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Investigating production routes and application of nanotechnology for

improved properties of porous copper structures

Hasan Ayub

Abstract

This master thesis presents the investigations conducted into advanced production routes for
the fabrication of porous copper structures using different powder types. Porous copper
structures are beneficial for several applications, such as heat sinks, air filtration, and
catalysts. The study started with the use of two different types of powder particles (spherical
and dendritic) for the production of porous copper structures using hydraulic pressing. The
processing conditions examined in this study include powder type, compaction pressures, and
concentrations of a pore-forming agent (polyvinyl alcohol or PVA). After compaction, the
samples underwent a two-stage sintering process at specific temperatures. The study
examined the morphology, porosity, and mechanical properties of the sintered samples. The
analysis revealed that samples with a higher weight percentage of PVA demonstrated better
consolidation and overlapping of copper powder particles, resulting in improved morphology.
The highest porosity was achieved when the dendritic copper powder was mixed with the
highest weight percentage of PVA. The hardness of the samples varied significantly due to
their high porosity. Where the samples were prepared using spherical powders at high
pressure, the highest hardness was observed. The study concluded that porous copper
structures with porosity ranging from 14% to 26% can be effectively produced by controlling
the compaction pressure and PVA concentration. Furthermore, this master's thesis examined
the application of nanotechnology to enhance the optical absorption and conductivity of
copper during the laser sintering process. Copper powders were mixed with different
concentrations of carbon nanotubes (CNTs) and the optical properties of mixed powders were
evaluated using spectroscopy. The Box-Behnken Design of Experiments methodology was
used to optimize the infrared laser processing conditions for sintering. Spectroscopic analysis
was conducted to evaluate the reflection and thermal absorption of the IR wavelengths by

the Cu-CNT composites. Density and hardness measurements were taken for the laser-



sintered Cu-CNT pellets. The coating of copper powders with CNTs demonstrated enhanced
optical absorption, resulting in reduced reflection. Due to the enhanced optical absorption,
increased control and sensitivity of the laser sintering process were achieved, which enabled
improvement in the mechanical properties of strength, hardness, and density, while also
enabling control over the composite thermal expansion coefficient. A maximum average
hardness of 66.5 HV was achieved. Indentation test results of the samples revealed maximum
tangential and radial stresses of 0.148 MPa and 0.058 MPa, respectively. Overall, the thesis
provides detailed insights into the production of porous copper structures and the potential

benefits of incorporating CNTs for enhancing optical and material properties.



Chapter 1
Introduction and literature review



1.1 Introduction to Copper

The strong physical and chemical properties of copper and copper alloys make them widely
utilized metals in industries, such as their high thermal (400 W/(m. K) and electrical
conductivity (58 x 106 S/m) as well as their corrosion resistance properties [1]-[4]. The high
thermal, and electrical conductivity and machinability make copper an ideal material for
aerospace, automotive, and electric applications [5]—[8]. Pure copper is particularly one of
the primary raw materials for heat exchangers and radiators [9]—[11]. The principal
applications for copper-based metal matrix composites are those in which the properties of
thermal and electrical conductivity are important. Due to its poor strength, pure Cu cannot
be employed as a matrix in many applications [12]. Moreover, copper is also known for its
natural germs-fighting properties [13]. Copper's unique attribute of possessing antibacterial
properties finds extensive application in water filtration [14]. The contamination of drinking
water from open sources, frequently caused by harmful microorganisms such as E. coli and
Salmonella, necessitates the use of copper for effective filtration [15]. Additionally, copper
serves a crucial role in surgical instruments and equipment, mitigating the risk of infections
[16]. Its presence actively reduces the proliferation of microorganisms on surfaces infused
with copper, including countertops, handrails, and doorknobs. The study of copper

metabolism and copper's use in medicine are both advancing [17]-[19].

1.2 Powder Metallurgy

The manufacturing, processing, and consolidation of powder particles into solid metals are
referred to as powder metallurgy (PM) [20]. Making high-quality, non-complex net-shaped
components from powders is thought to be a viable and affordable production process [21],
[22]. The powder metallurgy process includes powder blending or mixing and compaction.
During blinding powder mixing, multiple powders with the same composition or granule
grade are thoroughly mixed together whereas mixing is the process of combining powders of
more than one material. Before mixing the powder determining powder properties plays a
vital role in the quality of the product produced via powder metallurgy. Following are the

properties of powder for the powder metallurgy.

Purity of metal powder: The purity of the powder is crucial for establishing the fundamental

characteristics and structure of powder metallurgy.



The chemical composition: of the powder material is also an important factor due to the

potential consequences of numerous processes that will be applied to it in the future.

The particle size of the powder: It is a significant factor to consider since it will have an impact
on the mould's strength, compaction density and porosity, permeability, flow, and mixing

characteristics, as well as dimensional stability.

Particle size distribution: It is a crucial element in powder metallurgy because it affects how

the powders are packed and how they behave during moulding and sintering.

Powder shape: It affects packing, flow, and distinctive traits. The most common shapes of

copper powder are spherical, flaky, acicular, angular, and dendritic shape.

Powder flow: The pace at which metal powder moves and fills the die cavity can be referred
to as its flow rate. It increases the manufacturing rate. Spherical shape powder has the best

powder flow rate.

Apparent density: It refers to the weight of a loosely heaped quantity of powder that is

needed to fill a die cavity.

1.3 Mixing of Powder

Ball milling is a widely employed technique in the dispersion of reinforcements within metal-
based composites, primarily aimed at preventing agglomeration issues [23]-[25]. However,
this method often involves undesirable processes such as cold welding, fracture, and re-
welding of powder particles, which can impede the effective incorporation of carbon
nanotubes (CNTs) into the metal matrix [26]-[28]. Extensive research in the literature has
highlighted several influential factors, including CNT pre-treatment, mill type, milling speed,
ball-to-ball powder ratio, and milling duration, that impact the efficiency of achieving a

uniform distribution of CNTs in metal-based composites.

Various investigations have explored the effectiveness of grinding in enhancing the dispersion
of CNTs within metal matrices [29], [30]. Furthermore, the mechanical binding of CNTs to the
metal matrix enhances the interfacial connection between the metal and the CNTs, thereby
reinforcing the composite material. Despite the advantageous effects, some researchers have
cautioned that ball milling can lead to the deterioration and damage of CNTs, potentially

limiting their beneficial properties [31].



In response to these challenges, a relatively novel technique called resonant acoustic powder
metallurgy has emerged. This innovative approach enables the efficient mixing of
reinforcements within the matrix, offering a promising alternative to ball milling [32]. By
harnessing resonant acoustic energy, this method facilitates the uniform dispersion of CNTs
and other reinforcements in the metal matrix, overcoming some of the limitations associated

with traditional ball milling.

The resonant acoustic powder metallurgy technique presents a potential solution for
achieving enhanced dispersion and interfacial bonding between CNTs and the metal matrix,
thereby contributing to the development of advanced metal-based nanocomposites with
improved mechanical properties. Ongoing research and development in this area hold
promise for the advancement of efficient reinforcement mixing methods in the field of

powder metallurgy [33].

1.4 Powder Compaction

The compaction of the powder is the key procedure in powder metallurgy, where the
components with the required characteristics are produced by applying different pressures

for a certain period according to the properties of the material powder [34]-[36].

Typically, there are two alternative ways to approach the powder compaction process. Cold
and hot isostatic pressing. In cold die compaction, pressure is applied to the powder within a
die, with one side of the die being fixed. This pressure causes the powder particles to adhere
together, resulting in the formation of a dense body known as the green body, which takes
on the desired shape. Usually, a sintering process is subsequently employed to further
improve the compressed green body[37]. On the other hand, hot isostatic pressing is utilized

to fully consolidate parts at elevated temperatures through solid-state diffusion [38].

1.5 Furnace Sintering

Furnace sintering is the conventional process of metal sintering. In this process compacted
samples were placed under high temperature (80%) of the melting point of the material) for
a certain period. Electric resistance furnaces are the predominant choice for conventional
sintering processes. These furnaces generate heat through the internal resistance
encountered by the electric current. The heat produced then transfers through the refractory

material via radiation and convection. When deciding on a sintering furnace, several factors



should be considered. These include the maximum temperature capacity, which is
determined by the material composing the furnace elements, the permissible operating
atmosphere, as well as the size and cost of the furnace. However, the rate of oxidization and
contamination is higher in the furnace sintering. To overcome this issue an inert environment
could be provided by using nonreactive gases such as Argon to prevent contamination.

Moreover, the sintering parameters affect the microstructure of the sample [39].

1.6 Laser Sintering

The laser sintering of metals is a relatively new focus for manufacturing copper parts [40],[41].
In addition to defining the overall quality of a part, design considerations such as minimum
feature size, support generation, and stress concentrations can increase production time,
quality, finishing looks, energy consumption, and cost [42]. It is also possible to create more
complex designs with laser sintering in comparison to traditional sintering processes such as
furnace sintering [43]—-[46]. Furthermore, this process proves valuable for selective laser

sintering without causing harm to the substrate.

1.7 Laser Powder Bed Fusion

A computer-controlled process in which layers of materials are deposited and a three-
dimensional object is created is additive manufacturing. The applications of AM are growing
as microscale structures provide unique properties that can be exploited for a range of
applications in various fields such as Edible 3D, Health, Construction, Fashion, and Decoration
[47], [48], [57], [58], [49]-[56]. There is a relatively small build volume with most 3D printers
which is less than 1 m3, they can also be referred to as desktop printers. However, in the past
few years additive manufacturing (AM) technologies have increased their printing volumes by
over three cubic meters [59].

In the field of additive manufacturing, Computer-Aided Design (CAD) is considered an
effective assistance tool. The size of the global market of additive manufacturing is growing
rapidly over the last decay [60]. However, there are still constraints in AM that affect
manufactured parts and must be considered during the design process. In addition to defining
the overall quality of a part, design considerations such as minimum feature size, support
generation, and stress concentrations can increase production time, quality, finishing look

energy consumption, and cost [61]—[64]. It is also possible to create more complex designs



with AM in comparison to traditional manufacturing technologies like machining and casting,

so designers take on more responsibility.

AM opens up new manufacturing opportunities, however, it comes with some limitations as
well like layer thickness and multi-material layers. Designers must understand Design for
Additive Manufacturing (DFAM) knowledge and its application to make effective decisions. As
of now, parts developed for AM are typically evaluated using either standard CAD software
or specialized build preparation software. Topology optimization of the product is also a
primary function of CAD. Topology optimization involves optimizing the managing and
distribution of the printing material within a limitation of the design space under the required
load and boundary conditions, to meet the performance requirements of the product. CAD
design helps to improve the dimensions and layer thickness of the model. Topology
optimizations allow for saving the printing time, and material and understanding of how to

improve the product quality and strength.
Printing Parameters

The printing parameters are crucial factors that influence the surface quality of the printed
sample [65]-[68]. The specific adjustments and configurations deployed throughout the
printing process have a direct impact on the quality of the printed result. These parameters
encompass various aspects such as layer thickness, scan speed, hatch space, laser power and
spot size. Adjusting these parameters effectively impacts the final appearance, smoothness,

and overall quality of the printed object [69].
Scan Speed

Achieving a smooth surface in 3D-printed metal samples is primarily influenced by scanning
speeds. Extensive research in the literature has consistently demonstrated that increasing the
scan velocity directly leads to an increase in surface roughness for most metal powders [70]—
[76]. This phenomenon highlights the critical role of scanning speed in determining the final
surface quality of printed objects. The relationship between scan velocity and roughness is
significant, as it informs the optimization of printing parameters to obtain the desired surface
finish. By carefully controlling the scanning speed, it is possible to minimize roughness and
enhance the overall quality and aesthetics of the printed metal components [77]-[79]. This

knowledge can be applied to various industries, including aerospace, automotive, and



medical, where surface smoothness is crucial for functional and aesthetic purposes. Future
studies can delve deeper into the specific mechanisms underlying the interaction between
scan velocity and surface roughness, further refining the printing process to achieve even

smoother surfaces and expand the range of metal powders that can be successfully printed.
Hatch Space

The hatch space, which refers to the distance between two consecutive scans in the additive
manufacturing (AM) process, plays a crucial role in determining the geometry of the melt pool
and the evolution of material properties [80]-[83]. This parameter holds significant
importance and influences various aspects of the AM process. A laser or electron beam is
used in additive manufacturing (AM) to selectively melt or sinter a series of material layers,
eventually forming a three-dimensional item. Each layer is made up of a set of parallel tracks
that are placed one on top of the other in tightly spaced intervals. These tracks are referred
to as scans. The hatch space, or the space between these scans, is a crucial variable that

directly impacts the general quality and properties of the printed item.

A large hatch distance causes overlapping of melt pools, leading to heat accumulation,
increased stress, distortion, and potential defects. Conversely, a small hatch space can result
in poor inter-layer bonding and reduced mechanical strength. The hatch space also influences
material properties by controlling energy input and cooling rate. A larger hatch space
facilitates faster cooling and finer microstructures, while a smaller hatch space leads to slower
cooling and coarser microstructures [84]. Optimizing the hatch space is crucial for achieving
the desired quality, dimensional accuracy, and mechanical performance in AM. Factors such
as material properties, energy source characteristics, printing speed, and desired outcome
must be considered when selecting an appropriate hatch space. Balancing the hatch space
with other parameters enables control over melt pool geometry and material properties,

ensuring the production of high-quality parts.
Layer thickness

The layer thickness and heat transport properties of the metal powder have a significant
impact on the laser powder bed fusion (LPBF) process [85]. These two properties play a critical
role in the heat distribution, dissipation, creation of the melt pool and fusion of particles as

well as the overall success of the LPBF process. It specifies the volume of material that melts



and solidifies during the development of each layer. To achieve full melting and fusing, a
thicker powder layer means a greater amount of powder particles, necessitating a higher laser
power and high scan speed. On the other hand, a thinner powder coating necessitates a lower
laser intensity and a shorter exposure period, which speeds up production and improves
energy efficiency. To obtain ideal process parameters and avoid problems like excessive heat
accumulation or inadequate energy absorption, the powder layer thickness must be analysed

[86]-[90].

