanical properties may be compromised by adding higher filler contents to achieve
other specific properties such as electrical or thermal conductivity [13]. There is also a trend of
developing PMCs using reinforcement particles in the nanophase. These nanophase particles are

also classified differently based on their geometry. One of the classifications defines the



nanoparticles into four groups: 0-D — iso-dimensional particles, 1-D — nanotubes, 2-D — platelets,
and 3-D — structures, particularly networks of nanoparticles. For any specific materials, the
nanoscale phase causes the surface area of that given quantity to increase dramatically. Asaresult,
a significantly larger number of ions/molecules/atoms becomes available to interact with the matrix

on the surface.

1.3 Conventional Manufacturing Processes for PMCs

For polymer matrix composites, the manufacturing method plays a vital role in determining the end
properties of the product. It is critical to understand the effect of different process parameters on
the composites. Currently, there is a large number of different polymers and fillers available in the
PMC industry. In processing methods for PMCs, the necessary stages typically involve i) resin-
filler impregnation, ii) structure forming, iii) heat treatment for thermoplastic polymers, or curing
for thermoset polymers [14]. The order of these stages is different for different processes. A list

of traditional PMC manufacturing processes and their characteristics are presented in Table 1 [15].

The traditional PMC manufacturing processes are highly labor-oriented and time-consuming.
Which eventually results in a higher manufacturing cost. The labor cost related to the production
of composites takes up a significant part of the overall manufacturing cost for manual lay-ups [14].
Moreover, during the manufacturing process, unintentional human error causes manufacturing
damages like irregularities or voids. These adversely affect the properties of the composites,
making them unsuitable for service conditions. Due to these facts, the manufacturers are moving
towards developing fully automated PMC manufacturing processes. The term automation refers to
the computerization of a process to minimize the human-machine interaction. Automation
revolutionized the manufacturing industry by increasing quality standards and production rates

[15].



As the PMCs have already gained their application in many structural components due to their light
weights, fast and easy processing will allow the PMCs to replace many conventional materials.
Most of the current PMC manufacturing processes are not suitable for large-scale production.
Processes such as hand lay-ups are suitable for small scale production of customized parts. On the
other hand, the processes for large scale production, such as injection molding, are not suitable for
complicated designs because of the requirement of individually customized molds. There are some
automated PMC manufacturing processes currently available in the industry. Among them,
filament winding (FW), resin transfer molding (RTM), laminated object manufacturing (LOM),
automated fiber placement (AFP), and automated tape lay-up (ATL) are well received in the
industry [16]. The high expense of advanced customized machinery and the limitations in
manufacturing complex parts are restrictive factors in the use of these processes. Fig. 4 summarizes
the conventional PMC manufacturing processes and illustrates a comparison of tensile properties

of the fiber-reinforced PMCs considering different manufacturing techniques.

Table 1. A summary of different traditional PMC manufacturing processes [15].

Technique Characteristics Examples
Sheet molding Fast, flexible, 1-2" SMC automaotive body
fiber panels
Injection molding Fast, highvolume Gears, fan blades
very short fibers,
thermoplastics
Resin transfer Fast, complex parts, Automotive structural
molding good control of fiber panels
orientation
Prepreg tape lay-up Slow, laborious, Aerospace structures

reliable, expensive
(speed improved by

automation)

Pultrusion Continuous, constant I-beams, columns
cross-section parts

Filament winding Moderate speed, Aircraft fuselage,
complex geometries, pipes, drive shafts
hollow parts

Thermal forming Reinforced thermoplastic All of above

(future) matrices; fast, easy

repair, joining
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Fig. 4. (a) A tree chart of conventional PMC manufacturing processes (b) a comparison of the

tensile strength of fiber-reinforced PMCs manufactured with different methods [17]

The continuous fiber PMC processes such as spray-up molding and hand lay-up methods are
prolonged and inconsistent processes. These processes are highly labor-intensive and give one-
sided finished output. The prepreg process is continuous, but the products have a delamination
problem and relatively limited durability. The filament winding process is limited by the geometry
of the product due to the need for complex numerical programs. The pultrusion process often has
the die jamming problem. Also, the improper fiber wetting and fiber breakage are significant
drawbacks of these processes. The use of excess resin limits the strength of the composites. The
mold-based manufacturing processes (RTM, injection molding) are costly due to the need for
customized molds for different parts. These processes also require mold-filling analysis, which is
complex and time-consuming. The spray lay-up requires relatively longer curing time with a high
waste factor. The low volume percentage of reinforcement also limits its applicability in the
processing of PMCs. The automated lay-up process, which is highly used in airframe

manufacturing, is limited to flat surfaces.



The manufacturing processes for short fibers and particulate reinforcement PMCs are complex in
terms of controlling different process parameters such as shape and size of the fillers, their volume
percentage, and orientation. In practice, the compounders like twin-screw extruders, and Banbury
mixers are usually used for uniformly mixing the fillers with the polymer matrix. Although the
nanofillers make a significant improvement in the properties of the PMCs, their processing is more
challenging compared to the other types of PMCs. For nanofiller reinforced PMCs, a modified
form of RTM called the vacuum assisted RTM (VARTM) is typically used. The VARTM is a
commonly used prototyping method that uses the vacuum as a processing environment. This
process gives very high surface fining, and freedom of using higher filler volume percentage at a
low processing cost. However, the resins should have low viscosity [18]. The viscosity-related
problems can be overcome by the autoclave method. Nevertheless, it is expensive compared to
other processing techniques. Overall all the nanofiller-reinforced PMC processing requires more

labor skills.

Although these processes have some of their limitations, they are considered as the benchmark for
the recently developed automated additive manufacturing processes. The current additive
manufacturing techniques can develop complex geometries without any requirement for
customization in tooling and offer relatively less waste of materials. The fast processability of the
complex designs makes the additive processing very suitable for prototyping. Moreover, due to
the enormous advantages in the application and processing flexibilities of the PMCs, it is on high

demand to integrate these materials with additive manufacturing processes.



1.4 Additive Manufacturing (AM) of PMCs

Additive manufacturing (AM) is a processing method by which the materials are joined or welded
layer by layer in order to construct the 3D structure of the design [19]. The additive manufacturing
technology is enabling the designers and manufacturers to produce more complicated products.
The increasing research in this area is also helping to expand the field of application for AM from
the food supply and packaging industries to biological systems, aerospace, and automotive

industries.

The early history of the modern additive manufacturing process can be linked to technologies of
photo sculpture and topography after the 1860s [20]. The remarkable milestone in the development
of the AM process was set by Charles W. Hull in early 1983 when he successfully developed an
AM system (stereolithography SLA-1) to manufacture (print) a teacup [21]. The success opened
up a new world for the advancement of AM technologies. Nowadays, there are many additive
manufacturing technologies available in the market based on different materials and applications.
Recently, a new research trend has begun to develop bioprinting to develop custom-design

organs/prosthetics.

The additive manufacturing not only is impacting the production line and supply chain but also
affecting the global economy. As the AM possesses some superior advantages over the traditional
subtractive and forming manufacturing processes, they are also becoming more popular among the
designers and manufacturers for concept proofing. It gives the flexibility to overcome a faulty
design at an early stage of manufacturing, which eventually helps to eliminate the expensive and
time-consuming troubleshooting stages [22]. Also, it gives more flexibility in making customized
parts and prototypes. Due to the shorter R&D period and less processing steps, the key players in
the manufacturing field from automobile, aerospace, medical and energy industries are rallying

behind the AM processing. In 2015 alone, the revenue of AM processes was more than USD 5
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billion worldwide [23]. The studies have shown that a majority of this revenue came from the
polymer-based application and sales of related materials [23]. The demand for AM is shifting from
developing prototypes to functional parts with the advancement in technologies and materials. Still,
AM is more preferred for small scale production and making complex geometries rather than mass

production of simple geometrical parts due to low-speed processing of available techniques.
1.4.1 Working Principle and Existing AM Processes

The AM process utilizes two major sequential steps, from designing the virtual CAD file to the
final manufactured part. In the first step, a CAD model that contains the numerical information of
the layers will be developed. In the second step, the CAD model will be utilized by the firmware
of the AM machinery for constructing the physical layers of the 3D structure [24, 25]. Fig. 5 shows

a flow of the steps for the AM technique.

