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The growing demands of electrification are driving research into new electronic materials. These
electronic materials must have high electrical conductivity, withstand harsh environments and high
temperatures and demonstrate reliable solutions as part of complete electronic packaging solutions.
This dissertation focuses on characterizing the initial stage of the manufacturing process of
Transient Liquid Phase Sinter (TLPS) alloys in a paste form as candidates for Pb-free high-
temperature and high-power electronic materials.
The main objective of this dissertation work is to investigate the factors and decouple the multiple
cross effects occurring during the first stage of TLPS processing in order to improve the
understanding of material evolution. The work proposes, develops, and conducts in-situ electrical
resistivity tests to directly measure material properties and analyze the dynamics at different stages
of the material's evolution. The research explores various factors, including alloying elements,

organic binders, and heating rates, to understand their effects on the development of electrical

performance in electronic materials. More specifically, the work examines the performance of Ag-



In, Ag-Sn and Cu-Sn TLPS paste systems. Additionally, packing density and changes in cross-
section are investigated using imaging techniques and image processing to gain insights into the
early formation of the material's structural backbone. An Arrhenius relationship together with
Linear Mixed Models (LMM) techniques are used to extract the activation energies involved with
each of the processing stages. The study then develops procedures to model different states of the
TLPS microstructures at different heating stages based on experimentally observed data. Using
these models, the study uses Finite Element Method (FEM) analysis to verify the experimental
results and gain a better understanding and visualization into the involved mechanisms. This
investigation not only sheds light on the material's behavior but also has implications for robust

additive manufacturing (AM) applications.
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1 INTRODUCTION AND MOTIVATION

The electrification of various industries has become imperative due to the rising
demand, stricter regulations, and global focus on renewable energy and
decarbonization solutions [1]. Simultaneously, the classical perspective of Moore's
Law based on geometrical scaling is nearing its limits in the field of electronics [2].
Figure 1-1 illustrates the progression towards the limit of Moore's Law, with Si-based
transistors reaching a feature size of 3nm, which is approximately equivalent to the size
of ten atoms. At such small feature sizes, physical constraints like quantum effects
come into play [3]. Moreover, as shown in Figure 1-2, the cost associated with reducing
the size of transistors is exponentially increasing. In order to address these challenges
and enable further advancements, innovative approaches are being actively

investigated.
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Figure 1-1: shows the decrease in the size of transistors over the years 1987 to 2022. The
size of the transistors has decreased from single digit micrometers in the early nineties,
to single digit nanometers in the recent years [4].
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Figure 1-2: Design costs breakdown vs. transistor’s size [5].

These approaches include the identification of new physical state variables to
enhance information processing and computational performance [6], the investigation
of alternative computing architectures and software optimization [7], the development
of innovative algorithms [8], the implementation of advanced and high-precision
manufacturing methods [9], and the exploration, development, and integration of new
materials [10,11]. Wide Band Gap (WBG) semiconductors such as GaN and SiC show
promising potential for the continuous evolution of the electronics industry,
particularly in the domains of power electronics and harsh environment
applications [12]. WBG semiconductors offer numerous advantages over Si-based
semiconductors. These advantages include higher operating voltages and frequencies,
elevated operating temperatures, increased blocking voltages, reduced parasitic

resistances, and enhanced power density capabilities [13]. Figure 1-3 provides a



graphical representation that compares the performance of Si-based semiconductors

with that of WBG semiconductors.
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Figure 1-3: Comparison between Si, SiC, and GaN semiconductors in key performance
characteristics [14].

As shown in Figure 1-3, SiC and GaN exhibit significant performance
advantages over Si-based semiconductors in various aspects. SiC-based
semiconductors possess improved thermal conductivity, resulting in reduced cooling
requirements for high-power density applications. Furthermore, the higher melting
points of WBG materials, compared to Si-based semiconductors, enhance the overall

reliability of systems operating at high temperatures and power densities. The WBG
3



semiconductors' high saturation electron velocity is advantageous for high switching
applications. In combination with higher breakdown voltages, lower on-resistance, and
reduced leakage currents, WBG semiconductors vastly outperform conventional Si-
based semiconductors [15]. For metal oxide semiconductor field effect transistor
(MOSFET), the on-resistance losses depend on the relative permeability ¢, and the
breakdown electrical field E., and increasing E. as shown in Figure 1-3 translates to

lower on-resistance as shown in eq. 1.1:

& E, 1.1
Unlike microelectronics and regular electronics which are designed to carry
information and commands through digital signals, power electronics are designed to
convert, transfer, and manipulate electrical power. In the United States for example,
the integration of WBG into the power electronics industry has the potential to
significantly reduce €0, emissions with estimates of up to 65.3 million-tons by
2025 [16]. In general, the best applications for SiC and GaN today are applications that
require weight reduction, fast response times, high robustness, high temperature, and
high magnetic field [17]. Some power electronics applications that are increasingly
adopting the use of WBG are:
e Photovoltaics: WBG circuits enable operations at higher voltages, simplifying
the circuits, enabling DC systems with fewer DC/DC converters, and

potentially eliminating the need for on-site AC transmission lines [18].



Wind Energy: figure 1-4 shows a common use of power electronics convertors
in wind turbine circuit design as a way of providing better control of variable
output of the wind turbine. Implementing WBG semiconductors in these
regulation devices can help reduce their size, increase their reliability, and
improve the overall performance [19].

Power Distribution: power distribution in smart grids together with WBG
semiconductors improve the efficiency, reliability, and performance of the
ever-growing electrical demands of urbanization. The implementation of WBG
semiconductors in smart grids and power distribution improves grid
stabilization during peak demands and due to irregular fluctuations of
renewable energy sources. In addition, the implementation of WBG
semiconductors in smart grids and power distribution solutions contributes to
higher grid efficiency, and energy saving can be achieved due to more efficient

power conversions and reduced power losses [20].
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Figure 1-4: Variable-speed wind turbine with partial-scale power converter and
Double-fed induction generator [19].



Electric and hybrid automotive: electric and hybrid automotive applications
can benefit from WBG semiconductors implementation in multiple systems
such as the motor drive, onboard convertors, and charges. The improvement is
manifested by potential improvement of systems size which is linked to reduce
volume and mass to up 46%, 76%, and 53% for the motor drive, onboard
converters, and chargers respectively. For the same systems, the improvement
in power densities in kW/Liter increase by hundreds of percent [21].

Electric and hybrid aircrafts: in the context of aircraft, particularly during the
takeoff phase as shown in Figure 1-5, extreme mission profiles necessitate
enhanced power and efficiency characteristics, as well as reduced weight and
size of electronic systems. WBG semiconductors have emerged as crucial
components for achieving these objectives. The implementation of WBG
semiconductors in aircraft electronics facilitates the transition towards electric
and hybrid aircraft, owing to their improved power capabilities, higher
efficiency, and compact form factor [22,23].

Uninterrupted power supplies (UPSs) and Data Centers: UPS systems are
essential for modern high-power regulation and use of batteries. The use of
batteries that are connected to the grid require power conversion solutions with
minimal losses. SIC-MOSFET offer solutions with efficiency levels of up to
98% and improved power densities for UPS applications [24]. The use of UPS

is common in data center applications, as well as in multiple voltage converters.



With 13% of the world’s total electricity demand by 2030, the improved

efficiency and performance in data centers is highly important [25].
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Figure 1-5: Common mission profile of aircraft. Majority of power demand is during
the lift-off operation [26].

e Consumer electronics: consumer electronics can greatly benefit from the
implementation of WBG semiconductors with advantages such as faster
charging rates, better performance for high computing applications, and higher

power for LED lighting applications [27].

Figure 1-6 shows some of the applications discussed above that benefit and

require the increased demand for power electronics.

1.1 Challenges in Integrating WBG Semiconductors Materials and Reliability

Concerns

Despite the apparent advantages of WBG semiconductor materials, the
comprehensive integration of these materials presents significant challenges. These

challenges encompass the need to enhance standardization, promoting collaborations
7



among diverse research and development disciplines [28], and address the demand for
advanced interconnect materials [29]. Moreover, successful implementation of WBG
semiconductor materials requires interconnect and attach materials capable of
withstanding extreme conditions. These conditions include temperatures surpassing
300 °C, severe mechanical and vibrational stresses, as well as corrosive and humid

environments [23,30-32].
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Figure 1-6: Different applications for power electronics, and their respective voltage
and power demands [33].

Additionally, these materials must adhere to stringent thermomechanical and chemical
requirements while avoiding the use of Pb-based products, aligning with the growing
environmental consciousness and updated regulations such as the Restriction of

Hazardous Substances (RoHS) directive [34].
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As mention above, the natural size limit and growing costs to decrease the
transistors’ size, push the industry to find new solutions to keep the demand of more
powerful and fast electronics. Among these solutions, the industry is looking to
transition from 2D Integrated Circuit (IC) architectures, to 3D IC and general circuit
architectures. The transition to 3D electronics requires the ability to pack multiple chips
on top of each other. These chips must be able to communicate between themselves
and with the rest of the electronic circuit. The vertical connections that connect these
stacked chips and other electronic components, are responsible for mechanical support,
electrical current paths, and heat exchange [35]. These currents are responsible for the
joule heating effect. The effect grows with a squared factor of the electrical current as
shown ineg. 1.2:

P=1I?R 12

Where P is power in joules per second, | is the electrical applied current in
amperes, and R is the resistance to current flow in ohms. For most conducting materials,
the rise of temperature due to the joule heating effect, will inevitably cause a parasitic
effect of increased resistivity of the conductor material. The resistivity of the conductor,
p, is an intrinsic property of the conductor material which linearly increases in
proportion to the increased temperature. The need to dissipate large amounts of power
and heat, and the reduced size of the electronics, leads to situations where solder bumps
can experience temperature gradients of 1000°C/cm [36]. These extremely high

temperature gradients are enough to generate significant thermomigration effect across



the solder joints and interconnects to pose a reliability concern to the industry. The
joule heating effect is also responsible for several other reliability concerns such as
accelerated formation of brittle Intermetallic Compounds (IMC), acceleration of the

electromigration effect, and stress gradients across the solder joints.

1.2 High-Temperature Pb-free Electronic Interconnects Materials

The transition from Pb-based solder to Pb-free solders poses an ongoing
challenge in applications requiring high operating temperatures. Concerns about the
reliability of Pb-free solder and interconnect materials have led some applications to
continue utilizing Pb-based solders with high lead content [37,38]. In the pursuit of Pb-
free alternatives, compositions for high-temperature interconnect and attach materials
(Toperation > 350 °C) often incorporate elements such as Cu, Ag, Au, Sn, Ni, In, Zn,
Al, and Ge. As shown in Figure 1-1Figure 1-7, among these candidates, sintered Ag,
sintered Cu, Ag-based materials, and Transient Liquid Phase Sinter (TLPS) exhibit the
highest operational temperature capabilities [39-41].

The materials available for electronic interconnect and attach application are
usually split between solder and sintered materials. As shown in Figure 1-8, the
fundamental difference between solders and sintered materials is that solders
experience full melting during its processing, while sintered materials never cross their
corresponding melting temperature. Solders and sintered interconnect materials must
have high thermal and electrical conductivities. To avoid excessive creep, and creep-

fatigue, which is known to be the main failure mode in electronics [42,43], the
10



operational temperature of the solder and sintered materials must not exceed 80% of

their melting temperatures.
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Figure 1-7: High-temperature Pb-free and Pb-based solders for different range of
operational temperatures, and their corresponding applicational use [39].

One of the main reliability concerns of solder and sintered interconnect
materials is voiding, which are usually originating during the processing stage [44-47].
The voids are a source for stress concentration which combined with the brittle nature
of most of the solders and sintered materials can initiate and exacerbate crack
formations. Thus, multiple efforts are invested in designing novel temperature

profiles [48,49], unique processing atmospheres such as inert and vacuum
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atmospheres, advanced manufacturing methods that utilize lasers [50], ultrasonic
equipment [51-53], flash-sintering [54], and field assisted sintering [55]. Because void
generation is usually due to the presence of flux and organic binders, the use of reducing
atmospheres, inert atmospheres, and vacuum-assisted solutions are sued. Figure 1-9
shows the advantages of using controlled atmospheres when processing electronic
materials. However, due to complexity, hazardous molecules and elements, cost,
energy demanding, and processing-time, it is desirable to find solutions that simplify

the solder and sintered materials processing.
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Figure 1-8: Main difference between soldering and sintering processing [56].

*by diffusion

Wetting performance of solder is another important factor to consider to achieve
good attachment strength, formation control of IMC [57], and diffusion facilitation in
the case of diffusion-based interconnect materials. Sn is a popular element in solder
and electronic materials design as it offers the ability to improve the ductility and the
wetting of the joint [58].
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Figure 1-9: Effect of inert and vacuum-assisted atmospheres on shear strength of
different solder alloys and compositions [59].

The homologous temperature is defined as follows:

_ Toperation
Thomologous - T 1.3
melting

FOr Thomotogous™>0-4 there is a significant concern of creep phenomena in which
the solder experiences mechanical relaxation and irreversible excessive deformations.
These deformations are transferred to other parts of the electronic systems. At relatively
low homologous temperatures the dominant creep mechanisms are dislocation creep,
in which the material experiences plastic deformation through movement of
dislocations in the crystal structure. This form of creep mechanisms is usually hindered
by grain boundaries, or precipitation of foreign particles. At higher homologous

temperatures the hindered dislocations can overcome the blocking elements by means
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of changing the slip planes, detachments, and climbing above the crystal obstacles [60].
In such operational thermal conditions, pure-sintered Ag and Cu, as well as the TLPS
system excel as their melting point can reach above 450°C [61,62] as shown in

Table 1-1.

Table 1-1: Pb-free electronic materials and their relevant properties.

Electronic Melting Electrical Reliability and Processin
Material / Temperature ! Resistivity2  Cost 3 Conysiderations g
Solder [°cj [u — cm]
Au 1064 221 High -
Ag 962 1.63 High -
Cu 1083 1.72 Low -
Sn 232 12.4 Low -
In 157 8.37 Moderate -
Pb 327 21.8 Low -
Bi 271 129 Low -
PUHBEEED >280 High  IMC Embrittlement [63]
solders
Sintered Ag 962 2.8 High Oxidation, Electromigration,

Use of nanoparticles [64,65]
Requires low ppm of 0,
during processing [66] and
Sintered Cu 1083 6.81 Low other invert/reducing
atmospheres, Use of
nanoparticles

Sn-based IMC growth, Brittle

solders 221-221 10-16 Low  tormation of IMC [67—69]
Pb-based 183 14-16 Low Contains Pb, Low melting
solders temperature

Low- Brittle IMC phases, Long
TLP systems >415 >11 High and complex

processing [70,71]

L [72] [73] [74] [75]
2 [72]1[73][75] [76] [77] [78]
3 Normalized to Silver [USD/kg]: Low<.25, .25<Moderate<.75, High>.75 [79]
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1.3 Robust Additive Manufacturing Solutions

Recent advancements in Additive Manufacturing (AM) technologies offer
potential solutions to overcome some of the manufacturing and design challenges faced
by the power electronic and electronic industries. AM enables the production of
complex geometries that can accommodate various design requirements, including
enhanced cooling configurations, embedded electronics in multi-material assemblies,
and electromagnetic-optimized designs for radio frequency (RF) applications, among
others [80-83]. In particular, robust AM becomes a viable method for overcoming
manufacturing limitations in certain applications, such as far field manufacturing where
costly and complex machinery is scarce, and controlled environments are
inaccessible [84]. However, one of the main tradeoffs associated with implementing
and fully integrating AM into the industrial landscape is the inherent limitation in
production time and volume [85]. Consequently, there is a pressing need for faster
manufacturing times in open atmospheres without the requirement of complex
manufacturing equipment, which serves as a primary motivation for this thesis work.

The available AM methods are diverse and use different technologies such as
lasers, light-sensitive materials, and direct printing. The known and popular AM
methods are discussed below:

e Stereolithography (SLA): SLA utilizes a vat of liquid light-reactive thermoset
resin that is cured layer by layer using an ultraviolet (UV) laser or light

projector. This process results in high-resolution parts with excellent surface
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finish. SLA is often used for creating intricate and detailed models [86,87].
While SLA is predominantly used for polymers, researchers have also explored
the feasibility of incorporating heavily metal-reinforced polymer
suspensions [88]. This investigation was using a three-stage processing
approach in which a green part of heavily metal-reinforced polymer suspension
was photo-fabricated by light exposure, followed by debinding and sintering
stages to eliminate the residual resin residue and achieve the final metal part.
Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF):
FDM/FFF is one of the most common and accessible AM methods. It involves
extruding a thermoplastic filament through a heated nozzle, layer by layer, to
create the final object. It is particularly suitable for rapid prototyping and can
accommodate various geometries and material options [89,90]. FDM and FFF
are part of the Extrusion-based manufacturing (EAM) and some research was
attempted to use FDM for 3D metal printing by mixing metal power and binders
to form printable feedstock and filament [91].

Semi-Solid Metal Extrusion and Deposition (SSMED): While FDM/FFF are
mostly restricted to polymers, SSMED is working on the same working
principle of FDM/FFF, but using semi-solid metal to facilitate the extrusion
process. SSMED was shown to successfully 3D AM Sn-Pb alloy with

controlled microstructure [92].
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Selective Laser Sintering (SLS) or Selective Laser Melting (SLM): SLS and
SLM employ a high-power laser beam to selectively fuse and melt powdered
materials, such as plastics, metals, or ceramics, layer by layer. The unused
powder acts as support during printing, allowing for complex geometries and
the creation of functional end-use parts. The flexibility in adjusting various
processing parameters, such as laser power, hatching space (spacing between
adjacent scanning lines), scan velocity, scanning strategy, powder selection,
chemical composition, and atmospheric control, grants these methods precise
control over microstructure design, including grain orientation, porosity levels,
and phase compositions. Furthermore, these parameters also enable the tuning
of bulk properties such as mechanical and electrical properties [93]. Numerical
simulations play a crucial role in predicting the resulting micro and bulk
structure, as well as the behavior of melt pools and locally heating effects in
SLS and SLM [94]. For instance, Figure 1-10 illustrates the simulated effects
of different scanning speeds (in mm/s) and applied laser power on the porosity
levels of Cu nanoparticles (NP) [95]. The findings reveal that higher laser
power and slower scanning velocities lead to lower porosity levels, offering
valuable insights for optimizing the manufacturing process. When SLS and
SLM are employed with metal powder, careful consideration must be given to
selecting compatible lasers and metal powder, ensuring efficient power

absorption characteristics [96]. This compatibility is essential to achieve precise
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and successful metal 3D printing, facilitating the production of high-quality

components for a wide range of industrial applications.
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Figure 1-10: simulated SLS process that shows the porosity level (high=blue, red=low)
as a function of laser power [W] and scan peed [mm/s]. The simulation shows that lower
scanning speeds with higher applied power results in lower porosities levels [95].

In general, SLS and SLM stand out as two promising methods for metal
AM. These methods do not necessarily rely on the use of organic binders;
however, they do present certain challenges related to robust AM. One notable
challenge is the requirement for complex, large, and expensive equipment
capable of handling and processing loose powder materials. The handling of
loose powder can introduce additional complexities during the printing process,

potentially leading to higher manufacturing costs and increased setup times.
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Therefore, addressing these equipment-related issues becomes crucial in
achieving efficient and cost-effective metal AM using SLS and SLM
techniques.

Electron Beam Melting (EBM): EBM is a metal AM process similar to SLM
that uses an electron beam instead of the laser beam to selectively melt metal
powder, layer by layer. It is particularly suitable for producing high-quality,
fully dense metal parts used in aerospace and medical However, EBM AM is
considered a more complex and expensive technique compared to SLM. One of
the primary reasons for this complexity is the necessity to maintain the metal
powder at high temperatures throughout the processing, leading to additional
challenges and longer curing times [97]. Consequently, EBM AM is not
typically employed for fabricating electronic materials; instead, it finds
widespread use in processing titanium and steel alloys, where it demonstrates
exceptional performance and material properties [98].

Binder Jetting: This method is similar to SLS, SLM, and EBM which involves
powder material, but unlike these methods, binder jetting depositing a liquid
binding agent selectively onto layers of the powder material, such as metals,
ceramics, or sand, to bind them together and form the desired object [99]. While
binder jetting is highly used for metal AM, it is yet to be shown a promising
potential for AM of electronic materials due to its relatively complex equipment

involved [100].
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e Direct Ink Writing (DIW): DIW is a 3D printing technique that involves the
extrusion of a paste-like ink through a nozzle, allowing precise deposition of
material in a layer-by-layer fashion. The ink is typically composed of a mixture
of functional materials (such as polymers, ceramics, or metals) combined with
a liquid medium, which provides the necessary viscosity for extrusion. DIW
enables the fabrication of complex structures with fine control over material
placement, making it suitable for various applications, including soft robotics,
tissue engineering, optical devices, functional materials, and advanced
electronic devices [101]. Figure 1-11 showcases the three primary DIW
material extrusion methods: the screw-driven (Archimedes screw) method, the

mechanical piston-driven method, and the pneumatic-based method.

Screw-driven dispensing Piston-driven dispensing Pneumatic dispensing

Motor
Compressed air

Anger screw
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Figure 1-11: the three main DIW material extrusion methods [102].

DIW stands out as a relatively straightforward method with a wide array
of matured printers and equipment solutions for AM. While powder-bed

methods often yield exceptional material properties, DIW offers a distinct
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advantage in fabricating multi-material structures. This advantage stems from
its ease of stacking multiple syringes and extrusion devices containing different
materials, enabling their seamless utilization either sequentially or in parallel.
This unique capability empowers DIW to produce complex and functional
designs, integrating diverse materials in a single fabrication process, a feat that
may be challenging for other AM techniques [103,104]. However, unlike the
self-support of powder bed methods, DIW usually require some sort of support

structure, that can later be removed during the post-processing process [105].

1.3.1 AM of Electronics Materials and Electronic Devices

Among the discussed additive manufacturing (AM) methods, SLS, SLM, and
DIW stand out as the most promising techniques for manufacturing electronic
components. Their versatility lies in their capability to work with a vast variety of
materials, handle different temperatures, and accommodate diverse post-processing
techniques. Unlike the challenge of AM to manufacture large-scale parts [106],
electronics production demands micro-scale and nano-scale precision and capabilities.

To address these stringent requirements, significant efforts have been directed
towards developing micro-scale capabilities for manufacturing electronic materials
using SLS and SLM technologies [107-109]. The inherent small spot size of the laser
beam in these methods allows for fine feature resolution and intricate electronic
component fabrication. Additionally, as shown in Figure 1-12, numerous studies have

explored the application of AM in producing conductive traces on various substrates,
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including flexible substrates [110], wusing different inks[111], pastes and

materials [112-114].

Figure 1-12: Use of SLS to manufacture conductive traces using Cu nanoparticles [110].