Moreover, high thermal conductivity powder layers encourage quick cooling and
solidification, resulting in the production of finer microstructures and improved material
characteristics. Conversely, a reduced thermal conductivity may cause slower cooling rates,
resulting in coarser microstructures and potentially compromising the mechanical integrity of
the material [88]-[90]. To ensure successful build outcomes and prevent potential failures, it
is crucial to optimize the laser powder bed fusion (LPBF) process. This involves the careful
selection of powder materials that possess suitable thermal characteristics, as well as the
regulation of the powder layer thickness to enhance the overall effectiveness of LPBF. To
achieve this, state-of-the-art characterization techniques are employed to evaluate the
thermal conductivity and diffusivity of the powder particles, ensuring they align with the

necessary process criteria.

1.8 Statements of Investigation

In the literature, the potential of copper additive manufacturing to create complex
geometries and shapes with high precision is a promising area of investigation for researchers
and industrial professionals. Copper additive manufacturing is optimized by investigating the
effects of various LPBF parameters such as laser power, scanning speed, hatch space, and
layer thickness on the microstructure and mechanical properties. Investigating the thermal
behaviour and melt pool dynamics during copper additive manufacturing provides a new
opportunity to comprehend the workings of the process more effectively and also helps to

design new methods for increasing its effectiveness.

However, a conceivable gap was noted in the literature about the high reflection rate of
copper during laser processing and the application of the high thermal conductivity of the

copper. The complex geometries production options of the additive manufacturing of copper,



open new windows for the application side of copper additive manufacturing. Exploring the
use of hybrid additive manufacturing processes that combine copper with other materials can
open new possibilities for creating functional and customizable components with enhanced

properties.

To develop application-based new methods and techniques for improving the efficiency of
laser absorption of copper during additive manufacturing, a study on optical absorption and
reflection of the Carbon Nanotubes (CNTs) mixed copper composite for the laser sintering
process improvements. As discussed in Chapter 4 the addition of Carbon Nanotubes (CNTs)
decreases the reflection of the copper and increases the laser absorption and uses this
knowledge in additive manufacturing of copper lattice structure for the heat transfer

application as discussed in Chapter 5.

1.9 Research objectives

The research objective of this thesis is to understand how powder metallurgy processing for
copper can result in the required mechanical strength, pore structure, and phase structure
properties for practical applications. This research goal of the present thesis was tackled
based on addressing the identified gaps discussed in the preceding section via the following

specific tasks.

1. The effects of copper powder type on the density, porosity and morphology after
compaction and sintering.

2. The optical behaviour and morphology of the copper at different concentrations of carbon
nanotube.

3. The effects of the laser sintering on the pure and CNTs mixed copper composites pellets

at different laser parameters.

1.10 Thesis format and outline
The report encompasses the advancements made in the ongoing research on "Advanced
manufacturing techniques to develop innovative copper-based porous structures for heat

transfer application". It is structured into four subsequent chapters as outlined below:



Chapter 1: This chapter comprises a comprehensive review of the existing literature on the
powder metallurgy of copper, laser sintering of the MMC, and the additive manufacturing

Laser Powder Bed Fusion (LPBF).

Chapter 2: This chapter consists of “Investigating the Morphology, Hardness, and Porosity of

Copper Filters Produced via Hydraulic Pressing”.

Chapter 3: This chapter consists of “Optical absorption and conduction of copper carbon

nanotube composite for additive manufacturing”.

Chapter 4: This chapter consists of an “Investigation on optical absorption and reflection of

CNTs mixed copper composites for laser sintering process improvement”.



1.11 Structure and Titles of the Thesis Chapters

In this section, an overview is presented regarding the research work completed, highlighting

the titles of the studies, publication status, and the candidate's contributions.

Table 1.1: Thesis Chapters, Publications Status and Candidate's Contributions

Chapter Project Title Status Contribution
The primary and corresponding
Investigating the author of the research paper,
Morphology, Published in: project administration,
Hardness, and Journal of methodology development, data,
2
Porosity of Copper  Materials Research  and results analysis, visualization,
Filters Produced via and Technology as well as contributions to the
Hydraulic Pressing original draft of the writing and
subsequent review and editing.
The primary and corresponding
Optical absorption author of the research paper,
and conduction of project administration,
Published in:
copper carbon methodology development, data,
3 Material Forming
nanotube composite and results analysis, visualization,
ESAFORM 2023
for additive as well as contributions to the
manufacturing original draft of the writing and
subsequent review and editing.
The primary and corresponding
Investigation on
author of the research paper,
optical absorption
project administration,
and reflection of
Published in: methodology development, data,
4 CNTs mixed copper
Metals MDPI and results analysis, visualization,

composites for laser
sintering process

improvement

as well as contributions to the
original draft of the writing and

subsequent review and editing.




Chapter 2

Investigating the Morphology, Hardness, and Porosity of Copper
Filters Produced via Hydraulic Pressing

Ayub, H., Khan, L. A.,, McCarthy, E., Ahad, I. U., Fleischer, K., & Brabazon, D. (2022).
Investigating the Morphology, Hardness, and Porosity of Copper Filters Produced via
Hydraulic Pressing. Journal of Materials Research and Technology.
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Abstract

This paper presents an examination of the production of copper air filters via the Hydraulic
Pressing (HP) method. Processing conditions examined included powder particle type
(spherical and dendritic), varying compaction pressures (635, 714, and 793 MPa) and different
pore-forming (polyvinyl alcohol (PVA)) concentrations (1, 2, and 3 wt.%). Following
compaction, the samples were thermally sintered in a two-stage sintering regime at 200 °C
and 750 °C. The morphology, porosity, and mechanical properties of the sintered samples
were characterised. The morphological analysis demonstrated better consolidation and
overlapping of the copper powder particles in samples with a higher weight percentage of the
PVA. The highest porosity was achieved in the sample produced using the dendritic copper
powder mixed with the highest weight percentage of PVA. As the samples were very porous,
the hardness of the samples varied greatly. Samples prepared with spherical powders at high
pressure demonstrated the highest hardness. The results of this study show that copper filters
with 14% to 26% porosity can effectively be produced using spherical and dendritic copper

powders by controlling the compaction pressure and PVA concentration.

2.1 Introduction

Minimum scrap losses and near net shaping are benefits of powder compaction which make
it a widely utilized sustainable commercial fabrication process. Metal powder processing can
be performed by different techniques such as Hydraulic Pressing (HP), spark plasma sintering,
and via laser or electron beam-based additive manufacturing. Metal powder processing is
utilised in different engineering fields such as in the automotive [91], aerospace [2, 3],
healthcare [94], tooling [95], and oil and gas [96] industries. Compaction-based powder
metallurgy is a three-step process, including preparation of the powder feedstock,
compacting the powder in the desired shape, and consolidation via sintering at high
temperatures [97]-[103]. Powder metallurgy can be used to fabricate filters with predefined
porosities by mixing and processing the metal powder with a porogen. These porogens help
the metal powders to move during consolidation, the metal powder particles to bind and act
as temporary space holders. During high-temperature sintering, these porogens are
decomposed, thereby creating a porous structure. Polymers such as polyvinyl alcohol (PVA),
polymethyl-methacrylate (PMMA), paraformaldehyde (polyoxymethylene), and inorganic

salts, such as sodium chloride (NaCl), magnesium chloride, ammonium bicarbonate, calcium



chloride etc. have been used as binding agents and porogen [104]-[106]. The selection of
porogen is based on meeting certain criteria, such as decomposition temperature and
residual contamination (if any), and shape and size of resulting pores. The presence of voids
and high porosity in metals is widely utilized in various industrial applications such as
electrochemical sensors, catalysts, energy storage, and metal filters [107]-[111]. Porous
metals demonstrate durability and high energy absorption characteristics when subject to
impact loading. Copper is a good candidate material for structural applications due to its good
structural strength and energy absorption capability [95], [112], [113]. Vincent et al [114]
investigated the effect of porosity on the overall thermal conductivity of copper processed
via powder metallurgy. The copper powder was compacted and sintered by hot-pressing at
650 °C. The relationship of pressing time and pressure was studied presenting the volume
percentage of porosity. Application of pressure for 20 minutes leads to approximately 3%
porosity. Ros et al [115] utilized the hot isostatic pressing technique and prepared porous
copper using NaCl as a space holder. NaCl was added up to a weight percentage of 40% and
decomposed by the sintering process. The highest porosity of 27.96% was achieved while
thermal conductivity was reduced by 64% compared to pure copper. Abu-Qail et al [116]
fabricated copper-tungsten composites using cold compaction techniques under pressures
ranging from 300-1200 MPa. Increased density was achieved at higher pressures and copper
content. Moreover, improved homogeneity in the structure was observed for longer sintering
times up to 2 hours. Deepranj et al [36] performed investigations on the effects of sintering
parameters on the hardness of the copper alloy prepared via powder metallurgy. Hydraulic
Pressing was used before sintering the compacted copper while PVA and water (wetting
agent) were used as binders. They concluded that with water as a wetting agent, a good grain
structure was achieved while with PVA higher hardness was observed. Akgul et al [117]
examined porous forms of Cu/Al composites using the powder metallurgy technique of
Hydraulic Pressing. They inferred that the compaction pressure did affect the porosity level
and that the Cu samples had a lower cooling rate than Al even for the same percentage of
porosities. Abhishek and Pushyamitra [118] synthesized copper-titanium porous foams using
powder metallurgy to investigate the effects of porosity on mechanical properties. They
determined that a higher bending strength of the foams resulted from samples with finer
pores. In this paper, copper air filters were fabricated using the Hydraulic Pressing (HP)

method and argon furnace sintering. The study aimed to produce porous copper pellets and



perform mechanical and morphological characterization. These porous copper pellets can
further be used for air filtration as copper has antibacterial properties. Variations in the level
of porogen, compaction pressure, and powder morphology were investigated. The density
and integrity of the produced porous copper filters were examined. Kinematics of phase

transformation

2.2 Materials and Methods

In this work, spherical and dendritic-type copper powders purchased from Sigma-Aldrich
were used to fabricate the filters. The purity of spherical and dendritic Cu powders was 98%
and 99.7% respectively and their particle size was <45 um. Further technical and physical
properties of both types of copper powders are listed in Table 1. Micrographs of both powders
are presented in Figure 2.2 (a, b) which were taken using a Zeiss EVO LS-15 SEM. Polyvinyl
Alcohol (PVA) powder from Sigma-Aldrich was mixed with the copper powders as a lubricant,
binder, and to create defined levels of porosity in the produced filters during the sintering

step [119].

To achieve different levels of porosities, PVA was mixed with both types of copper powders
at1, 2, and 3 wt. %. For Cu-PVA sample fabrication, the Hydraulic Pressing (HP) was performed
using an Atlas Autotouch 40-Ton Hydraulic Press Figure 2.1 (a). A schematic diagram of the
press and die are shown in Figure 2.3. PVA mixed copper powders (Cu-PVA) were filled into a
20 mm diameter die, reaching 2 mm thickness in the die. A 0.1 mm gap was kept between the
die and fitting components for cleaning purposes. An appropriate range of compaction
pressures to examine was determined from preliminary trial experiments. The samples were
compacted at pressures of 635 MPa, 714 MPa, and 793 MPa. The duration of compaction
was 9 minutes for each sample. The experimental process and sample characterization flow
are shown in Figure 2.1 (c). The full design of the experiments is presented in Table 2.2.
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Figure 2.1 (a) Picture of Atlas Autotouch 40T Hydraulic Compaction press, (b) picture of

Lenton tube heat treatment furnace, and (c) schematic of the experimental sample

fabrication procedure and analysis.
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Figure 2.3 Detailed schematic diagram and picture of the hydraulic press.



Table 2.1 Physical properties of the copper powders employed

Particle Size | Purity | Melting / Boiling
Product Form Density (Kg/m3)
(um) (%) Point (°C)

Powder
10-25 ym 98% 1083.4 / 2567 8960
(Spheroidal)

Powder
<45 uym 99.7% 1083.4 / 2567 8960
(Dendritic)

Table 2.2 Powder shape, porogen percentage, and pressure level parameters investigated
for powder compaction. All samples were compressed for 9 minutes and sintered at 200°C

for 60 minutes and 750°C for 60 minutes.

Sample Number  Powder Shape PVA (wt. %) Pressure (MPa)

1 Spherical 1 635
2 Spherical 2 635
3 Spherical 3 635
4 Spherical 1 714
5 Spherical 2 714
6 Spherical 3 714
7 Spherical 1 793
8 Spherical 2 793
9 Spherical 3 793
10 Dendritic 1 635
11 Dendritic 2 635
12 Dendritic 3 635
13 Dendritic 1 714
14 Dendritic 2 714
15 Dendritic 3 714



16
17
18

Dendritic
Dendritic

Dendritic

1 793
2 793
3 793

After compaction, the Cu-PVA pellets were sintered using a Lenten Tube Furnace LTF 16

Figure 2.1 (b). The samples were sintered in an argon environment to avoid oxidation and

contamination. The argon flow rate was kept constant at 1 ml/min from a 1 bar supply

pressure during the sintering. The maximum temperature of the furnace was kept at 80% of

the melting point of the copper to avoid sample melting. Sintering at such high temperatures

resulted in evaporation of the PVA from the samples leaving micro porosity in the pellets. The

maximum temperature used for sintering was 750°C which was achieved using the sintering

profile presented in Figure 2.4. The temperature increase and decrease ramp rates used were

set at 5°C/min. The samples sintering process was performed in two stages, keeping the

sample at 200°C for 60 minutes and then at 750°C for 60 minutes as shown in Figure 2.4.
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Figure 2.4 Furnace sintering parameters for the compacted copper powders with

temperature ramp up, hold, and ramp down timelines shown.



