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ABSTRACT

Two-phase passive cooling systems such as heat pipes and vapor chambers (also
known as flat heat pipes) are widely used for its reliable high heat flux cooling capacity and
its ability to transfer heat over large distances without requiring high thermal gradient.
However, manufacturing of these heat pipes and vapor chambers is highly complicated due
to the presence of multi-layered wick structures that facilitate heat transfer by capillary
action, preventing surface dry-out in case of high heat flux. Currently, copper is widely used
a material to manufacture these wick structures because of its high thermal conductivity and
thermal diffusivity. These wick structures are manufactured by pressure-less furnace
sintering, but overall manufacturing of such wick structures requires multiple days of
manufacturing time. Another approach to manufacture these wick structures is to perform
laser sintering but there are many challenges faced such as high reflectivity and thermal
diffusivity.

To

resolve

this

issue,

a

novel

multi-layered

functionally-graded

copper/aluminum wick structure is developed by hot-press sintering, to reduce the overall
manufacturing time and weight of the heat pipe and vapor chambers. There is a high demand
for lightweight high heat flux cooling systems for modern electronic systems. A mold was
developed to facilitate the manufacturing process where multiple iterations of molds were
manufactured using different materials to find the best suitable mold to withstand harsh
environment conditions posed by this hot-press manufacturing process. The multi-layered
functionally-graded copper/aluminum wick structures were manufactured by optimizing the
manufacturing time where the temperature was 200 °C and pressure was 200 psi. The results
show that after 2 hours, the multi-layered functionally-graded copper/aluminum wick
structure permeability decreases leading to diminished thermal performance.
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CHAPTER I

OVERVIEW & RESEARCH OBJECTIVE
1.1 Introduction:
Heat pipe or vapor chamber (also known as flat heat pipes) systems are phase-change thermal
management system comprising of an envelope, a wick, and a working fluid which transfers heat
between two solid interfaces. A simple heat pipe functions by externally applying heat to one end
(known as evaporator) where it is transferred by conduction across the casing and liquid-saturated
wick structure (known as adiabatic section). The latent heat is then transported by the vapor
throughout the length of heat pipe to the condenser as shown in Figure 1. This phase-transition of a
working fluid to transfer heat between two solid interfaces takes advantage of the working fluid’s
latent heat of vaporization that leads to a higher heat flux cooling capacity in comparison with singlephase cooling systems [1]–[3].

Figure 1. Schematic diagram and operation of (a) heat pipe [2] (b) vapor chamber [3].
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These cooling systems provide passive heat transfer with a high thermal conductivity and high heat
flux that does not require high temperature gradient between the heat source and heat sink for
efficient heat transfer. This enables heat transfer over large distances with minimal temperature drops
or mechanical means to transport the working fluid [4], [5].

1.2 Problem Statement:
Modern miniaturized electronic devices consume high electrical power and produces of high heatflux which may exceed the current cooling capabilities of heat pipes. The technical limitations in a
heat pipe include limited heat dissipation capability caused by surface dry-out and poor surface heat
transfer coefficient due to high wick superheat. Yahya [6] and Egbo [7] developed multi-level
modulated wick structures to overcome the limitations by enhancing the heat dissipation capability
and reduced the surface dry-out caused by wick superheat. Borumand et.al., studied the effect of
wick grading on enhanced wickability of 2D non-uniform pore-size wicks using lattice Boltzmann
method to determine best wick size and configuration to enhance heat dissipation capability [8].
The major challenge lies in the manufacturing of the multi-level modulated wick structures that uses
pressureless furnace sintering process which may take multiple days to manufacture due to the
complexity in design and fabrication process of the multi-level modulated wick structures [6], [7],
[9]. Bashir et al., developed an additive manufacturing methodology to manufacture mono-layered
wick structures using a micro-second pulsed laser [10] but there were major challenges in developing
multi-layered wick structures due to high thermal diffusivity and reflectivity of copper.

1.3 Research Objective:
To overcome the difficulties in manufacturing of multi-layered wick structure of copper particles, a
novel functionally-graded porous wick structures of copper and aluminum is developed using hotpress manufacturing process.
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CHAPTER II
FUNCTIONALLY-GRADED MATERIALS
2.1 Introduction to Functionally-graded Materials:
Functionally-graded Materials (FGM) are advanced engineering materials that is composed of
spatially inhomogeneous microstructures and exhibit properties that are specifically amenable for
harsh environmental working conditions where the material properties remain intact. FGM’s are
designed to meet varying functionalities [11].
b)

a)

Figure 2. Schematic diagram of (a) functionally-graded composite material and (b) traditional
laminate composite material [12].
FGM was originally proposed in the early 1980s by Japanese researchers to develop a material that
could withstand very high temperature gradient for a space plane project [11]. Originally, a
composite material was to be developed to resolve this issue, but the temperature gradient was
approximately 1000 K for a 10 mm cross section of material placed between the inside and outside
of a spacecraft, where the outer surface of the spacecraft was subjected to a temperature of 2000 K.
Traditional composite materials faced severe delamination when exposed to this specific condition,
and the point of failure or the highest stress concentration factor, lay in the same region where the
two materials were joined together. This occurred due to the different coefficient of thermal
expansion between the two materials.
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The researchers changed the sharp change of interface from one material to another material into a
gradient interface by gradually introducing the second material as shown in Figure 2. The composite
material that was developed with a gradient change of material was known as functionally-graded
material [12], [13].
Development of a controlled gradient of elastic properties improves the fracture toughness and
failure resistance to wear of materials [14]. These FGM could be used to tailor a material’s properties
for a specialized function which can make them appropriate in applications that require extreme
resistance in harsh weather conditions [15].

2.2 Types of FGM:
Materials that undergo change in composition, microstructure, or porosity across the volume of the
material are referred to as functionally-graded material. The design of a FGM is based on varying
properties with respect to volume of the material aimed to perform specific functions. The properties
that are varied include electrical, magnetic, thermal, mechanical, and chemical properties which lead
to non-uniform properties over the material. The properties also rely on the spatial position of the
functionally-graded material [12]. Based on the applications, FGMs are designed as stepwise graded
structures or continuous graded structures[16]–[18] but the major classifications in the types of FGM
include change in chemical composition, change in porosity and change in microstructure [12].

2.2.1 Porosity-Graded FGM:
This type of FGM has its porosity varied according to the spatial position in the bulk material. The
shape and size of the pores in the FGM are varied based on the intended applications as shown in
Figure 3. Porosity based FGM are manufactured based on deposition of mixture of powders of
varying sizes layer by layer which helps changing the pore size and shape. The porosity-based FGM
have porosity change either based on pore size or porosity density.
These type of FGM is widely used in biomedical applications as various parts of human bodies such
as the teeth and bone tissues are naturally made of FGM to have longer durability [19]. Wood is also
an example of functionally-graded composite material which consists of cellulose in a matrix of
lignin [20].
4

Figure 3. Schematic diagram of porosity graded FGM [12].

