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1 INTRODUCTIONAND MOTIVATION

The electification of various industries has become imperative due to the rising
demand, stricter regulations, and global focus on renewable energy and
decarbonization solutiof4]. Simultaneously, the classical perspective of Moore's
Law based on geometrical scaling is nearing its limits in the field of electi@pics
Figurel-1 illustrates the progression towards the limit of Moore's Law, withaSed
transistors reaching a feature size of 3nm, which is approximately equivalent to the size
of ten atomsAt such smht feature sizes, physical constraints like quantum effects
come into play3]. Moreover, as shown igurel-2, the cost associated with reducing
the ske of transistors is exponentially increasing. In order to address these challenges
and enable further advancements, innovative approaches are being actively

investigated.

- @

3um

\ 0.1 Bpm

\ 0.13pm

\

\ 90nm
| 65nm @
Q
l\ @

10nm

Figure 1-1: shows the decrease in the size of transistors over the years 1987082 The
size of the transistors has decreased from single digit micrometers in the early nineties,
to single digit nanometers in the recent yeargt].
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Figure 1-2: Design costs breakdownvd. r ansi sfBlor 6s si ze

These approaches include identification of new physical state variables to
enhance information processing and computational perfornji@hdbe investigation
of alternative computing architectures and software optimiz§fiothe development
of innovative algorithm$3], the implementation of advanced and hpyhcision
manufacturing method9], and the exploration, development, and integration of new
materialg10,11] Wide Band Gap (WBG) semiconductors such as GaN and SiC show
promising potential for the continuous evolution of the electroniausiny,
particularly in the domains of power electronics and harsh environment
applicationd12]. WBG semiconductors offer numerous advantages ovdraSed
semicaductors. These advantages include higher operating voltages and frequencies,
elevated operating temperatures, increased blocking voltages, reduced parasitic

resistances, and enhanced power density capabiliBgsFigure 1-3 provides a



graphical representation that compares the performancel@Es8d semicondtors

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 inFigure 1-3, SiC and GaN exhibit significant performance
advantages over ®iased semiconductors in various aspects. -Haised
semiconductors possess improved thermal conductivity, resulting in reduced cooling
requirements for higipower density applications.uRhermore, the higher melting
points of WBG materials, compared telised semiconductors, enhance the overall

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



semiconductors' highaturationelectron velocity is advargaous for high switching
applications. In combination with higher breakdown voltages, loweesistance, and
reduced leakage currents, WBG semiconductors vastly outperform conventional Si
basedsemiconductorfl5]. For metal oxide semiconductor field effect transistor
(MOSFET), the ofresistance losses depend on the relative permeabiliénd the
breakdown electrical fiel®D, and increasin® as shown irFigure 1-3 translates to

lower onresistance as shown in dql:

P8 P
-0 11

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 integation of WBG into the power electronics industry has the potential to
significantly reduced0 emissions with estimates of up to 65.3 millimms 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 field17]. Some power electronics applications that are increasingly
adoping the use of WBG are:

1 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 @ite AC transmission lind48].



1 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 performan¢e9].

9 Power Distribution: power distribution in smart grids together with WBG
semiconductors improve the iefency, reliability, and performance of the
evergrowing 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 fluctuatibns o
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 reducemizgr losse$20].

Doubly-fed Transformer
induction generator Grid

e

AC DC
L

Fiter DC L AC
1/3 scale power converter

Filter

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



1 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 whichkiedito 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 pef@ait

1 Electric and hybrid aircrafts: in the context of aircraft, particularly during the
takeoff phaseas shown inFigure 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
compaments for achieving these objectivéEhe implementation of WBG
semiconductors iaircraftelectronics facilitates the transition towards electric
and hybrid aircraft, owing to their improved power capabilities, higher
efficiency, and compact form factf#2,23].

1 Uninterrupted power supplies (UPSs) and Data CenterdJPS systems are
essential for modern highower regulation and use of batteries. The use of
batteries that are connected to ¢iel require power conversion solutions with
minimal losses. SIBIOSFET offer solutions with efficiency levels of up to
98% and improved power densities for UPS applicatipak The use of UPS

is common in data center applications, as well as in multiple voltage converters.
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Figure 1-5: Common mission profile of aircraft. Majority of power demand is during
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1 Consumer electronics:consumer electronics can greatly benefit from the

implementation of WBG semiconductors with advantages such as faster

charging rates, better performancelgh computing applications, and higher

power for LED lighting applicationR7].