2.1 Morphology analysis

The surface of the samples was imaged at a macroscopic scale with a Leica binocular
microscope with a 5-megapixel digital camera and the micrographs of the compacted and
sintered samples were recorded with the Zeiss EVO LS-15 SEM. Moreover, the images taken

from the SEM were analyzed using the Image J software for identiying the pores overlapping

and coarse particles by applying Guasian filter as shown in the Figure 2.5 below:

Figure 2.5 Image J analysis of SEM images for identification of pores

2.2 Porosity measurement

Archimedes principle [120], which is a widely used method for density measurement, was
used to measure the final density of the compacted-sintered Cu-PVA samples. The governing
equation for density calculations is presented in equation (2.1) while equation (2.2) was used

to calculate the percentage porosity of the samples.

. P
ps =mg, . —m, (2.1)
Ps
$(%) = — x 100 (2.2)
cu

where, p; and p¢, Denote the resulting density of the sample and density of pure copper
respectively, m, is the mass of the sample in air, m; The mass of samples in the liquid, and
¢ is the percentage porosity. For each sample, three measurements were taken to determine

the porosity values.
2.3 Hardness measurement

The resilience of the samples to the mechanical deformation was measured by the Vickers
hardness method. A diamond-pyramid-square-shaped indenter with an enclosed 136° angle

between vertex faces was used. The indentation force of 9.81 N was applied for 20 seconds



on the surface of the samples and the resulting diagonal lengths of the indent were measured.
Readings from the diagonal lengths provided the Vickers Pyramid Number (HV) which further
led to the hardness value when used in the equation (2.3).

_1.854P (2.3)

=—
Where HV is the Vickers Pyramid Number, P is the load measured in Newton, and d denotes

the mean diagonal of the indentation.

The hardness values were taken at five different locations on the samples as illustrated in
Figure 2.6. For each location on the sample three values of hardness were taken and the result

was averaged to reduce the ambiguity.

Figure 2.6 Locations on the surface of the sample selected for measurement of Vickers

hardness.

Further characterization of the samples was performed by indentation testing usinga 5 mm
protrusion indenter on the Zwick Roell, UK universal testing machine (Z005, T1-
FROO5TN.A50). This test set-up has been previously presented [12, 13]. The indentation
phenomenon was performed at a loading velocity of 1 mm/min. The radial stress (a,) and
tangential stress (o;) were calculated via equations (2.4) & (2.5) presented using the

following equations [121]:

_ R (2.4)
O =53 (1 +v)log .

_ 3F R (2.5)
0 =53 [(1 +v)log . +(1 v)]



Where F denotes the vertical load at the centre point, x is the indenter diameter, t is the
thickness of the sample, v is the Poisson ratio, and R presents the radius of the samples. In
current investigations, the axial stress is neglected in comparison to the radial and tangential

stresses [122].

2.3 Results and Discussion

2.3.1 Morphological analysis

Spherical Powder

The compacted and sintered samples were all robust and stable in structure, see Figure 2.7.
Figure 2.8 presents SEM images of the samples produced with the spheroidal copper powder
using three different percentages of the PVA and three compaction pressures. Figure 2.8 (a)
shows that the lowest percentage of PVA in the copper pellets that were compacted at 635
MPa (i.e., sample 1) resulted in small pores. It was observed that the particles were not fully
consolidated into each other and a low level of overlapping of melted particles was achieved.
Keeping the compaction and sintering parameters the same and increasing the PVA
concentration to 2 wt. % for sample 2 resulted in more consolidation of copper powders and
medium-sized pores on the surface were observed compared to sample 1 (with 1 wt.% PVA).
In Figure 2.8 (c), with the 3 wt. % PVA, it can be observed that powder particles were fully
melted and consolidated into each other. This resulted in the overlapping of melted particles
and the formation of small pores due to the removal of PVA during sintering. Figure 2.8 (d, e,
& f) presents SEM images of 1 to 3 wt. % PVA mixed with copper compacted at a pressure of
714 MPa. The SEM image of sample 4 (i.e., 1 wt. % PVA) shows that copper particles were
partially melted and consolidated with each other. The overlapping of melted particles was
higher compared to sample 1, and the formation of small pores was observed. Sample 5
(Figure 2.8 (e)) shows better consolidation of the copper particles with similar pores as
observed in sample 4. Interestingly, in Figure 2.8 (f), it was noted that the powder particles
consolidated very well with each other. Large and small sized pores were observed. Figure 2.8
(g) demonstrates the morphology of the 1% PVA mixed copper compacted disk produced at
die holding pressure of 793 MPa. Powder particle overlapping can be seen as well as small
pores. Figure 2.8 (h) shows uniform pores of equal size with less overlapping, compared to

Figure 2.8 (g), as a result of increasing PVA concentration to 2 wt. %. A further increase in the



PVA wt. % in the copper powder to 3 wt. % resulted in better consolidation of the particles

which resulted in very few small pores.

510 s11 512

(a) (b)

Figure 2.7 Sintered samples fabricated from (a) spherical and (b) dendritic copper powder.
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Figure 2.8 Micrographs of the compacted and sintered filters produced using the spheroidal

powder.

Dendritic Powder

The samples compacted and sintered from the dendritic copper powder showed a different
pore size and porosity trend compared to that from the spherical-shaped powder. Figure 2.9
presents the SEM micrographs for these samples. Figure 2.9 (a) presents the micrograph of
the powder compacted with 635 MPa and 1 wt.% of PVA. This sample contained a good
consolidation of the particles with a significant number of pores present. Increasing the PVA
to 2 wt.% as shown in Figure 2.9 (b) resulted in a very uniform particle consolidation and
distributed porosity. The SEM micrographs for samples prepared at 714 MPa pressure for 9
minutes and sintered at the same parameters are presented in Figure 8 (d), (e), and (f). Figure
2.9 (g, h, & i) shows the SEM results of the dendritic shape copper sample pressed at a
compaction pressure of 793 MPa. Figure 2.9 (g) presents 1 wt. % PVA mixed copper pellet

compact at the highest die-holding pressure used in this study. The increase in pressure



resulted in a high density in the pellet. Small-sized pores also appeared on the surface of the
pellet. The powder particles melted and bonded well with the other particles. In Figure 2.9
(b), the PVA concentration was increased to 2 wt. %, which resulted in the formation of some
pores on the surface of the pellet. In Figure 2.9 (c), with the addition of PVA to copper, there

was more porosity as anticipated.
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Figure 2.9 Micrographs of compacted and sintered filters produced using the dendritic

power.

2.3.2 Porosity Measurements

Different percentages of PVA were added to the copper powder to intentionally introduce
porosity in the final compacted-sintered copper pellets. The density of the samples measured
using Archimedes principle was subsequently used to calculate the percentage of porosity in
the samples. The percentage of porosity for the samples produced using the spheroidal
powder under the different operating parameters, as listed in Table 3, is presented in Figure

2.10. An interesting phenomenon observed in Figure 2.10 is that the porosity increased with



the increase in the PVA concentration for each set of samples, which was also previously
reported [123]. For the first set of the samples (i.e., S1-S3) the percentage porosity achieved
was 21.57% with 3% PVA. For samples S4-S6, the porosity increases almost linearly with
increasing PVA content. Moreover, for the maximum pressure (i.e., S7-S9), the porosity
increased from 15.96% to 21.43%. Similarly, Figure 2.11 presents the porosity results for
dendritic-type Cu-PVA samples prepared and sintered using the same compaction and
sintering operating parameters as for the spheroidal samples. In the dendritic-type samples,
the percentage of porosity followed the same trend as in the spheroidal samples in terms of
its increase with increasing PVA concentration. It is interesting to observe that for the
compaction pressures of 20.5 T and 22.5 T (i.e., S10-S12 & S13-S15) the increase in the
porosity follows an almost linear trend. Within this study, the maximum average porosity of
26.25% was found in the spheroidal sample S6 which was produced at the highest PVA

content and intermediate pressure level.
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Figure 2.10 Porosity of the Cu-PVA samples produced with spheroidal powder

for samples 1 to 9; n =3; error bars are 95% ClI.
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Figure 2.11 Porosity of the Cu-PVA samples produced with dendritic powder
for samples 10 to 18; n = 3; error bars 95% ClI.

The achieved levels of porosities in different samples are linked to the percentage of PVA and

compaction pressures as explained below:
High PVA Content

PVA was used in samples as porogen and decomposed during the sintering process, leaving
behind a network of pores. An increase in PVA content has consistently led to increased
porosity in the samples, as observed in Figure 2.10. A near linear trend has been observed

throughout the samples prepared at different pressures (S1 —S3, S4 — S6 and S7 —S9).
Intermediate Level of Compaction Pressure

The samples were prepared using three compaction pressure 635 MPa, 714 MPa and 793
MPa. Highest porosity has been observed at intermediate level of compaction pressure (i.e.
714 MPa). While higher pressure levels usually reduce porosity by increasing the particle

packing density and lower pressure levels usually result in higher porosity, in the case of S6,



the 714 MPa appeared to strike a balance between powder compaction and non-closure of
interstitial voids formed by the high level of decomposing PVA. In contrast, the compaction
pressure of 635 MPa might be insufficient to distribute and retain PVA as effectively
throughout the powder matrix and hence inadequate consolidation. This would result in
reduced level of PVA burnout, generating lower inter-connected pore networks and resulting
in slightly lower total porosity despite the same PVA content as for S6. At highest compaction
pressure in this study (793 MPa), green compaction appeared to be fully consolidated with
good distribution of PVA contents throughout the metal matrix. However, the increased
particle rearrangement and densification of green compact sample likely to close many of the
potential pore spaces, leading to a comparatively lower porosity level even at high PVA

content.

2.3.3 Hardness Results

Mechanical integrity is an important aspect to measure when designing porous material
which can be measured by mechanical testing methods such as Vickers hardness test. In the
present study, the Vickers hardness was used to measure the hardness of the Cu-PVA sintered
samples. The hardness values were taken at five different locations on each sample as
illustrated in Figure 2.6 and the results are summarised in Table 2.3. Among the five locations
on the sample surface, the hardness values change abruptly which suggests that local porosity
had a significant effect on this macroscopic hardness measurement. The SEM images
confirmed also that porosity was well distributed with in the samples. For example, in sample
S1 (spheroidal powder sample), the hardness values ranged from 49.8 HV in the middle to 89
HV toward the sample edge. However, for S5, the middle locations had the highest hardness
(98 HV) for the sample compared to a much lower hardness at the edge (61 HV). Similar
observations were also made by Cherry et al [124] where more porous samples showed lower
hardness. Varied hardness values across the sample are also noted and reported in Table 2.3
for the samples produced from the dendritic copper powder. Considering the compaction
force, the samples produced with the spherical powder demonstrated comparatively higher
hardness at 793 MPa compaction pressure whereas in dendritic powder samples, the highest
average hardness was measured from the samples compacted at the intermediary
compaction pressure of 714 MPa. The lowest and highest hardness values measured were 48

HV and 118 HV (i.e., S12 and S13 respectively). Overall, considering the 14% to 25% porosity



in the produced samples, they showed good hardness results compared to annealed copper
samples which are reported as having 57 HV [125], [126]. Moreover, Figure 2.12 and Figure
2.13 present the 95% confidence interval around the average HV value for each sample (i.e.,

S1-518).



Table 2.3 Hardness results measured from the surface of the copper disks produced with
the spherical and dendritic copper powders.