Numerous studies have explored the integration of interconnect materials with
additive manufacturing (AM), particularly for applications in harsh environments.
These investigations demonstrated the successful printing of conductive Ag and Cu
inks onto poly-ether-ether-ketone (PEEK) substrates, which were then subjected to
rigorous tests, including wire pull and drop-shock tests, highlighting their robustness
and reliability [115]. Furthermore, other notable research endeavors showcased
varying integration levels of AM for electronic devices, featuring conductive traces

capable of operating at high temperatures exceeding 285°C [116].
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2 TRANSIENT LIQUID PHASE SINTER (TLPS)

Among the potential solutions for material selection, TLPS emerges as a
promising candidate for interconnects and die attach materials. TLPS is a metallurgical
process that involves controlled melting and subsequent solidification of a transient
liquid phase. This process is utilized to achieve desired material properties, including
enhanced creep resistance, high electrical and thermal conductivities, and corrosion
resistance. During TLPS, various IMC phases or solid solutions are formed, leading to
a thermodynamically stable material structure. One distinctive feature of TLPS
materials is their ability to be processed at relatively low temperatures (<350 °C), while

offering high operational temperatures exceeding 800 °C [117].
2.1 Working Principles of TLPS

2.1.1 Eutectic Binary Metal System

In basic solders, two metal constituents, A and B, are commonly alloyed
together. The behavior of these solder alloys can be understood through a binary phase
diagram, as shown in Figure 2-1.a, which represents a generic eutectic system. The
phase diagram illustrates the relationship between the composition of the alloy and its
temperature. The eutectic system is of particular interest in solder alloy design due to
its unique characteristic, which allows for efficient melting at lower processing
temperatures. The eutectic composition, denoted as Cgytectic 1S the point at which the

alloy has the lowest melting temperature, Tgyrectic- At this specific composition, the
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phases a and B coexist in equilibrium during solidification and melting. Consequently,
the solder alloy exhibits a sharp melting and solidification point at Tz, ectic-

T, and Ty indicate the melting points of the pure metal constituents A and B,
respectively. Phases a and S in the diagram are referred to as solid solution phases.
Below the eutectic temperature Tgyrectic, these phases have their corresponding solvus
limits. The solvus limits represent the maximum solubility of one constituent in the
crystal lattice of the other. In other words, it defines the composition range within
which the phases a and B can coexist as individual solid solutions. If the alloy
composition falls within the solvus limits, the microstructure will consist of either
phase « or phase [, depending on the composition. However, when the alloy
composition lies outside the solvus limits, any addition of opposing constituent
particles will lead to a change in the microstructure, resulting in a mixed phase region
denoted as a + .

During solidification, as the temperature decreases, the alloy will pass through
various phase regions on the phase diagram, leading to the formation of specific and
mixed microstructures. As shown in Figure 2-1.b, the liquidus line represents the
boundary between the liquid phase and the mixed solid and liquid phase regions a + L
and 8 + L, indicating the temperature T;;4y,;4ys at Which solidification begins during
cooling. On the other hand, the solidus line represents the boundary between the solid
solution phases a and 8, and the mixed regions a + L and S + L, indicating the
temperature at which solidification is complete during cooling.
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Figure 2-1: Generic binary phase diagram with pure elements A and B (a). Indication of
key temperatures (b).

Eutectic solders have the advantage of a sharp melting point at the eutectic
composition, which allows for efficient processing at lower temperatures. However, in
high-temperature environments, this becomes a drawback as the solder may start to
melt or soften at temperatures much lower than those experienced in the application,

leading to potential failure or loss of mechanical integrity.

2.1.2  Stages of TLPS processing

To address the challenges of operating at high temperatures, TLPS binary
system will often feature a more distinct difference between the melting temperature of
the metal constituents A, and B as shown in Figure 2-2. Typically, constituent A is
referred to as the High Melting Point (HMP) element, while constituent B is identified
as the Low Melting Point (LMP) element. The distinct difference between the
constituents’ melting points allow to process the electronic material at the processing

temperature, Tp, without damaging the rest of circuit. Figure 2-2 shows a TLPS system
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Figure 2-2: Characteristic binary phase diagram of a eutectic TLPS system without
Cs.
The TLPS process is a diffusion-controlled moving interface boundary system
ich involves four main stages [118-120], illustrated in Figure 2-3.

wh

Heating Stage: Heating the components from room temperature to the LMP
metal melting temperature. Interdiffusion occurs between the LMP metal and
the HMP material, leading to changes in solute (LMP) concentration at the
HMP/LMP metal interface following the solvus line in the binary phase
diagram. This stage usually prompts the mixture to reach the eutectic point at

Cgutectic Where the metal melts more easily and rapidly.
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Dissolution Stage: Dissolution Stage: Subdivided into two sub-stages: 11-1 and
1-2.

I1-1: Temperature increases from the melting point to the process temperature
T, as shown in Figure 2-2, and solute concentrations at the solid/liquid
interfaces change with temperature according to the solidus and liquidus lines
in the binary phase diagram.

11-2: I1sothermal dissolution occurs at the bonding temperature. The liquid zone
width increases, and metallurgical phases («, 8, and liquid) are present. The
rate of isothermal dissolution of the HMP particles is influenced by factors such
as heating rate and the composition of the LMP metal. At the beginning, liquid
phase is inhomogeneous and in a state of super saturation with an average
concentration of LMP greater than the eutectic concentration Cgytectic- The
dissolution stage is lasting few seconds and it is controlled by liquid
interdiffusion coefficient D, [121]. The processes require additional time to
homogenized the liquid metal by dissolving additional HMP particles to dilute
the liquid before the start of the isothermal solidification.

Isothermal Solidification Stage: The liquid zone solidifies due to LMP
diffusion into the HMP metal at the processing temperature. LMP
concentrations at the solid/liquid interface remain unchanged during this stage.
The width of the liquid zone continuously decreases until the joint completely

solidifies. Isothermal solidification is considered the most important stage, as
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the time required for the entire TLP bonding process is largely determined by
the time needed for completion of isothermal solidification. The longer time to
complete this stage is due to the solid-state diffusion and is controlled by the
solid-interdiffusion coefficient Ds which is few orders of magnitudes greater
than D, . At this stage, the liquid is starting to lose LMP particles that diffuse in
to the solid HMP matrix, and the direction of diffusion is reversed, which lead
to the shrinkage of the liquid phase.

Homogenization Stage: Solid-state solute redistribution occurs, leading to
homogenization. The temperature for homogenization need not be the same as
used in Stages Il and I1l. The process is terminated when the maximum solute
concentration at the joint centerline reaches a preselected value. The successful
TLPS process requires that the completed resulted alloy has a chemical
composition located in the single-phase region of the binary equilibrium phase
diagram, and the process approaches this end point through solute or LMP
diffusion.

In contrast to the binary eutectic TLPS system illustrated in Figure 2-2 and

explained in Figure 2-3, where a homogenized solid solution phase is observed, most

TLPS systems exhibit the formation of IMCs due to specific chemical reactions,

leading to narrow homogeneity ranges. As illustrated in Figure 2-4, the IMC in the

system is denoted as HM PB,,LM P,, and possesses a melting temperature represented as

Tymp,, Lmp,- The formation of the HM B, LM P, phase arises from a chemical reaction
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occurring between the High Melting Point (HMP) and Low Melting Point (LMP)

phases, with a concentration denoted as Cyyp,, 1mp, and the ratio of ﬁ Similar to

the process observed in the solid-solution TLPS system, the process outlined in the
figure involves a gradual temperature increase from room temperature to above the
melting temperature of the solute atoms, T} ,,p. Upon reaching a temperature where the
LMP particles melt, they undergo diffusion and subsequently react with the HMP
particles, leading to the formation of the specific IMC phase, HMP,,LMP,. This
reaction continues until all of the molten metal is consumed or until no further HMP

particles are available to react with the molten metal. At this stage, the process reaches

equilibrium.
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|
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Figure 2-3: llustration of the four stages of the binary eutectic TLPS system without
formation of IMCs.
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Many binary metal systems have more than one IMC as shown in Figure 2-5.

The system in Figure 2-5 shows two IMCs HMP,LMP, and HMF,LMP, at
compositions Cypyp,_1mp, and Cump,LuMP, respectively. These two IMCs feature
respective melting temperatures at Typyp, 1 mp, and Tump,Lup,- DUE 10 their narrow

homogeneity range and high stability, these IMCs tend to be transition to one another
through a chemical reaction rather than interdiffusion and the coexistence of both

phases as the LM P composition is between Cyyp, 1mp, and Crmp,LMP,-

Tump
L
HMP + L
""""""""""""""" Tump,.LmP,
Q
-
I S G Tp
8 | T
£ HMP + P, Lmp, | AMPmLMPy, + L LMP
= I
= :
E : TEutectic
-~ |
| LMP+HMP,LMP, |
= |
= |
HMmP Cump,,LMP, Cpy LMP
(100%)
at.% LMP —

Figure 2-4: TLPS binary system without solubility limits, and one IMC phase
HMP,,LMP,,.
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Figure 2-5: TLPS binary system without solubility limits, and two IMC phases
HMP,,LMP,, and HMP ,LMP,.

2.2  Relevant TLPS Systems

Among the different TLPS systems, various binary systems have been explored,
each exhibiting unique characteristics and applications. Among the options of TLPS
systems, this work will primarily concentrate on the Cu-Sn, Ag-In, and Ag-Sn systems.
These systems have garnered significant attention due to their promising electrical and
thermal properties, rendering them well-suited for operation in harsh environments.
Furthermore, their reasonable price and availability make them attractive choices for a
variety of practical applications. Table 2-1 provides an overview of some of the IMCs

that are associated with these different TLPS systems.
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Table 2-1: Summery of main IMCs in different TLPS systems.

Interconnect materials Intermetallic phases Melting point (°C)
Au-Sn AusSn, AuSn, > 278
Au-In Auln, Auln, > 495
Cu-In Culn, Cuq1Ing > 307
Ag-5n € (AgsSn), T(AggsSns) > 600
Ag-In Ag,In, AgzIn > 880
Cu-Sn CugSns, CuzSn > 415

2.2.1  Cu-Sn System

The Cu-Sn system is one of the most extensively studied and utilized binary
metal systems, dating back to the Bronze Age (2000-700 BC [122], with Bronze
typically consists of a Cu to Sn ratio ranging from 88-12 to 96-4 [123]. Nowadays
however, the Cu-Sn system has gained remarkable popularity in the world of electronic
and packaging materials. This system has been extensively studied, primarily because
of the widespread adoption of the SAC305 (96.5% Sn, 3% Ag, 0.5% Cu) solder, which

serves as the primary alternative to Pb-based solders [124].
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Figure 2-6: Cu-Sn phase diagram [125].

The two main IMCs of the Cu-Sn systems are the CuzSns and the Cus;Sn which
are formed by the following chemical reaction:
6Cu + 55n = CugSnsg 2.1
3Cu + Sn - CuzSn 2.2
Based on these chemical reactions, when the Cu, as the HMP component,
comes into contact with molten Sn, the LMP component, CugSns is the first IMC phase
that forms. With sufficient heat or energy, along with existing chemical potential, the

Cu and Sn atoms will continue to diffuse through the CugSns crystal leading to the
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formation of the Cu;Sn IMC phase. Depending on the temperature, the formation of
the Cus;Sn will proceed until the molten Sn is completely consumed, followed by the
complete consumption of the CugsSns phase.

In fact, the chemical reaction and the formation of the Cu-Sn system can be
further analyzed based on specific reactions that take place at the interfaces themselves

as shown in Table 2-2.

Table 2-2: Summery of chemical interface reaction in Cu-Sn system [126].

Layer Interface Chemical Reaction
CuszSn Cu/CuzSn 3Cu + Sngipr = CuzSn
CusSn/CugSns interface CugSns + 9Cuq;rr = 5CuzSn
on the CusSn side CugSns = 3Sng;55 + 2CuszSn
CueSns  CusSn/CugSns interface 5CusSn = 9Cugiss + CugSns
on the CugSns side 2CuzSn + 3Sng;rr = CugSns
Solder /CugSng 55n 4+ 6Cug;rr > CugSns
During cooling L+ Cu3Sn - CugSng

As mentioned earlier, due to the chemical reaction that is involved in the
formation of the IMCs, the systems often show a sharp transition from one IMC phase
to another [127]. Such example of lack in interdiffusion between two IMCs and their
parent metal is shown in Figure 2-7. Figure shows X-ray line-scan of the Cu-Sn system

which features two favorable IMCs, CugzSns and CusSn.

34



10( y
—¥— Cu
Sn
S0t

60F

Cu3Sn Cu6Sn5 ’f S

n

40}

at.%
®
=

20¢

I
I
I
I
I
1
i

0 2 2
0 10 20 30 40
Distance (um)

Figure 2-7: Elemental X-ray readings of coupled Sn-Cu system with two resultant IMCs
(modified [128]).

The formation of Cu-Sn-Ni IMC during TLPS was visualized through in-situ
X-ray radiographic imaging, as presented in reference [129]. The paper shows the
dynamic nature of the transient process including the solidification of the solder
material, initiations and coalescence of micro-voids, and growth of IMC phases and
pores. Furthermore, the thermal characteristics of a paste-based Cu-Sn TLPS system
were investigated and discussed in [130]. The research demonstrated the practical
application of TLPS paste as an attaching material for power diodes and Direct Bond

Copper (DBC) substrates.
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2.2.2 Ag-In System

The phase diagram of the Ag-In eutectic binary system is shown in Figure 2-8.
The figure illustrates that Ag can up take up to 20 at. % In in its a-fcc solid-solution
phase and exhibits melting points in which the solidus temperature goes from 961.9°C
for pure Ag, down to 670 °C for the maximum uptake of indium in silver. The Ag;In-
bcc IMC is located at around 25 at. % with a peritectoid reaction of a +{ —
AgsIn upon cooling to 187°C [131]. The {-hcp phase has a narrow homogeneity range
at temperatures below 187°C with indium content between ~25-26%, which
increasingly widen above this temperature [132].

The solidus temperature for the ¢ phase goes from temperatures of 670°C down
to 205°C at ~43 at. % of indium. At room temperature and between 31-33 at. % indium,
AgeIn, IMC is formed [133]. At 33 at.% indium, the AgqyIn, transforms to the
vY(Ag,In) IMC phase [134]. The y phase transform back to ¢ at 312°C making it
another potential IMC for high temperature electronic applications. At 205°C the ¢
phase decomposes into mixture of y and liquid through metatectic reaction [135].
Agln, is the last IMC phase of the Ag-In system at 66.7 at. % indium. Between 66.7
at. % and less than 1 at. % of indium, the system is a mixture of indium and Agin,,

and at 96.7 at. % the system experiences a eutectic reaction at 144°C.
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Figure 2-8: Phase diagram of eutectic Ag-In system [136].
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According to [138], when pure Indium is available, there are two distinct
growth regimes of IMCs. The growth of Agin, is controlled by both diffusional
processes as well as interfacial reactions, leading to a mixed growth mode. The first,
faster, growth mode of Ag,In at room temperature indicates either at least partial
interface control of the reaction, or a relatively high contribution of grain-boundary
diffusion. The second, slower growth mode of Ag,In is diffusion-controlled and is
observed at temperatures below 100°C. An interdiffusion coefficient of D = 1.16 +
39x107* cm? s~ exp(—60.56 + 9.2 kf mol *R™1T~1) was derived from the
Ag,In IMC growth-constant data, suggesting rate control by interstitial diffusion in
Ag,In. During the second (slower) stage of Ag,In growth at room temperature and
during the growth of Ag,In at elevated temperatures, a parabolic growth of Ag,In
persists, which is compatible with diffusion-controlled growth.

The selection of Ag-In TLPS for this study was particularly intriguing due to
its exceptional potential previously shown as an electronic material [78,139]. The
interface of ¢ — fcc phase and Ag produces superior wettability results over the
interface of y and Ag due to smaller lattice mismatch, and the wettability of the molten
indium is significantly enhanced at temperatures above 300°C as shown in Figure
2-9 [137]. The introduction of 19 at.% In into the Ag-In system has been found to
enhance the ductility of silver, and increase the ultimate tensile strength of pure silver
by 3.3 fold [140]. Ag-In TLPS systems have also demonstrated remarkable reliability,

with die shear stress values exhibit a notable rise during isothermal aging at 300°C,
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reaching up to 59.9 MPa after 2000 hours [141]. In addition, the incorporation of
indium into silver alloys leads to a significant improvement in their anti-tarnishing
properties. The Ag-191n alloy exhibit a sulfurization reaction rate approximately 22.8
times slower than pure silver, contributing to enhanced tarnish resistance [142].
Addition of In to Ag-based joints for high temperature applications was also showed

improvement to oxidation resistance of the joints [143].

2.2.3  Ag-Sn System

The phase diagram of the Ag-Sn eutectic binary system is shown in Figure 2-10.
The composition of the a-fcc solid solution ranges from pure silver to about 12 at. %
Sn at room temperature with a solidus line that goes from 961.93°C down to 724°C at
~12 at. % Sn. At room temperature, Ag can dissolve up to 10 at. % Sn through
substitutional diffusion of Sn in Ag, whereas Sn has practically no solubility of Ag at
room temperature, and the diffusion mechanisms of Ag in Sn is interstitial [144]. The
crystal structure of the solid-solution is changing from face center cubic to hexagonal
close pack (hcp) at near 13 at. % Sn. The {-hcp (Ag,Sn) phase has a liquidous line that
goes from 724°C down to 480°C making it highly attractive phase for high temperature
applications [145]. Between 24-25 at. % Sn, and upon cooling the temperature below
480°C, the system goes from { + liquid = AgsSn. The Ag;Sn IMC phase has a
diffusion coefficient of 6.6e~6cm?2s~1 which is significantly larger compared to the
diffusion coefficient for substitutional Sn in Ag, as well as the interstitial Ag diffusion

in Sn, and therefore the IMC might develop even in room temperature conditions.
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When the nucleation sites of the {-hcp (Ag,Sn) and the Ag;Sn are at the interface of
the two metals, the chemical reactions that take place are as follows:
3Ag + Sn —> Ags;Sn 2.3
4Ag + Sn - Ag,Sn 2.4
With corresponding Gibbs free energy of —89.3kJmol™! and —113.3kJmol~!
at 150°C [146], which favors the formation of the { phase. In contrast, if the nucleation
is formed inside the Ag particles, where the Sn particles are diffused in the Ag lattice

as the solute atoms, the reaction will follow as follows:

10 2

?Ag + §Sn - Ag3Sn 2.5
40 5

?Ag+65n—>Ag4Sn 2.6

With corresponding Gibbs free energy of 41.79kJmol~! and —69.8k/mol™!
at 150°C, which also favors the formation of the ¢ phase. Last, when the nucleation of
the Ag-Sn IMCs originates inside the Sn-f phase, the change in Gibbs free energy can

be calculated based on the reactions as follows:

1 1

Ag +=z5n > -Ag;3Sn 2.7
3 3
1 1

Ag +ZSn—>ZAg4Sn 2.8

With corresponding Gibbs free energy of —20.8kJmol~! and —25.1kJmol™!

at 150°C, which in this case, favors the formation of the Ag;Sn IMC phase.
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Figure 2-10: Phase diagram of eutectic Ag-Sn system [147].

In both the binary metal systems, with the LMP maintained below 20 at.%, the
Ag phase effectively absorbs the LMP, forming a solid-solution matrix. Particularly in
the Ag-Sn system, at processing temperatures below 300 °C, the formation of the stable
AgsSn phase predominates. This specific phase exhibits a melting temperature of 480
°C[148] and possesses desirable thermal and mechanical properties [147,149].
Additionally, AgsSn demonstrates low electrical resistivity, reaching values as low as

11.42 ufQ) - cm when formed in sheet configuration [77].
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2.3 TLPSin aPaste Form

As discussed above, TLPS joints and interconnects are formed by a liquid-solid
type of sintering process that involves two metals, one with low melting point, and the
second with high melting point. During the sintering stage, the low melting point metal
melts and diffuses into the solid-state high melting point metal. There are two main
methods in which this process happens, either by pressing the two or more layers of
metal against each other, or by mixing the two metal powders and binding them

together to form a paste. Both methods are shown in Figure 2-11.

ARk e v
. .C -S‘ ; Wl 7 . s0pm
B CGu:Snh. o
- Cu-leadframe

Figure 2-11: Formation of TLPS die attach in a paste configuration (top) [150], and
sheet configuration (bottom) [151].

The kinetics of the diffusion reactions in the sheet method are relatively slow

due to the small surface to volume ratio [152]. The small surface to volume ratio
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effectively decreases the potential energy that helps drive the sintering process [153].
On the other hand, the paste method introduces the use of micrometer and nanometer
sized particles to increase the surface to volume ratio, and thereby supply more driving
force to the sintering process [154] An equation that summarizes the influence of the
multiple factors that governs the driving force of the sintering process can be written
as [155]:
DF = Py +vsyK 29
Where P, is the applied pressure, ¢ is the stress intensification factor, yg, Is
the surface energy, and K is 1/r where r is the particles radius. In addition, the paste can
be screen printed or syringe printed on the substrate and can accommodate surface
roughness. In the paste form, when the low melting temperature metal melts, the liquid
phase coats the solid-state particles and contributes to the densification process through
van der Waals and capillary forces [156]. During TLPS sintering, the diffusion process
happens at the solid-liquid interfaces. The aim of the TLPS material is to achieve an
intermetallic phase that has high melting temperature. Based on a phase diagram of a
given metal system, the goal-ratio of the two metals can be determined.
In a paste form, the powders require a binder in the form of flux. The flux has
two main goals: First, the organic flux serves as a binder to the powders to form a pasty

mixture. Second, the organic flux carries acids that react to remove metal oxides when

the temperature rises and the organic binder evaporates, thus exposing fresh surface on
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the solid powder and reducing dross in the liquid, promoting intermetallic

diffusion [157].

2.3.1 Organic Binders

While TLPS solutions can be implemented through metal-sheet bonding,
integrating them with AM requires the utilization of printable materials. A vital step in
the integration process involves combining metal powder with organic binders (flux)
to form a printable paste-like material. Dispensing this paste efficiently using syringes
while preserving its structural integrity until the application of heat is crucial to
facilitate the integration of TLPS materials into diverse AM applications.