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 matdhals,

comprehensive integration dfiesematerials presents significant challenges. These

challenges encompass the need to enhance standardization, promoting collaborations

7
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among diverseasearch and development disciplif2®], and address the demand for
advanced interconnect materif29]. Moreover, successful implementation of WBG
semiconductor materials requires interconnect and attach mateapble of
withstanding extreme conditions. These conditions include temperatures surpassing
300 °C, severemechanical and vibrational stresses, as well as corrosive and humid

environment$23,30 32].
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POwer Industry, Transportations, etc.

=~ Rail Traction

DC/AC inverter DC/DC converter

% ‘ Consumer Electronics | & ’ & = Win Energy

' .. o o
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o™ Power supply Converters B 2

= PFC Inverters

el <ol
ybrid Electric Vehicles Photovoltaic

* Motor control
Consumer electronics
& Computing

30-350 kw
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1 Ll i

L] L

600V 1000V 1200V Voltage

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 ofdsed products, aligning with the growing
environmental consciousness and updategulations such as the Restriction of

Hazardous Substances (RoHS) direcf84.
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As merion above, lhe natural size limiand growing costs to decrease the
transistorsoé size, push the industry to fi
powerful and fast electronics. Amorpesesolutions, the industry is looking to
transition from 2D mtegrated Circuit (IC) architectures, to 3D &Bd 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 resof the electronic circuit. The vertical connections that connect these
stacked chipand other electronic componerase responsible for mechanical support,
electrical current paths, and heat exchdB&¢ These currents are responsitalethe
joule heating effectThe effect grows with a squared factor of the electrical current as
shown ineq.1.2:

0 0Y 1.2

WhereP is power in joules per secondjs the electrical applied current in
amperes, anRis 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 thermtuctor material. The resistivity of the conductor,

} o, i's an intrinsic property of t me condu
proportion to the increased temperature. The need to dissipate large amounts of power
and heat, and the reduced size efdlectronics, leads to situations where solder bumps

can experience temperature gradients of 1000°C36in These extremely high

temperature gradients are enough to generate significant thermomigration effect across



the solder jointsand interconnect® pose a reliability concern to the industry. The
joule heating effect is also responsilibr several other reliability concerns such as
accelerated formation of brittle Inteetallic 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 Piased solder to Pipee solders poses an ongoing
challenge in applications requiring high operating temperatures. Concerns about the
reliability of Pbfree solder and interconnect materials have led some applications to
continue utilizing Pbbased solders with high lead contf8#%,38] In the pursuit of Pb
free alternatives, compositions for higgmperéure interconnect and attach materials
Y o L @) often incorporate elements such as Cu, Ag, Au, Sn, Ni, In, Zn,
Al, and Ge.As shown inFigure 1-1Figure 1-7, anong these candidates, sintered Ag,
sintered Cu, Agphased materials, afidansient Liquid Phase Sintérl(PS) exhibit the
highest operational temperatwa&pabilitieq397 41].

The materials available for electronic interconnect and attach application are
usually split between solder and sintered materials. As showkigire 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 temperatu&oldersand 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 electrof@s43] the
10



operational temperature of the solder and sintereenals must not exceed 80% of

their melting temperatures.

izeox: Pb2Sn
Snsb |} Pb5Sn
SnAgCu - Pb5Sn2.5Ag
SnAg i Pb2Sn2.5Ag]
i Zn-Al
SnCu 1Pb10Sn Pb2.5Ag
SnAgCu-Bi Pb10Sn2Ag _
SnAgCu-Sb  |Pbssb Ausi
SnAgCusbBi | PbinAg AuGe
i AuSn
'hiAg/BiAgX"’/BiCuX
Sn-9Zn : Sn10Sb25Ag Ag sintering
Sn3Cu/SndCu [
Zn305n .
200°C 250°C 300°C 350°C 400°C and above
Melting Temperature
Automotive Automotive Automotive
Avionics Space
Manufacturing Industry [ Exploration
Sensor and Electronics