Location S1 S2 S3 S4 S5 S6

Spherical; Compaction at 635 MPa | Spherical; Compaction at 714 MPa

L1 75.4 71.9 62 68.8 68.3 48.2
L2 68.3 57.1 89.2 57 52.4 71.3
L3 49.8 55.1 84.3 51.5 98 116
L4 70.2 53.1 67 70.5 96.2 46.7
L5 89.6 67 61 67.3 61.3 49.2
Avg. 70.7 70.6 72.7 63.0 75.2 66.3
STD. 12.8 7.3 11.8 7.4 18.6 26.5
S7 S8 S9 S10 S11 S12

Spherical; Compaction at 793 MPa | Dendritic; Compaction at 635 MPa

L1 61.3 95.8 100 68 105 84.3
L2 53.3 74.2 63.6 74 111 90
L3 118 116 114 71.3 55.1 98.5
L4 57.1 105 61.5 68 95.8 90.8
L5 66 101 91.6 67.8 100 83.9
Avg. 71.1 98.4 82.75 69.8 93.4 89.5
STD. 21.7 13.8 20.6 2.5 19.8 53
S13 S14 S15 S16 S17 S18

Dendritic; Compaction at 714 MPa | Dendritic; Compaction at 793 MPa

L1 95.8 83.9 95.8 48.2 97.6 66
L2 86.9 74.2 100 57.1 95.8 55.1
L3 68.6 71 98 95.8 74.2 80.2
L4 95.3 96.2 102 55.3 87.6 54.2
L5 86.1 98.9 94.9 51.5 88.4 61.3
Avg. 86.5 84.8 98.1 61.6 88.7 63.4

STD. 9.8 11.2 2.6 17.4 8.3 9.5
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2.3.4 Results from indentation testing of samples

Figure 2.15 - Figure 2.18 presents the corresponding radial and tangential stresses for all
samples. The stresses were determined by using the peak stress at which the indenter
protruded the sample as shown in Figures. The peak stress was inputted into equations 2.4
and 2.5 to obtain the radial and tangential stresses. Tested samples after indentation tests
are presented in Figure 2.14. Figure 2.15 presents the indentation test results for Spheroidal
type samples (i.e., S1-S9) for the peak tangential stress induced on the samples. Observing
the results, a random peak stress was seen by the samples ranging from a maximum of 0.082
MPa and a minimum peak stress of 0.044 MPa. The highest tangential peak stress was
observed in S2 while minimum peak stress was seen in S1. Further, the radial stresses were
also calculated for samples S1-S9 presented in Figure 2.16. The peak radial stresses were
significantly lower than the tangential stresses. The minimum peak radial stress was
0.044MPa while the maximum achieved was 0.082 MPa for the same samples (S2 and S1).
Peak tangential and radial stresses observed in the dendritic type samples (i.e., S10-S18) are
graphed in Figure 2.17, and Figure 2.18. The dendritic type showed significantly high peak
tangential stress compared to the spheroidal type samples. Similar to the samples S1-S9 a
random pattern of peak stresses was seen for tangential and radial stresses. A peak tangential
stress of 0.204 MPa was absorbed by sample S17. The peak tangential stresses for dendritic-
type samples were 59.8% higher than observed in the spheroidal samples. Furthermore, the
radial peak stresses in S10-S18 also showed a similar random pattern with the highest peak

0.077 MPa.



Figure 2.14 Samples after indentation testing produced from (a) spheroidal powder samples

(51-S9) and (b) dendritic powder samples (S10-518).
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Figure 2.15 Experimental results for indentation testing of spheroidal samples (S1-S9) for

tangential stress with error bars at 95% confidence interval.
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Figure 2.16 Experimental results for indentation testing of spheroidal samples (S1-S9) for

radial stress with error bars at 95% confidence interval.
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Figure 2.17 Experimental results for indentation testing of dendritic samples (510-S18) for

tangential stress with error bars 95% confidence interval.
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Figure 2.18 Experimental results for indentation testing of dendritic type samples (5S10-518)

for radial stress with error bars at 95% confidence interval.

2.4 Conclusion

The copper filters were produced with spherical and dendritic copper powders using HP and
thermal sintering. Both types of powders demonstrated similar results in morphology,
porosity, and hardness profile. However, the change in weight percentage of the porogen PVA
and the use of different compaction pressures resulted in the formation of filters with
different morphological characteristics and levels of porosity. PVA acted as a binding agent
for the HP-produced/ copper green compact and as an agent which was demonstrated to be
useful for achieving a definable level of porosity within the produced disk filters. Due to this
dual role, interesting results were observed by changing the PVA weight percentage from 1%
to 3%. With increasing concentrations of PVA, the powders were better consolidated and
more overlapping of the copper particles was observed in the filter surface micrographs. The
samples were prepared with 2 wt. % PVA demonstrated more fine pores as compared to
larger pores observed in the samples prepared with 1 wt. % PVA. Copper filters produced with
3 wt. % PVA demonstrated good overlapping and well-distributed pores across the samples.
Interestingly, the compaction pressure had no or very minor influence on the porosity of the

samples. However, with increasing PVA concentration, higher porosity levels were achieved.



The highest porosity was achieved in the samples compressed at the intermediary pressure
of 714 MPa and with the highest level of PVA. With the processing conditions used in this
study, air flow filters can be produced using copper powders with porosities between 14% to
25%. Lastly, the indentation testing was performed in the samples which revealed the level
of peak stresses absorbed by the samples. Peak tangential and radial stress absorbed by the
dendritic type samples was 60% higher on average compared to the spheroidal samples. This
result is considered to be due to the increased interlocking of the dendrite arms resulting in
better bonding during sintering. Further work to improve the strength and perhaps the anti-
bacterial or anti-viral nature of this filter production method could investigate the use of

graphene or carbon nanotube-reinforced copper matrix composites [127].
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Abstract

The applications of nanotechnology are growing widely as nanoscale structures provide
unique properties such as high surface area unique plasmonic response and excellent
conductivity that can be utilized for a wide range of applications. Optical absorption
expansion of copper using carbon nanotube composite is one of the applications of
nanotechnology for additive manufacturing of metals, particularly copper. Cu-CNT mixtures
at different percentage concentrations will be prepared via Resodyn, an acoustic mixer
machine. The pure copper powder will be used with a spherical powder shape. The evaluation
of the samples will be performed via spectroscopy to determine the reflection and thermal
absorption of the light by the Cu-CNTs composition. The enhancement in the thermal
absorption of Cu powder via additions of CNTs leads to the improvement in the bonding of
particles by absorbing laser power. Due to the lower thermal expansion coefficient, sintering

is possible at lower laser powers < 40%.

3.1 Introduction

Copper is one of the unique metals having ductility and exceptional electrical and thermal
conductivities of 58x10°S/m and 400 W/m.K [1-3] Therefore, many engineering applications
are possible due to these properties such as heat exchangers and heat sinks, thermal energy
storage systems, etc., [131], [132]. Moreover, heat transfer is further enhanced by making
some geometrical changes by making fins, extended structures, and porous structures[133].
Metal Additive manufacturing (AM) has made it possible to manufacture complex structures
with high accuracy and less material loss. Therefore, several complex components are being
manufactured using different metals [134], [135]. Despite having favorable properties,
copper has the disadvantage of having high reflectivity which makes it difficult to
manufacture using AM techniques such as L-BPF. The reflectivity of the copper can be reduced

by increasing the absorption of the copper powder.

Considerable work is noted in the literature on additive manufacturing of copper powder.
Lykov et.al [136] performed the additive manufacturing of pure copper powder using
selective laser melting with a laser power of 200W. They manufactured cuboidal shape
geometries and measured the maximum achieved relative densities. A maximum of 88%

relative density was reported at 200W of the laser power. Jadhav et.al [137] also used pure



copper to produce parts with a laser power of 300W. In their work lower relative densities
were achieved due to insufficient diffusion of heat within the copper particles. Due to very
high thermal conductivity, the heat was dissipated instantly from the melt pool. The issue of
the lower laser power was addressed in numerous studies using high laser power up to 1kW
which resulted in 96% relative densities of manufactured parts. However high laser power
resulted in significant reflectivity due to that damage to the optical mirror [11-13]. In solution
to this problem, the green and blue lasers were also by various authors [139]. The remedy to
address this problem is either by playing with laser parameters such as laser power and scan

speed etc. or by modifying the absorption rate of the copper powder.

In the present work, Cu-CNTs powder mixture with CNTs having percentage concentrations
in the range of 0.1%-0.3% CNTs was prepared using a Resodyn, an acoustic mixer machine.
The cold isostatic hydraulic pressing method was used to fabricate the copper pellets. The
copper powder was used with a spherical shape[140]. The evaluation of the samples was
performed via spectroscopy to determine the reflection and absorption of the light by the Cu-
CNTs composition. The enhancement in the thermal absorption of Cu powder via additions of
CNTs leads to the improvement in the bonding of particles by absorbing laser power. Due to

the lower thermal expansion coefficient, sintering is possible at lower laser powers < 40%.

3.2 Material and Methods

The experimental setup for the laser sintering of carbon nanotubes composite mixed copper
powder consisted of Resodyn, an acoustic mixer machine to mix Cu-CNTs in different
concentrations. Cu-CNT pellets were produced via compaction by using Autotouch 40Ton
Hydraulic Press. Sintering was performed via fibre laser (I.P.G) having a wavelength of
1064nm and 200W power in a custom-made sintering rig capable of maintaining an inert
environment to avoid any oxidization and contamination.

The copper powder and CNTs were mixed using Resodyn, an acoustic mixer machine, and
compacted using the hydraulic press. The effects of mixing ratios on the quality of samples
are investigated experimentally. From Sigma Aldrich, a copper powder with spherical-shaped
powder particles was used. Different weight percentage ratios of CNTs were added to achieve
higher laser absorption and less reflection. In mixing and compaction, CNT weight percentage
was the operating parameter. To get the same size pellets compaction parameters were the

same for all sets of experiments. During the compaction process, a die with a diameter of



20mm is used, which results for each sample, the diameter remains constant. The Cu-CNTs
composite spectroscopy was performed with Perkin ElImer Spectrum Two FTIR a well-known

and easy-to-use equipment for spectroscopy.

Table 3.1 Physical properties of Copper and CNTs

Product Form Particle Purity (%) Melting/Boiling (°C) Density
Size (kg/m3)
Powder (spheroidal-  10-25 um 98 1083.4/2567 8960
Carbon nanotube 10-20 nm 95 3652-3697 2200
(Multiwalled)

3.2.1 Compaction of Cu-CNTs

The present work demonstrates cold isostatic pressing using hydraulic press technology of
Cu-CNTs mixtures. Spherical-shaped copper powder is received from Sigma-Aldrich with a
purity of 98% having a particle size of 10-25 um and multiwalled carbon nanotubes are
received from Cheap Tubes with a purity of 95% and length of 10-30um. Further technical
and physical properties of copper powders and carbon nanotubes are listed in Table 3.1. Cold
isostatic hydraulic pressing is a well-known method for powder compaction. The compaction
process is illustrated in Figure 2.3, where the compressive force is applied by moving the
piston from the bottom of the compaction die. 20mm diameter Cu-CNTs pellets were
produced using this die. The compaction pressure for each pellet was 793 MPa and the

compaction holding time was 10 mins.



Figure 3.1 The Schematic Diagram of the Autotouch Hydraulic press compaction process.

3.2.2 Laser sintering

The laser sintering of the Cu-CNTs composite pellets was carried in controlled temperature
and air pressure, using a specially designed laser sintering rig shown in Figure 3.2. The laser
sintering rig contains two Calex PMU21 USB infrared temperature sensors to record the
sintering temperature, UVFS Broadband Precision Window, -B Coated from Thorlabs to allow
the laser beam to the sample and Argon gas connection to avoid oxidation and contamination
during laser sintering. Fiber laser from IPG of 200W is used for laser sintering having a
wavelength of 1064nm. The laser sintering parameters are shown in Table 3.2. The laser spot

size is fixed at S5um.

Laser

mm) Laser Beam

(Argon) Inlet
(Argon) Outlet

Copper pallet

Figure 3.2 Schematic of laser sintering setup demonstrating the passage for the laser beam,

argon inlet. Outlet, laser filter and copper pellet in the inert environment.



Table 3.2 Laser sintering parameters of sintering which include laser power, laser spot size,
and laser scan speed.

Power Percentage Spot size Scan Speed
% pm (mm/s)
15 5 5
20 5 5
20 5 2
25 5 2
40 5 1
40 5 1
40 5 1
40 5 1
40 5 1

3.3 Results and Discussion

3.3.1 Spectroscopy of Cu-CNTs Composition

Before performing the spectroscopy on Cu-CNTs samples, the reflectance of the pure copper
pellet was measured and compared with the broadband mirror. Figure 3.3 presented the
reflectance of pure copper where the reflectance of the copper pellet was measured laser
wavelength of up to 1070nm. The reflection and absorption of the Cu-CNTs and the pure
copper are shown in Figure 3.4. From the spectroscopy of the pure copper powder, it is
observed that reflection is 100% at 1064 nm of wavelength. This high reflection of copper
powder causes difficulties in laser sintering at low laser power and the reflection of the laser
beam can damage the laser source. The addition of multiwalled CNTs reduces the reflection
of the copper and increases the laser absorption. From Figure 3.4 it can be analysed that the
reflection of the Cu-CNTs gradually decreases with the increase of CNTs. The addition of 2%
(mass) of CNTs reduced copper powder reflection at 1064 nm of wavelength by 8% compared

to the pure powder.
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Figure 3.4 The results for the reflectance of pure copper powder and Cu-CNTs powder with

0.5%-2% CNTs by mass percentage.

3.3.2 Laser sintering of Cu-CNTs Composition

The pure copper compacted pellet was the first laser sintered in the specially designed laser
sintering rig shown in Figure 3.2. The pure copper powder compacted pellet was first sintered
to adjust the laser parameters. Figure 3.5 (a) shows the laser-sintered pure copper pellet in
the laser sintering rig with an Argon gas environment to prevent contamination and oxidation.

Figure 3.5 (b) shows the laser-sintered pure copper pellet in an open atmosphere



environment which clearly shows the contamination and oxidation. The laser parameter for
pure copper sintering is shown in Figure 3.2. Figure 3.6 (a), (b), (c), and (d) present the
maximum pellet temperature for different scan speeds and laser power percentages. Figure
3.6 (a) indicates that increasing the power percentage up to 40% and lowering the scan speed
of the laser from 5 mm/s to 1 mm/s resulted in the pellet temperature being up to 570°C.
Similarly, Figure 3.6 (b), (c), and (d) present the temperature rise as a function of laser power
and scanning speed for the Cu-CNTs powder containing 0.5%-1.5% of the CNTs. The same
sintering parameters were used for the copper pellet having CNTs. Cu-CNTs pellet having 0.5%
(mass%) of CNTs achieved the maximum temperature of 594 °C while with 1% and 1.5%, CNTs
raised the pellet temperature to 618°C and 657°C. Compared to pure copper, with 1.5% CNTs
13% higher temperature was achieved which shows better absorption of the laser beam

power into copper pellets.