= N ===\ i

Requirements > Design  Build ) Post-processing ) citroee )
3D model data and designs Printing techniques Removal of unsolidated
and machines raw material

Data transfer (computer
to printer) Material options Removal of support
structures and materials
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! ! Surface finishing
Innovations in computer-aided More material options
design engineerin .
§ § § Less waste Major needs
Computationally efficient file . -
. In situ monitoring Automated processes
formats for complex geometries
and multiple materials Active control systems Part certification

Fig. 5. An illustration of the general processing steps of additive manufacturing techniques [25].

The beginning of the design phase for any AM part starts with a software model that completely
describes the geometry of the part. Any computer-aided design software can be utilized for this

purpose of solid 3D modeling. Some reverse engineering tools and 3D scanning systems can also
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be used to generate the CAD model. The CAD file needs to be saved in some specific file format
in order to be recognized by the AM printer. This also allows the required slicing process of the
CAD model to be processed by the AM machinery firmware. One of the de facto file formats to
save the CAD model for AM printers is the stereolithography (STL) format [26]. In order to print
the modeled part, the STL file may need some modifications, such as resizing, repositioning the
virtual model on the build plate, and revising the build orientation. Before starting the print, it is
necessary to set up the process parameters properly. The printer uses the numerical data of the
CAD design developed by the slicer to process the materials for layer-by-layer manufacturing.
Some of the designs may require support materials to compensate for overhanging features in the
design. After the printing process is done, the support features need to be removed. Depending on
the application, the manufactured parts may require some post-processing steps for the properties

improvement before being used in their service conditions.

Though the fundamental principles are the same, it is important to classify the methods based on
their differences. One way to classify the additive manufacturing systems is to consider the state
of starting materials used for manufacturing. According to current technologies, we can classify
the AM system into (i) solid (ii) liquid and (iii) powder-based systems [27]. Based on the materials
property, deposition method, and nature of bonding of the materials, the processes can be
subcategorized into seven AM processes. The schematic in Fig. 6 shows the classification of the

AM processes.
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Fig. 6. Classification of AM processes [27]

The AM processes utilize a variety of different types of materials (polymers, ceramics, and metallic
compositions). Also, new researches are bringing in more advanced, hybrid composites and
functionally graded materials. There is an increasing demand to develop and utilize polymer
composites in additive manufacturing platform. The introduction of another phase or material into
the polymer matrix will add to the application of AM in the processing of novel and high-

performance materials and designs.

Commercially available 3D printers can process thermosetting polymers such as epoxy, and
thermoplastics such as polycarbonate (PC), polylactic acid (PLA), and acrylonitrile butadiene
styrene (ABS). The epoxy resins show lower viscosity, so they need to be cured through thermally
or UV-assisted polymerization [28]. As the components printed with pure polymers show low
strength or other deficiencies in properties that limit the functionality of the design, they are mainly

used in prototyping instead of fully functional parts.

13



Similar to the conventionally manufactured polymer composite parts, printed PMCs can show
higher functionality than the individual constituents. In contrast, more control precision in additive
manufacturing can be considered as an advantage over traditional injection molding or casting
processes [29]. The development of advanced PMCs compatible with different AM printers has
gained attention in academia and industry. Different AM techniques can be employed for printing
PMC parts, and each of these techniques has its own limitations and advantages. A summary of
different AM processes for PMCs is presented in Table 2, highlighting their mechanism,

drawbacks, and advantages [30].

Table2. Different additive manufacturing processes for PMCs and their working principles [30]

Technique State of Typical polymer materials ~ Working principle Resolution (2 Advantages Disadvantages
starting direction,um)
materials
FDM Filament Thermoplastics, such as PC,  Extrusion and deposition 50-200 Low cost, good strength, multi- Anisotropy, nozzle
ABS, PLA, and nylon (Rapide Lite  material capability clogging
500)
SLA Liguid photo- Photocurable resin (epoxy or  Laser scanning and UV induced 10 (DWSLAB  High printing resolution Material limitation,
polymer acrylate based resin) curing XFAB) cytotoxicity, high cost
SIS Powder PCL and polyamide powder  Laser scanning and heat induced 80 (Spo230  Cood strength, easy removal of High cost, powdery
sintering HS) support powder surface
3pp Powder Any materials can be supplied Drop-on-demand binder 100-250 Low cost, multi-material capability, Clogging of binder jet,
as powder, binder needed ~ printing (Plan B, easy removal of support powder  binder contamination
Ytec3D)
3D Liguidor ~ PCL PLA, hydrogel Pressurized syringe extrusion,  5-200 High printing resolution, soft Low mechanical
plotting paste and heat or UV-assisted curing  (Fab@home)  materials capability strength, slow

1.4.2 Additive Manufacturing of Fiber-Reinforced PMCs

A very high-quality PMC with enhanced properties can be achieved by introducing fiber
reinforcements with polymers. Recent advancements in AM have developed techniques to
introduce these fillers with a polymer matrix to improve their functional properties. The two most
popular AM processes that are employed to fabricate fiber reinforced PMCs are direct writing and

the fused deposition modeling (FDM) processes.
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1.4.2.1 Continuous Fiber-Reinforced PMCs

The continuous fibers provide more strength and improve the properties better than the other types
of reinforcements. Over the past few years, several studies were conducted to make the AM of
continuous fiber-reinforced PMCs feasible. In one of the studies [31], the researchers used a
commercially available MarkOne 3D (Markforged, USA) printer with a dual extrusion head. In
one extruder, they used nylon and continuous carbon fiber in the other one. They printed a
sandwich structure with continuous fiber in the middle between the nylon layers. They studied the
process parameters to improve the bonding and mechanical properties of the composite [31]. Tial
et al. [32] and Matsuzaki et al. [33] worked on developing novel techniques to print long fiber-
reinforced composite structures. The process proposed by Tian et al. [32] is shown in Fig. 7 (a).
In their method, the long fibers were introduced inside the extruder along with the polymer
filament. The high temperature inside the extruder block caused the polymer filament to melt and
combine with the long fibers forming a composite before coming out of the nozzle. They studied
the interface properties of the layers and found a strong interface bond between the polymers and
fibers. Matsuzaki et al. [33] proposed a similar methodology with some modification in the long
fibers feeding mechanism. The processing method proposed by them is shown in Fig. 7 (b). Instead
of directly feeding the fiber materials, they preheated them just before feeding. Due to this
preheating step, a stronger bond between the fiber and polymer materials was achieved. Also, it
eliminated the possibility of clogging inside the nozzle due to insufficient heating of the fibers, and
the printed tensile samples showed results very similar to those processed by conventional methods.
These studies opened up opportunities to print complex load-bearing structures using direct FDM
printing. Namiki et al. [34] also attempted a similar experimental procedure to print continuous
carbon fiber/PLA composite. Zhong et al. [35] and Nakagawa et al. [36] used FDM to print carbon

fiber reinforced polymer composite parts. In these studies, they concluded that additional heat
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treatment of the printed part helps in improving the bonding between the fiber and polymers. Also,

surface processing of the carbon fibers increased the tensile strength by around 18%.