The organic binders are complex organic systems composed of various
ingredients such as activators, vehicles, solvents, and other additives [158]. Activators
play a crucial role in facilitating the removal of metal oxides from surfaces, and their
effectiveness increases with temperature. Vehicles, which can be solids or non-volatile
liquids, form a coating on the surfaces of HMP materials. These vehicles dissolve the
metal salts generated during the acid-base reaction between the activators and the
oxides and ideally act as heat transfer mediums. Solvents, typically consisting of
alcohols, glycols, or glycol ethers, are responsible for dissolving the vehicles and
activators. Multiple studies have examined the residue levels of different organic binder
compositions [159], as well as their compatibility with Pb-free solders for electrical

joining applications [160].
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3 OBJECTIVES AND STATEMENT OF WORK

While exhibiting exaptational and reliable thermal properties, to become a fully
reliably, competitive, and a consistent holistic-technology, TLPS materials still require
additional research and development. The processing of TLPS often results with high
porosity levels. The porosity often leads to inferior mechanical, and electrical
properties. Moreover, as mentioned in the previous chapter, porous materials are more
susceptible to experience destructive-state of oxidation. In addition, the thermally-
stable IMC phases and alloys, often prove to be brittle, which limit their ability to
sustain stresses, and strains. Thus, fully controlling or eliminating the porosity levels,
or the brittle inter-metallic phases, are the current research gaps and challenges
associated with the TLPS materials. This study will attempt to address mainly the
control and elimination of early staged porosity.

In terms of additive manufacturing, for a given successful AM technique, its
processing speed, and general throughput capabilities are crucial. Among different AM
processing methods of metallic powders, printing metal in a paste-form offers multiple
processing advantages such as: dynamic, robust, low-budget, fast, scalable, and user-
friendly processing. However, printing metal powders in a paste form means that the
metal powder is mixed with organic materials, i.e. flux. In a perfect and ideal metallic
crystal, there is no room for these organic molecules. Thus, these ideal crystals often
exhibit optimal mechanical, electrical, and other material properties. In the paste-form
however, the presence of organic molecules between the metal powder causing micro,
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and macro-scale imperfections in the resultant material. Thus, enhanced research that
addresses the efficient removal of the flux content from the final metallic structure, is
required.

This research proposes that the first stage of the TLPS processing requires
greater focus. Thus, an initial study was conducted to qualitatively identify and observe
the problems and research gaps that were discussed above. Figure 3-1 shows a generic
temperature profile of a TLPS material that requires to reach to a specific thermally-
stable IMC phase. As seen in Figure 3-1, the first stage of the TLPS processing is often
in the order of seconds to minutes. In this stage, three main events take place: flux
related activity, phase transition, and transient liquid-state diffusion. This stage usually
happens during the initial ramping of the temperature, and the beginning of the
isothermal holding. In comparison to the isothermal holding and homogenization
stages of the TLPS processing, the liquid-state diffusion is dominant in the first stage,
and it is at least one order of magnitude faster than the following two steps individually.
During the transient process of liquid-state diffusion, flux evaporates, the structure
solidifies, and gains enough structural stability. From AM point of view, the fast
solidification is crucial for the successful printing of additional layers in the vertical
direction. Because short solidification times are not enough for a full metallurgical
thermally-stable phase completion, once the 3D structure has reached its final shape,
the far-from-equilibrium structure can go through the full and final sintering process.

As seen in Figure 3-1, the isothermal holding stage should continue until full
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consumption of LMP-rich phases, and the formation of the thermodynamically-, and

thermally-stable alloy.
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Figure 3-1: Standard TLPS processing temperature profile and its main components.

To make TLPS technology accessible for AM applications, it is imperative to
investigate the transient heating stage in detail. Figure 3-2 identifies and maps the key
considerations for temperature profile design, material selection, particle size selection,
and paste formulation necessary to develop paste-based TLPS materials suitable for
AM applications in an open atmosphere. These considerations fall into three main
categories: flux performance, liquid phase performance of the LMP material, and

diffusion characteristics during the transient phase.
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1st stage processing: category considerations for temperature profile
design, materials selection, particle size selection, and paste formulation
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Figure 3-2: Block diagram of the 1st stage processing considerations of TLPS for AM

applications.

3.1 Flux Performance

The flux performance can be further divided into three sub-categories: behavior
below the melting temperature of the LMP, activation and removal of oxides from the

metal particles, and organic burnout kinetics.

3.1.1 Behavior Below Melting Temperature of LMP

The behavior below the melting temperature of the LMP influences paste

printability, structural stability between printing rounds, and green structure

densification.

3.1.2 Flux Activation and Removal of Oxides

Effective removal of the oxide layer by the flux is critical to achieving intimate

contact between metals, enabling diffusion. Inadequate oxide removal results in poor
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wetting performance of the LMP liquid phase over the HMP material, leading to
incomplete system densification and diffusion. Additionally, considerations such as
timing, temperatures for flux removal and activation, and kinetics of chemical reactions

play essential roles.

3.1.3  Organic Burnout Kinetics

The final sub-flux category concern with organic burnout and outgassing of the
flux, which can introduce gas entrapment and undesired porosity in the final metal
structure. Addressing these aspects is crucial to ensure the production of high-quality

TLPS-based AM components.

3.2 LMP Liquid Phase Performance

From the perspective of the liquid phase performance of the LMP material,
several factors come into play. These include the wetting behavior of the LMP over the
HMP material and the extent of metal liquid-phase saturation at a given time or
temperature. These factors determine the type of capillary forces acting on the HMP
and the effective rearrangement of the HMP. Furthermore, as demonstrated in this
work, the presence of the liquified organic binder during LMP melting gives rise to
dual liquid phase interactions that influence the final structural integrity of the TLPS

material.
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3.3 Diffusion Considerations

In addition, TLPS represents a sequential diffusion problem from solid-liquid
diffusion, to solid-solid diffusion. The diffusion problem requires consideration of
various aspects during the first stage of processing. These aspects include the sintering
onset, kinetics of metal liquid-phase diffusion, degree of LMP solubility in the HMP,

and the formation of IMCs.

3.4 Preliminary Work

3.4.1 Transitioning to 3D Structures: Selection of Nozzle Size, and Slump Resistance

The transition to full-scale, efficient, and reliable additive manufacturing of 3D
printed structures involves multiple challenges that requires exploring various
processing solutions and mitigation methods. These challenges included reducing the
relatively long time of the conventional TLPS sintering cycle; resisting slump when
multiple layers are stacked vertically; achieving uniform adhesion between vertical
adjacent layers; maintaining print feature size; facilitating efficient removal of the
organic binder; developing 3D printing support structures; and controlling surface
finish; all while maintaining the good mechanical, thermal, and electrical properties of
the TLPS material.

While reduction in the sintering time between vertical adjacent layers reduces
the overall manufacturing time, insufficient sintering time may result in slump and poor

stability of the 3D structure. Thus, the sintering time must be optimized between the
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time objective and the limiting physical constraints. The process needed to produce a
stable 3D structure by permitting the printing of subsequent layers is one in which
sufficient flux has evaporated to reduce fluidity and partial reaction has occurred
between the two metals in the binary metal TLPS system. In addition, the use of a
smaller nozzle size correlates with improved structure definition, stability, and slump-
resistance. Figure 3-3 shows the correlation between the combination of heating time
and nozzle size, on the slump resistance of the printed TLPS structure.

Ag80In20 alloy consisting of 4-7um Ag powder mixed with 500 mesh In
powder in TACFlux008 (Indium Corp.), with 75% metal loading, was chosen as the
material for constructing the 3D structures. The choice of working with Ag particles
with a mean diameter of only a few micrometers was designed to improve the
sinterability of the paste. Choosing small size particles increases the effective driving
force for the sintering process, which is especially important in cases such as this which
lack external driving forces, such as are provided by pressure-assisted sintering. The
choice of 75% metal loading was designed to achieve viscosity low enough to prevent
clogging and pressure build-up during the nozzle-based deposition. The choice of using
Ag to In ratio of 80:20 was based on previous research [78] that showed an optimized
mechanical and electrical performance for this specific ratio. The choice of
TACFIux008 was based on the successful tape tests that verified the adhesion to

alumina substrates.
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Figure 3-3 shows that a sintering time of eight minutes, together with a nozzle
size of 0.51 mm achieved the best-defined structure and a stable result for a sixteen-
layer structure. In terms of nozzle size, any nozzle size larger than the 0.51mm nozzle
resulted in excessive slump, and the structures were terminated at five printed layers.
Care was taken in conducting the multiple sintering/curing cycles to avoid the
accumulation of mechanical stresses and deformations, which can pose a threat to the
reliability of the overall structure.

While the appropriate nozzle size was identified, it was still necessary to further
reduce the intermediate sintering times. To achieve this, the following process sequence
was developed. When each individual layer is deposited, enough heat is applied to
effectively promote sufficient intermetallic diffusion between particles to stabilize the
green structure. Since silver and indium interdiffusion even at room temperature, a
relatively short heating period is sufficient to partially evaporate the organic flux,
permit interdiffusion, and stabilize the freshly deposited layer. In addition, when
depositing the paste on still-hot structures, the residual low melting point material in
the previously deposited layer melts, allowing the two layers to mix and bond. Capillary
forces contribute to the penetration of the liquified fresh paste into the green structure.
This helps to reduce the porosity, and contributes to the overall stability of the 3D
printed structure. Furthermore, this method allows the structure to be coated with a

uniform surface finish.
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Figure 3-3: The effect of heating time and nozzle size on the stability of 3D printed
TLPS structure. The figure indicates the structure will achieve its best stability with an
increased heating time, and smaller nozzle diameter.

To allow sharp angles to be printed, an additional step to the process involved
creating some support structures in the form of aluminum foils and copper wires. Each
layer of the 3D print was deposited and then heated for a duration of three to four
minutes at 130°C without a subsequent cooling time. This approach also allows for the
creation of denser, more uniform structures. Since the fresh paste was printed on the
still-hot structures, the fresh paste penetrated the lower layers and created more uniform
and cohesive new layers. The fully printed 3D structures underwent a final post-

deposition sintering step for two hours at 300 °C with ramp rate of 40°C/min.
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Figure 3-4 shows a printed cantilever beam emerging from a pillar and an
unsupported bridge between two pillars. Both the cantilever and the bridge designs
reached an approximate height of 6-7 mm. The cantilever reached a length of 3 mm,
and the bridge spanned over 15 mm. None-of the designs exhibited a reaction with the

aluminum foil support.

Figure 3-4: Self-supporting 3d bridges and cantilever beams were printed with a series
of 3-4 min heating cycles at 130°C followed by 2 hr. sintering at 300 °C using a support
structure of Al foil on Cu wire.

The cantilever structure was printed on a Cu-plated polyimide board and its
pillar remained attached to the substrate after the final sintering. It should be noted that
the apparent lifting of the pillars seen in the unsupported bridge is due to their being
deposited on an unmetallized, bare polyimide board to allow removal of the bridge as
a free-standing structure. If a Cu-metallized polyimide board or a ceramic board had
been used, the pillars likely would have remained adhered to the substrate. The free-

standing bridge structure was able to act as a cantilever sustaining its own weight
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without fracturing. Both the printed cantilever and the bridge demonstrated the ability
to 3D print at 90-degree angles despite this maximizing the moment on the printed

structures.

3.4.2 Post Sintering Hot Isostatic Press (HIP) Treatment

Another preliminary test was conducted to test the electrical resistivity of
different TLPS pastes. The two pastes, samples of Ag80In20 with either TACFlux007
(EP1), or TACFlux008 (EP2) were sent for Hot Isostatic Pressing (HIP) as a post-
processing measure. The objective was to investigate the effect on electrical properties,
porosity, and microstructure of the sintered material. Both formulations consisted of
91% metal loading with silver maximum particle size of 45um (-325 mesh), and indium
maximum particle size of 27um (-500 mesh). Both EP1 and EP2 were subject to a sinter
profile of 40°C/min ramping rate, followed by isothermal holding at 300°C for one
hour, and cooling to room temperature. While exhibiting improved electrical
performance, EP1 showed poor adhesion to the alumina substrate, and required a thin
layer of bonding paste (BP) in order to adhere to the alumina. The formulation of the
BP that was used to attach the EP1 samples consisted of a eutectic phase of Ag and In.
The Ag-In eutectic phase is a ratio of 3% Ag with 97% In, and the paste itself consisted
of 85% metal loading in TACFIux008. The use of the eutectic phase, with liquidus
melting temperature of 143°C, was designed to achieve good wettability with the
alumina board, together with minimal cross section, and low electrical conductivity.

The bonding paste was heated in the furnace for 15 minutes at 350°C with a ramping
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rate of 40°C/min. Both the electrical pastes and the bonding paste were deposited using
a stencil with a cross sectional area of 0.1 mm?. All the pastes were mixed thoroughly
to ensure homogenous composition, and fresh paste was scooped randomly with each
use of the stencil. The 4”x4” alumina boards were cut to fit a HIP chamber with a
diameter of 4 inches. The boards were then cleaned with isopropanol, and fired for 15
minutes at 600°C to ensure a clean surface prior to the deposition of pastes. A total of
six boards were sent to the HIP treatment in which each electrical paste (EP1 and EP2)
was subject to one of three levels of pressure (5 MPa, 10 MPa, and 40 MPa), and an
isothermal hold of 4 hours at 300°C in an inert Argon atmosphere. Before the HIP
process, Differential Scanning Colometry (DSC) was performed on a selected EP1
sample. The scan showed that the bonding paste experiences some re-melting during
repeating heating cycles. Using an optical microscope, cross-sectional imaging of the
same sample showed no significant change in the geometry of the bonding paste or the
electrical paste, at which point the samples were determined to be ready for HIP
treatment.

The samples subjected to the HIP treatment returned with no observable
damage, having survived the four-hour exposure at 300°C and various levels of
hydrostatic pressure. Figure 3-5 shows the nominal resistance, measured across 3 cm,
before and after the HIP process at various pressure levels. Figure 3-5 on the right
shows the data for the samples containing TACFIux008 (Set008). The figure shows

that the 5MPa and 10MPa treatment resulted in a decrease in the sample-to-sample
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variability of the electrical conductivity. Furthermore, both pressure values achieved
more or less the same electrical peak performance. The 40MPa treatment did show an
improvement in the overall electrical performance, but to a lesser extent than the 5MPa
and 10MPa treatments. Overall, Set008 exhibited improved electrical performance at

all pressure values.
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Figure 3-5: Electrical results of the TLPS samples that were went through a HIP
treatment. The figure shows that while set008 (right) managed to achieve a consistent
reduction in electrical resistance, set007 was showing some electrical improvement, but
not a consistent one. A significant electrical improvement can be measured in some of
the set007 samples and linked to pore closure due to mechanical yielding of the samples.

!E Vipa

HIP Pressure Tretment

Figure 3-5 on the left shows the data for the samples containing TACFlux007
(Set007). The figure shows that samples exposed to 10MPa pressure exhibited a 2-5-
fold reduction in electrical resistance. There is minimal to no significant change in

electrical performance for the samples exposed to 5MPa and 40MPa. Based on the
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results shown in Figure 3-5, it seems that the 10MPa treatment has the best effect on
the TLPS sintered material.

Figure 3-6 shows the cross sections of Set007 at the various amount of applied
hot isostatic pressure, ranging from the no-pressure reference sample (top left), to the
40MPa sample (bottom right). The cross sections for Set007 also show the adhesion
layer that was needed to attach the conductive paste to the alumina substrate. Based on
the cross section of the reference sample, it can be seen that the last stage of the TLPS
sintering process, the homogenization stage, was not complete. In this micrograph,
phase gradients can be seen. In addition, it can be observed that the shape of the pores
is irregular, and that the pores are open. These two observations suggest that pore
generation is a consequence of improper removal of the flux binder. The large size of
the pores can effectively eliminate the possibility that the pores were formed by
diffusion. It is also noted that the silver solid solution (lighter) particles are well wetted,
and sintering process successfully took place. Unlike in Set007, the ability to wet the
Ag particle surface, and particle bridging was not seen in any of the Set008 samples,
regardless of the HIPping pressure level. This is an important difference between the
two sets, as it has the potential to shed light upon the compatible chemistry that works
with the Ag-In TLPS system. The rest of the micrographs of Set007, with HIPping
pressure of 5MPa, 10MPa, and 40MPa, show that some mechanical yielding has
occurred, and some of the large pores were either diminished, or became isolated to the

outer surface due to the HIP treatment. However, while the pore elimination did not
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directly translate to a reduction in electrical resistance, some samples, both from Set007
and Set008, showed significant improvement in the electrical conductivity. One
possible reason for this is the original irregular pore shapes that might have remained
along some of the samples, even after collapsing. Energy-Dispersive X-ray
spectrometry (EDS) was conducted on the cross-sections, and verified that the samples

that underwent a HIP treatment, have completed their diffusion transformation and

achieved full homogenization.

Set 007,
noHip

S0pm

Figure 3-6: The figure shows the effect of HIPping on the structure of the printed
samples of set007. Although not clearly observed in the electrical data, the figure shows
that some pore elimination was present due to HIP treatment. Since the samples that
were sent to the HIP treatment were fully sintered, the pore closure can be attribute to
mechanical yielding of the structure.
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3.4.3 Weight Loss Kinetics

To design better temperature profiles for the first stage of the TLPS processing,
the behavior of the flux must be isolated to gain further understanding of its action. In
the initial study, the choice to focus on TACFIlux007 was based on previous knowledge
of its compatibility with the Ag-In system in terms of electrical conductivity. The flux
study measured the mass loss of the flux for a set of temperatures and holding times.
Each sample consisted of a small amount of flux, deposited on a thin aluminum tray
made from 4 cm x 4 cm aluminum foil. The amount of flux was kept small with an
average weight of 0.0317 grams to eliminate thermal mass effects. The aluminum foil
was folded into a tray to eliminate thermal conductivity effects and to prevent flux
leakage. Each sample was placed on a pre-heated hot plate to eliminate the effect of
temperature ramp rate. The samples were measured with a micro-balance before and
after heating.

Figure 3-7 shows the results of the weight loss study. Each data point is an
average of three samples with ninety-nine samples tested overall. The error bars in
Figure 3-7 represent the maximum and minimum of test temperature at a given holding
time. Fit lines were plotted for each temperature set. Below the melting temperature of
indium, mass loss of TACFIlux007 had a linear fit, while for all temperatures above the
melting point of indium, the data showed a logarithmic behavior. In terms of additive

manufacturing, this graph is significant in designing the temperature profile of the
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early-stage sintering as it shows that the early-stage evaporation performance of the
flux is highly sensitive to temperatures over the first minute. Thus, removal of more
than 70% percent of flux can potentially be achieved within one minute of processing
at 300°C. In addition, if the 300°C processing temperature is too high for this early
sintering stage, it gives a good design criterion for flux formulation in which volatile
additives are required to lower the evaporation temperature while keeping the same

evaporation kinetics.
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Figure 3-7: Mass loss kinetics of TACFlux 007 at different temperatures at different
holding times. The red area shows the region of interest for additive manufacturing
capabilities.

3.4.4 FTIR Observations and Analysis
Following the weight loss study, the samples were taken and analyzed using the

Agilent Cary 670 FTIR Spectrometer. The FTIR readings were then plotted and

analyzed for both constant heating temperature versus variable heating times, and for
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constant heating times versus variable heating temperatures. Figure 3-8 shows four
stacked-graphs with constant temperatures versus variable heating times. In Figure 3-8,
each individual stacked-graph represents a constant heating temperature. In each
individual stacked-graph, the outer y-axis shows an increasing heating time, and each
individual y-axis shows the absorption amplitude of the IR radiation incoming signal.
The x-axis in each of these individual FTIR spectra are the frequencies of the IR
spectrum. Peaks in the FTIR absorption spectrum indicate specific frequencies of the
incoming IR radiation that were absorbed by certain molecules and functional groups.
The absorption of the radiation is translated into different vibrational modes of the
absorbing molecules. The corresponding absorption amplitude of these peaks correlates
with the molecular concentration of the absorbing species. Figure 3-8 shows that with
increased temperature, several peaks transform faster. In addition, during the FTIR
sample dismounting, it was clear that the samples viscosities, stickiness, and

crystallinities have different levels.
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Figure 3-8: FTIR spectrum graphs of the samples from the mass loss study of TACFlux
007.

Figure 3-8 shows a gradual formation of peaks in the spectrum bandwidth of
wavenumbers between 2200 cm™! and 2500 ¢cm ™. Peaks in this area are correlated
with carbon contamination, and characteristic €0, bandwidth and peak shapes. This
implies an evolving amount of flux burn-out is present as a function of temperature at
each holding time. In addition, with increased observed crystallinity and stickiness of
the samples, the peaks around 1692 cm™! exhibited increasing and narrowing
absorbance magnitude, while the two peaks around 2900 cm™! exhibited decreasing

magnitude. In addition, the signal magnitude decreased in the alcohol frequency band
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between 3100-3550 ¢cm ™! with both heating temperature and heating time. Reduction
of the total signal for the higher temperatures and longer holding time is correlated to
an overall reduction in organic material. This implies that only flux residue is present

at these temperatures and times.
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Figure 3-9: Superimposed FTIR spectrums (C=0 band) of multiple heating
temperatures at constant heating times of 10 seconds (left), and 30 seconds (right).

Figure 3-9 provides more information on the peak dynamics within the specific
IR spectra of the C=0 region. The figure superimposes the FTIR curves of multiple
samples that were subject to different heating temperatures at constant times of ten
seconds (left), and 30 seconds (right). These two constant heating times were chosen
based on their significance to additive manufacturing capabilities. The peak growth
between 1690-1700 cm™1, in the first 10 seconds of each heating temperature has
several possible explanations. First, the 1690-1700 cm ™! peak is a characteristic peak
for aldehyde functional groups. Aldehyde functional groups often form when alcohols
lose their hydrogen, contributing it to a carbonyl group to form a -CHO structure. As

mentioned earlier, the signal decreases with heating temperature or heating time in the
64



alcohol frequency band between 3100-3550 cm™1. A second contribution to the rise in
the peak amplitude within the C=0 region in the first 10 seconds in Figure 3-9 (left) is
increased cross linking of the molecules in this region, which was also identified
qualitatively as samples that exhibited an increased perceived crystallinity. An
additional reason for the rise in peak amplitude could be the increased activity of the
activator components at higher temperatures within the multi-component flux system.
However, due to the unknown specific chemical composition of the flux, support for
this contribution requires further analysis. In Figure 3-9 (right), after the flux is heated
for 30 seconds at 250°C, the peak in 1692 cm™! starts to flatten, and at 300°C, the
signal is almost entirely gone. This is a strong indication that at elevated temperatures
above 250°C, the flux is degrading in very short times. Thus, this degradation must be
matched to the activation temperature and activation Kinetics to ensure that the
activators do not degrade prior to completing their intended function, and to ensure that
enough flux is evaporated in a timely manner. Another identification that rises from the
band between 1680-1720 cm™! is the presence of conjugated carboxylic acids. While
the samples were tested without the metal system, the rise of peaks around this
frequency might also imply activity of the activators that are present in the flux multi-

component system.