(b)

Figure 3.5 (a)Laser sintered pure copper pellet in sintering rig (b) Laser sintering of copper

pellet in open atmosphere environment.
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Figure 3.6 The sintering temperature of pellet as a function of laser power percentage and
laser scan speed (a)Pure copper powder (b)0.5% CNTs mixed copper composite(c) 1% CNTs

mixed copper composite (d) 1.5% CNTs mixed copper composite.

3.3.3 Microstructure of laser sintered pellets.

Cu-CNTs compacted laser-sintered samples have mechanical properties that are determined
by the microstructure distribution. The microstructure of the laser-sintered pellets was
analysed using Zeiss EVO LS-15 SEM. Figure 3.7 shows the SEM images of laser-sintered pellets
without using polishing. Figure 3.7 (a) shows the microstructure of the laser-sintered pure
copper pellet. The higher reflection of pure copper causes the loss of mechanical bonding of
the powder particles leaving small pores on the surface. The addition of 0.5% of CNTs in the
copper powder increased the bonding of the powder particles. Figure 3.7 (b) shows the
overlapping of the powder particles. In Figure 3.7 (c), the addition of CNTs 1% copper resulted

in good consolidation of the particles and increased small pores on the surface comparing



0.5% of CNTs. The increase of CNTs percentage of 1.5% in copper resulted in high density in
the pellet. Figure 3.7 (d) shows the melted particles due to heat expansion in the pellet. The

higher persistence of CNTs in the copper caused coarse particles on the surface of the pellet.
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Figure 3.7 SEM image of laser sintered samples (a) Pure copper pellet (b) 0.5% Cu-CNTs (c)
1% Cu-CNTs (d) 1.5% Cu-CNTs

3.4 Conclusion

In this paper, the copper powder absorption was modified by adding different percentages of
carbon nanotubes (CNTs). CNTs were added up to 1.5% to increase the laser power absorption
ability of the copper powder. Spectroscopy was performed and results revealed that the
reflectance of the copper powder by the addition of CNTs was decreased by 8%. Lesser
contamination and oxidization were observed by using a specially designed laser sintering rig.
The temperature of the pellet during sintering was controlled by adjusting the laser operating
parameters. Improved consolidation of powder particles was observed by using a sintering rig

as compared to the laser sintering in the open atmosphere environment.
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Abstract

Carbon Nanotubes (CNTs) have several unique properties including their high surface area,
plasmonic response, excellent conductivity, and optical absorption properties. Their high
surface area makes them the perfect candidate for coating applications. Copper has poor
optical absorption when exposed to infrared (IR) lasers laser-based based additive
manufacturing or laser surface processing. To address this issue, an innovative approach to
enhancing the optical absorption of copper powders during infrared laser processing is
presented in this study. CNTs were mixed with copper powders at different weight
percentages using an acoustic method. The resulting Cu-CNT compositions were fabricated
into pellets using a Box-Behnken Design of Experiments methodology and sintered with
varying IR laser processing conditions. Spectroscopic analysis was conducted to evaluate the
reflection and thermal absorption of the IR wavelengths by the Cu-CNT composites. Density
and hardness measurements were taken for the laser-sintered Cu-CNT pellets. Coating of
copper powders with CNTs demonstrated enhanced optical absorption and corresponding
reduced reflection. Due to the enhanced optical absorption, increased control and sensitivity
of the laser sintering process was achieved which enabled improvement in the mechanical
properties of strength, hardness, and density, while also enabling control over the composite

thermal expansion coefficient.

4.1 Introduction

To fabricate a composite, the reinforcement, and matrix are combined and sintered. This
causes the matrix reinforcement to coalesce into a rigid substance [141]. Metal matrix
composites (MMC) have found extensive usage in a variety of areas, including aerospace,
automotive, and structural industries due to their excellent mechanical, tribological,
electrical, and thermal qualities[142][143]. The benefits of MMCs include improved strength-
to-density ratios, strong resistance to wear, corrosion, radiation, and fatigue, lower creep
rates, coefficients of thermal expansion, no moisture absorption, noninflammability, and
increased electrical and thermal conductivities [4][6]. The high thermal and electrical
conductivities of copper make it a valuable material that is employed in applications involving
improved heat transfer and electrical components. As well as its mechanical properties such
as malleability and ductility make copper the most valuable material used in a wide range of

industrial applications such as engine ejectors, variable-geometry convergent-divergent



valves, electrical switches, linings for combustion chambers, electronic packages, contact
breakers, cooling structures, heat exchangers, spinning neutron targets, and integrated

circuits [5][13].

The laser sintering of metals is a relatively new focus for manufacturing copper parts [40][41].
In addition to defining the overall quality of a part, design considerations such as minimum
feature size, support generation, and stress concentrations can increase production time,
quality, finishing looks, energy consumption, and cost. It is also possible to create more
complex designs with laser sintering in comparison to traditional manufacturing technologies
like machining and casting. However, when laser sintering is performed in the infrared region,
high laser power is required. The high optical reflectivity of copper and low absorption make
the material being processed susceptible to laser damage. To overcome this challenge
nanotechnology is becoming increasingly popular as nanoscale structures offer unique
properties. The addition of carbon nanotubes in copper powder for enhancing laser sintering
has been recently examined [58][151]. Besides mechanical and electrical properties the
addition of carbon nanotubes in copper can reduce the reflection of the composite over that
of pure copper powder. Carbon nanotubes contain high surface covering properties as well

as high thermal and electrical conductivity.

To achieve consistent dispersion of CNTs in the copper powder, various techniques have been
reported in the literature such as surface chemical oxidation [152], shear mixing [153], ultra-
sonication [154], and the use of surfactants [155]. Ball milling is a commonly used technique
to disperse reinforcements in metal-based nanocomposites and avoid agglomeration issues.
However, this technique frequently includes cold welding, fracture, and re-welding of powder
particles, which may result in restricted CNTs reinforcement into the metal matrix [156]. It
has been reported in the literature that the pre-treatment of CNTs, mill type, milling speed,
ball-ball-to-powder ratio, and milling duration are some of the process factors which affect
the efficiency of distributing CNTs uniformly in metal-based composites [157]. Several
investigations have reported on the effectiveness of grinding on the dispersion of CNTs in
metal matrixes. Additionally, the mechanical binding of CNTs into the metal matrix
strengthens the connection between the metal and the CNTs [158], [159]. Despite all of its
benefits, several researchers have suggested that ball milling deteriorates and causes damage

to CNTs [159]-[163]. A relatively new technique, known as resonant acoustic powder



metallurgy has been developed which allows for efficient mixing of reinforcement within the

matrix [164].

This study investigates the effects of laser sintering on the pellets made from a copper-carbon
nanotube (CNT) (herein referred to as Cu-CNTs) metal matrix composite. While previous
studies have examined the production of Cu-CNTs, very few have examined the possibility of
laser sintering as opposed to furnace sintering. This study, therefore, fills this gap via an
examination of the effect of process parameters on resulting MMC strength, hardness, and

density.

4.2 Materials and Methods

4.2.1 Copper powder mixing with CNTs, FTIR spectroscopy, and pellet production.

In this work, commercially available spherical-type copper powders purchased from Sigma-
Aldrich were used to fabricate the sample pellets for enhanced optical absorption
investigations. A schematic of the workflow is shown in Figure 4.1. The purity of the copper
powder was 98% and the particle size was 10-25 um with D50 of 12.6 um and D90 of 23.2 um.
To enhance the optical absorption of copper powders, Single-Walled Carbon Nanotubes
(SWCNTs) were added to the copper powder at 0.2, 0.4, and 0.6 weight percentages (wt.%).
The SWCNTs had > 95 wt% purity with an outer diameter of >50 nm. Additional technical and
physical properties of the copper powders and carbon nanotubes used for sample
preparation are listed in Table 4.1. For the mixing of copper and CNT powders, a Resodyn Lab
RAM acoustic mixer was used. Following the powder mixing, a spectroscopic evaluation was
conducted on the samples to examine the reflection and absorption of the Cu-CNTs

composite.

In this study, Autotouch 40 Ton Hydraulic Press was used to compact the Cu-CNTs powder to
form 2 mm thick and 20 mm diameter pellets. A pressure of 793 MPa was applied to the
powder for 9 mins. The optical reflection of the pure copper and Cu-CNTs was analysed using
a Perkin Elmer Spectrum Two FTIR. In this study, a Box-Behnken design was employed to
examine the impact of three factors on the porosity of copper-CNTs (carbon nanotube)
composites produced by laser sintering. The Box Behnken design was chosen to permit the
investigation of the main effects and two-way interactions of the three factors, as well as to

estimate the experimental error. The resulting data were employed to develop a



mathematical model to analyse the fabrication process and to analyse the porosity of the
composite material. The three factors, namely laser power, CNTs concentration, and laser
scan speed were varied at three levels each using 12 unique runs and 5 repetitions, see Table
4.2. The levels for the laser power were set at 300 W, 350 W, and 400 W, whilst the CNTs
concentration levels mixed with copper powder were 0.2 wt%, 0.4 wt%, and 0.6 wt%. The
levels for laser scan speed were set at 1 mm/sec, 1.5 mm/sec, and 2 mm/sec. The response
variables were the relative density and hardness, as well as the tangential and radial strength

of the composite material.

Table 4.1 Physical properties of the copper powders and carbon nanotubes used in this study.

Powder Size Purity Melting / Boiling Density
Product Form
(um) (%) Point (°C) (g/cm’)
Carbon Nanotube
10-25 um 98% 1083 / 2567 1.74
(Single wall)
Copper powder
0.5-2.0 um 60 wt% 2000 / 4027 8.96
(Spheroidal)




Table 4.2 Samples process parameters according to Box Behnken design of experiments.

Factor 1 Factor 2 Factor 3
A: Laser Power B: CNTs Conc. C: Scan Speed
Std Run
(W) (wt. %) (mm/sec)
3 1 300 0.6 1.5
5 2 300 0.4 1
2 3 400 0.2 1.5
13 4 350 0.4 1.5
12 5 350 0.6 2
14 6 350 0.4 1.5
17 7 350 0.4 1.5
8 8 400 0.4 2
6 9 400 0.4 1
7 10 300 0.4 2
11 11 350 0.2 2
4 12 400 0.6 1.5
1 13 300 0.2 1.5
10 14 350 0.6 1
9 15 350 0.2 1
16 16 350 0.4 1.5

15 17 350 0.4 1.5
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Figure 4.1 Schematic of the experimental sample fabrication procedure and analysis.

4.2.2 Powder morphology analysis

The images of the laser-sintered Cu-CNTs pellet surfaces were taken at a macro scale using a
Leica binocular microscope with a 5-megapixel camera and the Zeiss EVO LS-15 SEM was used
for the micrograph of the laser-sintered samples. SEM images of the pristine copper powder

and CNT mixed copper powder are shown in

Figure 4.2.

Cu Powder

Figure 4.2: Pictures of the (a) Cu, (b) CNT, (c) compact, and (d) laser-sintered Cu-CNTs.



4.2.3 Laser processing

To perform the laser sintering of Cu-CNTs pellets, a specially designed sintering chamber was
used, which is referred to as the laser sintering rig. This rig was equipped with an IPG fibre
laser having a wavelength of 1068 nm and 1000 W power. Temperature sensors were
installed in the rig to monitor the sintering temperature, and gas connections were provided
to maintain an argon gas environment during the sintering process. A schematic of the laser
sintering chamber is shown in Figure 4.3. To monitor the sintering temperature, infrared
temperature sensors (Calex PMU21) were mounted on the laser sintering rig. A UVFS
Broadband Precision window of 1050 nm having -anti-reflection coating from Thorlabs was
used to allow the laser beam to irradiate the sample while keeping the argon gas in the
chamber. Two input and output connections for argon gas were provided to prevent

contamination and oxidation during the sintering process.

According to the DoE provided in Table 4.2, for laser sintering, a fixed laser spot size of 5 mm
was used, and the laser power was varied from 300 W to 400 W. The scan speed was set at 1,
1.5, and 2 mm/sec. Overall, the specially designed laser sintering rig provided a controlled
environment for the sintering of Cu-CNTs pellets, with precise monitoring of the sintering
temperature and provision of an argon gas environment to prevent contamination and
oxidation. These laser sintering parameters range was carefully selected after initial trials to

ensure that optimum values can be determined for optimal sintering of the Cu-CNTs pellets.
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Figure 4.3: Schematic of laser sintering setup demonstrating the passage for the laser beam,

gas outlet, laser spectrum bandpass filter, and copper pellet in the inert environment.

4.2.4 Density measurement

The density of the Cu-CNTs sintered sample was measured with the Archimedes principle
[165]. The principle involves measuring the weight of an object in air and a liquid and then
using the resulting values to calculate the density and porosity of the sample. The
mathematical equations for density calculations are presented in equation (4.1) and equation

(4.2) was used to calculate the percent porosity of the sintered samples.

_ P1
ps =My, M. —m, (4.1)
Ps
o(%) = x 100 (4.2)
Pcuc

here, ps denotes the resulting density of the sample whereas m, is the mass of the sample in
air, and my is the mass of samples in the liquid. In equation 2, ¢ is the percentage porosity,
whereas pcgyc denotes the density of Cu-CNTs. Once the density of the sample was
determined, the percentage porosity (¢(%)) values were determined for each sample based

on three separate measurements.

4.2.5 Hardness measurement
The Vickers hardness method was used to evaluate the resilience of samples to mechanical

deformation[166]. An indenter with diamond-pyramid-square shapes and enclosed 136°



angles between the vertex faces were used for hardness measurements. The indenter was
pressed into the samples for 20 seconds with an indentation force of 9.81 N, and the resulting
diagonal lengths were measured. From these lengths, the Vickers Pyramid Number (HV) was
calculated using the equation  (4.3):

_ 1.854P (4.3)

= —

Here, HV donates the Vickers Pyramid number, P represents the load in Newtons and d is the

mean diagonal of the indentation. To obtain accurate hardness values, five separate places
on the samples were tested, as illustrated in Figure 4.4. To remove any ambiguity, three
hardness values were measured for each location on the sample, and the results were

averaged.