Continuous fiber Fiber su:)p ly coil
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Fig. 7. Schematics of two similar AM processes for continuous fiber-reinforced PMCs as shown

in (a) [32], and (b) [33]

1.4.2.2 Short Fiber-Reinforced PMCs

The polymers are mixed and blended with the short fiber reinforcements and extruded into a rod-
shaped filament. These filaments are then used to print the desired geometries using commercially
available FDM printers. In direct-write printing, the polymers and short fiber fillers are
conventionally mixed, and the mixture is printed to form desired geometry. Because of technical

difficulties such as nozzle clogging and temperature controlling, the high-volume percentage of
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short fibers cannot be practically used for PMC additive manufacturing. Moreover, in the case of

short fiber, it becomes difficult to achieve a smooth print surface and desired even layers [37].

As shown in different studies, additively manufactured PMCs showed high thermal, mechanical,
and electrical properties by using short fibers or the discontinuous fiber reinforcements such as
glass fibers, aramid fibers, and carbon fibers [38-46]. The use of short glass fibers significantly
reduced the swelling effect at the nozzle and increased the rigidity of the composite [38]. Carneiro
et al. [39] investigated the tensile properties of polypropylene/short glass fiber composites printed
with the FDM process. For this study, they optimized different print parameters, including infill
degree, layer thickness, and print direction. They obtained the highest tensile strength with 100%

infill density and 0° print direction with respect to the tensile direction.

Tekinalp et al. [40] investigated the effect of fiber arrangement and porosity on FDM printed
composite parts. Due to the weak adhesion between the short carbon fibers and the ABS matrix, a
significant increase in the formation of voids was observed. In comparison with the compression
molded parts, the strength of the additively manufactured samples was lower due to the higher
volume fraction of voids in the PMC structure. The presence of the short fibers reduced the
interlayer porosity while the inner-bead porosity was increased significantly. The increase in fiber
contents contributes to improved packing of the deposited beads resulting in smaller inter-bead
voids. However, during the printing, this increased number of fiber ends results in more inner-bead
voids. This phenomenon has been illustrated in Fig. 8. In their studies, they claimed that the effect
of voids on tensile strength could be overcome by the proper fiber orientation in the FDM printed

part.
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Fig. 8. Comparison of interlayer and inner bead porosity in FDM printed short fiber-reinforced

composites [40].

The formation of voids remains a major problem in additively manufactured parts because it
reduces the tensile strength of the composites. Recently, some studies showed that the addition of
expandable microspheres could help in reducing this effect. Wang et al. [41] showed that the vapor
growth carbon fibers (VGCFs) help in reducing the porosity volume fraction from 17% to 7%.
These carbon fibers typically have high crystallinity with high thermal and electrical properties.
The VGFCs and multiwalled carbon nanotubes (MWCNTS) are of interest as reinforcement fillers
due to their high thermo-mechanical properties. Some experimental results showed that the use of
VGCFs or MWCNTSs with the ABS matrix increases the tensile strength of about 93% comparing
with pure ABS [42]. When the porosity is required in designing moisture-actuated composites, one
study showed that the water absorption capacity and relative permeability of an FDM-printed wood

fiber-reinforced composite increased by around 40% [43].

The fiber content also plays a critical role in determining the properties of the composite. A study
conducted by Ning et al. [44] used composite filament (FilaBot Co., Montpelier, USA) having ABS
as the matrix and 5wt% of chopped carbon fiber as fillers for FDM processing. The study indicated

that the strength increased up to a certain volume percentage of the fiber contents over which the
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addition of fibers significantly reduced the strength of the composites. Also, high carbon fiber
contents caused nozzle clogging resulting in disruption of the printing process. Some recent studies
showed the voids or nozzle clogging problems could be reduced through the laser sintering process.
One study showed around 22% increase in storage modulus in the selective laser sintering (SLS)

printed polyamide-12/carbon nanofibre composite parts compared with pure polymeric parts [46].

The print direction also affects the composite properties. Compton et al. [45] used the direct writing
process to study the effect of print direction. They prepared samples by printing in the same
direction as the fibers were oriented. Fig. 9 (b) illustrates the filler orientation in the print direction
and its effect on mechanical properties. Due to the alignment of the fibers, they obtained

composites having a high toughness value.
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Fig. 9. (a) Direct write printing of a triangular honeycomb composite. (b) Schematic illustration
of filler alignment within the nozzle during composite ink deposition. (c) Stress-strain curves for

3D printed samples with different compositions and samples cast from pure epoxy resin. [45]

1.4.3 Additive Manufacturing of Particulate-Reinforced PMCs

The addition of particle fillers can increase the functional properties of the printed composites.
Dependent on the shape and properties of secondary phases in PMCs, different processing

techniques can be utilized. Some studies showed that the addition of iron and copper particles
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increases the tensile strength of the composites [51]. Also, the addition of glass beads with the
ABS matrix showed an increase in the storage modulus of the printed composites [47]. Boparai et
al. [48] showed that the addition of aluminum and aluminum oxide (AI203) into the nylon matrix
reduces surface wear and roughness, and they increase the dielectric permittivity of the printed
composites when added with UV-cured epoxies. Their study also showed a significant
improvement in surface friction. Shemelya et al. [49] used the FDM printing process to print micro-
size (12 microns) tungsten particle-reinforced polycarbonate composites to analyze

electromagnetic and X-ray shielding characterization for space-based applications.

Ayrilmis et al. [50] used PLA with wood flour powders and extruded them together prior to AM to
prepare a composite filament. They showed that the reduction in the layer height significantly
reduces the formation of interlayer voids. Their study also showed that the rate of water absorption
by the composite part increases significantly with the layer height because of the higher volume
fraction of void contents. Hwang et al. [51] analyzed the thermo-mechanical properties of the ABS
matrix composites with iron and copper particles of different sizes. Using different filler
concentrations (up to 80 volume%), they prepared the samples using an FDM printing machine.
They observed the effect of extrusion temperature on the viscosity and tensile strength of the printed
parts. They showed that the increasing particle concentration caused a decrease in the ductility of
the printed parts. A recent study by Castles et al. [52] showed an increase in the relative dielectric
permittivity of (BaTiO3)/ABS composites compared with the pure ABS. They utilized the FDM

process to print structures in the shape of photonic diamond crystals.

One major problem faced during AM of pure polymers is the inadequate bonding between layers
and distortion due to their high thermal expansion. A study by Chung et al. [53] showed that the
introduction of metallic fillers lowers the thermal expansion and keeps the layers of the composite
intact, resulting in less distortion. In this study, low thermal expansion was observed in the

composites having iron and copper particles in the ABS matrix [53].
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In AM processes, the anisotropy in the properties is a major concern. One study showed a reduction
in the anisotropic properties when ABS was combined with thermoplastic elastomers [54]. A more
innovative way to control the anisotropy was demonstrated by Kokkinis et al. [55]. They used a
customized printing bed having magnetic support to control the orientation of the magnetized filler
particles in the polymer matrix. This technique could also be integrated with the digital light
processing (DLP) to control the orientation of the magnetic fillers. Also, in SLA printing, where

UV-sensitive resins are used, the magnetic field can help in the filler alignment [56].