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

One of the main reliabilityconcernsof solder and sintered interconnect
materials is voiding, which are usuallyginating during the processing stdgdi 47].
The voidsare a sarce for stress concentration which combined with the brittle nature
of most of the solders and sintered materials can initiate exaderbatecrack
formations. Thus, multiple efforts are invested in designing novel temperature

profiles[48,49], unique processing atmospheresich as inert andvacuum

11



atmospheresadvanced manufacturing methods that utilize laf&€Ys ultrasonic
equipmen{51i 53], flash-sintering[54], and field assisted sinterifg5]. Because void
generation is usually due to the presence of flux and organic binders, the use of reducing
atmospheres, inert atmospheres, and vaeassisted @utions are sued-igure 1-9

shows the advantages of using controlled atmospheres when processing electronic
materials. However, due to complexity, hazardous mdtdscand elements, cost,
energy demanding, and processiimge, it is desirable to find solutions that simplify

the solder and sintered materials processing.

s d iquid , AECTY
Soldering OO OOO
OOOSO = . =
OOO
[ soidl  soid J/soiid BN
Sintering 0. 6@ @
@
O OOQO = N = 4

poser T vensason: FETTD. siersapar, )

Figure 1-8: Main difference betweensoldering and sintering processing56].

*by diffusion

Wetting performance of solderasotheimportantfactorto consider tachieve
good attachment strengtiormationcontrol of IMC [57], anddiffusion facilitation in
the case of diffusiofased interconnect materiafn is a popular element in solder
and electronic materials design as it offers the ability to improve the ductilitthand
wetting of the join{58].
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Figure 1-9: Effect of inert and vacuum-assisted atmospheres on shear strength of
different solder alloys and compositiong59].

The homologousemperature is defined as follows:

Y il 13
~ .
For™Y >0.4 there is a significant concern of creégnomena in which

the solder experiences mechanical relaxationiaadersibleexcessive deformatign
These deformations are transferred to other parts of the electronic systestetively

low homologous temperatures the dominant creep mechanisnaiskocation creep,

in which the material experiences plastic deformation through movement of
dislocations in the crystal structure. This form of creep mechanisms is usuallyekinder
by grain boundariespr precipitation of foreign particles. At higheorologous

temperatures the hindered dislocations @agrcome the blockinglements by means
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of changing the slip planes, detachments, and climbing above the crystal olj)g@jcles

In such operational thermal conditions, panetered Ag and Cu, as well as the TLPS
system excel as their me[6lt62lasghoywnoni nt can r e
Tablel-1.

Table 1-1: Pb-free electronic materials andtheir relevant properties.

Electronic Melting Electrical Reliability and Processinc
Material/ Temperature Resistivity ~— Cost Cor?si deratios ®
Solder [J6] [ wqg
Au 1064 2.21 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 -
PUHIESEE >280 High  IMC Embrittlement63]
solders
SinteredAg 962 2.8 High Oxidation, Electromigration,

Use ofnan@articles[64,65]
Requires low ppm of
during processin{p6] and
Sintered Cu 1083 6.81 Low other invert/reducing
atmospheredJse of
nangarticles

Snbased IMC growth, Brittle
solders 22k-221 10-16 LoW  formation of IMC[67i 69]
Pb-based ~183 1416 Low Contains Pb, Low melting
solders temperature

Low- Brittle IMC phasesLong
TLP systems >415 >11 High and complex

processing70,71]

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

Recent advancements #dditive Manufacturing (AM)technologies offer
potential solutions to overcome some of the manufacturing and design challenges faced
by the power electronic anélectronic industries. AM enables the production of
complex geometries that can accommodate various design requirements, including
enhanced cooling configurations, embedded electronics in-matgrial assemblies,
and electromagnetioptimized designs faradio frequency (RF) applications, among
otherg[80i 83]. In particular, robust AM becomes a viable method for overcoming
manufacturing limitations in certain applications, such as far field manufacturing where
costly and comm@x machinery is scarce, and controlled environments are
inaccessibl¢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 volum@&5]. Consguently, there is a pressing need for faster
manufacturing times in open atmospheres without the requirement of complex
manufacturing equipment, which serves as a primary motivadrahis thesis work