Figure 4. Cross-sectional schematic diagram of (a) conventionally designed dissimilar metal weld (DMV)
joint, (b) functionally-graded joint in a carbon steel nozzle [21].
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2.2.2 Microstructure-Graded FGM:
Microstructure-gradient FGM is a type of FGM where the microstructure is shaped such that it is
varied gradually to accomplish the required properties of the material. The microstructure of a
material could be modified based on the solidification process and by varying quenching process of
the surface in a specific direction as shown in Figure 5.
One method of producing microstructure gradient FGM is to quench the surface immediately and let
the core of the material to cool down slowly which produces a hard surface property. Microstructure
gradation could also be accomplished by controlled heat treatment of the bulk material [12].
Applications for this type of FGM is seen in bearing, shafts, cams, or ring gears and in components
of turbines and also used as a replacement for dissimilar weld joint for nozzles in coolant systems of
light water nuclear reactors [21]–[25].

Figure 5. Schematic diagram of microstructure-graded FGM [12].
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2.2.3 Chemical Composition-Graded FGM:
This type of FGM has its chemical composition varied according to spatial position gradually and
depending on the applications, it can be in a single phase or a multi-phased material. Based on the
phase diagram and thermodynamic limitations when one material is added to another material, the
material would be soluble in that material over a range of composition. These materials become
single phase FGM which vary due to solubility of one material over another. Single phase FGM are
manufactured by sintering process as there is progressive change in the chemical composition in a
single phase [26]. Single phase FGM are uncommon as multi-phased are most designed and widely
used as different phases with different chemical compositions could achieve the intended application
[27]. The various phases produced depends on the manufacturing conditions and composition of each
material.

2.3 Manufacturing Methods for FGM:
Functionally-graded material is manufactured either as a thin coating with the intention of improving
the surface properties of that material or in the form of a bulk material, in which the material
properties vary across the whole volume of the material [12].

2.3.1 Thin-film FGM Manufacturing Methodologies:
Thin film based FGMs are manufactured to have surface properties that are completely different
from the parent material. In most cases, these types of FGMs are manufactured to ensure that the
parent material survive harsh environmental conditions. The manufacturing methodologies include
physical vapor deposition, chemical vapor deposition, self-propagating high-temperature synthesis,
or a combination of the aforementioned processes [28]. The manufacturing methodologies for a thinfilm FGM involve two steps which are the building of the homogenous graded structure and
consolidation of the graded material.
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2.3.1.1 Physical Vapor Deposition:
Physical Vapor Deposition is a vacuum-based vaporization deposition process used for production
of thin functionally-graded material coating. It is accomplished by vaporizing the coating material
which is then deposited on the target material [29]. Depending on the vaporization method, different
types of physical vapor deposition processes can be done which includes evaporation based physical
vapor deposition, sputtering based physical vapor deposition process and the plasma spray-based
physical vapor deposition process [12].

2.3.1.2 Chemical Vapor Deposition:
Chemical Vapor Deposition is like physical vapor deposition where it uses a volatile precursor that
decomposes on the target material to produce a thin functionally-graded material coating [30]. These
coating have significant commercial application in production of diamond and diamond-like carbon
coating [31].

2.3.2 Fabrication Process of Bulk FGM:
Many applications require FGMs that require bulk functionality of graded materials due to the
extreme nature of the working environments. Some of the fabrication methodologies to develop bulk
functionally-graded materials include the centrifugal casting method, the tape casting method, and
the powder metallurgy.

8

2.3.2.1 Centrifugal Casting Process:

Figure 6. Schematic diagram of centrifugal casting process [12].

Centrifugal casting is a manufacturing process where molten material that contains another
reinforcing material which is either in molten or solid state is poured in a rapidly rotating die to
produce a functionally-graded material as shown in Figure 6. It is one of the most effective methods
for fabrication of bulk functionally-graded materials because of its wide range of control of
composition and microstructure [12]. This method can also be used to fabricate FGM with a
continuous gradient. This fabrication process is limited by the fact that only cylindrical sections could
be produced as it depends on the centrifugal force and the density difference of the constituent
materials [32], [33].
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2.3.2.2 Tape Casting Process:

Figure 7. Schematic diagram of tape casting process [12].
Tape casting process is accomplished by spreading a mixture of slurry on a moving belt while passing
the moving belt under an edge of a blade to shape the slurry into a tape of constant thickness as
shown in Figure 7. This slurry is formed in shape of a tape with film thickness ranging from a several
microns to a few millimeters thickness by the casting blade which is then left to dry off [34]. Tapes
of different compositions can be stacked upon one another to form a stepped gradient of FGM. The
tapes produced were sintered at temperatures ranging from 50 °C to 200 °C with a pressure ranging
from 3 MPa to 30 MPa [12].

2.3.2.3 Powder Metallurgy:
Powder compaction or powder metallurgy is a traditional manufacturing process to produce
engineering components, which is also used to manufacture functionally-graded materials. Powder
metallurgy is a multi-step manufacturing process which involves preparation of powder particles,
processing of powder particles and sintering of powder particles. Generally, powder particles are
obtained from powder manufacturer which are then processed based on the application and then
sintered to develop functionally-graded materials.
This manufacturing methodology is inexpensive and easy to operate. A wide range of materials can
be processed along with broad control of composition and microstructure with a near net-shape
forming capability [12]. This process can be done in mass manufacturing with controllable properties
which also has a low energy consumption. The major limitation lies in the limited strength of the
finished product and complex geometry cannot be manufactured.
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2.4 Sintering and its Classification:
Sintering is a compaction process of powder material to form a solid mass by application of heat
or/and pressure without reaching the point of liquefaction. Sintering works based on the concept of
diffusion bonding which is solid-state joining process where molecules undergo diffusion under
elevated temperatures [35].

Figure 8. Schematic diagram of classification of sintering process [36].

The major classification of sintering involves the application of pressure, where sintering process
with no pressure is known as pressure-less sintering and when pressure is applied the sintering
process is known as pressure assisted sintering as shown in Figure 8 [36].

2.4.1 Pressure-less Sintering:
Pressure-less sintering process is widely used in manufacturing of multi-layered wick structures with
high design complexity where the wick structures are manufactured additively by sintering either
layer by layer or a set of layers in succession to achieve the required wick structures [6], [7]. The
major challenge lies in manufacturing of FGM as different materials have different thermal
properties which may lead to a series of dissimilar micro-weld joints rather than an FGM.

11

2.4.2 Pressure Assisted Sintering:
Pressure assisted sintering is specifically used to manufacture FGM as the application of pressure
and temperature at the same time overcomes the limitations posed by pressure-less sintering which
leads to melting of one materials and formation of multiple dissimilar welds rather than an FGM.