3.45 SEM and EDS Initial Observations

Following the weight loss analysis of the flux, a study of paste microstructural

evolution was conducted at the same temperatures and holding times used in the weight
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loss study. Ag80In20 paste formulated with 500 mesh indium, and 325 mesh silver in
TACFIux007 at 91% metal loading was deposited on copper sheets for in-situ
evaluation. The use of thin copper sheets was to reduce the effect of heat transfer times,
and to achieve an instantaneous heating effect. The samples were placed on a hot plate
that was pre-heated for the same reason. Polyimide tape was attached to the samples to
achieve fast and clean removal of the samples from the hot plate. This allowed for
accurate heating times. After heating the samples, the samples were observed under the

optical microscope, ESEM, and EDX.

In Lat CKal_2

Figure 3-10: EDX monitoring of the top surface of a printed surface that was subject to
160°C heating for 10 seconds.
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Figure 3-10 shows the top surface of a printed sample that was heated at 160°C
for 10 seconds. The figure shows that indium-melt liquid bridges (yellow) between the
solid-state Ag particles (purple) are present in multiple locations despite the short
heating time, the relatively low heating temperature, and the presence of the metal
particles within the flux binder. The figure also shows that while some indium melted
and wetted the Ag particles, some indium particles were still present in their sphere
configuration. It is highly important to monitor the wetting angle of the indium on the
Ag spheres, as well as the amount of liquid-melt present at a given time, as it determines
the ability of the structure to further densify after the flux removal. In addition, the
individual X-ray dot maps in Figure 3-10 shows that the liquid metal bridge is forming
when carbon is still covering the liquid metal. This suggests that the formation of a
structure is initiating prior to sufficient removal of the flux binder, which may hinder
the ability of the liquid-base capillary force to attract the silver particles towards each
other.

Figure 3-11 shows the effect of heating a sample that went through an initial
low-temperature densification, and then was subject to 300°C heating for one minute
on a pre-heated hot plate. The low temperature densification was achieved at
temperatures below 100°C to ensure that the indium does not melt or react with other
particles. The figure shows that even though the sample had a good initial densified
structure, the sample still suffers from relatively large pores. These pores are most

likely due to the evaporation of the left-over flux. In addition, the printed structure is
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beginning to “freeze” only one minute into the sintering process. Based on previous
cross sections analysis, this structure “freeze” has a direct impact on the final sintered
structure. This figure supplies further evidence of the importance of controlling and

optimizing the early stages of the TLPS process.

Below 157°C, Heating for 1min. at 300°C

organized structure

Skeleton structure formation

Figure 3-11: Shows the sample that went through an initial low-temperature
densification, and then was subject to one-minute heating at 300°C.

3.5 Statement of Work

Based on the preliminary work, the research and development of the TLPS
material for robust additive manufacturing should prioritize the first stage of
processing. This stage necessitates the decoupling of multiple cross-effects and a
deeper understanding of the mechanisms occurring at short times and across a wide
range of temperatures.

One major concern in this study was the electrical conductivity of the TLPS
material. To address this, it was crucial to comprehend the development path of the

material’s electrical characteristics, their occurrence temperatures, and the rate at which
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they develop. Achieving clarity on these aspects could pave the way for standardizing
the manufacturing of TLPS materials for robust and rapid additive manufacturing.

To examine the formation of the TLPS material during different processing
stages, in-situ electrical measurements were proposed. Up to this point, electrical
measurements were only taken after more than one hour of sintering procedure, leaving
little evidence of early-stage processing. Conducting in-situ electrical tests became
necessary to fill this gap.

However, conducting in-situ electrical conductivity experiments required
appropriate equipment. Thus, chapter 4 focuses on developing the necessary test
equipment. In chapter 5, the results of the in-situ electrical testing are presented along
with other complementary tests and measurements, and the chapter further analyzes the
obtained results. In chapter 6, a simulation framework is established to further
investigate and analyze the experimental findings. Finally, chapter 7 concludes the

work and provides suggestions for future research directions.
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4 APPARATUS AND TESTING EQUIPMENT

The previous chapters have highlighted the significance of understanding the early-
stage processing of TLPS material and its electrical conductivity behavior. Traditional
electrical measurements, conducted only after full processing procedure of sintering,
provided limited insights into the critical initial stages of processing. To gain a
comprehensive understanding of the material's electrical characteristics and their
development, it became evident that in-situ electrical measurements were necessary.

The motivation behind conducting in-situ electrical tests was twofold. Firstly, to
capture real-time data during the early stages of processing, enabling the observation
of the dynamic changes in electrical properties as the TLPS material evolves. Secondly,
the introduction of in-situ measurements aims to identify the specific factors
influencing the electrical behavior of the TLPS material during the initial stages of
processing. These factors may include change in heating rates, chemical reactions,
phase changes, and microstructural transformations, which play a crucial role in
determining the material's final properties. By understanding these influential factors,
this work hope to tailor the manufacturing process for optimized performance and

consistency.

4.1 In-situ Electrical Testing Apparatus

In the in-situ electrical conductivity experiment, there are three main
components: the heating medium, the tested samples, and the probing set-up. The

combination of these three components determines the feasibility, and the quality of
70



the experiment, the measurements, and the final results. The following sections will
discuss the design choices, material selection, objectives, constraints, integration

techniques, and software and hardware development.

4.1.1 Hot Plate Design, Objectives, and Manufacturing

The choice to use a hot plate as the heating medium for in-situ resistivity
measurements was driven by the need for straightforward and accessible probe access.
Conducting the resistivity tests outside of an oven or a muffle furnace was selected to
maintain the independence of multiple material types from the experiment's heating
conditions. This flexibility in material selection is essential for rapidly designing the
fixture for the probe, ensuring its success and efficiency.

Once the heating medium, the hot plate, was selected, the focus was on rapid
progress. Before manufacturing a custom-made hot plate, multiple hot plates available
in the labs were tested. Among these, passive ceramic-based hot plates were limited to
selecting temperature set points, hindering the experiment's design capabilities. Basic
IR-gun measurements of the ceramic hot plates revealed uneven heating, especially
when dealing with large specimens compared to the hot plate’s dimensions.
Consequently, this uneven heating introduced higher noise levels in the measurements
of the desired design variable, impacting data accuracy. In addition to the ceramic-
based hot plates, the labs had an aluminum-based hot plate with a control unit for
designing a temperature profile. The first stencil was designed with consideration of

this hot plate’s dimensions. However, during testing, the hot plate's temperature
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feedback proved unreliable, failing to meet the required levels of reliability for the
electrical in-situ experiment. As a result, alternative solutions were explored to ensure
precise and dependable measurements.

Upon rejecting all the available options of hot plates already exist in the
laboratories, the next step was to design a custom-made hot plate. The first step in
designing the custom-made hot plate was to define a list of requirements and objectives.
There were three main requirements: first, the hot plate must have reliable temperature
feedbacks. These temperature feedbacks are crucial to the hot plate’s control
performance, the synchronization of the test signals, and the quality of the experiment
itself. Second, the hot plate dimensions must match, or at least fit the dimensions of the
testing ceramic boards. This requirement is crucial when trying to heat and cool the
ceramic boards without generating any uneven stresses in these boards. These uneven
stresses can crack the boards and terminate the experiment unsuccessfully. Third, the
heating and the cooling system of the samples must be uniform. Non-uniform heating
and cooling can lead in diffusion variabilities that can affect the results of the
measurement. In addition, similar to the ceramic boards, when non-uniformly cooled,
the TLPS samples can also cracked and snap, which can lead to a falsified cross-section
analysis.

After considering and rejecting all available options of hot plates already

present in the laboratories, the subsequent course of action involved designing a
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custom-made hot plate. Defining a set of requirements and objectives marked the initial
step in this process. Three primary requirements were identified:

e Reliable Temperature Feedback: The hot plate must incorporate dependable
temperature feedback signals. The feedback loop is critical for ensuring precise
control performance of the hot plate, synchronizing the test signals accurately,
and maintaining the overall experimental quality.

e Matching Dimensions: The hot plate's dimensions must align with, or at least
fit, the dimensions of the testing ceramic boards. This alignment is essential to
ensure even heating and cooling of the ceramic boards, thereby preventing the
generation of uneven stresses. Uneven stresses can lead to cracking of the
boards, which could result in a premature termination of the experiment.

e Uniform Heating and Cooling: The heating and cooling system for the
samples must exhibit uniformity. Non-uniform heating and cooling can
introduce diffusion variabilities that may impact the accuracy of the
measurement results. Additionally, similar to the ceramic boards themselves,
non-uniform cooling of the TLPS samples can lead to their cracking and
snapping, potentially leading to a distorted cross-section analysis.

By adhering to these requirements, the design of the custom-made hot plate
aimed to overcome the limitations encountered with existing options and facilitate
accurate and reliable in-situ resistivity measurements during the TLPS material

processing.
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In terms of the design objective of a hot plate, the design must encompass
several essential features. The hot plate must be well-insulated to prevent thermal
leakages and ensure efficient heating and cooling processes. Additionally, the design
should facilitate easy and numerically efficient calculations, streamlining the
development process. Rapid heating and cooling capabilities are crucial to achieve
time-efficient experiments. The hot plate's modular design must be adaptable to fit
within the glove box setup (Figure 4-1), ensuring seamless integration into the
experimental environment. Cost-effectiveness is also a key consideration, aiming to
achieve the desired functionality without exceeding the allocated budget. Furthermore,
the hot plate should offer flexible control options for both heating and cooling
processes, allowing precise adjustments as needed. Finally, incorporating safety
features in both software and hardware is paramount to ensure the protection of the
equipment and researchers during experimentation.

Figure 4-2 displays the proposed schematics of the hot plate's design which is
inspired by Hanes's hot plate design [152]. Both designs utilize aluminum as the base
material and implement heating elements below the cooling level. However, the
proposed design includes an additional close-to-surface temperature measurement
level. The need for this extra sensing level arises from the requirement to calibrate
experiments based on specific temperature choices and obtain the most reliable

temperature readings of the samples during the experiments.

74



- | .

Figure 4-1: Glove box for humidity-controlled in-situ electrical experiments and PML
experiments.

The calibration temperature choice at the start of an experiment should be
sufficiently above the cooling water temperature and low enough to minimize chemical
interactions, such as the diffusion of indium particles at low temperatures [78].
Although embedding the temperature sensors inside the hot plate does not provide
direct measurements of the samples during the experiment, it ensures highly reliable
and consistent temperature readings. This, in turn, confirms the uniformity of the
surface temperature and increases confidence in the final measured design variables.

In future experiments, the surface temperature will also be verified using an IR

temperature sensor directed at the ceramic test boards from above. This additional
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independent IR device's measurement should work efficiently with the ceramic boards
and assist in calculating the consistent temperature bias between the sample's
temperature and the sensing level within the hot plate.

Furthermore, unlike Hanes's design, which features a single pair of input/output
holes and an internal manifold for cooling, the proposed hot plate design incorporates
multiple input/output holes. This design allows for even cooling and facilitates

straightforward and efficient numerical calculations.
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Figure 4-2: Proposed schematics for the electrical in-situ experiment hot plate design.
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Figure 4-3 presents a detailed depiction of the locations of the thermocouples,
their securing screws, and the heating elements within the hot plate design. The close-
to-surface thermocouples are positioned one inch away from each surface's edge,
allowing for quarterly measurements near the surface. These close-to-surface
measurement locations serve to verify the temperature uniformity of the test samples
during an experiment.

At the front of the hot plate, there are three thermocouple access locations that
extend all the way to the middle of the hot plate. These embedded thermocouple
locations provide highly reliable and consistent temperature measurements close to the
heaters. Such measurements are crucial for the control design and quality of the
experiment. Close-to-heater temperature feedback is essential to minimize signal
delays in the control design and operation, ensuring efficient and accurate temperature
regulation.

The hot plate is equipped with four 500W-AC heaters, strategically positioned
to achieve uniform heating of the experiment's hot surface area. The uniform heating
of the hot surface area has been confirmed through numerical simulations, ensuring
reliable and consistent experimental conditions.

Figure 4-4 illustrates the main cooling and plumbing design configurations of
the proposed hot plate. The hot plate is equipped with five cooling channels, with each

channel having one pair of entrance and exit holes. The cooling fluid, typically water,
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enters the hot plate from alternating directions. This cross-flow cooling configuration
enhances both the uniform cooling of the hot plate and its cooling efficiency.

To ensure durability and efficiency, the input/output pipes are made of either
stainless steel or copper. These pipes are also bent at ninety degrees to minimize space
requirements and are connected to the hot plate using stainless steel NPT connections.
This robust cooling and plumbing system is designed to effectively dissipate heat from
the hot plate, maintaining its stable and controlled temperature during the experiments.

Figure 4-5 depicts the main integration schematics of the hot plate,
encompassing the PC-based control block, the Arduino MEGA control board
configuration, the electrical configuration, and the plumbing configuration. This
schematic illustrates the interactions and interconnections between these
configurations, facilitating a comprehensive understanding of the integrated system.

Additionally, the measured power requirement during full-power operation of
the heaters and the pump is indicated in the integration schematics. Objects labeled as
F1-F3 represent electrical trippers that have been implemented as safety features and
serve as protection layers for other components within the hot plate. Ensuring user
safety, the entire hardware assembly and the hot plate are electrically grounded. This
integration design, as presented in Figure 4-5, demonstrates a well-organized and
safety-conscious approach to harmonizing various components and controls within the

hot plate, enabling precise and reliable temperature regulation during experiments.

78



From a top-view, the locations of the
embedded TCs are 1”” away from each edge. | | Surface-TCs access
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Figure 4-3: Locations of embedded thermocouples, heaters, and securing screws in the
proposed hot plate design.

| %" Stainless Steel /Copper pipes Cross flow configuration for
- uniform cooling

Figure 4-4: Liquid cooling channels and flow direction in the proposed hot plate design.
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Figure 4-5: Control, electrical, and general schematics of the proposed hot plate design.

4.1.2  Stencil Design

The stencil and its design play crucial roles in conducting the in-situ electrical
resistivity experiments efficiently. Firstly, the stencil determines both the sample's
length and cross-sectional area, which are essential for resistivity calculations. Longer
paste traces enhance measurement accuracy while reducing noise magnitude.
Secondly, the quality of the stencil is vital for consistent paste deposition on ceramic
boards. A well-designed stencil ensures successful and uniform paste application.
Thirdly, the stencil's design should align with the available "real-estate™ area during the
experiment, determined by the ceramic board size and maximum heating area. Using
this space optimally is crucial for experiment efficiency, as more paste traces per board
lead to faster statistical data acquisition. Fourthly, the stencil should feature adequately

sized pads that comfortably accommodate the testing probes. Lastly, for ease of
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operation and to minimize potential damage to the soft printed paste, the stencil should
incorporate a holding leaf. This leaf assists the user in carefully removing the stencil
and efficiently bending it.

Figure 4-6 presents the initial iteration of the stencil prototype designed for in-
situ electrical resistivity experiments. The stencil's outer perimeter aligns with the
dimensions of the ceramic Alumina boards used in the study, measuring 4 inches by 4
inches. To optimize the paste application, the stencil incorporates six slots within the
inner square (indicated by the dot-dashed square). This inner square matches the size
of the pre-existing hot plate in the laboratory. The stencil design includes a bending
leaf, facilitating ease of operation and efficient removal after paste deposition.
Additionally, the pads for the probes measure 3mm by 3mm and maintain a distance of
10mm between each trace.

Figure 4-7 illustrates the second prototype of the stencil design employed in the
in-situ electrical resistivity experiments. It is an extension of the original prototype,
featuring larger pads to accommaodate bigger probes. However, this design necessitated
a different hot plate, with a larger heating area capable of accommodating the entire
size of the printed paste traces, as the original lab's hot plate was not suitable for this

purpose.
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Figure 4-6: Initial prototype of the in-situ electrical resistivity experiment stencil’s
design.

Figure 4-8 displays the third and current prototype of the stencil design. The
primary modification in this iteration pertains to the pads, which were adjusted to
accommodate a recent prototype of the probes. Furthermore, the present stencil design
incorporates two bending leaves, assisting the user in determining the optimal direction
for stencil removal. The stencil possesses a thickness of 8 mil (0.008 inches) and is
constructed using laser-cut stainless steel. The stencil's edges align precisely with those
of the testing ceramic boards, enabling accurate and consistent positioning from one

test to another.
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Figure 4-7: Second prototype of the in-situ electrical resistivity experiment stencil’s
design. The main change from the first prototype is in the pads design and size, that
were enlarged to fit the different set of the 4-point probes.
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Figure 4-8: Third and current version of the in-situ electrical resistivity experime

stencil’s design.

Figure 4-9 exhibits the set of test samples created using the third stencil

prototype. The stencil removal process resulted in clean, repeatable, and accurately

positioned test traces of the paste. For this experiment, recycled alumina boards from

previous trials were employed. The recycling procedure involved cleaning the boards

with isopropanol, followed by heating a stack of plates on a hot plate to a temperature

of 540°C for at least 15 minutes. This step ensured that previous marks were

significantly evaporated and degraded.
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Figure 4-9: Stencil printed samples for the in-situ electrical experiment. Each alumina
board features six TLPS samples. The samples feature constant length for resistivity
calculations.

4.1.3  Probe Design

Resistance can be assessed using two primary configurations: the 2-wire and 4-
wire setups. In the 2-wire configuration, the measurement involves recording the
voltage drop across two points of materials or resistors. However, the use of a voltmeter

in this method introduces theoretical infinite internal resistance, which ensures that the
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test current stays on its intended path. Nonetheless, the 2-wire method is susceptible to
parasitic noise caused by the internal resistance of the probing wires and multiple
contact resistances involved in the measurement.

On the other hand, the 4-wire configuration offers a more accurate approach to
measure resistance across two points. Figure 4-10 illustrates the 4-wire probing
configuration. In this setup, the two outer probes act as the current source, while the
two inner probes measure and sense the voltage drop. As previously explained, the
voltmeter's measurement consumes an insignificant amount of current, resulting in the
voltage drop between the two sensing probes being solely attributed to the material

itself, without interference from probing resistance or other parasitic resistances like

(8 )—

contact resistance. [161].

Figure 4-10: Schematics of 4-point probe resistance test. Probes #1 and #4 supply the
test current, and proves #2 and #3 sense the voltage drop. This 4-point design eliminates
contact, and wire resistances.
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Before conducting each in-situ electrical measurement for all probing
configurations and prototypes, the probes underwent logarithmic calibration against
known resistors. The initial prototype of the 4-wire probing design is depicted in Figure
4-11. Each probe is constructed using 30-gauge copper wire, which is then enveloped
with Kepton (Polyimide) tape to provide both electrical and thermal insulation. Copper
was chosen for its exceptional electrical properties. To form each pair of Source-Sense
probes, they were wrapped together with an additional layer of Kepton tape and
connected at the tip area.

It is important to note that the contact between the two individual probes can
introduce resistance errors. The magnitude of this error increases with the length of the
contact point between the probes. However, thanks to the outstanding electrical
properties of the copper wires, this error was effectively minimized and proved to be

insignificant even at resistance levels as low as milliohms.

Figure 4-11: Initial prototype of in-situ electrical test probe design and configuration.
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The probing design shown in Figure 4-11 demonstrated satisfactory and
consistent readings. However, the limited size of the paste-pads posed a challenge in
establishing reliable contact between the probes and the paste-pads. Moreover, the
process of changing testing boards was relatively slow, as each pair of Source-Sense
probes needed individual positioning.

During the initial probe prototype usage, a laboratory hot plate was employed,
which could only be set to a specific temperature and lacked cooling capabilities. This
absence of cooling prolonged the time between experiments and prevented timely
termination of a given in-situ electrical resistivity experiment.

Furthermore, the copper probes exhibited reactivity with the TLPS paste,
leading to the adhesion of solid paste fragments onto the probes. Given the small and
delicate nature of the 30-gauge probes, it proved challenging, and sometimes
impossible, to completely clean the probes between successive test runs.

Following the first prototype of the in-situ electrical test probes, it became
evident that the next generation of prototypes must possess higher levels of structural
rigidity. This enhanced rigidity is intended to improve testing throughput and eliminate
the need for individual adjustments of the probes against the paste-pads. Figure 4-12
illustrates a proposed method and design to achieve this additional structural rigidity.

The proposed design introduces an insulating set of probe plates (indicated in
red) that firmly hold the testing probes in a rigid and fixed position. These probe plates

are connected via four rods to a thermal and electrical insulating top-plate. The top-
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plate, in turn, is linked to an adjustable rigid crane, capable of vertical translation. The

crane arms also serve as a base for the electrical wire terminals.

Electrical Probes’ Probes’
access top plate plate lifter

Probes
holder-plates

Figure 4-12: Proposed design for rigid in-situ electrical test probe holder configuration.

The second prototype of the probes for in-situ electrical tests utilized the
proposed design with increased structural rigidity, as shown in Figure 4-13. The probes
were advanced towards the testing location through access rods. As mentioned earlier,

these access rods were connected to a thermally and electrically insulated top-plate
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crafted from Delrin polymer (Polyoxymethylene). The top-plate, in turn, was linked to
the crane arms and had the capacity for vertical movement.

In Figure 4-13, the second prototype of the probes for the in-situ electrical tests
was constructed from aluminum leads. The leads were manufactured using water-jet to
but them from a thin aluminum sheet. The use of aluminum proved beneficial as it
prevented reactions between the probes and the paste, thereby expediting the
preparation time for each individual test run. Additionally, the structural configuration
of the probes was designed to offer spring-like characteristics, which likely contributed

to their flexibility and adaptability during testing.

Current Current

source/sink Hot Plate source/sink
Thermocouple
Alumina TLPS paste compression
board single trace rod

Figure 4-13: Second prototype of the probe design for the in-situ electrical test. The
second prototype features hour aluminum probes.

The third and current prototype of the probe design for in-situ electrical tests
represents a significant departure from the second prototype. While the second

prototype aimed to avoid any reaction between the probe heads and the paste-pads, the

90



current design deliberately encourages such a reaction. This shift in philosophy is
driven by two key reasons.

Firstly, allowing a reaction between the probes and the paste ensures an optimal
electrical connection and minimizes noise from contact resistances. This enhanced
electrical connection contributes to a stable and reliable signal during the in-situ
electrical experiment.

Secondly, since the probes are now intended to react with the paste, it was
deemed crucial to make it easy and cost-effective to replace the probe heads when
needed. The third and current design, presented in Figure 4-14, addresses this change
in testing philosophy through the use of Pogo-Pin probes.

The Pogo-Pin probes consist of two parts. The first part is a stationary socket,
which is soldered to the electrical wires to provide reliable and consistent electrical
contacts. The soldered connections are protected and insulated with pieces of heat-
shrink plastic. The socket part of the probe is held stationary by top and bottom
thermally and electrically insulating fiber glass board plates.