The available AM methodare diverse and use differtetechnologies such as
lasers, lightsensitivematerials, and direct printinglthe known and popular AM
methods are discussed below:

1 Stereolithography (SLA): SLA utilizes a vat of liquidight-reactive thermoset
resin that is cured layer by layer using altraviolet (UV) laser or light

projector. This process results in higdsolution parts with excellent surface

15



finish. SLA is often used for creating intricate and detailed mdé86é|87]
While SLA is predominantly used for polymers, researchare also explored

the feasibility of incorporating heavily metadinforced polymer
suspensiongB88]. This investigationwas using a threstage processing
approach in which a green part of heavily me¢ahforced polymer suspension
was photefabricated by light exposure, followed by debinding and sintering
stages to eliminate the residual resin resmhe achieve the final metal part
Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF):
FDM/FFF is one of the most conam 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 opg®)80] FDM and FFF

are part of the Extrusiebasedmanufacturing EAM) and some research was
attempted to use FDM for 3D metal printing by mixing metal power and binders
to form printable feedstock and filamg91].

SemtSolid Metal Extrusion and Deposition(SSMED): While FDM/FFF are
mostly restricted to polymers, SSMED is working on the sameking
principle of FDM/FFF, but using sersplid metal to facilitate the extrusion
process. SSMED was shown to successfully 3D AMPS8nalloy with

controlled microstructurg92].
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1 Selective Laser Sintering (SLSdr Selective Laser Melting (SLM) SLSand
SLM employ a highpower lasebeamto selectively fusend meltpowdered
materials, such as plastics, metals, or ceramics, layer by layer. The unused
powder acts as supportirihg printing, allowing for complex geometries and
the creation of functional engse partsThe flexibility in adjusting various
processing parameters, such as laser power, hatching space (spacing between
adjacent scanning lines), scan velocity, scansingtegy, 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 enalinthe
of bulk properties such as mechanical and electrical prop8gsNumerical
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 SLM94]. For instanceFigure 1-10 illustrates the simulated effects
of different scanning speeds (in mm/s) and applied laser power on the porosity
levels of Cu nanoparticles (NP5]. The findings reveal that higher laser
power and slower scanning velocities lead to lower porosity levels, offering
valuable insights for optimizing the manufacturing proc&gken SLS and
SLM are employed with metal powder, careful consideration must lea tpv
selecting compatible lasers and metal powder, ensuring efficient power

absorptiorcharacteristic§96]. This compatibility is essential to achieve precise

17



and successful metal 3D printing, facilitating the production of -lyiggdity

components for a wide range of industrial applications.

Porosity £ (%)
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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 posities leveld95].

In general, SLS and SLM stand out as two promising methods for metal
AM. These methods do not necessarily rely on the use of orbarders;
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 irdduce additional complexities during the printing process,

potentially leading to higher manufacturing costs and increased setup times.
18



Therefore, addressing these equipnrefdted issues becomes crucial in
achieving efficient and cosffective metal AM using SLS and SLM
techniques.

Electron Beam Melting (EBM): EBM is a metal AM processimilar to SLM

that uses an electron beanstead of the laser beaim selectively melt metal
powder, layer by layer. It is particularly suitable for producing {gghlity,

fully dense metal parts used in aerospace and mddmaéver, 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 temperaturésroughout the processing, leading to additional
challenges and longer curingmes[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
excepional performance and material proper{@3].

Binder Jetting: This methods similar to SLS, SLM, and EBM whidhvolves
powder material, but unlikthese methodsinder jettingdepositing a liquid
binding agent selectively onto layerstbe powder material, such as metals,
ceramics, or sand, to bind them together and form the desired [@8&Vhile

binder jetting is highly used for metal AM, it is yet to be shown a promising
potential for AM of electronic materials dteits relatively complex equipment

involved[100].
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1 Direct Ink Writing (DIW) : DIW is a 3D printing technique that involves the
extrusion of a pastkke ink through a nozzlegllowing precise deposition of
material in a layeby-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 estru®IW
enables the fabrication of complex structures with fine control over material
placement, making it suitable for various applications, including soft robotics,
tissue engineeringoptical devices, functional materialend advanced
electronic devies[101]. Figure 1-11 showcases the three primary DIW
material extrusion methods: the scrdviven (Archimedes screw) method, the

mechanical pistomriven method, and the pneumaliased method.