2.5 Significance of Sintering in Manufacturing of Bulk Material FGM:
Depending on application of pressure, sintering can be classified into pressure-less and pressureassisted sintering. Bulk material FGM manufacturing works on pressure-assisted sintering and the
parameters are optimized based on the application of the FGM. Therefore, it is important to
understand sintering process to optimize the manufacturing parameters bulk material FGM.

2.6 Functionally-graded Multi-Layer Wick Structure:
To create functionally-graded multi-layered wick structures, powder metallurgy would be the best
manufacturing process since, it is a bulk material functionally-graded manufacturing process which
can be additively manufactured involving the change in chemical composition for a particular
direction.
Unlike the conventional sintering process seen in powder metallurgy manufacturing where the FGMs
are hot-pressed, for this scenario, the FGM needs to undergo partial sintering or partial diffusion
bonding where the finished product or the multi-layered wick structure has high porosity to facilitate
good wicking ability.
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CHAPTER III
FABRICATION OF FUNCTIONALLY-GRADED WICK
STRUCTURES
3.1 Fabrication Setup:

Figure 9. Schematic diagram of functionally-graded Cu/Al wick structure.
The multi-layered functionally-graded copper/aluminum wick structures to be fabricated consists of
three basic components, the copper substrate, the copper particles, and the aluminum particles as
shown in Figure 9. The copper powder particles are purchased from CuLox Technologies IncTM.,
where the particle size varies from 60 mesh (250 microns) to 80 mesh (177 microns). The aluminum
powder particles are purchased from Atlantic Equipment EngineersTM, where the particle size varies
from 50 mesh (297 microns) to 100 mesh (149 microns).
The substrate has dimensions of 4”x 0.5” x 0.0625” where copper is chosen as the substrate material
as it has higher thermal diffusivity in comparison with aluminum. This increases the thermal
performance as the substrate is in direct contact with the heat source [37]. Based on the setup, the
particles can be arranged as either with copper particles on aluminum particles or aluminum particles
on copper particles.
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3.2 Fabrication Process:

Figure 10. Schematic Diagram of Hot Press Manufacturing of functionally-graded wick structure.

The fabrication process is divided into two steps where the initial step involves tight packing
arrangement for the particles and the final step involves the sintering of the particles using hot-press
manufacturing as shown in Figure 10.
14

3.2.1 Technical Specifications of Hot-Press [38]:
Figure 11 shows an image of Dulytek® DHP20 Hydraulic Rosin PressTM was used as for
manufacturing of multi-layered functionally-graded copper/aluminum wick structures. Table 1
provides the required technical specifications for its operation.

a)

b)

Figure 11. Image of Dulytek® DHP20 Hydraulic Rosin PressTM a) Front View b) Isometric View.

TABLE 1
TECHNICAL SPECIFICATIONS OF DULYTEK® DHP20 HYDRAULIC ROSIN PRESSTM
Specification

Units

Maximum Pressure

200 psi

Maximum Temperature

200 °C

Heating Plate Size

8” (203 mm) x 3” (76 mm)

Maximum Distance between Heating Plates 1.1” (28 mm)
Power

825 Watts

Current

7.5 A/ 3.75 A

Voltage

110 V/ 220 V

Weight

110 lbs. /45 kg

Dimensions

18” (460 mm) x 12” (310 mm) x 24” (610 mm)
15

3.2.2 Design of Hot-Press Mold:
Manufacturing of multi-layered functionally-graded copper/aluminum wick structures require an
additional mold which acts as a support for arrangement of particles. This mold is designed based on
parameters given below; like being able to withstand the extreme environment conditions during the
manufacturing process:
1. According to the technical specifications, the maximum volume of material that could be kept
inside the hot-press is 206 mm in length, 76 mm in width and 28 mm in height which implies
that when multi-layered functionally-graded copper/aluminum wick structures along with
mold should not exceed the above dimensions.
2. The mold must be designed to apply uniform pressure on the functionally-graded wick
structures during the manufacturing process which applies even for a multi-layered
functionally-graded wick structures mold.
3. It must be designed using a material that is harder than pure copper and pure aluminum which
is 40 HV (Vickers Hardness Number) or higher [39] to prevent indentation of particles on the
mold.
4. If the mold consists of multiple components, tolerances should be provided to accommodate
thermal expansion of up to 200 °C (maximum temperature setting for hot-press) such that
there should be no internal thermal stresses between the components.
5. The mold and its components must not deform more than 150 microns in length in any
direction due to mechanical stresses when a pressure of 200 psi (maximum pressure exerted
by hot-press) is applied.
6. It must also have good thermal conductivity and thermal capacity, and a low thermal
diffusivity, to retain the heat efficiently in the functionally-graded wick structures during the
hot-press manufacturing process.
7. The mold must not damage the platen of hot press while manufacturing the of multi-layered
functionally-graded copper/aluminum wick structures
8. The particles must not adhere to the mold.
The first step towards designing a mold is to select a suitable material that at least satisfies some of
the design conditions. A thorough search of all available engineering materials was done to determine
the most compatible material for the mold in the next section.
16

3.2.2.1 Selection of Material for Hot-Press Mold:

Figure 12. An outline of engineering materials [40].
Most engineering materials are classified into metals, plastics, ceramics, and composites as shown
in Figure 12 [40]. Based on the design criteria, the best suited material for the mold would be metals
as it satisfies most of the design criteria parameters such as good thermal conductivity and thermal
capacity, and undergoes minimal deformation for specified loading conditions Considering the
procurement process, material availability and complexity in machining the required components,
the most suited material for the mold would either be steel and aluminum alloys which satisfies the
design criteria for hardness of 40 HV or higher.
The rest of the design criteria depends on the design of the mold and the material interaction with
the multi-layered functionally-graded wick structures during the manufacturing process. To select an
appropriate material, two molds were manufactured for two different multi-layered functionallygraded wick structures geometries which is based on the ‘wicking ability’ test requirements discussed
further in chapter 5. A third mold was manufactured to address the drawbacks of the first two molds.
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3.2.2.2 Porosity Mold – Mold 1:
a)

b)

Figure 13. Porosity Mold (a) 3D CATIATM Model (b) Schematic diagram.