The second part of the Pogo-Pins incorporates an internal spring and is press-
fitted into the stationary socket part. The probe's head, typically made of stainless steel
coated with an electrical element (e.g., Sn, Ni, etc.), utilizes the stainless-steel core for

a robust structural design, thereby extending the probe's lifespan.
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Figure 4-14: Current prototype of the probes conflguratlon for the in-situ electrical

tests. The current configuration utilizes spring loaded Pogo-pins that allow for efficient,

fast, reliable, and accurate measurement.

Figure 4-15: The figure shows the copressd—otate of the current probe configuration.
The compressed state supplies cumulative downward force against the alumina board
that improves the heat transfer from the hot-plate.

As shown in Figure 4-15, the utilization of spring-based probes in the third and

current design offers an additional advantage by exerting cumulative downward force
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on the ceramic alumina board. This force enhances the thermal contact between the hot
plate and the testing ceramic alumina board, leading to improved heat transfer
efficiency.

The figure also illustrates the insulation sleeves enveloping the copper pipes
and insulation pads placed at each of the hot plate's legs. These features serve the
purpose of minimizing thermal leakage from the hot plate to the modular aluminum-
frame of the experiment's apparatus. By effectively insulating these elements, the
thermal integrity of the experiment is preserved, contributing to accurate and consistent

measurements.

4.1.4 Control Schemes

In order to design an effective temperature profile for a given experiment or
specific thermal-processing requirements, a control system for the hot plate is essential.
The control system should possess the capability to maintain stable set-point
temperatures and control the rate of cooling and heating.

The initial step in establishing the control system involves mathematically
identifying the transfer function of the process. Figure 4-16 displays a typical work
environment of the System Identification app provided by Matlab. Unlike white or
gray-box methods, which derive the transfer function using known system models, the
Matlab System Identification app employs a black-box method to mathematically
determine the transfer function. This application necessitates a set of inputs and outputs

that were measured using an open-loop control scheme configuration.
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Figure 4-16: Typical work environment of the System Identification application.

The input and output signals must maintain consistent time intervals and
scanning frequency. To enhance the quality of the input-output relationship, it is
preferable to measure the output with minimal physical delays, such as measuring the
temperature far from the heating elements. The System Identification app also requires
a minimum of two sets of input-output measured data. The first set is used to calculate
and estimate the transfer function, while the second set is employed to validate the
resultant transfer function of the system. Figure 4-17 illustrates the validation curve fit

of the resultant transfer function obtained from the System Identification app. The
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validation curve exhibits an 87.3 percent fit to the measured output signal, which was

deemed sufficient to proceed with the development of the control system.
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Figure 4-17: Validation curve fit of the resultant transfer function that was obtained
from the System Identification app.

Figure 4-18 showcases the Simulink (Matlab) environment designed for the hot
plate's control system design and tuning. Unlike the scripted environment in Matlab,
Simulink offers a block-based control design, where different groups of blocks can be
activated at any given time. The workflow in Figure 4-18 commences from the Data
Acquisition Block, responsible for obtaining temperature measurements with
consistent time intervals, which can later be fed into the System Identification app for

transfer function estimation.
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Upon obtaining the system's transfer function, the workflow returns to the
Simulink environment under the Simulation Block. Here, the transfer function is
implemented into a basic closed-loop control configuration, including an untuned PID
controller, as seen in Figure 4-18 from the bottom right. The initial PID tuning is
performed using the PID Tuner app, followed by multiple simulations in the Simulation
Block to manually tweak the PID parameters until the desired performance is achieved.

Subsequently, the workflow moves to the Real Live-Control Block, where the
control system actively engages the real physical system, namely the heaters in the hot
plate. In this block, the output PID signal is converted into Pulse Width Modulation
(PWM) signals. These PWM signals activate corresponding DC-AC optocoupler zero-
crossing Solid-State Relays (SSRs). Upon activation, the SSRs open the gate to the
120Hz AC sinusoidal signal from the wall. The PWM signal allows controlling the
gate-opening based on the frequency-based pulse width of the SSR signal. This action
effectively regulates the amount of power delivered to the heaters, controlling the
temperature.

Based on the results from the Real Live-Control Block, the PID can be further
tuned to close the gap between simulation and real performance of the control system.
The iterative process between the Simulation Block and the Real Live-Control Block
may require a few tuning rounds until the desired PID coefficients are achieved. Once
the PID coefficients are obtained, the user gains the ability to control the temperature

profile with optimal control settings.
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Figure 4-18: Simulink (Matlab) work-flow and work-environment for designing the PID
controller for the hot-plate.

Figure 4-19 shows the response of a tuned PID controller to a step input. The
step input (blue signal in the left plot) activates after ten seconds and instantaneously
rises from 0°C to 60°C. The response signal of the simulated thermal-system is plotted
on the same plot in orange color. Notably, the response demonstrates minimal
overshoots and a sharp heating slope toward the set point temperature.

In the right plot of Figure 4-19, the resultant PWM signal controlling the Solid-
State Relays (SSRs) is illustrated. The PWM control signal is derived solely from the
Proportional-Derivative (PD) controller. Initially, the proportional part of the PD
controller drives the PWM control signal to its maximum level of 255. This full-power
signal is sustained until the simulated hot plate approaches the set-point temperature.
At this point, the derivative part of the PD controller becomes active and significantly

reduces the PWM control signal to zero. This rapid reduction in the PWM signal
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effectively halts the hot plate's heating, thereby achieving minimal temperature
overshoot. Once the overshoot is diminished, the PWM signal gently rises again to a
minimal level, maintaining the hot plate at a constant temperature. The PID controller's
well-tuned response ensures precise temperature control during the dynamic process,
effectively minimizing deviations from the desired set point.
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Figure 4-19: Resultant simulated performance the PD hot-plate controller.

Figure 4-20 displays the measured temperature curve of a potential temperature
profile for the in-situ electrical experiment. Future iterations of the control system will
integrate a ramp function to regulate the heating rate during the experiment. Although
this function has not been implemented yet, the maximum PWM signal was trimmed
at 90% to slow down the heating rate, resulting in a heating rate of 82.2°C/min. Once
the temperature reaches the set-point temperature of 300°C, the experiment dwells for

5 minutes before activating the pump to cool the hot plate.
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At this point, the pump control was not yet integrated into the control system,
and it operates at full power once activated. The resultant cooling exponential curve
exhibits a cooling time constant (tau) of approximately six seconds. This cooling
characteristic demonstrates excellent performance. With the implemented control
signal for the water pump, the cooling system has the potential for an optimal design
of the temperature profile to terminate the experiment.

The design of the experiment termination is crucial in obtaining unbiased data.
A well-designed termination should avoid thermal shocks that might deform the test
sample while ensuring it is not too slow, preventing any chemical or diffusion
interactions that could impact the measured data. Achieving a precise and controlled

termination ensures accurate and reliable results from the in-situ electrical experiment.
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Figure 4-20: Measured temperature profile for the in-situ electrical experiment.
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Figure 4-21 shows the capabilities of the hot plate coupled with the control
system and the different experimental curves that the system can produce for different

experimental needs.
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Figure 4-21: Temperature profiles for different experimental conditions.

4.1.5 Data Logging and Equipment Calibration

Data logging plays a critical role in the successful execution of the in-situ
resistivity tests. Due to the logarithmic nature of the measured resistance data, the data
logging device must be capable of sensing multiple logarithmic ranges. Typically, the
data logger includes different sets of electrical circuits optimized to measure resistance
within each logarithmic range. Therefore, any data logger used in the DRT experiment
must feature an automatic-range function to accurately measure the resistivity signals

across these various ranges.
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Figure 4-22: Data logging equipment use to calibrate, and log data during the in-situ
electrical experiment.

Considering the need for an automatic-range function, two types of data loggers
have been qualified for the in-situ electrical tests. The first one is the Agilent 34970A,
shown in the top part of Figure 4-22. This data logger operates based on a multiplexer
system that switches between channels. Each Agilent 34970A can host up to three data
cards, with each data card capable of holding up to 20 individual channels (reducing to
5 signals per data card in a 4-point probe testing configuration). By employing

fundamental measurements or voltage drop conversions, the Agilent 34970A can be
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configured to measure various types of signals, including temperature, voltage drops,
resistance, and electrical currents.

The second qualified data logger for the DRT is the Agilent 4338B, a one-
channel instrument specifically designed to measure electrical resistance. This data
logger is particularly well-suited for measuring low-level resistances within the micro-
ohm and milli-ohm range, making it ideal for in-situ electrical test applications.

The two qualified data loggers, Agilent 4338B and Agilent 34970A, differ
fundamentally in their measurement methods. The Agilent 4338B is an AC-based
measurement tool, utilizing an AC test signal to mitigate thermo-electrical effects that
can arise from prolonged DC currents. On the other hand, the Agilent 34970A isa DC-
based measurement tool. Although the Agilent 34970A can take multiple, repeated
measurements without activating the mechanical multiplexer when measuring from a
single channel, using the multiplexer could introduce additional noise to the sensed
signal. To reduce this noise, the specific selected channel can be set to a standby-mode,
and measurements can be taken at digital-based requests through software like Matlab
and a GPIB communication.

This clean sensing method was crucial during the calibration of the Agilent
4338B data logger. The calibration involved using standard resistors at logarithmic-
based ranges. For milliohm-level calibration, a piece of 18-gauge copper wire was

utilized with either of the testing devices.
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To verify the normal operation of the data loggers, a second Agilent 34970A
data logger was used to measure the supplied current of the 4-point probe resistance
measurement method. The measured supplied current can then be compared against the
reported values found in each of the data loggers' manuals. Figure 4-23 and Figure 4-24
display the logarithmic-based resistance measurement ranges and their corresponding
testing currents for the Agilent 34970A data logger and the Agilent 4338B data logger,

respectively.

B DC, Resistance, and Temperature Accuracy Specifications

+ ( % of reading + % of range ) ']

Includes measurement eror, switching error, and transducer conversion error

Function Range ! Test Current or 24 Hour @ 90 Day 1 Year q

Burden Voltage 23°C:1°C 23°C+5°C 23°C+5°C

DC Voltage 100.0000 mV 0.0030 +0.0035 | 0.0040 + 0.0040 | 0.0050 +0.0040 | 0
1.000000 V 0.0020 +0.0006 | 0.0030 +0.0007 | 0.0040 +0.0007 | O
10.00000 V 0.0015+0.0004 | 0.0020+0.0005 | 0.0035+0.0005 | O
100.0000 V 0.0020 +0.0006 | 0.0035+0.0006 | 0.0045 +0.0006 | O
300.000 V 0.0020 +0.0020 | 0.0035+0.0030 | 0.0045 +0.0030 | O

Resistance ¥/  100.0000 © 1 mA current source || 0.0030 +0.0035 | 0.008 + 0.004 0.010+0.004 |0
1.000000k2 | 1mA 0.0020 +0.0006 | 0.008 + 0.001 0.010+0.001 | 0
10.00000 k2 | 100 pA 0.0020 +0.0005 |  0.008 + 0.001 0.010+0.001 |0
100.0000kQ | 10pA 0.0020 +0.0005 | 0.008 + 0.001 0.010+0.001 |0
1.000000 MQ | 5 pA 0.002 +0.001 0.008 + 0.001 0.010+0.001 |0
10.00000 M2 | 500 nA 0.015 +0.001 0.020 + 0.001 0.040+0.001 |0
100.0000 M2 | 500 nA || 10 MO 0.300 +0.010 0.800 + 0.010 0.800 +0.010 | 0
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Figure 4-23: Resistance ranges and their corresponding supplied current for the Agilent
34970A data logger.
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Figure 4-24: Resistance ranges and their corresponding supplied current for the Agilent
4338B milliohm-meter.

4.1.6  Apparatus and Location in the Laboratory

The location of the in-situ electrical test is of important in minimizing noise in
the measured signal. Conducting the DRT without a partially controlled atmosphere
requires careful consideration of various environmental factors, such as humidity
levels, ambient temperatures, and consistent air streams, which can influence the final
measured data values. Additionally, the test apparatus' location in the laboratory should
have access to at least one nearby sufficient power outlet with a reliable current supply.

Currently, the apparatus is situated in room EGL1187 of the laboratory. It is
placed close to a major electrical board to facilitate power supply. The main electrical
line of the test is connected to a single-configuration electrical outlet, as shown in

Figure 4-25. Using a single-configuration electrical outlet ensures that other users in
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the lab will not share the same electrical phase and draw more current than is
permissible (as sometime happens). By carefully selecting the appropriate location and
ensuring a stable power supply, potential sources of noise and interference in the
measured data can be minimized, thus enhancing the accuracy and reliability of the

experiment.

Figure 4-25: In-situ electrical test apparatus location in the laboratory (left). The right
figure shows the exclusive electrical outlet that is used by the test.

The in-situ electrical test apparatus, as shown in Figure 4-26, is mounted on a
single adjustable 2000Ib capacity mobile cart, featuring coarse and fine adjustable gears
for easy maneuverability. The apparatus is structured into three main levels for efficient
organization. The lower level houses the heavy equipment, including the diaphragm
pump and the water reservoir. The middle level accommodates the testing and other
electrical equipment, such as the main PC, data loggers, and a Wi-Fi receiver. The top
level serves as the primary experiment zone, housing the hot plate, testing probes,
probe's lifting crane, main electrical board, adjustable light and magnifier, adjustable

monitor, and an adjustable lifter keyboard mount.
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Figure 4-26: In-situ electrical test apparatus and components.
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Figure 4-27: Elect
electrical test.

The electrical board of the in-situ electrical test apparatus is illustrated in Figure
4-27. The figure also features the laser-cut acrylic protection for the electrical board.
The electrical board, from left to right, consists of the main electrical input, electrical
trippers, SSRs, control board, and a pump power supply. The acrylic protection offers
easy access to both the electrical trippers and the control board. The electrical board is
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designed to be modular, allowing for multiple configurations with respect to the testing
zone. This modular design enhances flexibility and ease of maintenance for the

electrical components of the test apparatus.
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5 EXPERIMENTS RESULTS AND DISCUSSION

With the custom-made hot plate and testing equipment, in-situ electrical tests
were conducted. As will described in this chapter, the electrical tests were followed by
a series of additional data acquisition that helped construct the fundamental
understanding to the first processing stage of the TLPS material at an open atmosphere
condition. The follow-up data acquisition includes ESEM observations and image
processing, EDS X-ray analysis, white light profilometer cross-section analysis, and

additional data analysis through Arrhenius relationship modeling.

5.1 In-situ Electrical Characterization

In this study the tested samples were stencil printed on 0.762 mm thick Al203
boards. The original cross section area of the printed TLPS paste samples was designed
to be 0.1 mm?2. The measured length of the sample was constant throughout the test
and was set to be 64 mm. The stencil printed samples are shown in Figure 4-9. The
metals that were used in this study and their relevant properties are listed in Table 5-1.
In all paste combinations, the HMP to LMP ratio was maintained as 80% to 20%
respectively. The metal loading for all paste combinations was 91% with the rest 9%
weight as an organic binder.

To decouple the cross-effects occurring during the initial heating stage of the
TLPS paste, we visually and quantitatively verified the size distribution and shape of

the particles. This was accomplished by capturing environmental scanning electron
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microscopy (ESEM) micrographs and employing image processing methods, as
illustrated in Figure 5-1. Figure 5-1 shows that the particle distribution for both the
LMP paste system is almost similar in shape and follow a lognormal distribution, with
mean diameter of 3.13 um, and 2.85 um for In and Sn respectively. Thus, the effect of
the particles’ size can be ruled out as a factor in this study. Figure 5-1 also show that
most of the particles are spherical and in the micron range.

Table 5-1: Metal powders used in this study.

Electrical

Resistivit Meltin Powder Particle
Element y ) ,g HMP/LMP mesh Manufacture
U -cm  Point °C size shape
@ 293 K
Ag 1.59 961.9 HMP -325 Spherical Alfa-Aesar
In 8.4 156.6 LMP -500 Spherical Alfa-Aesar
US Research
Sn 10.9 232.0 LMP -500 Spherical  Nanomaterials,

Inc
For this study, In and Sn were used as the LMP and Ag as the HMP. The metal
particles were mixed with three commercially available organic binders: A, B, and C.
In addition, two heating rates of 30 °C/min and 90 °C/min were tested. Table 5-2
shows all the paste combinations that were tested in this study. Eighteen to 28

individual samples were tested for each paste combination.

109



1 200 T T T T T T T T T T T T

1000

800

600

Counts

400

200
1Ag80In20 ﬂ:
[1Ag80Sn20 |

0

Figure 5-1: Particle size distribution (diameter) of the both the Ag-In and Ag-Sn paste
formulations.

Table 5-2: Test combinations of different paste formulations and heating rates.

Test Combination Ol:ganlc LMP HMP Heating Rate
Binder
Al9 A In Ag 90 °C/min
BI9 B In Ag 90 °C/min
Cl9 C In Ag 90 °C/min
AS9 A Sn Ag 90 °C/min
BS9 B Sn Ag 90 °C/min
CS9 C Sn Ag 90 °C/min
Al3 A In Ag 30 °C/min
AS3 A Sn Ag 30 °C/min

The in-situ electrical tests conducted on various paste combinations have
provided valuable insights into the underlying competing mechanisms that contribute
to the electrical conductivity development and structural stability of the TLPS material
during early processing stages. Figure 5-2 presents the summarized raw data of the in-

situ electrical tests, where the y-axis represents the electrical resistivity in units of Q -
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cm, represented in a log scale, and the x-axis represents temperature in °C. Analysis of
the plots in Figure 5-2 reveals a consistent trend in the electrical evolution of the TLPS
material.

The general trend exhibits a dual decrease in resistivity values, with the initial
drop being more substantial in the majority of instances. Specifically, the first drop
signifies a change in resistivity values that can span over six orders of magnitude,
typically ranging s from 1 x 10* uf) - cm as the upper limit of the data logger, down to
1 x 10 uQ - cm. In specific test combinations, the first drop in resistivity values is
followed by a lower plateau region where resistivity remains relatively stable with
minimal changes. The duration of this lower plateau region can vary, ranging from just
a few degrees Celsius, as observed in test combination Al9, to over AT = 100 °C, as
seen in test combination AS3 in Figure 5-2.b. Following the second major drop, the
resistivity curves stabilize and exhibit minimal additional changes as the temperature
increases.

To facilitate clear visualization of different effects, the plots are categorized
accordingly. Figure 5-2.a and Figure 5-2.b illustrate the effect of heating rates on In
and Sn-based samples, respectively. Remarkably, irrespective of the LMP selection,
the heating rate exhibits a similar impact on the TLPS systems. In both In and Sn-based
samples, the electrical signal initiates at lower temperatures when subjected to low

heating rates, as seen in test combinations Al3 and AS3. However, once the material
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experiences its first major drop in resistivity, the performance of both low and high

heating rate samples converges, resulting in similar resistivity trend.
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Figure 5-2: (a) Effect of heating rate on In-based samples. (b) Effect of heating rate on
Sn-based samples. (c) Effect of flux selection on In-based samples. (d) Effect of flux
selection on Sn-based samples. (e) Effect of LMP selection.

Figure 5-2.c and Figure 5-2.d demonstrate the influence of different organic

binders on the paste formulations with In and Sn-based samples, respectively. Notably,
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the selection of flux significantly affects the shape, location, and final value of the
resistivity curve evolution in both cases. Flux A consistently exhibits electrical signals
at lower temperatures compared to flux B and flux C. This observation effectively
isolates the effect of flux selection on the electrical performance of TLPS pastes,
irrespective of the LMP choice. Furthermore, test combinations utilizing flux A and
flux B exhibited resistivity values of approximately 1 x 10° uQ-cm at 300 °C. In
contrast, formulations based on flux C achieved resistivity values of about 1 x 107 u -
cm at the same temperature.
Figure 5-2.e specifically focuses on the impact of different LMP selections on
TLPS paste formulations. Test samples Al3 and AS3, employing the same flux and
heating rate, are compared. The plot in Figure 5-2.e reveals that the second major
drop in electrical resistivity corresponds to the melting of the LMP, occurring around
the melting point of In and Sn for test combinations Al3 and AS3, respectively. The
three main effects during the experiment’s heating stage are summarized in Figure
5-3. The figure shows that:
A. Changing the LMP in the paste formulations can delay or promote the
second main drop in the resistivity values of the TLPS material.
B. Changing the flux selection has the potential to completely change the
location and the overall trend of the electrical evolution of the

material.
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C. Changing the heating rate of the processing has an effect of the first

major drop in the electrical resistivity of the TLPS material.
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Figure 5-3: Shows the three main effects that were observed in the in-situ electrical
resistivity tests.

5.2 Electrical Percolation and Packing Densities

In order to gain deeper insights into the underlying mechanism driving the
initial significant decline in electrical resistivity of the TLPS material, a comprehensive
analysis utilizing ESEM micrographs and image processing techniques was conducted.
The packing densities of test combinations BI9, BS9, Al3, and AS3 were quantitatively
evaluated as a function of temperature, and the results are displayed in Figure 5-4.
Eighteen different samples were measured with a total sampled area of 0.716 mm? per
each temperature and test combination.

Figure 5-4 demonstrates that in the lower temperature range below 130 °C,
variations in packing density can be attributed to the use of different organic binders,
specifically A and B. Test combinations utilizing flux B exhibit a marginal 4%
reduction in packing density between 50 °C and 100 °C. This observation may be
correlated with the delayed electrical response of these test combinations, as shown

earlier in Figure 5-2.c and Figure 5-2.d. As the respective melting points of the indium
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and tin-based LMP are reached, a decrease in packing density is observed. Importantly,
this reduction in packing density is consistent regardless of the organic binder selection.
Before reaching the melting points of the LMP, test combinations BI9, BS9, Al3, and
AS3 demonstrate respective increases in packing density of 8.22%, 14.62%, 9.95%,

and 8.09% compared to their minimum measured packing densities.
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Figure 5-4: Packing densities vs. temperature of test combinations BI9, BS9, Al3, and
AS3.

A set of representative images, complementary to Figure 5-4, of the Sn-based
test combination BS9 is presented in Figure 5-5. In particular, below the melting point
of Sn at approximately 232 °C, the metal particles exhibit incremental increased
proximity to each other, indicating the formation of electrical percolation networks.

Additionally, the melting of Sn particles and the initial development of a structural
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backbone are evident as the temperature reaches 230 °C and 260 °C. These micrographs

also reveal the formation of pores and the residual presence of the organic binder.

Figure 5-5: Micrographs of test combinations BS9 at temperatures of 50, 100, 150, 170,
200, 230, and 260 °C.