Acrylate resins are a special form of polymers derived from methacrylic acid or acrylic acid. In
liquid 3D printing, they are used as polymer matrix because of their quick recovery and drying
properties. Kalsoom et al. [57] studied the thermal properties of the SLA-printed composites for
heat sinking applications. They used acrylate resins as polymer matrix and reinforced it with
spherical micro-diamond particles. The results showed that the heat transfer rate in the composite
was improved significantly. Fig. 10 shows the comparison between the temperature profile of the
heat sinks prepared with pure acrylate resin and composite mixture. Kurimoto et al. [58] also used
SLA processing to prepare UV-cured resin/Al,O3; composite samples. They obtained an increased

dielectric permittivity in the printed composite parts.
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Fig 10. (a) Heat sinks prepared with the SLA technique; (b) heat sink with pure polymer resins;
(c) composite heat sink with 30% (w/v) of diamond nanoparticles; and (d) temperature profile

when heated to 100°C for 10 min [57]

1.4.4 Development of Screw-Based Direct Extrusion Process for PMCs

A combined extrusion-AM process has been recently proposed for the additive manufacturing of
PMCs. This process will potentially eliminate the requirement of preprocessing of composite
material before additive manufacturing. In this context, two very similar processes were proposed
by Boyle et al. [59] and Basher et al. [60]. Both of the processes allow FDM to manufacture
composite structures without using a pre-developed composite filament. Boyle et al. [59] used a
commercially available Rich Rap extruder (RichRap3D, USA), and Basher et al. [60] used a
commercially available Makerbot extruder (MakerBot Industries, USA), as shown in Figure. 11 (a)
and (b), respectively. The extruder section was modified by adding an extra part that works as a
pellet mixer. Here, instead of using the polymer in a direct filament form, both polymer matrix and
different reinforcement particles are put together inside a funnel. The stepper gear mechanism
mixes them and introduces the contents inside a high-temperature extruder block. The polymer

melts and mixes with the reinforcement particles. Finally, the mixed composite enters the hot end
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nozzle for the deposition stage. According to their obtained results, this screw-based extrusion
model has shown promising aspects for industrial applications. Yet, the vibration and associated

print defects are some significant drawbacks.
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Fig. 11. (a) [59] and (b) [60] are the schematics of the screw-based 3D printing system with their

major system components for direct fabrication of particle reinforced PMCs, as illustrated.
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CHAPTER II

EXPREIMENTAL PROCEDURE

As reviewed in Chapter 1, the conventional additive manufacturing of PMCs, there are two
sequential steps in processing. In the first step, the devised type and amount of
reinforcements/fillers are mixed uniformly with the polymer matrix. Three different methods have
been developed for the second step. In one method, the composite mixture is extruded in the shape
of filaments with a prespecified diameter suitable for the FDM process. In one other method, the

mixture will be fed into the direct writing or direct extrusion process for additive processing.

For all of these processes, the major limitation is their inflexibility for customization of the
composite structure in terms of type and amount of fillers during additive manufacturing.
The motivation behind the current research work lies in developing a simple and continuous PMC
manufacturing process that will allow more freedom in implementing heterogeneity in the
composite structure.  The proposed manufacturing model will allow the introduction of different
particulate reinforcement for different regions within a structure according to design and
application requirements. Overall, the motivation of this work is to allow more degree of freedom

in customization through a minimized processing step and time.
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The objective of this study is to propose a novel technique for PMCs additive manufacturing that
is capable of in-situ customization of the amount and type of fillers inside of 3D printed structure.

The FDM process was selected as a processing platform for this objective.

As a brief overview of the proposed technique, the filament was knurled at devised locations. The
knurled grooves served as carriers for fillers (copper powders) that were introduced into them via
the impregnation step immediately before the printing process. The impregnated filaments were
pushed into the extrusion nozzle for deposition on the substrate for additive manufacturing. This
chapter presents the detail of the process. Also, test samples were prepared by the proposed
technique. The uniaxial tensile tests were conducted to assess the fracture properties of the

developed composite structures.

2.1 Materials Selection

In this study, PLA filament with a density of 1.24 g/cm? and a diameter of 1.75 mm was used as a
matrix for the manufacturing of PMCs. The PLA had a melting temperature of about 148 °C and a
glass transition temperature of about 61 °C. In the additive industry, PLA (Poly-Lactic Acid) is a
widely used biodegradable thermoplastic which is stemmed from abundant natural resources and
can be processed from sugar cane, rice, or corn starch. It is also biocompatible and non-toxic and
needs relatively lower energy for its use as a starting material in additive manufacturing [62]. The
low melting temperature of the PLA makes it less prone to the nozzle clogging or warping problem
[63]. In this study, a batch of commercially available PLA filament (MakerBot, USA) was used.

The nominal properties of the as-received PLA are represented in Table 3.
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Table 3. Properties of the MakerBot PLA filament [61]

Parameters Values

Heat Deflection (ASTM 648, 66 psi) 52-49°C
Flexural Modulus (ASTM D790, 15 mm/min) 2,600 MPa

Tensile Strength at yield (ASTM D638, 50 mm/min) 62 MPa
Tensile Modulus (ASTM D638, 50 mm/min) 3,600 MPa

Strain at Yield - Elongation (%) >4.4%

Notched Impact Strength (ASTM D256) 32 J/m

For filler material, the spherical copper powders with a 99.9% purity and the mesh size of -325
were obtained from McMaster Carr retailer (manufactured by AEE, USA). Also, the dendritic
copper powders with a mesh size of -325 were obtained from Aldrich, USA, to assess the effect of
powder shape on the packing density. The dendritic copper powders are manufactured by the
electrodeposition process with a purity higher than that of spherical powders that are usually

manufactured by the gas atomization process.

2.2 Overview of PMC Additive Manufacturing

The main stages of this novel additive processing of copper-PLA composite are presented as a
flowchart in Fig. 12. At the first step, the PLA was knurled to make surface grooves as carriers of
filler material. The knurled filament was then selectively impregnated with the copper filler at
specific locations dependent on the designed structure. At the last step, the material was introduced
to the extrusion section of the FDM machine for deposition on the substrate for additive

manufacturing (3D printing).
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Knurling Impregnati FDM Printed PMC-
process on process process infused
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Fig. 12. Three main stages of the PMC additive manufacturing process. The FDM is the main

platform of the PMC additive manufacturing process.

All three stages can be ideally integrated into one manufacturing system for automation purposes.

A conceptual design of the integrated system is shown in Fig. 13.

2.2.1 Filament Knurling Process

The knurling process is a surface engineering technique where a specific pattern of on the surface
of hard rolls is replicated by compressive forces on the surface of a workpiece. The created texture
on the surface of materials is conventionally used to increase the surface friction. Also, it improves
the appearance of the surface with no change in the chemical or mechanical properties of the bulk

material.

The knurling process is used in this study to make grooves on the surface of PLA filaments that
will serve as carriers for filler material (copper powder) in the course of additive manufacturing.
For this purpose, the filament is introduced in the gap between two idler knurling rolls. Dependent
on the features of the knurling rolls, different surface patterns can be replicated on the surface of
the filament that is pulled through the gap between the two knurling rolls. The decrease in the gap
between the rolls increases the depth of the grooves. The increase in the depth of the grooves is
limited by the filament rupture or fracture caused by the excess friction between the material and

rolls.
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The amount of filler in the PMC structure can be controlled by altering the groove shape/volume

and whether the grooves are impregnated with powders or left empty prior to FDM.
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Fig. 13. A conceptual design of an integrated system for additive processing of PMCs.

In order to specify the location of the PMC regions within the 3D structure of the product, the
required knurling length must be calculated. The calculation can be facilitated by the use of the G-
code files that contain the geometrical data points of a CAD model. The G-code files are generated
by the slicer/meshing software, such as Simplify 3D, for the purpose of hardware control in additive

manufacturing.
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After setting the process parameters such as extrusion speed and temperature, the slicer software
calculates the required amount of materials for each layer and generates the G-code file as a guiding

map for the disposition of the layers and their sequences.

For this study, two types of knurling rolls with different features, straight line, and helical patterns,
were selected. The set up for the knurling process is shown in Fig. 14. The holders of knurling

rolls were tied to the vise jaws.