The first mold was developed for a circular geometry considering the simplicity in manufacturing
where AISI 1018 mild steel was used as the raw material. The geometry was analogous to the
porosity testing sample implemented by Albu and Keese [9]. The sample size to be used in this mold
must have a circular substrate geometry with a diameter of 1.53”.
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3.2.2.2.1 Components of Porosity Mold:
The mold was divided into five different components as shown in Figure 13. These were modeled
to perform a specific function to facilitate the hot-press manufacturing process:
a) Ram:
Ram acts as the interface between the top platen of hot press and the sample which ensures
the load is directly applied to the sample during the manufacturing process.

b) Top Part:
The top part keeps the ram centered to the sample support and prevents horizontal movement
due to tolerancing between the ram and the middle part.

c) Sample Support:
A support on which the sample is placed which also makes it easier to remove the sample
from mold after the manufacturing process.

d) Middle Part:
The middle part acts as the heart of the mold to hinder horizontal movement of most of the
components.

e) Bottom Part:
The bottom part ensures uniform pressure applied on mold, covers the bottom region of
sample support, and used to remove the sample from the mold.
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3.2.2.2.2 Finite Element Stress Analysis of Porosity Mold:
Finite element analysis of the porosity mold was performed to investigate stress concentration
regions and the maximum total deformation. The geometry of the mold was developed in Catia V56R2021TM and imported to ANSYS Workbench 2019 R2 – Steady State ThermalTM and Static
Structural ModuleTM to perform stress analysis. The element size was taken as 1 mm with a hexdominant mesh. A uniform pressure of 1.379 MPa (200 psi) was applied on the bottom part of mold
based on design constraints considering the top region of ram as fixed section.
a)

b)

Figure 14. Finite Element Analysis of Porosity Mold a) Total Deformation in microns,
b) Equivalent (von-Mises) Stress Regions in MPa.
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Figure 15. Finite Element Analysis of Porosity Mold – Temperature Distribution in °C.

Upon performing the analysis and post-processing the results, the maximum total deformation was
2.5109 µm and the maximum equivalent (von-Mises) stress was 41.27 MPa (5985.70 psi) as shown
in Figure 14. The minimum factor of safety was estimated to be 4.1774 using fatigue tool (a post
processing tool for fatigue failure) considering zero-based loading condition for each cycle of
loading.
The maximum stress concentration is observed on all four edges of the porosity mold. This occurs
due to the moment generation from the fixed support i.e., the face of ram along due to the constant
pressure application along with the uniform pressure applied on the edges.

3.2.2.2.3 Manufacturing of Porosity Mold:
Figure 16 depicts the components of the mold that was manufactured using HAAS VF-1TM CNC
milling machine and a HAAS TL-1-EDUTM CNC lathe machine where the NC codes were generated
using Mastercam X9TM using the 3D CATIATM Model as reference which is shown in Figure 13(a).
The tolerances are made to accommodate the thermal expansion of the mold to avoid thermal
stresses.
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Figure 16. Manufactured Components of Porosity Mold.

3.2.2.2.4 Manufacturing Cost Analysis of Porosity Mold:
The manufacturing cost of the porosity mold could be divided into two components which are raw
material cost and labor cost. The raw material was obtained from Harbor FreightTM which costed
around $ 40. A CNC machinist was hired to manufacture the porosity mold which took
approximately 28 hours where for each hour of labor costed $ 25. The total cost to manufacture the
mold was approximately $ 740.

3.2.2.2.5 Limitations of Porosity Mold:
1. The design included too many components to serve a unique function; these could be
combined such that single component could perform multiple functions.
2. Circular geometry samples could not be used to test for permeability.
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3.2.2.3 Permeability Mold – Mold 2:

a)

b)

Figure 17. Permeability Mold (a) 3D CATIATM Model (b) Schematic diagram.

The second mold was developed with a rectangular geometry which is more complicated to
manufacture in comparison with circular geometry. Aluminum 6061-T6 Alloy was used as raw
material which has more manufacturability in comparison to mild steel. The geometry was analogous
to the ‘permeability testing sample apparatus’ of Albu and Keese [9].The sample size to be used in
this mold must have a rectangular substrate geometry with dimensions as 2” (length) by 0.5” (width).
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3.2.2.3.1 Components of Permeability Mold:
To reduce the number of components of the mold, multiple functionalities seen in the porosity mold
was allocated to a single component which led to the formation of two component mold as shown in
Figure 17. The functions of each component of the permeability mold are as follows:
a) Top Part:
The top part was basically manufactured by combining the functions of ram and top part of
the porosity mold. This will act as an interface between the sample and the hot press platen
and as well as self-aligns to the exact center of each sample.

b) Bottom Part:
The bottom part consolidates the functionalities of the sample support and the bottom part of
the porosity mold which ensures uniform pressure on the mold. It also covers the bottom
region of sample support and is used to remove the sample from the mold.

3.2.2.3.2 Finite Element Stress Analysis of Permeability Mold:
Finite element analysis of permeability mold was performed to investigate stress concentration
regions and maximum total deformation. The geometry of the mold was developed in Catia V56R2021TM and imported to ANSYS Workbench 2019 R2 – Steady State ThermalTM and Static
Structural ModuleTM to perform stress analysis. The element size was taken as 1 mm with a hexdominant mesh. A uniform pressure of 1.379 MPa (200 psi) was applied on the bottom part of mold
based on design constraints considering the top region of ram as fixed section.
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a)

b)

Figure 18. Finite Element Analysis of Permeability Mold a) Total Deformation in microns,
b) Equivalent (von-Mises) Stress Regions in MPa.
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Figure 19. Finite Element Analysis of Permeability Mold – Temperature Distribution in °C.

Upon performing the analysis and post-processing the results, the maximum total deformation was
0.7740 µm and the maximum equivalent (von-Mises) stress was 6.0794 MPa (881.75 psi) as shown
in Figure 18. The minimum factor of safety was estimated to be greater than 15 using fatigue tool (a
post processing tool for fatigue failure) considering zero-based loading condition with cycles of
loading.
The maximum stress concentration is observed on all four edges of the permeability mold. This
occurs due to the moment generation from the fixed support i.e., the face of top part along due to the
constant pressure application along with the uniform pressure applied on the edges.

3.2.2.3.3 Manufacturing of Permeability Mold:
Figure 20 depicts the components of the mold that was manufactured using a using HAAS VF-1TM
CNC milling machine where the NC codes were generated using Mastercam X9TM using the 3D
CATIATM Model as reference which is shown in Figure 17(a). The tolerances are made to
accommodate the thermal expansion of the mold to avoid thermal stresses.
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Figure 20. Manufactured Components of Permeability Mold.

3.2.2.3.4 Manufacturing Cost Analysis of Permeability Mold:
The manufacturing cost of the permeability mold could be divided into two components which are
raw material cost and labor cost. The raw material was obtained from Harbor FreightTM which costed
around $ 20. A CNC machinist was hired to manufacture the permeability mold which took
approximately 13 hours where for each hour of labor costed $ 25. The total cost to manufacture the
mold was approximately $ 345.