The Energy Dispersive Spectroscopy (EDS) readings of In-based test
combination Al3, and Sn-based test combination AS3 are presented in Figure 5-6. The
EDS readings were obtained from the top of the samples. For both the Indium-based
combination Al3, and the Sn-based combination AS3, the EDS readings of carbon at
around 0.28 keV, which can be considered as signal of the organic binder, show
reduction in signal intensities when approaching to the respective melting temperatures
of the LMPs. These trends support the increase in packing density below the melting
temperatures of the LMPs, and the formation of electrical percolation networks.
Additionally, for both AI3 and AS3, at temperatures above the respective melting
temperatures of the LMPs, the EDS signal of the organic material experiences a sudden

increase in its intensity. The presence of aluminum in all the spectrums is most likely
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originated from the Al2O3 ceramic substrates, while the presence of oxygen signals can

be related to both the ceramic substrate and the organic material.
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Figure 5-6: EDS spectrums of test combinations Al3 (a) and AS3 (b) as a function of
temperature.

Figure 5-7.a and Figure 5-7.b show the elemental maps of test combination Al3
at 130 and 260 °C, respectively, and Figure 5-7.c and Figure 5-7.d shows the elemental
maps of test combinations AS3 at 130 and 260 °C, respectively. The colors red, purple,

and green represent the HMP, LMP, and organic material respectively.
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Figure 5-7: EDS elemental maps of: (a) AI3 at 130 °C. (b) AI3 at 260 °C. (c) AS3 at 130
°C. (d) AS3 at 260 °C. Red = HMP, Purple = LMP, Green = Organic material.

The EDS elemental maps presented in Figure 5-7 confirm the increased signal
of organic material at temperatures higher than the respective melting temperatures of
the LMPs. At the time of the LMP melting, interactions occur between the metal and
the organic binder liquid phases. The increased signal of organic material during the
melting of the LMP is likely due to these interactions, as described in [162]. The
densification of the metal system is also inhibited by outgassing of the organic

binder [163,164]. The presence of the organic binder during the melting of the LMP
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potentially impedes further system densification. However, figures Figure 5-7.b and
Figure 5-7.d demonstrates that despite the presence of some organic binder, certain
LMPs retained their spherical shape. The failure of certain LMPs to react or wet the
HMP's surface upon reaching their melting point can be attributed to inadequate
removal of the oxidation layer. Previous studies have demonstrated a substantial
increase in the oxide layer of pure indium particles when they reach their melting point
at 156 °C [165]. However, in both the In-based and Sn-based pastes, the majority of
LMPs melt and establish metal-liquid bridges between the HMP Ag particles, as shown

in Figure 5-7.

5.3 LMP Liquid Phase Behavior

The discussion of the metal-phase liquid bridges is important for the
understanding of the structural formation of the paste, as well as the ability to predict
if the system will undergo densification, or increased state of porosity. For suspension
particulate systems, there are four states of solid-liquid interactions which are defined
as follows [166-169]:

1. Pendular state: the liquid bridges are isolated from each other.

2. Funicular state: the liquid bridges form some degree of coalescence. While

the liquid bridges may coalesce with each other, the coalescence is not
uniform and some gas or secondary liquid-phase is present between the

molten metal liquid bridges.
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3. Capillary state: forms a uniform and homogeneous state of liquid bridges

between the HMP solid-phase particles.

4. Drop state: the HMP solid-phase particles are completely submerged by the

molten LMP phase.

Upon melting if the LMP, and with relative low saturation of molten liquid
metal that was used in this study (20% LMP to 80% HMP), the TLPS paste system
experience all of the four different states of liquid bridge solid-liquid configuration as
shown in Figure 5-8. The pendular state can often be seen between large Ag-particles
(D > 25 um ) as shown in Figure 5-8.a. The funicular and capillary states are seen
between medium size particles (5 < D < 25 um) and are shown in Figure 5-8.b and
Figure 5-8.c. With low saturation systems, the drop-state can often be seen coating a
group of smaller silver particles (D < 5 um) as shown in Figure 5-8.d, which in fact
forms a locally high saturation region. When the solid-state particle size is smaller, the
probability of the liquid metal to fully coat the particles increases. The coexistence of
multi-state solid-liquid interactions such as the pendular, funicular, capillary, and drop
states during the processing of the TLPS paste is most likely the main reason for the
decrease in packing densities of the TLPS systems during the melting of the LMP as

shown earlier in Figure 5-7.
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Figure 5-8: Shows the four states of liquid bridges and solid-liquid interactions that the
TLPS paste experience during the melting of the LMP. (a) Pendular state. (b) Funicular
state. (c) Capillary state. (d) Drop state.

The TLPS paste system in this study is characterized by a relatively low
saturation of metal liquid phase material, resulting in an isolated state of solid-state Ag
particles. These particles experience attractive forces from various directions, which
can be attributed to the minimization of the surface energy of liquid bridges between
them. The suction pressure (S) between similar-sized particles by the capillary bridge

can be calculated using the Young-Laplace equation, which is a function of the liquid
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surface tension and the external (r,,;) and internal (r;,,;) radii of the liquid bridge. This

equation is expressed as [170]:

1 1
S=T( - ) 5.1

Vext Tint

The force applied by two neighboring particles can be determined using
equation 5.1, which considers the suction pressure and the area of the liquid bridge:
F = Surf, + T(2nTin,) 5.2
Illustrations of equations 5.1 and 5.2 are shown in Figure 5-9.a and Figure 5-9.b
respectively. The attractive and capillary force between particles will cease to be
effective at a critical distance, causing the liquid bridge to rupture [168].

(a) (b)

LMP liquid phase

HMP Particle

LMP liquid phase

Figure 5-9: Illustration of the liquid bridge between two similar size solid-phase
particles (a). lllustration of the suction pressure S and the surface tension T forming the
capillary force between the solid particles (b).

It should be noted that these equations are applicable only for isolated liquid bridges,
as in the pendular state. Forces applied on funicular and capillary systems are discussed
in further detail in [166,168]. Various studies have explored the effects of applied
forces on particulate systems of different radii [171,172], as well as different contact
angles resulting from different wetting of the liquid phase over solid-state

particles [173]. In the TLPS paste system, all of these scenarios coexist at and above
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the melting point of the LMP, increasing the probability of an inhomogeneous state of

densification.

5.4 Formation of Structural Backbone

Resistivity, denoted as p is the resistivity in Q - cm, is a fundamental property

of materials and it can be represented as follows:

RA
- 5.3
P
It is necessary to verify if the TLPS paste samples undergo a change in volume

in order to adjust equation 5.3 as follows:

R(T)A(T)
L

p(T) = 54

Keyence structured white light profiler microscope model VVR-3200 was used
to measure the cross sections of our samples at varying temperatures. Specifically, the
ceramic substrate with the printed samples were removed from the hot plate at
temperatures ranging from 50 °C to 300 °C and immediately cooled them on a cool
metal surface. For each temperature, we measured six different samples across a 1.893
mm for each sample. Figure 5-10.a and Figure 5-10.b show the cross section of In-
based samples from test combination Al9 before and after the melting of the LMP at
150 °C and 170 °C, respectively. Despite an initial stencil cross section of 0.1 mm?,
the structured white light profiler microscope measurements failed to detect a
significant change or reduction in cross section. This can be clearly seen in the fit line

in Figure 5-10.c that shows a negligible change in cross section of 5 x 10° mm? - °C~1,
123



and poor goodness of fit value of 19.58%. This result can be attributed to two main
reasons. First, cross-section measurements at different temperatures represent point-
wise measurements and thus are sensitive to any variability originating from the stencil
paste deposition. Performing an in-situ cross-section measurement would overcome
this variability issue as it will follow the cross-section development with respect to the
initial cross-section measurement of individual samples. Second, the quick formation
of the structural backbone of the samples resulted in minimal to no change in overall
cross-section measurement. We observed early reactions fronts between the metal
liquid-phase and the Ag HMP immediately after the melting of the LMP, forming IMCs
with higher melting points and reduced ability to liquify at low temperatures, as shown
in Figure 5-10.d. In the ESEM, the backscatter mode can detect the IMC reaction fronts
due to their different atomic weight, which results in different contrast in the image.

The reaction fronts are highlighted in Figure 5-10.e.
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Figure 5-10: Structured white light profiler microscope measurements of test
combination AI3 at 150 °C (a), and at 170 °C (b). Cross section of test combination AI9
at different temperatures (¢). ESEM micrographs of In-based test combination Al3
sample at 170 °C (d), and the same figure with highlighted reaction fronts (e).

5.5 Characterization Summery

At this stage of the analysis, the multiple processes that occur during the initial
heating stage of the TLPS paste can be illustrated. The electrical conductivity and
structural formation of TLPS paste can be divided into five main stages, which are

summarized as follows:
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(S.1). The first stage as shown in Figure 5-11 is the initial paste phase. In this
stage, the conductive particles are embedded in the non-conductive organic binder such
that the resistance is too high to detect. This length of this stage is governed by the
composition and selection of the organic binder.

(S.1). At the second stage the conductive particles are still isolated from each
other by the organic binder. However, an initial weak electrical signal can be attributed
to the evaporation of lighter weight organic molecules of the organic binder complex
as described in [174] and [175], and the respective minimal increase in volume fraction
of the conductive particles. The volatile low molecular weight molecules near the
binder-vapor interface evaporate first, while non-volatile longer and heavier organic
molecules undergo degradation to produce volatile decomposition products such as
monomers, dimers, CO,, and H,O. Capillary-driven binder redistribution accelerates
the removal of the non-volatile molecules.

(S.H1). TLPS paste experiences a significant reduction in electrical resistivity,
irrespective of the organic binder used. This reduction results from a more substantial
increase in the volume fraction of conductive particles, as discussed in [176] and [177].
This increase enables the system to cross the percolation network threshold, which
typically follows an exponential trend, as described in [178]. The electrical data
presented in Figure 5-2.c and Figure 5-2.d suggest that the sufficient increase in the
volume fraction of the conductive particles depends on the properties of the organic

binder itself, implying a correlation between the percolation network threshold and an
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accelerate rate of binder burnout, as also outlined in [174]. The visible rise in the
volume fraction of conductive particles is particularly evident at the top of the samples,
providing empirical support for the theory that the percolation network develops from
the uppermost regions towards the lower portions of the samples, as shown in Figure

5-11.
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Figure 5-11: lllustration of the electrical and structural evolution of the TLPS paste.

(S.1V). After the system passes the conductive percolation threshold, the
change in electrical performance is minimal. The organic binder continues to evaporate
and initiates more electrical paths through the samples. The additional electrical path
cause to farther reduction in the equivalent resistance following the traditional Ohm’s

Law.
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(S.V). The fifth stage of the electrical and structural evolution of TLPS is
considered the most critical stage. In this stage, multiple physical phenomena occur
simultaneously at different magnitudes, such as liquid-solid diffusion, different states
of liquid-solid interactions and forces, particulate suspensions with dual liquid phase
interactions, oxidation removal by the organic binder, and continuous burnout and
outgassing of the organic burnout. The saturation levels of the metal liquid-phase
determine the state of the liquid-solid interaction and forces. Adding to the complexity
of the different states of capillary forces between the Ag HMP is the continuous
diffusion between the LMP and HMP. The diffuse interface contributes to the kinetics
in which the overall system generates its backbone structure. A numerical study
by [179] attempts to show the dynamics of such a system. The quick generation of
backbone structure can be advantageous from an AM point of view, allowing for
sequential layer printing with minimal partial heating times. However, if the system is
locked into a porous structural state, further densification can be challenging [180].
Incomplete removal of the organic binder at the melting time of the LMP hinders
intimate contact between the LMP and HMP and prevents the system from achieving
its full densification potential.

(S.VI). The sixth stage marks the end of the temperature-dependent electrical
conductivity evolution of the TLPS paste. At this stage, relatively slower solid-state
diffusion becomes the dominant diffusion mechanism of the system. Furthermore, if

the Ag particles are not adequately coated or alloyed with the LMP, the system
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experiences oxidation and decreased electrical conductivity. The structural stability of
the material develops as the storage modulus increases in magnitude compared to the
loss modulus of the system, as shown in [181]. Flux residue is also a concern for the
structural and electrical performance of the system, preventing the completion of

densification, potentially causing stress concentrations and oxidation of the system.

5.6 Related Energies

Stages three to five can also be analyzed from an Arrhenius relationship point
of view. The Arrhenius relationship for electrical conductivity can be written as

follows:

0 = 0gexp (— g—;) 5.5
Where ¢ is the conductivity in S-cm™1, g, the pre-exponential factor in S -
cm™! (i.e. the maximum conductivity that the material would have at infinite
temperature), E, is the activation energy in kJ - mol™1, R the universal gas constant,
and T the absolute temperature in Kelvin. Taking the logarithmic of both sides of
equation 5.5 allows to fit the data with the standard linear regression model (LM) as
follows:
Yi = Bo+ Pix; + € 5.6
€ ~N(0,02) 5.7
Where y; is the ith estimate response value, x; is the ith predictor, S, is the

intercept, B, is the slope, and ¢; is the normally distributed random error term with a
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variance of g2. This notation assumes that not two measurements were taken at the
same predictor value. In terms of the Arrhenius relationship, equations 5.5 and 5.6 can

be written as follows:

In(o); = In(ay) + (Tl) (‘}?) +¢€; 5.8

Equation 5.8 can be fitted separately to stages three, four, and five. We did not
attempt to fit the equation to stage two due to insufficient amount of data (stage two
values approaching the measurement limits of the data logger), and to stage six as it
showed negative positive slope in the Arrhenius plots which correspond to negative
energies. Figure 5-12 shows the multiple Arrhenius fits of equation 5.8 applied to the
data of test combination Al3. As can be seen in the figure 16.a, the fit for the fifth stage
perform reasonably well with goodness of fit value R? of 87.00. However, the fit for
the fourth stage performs worse with R? value of 62.75, and the fit for stage three shows
that only 6% of the variation in the electrical conductivity can be explained with the
inverse of temperature. When performing the same fit procedure onto an individual
sample from the sample test combination, the goodness of fit values improve
dramatically and score values of 96.51, 97.78, and 96.66 for stages five, four and three
respectively, as shown in Figure 5-12.b. Visual inspection of the fit of the third stage
in Figure 5-12.a shows that the fit line goes across the samples instead of along the
general slope of the data of this stage. This is particularly noticeable during the third
stage. In addition, the relative increase in the R? values from stage three to stage five

can be explained by the fact that the data from the third stage, which was found to be
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correlated to organic evaporation Kinetics, and formation of electrical percolation
network, is more stochastic in nature. When the electrical measurements approaching
stage five in which the LMP melt, the electrical resistivity values start to converge and
become less random, and more deterministic.

To solve the apparent randomness across the samples, we expand the standard
LM formula and use Linear Mixed Models (LMM) [67,68] which allow to use random

intercepts, random slopes, or both. Random Intercept LMM formula is written as

follows:
Yij = Bo + Bixij + agj + € 5.9
ao; ~N(0,02) 5.10
€;; ~N(0,0¢) 5.11

Where y;; is the ith response of the jth group. The terms g, and f, are the
fixed intercept and slope of the level 2 data, with ¢;; is the level 1 random error term
with a gaussian distribution, and a variance of o2. The level two random intercept o
is normally distributed and has a variance of 00%0. The random intercept model is

restricted to have the same slopes for all data levels, i.e., the slope of the mean response
of all the data, and the slope of the mean response per individual groups of data is

similar. The application of equation 5.9 is shown in Figure 5-12.c.
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Figure 5-12: Arrhenius fits using LM and their respective activation energies for stages
3,4, and 5 for test combination Al3 (a). Arrhenius fits using LM and their respective
activation energies for stages 3,4, and 5 for only one sample from test combination Al3
(b). Arrhenius fits using random intercept LMM and their respective activation
energies for stages 3,4, and 5 for test combination Al3 (c). Arrhenius fits using random
intercept and slope LMM, and their respective activation energies for stages 3,4, and 5

for test combination Al3 (d).

To further expand the random intercept model, an added term of random slope

per each data group can be added. The LMM with both random intercepts and random

slopes can be written as follows:

Yij = Bo + Bixij + aoj + X + € 5.12
ao; ~ N(0,02)) 5.13
a;;~N(0,05,) 5.14
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€ ~ N(0,02) 5.15
Where the added term to equation 5.12 is the normally distributed random slope

a,; With variance of 051. The application of equation 5.12 is shown in Figure 5-12.d.
Our main focus in this work is extracting the general fixed effect slopes, and
the corresponding activation energies of the different states of the electrical evolution.
We thus use the conditional ordinary R2 statistics that captures both the fixed and

random response for comparison measure of the different LMMs as follows:

R2=1- ?;_’; 5.16
SST = SSR + SSE 5.17
SSR = Y.(F; — F)? 5.18
SSE = ¥(y; — Fy)? 5.19

Where SSE is defined as the sum of squared conditional residuals, y; represents
the ith response value and F; denotes the fitted conditional response. SSR is calculated
as the sum of squared deviations between the fitted values F; and the mean of the fitted
values F. Last, SST corresponds to the total sum of squares.

Table 111 presents the fixed effects obtained from the LMM Arrhenius fits with
random intercepts and random slopes. As discussed in section 5.5, stages three and five
are associated with thick binder burnout and LMP melting, respectively. Notably, the
activation energies in Table 5-3 for stages three and five are considerably higher

compared to those of stage four, which corresponds to thin binder burnout and the
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broadening of the existing electrical percolation network. For the third stage, the
activation energies are 88.48, 139.36, and 328.51 kJ - mol~1 for test combinations Al9,
BI19, and CI9, respectively. This increase in activation energy aligns with the elevated
temperatures at which stage three takes place. A similar trend can be observed for the

third stage between the test combinations AS9 and BS9, with activation energies of

106.03 and 197.42 kJ - mol ™1, respectively.

Table 5-3: Fixed effects using random intercept and slope LMM for the Arrhenius

relationships for stages 3, 4 and 5 for the different test combinations.

Combination Stage 111 Stage 1V Stage V
AI9 T /°C 120-140 140-150 150-155
o 19.3(16.7,
E, /K] mol 885 (718,1051)  51'g 82.2 (72.4, 92)
Ln(o, /o cm=1) 82 (68.1, 95.9) gi.g)(zoA, 73.8 (65.8, 81.7)
R2 0.91 0.95 0.99
BI9® T /°C 150-185
., 139.4(1305,
E, /k] mol 148.2)
Ln(oy Jocm™) 105 (98.3, 111.6)
R2 0.91
cI9P T /°C 170-190 190-285
., 3285(2756, 27.3 (24.8,
Eq /kj mol 381.4) 29.8)
. 1825(1528,
Ln(oy /o em™) 5152, 17 (16, 18.1)
R2 0.81 0.98
AS9 T /°C 110-135 155-220 220-230
E, /kjmol™t 106 (99.2,1129) 6.2 (6, 6.4) 1335 (122.6, 144.4)
In(o, /ocm') 103.8(97.8,109.8) 121(12,12.2)  80.6 (747, 86.5)
R2 0.95 0.98 0.97
BS9 T °C 170-180 190-220 225-230
E, /k] mol~1 ;2‘71"7‘)(180'1’ 37(36,39) 1489 (116.8, 180.9)
Ln(o, Jocm™') 1382 (126, 150.4) ig';)(lo'ﬁ' 88.6 (71.5, 105.8)
R2 0.89 0.91 0.95
CS9°
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AI3 T /°C 80-120 120-145 145-155
E, /kjmol™t  1035(83.7,123.2) 10.8(9.6,12)  73.2(67,79.4)

Ln(o, /o cm=1) 1172 (99.1, 135.3) 12'2)(15'6’ 67.9 (62.9, 73)
R2 0.8 0.98 0.96
AS3 T J°C 100-120 150-220 220-230
E, /kjmol~t  857(77.9,934)  38(36,41)  106.8(93.9,119.7)
Ln(o, /o cm=1) 93.7 (84.6, 102.8) 18'2)(10'5' 66.1 (59.2, 73)
R2 0.91 0.99 0.96

@ Goes from stage 3 directly to stage 6
b Does not show a clear transition to stage 5
¢ Stages overlap

5.7 Conclusion

In this study we systematically investigated the electrical and structural
formation of Ag-based TLPS paste materials. Different paste and processing
combinations were examined, including various organic binders, alloying elements (In
and Sn), and heating rates. The material characterization was carried out through in-
situ electrical measurements of these combinations. Through our findings, we were
able to divide the electrical and structural evolution into six different stages that occur
during the heating of the paste samples. The electrical conductivity of the material
begins through the formation of an electrical percolation network during the
evaporation of the organic binder, which improves further during the melting of the
LMP. The importance of achieving a uniform capillary state was demonstrated, and the
pitfalls of insufficient and timely removal of the organic binder were highlighted. The

rapid formation of the structural backbone of the TLPS paste material, which is highly
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beneficial for rapid and robust AM applications, was also presented. Furthermore,
LMMs were used to extract the activation energies of the different evolution states for
the different test combinations. The findings can guide future research in the
formulation of the paste, processing conditions, and alloying element selections. Future
research should focus on investigating the effects of different particle sizes and
distributions of HMP and LMP patrticles, different LMP to HMP ratios, and different
ambient conditions to further understand the cross effects that take place during the

initial processing of the TLPS material.
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6 SIMMULATION AND MODELING

This chapter concentrates on reproducing the electrical findings from chapter 5.
It starts by establishing a modeling framework for composite materials, specifically the
TLPS, with a case-study of the Cu-Sn TLPS system. The second part of this chapter
further develops the modeling and simulation framework to achieve a more accurate
representation of the material during the early processing stage, aligning with the

objectives of this work.

6.1 Overview on TLPS Used for Case-Study Simulation and Modeling

For an arbitrary binary system, TLP is a type of sintering process in which metal
A (filler metal) melts and diffuses into metal B (base metal) while the base metal
remains in a solid phase throughout the entire process. The liquid phase gradually
consumes (hence the term transient), solidifies isothermally (AT = 0) until no liquid
remains [182], and creates either solid solution or Inter IMC, depending on the choice
of metals [152]. This process is different from traditional sintering process in which the
diffusion is done by mass transport (several diffusion modes and creep) without
reaching the melting point of any of the metal participants. The TLP sinter process also
differs from brazing (hard soldering), as the applied temperature that is used to melt the

filler metal is lower and kept below 450°C. It also differs from welding as it allows to
join two different base metals. Two prerequisites for a successful binary TLPS process

and bonding between the metals are mutual solubility (as in solid solution) or reactivity
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(as in IMC), and sufficient wettability of the solid phase by the liquid phase [152].

The main advantage of the TLPS material is the ratio between the processing
temperature and the operational temperature. The TLPS is processed with temperature
below 300°C and above the melting temperature of the lower-melting temperature
metal, such as Sn with Tm-low of 231.9°C. After the processing is completed and the
different phases of IMC have formed, the resultant melting temperature of the TLPS
material will then be much higher, and will shift towards the melting temperature of
the second participant metal, such as Cu with Tm-high of 1,085°C.

In some TLPS Metal Matrix Composite (MMC) systems, materials may exhibit,
excessive voiding, stiffness and brittleness, as well as high raw material price (depends
on the metal system), and long processing time. These disadvantages are rather general

and should be further addressed to a specific metal binary/tenantry TLPS system.