Additionally, the samples were characterized using indentation testing with a 5 mm
protrusion indenter and a loading velocity of 1 mm/min using the Zwick Roell, (Z005, T1-
FROO5TN.A50) UK universal testing equipment. Equations (4.4) and (4.5) were used to

determine the radial stress (g,-) and tangential stress (ag;).

_ 3F R (4.4)
O =53 a1+ v)log;
_ R (4.5)
O =53 (1 +v)log 2 +(1-v)

where F represents the vertical force at the centre point, x donates the indenter diameter, t
represents the sample’s thickness, v represents the Poisson ratio, and R represents the radius

of the samples.



Figure 4.4 Locations on the surface of the sample selected for Vickers hardness

measurement.

4.3 Results

4.3.1 Cu-CNTs Spectroscopy

The pure copper and CNT mixed copper powders were prepared at three distinct weight
percentage concentrations of CNTs: 0.2, 0.4, and 0.6 wt. %. Figure 4.5 depicts the reflectance
of the pure copper and Cu-CNTs samples recorded from the FTIR spectroscope from 500 nm
to 4000 nm. The spectroscopic analysis of the pure copper powder demonstrated that its
reflection was 100% at the wavelength of 1068 nm. The high levels of reflection in copper
powder create challenges for laser sintering, even at low laser powers as the reflected laser
beam can cause harm to the laser source. However, the addition of single-walled CNTs to the
pure copper powder resulted in a decrease in copper reflection and an improvement in laser
absorption. It can be observed from Figure 4.5 that an increase in the CNTs content led to a
reduction in the level of reflection. When 0.6 % of CNTs were added to the pure powder, the
copper powder reflection at a 1068 nm wavelength was decreased by 8 % compared to that
of the pure powder. Moreover, the following are the main reasons for the reduction in the

optical absorption by addition of CNTs:

e High Absorptivity of CNTs: CNTs have a broad optical absorption spectrum, allowing them
to efficiently absorb laser energy across a wide wavelength range, including 1068 nm. As CNT

concentration increases, more of the incident laser energy is absorbed rather than reflected.



e Surface Roughness and Scattering: The addition of CNTs disrupts the smooth, highly
reflective surface of pure copper particles. This rougher surface causes incident light to scatter

in multiple directions, reducing the intensity of reflected light at specific wavelengths.

e Optical Property Changes in Cu-CNT Mixture: The incorporation of CNTs alters the effective
refractive index of the copper powder composite. This change modifies the way light interacts

with the material, leading to reduced reflectivity and enhanced absorption.

* Thermal and Electronic Effects: CNTs improve the thermal and electronic conductivity of the
composite, allowing more efficient energy transfer into the material. This contributes to

higher local heating and absorption, further decreasing reflectivity.

These combined effects explain the observed reduction in reflection levels as CNT content
increases. If needed, we can enhance the discussion in the manuscript to make these factors

more explicit.
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Figure 4.5: FTIR reflection of pure and Cu-CNTs composite at 0.2, 0.4, and 0.6 wt.%.

4.3.2 Laser sintering of Cu-CNTs Composition
In the laser sintering chamber specifically designed for this purpose, as illustrated in Figure
4.3, the initial experiment involved the laser sintering of a pure copper pellet in an ambient

environment. The purpose of this step was to optimize the laser parameters by testing the



effect of varying levels of laser power on the compacted pellet of pure copper powder. It was
observed that sintering was not possible at power levels above 450 W, as evidenced by the
laser-sintered copper pellets shown in Figure 4.6 (a), (b), and (c), which were produced at 600
W, 500 W, and 450 W of the laser power, respectively. At overly high laser power levels, the
pellet was either overly vaporised or burnt. Subsequently, to prevent contamination and
oxidation, the laser-sintered pure copper pellet shown in Figure 4.6 (d) was processed in a
laser sintering apparatus that maintained an inert atmosphere environment with 400 W laser
power to provide a fully dense pellet without any crack. The Cu-CNTs samples were made
according to laser processing parameters and CNTs concentration according to Box-Behnken
DoE as described in Table 4.2. A photographic image of all 17 samples is given in Figure 4.7.
revealed that there was no structural degradation and all the laser-sintered samples were
robust and stable compared to the conventional sintering method of powder morphology

[167].

(d)
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.

Figure 4.6 Laser sintered pellets (a) 60%W laser power, (b) 50%W laser power, (c) 45% W

laser power, and (d) 40% W laser power.
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Figure 4.7 Picture of the 17 samples after laser sintering of the Cu-CNTs pellets.

4.3.3 Energy Densities

The laser sintering temperature was recorded using infrared temperature sensors and the
sintering temperature is shown in Table 4.3. The temperature of the Cu-CNTs composite was
found to rise rapidly due to the increased absorption of photonic energy of the MMC. The

energy density of the laser sintering was calculated using the following equation[36][38].

=F (8)
vxd

Where E is the energy density in Joules per square meter, P is the laser power in Watts, V is
the scanning speed of the laser, and d is the spot size diameter. The fast heat dissipation rate
of Cu and low laser absorption rate in the near-infrared (IR) region, the low-density
components were caused by insufficient laser energy being deposited on powders [171],

[172]. However, the addition of CNTs increased the absorption of laser energy to the Cu-CNTs



composite which resulted in increased densification of the powder particles. The recorded

temperature against the energy density is shown in Figure 4.8.
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Figure 4.8: Temperature response for the composites with varying CNT concentrations

versus the processing laser energy density.

Table 4.3 Laser sintering multiple tracks beam parameters and corresponding energy
densities.

Track Laser Beam Scan Energy Temp. with  Temp. with Temp. with

number Power spot size speed density 0.2% CNTs 0.4% CNTs 0.6% CNTs

(W) mm mm/sec  J/mm? (°C) (°C) (°C)
1 100 5 5 4 26 26 34
2 200 5 5 8 48 56 86
3 200 5 2 20 88.6 98 111
4 250 5 2 25 132 168 172
5 300 5 1 60 168 210 230

6 300 5 1 60 203 286 335
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4.3.4 Morphological analysis of laser-sintered pellets

Figure 4.9(a-d) displays SEM images of the 0.2 % CNT mixed copper pellets which were
processed at R3, R11, R13, and R15 process parameters, see Table 2, demonstrating their
structural solidity and stability. Figure 4.9(a) shows a Cu-CNTs pellet sintered at a high laser
power of 40% and a scan speed of 1.5mm/sec, resulting in small surface pores. Although the
slow sintering laser scan speed left some carbon marks on the surface, a highly dense crystal
and crack-free structure was observed. Figure 4.9(e) demonstrates the EDX of the R3 and it is
found that the composition of the material is (C)16.95 wt.% (0O) 0.83 wt.% and (Cu) 82.22
wt.%. When the laser power was decreased to 35% and the scan speed of 2mm/sec was
applied, overlapping of copper and CNT powder particles was observed (see Figure 4.9(b)).
Similar results were obtained when using a scan speed of 1.5 mm/sec at 30 % laser power

(see Figure 4.9(c)). In Figure 4.9(d), the sample was processed with lower power and speed.

It is clear from this sample that it contained a higher extent of porosity.
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Figure 4.9: Micrographs of laser-sintered pellets Cu with 0.2 wt. % of CNTs corresponding to

the box Behnken represented (a) R3 (400 W, 1.5 mm/s), (b) R11 (350 W, 2 mm/s), (c) R13
(300W, 1.5 mm/s) and (d) R15 (300 W, 1 mm/s) with EDX analysis.
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Figure 4.10: Micrographs of laser-sintered pellets Cu with 0.4% of CNTs corresponding to
the box Behnken represented (a) R2 (300W, 1 mm/s), (b) R4 (350 W, 1.5 mm/s), (c) R6 (350
W, 1.5 mm/s) and (d) R7 (350 W, 1.5 mm/s) with EDX analysis.

Figure 4.10(a, b, ¢, & d) shows the SEM images and EDX spectra of pellets with 0.4% CNT laser
sintered at 30 %, 35 %, 35%, and 35 % laser power according to the Box-Behnken DoE. It can
be observed in Figure 4.10 (a) that powder particles were consolidated with overlapping at

30% laser power sintering. To further increase the consolidation of the powder particles, the



laser power was increased to 35%. As shown in Figure 4.10(b), (c), and (d), powders were
more consolidated, although small pores appeared on the surface of the pellets. Nonetheless,

no delamination or flaking was observed.
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Figure 4.11: Micrographs of laser-sintered pellets Cu with 0.4 % of CNTs corresponding to
the box Behnken represented (a) R8 (400 W, 2 mm/s), (b) R9 (400W, 1 mm/s), (c) R10 (300
W, 2 mm/s) and (d) R16 (350 W, 1.5 mm/s) with EDX analysis.

While maintaining the CNTs concentration at 0.4 %, laser power and scan speed were varied.

Figure 4.11(a) and (b) show SEM images and EDX spectra of samples that were sintered at 40



% laser power with a scan speed of 2 and 1 mm/sec respectively. Whereas Figure 4.11(c)
shows a sample that was sintered at a low laser power of 30% and a scan speed of 2 mm/sec.
Figure 4.11 (d) shows an SEM image of the repeated sample which was sintered at 35 % w
and 1.5 mm/sec of scan speed. Figure 4.11 (a) and (b) illustrate that a high laser power results
in a high particle density with small pores and carbon. However, overlapping of the particles
was apparent at low scan speed. At a low laser power and fast scan speed, coarse particles

appear on the pellet surface, as demonstrated in Figure 4.11 (c).
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Figure 4.12: Micrographs of laser-sintered pellets Cu with 0.6 % of CNTs corresponding to
the box Behnken represented (a) R1 (300 W, 1.5 mm/s), (b) R5 (350 W, 2 mm/s), (c) R12
(400 W, 1.5 mm/s) and (d) R14 (350 W, 1 mm/s) with EDX analysis.



Figure 4.12 depicts SEM images and EDX spectra of the Cu powder with a maximum CNT
content of 0.6 wt. %. A higher residual porosity is expected when starting with a low laser
power of 30 %. Residual microscopic porosity is common and often arises from incomplete
infiltration due to the failure of the liquid metal to wet the reinforcement. Residual porosity
is also highly challenging to prevent in composites processed using powder metallurgy [173].
As shown in Figure 4.12 (b), laser sintering at an increased laser power of 35 % resulted in
high density and better consolidation of the powder particles which led to a few tiny pores
on the surface. Figure 4.12 (c) presents the SEM image of the sintered sample at a high laser

power of 40% with a moderate scan speed of 1.5 mm/sec.

4.3.5 Density Measurements

The resultant values of density measurements are shown in Table 4.4 The relative density
measured values of all samples were given in Table 4.3. The results revealed that the higher
concentrations (0.6 %) of the CNTs at high laser power (40%) and the lower scan speed of 1.5
mm/sec give the highest relative density of 99.22 %. Moreover at (0.4 %) concentration of the
CNTs at a lower scan speed of 1 mm/sec gives 98.38%. The square root method was employed
to configure the first response, relative density. Response surface methodology (RSM) was
applied to evaluate the model and a coefficient of determination (R2) value of over 94% was
obtained, indicating that the model is significant. Furthermore, the RSM approach provided
the standard deviation of the entire model, the mean values of the responses, and the
coefficient of the variant. The 3D surface response plots were generated for relative density
at scan speeds of 1 mm/sec, 1.5 mm/sec, and 2 mm/sec shown in Figures 14-16 respectively.
The results revealed that increasing the laser power led to higher relative density. The 3D
surface plots illustrated the response surface of the relative density for various scan speed
values. The results demonstrated that the minimum relative density was 94.10% achieved

with a laser power of 30%, a scan speed of 1.5 mm/sec, and a CNTs concentration of 0.2%.



Table 4.4 Box-Behnken Design of Experiments (DoE) with Response 1(Relative Density) and
Response 2(Hardness).

Factor 1 Factor 2 Factor 3 Response 1 Response 2
A: Laser C: Scan Relative
Std Run B: CNTs Conc. Hardness
Power Speed Density

w % mm/sec % (HV)
3 1 300 0.6 1.5 97.76 53.82
5 2 300 0.4 1 96.49 55.56
2 3 400 0.2 1.5 97.20 54.54
13 4 350 0.4 1.5 97.73 53.48
12 5 350 0.6 2 97.87 52.86
14 6 350 0.4 1.5 97.70 52.98
17 7 350 0.4 1.5 97.68 53.14
8 8 400 0.4 2 95.89 61.6
6 9 400 0.4 1 98.38 58.48
7 10 300 0.4 2 94.18 56.48
11 11 350 0.2 2 96.20 58.62
4 12 400 0.6 1.5 99.21 50.7
1 13 300 0.2 1.5 94.10 66.5
10 14 350 0.6 1 98.54 49.3
9 15 350 0.2 1 97.10 54.48
16 16 350 0.4 1.5 97.73 53.08
15 17 350 0.4 1.5 97.67 53.24

An Analysis of Variance (ANOVA) was conducted for the Box-Behnken design of experiments

with 17 runs. The ANOVA results indicated that the model is significant as evidenced by the



Model F-value of 10.07. The probability of an F-value of this magnitude occurred due to the
noise level recorded at only 0.30%. The model terms with P-values less than 0.05 are
considered significant. In the case of A, B, C, and A? representing laser power and CNT
concentration in samples was found to be a significant model term. Model terms with values
greater than 0.1000 are considered not significant. If there are numerous insignificant model
terms (not counting those required to support hierarchy), model reduction may improve the

overall model.