3.2.2.3.5 Limitations of Permeability Mold:
1. Most of the manufactured samples had particles adhered to the top part of the mold
2. Rate of rise test done to evaluate permeability could not be performed because there was flow
stabilization was not observed for the given height of the sample
3. Due to absence of middle part and its functionality, the fabricated samples were difficult to
remove from the mold
27

3.2.2.4 Hybrid Mold – Mold 3:

a)

b)

Figure 21. Hybrid Mold (a) 3D CATIATM Model (b) Schematic diagram.
The third mold was designed and manufactured to overcome the limitations of the porosity and
permeability mold, by simplifying the design. The manufacturing procedure adopted to make
fabrication of the samples became much easier and hereby referred to as the hybrid mold. The raw
material used to manufacture the mold is EN8 steel which is an equivalent of AISI 1040 mild steel.
The geometry corresponds to the permeability mold, but the sample size has a substrate which is
twice the original length to perform the ‘rate of rise’ test. This will help to determine flow
stabilization height which is further explained in chapter 5.
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3.2.2.4.1 Components of Hybrid Mold:
The total number of design components increased by one because the sample holder had to be a
separate component, and the functionality of the middle part from the porosity mold was required
for a smoother fabrication process for the samples which is shown in Figure 21. The functions of
each component of the hybrid mold are as follows:
a) Top Part:
The top part for this mold has the same functionality as the top part in the permeability mold
where it acts as interface between sample and the hot press platen, and as well as self-aligns
to the exact center of each sample.

b) Middle Part:
The middle part acts as the heart of the mold to hinder horizontal movement of all other
components and ensures minimal particles fall off the substrate while particles are being
arranged.

c) Bottom Part:
The bottom part of this mold has the same functionality as the bottom part of the permeability
mold which ensures uniform pressure applied on mold, covers the bottom region of sample
support, and is used to remove the sample from the mold.

3.2.2.4.2 Finite Element Stress Analysis of Hybrid Mold:
Finite element analysis of porosity mold was performed to investigate stress concentration regions
and maximum total deformation. The geometry of the mold was developed in Catia V5-6R2021TM
and imported to ANSYS Workbench 2019 R2 – Steady State ThermalTM and Static Structural
ModuleTM to perform stress analysis. The element size was taken as 1 mm with a hex-dominant mesh.
A uniform pressure of 1.379 MPa (200 psi) was applied on the bottom part of mold based on design
constraints considering the top region of ram as fixed section.
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a)

b)

Figure 22. Finite Element Analysis of Hybrid Mold a) Total Deformation in microns,
b) Equivalent (von-Mises) Stress Regions in MPa.
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Figure 23. Finite Element Analysis of Hybrid Mold – Temperature Distribution in °C.

Upon performing the analysis and post-processing the results, the maximum total deformation was
0.7740 µm and the maximum equivalent (von-Mises) stress was 7.7969 MPa (1130.80 psi) as shown
in Figure 22. The minimum factor of safety was estimated to be greater than 15 using fatigue tool (a
post processing tool for fatigue failure) considering zero-based loading condition with cycles of
loading.
The maximum stress concentration is observed on all four edges of the hybrid mold. This occurs due
to the moment generation from the fixed support i.e., the face of top part along due to the constant
pressure application along with the uniform pressure applied on the edges.

3.2.2.4.3 Manufacturing of Hybrid Mold:
Figure 24 depicts the components of the mold that was manufactured using a using HAAS VF-1TM
CNC milling machine where the NC codes were generated using Mastercam X9TM using the 3D
CATIATM Model as reference which is shown in Figure 21(a). The tolerances are made to
accommodate the thermal expansion of the mold to avoid thermal stresses which is similar to the
porosity mold.
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a)

b)

Figure 24. Manufactured Components of Hybrid Mold a) Top view b) Front view.

3.2.2.4.4 Manufacturing Cost Analysis of Hybrid Mold:
The manufacturing cost of the hybrid mold could be divided into two components which are raw
material cost and labor cost. The raw material was obtained from Harbor Freight TM which costed
around $ 30. A CNC machinist was hired to manufacture the hybrid mold which took approximately
21 hours where for each hour of labor costed $ 25. The total cost to manufacture the mold was
approximately $ 555.
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3.2.2.5 Comparison and Selection of Suitable Mold:
A comparative analysis between all the molds was performed to determine whether a new mold needs
to be manufactured or the manufactured molds could be used to manufacture functionally-graded
copper/aluminum wick structures to test for wicking ability.

TABLE 2
TABULATION OF RESULTS OF STRESS ANALYSIS FOR THE THREE MOLDS
Mold Type
Porosity Mold

Permeability Mold

Hybrid Mold

AISI 1018 (Mild
Steel)

Aluminum 6061-T6 EN8 (Equivalent to AISI
Alloy
1040 – Mild Steel)

Properties
Material Used
Sample Geometry to be
Manufactured
Maximum Deflection
(µm)
Maximum von-Mises
Principal Stress (MPa)
Minimum Factor of
Safety

Circular

Rectangular

Rectangular

2.5119

0.7740

0.7740

41.2700

6.0794

7.7969

4.1774

>15

>15

Test for Porosity

Possible

Possible

Possible

Rate of Rise Test

Not Possible

Possible

Possible

Table 2 provides a clear comparison between the molds. There will be no need to design and
manufacture a new mold as the previously manufactured molds meets the requirements for the test
of ‘wicking ability’ and meets the all the design criteria for the fabrication process of the samples.
The best mold to be considered for fabrication of the samples would be the hybrid mold as it was
designed specifically to overcome the limitation of the porosity and permeability mold. Although the
stress concentration is higher in hybrid mold in comparison with permeability mold, the material
used for the hybrid mold can compensate for the stress concentration regions.
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3.2.3 Arrangement of Particles:
In this step, the particles are arranged such that each layer follows approximately two-dimensional
hexagonal closed packing (HCP) arrangement. Since all particles are not perfectly spherical and to
prevent penetration of either copper particles on aluminum particle layer and vice-versa, a transition
region is needed for both aluminum and copper particle layers. To accomplish this requirement, two
layers of aluminum particles by volume (approximately 1.1 grams by weight) is arranged on the
substrate upon which two layers of copper by volume (approximately 3.6 grams). If the particle
arrangement resembles three-dimensional hexagonal closed packing arrangement, the sample is then
taken for hot press manufacturing.