A plastic tube was used to guide the filament through the central region of the gap between the
rolls. A digital gauge, with the measurement resolution of 1 "/m, was used to control the gap
between the rolls. In order to prevent filament jamming in FDM processing, the filament should
be knurled without flattening®. Before and after the knurling process, the filaments were held inside

the vacuum bags at room temperature to prevent exposure to humidity.

1 Flattening refers to a shape change of the filament from cylindrical shape that can be successfully fed
into the FDM process without jamming or shortcoming issues.
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Fig. 14. Filament knurling setup

The depth and volume of the knurled grooves were measured by using a confocal laser scanning
microscope (LEXT OLS 4000, Olympus, Japan). The 3D model of the scanned profile of the
grooves was analyzed by LEXT OLS analysis software. For reliable image analysis, the image
analysis was calibrated by the calculation of a profile with a known volume. For calibration, the
surface of a plasticine mold was impressed by an object with a known geometry/volume. The
impression was scanned with the laser microscope, and the measurements were confirmed to be
within £10% of the object geometry. Figure 15 shows the plasticine mold with the impression on

its surface. Also, the 3D model of the impression is shown in this Figure.
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Fig. 15. (a) The plasticine mold with an impression on its surface, (b) a 3D model of the impression
that was obtained by using the confocal laser scanning microscope (CLSM), and (c) software

analysis for measuring the dimensions of the impression.
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2.2.2 Filament Impregnation

The powder particles were used to impregnate the knurled filament in two conditions: as-received
and preprocessed conditions. for preprocessing, the copper powders were emulsified into liquid
starch before introducing them to the grooved region. The starch was prepared by boiling rice
grains with water for about 15 minutes. When the water got steamed, the rice grains were removed,
and the remaining water was heated again until the color changed to white, which indicated a
viscose liquid starch. The liquid was cooled down and mixed with copper powders prior to the
impregnation process. The nature of the starch helped the copper powders to adhere to each other
more densely compared with the as-received powder condition. The starch-powders mixture was
conducted on a trial base with no measurement of the proportionality of ingredients. The dynamic
viscosity of the starch was measured as 477 mPa.s by using a rotational rheometer (NDJ-5S, China)
at room temperature with a rotational probe speed of 6 RPM. The starch was a shear-thinning
liquid as its viscosity reduced by increasing the rotational speed of the rotor. The density of the
starch at room temperature was measured as 0.99 g/cm3. After impregnation, a dry lint-free cloth

was used manually to remove the additional fillers from the outside of the grooves.

A. Length Estimation for Impregnation

The required area/region of the filament to be impregnated was calculated from the developed G-
code associated with the CAD model in the slicing step. A commercially available slicer software,
Simplify 3D, was used to generate the G-code and calculate the total length of the filament for
printing. The objective was to manufacture a 3D printed sample, with a length of 90 mm, that has
a 20 mm PMC section in the middle of its length. The required length of the filament for the PLA
and PMC regions were determined by Simplify 3D software. The samples were designed to have

one layer in their thickness direction.
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The knurled filament was covered by removable adhesive tapes outside the regions of
impregnation. After impregnation and cleaning, the cover tapes were removed. Figure 16 shows
knurled filaments after impregnation with the spherical copper powders in their as-received and

starch-processed conditions.
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Fig. 16. Knurled filament (a) before impregnation and after impregnation (b) with starch-processed

powders and (c) with as-received spherical powders.

B. Mass Measurement of Impregnated Filament

The mass of the filaments before and after impregnation was measured to calculate the packing

density of different powder types that are used for this study.

A protocol for measuring the copper mass is presented in Fig. 17. In the first step, a piece of knurled
PLA filament was taped to a polymer film as a substrate. The total mass of this knurled filament
with its substrate was measured by using a precision balance (Mettler-Toledo, Model ME54TE,
USA) with a measurement resolution of 0.1 mg. After this initial measurement, a known number

of grooves were impregnated manually. The powders outside the grooves were carefully cleaned
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following the procedure detailed earlier. Then the mass of this impregnated filament on the
substrate was measured. Finally, the impregnated filament was removed, and the mass of the taped
substrate was repeatedly measured to consider any additional powder particles that could remain
on it during the impregnation process. Following the measurement, the mass of the powder

particles for ten grooves was calculated.

One side of the filament was knurled.

!

Except for a few grooves, the knurled
surface was covered with a removable
tape.

'

The filament was taped to a holding
substrate with a known mass.

v

The mass of covered filament and its
holder was measured.

'

The uncovered grooves were
impregnated with copper powder.

'

The areas outside of grooves were
cleaned.

'

The mass of impregnated filament
was measured while 1t was attached to
the substrate.

!

The substrate was removed.

v

The mass of the substrate was
measured again.

'

Nect copper mass was caleulated by
the mformation obtained above.

Fig. 17. A flowchart of the mass measurement protocol for calculation of copper mass inside of

grooves after the impregnation process.
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2.3 Sample Preparation (FDM Processing)

A commercially available FDM printer (Replicator Mini+, MakerBot, USA) was utilized for the

additive manufacturing of PLA samples with the PMC region(s).

One set of samples was prepared by only using the as-received PLA filament. The second set of
samples was manufactured through the developed composite processing technique. The samples
had a PMC region that was sandwiched between two PLA regions, as shown in Fig. 18. For this
set of samples, the filament was impregnated with spherical shape powders in two conditions: as-

received and starch-emulsified, as described earlier in this chapter.

The nozzle orifice diameter was 0.8 mm, and the layer height was set at 0.6 mm. The extrusion
temperature was maintained at 215+3°C during printing. The nozzle and the build plate were
moving along the width and length direction of samples, respectively. The relative humidity and

room temperature were measured around 50% and 22°C, respectively.

Nozzle >
—» PLA
l —’{ = }:’ Composite region
L (PLA + Copper)
Build plate
—» PLA

Fig. 18. A Simplify 3D model (left) and a picture of a printed sample with a PMC region in the

middle of its length direction (right).
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2.4 Post Manufacturing Treatments

In addition to as-printed samples, two more sets of samples were prepared by two post-
manufacturing processes of microwave and electrical furnace treatments. These treatments will be

discussed below.

2.4.1 Microwave Treatment

Microwave heating allows for the fast processing of materials compared to conventional heating
processes and generally provides improved sintering Kinetics [64]. The key characteristics that
differentiate microwave heating from traditional methods are higher rate of energy transfer, rapid
and selective heating of materials. The MW heat treatment can result in reduced processing

temperature and time, leading to higher productivity and a reduction in energy use [65].

Depending on the nature of the material, an electromagnetic microwave can be mainly reflected,
absorbed, or transmitted by the materials [66]. Due to a very low dielectric loss factor, the pure
insulators have no or negligible energy absorption, and they are, therefore, transparent to
microwave energy. The prohibited band in pure insulators is thick, limiting any movement of
electrons forming conduction band to valence band, so no polarization is possible [67]. In metallic
powders, the skin depth is comparable to their size, which allows them to couple with MW energy.
However, the metals' skin depth is very small, and metals are mainly considered reflective in their
interaction with MWs [68]. The classification and behavior of different materials under microwave

exposure is shown in Figure 19.
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Fig. 19. Microwave interaction with different materials [68]

Yarlagadda et al. [69] utilized concentrated microwave energy to investigate the joining mechanism
of engineering thermoplastics. A detailed review was published by Ku et al. [70,71] on
characterizing different fiber-reinforced thermoplastic composites and the effect of MW frequency
on their tensile properties. Singh et al. [72] investigated the MW interaction with the natural fiber-
reinforced biopolymers and its positive effects on the faster polymerization process. Sweeney et
al. [73] used microwave heating to increase the bonding between 3D printed CNT/PLA composite.
They achieved a 275% increase in the fracture strength in comparison to the non-treated parts. A
similar study was conducted by Wang et al. [74] to investigate the effect of MW on SiC coated

PLA composite parts. The MW treated composite parts showed a 51% increase in tensile strength.