The Lack of Fit F-value of 1127 implied that the Lack of Fit is significant compared to the pure
error. The probability of an F-value of this magnitude occurring due to noise is 0.01%. This is
favourable, as a significant lack of fit. The statistical analysis of the model yielded a Standard
Deviation value of 0.5650, a mean value of 97.15, a C.V % of 0.5816, and an R? value of 0.9283.
The signal-to-noise ratio was found to be 11.084, indicating that the signal is adequate as it

exceeds the minimum value of 4.
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Figure 4.13: 3D surface response of relative density at a scan speed of 1mm/sec.



Table 4.5 ANOVA response for the relative density values.

Sum of
Source df Mean Square F-value p-value
Squares
Model 28.95 9 3.22 10.07 0.003
A-Laser Power 8.3 1 8.3 25.99 0.0014
B-CNTs Conc. 9.64 1 9.64 30.21 0.0009
C-Scan Speed 5.08 1 5.08 15.9 0.0053
AB 0.6821 1 0.6821 2.14 0.1872
AC 0.008 1 0.008 0.025 0.8789
BC 0.0137 1 0.0137 0.043 0.8416
A? 3.52 1 3.52 11.03 0.0128
B2 0.3364 1 0.3364 1.05 0.3388
c? 1.29 1 1.29 4.05 0.0839
Residual 2.23 7 0.3193
Lack of Fit 2.23 3 0.744 1127 <0.0001
Pure Error 0.0026 4 0.0007
Cor Total 31.18 16
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Figure 4.15: 3D surface response of relative density at a scan speed of 2mm/sec.

the model's R-Squared value was determined to be

7

According to the results in Table 4.6

0.9283, and this model was able to account for the variability in the experimental data. The



estimated and actual experimental values were found to be in respectable agreement, as
indicated by the corrected R-Squared value of 0.8362. The fact that the R-Squared value was
near 1, the coefficient of variance was low, and the estimated R-Squared value was low

demonstrated that this model was an effective option for natural observation estimates.

Table 4.6 Significant validation parameters results for the optimization process.

Verification Parameters Obtained Values

R-Squared 0.9283

Adjusted R-Squared 0.8362

Predicted R-Squared -0.1455

Adequate Precision 11.084
Standard Deviation 0.565
Mean 5.35

Coefficient of Variation (CV %) 0.5816

Predicted vs. Actual

Density 100

Color points by value of ol

Density:

94.1071 [ 992188

98 —

97 —

Predicted

96 —

95 —

94 —|
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Figure 4.16: Predicted vs Actual values of relative density of sintered samples.



4.3.6 Hardness Results

The macroscopic hardness test was significantly influenced by the local porosity as evidenced
by the considerable variation in hardness values measured across the five distinct locations
on the specimen's surface shown in Figure 4.4, and Table 4.7 shows the summarized
measured hardness value of each location on the sample. Additionally, the SEM images
demonstrated that the samples' porosity was evenly dispersed. The average hardness was
investigated using the same Box-Behnken-designed experiments with 17 runs for different
experimental conditions of laser power, CNT concentration, and scan speed, and the results
are shown in Table 4.4. The HV values range from 49.3 to 66.5, indicating a considerable
variation in the hardness of the samples. Overall, the results indicate that the three factors -
laser power, CNT concentration, and scan speed have a significant impact on the hardness of

the samples.

The analysis of the hardness values measured revealed that increasing the laser power from
30% to 40% led to increased hardness. For instance, the Study 1 sample showed an increase
in HV from 53.82 to 61.6 with an increase in laser power. This trend was also observed in
other samples including Study 4, Study 6, Study 8, and Study 9. On the other hand, increasing
the CNT concentration from 0.2 to 0.6 wt.% leads to a decrease in hardness. This trend can
be observed in the samples prepared in Study 3, Study 5, Study 12, Study 13, and Study 15. In
contrast, increasing the scan speed from 1 to 2 mm/s had a mixed effect on the hardness, as

seen in the samples from Study 5, Study 8, and Study 10.



Table 4.7 Vickers hardness results measured from the surface of the sample pellets at five
different locations and the average of Vickers Hardness at F=981,0mN (100p).

sample Mean diagonal (d) in um Vickers Harte Values
Average
No. L1 L2 L3 L4 L5 L1 L2 L3 L4 L5
1 61 57 55 58 55 54 49 56 56.1 54 53.82
2 57 55 55 58 57.1 | 541 56.1 56.5 541 57 55.56
3 58.9 57.9 57 579 609 | 534 553 56.1 579 50 54.54
4 58 61 57 55 58 54.1 49 541 56.1 54.1 53.48
5 60 60 58 60 59 | 51.2 545 545 508 533| 52.86
6 62 58 59 56 60 | 48.2 545 533 581 508 | 52.98
7 59 60 57 60 58 533 508 56.7 508 54.1 53.14
8 50.9 56 54 57 56 72.1 581 62 56.7 59.1 61.6
9 60 55 55 58 52 | 50.8 60.6 60.2 545 66.3| 58.48
10 60 58 53 58 56.5 | 50.8 54.5 645 545 58.1 56.48
11 56 57 55 57 53 59.1 56.7 56.1 56.7 64.5 58.62
12 63 60 60.5 60 58 | 46.7 50.8 50.7 50.8 54.5 50.7
13 50 53 53 50 50 721 581 58.1 721 721 66.5
14 60 60 61 61 64 | 51.2 512 49 49.8 453 49.3
15 57 59 57.9 57 57.9 54 53 553 56.1 54 54.48
16 59.6 58.4 59.1 59 59.5 | 52.2 544 531 533 524 53.08
17 59.5 59 59.6 57 60 524 53.3 522 571 51.2 53.24

To configure response 2 of the Box-Behnken model with 17 experimental runs, the square
root method was used to determine the ANOVA results of the model. The Model F-value of

588.09 from the ANOVA findings showed that the model is significant. Table 4.8 shows the



ANOVA response of the average hardness values of all 17 samples Moreover, the RSM
approach also provided the standard deviation of the entire model, the mean values of the
responses, and the coefficient of the variant. At scan rates of 1-2mm/sec, the 3D surface
reaction plots for hardness were produced shown in Figure 4.17Figure 4.18respectively. From
the 3D surface plots, it is observed that by decreasing the laser scan speed higher values of

hardness were achieved.

Table 4.8 ANOVA Response of the average hardness values of the sample

Sum of Mean
Source df F-value p-value
Squares Square
Model 1.2 12 0.1002 588.09 < 0.0001
A-Laser Power 0.0693 1 0.0693 406.96 <0.0001
B-CNTs Conc. 0.139 1 0.139 815.68 < 0.0001
C-Scan Speed 0.0688 1 0.0688 403.56 < 0.0001
AB 0.0767 1 0.0767 450.09 < 0.0001
AC 0.0049 1 0.0049 28.72 0.0059
BC 0.0002 1 0.0002 1.01 0.372
A? 0.2531 1 0.2531 1485.4 < 0.0001
B2 0.0063 1 0.0063 37.13 0.0037
c? 0.0259 1 0.0259 151.77 0.0002
ABC 0 0
A’B 0.0143 1 0.0143 83.69 0.0008
A%C 0.0086 1 0.0086 50.21 0.0021
AB? 0.2858 1 0.2858 1677.58 < 0.0001
AC? 0 0

B*C 0 0




Table 4.8 Continued

Sum of Mean
Source df F-value p-value
Squares Square
BC? 0 0
A3 0 0
B3 0 0
c 0 0
Pure Error 0.0007 4 0.0002
Cor Total 1.2 16

The Model F-value of 588.09 implies the model is significant. There is only a 0.01% chance
that an F-value this large could occur due to noise. P-values less than 0.0500 indicate model
terms are significant. In this case, A, B, C, AB, AC, A%, B2, C?, A’B, A%C, and AB? are significant
model terms. Values greater than 0.1000 indicate the model terms are not significant. If there

are many insignificant model terms (not counting those required to support hierarchy), model

reduction may improve your model.
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Figure 4.17: 3D surface response of Hardness at a scan speed of 1mm/sec.
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Figure 4.18: 3D surface response of Hardness at a scan speed of 1.5 mm/sec.
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Figure 4.19: 3D surface response of Hardness at a scan speed of 1mm/sec.

4.3.7 Results from indentation testing of samples.

The grain structures of the material determine its strength, and feeble grain boundaries or
grain structures are more likely to fracture, which causes the material to deteriorate [174].
The indentation compression force was applied in the centre of all the samples. Samples 3, 4,
and 6 showed brittle failure whereas the rest of the samples exhibited ductile shear failure
shown in Figure 4.20. According to the Box Behnken design of the experiment (i.e., R1-R17).
The corresponding radial and tangential pressures for each sample are shown in Figure 4.21

and Figure 4.22.
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Figure 4.20: Pictures of the samples after indentation testing of the laser-sintered samples.

Figure 4.21 shows the radial stress findings for all 17 samples. According to the findings, the
samples experienced random peak stresses with the highest of 0.058 MPa at S5 and the
lowest peak stress of 0.017MPa at S3. The repeated sample run according to DoE (i.e.,7,16,
and 17) showed similar peak stresses of average 0.0216 MPa whereas the similar sample of

run (i.e., 4 and 6) had radial stress of 0.017 MPa.

Further, the tangential stresses were also calculated on all 17 runs. Figure 4.22 shows the
tangential results of 17 samples. The peak tangential stresses were significantly higher than
the radial stresses. The highest peak tangential stresses were found in sample 5 of 0.152 MPa
and the minimum stresses were found in sample 3. Similar to radial stress, the repeated

sample of the Box Behnken model (i.e., S7, S16, and S17) have similar tangential stress of an



average of 0.057 MPa whereas the rest of similar samples (S4 and S6) showed lower

tangential stress of average 0.045MPa.
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Figure 4.21: Experimental results for indentation testing of laser-sintered samples (S1-S17)

for radial stress.
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Figure 4.22:Experimental results for indentation testing of laser sintered samples (S1-S9) for

tangential stress.

4.4 Discussions

Morphological analysis

In this study, the effect of CNTs addition to Cu powder on the sintering behaviour resulted in
interesting morphological features of the resulting metal matrix composite. The study
explored the impact of CNT concentration, laser power, and scan speed on the sintering
process of the CNTs/Cu composite. The SEM analysis and Energy Dispersive X-ray (EDX) were
conducted to examine the morphological and elemental properties of the sintered
composites. The study found that the addition of CNTs to the Cu powder resulted in significant
improvements in the sintering behaviour of the composite. The three types of strengthening
mechanisms for CNTs reinforced metal matrix composites reported in the literature are a
thermal mismatch, Orowan looping, and shear-lag theory [158]. Zhou et al[175] suggested
that the load transfer mechanism and bridging mechanism of CNTs are primarily responsible
for the properties enhancement of CNTs/Al composites. The mechanical characteristics of
CNTs/Cu composites were the evenly dispersed CNTs in grain boundaries have a pinning

effect oninhibiting grain development, increasing grain boundaries, and refining grains, which



simultaneously increases strength and flexibility. As mentioned in the literature as well that
the mixing of CNT-metal powders determines how the CNTs are distributed in the matrix
[176]. Ball milling is a commonly used technique reported in the literature for the uniform
mixing of the powders that affect the sintering process. However. This technique requires 6
to 7 hours for uniform powder mixing. Comparatively, the Resodyn Acoustic mixer provides
similar results in a few minutes (see Figure 8-11). The higher laser power and lower scan speed
increase the temperature of the composite pellet during laser sintering which affects the

consolidation of the powder particles.

The SEM analysis conducted on the samples revealed interesting findings related to the
concentration of carbon nanotubes (CNTs) and laser power during the laser sintering process.
The results indicated that lower concentrations of CNTs (0.2w.t%) with higher laser power of
400W produced residual porosity (as shown in Figure 8(a)). However, by lowering the laser

power, the consolidation of the particles increased [173].

Increasing the concentration of CNTs up to 0.4w.t% demonstrated different behaviour of
sintered samples. Overlapping of particles occurred at a lower scan speed of 1-1.5 mm/sec
while sintering at a higher laser power of 400W formed small pores on the surface. Moreover,
at a low laser power of 300W and a high scan speed of 2 mm/sec, coarse particles were
created (as shown in Figure 10(c)). The finest outcome was achieved using a concentration of

0.4 w.t% of CNTs, as evidenced in Figure 9(b) with an even distribution of particles.

Further SEM examination of the samples revealed that a high percentage of CNTs in the
composite and slow scan speed of the laser provided better consolidation (as shown in Figure
12) of the particles after laser sintering. However, a slow scan speed also resulted in porosity
in the pellets. Energy Dispersive X-ray (EDX) investigation was carried out on the surface of
the same composite to confirm the presence of Cu, O, and C. Since copper cannot create
carbides, the carbon signal in the EDX provides proof that the sample contains carbon
nanotubes [177]. These findings suggest that the concentration of CNTs and laser power are
critical parameters in determining the quality of the sintered samples. Higher concentrations
of CNTs and slower scan speeds of the laser provide better consolidation of the particles, but
they also increase the risk of porosity. On the other hand, lower concentrations of CNTs and
higher laser powers can cause residual porosity and small pores on the surface. Therefore, a

balance must be achieved between these parameters to obtain the desired outcome. The



results obtained from SEM analysis and EDX investigation provide insights into how CNTs
behave during the laser sintering process. These findings can be applied to optimize sintering

parameters to produce high-quality CNT-based composites.
Density

The study of Cu-CNTs samples revealed that the concentration of CNTs and laser parameters
significantly impact the density of the samples. These findings are consistent with the
previous research reported in the literature [10][178]. When the concentration of CNTs was
increased to 0.6 wt.% in the copper composite, the relative density of the samples increased
to 99.21%. Similar studies have also reported in the literature that the addition of CNTs to
metal powder increases the laser absorption rate and leads to an increase in the produced

part’s relative density[179][180].