3.2.4 Hot-Press Manufacturing Process:
The sample with the arranged particle setup is carefully placed inside the sample holder section of
the hybrid mold. The sample is not enclosed by placing the top part on the hybrid mold. The hotpress is pre-heated for 15-20 minutes to reach a certain temperature before the mold is placed. It is
then compressed using the in-built 20-ton hydraulic press.
Parameters of the hot-press which influence the manufacturing process are temperature of sample,
pressure exerted on the sample and time at which the pressure and temperature are maintained. The
temperature and pressure are kept at maximum which is 200° C and 1.379 MPa (200 psi),
respectively. Time is varied at one-hour intervals to find the best functionally-graded wick structures
based on capillary performance.
The fabrication process could be repeated on the same sample which is additively manufactured until
desired height of wick structures is reached. Each iterations adds at least three layers of particles
which are aluminum particle layer, copper-aluminum transition layer and copper particle layer.
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3.3 Microstructure of Manufactured Samples:
The microstructure of the sample is visualized and processed using a AmScopeTM microscope and
its corresponding image processing software called AmScope 3.7 For Digital CameraTM. Based on
the manufacturing time, the samples showed a mild variation in its microstructure. Figure 25 (a)
depicts that the 1-hour samples show a good interface bonding between the copper and aluminum
particles. The 2-hours, 3-hours and the 4-hours samples show similar microstructure, and the copper
particles seems to be severely oxidized on the surface in case of 3-hours and 4-hours samples as
shown in Figure 25 (b, c, d).

a)

b)

c)

d)

Figure 25. Images of manufactured functionally-graded wick structures with its microstructure for
different manufacturing time a) 1-hour b) 2-hours c) 3-hours d) 4-hours.
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CHAPTER IV
TEST FOR POROSITY AND WICKING ABILITY
A good method to evaluate the thermal performance of wick structure is to determine its wicking
ability [9]. The wicking ability of samples is measured by a property known as permeability. Test
for porosity and custom ‘rate of rise’ test developed by Feng [41] are used to find crucial parameters
such as porosity of the sample and the effective pore radius to find the permeability of the
functionally-graded wick structure samples.
4.1 Porosity Test:

a)

b)

c)

Figure 26. Porosity Test Sample used in the Weight Balance a) Dry Sample b) Flooded Sample
c) Saturated Sample.
Measurement for porosity is done by using an experimental procedure similar to the ones used by
Albu [9] and Holley [42]. Porosity is measured by comparing the masses of both dry and liquidsaturated samples or multi-layered copper/aluminum wick structures. The working fluid used for
testing porosity is acetone as the contact angle between the acetone and sintered copper is close to
0° [9] as copper particles is on top of aluminum particles.
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The experimental procedure is as follows:
1. The sample is placed on a digital mass balance where the dry weight is measured as shown
in Figure 26(a)
2. It is now flooded with acetone where it is allowed to evaporate as shown in Figure 26(b)
3. After some time, the liquid on the sample reaches a saturation point where it is no longer
flooded, and the surface of the wick structure appears flat where the weight of the sample is
recorded and considered as liquid-saturated sample weight
1
𝜀

𝑉

= 1 + 𝑉𝑠

𝑤ℎ𝑒𝑟𝑒 𝑉𝑠 = 𝑉𝐶𝑢 + 𝑉𝐴𝑙

𝑎

(1)

The porosity (ε) is calculated by evaluating the ratio between overall volume of solid which includes
volume of copper (VCu) and aluminum particles (VAl) with volume of acetone (Va) at saturation point
which is shown in above equation. The porosity is estimated by considering the average value of
three samples for a specific manufacturing time which is provided in Table 3.

TABLE 3
POROSITY OF MANUFACTURED SAMPLES
Manufacturing Time

1 hour

2 hours

3 hours

4 hours

Sample Number

Porosity (%)

1

40.81

2

40.62

3

41.00

1

39.31

2

40.05

3

40.66

1

36.70

2

37.10

3

36.00

1

37.10

2

35.40

3

36.50
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Average Porosity (%)

40.81

40.00

36.80

36.33

Table 3 depicts that the porosity decreases with increase in manufacturing time. This occurs due to
the pressure-assisted sintering of particles leading to reduction in cavities between the particles.
There is an ambiguity in the reduction of porosity of the samples between the 2-hours and 3-hours
manufactured samples where the porosity reduced drastically. This may occur due to the sintering of
aluminum particles faster than sintering of copper particles where copper also facilitates due to its
high thermal diffusivity as aluminum has a lower melting point than copper. After three hours of
manufacturing time the rate of decrease of porosity stabilizes as most of the aluminum particles have
sintered but not enough to form a fused solid.

4.2 Rate of Rise Test:
The capillary rate of rise test which is used to measure the wicking ability of the samples was
developed based on the experimental setup used by Albu [9] as shown in Figure 27. The setup
consists of borosilicate process pipe where a steel ruler is attached to it. The working liquid used in
this setup is acetone as it provides a clear indicator of the rate of rise while the sample is in contact.
The sample is attached is attached to a holder which is attached magnetically to a neodymium
magnet. Once the sample is placed inside, a rubber plug is used to close the pipe.
The sample is lowered slowly by moving the neodymium magnet downwards until the sample meets
the working liquid. Once the working liquid is in contact, it rapidly rises through the sample which
is recorded using high resolution 60 frames per second (fps) video camera. After a certain time, the
liquid stops rising due to atmospheric pressure and gravitational forces where the height is recorded
as equilibrium height for the working liquid (heq).
Effective pore radius (reff) is an important factor in estimating permeability as it is directly
proportional to permeability which is calculated by equating hydrostatic pressure with a simplified
Young-Laplace model for capillary pressure with an assumption that hydrostatic pressure and
capillary pressure are in effect at the equilibrium height which generates the following equations,
2𝜎
𝑟𝑒𝑓𝑓

= 𝜌𝑔ℎ𝑒𝑞
2𝜎

𝑟𝑒𝑓𝑓 = 𝜌𝑔ℎ

𝑒𝑞
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(2)
(3)

where ρ is density of the working liquid, g is acceleration due to gravity, σ is surface tension and heq
is the equilibrium height which was measured earlier.

Figure 27. Schematic diagram of Rate of Rise Test Setup [9].
The recorded video footage of rate of rise is split into individual frames using VirtualDub 1.10.4TM
which is an open-source video processing software used to convert videos into its induvial
frames/images. These images are analyzed manually to record the height for each frame. The change
in height is kept constant to determine number of data points towards the equilibrium height.
The calculation of permeability involves the working liquid rate of rise data which is based on the
model implemented by Albu [9]. The equations are developed based on the assumption that
hydrostatic, frictional, and capillary pressure differentials are in equilibrium during the rate of rise
test. Formulation of the viscous-frictional pressure was done using Darcy’s Law and the formulation
of capillary pressure was done Young-Laplace equation. The summation of all three pressure
differentials leads to the following equation,
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ⅆℎ

𝐾

2𝜎

ℎ ⅆ𝑡 = 𝜀𝜇 (𝑟

𝑒𝑓𝑓

− 𝜌𝑔ℎ)

(4)

where h is the height of liquid, dh/dt is rate of rise of the liquid, K is permeability, ε is porosity, µ is
dynamic viscosity, σ is surface tension, reff is effective pore radius, ρ is density of the working liquid
and g is acceleration due to gravity.
The rate of rise test was done for three different samples for a specific manufacturing time and the
rate of rise is plotted to understand the capillary action of the wick sample and determine its
permeability. The resultant permeability is calculated and provided in Table 4.