Figure 6-1: Illustration of a Cu-Sn microstructure TLPS MMC system.

The microstructure of the Cu-Sn TLPS MMC system under study is shown in
Figure 6-1. In such system, when Cu and Sn are mixed and sintered under 300°C, two
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primary IMCs will develop: Cu6Sn5 (matrix phase) and Cu3Sn (transition phase).
Initially, Cu particles (aggregate phase) will react with Sn particles to form the Cu6Sn5
while consuming the Cu and Sn atoms. Thereafter, following a further aging process,
Cu3Sn will develop around the Cu particles by consuming the Cu atoms and by
transforming some of the Cu6Sn IMC phase. During this process, voids form through
several mechanisms such as: reduction of volume due to increased density of the TLPS,
Kirkendall effect due to differences in diffusion rates, and evaporation of the organic
flux [152]. The isotropic material properties that were used for this study are shown in
Table 6-1.

Table 6-1: Isotropic elastic material properties of Cu-Sn TLPS phases.

Cu Cu3Sn CubSn5
Density [kg/m”3] 8890.0 8900.0 8280.0
Elastic Modulus [GPa] 119 108.3 85.56
Poisson's Ratio 0.34 0.299 0.23
CTE [ppm/°C] 17.0 19.0 16.3
Thermal Conductivity [W/mK] 385.0 70.4 34.1

6.2 Modeling Composites Materials

In micro- and nano-scales, most materials will show some level of
heterogeneity in the form of grain boundaries, cracks, voids, inclusions, and other
material defects. However, for most practical applications and simulations, effective
(macro) material properties are required. Through homogenization (averaging)
techniques, it is possible to calculate these effective material properties. Analytical
methods and finite element methods are such homogenization techniques. While the

first approach is useful and effective for some applications, it lacks sufficient level of
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detail, and often depends on some set of assumptions. On the other hand, finite element
simulations are capable of simulating detailed structures and systems. The main
drawback of finite element simulations is the large computational cost.

To optimize the use of finite element simulations of composite materials,
models assume periodicity of the geometry and boundary conditions. These two
assumptions enable to shrink the size of the finite element model and achieve the same
effective material properties as a full-size model. Furthermore, the reduction of model
size, and therefore the reduction of computing cost, allows to simulate detailed models
with minimal geometry assumptions or simplifications. According to Hori et al., the
choice of periodic boundary conditions over homogenous strain or stress boundary
conditions, have proven to be the most accurate, as the two other boundary conditions
overestimate or underestimate the effective properties of the material [183].

In this work, only periodic boundary conditions were used. Models with
periodic geometry are still under development. To overcome the lack of true periodic
geometry, larger sized test models were generated to achieve the necessary statistical
representation. The model was then tested and validated against a stochastic
model [184] which uses a different technique to solve for the effective properties.

The use of periodicity requires the development of a Representative VVolume
Element (RVE). The RVE must statistically represent the considered material volume
and the local continuum properties [185]. Regardless of the presence of periodicity in

the microstructure, the requirement of the RVE is to have a ratio of D/d >> 1, where D
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is the dimensions of the RVE and d is the size of the smallest inclusion of interest. The
optimum choice of RVE size would be one that includes the largest amount of detail of
direct influence on the macro properties, while maintaining the simplest or smallest
model.

Once the RVE with a volume Vrve is obtained, the extraction of an arbitrary

macro material property can be done by the following equation:

(T) =

— fv TGOV 6.1
Where T(x) is an arbitrary micro property, (T) is the corresponding macro
property, and X is an orthogonal position vector. For the same RVE, any spatial field
such as temperature field or displacement field needs to feature periodicity. The
periodic displacement field for example, can be expressed as:
u;(x) = (e);;x; + uj(x) iandj=120r3 6.2
Where u;(x) is the spatial displacement field, (¢);; is a second order tensor of
the macro strain, and u; (x) is a periodic function that represents the small displacement
perturbations due to the heterogeneities at the micro scale. By the definition of
periodicity, these perturbations are similar for neighboring RVEs [186]. Equation 6.2
implies that the overall macro body, as a collection of small identical RVEs, will
maintain a displacement continuity, and as a result, traction continuity. These two

continuities ensure that after the body deforms due to any sort of loading, the material

will not overlap.
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Since u;(x) is generally an unknown quantity, equation 6.2 cannot be applied
directly as a boundary condition. However, the displacement on two opposite sides of
an RVE can be written as:

uft(x) = (e)yxft + uj(x) k=120r3 6.3
uf=(x) = (e)xf~ + ui(x) 6.4
Where k+ and k- represents any two opposite faces of the RVE and u; (x) is the
same in both equations due to periodicity. Taking the difference between equation 6.3
and equation 6.4 yields:
uft () —uf(x) = (&) (T —xf7) = (e);;Ax] 6.5
For each pair of the opposite sides of the RVE, Ax]'-‘ is constant, and (e);; is a
known applied strain. The right-hand side of equation 6.5 then becomes constant, and
can be applied as a displacement boundary condition in FE simulations. For linear
elastic analysis, equation 6.5 also guarantees the traction continuity [187].
For an arbitrary small applied displacement, the effective strain and stress can

be obtained by using equation 6.1 as follows:

1
(O-)ij = fO'(X)dV 6.6
VRVE 74
1
(£>ij = fg(X)dV 6.7
VRVE 1%

Where (o);; and ();; are second order tensors of the effective stress and strain

respectively. o(X) and g(X) are the corresponding stress and strain fields throughout the
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selected RVE. Using these two effective properties, it is then possible to solve for the
full effective symmetric stiffness (C),j, forth order tensor by using the generalized
Hooke’s law:
(0)ij = (C)ijrale)ij 6.8
By obtaining the coefficients of the stiffness matrix, it is then possible to use
them in any macro level simulations and analysis. In cases when the stiffness matrix
features some symmetric characteristics, such as in isotropic material or orthotropic
material, taking the inverse of the matrix, which will yield the compliance forth order
tensor (S);jx;, Will output some directional or isotropic material constants such as
elastic modulus and Poisson’s ratio.
With the same approach of extracting the effective mechanical properties from
a periodic model, the effective thermal conductivity second order symmetric tensor,
(r);j, can be calculated with the following relationship:
(K)ij = —{q)i/VT; 6.9
Where: VT; = AT/L; 6.10
With the periodic temperature condition:
Tkt — Tk= = AT 6.11
Where (q); is the effective heat flux in the i*" direction, VT; is the temperature
gradient along the j™ direction, AT is the applied macro temperature difference, L; is

the respective RVE’s length, and T¥ is the temperature on the k" face of the RVE. For
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a given applied temperature change, the effective thermal flux can be calculated by

applying equation 6.1:

(q); =

v qu(x)dV 6.12
Where g(x) is the micro heat flux field in the RVE. Analogously to the
displacement field and traction continuities, when a change in temperature is applied
to an RVE, the temperature and heat fluxes must maintain continuity on opposite faces
of the RVE.
Finally, the Thermal Expansion Coefficient (CTE) can be calculated by
applying a change in temperature, and calculating the resultant strain along each of the

principle directions as follows:

AL; (e);

6.13
L,AT ~— AT

(a); =

Where (a); is the effective CTE in the i direction, and the effective strain (¢);

is calculated according to equation 6.8 [188].

6.2.1 Methods of Preparing the Model

The first step of building the RVE of the Cu-Sn TLPS microstructure is
generating randomly distributed particles’ coordinates. This step was done by writing
a Matlab code that ensures that the particles do not overlap with each other or cross the
boundaries of the RVE. In addition, the Matlab code allows the user to choose a
minimum distance between the particles, size of the transition phase, and control over

the desired volume fraction of the phases and voiding. The minimum distance
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parameter is important to ensure the quality of the mesh and was chosen to be two units
of length.

Through the FE software Abaqus, a python code was written to: read the Matlab
files with the coordinates of the particles, apply mesh and boundary conditions, define
interactions between the particles and the matrix, define relationship between groups
of nodes to ensure periodicity, run the desired tests, and output the desired results.

The interaction between the particles and IMC phases were assumed to have
perfect bonding, and were defined in the python code by using Tie Constraints. To
ensure periodicity of the model, the code generates reference points (RPi for i = 1,2 or
3) that can be defined as the right-hand side of equation 6.5 or equation 6.11, the applied
displacement or temperature difference. The code then finds pairs of nodes on opposite
faces, and groups them with the appropriate reference points. To avoid over constrained
model, this step requires to have three groups of nodes pairs: vertices nodes, edge
nodes, and face nodes. The full derivation of the periodic part of the code can be found
in [189], which also provides python script to help apply the periodic conditions.

Table 6-2: Applied boundary conditions for stiffness tensor calculations

Load Case u(x)rex u(x)rey u(x)rez
Tension - Xx (6, 0,0) (0,0,0) 0,0,0)
Tension — yy (0,0,0) (0, 6, 0) 0,0,0)
Tension — zz (0,0,0) (0,0,0) (0,0, d)
Shear - xy (6/2, 0, 0) (0, 8/2, 0) 0,0,0)
Shear — xz (0, 8/2, 0) 0,0,0) (0,0, 8/2)
Shear - yz 0,0,0) (0, 8/2, 0) (0,0, 8/2)

The boundary conditions were divided into three groups of tests to solve for

each of the effective material properties: the effective stiffness matrix, the effective
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CTE vector, and the effective thermal conductivity matrix. To calculate the full
effective stiffness tensor, six monotonic tests were applied: three pure tension tests
along the principle axis, and the corresponding three pure shear tests as shown in Table
6-3. The applied displacement & was chosen to be small enough to ensure linear elastic
response. In all of the tests, one corner node was completely constrained in all
directions to prevent rigid body translation.

For each one of the load cases, the python code extracted the full effective stress
and strain tensors, which then allowed to solve for one respective row of the effective
stiffness tensor by following equation 6.8.

The applied boundary condition for calculating the effective CTE was a field
temperature change of AT = 10°C across the entire RVE. The RVE was allowed to
expand in all directions while maintaining periodicity. Similar to the effective stiffness
matrix calculations, one corner node was completely constrained in all directions to
prevent rigid body translation.

Last, to calculate the full effective thermal conductivity matrix, three different
tests were applied to the RVE as shown in Table 6-3.

Table 6-3: Applied boundary conditions for thermal conductivity tensor calculations,
where AT =100°C.

Load Case T(x)rex T(x)rpy T(X)re;
AT — XX (AT, 0,0) ©,0,0) ©,0,0)
AT —yy ©, 0, 0) (0, AT, 0) 0,0, 0)
AT - 22 ©,0,0) ©,0,0) (0,0, AT)
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According to Moghaddam at el., periodic models are susceptible of being
predictable, and hence a stochastic model which is more statistically rigorous and
capable of considering parametric uncertainty is required [184]. To validate the
accuracy of the current model, the generated geometry was slightly altered to enable
reproduction of the stochastic model and the results are shown in Appendix 1. The
averaged percent change between the stochastic model and the current model for the
elastic modulus, Poisson’s ratio, and CTE were found to be 2.519%, 7.284%, and
0.239% respectively. These values were considered reasonable to validate the current
model. Deviation in results might occur due to differences in particle’ sizes, exact
particles distribution, and volume fraction of the particles from model to model.

The next step of preparing the model was to validate that the particle
distribution is indeed random and that the model exhibits isotropic behavior without
bias in any direction. This can be validated by looking at the stiffness and thermal
conductivity tensors of arbitrary tests. For the stiffness tensor, if the off diagonal values
of the forth, fifth, and sixth rows and columns are few orders of magnitude smaller than
the rest of the values, it is reasonable to assume that the material is isotropic. For
example, equation 6.14 shows the stiffness tensor for a Cu-Sn system with 12% voiding

(values are times 1E+10):
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1220 5111 5101 -.002 —.002 —.003 |

5111 12207 5099 -.005 -.001 -.015

5.101 5.099 12201 -.002 -.001 —.009

(C) = 6.14
~.002 —005 -.002 3452 —002 -.001

~.002 -.001 -.001 —-.002 3.450 —-.002

| -.003 -.015 -009 -001 -.002 3.449 ]

The last step of preparing the model was to optimize the size of the RVE. This
step is done by running multiple simulations with similar percentage of particles phases

and voiding, while increasing the volume of the RVE as shown in Figure 6-2:

0.299 15.15

0.299 15.10
0.298 = 15.05
0.298 E 15.00
< 14.95
0.297 4 : . 14.90
0297 5 —{0— Poisson's Ratio N
A 14.85
“ »
0.29 5 —8— CTE [ppm/°C] ~ 14.80
0.296 = 4.75

1.0 3.4 8.0 156 270 429 64.0

RVE SIZE [(UNIT LENGTH)*3]

Figure 6-2: Effective Poisson’s ratio and CTE vs. RVE size.

6.2.2 Results and Discussion

Based on the studies that show the phase evolution of the Cu-Sn TLPS
material [39,187], the model was used to exhibit the effective properties accordingly.
Figure 6-3 show the effective properties with respect to phase evolution. When the

Cu6Sn5 is starting to evolve on the expense of Cu atoms, the elastic modulus
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experiences a relative significant decrease. The rest of the properties are decreasing as
well. When the Cu3Sn is starting to evolve, at the beginning mostly on the expense of
Cu atomes, the elastic modulus, CTE, and thermal conductivity are increasing while the
Poisson’s ratio keeps decreasing. At the end, when the Cu particles are completely
consumed due to ageing, when the Cu6Sn5 transforms to Cu3Sn, the elastic modulus
and CTE are increasing, while the Poisson’s ration keeps decreasing. The thermal
conductivity shows no significant change in value. While for some effective properties
such as the CTE the trend due to the phase evolution can be seen clearly, for other
properties the behavior seems to depend on several parameters, and further
investigation has to be done to isolate the influence of each of the IMC phases and their
combinations.

Another set of simulations were conducted to show the effect of void content
while the rest of the phases maintain the same volume percentage as shown in Figure

6-4.
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Figure 6-3: Shows the effective elastic modules, Poisson’s ratio, CTE, and thermal
conductivity vs. phase evolution due to aging process.

The influence of monotonic increase in void content can be seen clearly as each
of the effective properties increases or decreases monotonically as well. With increased
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void content, the elastic modulus is increasing, while the Poisson’s ratio, CTE, and
thermal conductivity are decreasing. The graphs in Figure 6-4 assumes constant size of
voids which when altered, might have a second order influence on the effective

properties.

6.2.3  Conclusion for establishing TLPS MMC modeling and simulation

In this first part of this chapter, a comprehensive method of evaluating effective
material properties of heterogeneous media was presented. The method includes the
use of periodic boundary conditions through full coupling of the RVE model. With
previous knowledge of the microstructure evolution of Cu-Sn TLPS material, the
model was used to predict the effective properties of such MMC system such as the
elastic modulus, Poisson’s ration, CTE, and thermal conductivity. In future, the model
will be tested against real experiment for further validation and better predictions. In
addition, the model will be utilized to investigate additional TLPS alloys. Development
of full periodic geometry is still necessary to satisfy the full mathematical derivation of

periodic media.
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Figure 6-4: Shows the effective elastic modulus, Poisson’s ratio, CTE, and thermal
conductivity vs. increased void content while maintaining constant volume fraction of
the Cu and Cu3Sn phases.
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6.3 Electrical percolation simulation and modeling

This section advances the existing modeling and simulation framework of
MMC TLPS materials. It enhances the geometric generation of the TLPS system by
implementing several improvements. These enhancements encompass the integration
of periodic 3D geometry, enhanced control over particle distribution generation,
accommodation for contacting spheres, simulation of contact resistance and flux
residue, geometric representation of liquid bridges, and validation of in-situ electrical

test outcomes.

6.3.1 Periodic Geometry

Macroscopic objects with micro or meso-scale characteristics pose challenges
for practical modeling. To address this, a representative volume element is often
employed. When geometry can be condensed into a consistent repeatable shape, the
RVE is defined as a unit cell. In scenarios where micro and meso-scale features are
random, the RVE must embody a statistically significant material sample. The

distinction between a unit cell and a statistical RVE is shown in Figure 6-5.

(a) Unit cell (b) Rﬂi/&\

—

Figure 6-5: Shows the difference between a unit-cell RVE (a), and a statistical-based
RVE (b) [190].
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The utilization of a unit cell proves beneficial when it reliably replicates actual
experimental material and outcomes. Unlike the statistical RVE, the unit cell can be
simplified in terms of size and complexity, leading to easier generation and reduced
computational cost. However, situations often arise where unit cell simplification falls
short of reproducing experimental results, necessitating a randomized statistical-based
RVE. The minimum size of such a statistical RVE is often determinable when the
calculated property approaches an asymptotic value, as previously illustrated in Figure
6-2. Notably, the RVE in Figure 6-2 was not established based on periodic geometry,
which inherently results in larger RVEs to counteract edge effects and achieve
statistically significant outcomes. Furthermore, studies have shown that edge effects
can exert negative influences on results. To mitigate edge effects and enable higher
inclusion volume fractions, a periodic geometry was incorporated, as shown in Figure

6-6.

O q Corner/Edge/
b Q O }\’ Face Object

E 7 Translated

,.' <} ,,” (D Object

Inner Object

Figure 6-6: 2D representation of a periodic geometry RVE with edges and corners. This
illustration can be further extended to 3D representation in which the RVE has faces,
edges, and corners.
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Similar to non-periodic geometry, the coexistence of two randomly generated
overlapping objects is precluded due to inherent physical infeasibility. Moreover, an
enhancement introduced in the present section pertains to the inclusion of admissible
interactions among touching particles. This augmentation serves to facilitate the
simulation of contact resistance and electrical percolation phenomena. Accordingly,
particle objects in proximity or surpassing a designated threshold distance, calculated
as follows:

|lposition; — positions,._y|| < radius; + radiusy.—1) + Distenresnora  6.15

Here, position; represents the current randomly generated particle with a
corresponding radius donated as radius;. This particle is tested against all other
particles with positions positions;.;_1y and radii radius;.;_;). The parameter
Distinresnora designates the threshold distance, which assumes a non-negative value

greater than or equal to zero.

0
- OO

Figure 6-7: Unsatisfied positional constraint (a). Satisfied positional constraints (b,c).
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These principles are visually represented in Figure 6-7 and are universally
applicable to all particles subjected to translation. In the event that any of these
principles are violated by any translated particle, it becomes imperative to discard the

entire ensemble of translated particles, inclusive of the original constituent.

6.3.2 Procedure for Generating Experimentally-Based Periodic Geometry

In order to enhance simulation accuracy and verification procedures, an ideal
scenario involves generating geometry that perfectly mirrors the actual physical
material utilized in experimental settings. Drawing insights from the depicted particle
distribution in Figure 5-1, the process of modeling the geometry necessitates the
generation of a log-normal distribution. The conventional approach of sequentially
introducing particles, as employed in prior sections, proves inadequate for attaining a
log-normal particle distribution, often leading to geometries with notably diminished
volume fractions.

In accordance with measured experimental data that shown in Figure 5-4, the
targeted volume fractions are approximately 70 to 80%, constituting a packing density
of conductive spherical particles. A critical challenge associated with adapting
sequential addition for log-normal particle distribution lies in the rapid saturation of the
RVE with smaller particles, predominantly due to their higher likelihood of being
added. This leaves insufficient space to accommodate larger particles.

To address this, a modification to the standard sequential addition algorithm has

been implemented to facilitate the realization of a log-normal particle distribution. The
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modified procedure is shown in Figure 6-8. The altered procedure introduces three
primary supplementary parameters: Weight Bias, Reduction Value, and Reduction
Cutoff. Initially, a set of radii conforming to the desired log-normal distribution is
generated, each assigned a distinct identifier. Subsequently, the selection probability
for a given radius from this pool is skewed in favor of larger particles, as indicated by
the straightforward relationship:
w; = radius; 6.16
Here, w; is the i;;, bias value for the corresponding i, radius. Naturally, using
this relationship, the larger radii result with larger bias values. This bias can be further
emphasized by using the following implicit relationship:
w; = w 6.17

Here, n is an additional parameter that serves as a bias amplifier.

Create random (x,y,2)

@ coordinates, radius for n™

object

Inputs —l
RVE size, Particle distribution P
parameters, Minimum Does the object . 2 C? ac:_ volume
distance b/w particles, Target satisfy position ractions

volume fraction, Weight bias, constraints?

Reduction value, Reduction

cutoff
Apply periodic
translations

Does the target
volume fraction
achieved?

Geometric
periodicity
required?

Passed
Reduction
Cutoff?

Does the object
satisfy position
constraints?

Generate single object,
store radius, location,

Generate periodic objects, nonperiodic ID Apply Reduction
store radii, locations, Value
periodic IDs

| Delete particle radius

from distribution pool

l
Figure 6-8: Procedure for generating experimentally-based periodic RVE.
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To achieve a log-normal particle distribution that faithfully replicates
experimental measurements within a reasonable timeframe, the need arises to
eventually attenuate or eliminate the applied bias. Consequently, the introduction of the
Reduction Cutoff parameter becomes imperative. Upon exceeding this cutoff value in
terms of volume fraction, the algorithm incorporates an additional parameter,
Reduction Value, during each iteration, yielding the modified relationship:

w; = (ReductionValue) * w; 6.18

Furthermore, as illustrated in Figure 6-8, subsequent to each successful iteration
of object integration within the RVE, the corresponding radius is removed from the
pool of radii. This procedure expedites computational execution and significantly
contributes to improved log-normal distribution outcomes.

Figure 6-9 demonstrates the successful application of the proposed algorithm
across two distinct log-normal target distributions. Visual inspection confirms the
algorithm's efficacy in achieving congruent distributions. In both scenarios, the RVE
assumes dimensions of 100 um?.

Examining Figure 6-9, it's evident that the log-normal distribution characterized
by parameters p=0.65 and 6=0.833 necessitated the incorporation of 5622 particles.
This enabled the attainment of a volume fraction of 45% alongside an average particle
size measuring 2.76 um. In contrast, the second target distribution, with u = 1.4 and o
= 0.85, demanded a smaller particle count of 1506. This yielded equivalent volume

fraction and a mean particle size of 5.04 um.
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Figure 6-9: Example of target log-normal distributions with two parameters: (a) u =

0.65 and ¢ = 0.833, (b) u = 1.4 and ¢ = 0.85. The achieved histograms are shown with

their respective volume fractions, number of particles, and mean particle size for an

RVE with volume of 100 um?.

6.3.3  Procedure for Dividing Particle Objects to a Specific Weight Ratio

Following the generation of particles within the RVE, the subsequent step
entails assigning them appropriate material attributes in accordance with the
predetermined A:B target metal ratio. This ratio selection is typically informed by the

underlying experimental configuration; however, it can also function as an adjustable
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parameter for computational explorations. The protocol governing the allocation of

material properties to the respective particles is elucidated in Figure 6-10.