However, it was found that by adjusting the laser parameters such as scan speed and laser
power, a relative density of 98.3% could also be achieved with a 0.4 w.t% concentration of
CNTs in the sample (S9). This suggests that the optimisation of laser parameters can be
utilised to enhance the density of CNT-reinforced metal matrix composites, potentially
reducing the amount of CNTs required to achieve the desired property levels. Higher CNT
concentration could lead to saturation of reinforcement and, hence could potentially
negatively impact the final part properties. It is worth noting that the density of composite
material is an important factor that influences its mechanical and physical properties. Higher
density generally leads to improved strength, stiffness, and thermal conductivity, making it a
desirable property for many applications. Therefore, the ability to control the density of CNT-
based composites by adjusting laser parameters and concentration of CNTs could have a

significant impact on the optimization of their properties for various industrial applications.
Hardness

The results of the hardness tests conducted on the Cu-CNT samples revealed that the laser
power, CNT concentration, and scan speed have a significant impact on the hardness of the
samples. The observed variation in hardness can be attributed to several factors, such as the
formation of defects and the formation of new phases during laser processing. The increase
in hardness with increasing laser power is a well-known phenomenon in the field, as higher

laser power leads to more energy input into the samples, which promotes the formation of



new phases and the elimination of defects. These new phases could include intermetallic
compounds or solid solutions that have higher hardness than the original materials [181]. On
the other hand, the decrease in hardness with increasing CNT concentration could be
explained by the agglomeration of CNTs. When the concentration of CNTs is high, they tend
to agglomerate, which could create defects in the structure of the composite and reduce the
effectiveness of the laser processing. This could lead to a reduction in the hardness of the
samples [182]. Interestingly, the effect of scan speed on hardness was mixed, suggesting that
the optimal scan speed may depend on other factors such as laser power and CNT
concentration. This implies that the optimization of laser processing parameters requires a
systematic investigation to identify the most effective processing conditions for the specific

composite material under consideration.

The findings from this study could help in the development of CNT-based composites with
tailored hardness values for specific applications. By carefully selecting the processing
parameters, the hardness of the composites could be optimized, leading to improved

mechanical properties and potential applications in various industrial sectors.
Indentation test

The tensile strength of the samples was evaluated through an indentation test, and the results
indicate that the laser sintering parameters have a significant impact on the strength of the
samples. In particular, an increase in laser power was found to have the greatest effect on the
radial and tangential values of the samples' strength. It is suggested that a higher laser power
provides greater energy input, leading to better atomic dispersion and bonding between
particles[183]. However, the concentration of CNTs and the scan speed also played a role in
determining the strength of the samples. Sample 3, with a higher laser power and low
concentration of CNTs, exhibited the highest brittle failure due to low mechanical bonding of
the particles caused by a fast scan speed of 1.5mm/sec. On the other hand, a slow scan speed
is believed to improve the laser absorption of the material, leading to better consolidation of
the particles. However, the slow scan speed could also result in higher porosity in the
samples[179]. It is essential to find an optimal combination of laser sintering parameters to
achieve the desired strength and properties of the samples. Future studies can investigate
the effects of other factors, such as the type and size of CNTs, the composition of the base

material, and the shape and orientation of the particles, on the tensile strength and other



mechanical properties of the composites. Future research in this area should also explore the
effect of other processing parameters on the hardness of the composites, such as the size and

type of CNTs, and the composition of the base material.

4.5 Conclusion

The findings of this research work offer valuable insights into the enhancement of copper
powder absorption by incorporating varying percentages of carbon nanotubes (CNTs). The
goal of this study was to increase the laser power absorption capacity of the copper powder
through the inclusion of CNTs, up to a maximum of 0.6%. The optical properties of the CNTs
mixed with copper powder were examined using spectroscopy, which revealed that the IR
laser reflectance of the copper powder was reduced by 8%. To mitigate contamination and
oxidisation during the sintering process, a specially designed laser sintering rig was utilised.
The temperature of the pellet during sintering was monitored using a thermal camera, and
the laser operating parameters were adjusted to control it. The use of the sintering rig led to
improved consolidation of powder particles as compared to laser sintering in an open
atmosphere. Powder metallurgy was employed to produce Cu-CNT composites, and the
influence of CNTs on the composites’ characteristics was investigated. The mechanical and
morphological features were determined, and the physical properties of the laser-sintered
sample, such as density and hardness, were analysed using the Box Behnken model for
response surface methodology (RSM). The results demonstrated that the addition of CNTs
improved the sintering behaviour and refined the grain structure, leading to an increase in
strength and flexibility. The enhancement occurs due to CNTs’ strong broadband absorption,
their ability to reduce copper’s reflectivity by increasing light scattering, and modification of
the composite’s effective refractive index, all of which contribute to improved optical
absorption. The SEM analysis revealed that lower concentrations of CNTs and higher laser
powers could cause residual porosity, while higher CNT concentrations and slower scan
speeds led to better consolidation of particles. The study also found that adjusting laser
parameters could enhance the density of CNT-reinforced composites. Overall, the research
work provides valuable insights into optimising the sintering process for CNT-based
composites for various applications. It highlights the importance of carefully selecting the CNT
concentration and laser parameters to achieve the desired properties of the composite. This

research work has practical implications for various industries that use metal-based



composites in their products. The findings of this study can be used to improve the strength,
hardness, and density of metal-based composites. Additionally, it can assist in the
development of new, innovative materials that incorporate CNTs for a wide range of
applications, such as in the electronics, aerospace, and automotive industries. The research
work can also be extended to investigate the use of other nanomaterials in metal-based

composites to identify alternative composites options.



Chapter 5

Conclusion and future work



Conclusion

In conclusion, this research study investigated the production of copper air filters using the
Hydraulic Pressing (HP) method. The effects of various processing conditions, such as powder
particle type, compaction pressure, and pore-forming concentration, were examined. The
sintered samples were characterized in terms of their morphology, porosity, and mechanical
properties. The morphological analysis revealed that higher weight percentages of polyvinyl
alcohol (PVA) resulted in better consolidation and overlapping of copper powder particles.
The sample produced using dendritic copper powder with the highest weight percentage of
PVA exhibited the highest porosity. Due to the high porosity of the samples, their hardness
varied significantly. The samples prepared with spherical powders at high pressure

demonstrated the highest hardness.

The results demonstrate that copper filters with porosity ranging from 14% to 26% can be
effectively produced by controlling the compaction pressure and PVA concentration, using
both spherical and dendritic copper powders. These findings have implications for the design

and production of copper air filters, as porosity plays a crucial role in their performance.

Furthermore, the abstract discusses the potential applications of nanotechnology in
enhancing the properties of copper-based materials. The addition of carbon nanotubes
(CNTs) to copper in the form of a composite has been explored. The inclusion of CNTs can
improve the optical absorption, mechanical strength, electrical conductivity, and thermal
properties of copper. The Cu-CNTs powder mixtures with varying CNT concentrations were
prepared using an acoustic mixer machine. The evaluation of the samples was performed
using spectroscopy to measure the reflection and absorption of light by the Cu-CNT
composition. The results confirmed that the addition of CNTs enhances the optical absorption
of copper powder. This improvement in light absorption can lead to enhanced mechanical
and electrical properties, including tensile strength, elasticity, and thermal/electrical
conductivity. The composite composition also affects the resulting thermal expansion

coefficient.

The research findings provide an analytical measurement of the thermal absorption
enhancement of copper powder through the addition of CNTs, utilizing optical spectroscopy.

Additionally, scanning electron microscopy (SEM) was employed to analyze the



microstructure of the Cu-CNTs composite, providing further insights into the material's

properties.

Overall, this research contributes to the understanding of copper air filter production using
the Hydraulic Pressing method and explores the potential of incorporating CNTs to enhance
the properties of copper-based materials. The findings have implications for various
applications that rely on copper filters and composite materials, demonstrating the potential
for improved performance in terms of filtration efficiency, mechanical strength, and electrical

and thermal conductivity.

5.1 Future work recommendations
The subsequent stage of this research involves utilizing laser powder bed fusion (L-PBF)

through additive manufacturing (AM) to produce pure copper porous structures.
Commercially available copper powders are employed in this process. The AM of copper
presents distinct challenges compared to other metals due to its high optical reflection rate,
which causes a significant portion of the laser power to be reflected. Consequently, the
absorption of laser power is reduced, potentially leading to damage in the powder's melt
pool. To address this issue, it is necessary to optimize and analyze the printing parameters.
Post-processing plays a vital role in the AM, in which powder characterization is significant.
This includes aspects such as particle size distribution, particle shape, powder flowability,
powder density, and chemical composition of powder. After AM manufacturing of porous
copper structures, the melt pool temperatures will be analyzed by in-situ IR data. The surface
morphology, hardness, and porosity of the porous structures will be examined. This doctorial
research project encompasses several crucial steps to advance the utilization of laser powder
bed fusion (LPBF) in additive manufacturing (AM) for the production of pure copper porous
structures. The initial focus will be on addressing the unique challenges posed by copper AM,
primarily due to its high optical reflection rate that results in a significant portion of the laser
power being reflected rather than absorbed. This can potentially lead to issues such as
damage in the powder's melt pool. To overcome this challenge, it is imperative to optimize

and analyze the printing parameters specifically tailored for copper AM.

5.1.1 Copper Powder Characterisation
Powder characteristics play a crucial role in additive manufacturing (AM) processes, such as

laser powder bed fusion (LPBF). Therefore, understanding regarding powder properties and



their effects on the AM process must be understood and evaluated. Understanding both
qualitative and quantitative aspects of powder characterization is essential for identifying the
specific powder properties that contribute to consistent and reproducible performance. The
flow characteristics of a powder are primarily, but not solely, influenced by factors such as
particle size, particle distribution, as well as morphological and topographical features of the

powder.

To analyse the powder properties, the following characterisation of the powder will be

performed.
Powder Properties Metrology Method
Particle size distribution Laser diffraction
Powder fluidity Powder rheometer
Particle surface composition X-ray photoelectron spectroscopy
Particle morphology Transmitted electron microscope
Particle microstructure X-ray computed tomography

To optimize the printing parameters, extensive experimentation and analysis will be
conducted. This will involve fine-tuning various factors such as laser power, scanning speed,
layer thickness, and hatch space to achieve the desired quality and structural integrity of the
porous copper structures. The objective is to maximize the absorption of laser power while
ensuring controlled melting and fusion of the copper powder. To analyse the fabricated
sample’s density and mechanical properties such as hardness a Box-Behnken Design of

Experiments methodology will be used.

Factor 1 Factor 2 Factor 3

Std Run A:Laser Power B:Scan Speed C: Hatch Space

Watt mm/s mm
15 1 190 250 0.1
16 2 190 250 0.1
13 3 190 250 0.1

10 4 190 300 0.08



4 5 200 300 0.1

14 6 190 250 0.1
8 7 200 250 0.12
17 8 190 250 0.1
5 9 180 250 0.08
2 10 200 200 0.1
9 11 190 200 0.08
3 12 180 300 0.1
1 13 180 200 0.1
11 14 190 200 0.12
12 15 190 300 0.12
7 16 180 250 0.12
6 17 200 250 0.08

Once the AM manufacturing of the porous copper structures is complete, in-situ infrared (IR)
data will be utilized to analyze the melt pool temperatures. This will provide valuable insights
into the thermal behaviour and dynamics during the printing process, aiding in the
optimization of printing parameters and ensuring proper control of the melting and

solidification processes.

Furthermore, the surface morphology, hardness, and porosity of the printed copper
structures will be thoroughly examined. This will involve employing advanced
characterization techniques such as scanning electron microscopy (SEM), X-ray diffraction
(XRD), and mechanical testing to assess the physical properties and structural integrity of the
porous structures. The goal is to evaluate the quality of the printed copper structures and

validate their performance for potential applications.

In summary, the plans for this research project involve optimizing the printing parameters for
copper AM, conducting extensive powder characterization, analyzing melt pool temperatures
using in-situ IR data, and examining the surface morphology, hardness, and porosity of the

printed copper structures. These steps will contribute to advancing the understanding and



application of LPBF in the production of pure copper porous structures, enabling their

potential use in a wide range of industries.

e Double-stage sintering is more suitable for applications requiring uniform porosity and
mechanical stability. Therefore, using precise and controlled parameters of laser sintering
homogenous densification of powder can be achieved. The potential industrial
applications for double stage sintering are metal ceramic composite sintering, and
biomaterials where specified levels of porosity and microstructure is critical. Moreover,
this technique is suitable for wide range of materials where melting and cooling
temperatures are higher.

e Laser sintering offers higher precision and localized heating, making it preferable for
complex geometries, but it is more sensitive to reflection and absorption issues, especially
with pure copper.

e Dendritic powder provides higher porosity due to its irregular shape and increased
interlocking, which is beneficial for filtration and thermal management applications.

e Spherical powder results in lower porosity but better packing density, making it preferable
for applications where mechanical strength and thermal conductivity are key.

e Laser sintering is faster and efficient and can be precisely controlled which makes it well
suitable for industrial applications. Moreover, it is a cost and energy efficient option
conventional sintering i.e. furnace sintering. For the future it is recommended to explore

wide range of laser parameters.
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