Figure 28. Rate of Rise Plot for 1-hour Samples.
Figure 28 provides an outline of the rate of rise for 1-hour samples where the equilibrium height was
75 mm for all samples. Although, the samples have same increment in height for the first 20 mm in
height, increment diverges drastically for each sample due to mild movement of particles due to
thermal expansion and sintering. As the samples approach the equilibrium height, the samples height
increment stabilizes and reach a common point for all samples.
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Figure 29. Rate of Rise Plot for 2-hours Samples.

Figure 29 represents the rate of rise plot for 2-hours samples where the equilibrium height for
samples 1, 2 and 3 are 85 mm, 81 mm, and 86 mm, respectively. The change of height in samples 1,
2 and 3 are almost identical except for slight variations seen in samples 1. For a manufacturing time
of two hours, the particles get enough time to undergo thermal expansion and sintering where it forms
stronger bonds with its adjacent particles. This may have led to approximately uniform rate of rise
which is not seen in the 1-hour samples.
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Figure 30. Rate of Rise Plot for 3-hours Samples.

Figure 30 represents the rate of rise plot for 3-hours samples where the equilibrium height for
samples 1, 2 and 3 are 85 mm, 83 mm, and 83 mm, respectively. The samples show that after reaching
a certain point in time which is around 50 seconds, the rate of rise slows down abruptly causing all
the data points to be concentrated before 50 seconds. This may occur because of the drastic decrease
in porosity which might have sealed off some of the entry points for the working fluid and hence,
reducing the rate of rise after reaching a certain time.
This type of working fluid behavior could be destructive to the heat pipe as it may induce unintended
shear stresses on the wick structures which may potentially decrease the overall durability of the heat
pipe.
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Figure 31. Rate of Rise Plot for 4-hours Samples.

Figure 31 represents the rate of rise plot for 4-hours samples where the equilibrium height for
samples 1, 2 and 3 are 79 mm, 80 mm, and 80 mm, respectively. The samples show a similar behavior
to the 3-hours samples where the rate of rise slows down abruptly causing all the data points to be
concentrated before 55 seconds. This may occur because of the drastic decrease in porosity which
might have sealed off some of the entry points for the working fluid and hence, reducing the rate of
rise after reaching a certain time.
This type of working fluid behavior could be destructive to the heat pipe as it may induce unintended
shear stresses on the wick structures which may potentially decrease the overall durability of the heat
pipe.
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TABLE 4
PERMEABILITY AND EFFECTIVE PORE RADIUS OF MANUFACTURED SAMPLES
Manufacturing

Sample

Time

Number Radius reff (µm)

1 hour

2 hours

3 hours

4 hours

Effective Pore

Permeability K

Average Permeability

(x 10-12 m2)

Ka (x 10-12 m2)

1

87.3733

0.0010

2

87.3733

0.9312

3

87.3733

6.4123

1

77.0941

7.3283

2

80.9012

9.0873

3

76.1977

5.3455

1

77.0941

4.8510

2

78.9518

5.8944

3

78.9518

6.7523

1

82.9494

5.7879

2

81.9215

6.3112

3

81.9215

6.4326

2.4482

7.2536

5.8327

6.1768

Table 4 provides the overall change in the permeability of the manufactured samples. The average
permeability reaches a peak at 2-hours manufacturing time and then decreases to reach a stabilization
as the manufacturing time increases. The 1-hour samples show a massive fluctuation in permeability
which may occur due to insufficient manufacturing time for the particles to undergo sintering such
that there is no movement due to thermal expansion. The permeability values for 2-hour samples are
high due to the increase in porosity and a stable wick structure. The permeability decreases as the
manufacturing time increases due to particles fusing to form bigger solidified structures. The 4-hours
samples show a slight increase in permeability which may occur due to the fact that majority of
particles are fused to form bigger solidified structures making it easier for the working fluid to pass
through the wick structures.

44

CHAPTER V
COST ANALYSIS
5.1 Overview of Manufacturing Process:
The cost of manufacturing functionally-graded multi-layered wick structures is used to
determine its role in commercial applications such as modern electronics. Initially, a heat pipe
design with the required heat dissipation capacity and the required quantity is provided by the
customer. A mold is manufactured to meet the design conditions provided by the customer for
mass manufacturing to meet the required quantity. Then, multi-layered functionally-graded
wick structures are manufactured by hot-press using a copper plate, copper powder particles
and aluminum powder particles which is to be enclosed by soldering with three copper plates.
Finally, the heat pipe undergoes surface finishing processes such as pickling is done to remove
impurities on the surface.

5.2 Cost Estimation Assumptions:
The following assumptions are made to simplify the cost analysis:
•

A simple straight heat pipe of 4 inches in length with 6 layers of wick structure is
considered with 2-hours as additive manufacturing time

•

The cost estimation is done based on a small-scale industry with no more than five
employees actively working at a given time and a profit percentage of 50 %

•

The labor costs associated with manufacturing are considered without full-time
employee benefits such as healthcare, etc.

•

The cost of material is based on the company’s invoice while purchasing which may
vary depending on the buyer or time at which it is purchased

•

Costs related to soldering and surface finishing process are not included and the labor
cost associated with it is combined with the soldering labor cost

•

Expenses related to real estate, supply chain, environmental safety, work safety,
management overheads, advertising and marketing are not included
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5.3 Investment Cost:
Investment cost includes the overall cost to buy the required all the required equipment to undergo
the production process. In this manufacturing process, the investment cost includes the hot-press
and the mold.

5.3.1 Hot-Press Specifications and Cost:
The specifications of the hot-press is already provided in Table 1 are taken and provided below for
investment and power consumption costs:
•

Power Usage – 825 Watts

•

Current – 7.5 A/ 3.75 A

•

Voltage – 110 V/ 220 V

•

Cost - $ 900 [38]

5.3.2 Mold Manufacturing Cost:
The manufacturing cost of mold is same as the hybrid mold as the design specification assumption
is 4 inches long heat pipe where two are manufactured to maintain a supply chain which is $ 1110.

5.3.3 Total Investment Cost:
Total investment cost is the sum of all the equipment cost with the manufacturing cost assumptions
into consideration. The total investment cost in this case is the sum of procurement of hot-press
including the shipping cost and the mold manufacturing cost which is $ 2010.