For the analysis of microwave interaction with materials, the Maxwell equations can be used [65].

V><E=Z—f,V-B=0,V><H=g—€+landV'D=p 1)
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Here, B and D represent the magnetic and electrical flux density vectors. The parameters I, H, E,
and p represent the current density vector, magnetic field vector, electric field vector, and electrical
charge density, respectively. The parameter t represents time. The microwave electric field exerts
a force on the charged particles present in the compound. When the charged particles have limited
movement, they can merely oscillate within the electric field. This phenomenon is called dielectric

polarization and can be represented as a combined effect of four components [75].

ar=a;+ta;+a,+a, (2)

a, = total dielectric polarization, a;= interfacial polarization, a;= dipolar polarization due to
polarization of permanent dipoles, a,=atomic polarization caused by the relative motion of the
atoms and a,= electronic polarization generated from the polarization of electrons surrounding the
nuclei. Another two factors that play a significant role in MW processing of dielectric materials

are dielectric loss (loss tangent) and complex relative permittivity [71]. These parameters are

defined as
tand = &'’ /¢’ Loss tangent, (3)-A
e=¢ —ig" Complex relative permittivity (3)-B

while &’ and "’ represent relative dielectric, and relative dielectric loss constants, respectively.
Loss tangent describes the ability of dielectric material to turn the influx energy into heat, and the
complex relative permittivity defines the amount of dissipated energy from the source and the

amount that enters the sample.

The PLA is a dielectric material with low absorption of microwaves at room temperature. In
contrast, the copper powders are reflective with a small depth skin at which the microwave can

penetrate and heat the metallic powder. In this study, an Amana industrial-grade microwave oven
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(Model RC30S2, USA) was used to expose the printed samples. The oven can provide a maximum
of 3kW power with a microwave frequency of 2.45 GHz. The samples were placed at a prespecified
region inside the microwave chamber, close to the oven wall, one after another. A research
publication [76] showed that for electrically conductive materials, the efficiency in MW absorption
increases with the magnetic field of the microwaves, which is highest close to the oven wall. A
picture of the microwave oven is shown in Fig. 20. Immediately after exposure with 3kwW MW for
30, 60, 75, and 90 seconds, the temperatures were measured using an infrared handheld

thermometer with a measurement accuracy of + 1.9 °C.

Fig. 20. A picture of the Amana microwave oven used for this study. A sample is shown in the

oven chamber close to the wall.

2.4.2 Electrical Furnace Treatment

During the microwave exposure, the samples were placed on the surface of the oven, and therefore,
there were the effects of external heat convection and conduction. In order to exclude these effects
for the analysis of the properties of MW-exposed samples, another set of printed samples were
treated in an electrical furnace with the same soaking time of MW-exposed samples. The
temperature of furnace treatments was devised based on the infrared measurement of the highest

samples temperature that was measured immediately after MW exposure.
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For the furnace treatment, an electrical furnace chamber (Carbolite Gero, CWF1313, England) was
used. The temperature and exposure time for furnace-treating the printed samples are represented

in Table 4.

Table 4. Temperature and soaking time of furnace heat treatment of the samples

Temperature (°C) 50 70 90 125

Exposure time (s) 30 60 75 90

2.5 Fracture Test (Uniaxial Tension)

An INSTRON machine (Model 5982, USA) equipped with a 100 kN load cell was used for
mechanical testing of the samples to assess their fracture behavior under uniaxial tension. The
accuracy of the measurements for load and displacement was +0.5% of reading values and =1 pum,
respectively. The area under the load-displacement curve was calculated as the fracture energy.

The fractured samples were used for fractography and DSC analysis.

2.6 Fractography

The thickness of the samples at the fracture area was measured by using the confocal laser scanning
microscope. For this microscope, the presence of a 405nm short-wavelength laser and a high
aperture objective lens offers a minimum of 0.12um X-Y resolution for performing submicron
measurements on the sample surface. A precise linear stage of 0.8 nm resolution and software
algorithms enables the height scanning resolution of 10 nm. The fracture surface of the samples
was scanned by the laser, and the images were captured by using the 5X and 10X objective lenses.
Image analyzer software (MIPAR, USA) and ImageJ (NIH, USA) was used to calculate the voids

percentage and their sizes and distribution at the fracture area.
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CHAPTER IlI

RESULTS AND DISCUSSIONS

Three main stages of the PMC additive manufacturing were described in detail in the previous
chapter. In the filament knurling stage, the size and pattern of the grooves on the firmament surface
are important process parameters for the determination of the spatial architecture of PMC in the
printed structure. In the impregnation and cleaning stage, the packing density of powders is
considered as an important factor that determines the amount of copper powder and its distribution
in the polymer matrix at PMC regions. Finally, after the FDM process, the properties of the

structure need to be characterized for further development of the process.

3.1 Depth and Volume of Grooves Made in the Filament Knurling Stage

In this study, two different sets of knurling patterns (helical and straight line) were used to prepare
the knurled filaments for mass measurement analysis of the intruded powders. The straight-line
pattern was also used for PMC manufacturing. Three different knurling gaps were devised to make
the shallow, intermediate, and deep grooves for both types of patterns. For the helical knurled
filaments, the measurement of depth at the center of grooves revealed that the depth of grooves

increased with a geometrical ratio of 1.2.
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For the helical knurled filaments, the measurement of depth at the center of grooves revealed that
the depth of grooves increased with a geometrical ratio of 1.2. For the grooves in the straight-line
pattern, the ratio of depth was 1.1 and 1.3, for intermediate and shallow grooves, and deep and
intermediate grooves, respectively. The 3D models of the grooves with different patterns and sizes

were obtained by using the CLSM (see Fig. 21).

The depth and volume of the grooves are reported in Table 5. For the helical knurling, the volume
increased by 40% and 58%, respectively, for intermediate and deep grooves in comparison with
smaller groove types. For the straight-line pattern, the increase in volume from shallow to
intermediate grooves was just 11% compared with an increase of 93% for deep grooves in

comparison with intermediate ones.

Fig. 21. Microscopic images show the helical (top) and strain-line (bottom) grooves with different

depths. From left to right, the depth of grooves increases.
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Table 5. Depth and volume of knurled grooves

Type Shallow groove Intermediate groove Deep groove
Knurling Helical Straight- Helical Straight-line | Helical Straight-
pattern line line
Depth (mm)  0.225  0.211 0.270 0.228 0.331 0.290
Volume (mm®) 0.505 0.471 0.706 0.523 1.112 1.010

3.2 Packing Density of Copper Powders after Impregnation

Two different shapes (dendritic and spherical) of copper powder with two different conditions (with
starch and without starch) were used for the impregnation process. Both powder shapes had the
same mesh number of 325, with a sieve size opening of 45 microns. The mass of powders in the

grooves after impregnation is reported in Fig. 22.

The increase in depth (volume) of the grooves, and the use of starch significantly increased the
mass of occupied grooves. The impregnation with spherical powders resulted in a higher mass of
occupied grooves in comparison with dendritic powders in all groove types and impregnation

conditions.

The shape and size of both the particle and container play a significant role in determining the
particle packing density and related porosity [77]. The packing density of the powders is inversely
related to the volume fraction of porosity. The volume fraction of porosity inside the grooves after
the impregnation and cleaning process is shown in Fig. 23. The results show that for both groove
patterns in all depth conditions, the highest and lowest volume fraction of porosity was observed
for the non-starch dendritic and starched-spherical powders, respectively. Also, the porosity

volume percentage was highest for deep grooves in all impregnation conditions. One can infer that
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the rate of increase in groove volume surpassed the rate of increase in mass for deeper grooves,

resulting in a high porosity percentage.