Select non-periodic objects
l While (Mass_Ratio <
Target_Mass_Ratio*
Particles IDs, Periodic vs. Generate random indices for Tolerance)
non-periodic IDs, Particle 50% of selected objects
Radii, Target HMP:LMP
weight ratio, Elements 1
densities, Tolerance
Select one random metal A Select additional random
object, the rest are metal B metal A object
i !
Store Metal IDs A and B Store Metal IDs Aand B
! |
Calculate Mass ratios with Calculate Mass ratios with
corresponding A(radius, p) corresponding A(radius, p)
and B(radii, p) and B(radii, p)
[ |

Figure 6-10: Procedure to divide the generated particles into a specific A:B metal ratio.
6.3.4 Voxelating Periodic Geometries and Modeling Contact Resistance

For the purpose of subjecting the RVE to Finite Element Method (FEM)
analysis through specialized software (Ansys, Abaqus, etc.), the RVE must undergo a
meshing process. A recommended strategy for meshing circular and spherical entities
involves utilizing triangle elements for circles and tetrahedra elements for spheres.
However, the inherent challenge arises when dealing with objects in close proximity;
the sheer number of mesh elements required to bridge the gap between these objects
becomes impractical due to computational time and resource constraints.

The problem increases when attempting to accurately simulate percolation
networks, intrinsically reliant on the precise modeling of adjacent particle
configurations and contact interactions. Addressing this predicament demands a

divergent approach. Consequently, the generated geometry is transformed into a
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voxelated counterpart, where each voxel corresponds to the 3D equivalent of a pixel in
2D. This technique circumvents the meshing limitations associated with close-
proximity particles and facilitates a more viable simulation of percolation phenomena.

Voxelating the geometry presents a major challenge characterized by the
inherent loss of information when adopting voxel sizes that are inadequately small. In
light of this, for the present study, a deliberate decision was made to define the RVE
dimensions as 100 um?. Accompanying this choice is the introduction of a log-normal
particle distribution that exhibits slight divergence from the experimentally-based

particle distribution.
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Figure 6-11: Generated adjusted particle distribution RVE with Volume Fraction 73%
of conductive particles, with 80:20 distribution between HMP (purple) and LMP (red).

Figure 6-11 exhibits a generated RVE instance, featuring a volumetric fraction

of 73% and characterized by an 80:20 distribution between HMP (purple) and LMP
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particles (red). This adjustment in how the particles are distributed is aimed at avoiding
the problem of having really small particles. Those tiny particles would require too
many small voxels for the simulation, making it impractical to carry out.

During the simulation of contact percolation networks, certain parameters are
established, such as the electrical conductivity of both HMP and LMP particles.
Meanwhile, the electrical conductivity of the organic binder is reasonably assumed to
approach an extremely low value, nearly zero [191]. Within the simulation, the
principal unknown lies in the effective contact resistance and the presence of oxide
layers.

The process involves parameterizing the equivalent contact resistance, which is
then subsequently determined based on real experimental outcomes for a specific
volume fraction or packing density, as shown in the Figure 6-12. In all simulations, a

uniform voxel size of one metric unit was maintained.

HMP

Pump

LMP

Organic Binder

Equivalent Contact
resistance

Figure 6-12: Voxelated generated RVE with four phases: HMP, LMP, organic binder,
and a parameterized equivalent contact resistance.
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6.3.5 Modeling Liquid Bridges

In contrast to conventional percolation models, the scenario within the context
of TLPS material necessitates the incorporation of a representation for the liquid
bridges that emerge during the melting process of the LMP particles. These liquid
bridges are illustrated in detail within Figure 5-8.

In order to replicate the liquid connections observed as molten liquid bridges
among solid particles, this investigation employed and integrated a geometry based on
weighted quadratic Bezier curves. Bezier curves have been developed to model the
inherent curvature of natural shapes and possess the capacity to address the intricate
meniscus configurations encountered in capillary formations [192]. The general form
of a continuous or discrete weighted Bezier curve encompassing n' points is a
parametric expression that can be formulated in the subsequent manner:

X by (OPw;

= _ 2
B(t) Z:l=0 bl,n(t)Wl (1 t) 6.19
Where
bia(® = ()@ - 0" Li=0,..,n 620
And
n n!
(i) - m 6.21

Where t is a continuous or discrete parameter. For the weighted quadratic

Bezier form with two points and one control point can be represented as follows:
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bo = (1 - £)? 6.22
by = 2t * (1 —1t) 6.23
bz = tz 624

B(t) = bOPZWO + bZP1W1 + b,P,w, 6,05
oWo + biwy + bawy

An illustrated reduced 2D implementation of the quadratic Bezier curve
between two similar size spheres is shown in Figure 6-13. In the figure, the quadratic
Bezier curve is connecting the points D* and E*, with a control point at C*. For
simplicity, the size of the vectors AD and BE can be parameterized as a fraction of the
corresponding radii of each of the particles. Point C is usually located in the middle
point between the edge of the two particles. The height of C* can be adjusted by

changing the weights of the Bezier curve.

Figure 6-13: Illustrated 2D implementation of quadratic Bezier curve between two
points D* and E*, with a control point at C*.

Figure 6-14 shows a 3D implementation of the revolved and voxelated Bezier

curve between two spheres in the 3D space.
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Figure 6-14: Revolved and voxelated implementation of Bezier curve between two
spheres in 3D space.

Because the simulation conducted in this study does not consider dynamic
changes over time, it is crucial to accurately replicate the point when the LMP particles
start melting and forming the liquid bridges. Achieving this involves a specific
approach to model the creation of liquid bridges as the LMP particles melt.

This approach involves first removing all the LMP particles from the RVE
space. Following this, the process shifts to introducing liquid bridges, which connect
only the HMP particles. As these liquid bridges are added, their mass is determined
based on the density of the LMP particles. This procedure is repeated in steps, with
each new liquid bridge added while maintaining the original mass ratio of the system.
To prevent situations where the generated liquid bridge is physically impractical, the
procedure also allows to control the minimum allowed distance in which liquid bridges

can be generated.
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The same RVE with HMP particles in the same spots is then given different
levels of packing by changing the number of liquid bridges added. This is done to see
what happens when the packing or the volume fraction of the conductive particles
decreases, but the electrical conductivity still gets better, just like in the earlier
experimental results. If it can be simulated, it will confirm the ideas discussed in 5.2.

In all the simulations, the electrical material properties that were used are shown
in Table 6-4. In the case of the values for the effective contact conductivity, parametric
study was conducted with logarithmic increments. The conductivity of the organic
binder was extrapolated based on the in-situ electrical results assuming the initial
curves was sensed at room temperature. The RVES were subjected to a voltage
difference of 0.01V from the front X-face to the rear X-face, with all the other faces
are kept perfectly insulated.

Table 6-4: Electrical properties used in the percolation simulation.

Material Electrical Conductivity ﬁ
Ag | 6.293e07

In | 1.2e07

Organic Binder \ 2.0e-3

Effective Contact Conductivity 049 * [1€0,1e — 1,1e — 2,1e — 3 ...]

6.4 Electrical Percolation Simulation Results and Discussion

The outcomes of the electrical percolation simulation with varied parameters
are presented in Figure 6-15. This graph illustrates the relationship between resistivity

and the volume fraction of conductive particles, while adhering to an 80:20 ratio of Ag
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to In. When the volume fraction of conductive particles remains below 35%, the
material behaves as an insulator, displaying resistivity values exceeding 1 * 103 Q —
cm. Beyond this threshold, there is a marked and rapid decline in resistivity values,
resembling the initial drop observed in the in-situ electrical tests' findings.

As anticipated, modifying the effective contact resistance between particles
does not exert any influence on the simulation results below the 35% volume fraction
threshold. However, changes in the effective contact resistance parameter do influence
the magnitude of the resistivity drop. This effect is consistent with increasing volume

fraction, thus maintaining a corresponding correlation.
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Figure 6-15: Results for the electrical percolation parametric simulation.
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In Figure 6-16, the percolation state is illustrated for the initial two data points
from Figure 6-15 exceeding the simulated percolation threshold of 35%. In both the
left and right illustrations, the colors show the voltage decline from the heated end (red)
to the zero voltage (blue).

Observing the left image, it becomes evident that within a given TLPS paste,
only a single conduction path is required to surpass the percolation threshold, thus
inducing the transition from an insulating to a partially conducting material. The right
image demonstrates that supplementary percolation paths yield incremental electrical

conductivity enhancements, much like the principles of parallel conductive Ohm’s law.

Figure 6-16: Percolation states for the first two data points from Figure 6-15.

To determine the suitable value for the effective contact resistance, the in-situ
experimental percolation limit, consistently observed across all samples with organic
binders A and B, was plotted. In line with Figure 5-4, simulation values aligning with

the experimental percolation limit around 60-70% volume fraction were chosen as the
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appropriate value for the effective contact resistance. Based on Figure 6-15, the
selected contact resistance is 1 * 1072 * g, ;.

Once the effective contact resistance was selected, McLachlan model used to
verify the results as it explains the macroscopic characteristics of the effective media
based on the volume ratios of the matrix (organic binder), and the conductive

particles [193] as follows:

s =m0 () (2)

L—Vf —Vf+ Vf =V (;’—”)1 6.27

t

1
t

6.26

0

2(1-Vf)
Where o, and g, are the corresponding conductivities of the matrix and the

conductive particles. Vf and Vf, are the volume fraction and the threshold volume
fraction accordingly. The parameter t is the critical exponent defined which is derived
from the data. The fitted McLachlan model to the selected simulated data points is
shown in Figure 6-17. The fitted model shows great ability to explain the data with an
R? value of 0.9968. In addition, the model predicts the percolation threshold to be
around 37% volume fraction of conductive particles, with a critical exponent of 1.721,
which is in a good agreement with the literature [194]. Based on the electrical
percolation simulation result, it is reasonable to confirm that the first drop in resistivity
that was observed in the in-situ electrical experiments, is correlated to thermally-

induced increase in the local volume fraction of the conductive particles.
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Figure 6-17: Verification of the simulation results with McLachlan model.

Subsequent to simulating the percolation network, the primary objective of the
simulation was to capture the improved conductivity resulting from the melting of the
LMP particles. The goal was to show that this conductivity improvement was happened
despite the reduction in particle packing density during this process.

Figure 6-18 shows two chosen data points, representing volume fractions of
39% and 77%, respectively. These points were transformed into the liquid bridge

configuration, resulting in a decrease in volume fraction from 39% to 33% and from
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77% to 63%. This reduction in volume fraction aligns with the range previously

observed in Figure 5-4.

Figure 6-18: Cross sections of the two data points that were selected to show the
conductive improvement during the melting of the LMP. The left figure was reduced
from 39% to 33% volume fraction, and the right figure reduced from 77% to 63%

volume fraction.

The outcomes presented in Figure 6-19, derived from the simulated liquid

bridge models, validate the experimental findings and the discussed hypothesis. These

findings indicate that despite a reduction in the overall volume fraction of conductive

material, there is a notable decrease in electrical resistivity. The enhanced outcomes

displayed in Figure 6-19 are summarized in Table 6-5.

Table 6-5: Simulation results for the liquid bridge electrical model.

Original VF [%] Reduction in Original

Liquid Bridge ~ Reduction in

VF after Liquid  Percolation Electrical Resistivity
Bridge [%] Electrical Resistivity factor
Resistivity [2 —cm]
[2 — cm]
39 6 1.08e-02 5.72e-05 188.8
77 14 6.18e-05 8.34e-06 7.4
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Figure 6-19: Shows the simulated improvement and shift in electrical conductivity
despite the reduction in volume fraction of conductive material,

Figure 6-20 provides a visual representation of the electrical pathway within the
liquid bridge simulation. On the left, the illustration reveals the electrical current
pattern for the 33% volume fraction model, while the figure on the right depicts the
corresponding electrical current for the 63% volume fraction model. It is evident that
the unobstructed metal path facilitates the direct flow of current. To achieve further
enhancement in electrical conductivity, attention should be directed towards

minimizing the presence of pores and voids of the TLPS material.
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Figure 6-20: Representation of the electrical current under the voltage bias for the 33%
VF model (left), and the 63% VF model (right).
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7 SUMMARY AND CONTRIBUTIONS

This work and investigation were centered on the comprehensive analysis of
the initial electrical and structural evolution of TLPS paste within an open atmosphere
condition. The primary motivation for this study lies in the imperative to advance
electronic and interconnect materials capable of withstanding harsh environments. A
survey of Pb-free electronic materials suitable for extreme conditions was performed,
with an emphasis on the motivation to select the TLPS as the material of interest and
research. Furthermore, the work described the advantages inherent to AM, with a
specific emphasis the need to develop robust AM solutions, which provides cost-
efficiency, reduced complexity, and heightened manufacturing reliability. The
following analysis surveyed the possible and known 3D printing methods, pinpointing
the rationale for adopting paste-based DIW 3D AM as the preferred approach for this
research. This trajectory also delved into the requisite transformation of TLPS into
paste form to facilitate the DIW 3D AM process.

The background section introduced the working principles of TLPS systems. It
examined different forms of target phases, ranging from solid solutions to specific
IMCs, and elaborated strategies to achieve them. The diffusion process was divided
into sequential phases characterized by their respective diffusion coefficients and states
of diffusion. Following the overview of TLPS technology's operative mechanisms,
specific TLPS systems, such as Cu-Sn, Ag-In, and Ag-Sn binary systems, are
discussed. While the Cu-Sn system is primarily focused on specific IMCs like CugSns

174



and Cu;Sn, the Ag-In and Ag-Sn systems are often targeting solid-solution phases
renowned for their enhanced ductility performance. Subsequently, the background
section extended to the integration of TLPS systems into a paste form, analyzing the
roles and functionalities of organic binders and their constituent components.

The specific goals of this study are based on preliminary work and observations.
Initially, diverse processing methods of 3D printing TLPS paste were tested, employing
varied nozzle sizes and heating durations to determine their viability. Cross-sections of
the TLPS traces, SEM micrographs, FTIR readings, and evaporations kinetics were
obtained to help draw the preliminary conclusions. These preliminary tests highlighted
the significance of the initial processing phase, revealing a gap in the understanding
that needed further investigation. Subsequently, a comprehensive examination of the
factors influencing this crucial processing stage were considered, forming the primary
research objective. To bridge this knowledge gap and gain a deeper comprehension of
the initial TLPS processing stage, the in-situ electrical test was proposed and
developed.

The fourth chapter focused on the development of the in-situ electrical test. This
development phase primarily involved two segments: the hot plate and the testing
probes. The chapter outlined the iterative process of these main components. For the
hot plate, this encompassed the enhancement of its ability to control temperature
effectively through the implementation of heating and cooling functions, the

establishment of control schemes, software integration, and manufacturing processes.
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Concurrently, the development of the testing probes underwent multiple cycles of
prototypes, including diverse designs and materials for the probes, compatible stencil
prototypes, and the overall compatibility to the hot plate.

The fifth chapter started by examining the experimental results that were
obtained from the in-situ electrical experiment. Different effects were identified and
studied such as the applied heating rate, choice of LMP particles, and the choice of
organic binders. In addition, to solidified and deepen the analysis, subsequent tests and
measurements were employed. These measurements involved quantifying the packing
density vs. temperature of the TLPS material through ESEM micrographs, elemental
analysis through EDS measurements, and cross-sections analysis through a white light
profiler. The observations also identified different states of solid-liquid interactions
between the solid HMP and the molten LMP particles. Through these measurements
and observations, the first processing stage was further divided into six sequential steps
that are contributing to the electrical and structural formation of the TLPS material.
The activation energies for some of these steps were extracted by using Arrhenius
relationship, and LMM techniques.

To further validate and confirm the findings presented in the fifth chapter, the
sixth chapter introduced a modeling and simulation framework. This framework
encompasses the creation of a model with periodic geometry. Various algorithms were
developed and applied to generate this periodic geometry. Once the periodic geometry

was established, the models underwent FEM analysis using periodic boundary
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conditions. This facilitated a homogenization technique aimed at determining the
effective material properties of the TLPS material under different states. Furthermore,
the simulation involved modeling liquid bridges to reinforce the observations
indicating that, while the LMP particles melt, the packing density diminishes and

electrical conductivity improves.

7.1 Academic Contributions

This study delivers a range of academic contributions across various domains,
encompassing mechanical engineering, material science, and chemistry, with the
potential to facilitate future interdisciplinary research and collaboration. The following
points captures the specific academic contributions of this work:

1. Recognition of the primary TLPS processing phase as a pivotal bottleneck
necessitating dedicated attention. This departure from some earlier studies,
which predominantly targeted later and post-processing challenges,
underscores the significance of addressing this initial stage.

2. Elaborate mapping of considerations inherent in the initial stage of the
TLPS processing. These comprehensive mappings not only highlight research
gaps but also unravel coupled effects, demanding further research and
decoupling.

3. For the first time in the literature, implementation of in-situ electrical
measurements during TLPS paste heating and processing. In contrast to

studies relying on isolated post-processing data points, these in-situ tests enable
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deeper understanding and additional correlation between different processing
parameters and the overall performance of TLPS.

Utilization of in-situ electrical measurements to observe, illustrate, and isolate
the influences of various processing factors. This study decouples effects tied
to heating rates, LMP particle selection, and the selection of organic
binders. Notably, lower heating rates prompt electrical signals and electrical
percolation thresholds at lower temperatures due to organic binder evaporation
that is less subjected to inertial heating and diffusion effects. LMP selection
showed the ability to shift the second major drop in the electrical resistivity,
usually closer to the melting point of the LMP particles. The selection of the
organic binders showed its importance by completely change the form or shift
the electrical evolution curve, making it a prime factor to consider when
designing TLPS paste for robust AM applications.

Identification of distinct solid-liquid states. Previously, the solid-liquid
interactions that take place during the processing of the TLPS material were
generally referred as capillary interactions. While this is generally true, this
study identified and analyzed four discrete capillary states during TLPS
paste processing with micro-scale-based powders. This revelation helps to
explain the decrease in packing density upon LMP particle melting and
underscores the role of particle sizes: particles with diameters above 25 um

form isolated liquid bridges, particles with diameters between 5 and 25 um
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create connected and coalesced liquid bridges, and particles with diameters
below 5 um become fully submerged in the liquid LMP metal.

Based on white light profiler cross-section analysis, the degree of cross-
sectional change during the heating process was quantified. It was shown
that during the processing of the TLPS paste, there was a minimal change in
cross-section, which implies the rapid structural formation and backbone of the
material, allows for efficient AM applications.

Sequential identification of electrical and structural TLPS paste
development during the initial processing phase, quantification, and
illustration of these stages. Activation energies are extracted at different stages
for various combinations of paste compositions, with processing parameters
calculated using the Arrhenius relationship and LMM fitting techniques. It was
shown that based on the measured activation energies, the two major drops in
the electrical curve evaluation are associates with phase transitions of the
organic binder and the LMP particles. For the third stage of the electrical
evolution, activation energies were measured between 88.48, and 328.51 kJ -
mol~1 for different test combinations. The increase activation energies were
also found to be correlated with elevated processing temperature.
Formulation of a simplified algorithm to generate RVEs featuring particle

volume fractions exceeding 80%, replicating empirically observed log-normal
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size distributions. This approach requires minimal input parameters, facilitating
reproducible modeling of observed microstructures.

9. Introduction of Bezier curves for modeling liquid bridges arising from
LMP particle melting. This method simplifies the utilization of parametric
curves and efficient implementation practices to model liquid bridges for
simulation purposes.

10. Verification of in-situ electrical test outcomes through FEM simulations. These
simulations verify numerous hypotheses, yielding profound insights. The
simulations visualize electrical percolation formation and offer estimates for the
effective contact resistance between un-melted particles and residual inorganic
material, ultimately influencing the electrical performance of TLPS materials.
In addition, McLachlan model for effective electrical conductivity was fitted
the simulated data to gain additional insights towards the formation of the

electrical evolution of the TLPS material.

7.2 Future Work

Based on the discoveries and analysis within this study, distinct areas of interest
and potential future research directions emerge concerning the development of TLPS
paste. In the future research, the focus should be directed towards these key domains:

1. Development of TLPS Paste with Smaller Particles: Future research could
focus on formulating TLPS pastes incorporating particles below 5 ym. The aim

is to achieve a uniform capillary action or completely submerge HMP particles
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within the LMP liquid. This approach aims to enhance packing densities and
reduce processing-related pores. Notably, the challenge lies in managing the
significant increase in paste viscosity resulting from smaller particles when
current and commercial organic binders are employed. This increase in
viscosity could render the paste unsuitable for AM or stencil printing
applications. Addressing this challenge requires the development of tailored
organic binder systems that can effectively balance the viscosity issues
associated with smaller particles.

Verification of Particle Size Effects on Electrical Curve Evolution: A
productive avenue for exploration involves validating the impact of different
particle sizes on the evolution of electrical curves through in-situ electrical tests,
complemented by corresponding FEM simulations. The utilization of varied
particle sizes or distributions holds potential to influence material evolution
from multiple angles, including the formation of percolation networks, the
dynamics of organic evaporation, and crucially, the dynamics governing
different capillary states and forces.

Mechanical Testing of Optimized Electrical Paste Formulation: Subsequent
to achieving an optimal formulation for the electrical paste, subsequent steps
can include mechanical assessments such as shear testing and drop tests on the

material. Addition, compatibility of future paste formulations with ceramic
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substrates, crucial for applications involving high temperatures and harsh

environments.
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Appendix | — Replication of Stochastic FEA Study

Volume Fraction of Aggregates 5 10 15 20 27.5
Elastic Current Model | 3.350 | 3.775 | 4.299 | 4.855 | 5.898
Modulus
[GPa] Stochastic Model | 3.340 | 3.728 | 4.173 | 4.688 | 5.635
Percent 0.309 | 1.240 | 2.985 | 3.496 | 4.569
Difference
Poisson's ratio | ¢ rent Model | 0.394 | 0.387 | 0.380 | 0.373 | 0.360
Stochastic Model | 0.387 | 0.373 | 0.359 | 0.342 | 0.306
Percent 1799 | 3.887 | 5.705 | 8.665 | 16.363
Difference
CTE [ppm/°C] | Gurrent Model | 52.296 | 49.621 | 46.607 | 44.041 | 40.170
Stochastic Model | 52.120 | 49.340 | 46.580 | 43.960 | 40.190
Percent 0.338 | 0567 | 0056 | 0.185 | 0.050
Difference
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Appendix Il — Dimensions and Sizes of Particles in The Simulation

Aggregate  Aggregate  Aggregate  Transition  Transition  Transition Void
1 Radius 2 Radius 3 Radius 1 Radius 2 Radius 3 Radius Radius

Figures g 20 28 21.96 24.4 3416 15
(3-6)

Figures

10 20 22 24 26 28.6 31.2 15
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