5.4 Prime Cost:
Prime cost is the cost associated with the procurement of direct raw materials and the direct labor
cost in manufacturing process. For this manufacturing process, the raw material costs include copper
plates, copper powder particles and aluminum powder particles and the labor costs include the
manufacturing technician for manufacturing of functionally-graded wick structures, and the labor for
soldering and finishing processes.
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5.4.1 Cost of Direct Raw Material:
The raw material costs are based on company quotes provided during the time of this study.

a) Copper Powder Specifications:
•

Company Name - CuLox Powders and Products

•

Particle Size – 60 to 80 mesh (177 to 250 microns)

•

Price (per kg) - $ 250

•

Shipping/Handling Cost - $ 35

b) Aluminum Powder Specifications:
•

Company Name - Atlantic Equipment Engineers

•

Particle Size – 50 to 100 mesh (149 to 297 microns)

•

Prince (per pound) - $16.25

•

Shipping/Handling Cost - $43

c) Copper Plate Specifications:
•

Company Name – McMaster-Carr

•

Material – Copper 110 Alloy

•

Price (per foot) including taxes - $3.62

•

Shipping/Handling Cost - $ 31.00 (for a 6-feet-long copper plate)

5.4.2 Cost of Direct Labor:
The labor costs are considered based on employment salaries in the state of Kansas, USA.
a) Manufacturing Technician Salary – approximately $37,000 per annum [43]
b) Electronics Technician Salary – approximately $36,000 per annum [44]
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5.4.3 Total Prime Cost:
The total prime cost is calculated for manufacturing of a single heat pipe including all the expenses
in labor and procurement of raw materials which is as follows:
•

The hybrid mold can manufacture 4 samples at a time and to manufacture 6 layers of wick
structures, the hot-press manufacturing process must be done twice which is 4 hours
considering 2 hours as manufacturing time

•

The manufacturing technician works on the preparation of next set of multi-layered wick
structures while the current one is in the hot-press to mitigate the 15 minutes preparation time

•

While manufacturing the multi-layered wick structures, the electronic technician works on
soldering and surface finishing the previously manufactured wick structures to produce a heat
pipe

From the above information, we have

Total time to manufacture 4 heat pipes

= 4 hours

Total labor cost for 4 hours

=

(37000 + 36000)⁄
2080 ∗ 4

= $ 140.38
Total labor cost for manufacturing of 1 heat pipe

= $ 35.10

Raw material of copper powder particles needed

= 7.2 grams for 1 heat pipe

Cost of copper powder particles

= 285 ∗ 7.2 ∗ 10−3
= $ 2.05

Raw material of aluminum powder particles needed = 2.2 grams for 1 heat pipe
= 59.25 ∗ 2.2 ∗ 10−3

Cost of aluminum powder particles

= $ 0.13
Raw material of copper plates needed

= 16 inches in length for 1 heat pipe

Cost of copper plates

= 8.79⁄12 ∗ 16
= $ 11.72

Total Prime Cost

= $ 49.00
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5.5 Total Cost:
Based on the assumptions, the factory cost, and the office and administration costs are neglected
which brings the total cost to just the prime cost along with the profit percentage. For this cost
analysis, the investment costs are not included in the total cost.

Total Cost to Manufacture 1 heat pipe

= Total Prime Cost + Profit Percentage
= 49 + 50% of 49
= $ 73.50

Effective Manufacturing time of 1 heat pipe

= 1 hour

The total manufacturing cost of the heat pipe is $ 49 and selling price of a heat pipe will be $ 73.50
where, $ 24.50 is the profit with a 50% margin. The investment cost could be recuperated after
selling 83 heat pipes.
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CHAPTER VI
CONCLUSION AND SCOPE FOR FUTURE WORK
6.1 Conclusions:
The novel multi-layered functionally-graded copper/aluminum wick structure was manufactured
successfully by developing a specific mold to facilitate the manufacturing process and was studied
for its porosity and its wicking ability. A mold to facilitate the fabrication of wick structures was
developed to suit the extreme environment condition due to the hot-press manufacturing process.
After developing multiple molds, the hybrid mold was chosen as satisfied all the design conditions
for a mold to be used in hot-press as well as overcame the limitations of other molds.

The hot-press manufacturing parameters includes temperature, pressure and time from which
temperature was set at 200 °C and pressure was set at 1.379 MPa (200 psi) which were the maximum
operable condition hot-press as sintering requires high pressure and temperature. The manufacturing
time was varied to develop the best functionally-graded copper/aluminum wick structures which
was evaluated by determining its wicking ability.

Wicking ability is determined by estimating the porosity and permeability of the manufactured wick
structures. Porosity and permeability of a wick structure is evaluated experimentally by performing
porosity and rate of rise tests. The porosity and the permeability were the highest in the 2-hours
samples which was 40.00% and 7.2536 x 10-12 m2, respectively. The rate of rise test predicts a
consistent wicking ability in the 2-hours samples which leads to a conclusion that additively
manufacturing wick structures by keeping manufacturing time of two hours leads to development
of good wick structures.
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The wicking ability of hot-pressed wick structures is only one-tenth the value of furnace sintered
copper wick structures [9]. The major factors which might have led to the decrease in the
performance of the wicking ability are the change in shape of the particles due to compression while
manufacturing and oxidation of copper particles.

Multi-layered wick structures consisting of deformed spherical particles results in unpredictable
capillary and thermal performance of a heat pipe due to change in the surface area but unless the
particles are completely flattened which leads to formation of fused solid, the capillary and thermal
performance decreases as there is reduction in surface area. The mold is designed to have zero
tolerance after thermal expansion and while pressure and heat is applied simultaneously, the particles
either move, deform or a combination of both to relieve the thermal and mechanical stresses caused
due to hot-pressing. This deformation of particles is seen more on the particles in contact with the
mold or the substrate where the stresses are maximum due to point contact. As time progresses, the
particles close to the mold or the substrate flatten out to have surface contact which relieves the
stresses to a certain extent. These flattened surfaces may attribute to decrease in the capillary
performance as it reduces the effective pore radius. Further analysis could be conducted to analyze
the decrease in the capillary performance.

Oxidation of copper particles causes formation of an oxide layer of copper which decreases the
effective pore radius due to increase in the particle size. As effective pore radius is directly
proportional to permeability, this leads to the decrease in the permeability of the functionally-graded
wick structures. The contact angle of oxides of copper are also lower than copper with acetone, which
affects the capillary performance of the functionally-graded wick structures [45].
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6.2 Scope for Future Work:
The hot-press manufacturing process to develop functionally-graded copper/aluminum wick
structures was optimized based on time for a specific geometry keeping the temperature and pressure
as constant. Based on the hot-press manufacturing process, there are potential areas of research that
could be explored:
•

Analysis of decrease in capillary performance in functionally-graded multi-layered wick
structures

•

Hot-press manufacturing process could be analyzed by increasing the temperature and
pressure

•

The hot-press manufacturing process could be simulated in a finite element analysis software
such as Flow-3DTM to understand more about hot-press sintering process

•

This manufacturing process parameters could also be used develop FGMs with materials that
have similar properties to copper and aluminum

•

The manufactured samples could further be studied for conditions of failure

This would enable the hot-press manufacturing process to be much more flexible when it comes to
manufacturing of functionally-graded wick structures.
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