A comparison between the results reveals that the decrease in the depth of the grooves can be more
effective than the change in the powder shape from dendritic to spherical for increasing the packing
density. The powders with the dendritic shape pack with higher porosity because the dendritic
branches create obstacles and prevent the other particles filling the air gaps. In contrast, the small
size spherical powders can slip and occupy the spaces between larger ones during impregnation
and cleaning processes. As a result, spherical powders showed lower volume porosity in

comparison with corresponding dendritic powders.
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Fig. 22: Mass of powders in ten grooves after the impregnation process. The solid lines represent

the non-starched condition, and dashed lines represent the starched condition.
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Fig. 23. The volume percentage of porosity inside of grooves after impregnation with copper
powders. The solid lines represent the non-starched condition, and dotted lines represent the

starched condition.

3.3 Characterization of FDM Processed Composites

3.3.1. Fracture Properties of As-printed Samples

Uniaxial tensile tests were conducted to analyze the interlayer fracture energy of the printed
samples. At least five samples were tested at each condition. Fig. 24 represents a typical force-
displacement curve, which is obtained from the uniaxial tension test on the printed samples. As
shown, the resistance force was increased to a maximum amount before a sharp drop due to the
fracture. The fracture was brittle and occurred at the interlayer area for all sample conditions.

Three different sample conditions were tested: as-printed (PLA, non-starched-Cu/PLA, Starched-
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Cu/PLA), MW heat-treated starched-Cu/PLA, and furnace heat-treated starched-Cu/PLA
conditions.
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Fig. 24. A typical force-displacement curve obtained from uniaxial tensile test

The area under the force-displacement curve represents the amount of required energy for the
fracture [78]. This area was calculated by integrating a polynomial equation of a curve, which was
fitted (with an R-squared value of 1) to the force-displacement data points. The normalized fracture
energy was calculated by normalizing the fracture energy with respect to the contact area (contact

thickness x unit width).

The fracture thickness of the samples was measured with an accuracy of £1 um (see Table 6). Since
fracture was brittle for all cases, the fracture thickness was considered to be the contact thickness

between the layers prior to the uniaxial tension test.
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Table 6. Fracture thickness (mm) of the 3D printed samples.

As-Printed MW-treated Starched Furnace-treated Starched
Cu/PLA Cu/PLA
PLA Non- Starched 30s 60 s 755 90s 50 °C- 70 °C- 90 °C- 1250C-
starched Cu/PLA 30s 60s 75s N0s
Cu/PLA

1.027 1.144 1.180 1.188 1220 1.201 1.184 1.224 1175 1.171 1.187

The larger fracture thickness of composite samples is attributed to the presence of copper powders
in the PLA structure. The image analysis of the fracture area revealed that the area fraction of
copper was 1.56 and 9.9% for non-starched and starched composite samples, respectively. Also,
the copper particles promoted the nucleation and refinement of the voids at their interface with PLA
(see Fig. 25). The image analysis of the fracture area showed that the presence of copper powders
increased area percentage of imperfections (voids and cracks) from 33% for PLA to an average of

57% for composite samples.

For PLA samples, the interlayer fracture could occur anywhere with no preferred location in the
gauge length of the samples. However, for all other samples, the interlayer fracture occurred in the
composite region, as shown in Fig. 26. The interlayer strength of the PMC region in the printed
structure was weaker than that of PLA regions, and therefore, the PMC played a role as a

predetermined fracture zone.
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Fig. 25. The fracture surface of as-printed PLA (a), and starched Cu/PLA composite (b) is shown.
The presence of voids at the surface of copper particles indicates the role of particles as the
nucleating agent for voids (c).
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The interlayer fracture energy of the as-printed samples is shown in Fig. 27. The error bars
represent the range of data. The as-printed PLA samples showed about 53% and 108% higher
fracture energy than the non-starched-Cu/PLA and starched-Cu/PLA samples, respectively. In
general, the change in the fracture energy can be attributed to different factors, including area
percentage of imperfections (voids and cracks), the size and distribution of voids, degree of
crystallinity, and residual stress. These factors can be either process-induced or materials-induced

parameters.

Fracture path

Fracture path

(b)

Fig. 26. The images of samples of (a) PLA with different locations for fracture path, and (b)
composite samples with fracture path at PMC region. The red color indicates the presence of

copper powders in the structure.
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In comparison with PLA samples, the composite samples had more area percentage of
imperfections (about 73%), and therefore, the fracture energy for composite samples is less. The
fracture energy of starched samples was 26% less than that for non-starched samples. Although the
area percentage of imperfections was comparable for these two cases, the average size of voids was
55 um for starched samples in comparison with 62 and 67 pm, respectively, for non-starched
composite and PLA samples. Table 7 summarizes the average and standard deviation of void sizes
obtained from image analysis of the fracture area. The results show most uniformity in void size
distribution for starched composite samples. In comparison with non-starched samples, the higher
uniformity in void size for starched samples can be indicative of a more uniform distribution of
voids at the fracture area. The voids and their interface with PLA induce anisotropy in properties,
including fracture strength. The voids reduce the contact area, and their interphase with PLA and
copper matrix raises the stress concentration factor and weakens the fracture strength. The presence
of copper particles with significant differences in mechanical and physical properties can be
considered as a cause for the development of residual stress inside the printed structure and at the
interlayer areas of manufactured samples. As an example, the amount and rate of heat expansion
and contraction are different for copper and PLA. During the deposition and cooling process in
additive manufacturing, the difference in properties can be considered the cause for the
development of tensile residual stresses and potentially weaken the bond between the layers in 3D
printed structures. Also, the geometrical incoherency at the interface between voids, copper, and
PLA and the presence of micro-cracks at the interface can change the stress state during fracture
tests from uniaxial to triaxial loading condition. This change in the stress state may also be
considered as one of the accumulative reasons for the weakening of interlayer bonds in composite

samples.
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Fig. 27. Comparison of interlayer fracture energy of the as-printed samples.

Table 7. The average and standard deviation of sizes of voids at fracture area for as-printed

samples.
As-Printed samples
PLA Non-starched Cu/PLA Starched Cu/PLA
Average (um) 67 62 55
Standard 37 31 17
deviation
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3.3.2. Effects of Post-Manufacturing Treatments on Fracture Properties

PLA has a low dielectric loss factor at room temperature, and therefore, it is considered mainly
transparent to the microwave (MW), as described in section 2.4.1. The copper powders are highly
reflective and have a small skin depth that can absorb the MW and heat up. For both materials, the

absorption of MW will increase with increasing temperature [76].

The starched-Cu/PLA samples were exposed to a microwave (with a frequency of 2.45 GHz and
power of 3 kW) for four different exposure durations of 30, 60, 75, and 90 seconds. The normalized
fracture energy values for MW-treated samples are compared with the fracture energy of non-

treated composite samples in Fig. 28.

The fracture energy was maximum for the samples with an exposure time of 75 seconds. The
statistical analysis (t-test with a 95% confidence interval) revealed that the MW exposure for 30
and 60 seconds did not significantly change the fracture energy. However, the samples with 75
seconds of exposure showed a significant jump of 26% in the average fracture energy in comparison
with samples that were exposed for 60 seconds. Further increase in the exposure time to 90 seconds
decreased the fracture energy but not lower than that for the samples with 60 s of exposure. The
statistical analysis showed that the exposure durations of 75 and 90 seconds increased the fracture
energy significantly in comparison with other MW-treated and non-treated composite samples. The
fracture energies of samples with 75 seconds of MW exposure was comparable with the fracture

energy of as-printed non-starched composite samples.

As detailed in chapter 2, the MW treatment involved conduction and convection types of heat
transfer due to the contact of samples with MW chamber surfaces and the circulation of air within
the chamber. In order to decouple the effects of heat conduction and convection on the fracture

properties of MW-treated samples, the composite samples were also heat treated by using a
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conventional electrical furnace at the highest temperature of samples after MW exposure. The

fracture energy values of furnace-treated samples are shown in Fig. 29.
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Fig. 28: Comparison between MW-treated starched-Cu/PLA samples with as-printed counterparts
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Fig. 29. Comparison between furnace-treated starched-Cu/PLA samples with as-printed
counterparts.
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The statistical analysis proved that the furnace treatment did not significantly change the fracture
energy relative to that for as-printed composite samples. Thus, it can be inferred that the increase
in fracture energy for the MW-treated samples can be attributed to the effect of microwave and its

interaction with constituent materials in the composite structure.

As presented in Table 8, the area percentage of imperfection for treated conditions was comparable
with non-treated composite samples. The average size of the voids is presented in Table 9. In
general, one may argue that the amount, size, and uniformity in the distribution of voids
interactively affect the fracture properties. As discussed for as-printed (non-treated) conditions,
the smaller size and more uniform distribution of voids may be partially the reasons for decreasing
the fracture strength. For treated samples, if the change in fracture energy was not significant, there
can be two possibilities. If the treatment process did not cause any change to the fracture properties,
then one can infer that the fracture strength was insensitive to the difference in the area percentage
of imperfections, void sizes, and their distribution in reported range (see Tables 8 and 9). The other
possibility can be the neutralizing effects of the treatment process on the effects of changes in the
area percentage of imperfections, void size, and distribution. The bold example is the Furnace-
treated samples at 125 °C for 90 seconds. For this sample condition, the area percentage of
imperfection decreased for this sample to 44%, and the average void size was larger in comparison
with non-treated composite samples. As these parameters suggest higher fracture energy for this
condition, no significant difference with non-treated samples might be due to a neutralizing effect
of the furnace treatment process. As discussed earlier, the development of residual stress or an

increase in the degree of crystallinity can be two candidates for such neutralizing effects.

For MW-treated samples under 90 seconds of exposure, the larger size of voids with less uniform
distribution (inferred from high standard deviation) might be responsible for the increase in fracture
energy in comparison with the results for MW-treated samples under 30 seconds of exposure. Since

the additive manufacturing parameters were the same for these two sample conditions, one may
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infer that the MW interaction with copper powders was favorably increased the void sizes by

coalescence of voids.

unanswered.

If this was the case, the mechanism behind this phenomenon remains

Table 8. Area percentage of imperfections (voids and cracks) at fracture area for different sample

conditions.
Non-treated MW-treated Furnace-treated
PLA Non- Starched 60s 75s 90s 50 °C- 70°C- 90°C-  125°C-
starched ~ CU/PLA 30s 60s 75s 90s
Cu/PLA
33 57 57 56 54 56 57 61 58 44

Table 9. The average and standard deviation of sizes of voids at fracture area for the treated

samples.
Treatment conditions
Non-treated MW-treated Furnace-treated
N/A 30s 60's 755 90s  50°C- 709C- 90°C- 125
30s 60s 75s 0C-90 s
Average 55 67 57 58 69 62 67 54 70
(um)

Standard 17 22 18 18 33 20 24 17 37
deviation
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Since the area percentage of imperfections and size and distribution of voids are similar to non-
treated samples for MW-treated samples under 75 seconds of exposure, the increase in fracture
energy is attributed to the effect of microwave interaction with the material. In order to determine
how the constituent materials, PLA or copper, could interact with microwave, a set of PLA samples
were subjected to MW and furnace treatments followed by uniaxial tension tests. As shown in Fig.
30, the comparison between the fracture energy values for as-printed composites and treated ones
did not yield in a statistically significant difference. One can conclude that the copper powders and
their interaction with microwaves were responsible for the increase in the fracture energy of MW-

treated samples.

The microwave heating of copper powders at their skin depth is speculated to affect the fracture
energy with two possible mechanisms. While the exposure time was not as enough as 90 seconds
for the coalescence of voids, the local heating at the interface of particles with PLA helped to

strengthen the bond between constituents.

The relief of residual stresses or increasing the contact area can be the causes of the bond
strengthening mechanism. The other mechanism can be through a decrease in the degree of
crystallinity at the interface between copper particles and the PLA matrix. After surface heating of
particles and in the cooling stage, the local rate of cooling is higher due to the presence of copper

particles. As aresult, the degree of crystallinity decreases, and the fracture energy would increase.
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Fig. 30. Comparison of interlayer fracture energy values for as-printed and treated PLA samples.

Further studies are required to verify these speculations. The decrease in the degree of crystallinity
can be the case for MW-treated samples under 90 seconds of exposure. The tensile test results
show that beneficial or detrimental effects of process and material parameters during microwave

exposure time on fracture energy have been neutralized.
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CHAPTER IV

CONCLUSION AND FUTURE WORK

4.1 Conclusion

The ability to directly use different particulate fillers with the matrix filament during composite
additive manufacturing provides the opportunity for customization of inhomogeneities and their

distribution in the structure of products. It will also reduce the processing steps and time.

In this study, a manufacturing process was developed to customize the amount and distribution of
copper filler in the layered structure of a PLA matrix. The principal findings of this study are

summarized as follows:

a) The mass measurement analysis showed that the increase in depth of the grooves (that were
made by the knurling of PLA filament) increased the mass of powders in the grooves. Also, the
starch helped compact the powder particles and improved the packing density inside of grooves
prior to additive manufacturing. In general, the spherical powders showed a higher packing density

than the dendritic powders.
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b) The analysis of the tensile test results indicated the decrease in fracture energy for the
composites due to the presence of coppers compared with the PLA. The lower strength of
composite samples was attributed to the higher area percentage of imperfections in the interlayer
regions. The as-printed non-starched Cu/PLA composite samples showed higher fracture energy
than the as-printed starched Cu/PLA samples. This result pointed out the adverse effect of

increased copper percentage on the fracture energy of additively manufactured products.

C) The fractography analysis revealed some large eye ball shaped voids at the fracture surface
of as printed PLA samples. In contrast, the voids were smaller and higher in area percentage for
the composites. The observation suggested that the copper particles helped in the nucleation of

voids at the interface between copper particles and PLA matrix.

d) It was hypothesized that the voids reduced the contact area and increased the residual stress

inside the printed structure and at the interlayer areas of manufactured samples.

e) The microwave exposure for 75 seconds increased the fracture energy of the starched
composite samples in comparison with the as-printed ones. The increase in the fracture energy was

attributed to the interaction of copper particles with microwaves during heat treatment.

4.2 Future Work

As a newly proposed manufacturing model, the idea introduced in this study opens up many new
doors for future works. The opportunities in the additive manufacturing industry are tremendous,
and a small step was taken during this study for the advancement of this technology. The future

works for further development of this proposed idea can be focused on the following aspects:

a) A computational model can be developed to understand the flow behavior during the

deposition and effect of temperature at the printing stage. It would help analyze the flow
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mechanism during deposition and modify the process parameters accordingly for improving the

functional properties of the product.

b) Some experimental tests, such as thermogravimetric analysis (TGA), can be conducted for

experimentally measuring the actual amount of filler after the printing process.

C) The study of the degree of crystallinity at the interface between copper particles and the
PLA matrix through thermal analysis, such as the analysis by DSC tests, would help better

understand the fracture behavior of the as printed and heat-treated composites.

d) Higher precision in controlling the amount of filler and porosity in the impregnation stage

can be the subject of studies for further development of the PMC additive manufacturing process.
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