Screw-driven dispensing Piston-driven dispensing Pneumatic dispensing

Motor
Compressed air

Anger screw

Mixer o
yringe g
Hogper Cartridge

Extrusion tube Plunger

Screw
Extrusion nozzle

i Extrusion nozzle
Extrusion nozzle

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 povieer

methods often yield exceptional material properties, DIW offers a distinct
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advantage indbricating multimaterial 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 empeers DIW to produce complex and functional
designs, integrating diverse materials in a single fabrication process, a feat that
may be challenging for other AM techniqyé&63,104] However, unlike the
self-support of powder bed methods, DIW usually require sare$support

structure, that can later be removed during the-pastessing proce$$05].

1.3.1 AM of ElectronicsMaterials 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 diffent temperatures, and accommodate diverserosessing
techniques. Unlike the challenge of AM to manufacture laage parts[106],
electronics production demands mistale and nanecale precision andapabilities.

To address these stringent requirements, significant efforts have been directed
towards developing micrscale capabilities for manufacturing electronic materials
using SLS and SLM technologig07i 109]. The inherent small spot size of the laser
beam in these methods allows for fine feature resolution and intricate electronic
component fabricatim Additionally,as shown irFigure1-12, numerous studies have

explored the application of AM in producing conductive traces on various substrates,
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including flexible substratefl10], using different inkg$111], pastes and

materialg112i 114].

Figure 1-12: Use of SLS to manufacture conductive traces using Cu nanoparticlgk10].

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 Agiand C
inks onto polyetheretherketone (PEEK) substrates, which were then subjected to
rigorous tests, including wire pull and drepock tests, highlighting their robustness
and reliability[115]. Furthermore, other notable research eawibrs showcased
varying integration levels of AM for electronic devices, featuring conductive traces

capabl e of operating at Hielgh t emperatures
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2 TRANSIENT LIQUID PHASE SINTER (TLB)

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 structu@ne distinctive feature of TLPS
materials is their ability to be processed at relatively low temperdtuxe8 6)0whike

offering high operational temperatures excee@r@ 0 [1E/C
2.1 Working Principles of TLPS

2.1.1 EutecticBinary 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 iRigure 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 akgnddue to
its unique characteristic, which allows for efficient melting at lower processing
temperatures. The eutectic composition, denotéd as |, is the point at which the

alloy has the lowest melting temperatLiré . At this specific composition, the
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phases U and b coexist in equilibrium dur.i

the solder alloy exhibits a sharp melting aotidificationpoint at™Y

“Y and”Y indicate the melting points oféhpure metal constituents A and B,
respectivelyPhases$ and! in the diagram are referred to as solid solution phases.
Below the eutectic temperaturé , these phases have their corresponding solvus
limits. The solvus limits represertd maximum solubility of one constituent in the
crystal lattice of the other. In other words, it defines the composition range within
which the phases and! can coexist as individual solid solution$.the alloy
composition falls within the solvus lits, the microstructure will consist of either
phase| or phasel , 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
denotedas T .

During solidfication, as the temperature decreases, the alloy will pass through
various phase regions on the phase diagram, leading to the formation of spetific
mixed microstructuresAs shown inFigure 2-1.b, the liquidus line represents the
boundary between the liquid phase andntireedsolid and liquidphase regions 0
andf 0, indicating the temperatuf® at which solidification begins during
cooling. On the other hand, the solidus line represents the boundary betwselidthe
solution phases andf hand the mixed regions 0 andf 0, 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 Ba). Indication of
key temperatures (b).

Eutecticsolders have the advantage of a sharp melting point at the eutectic

composition, which allowfor 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 failurer loss ofmechanicaintegrity.

2.1.2 Stages of TLPS processing

To address the challenges of operating at high temperaflit®§ binary

system will often feature a more distinct difference between the melting temperature of

the metal constituents A, andd $iown in Figure 2-2. Typically, constituent A is

referred to as the High Melting Point (HMP) element, wbdestituent B is identified

as the Low Melting Point (LMP) elementhe distinct difference between the
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temperature)Y, without damaging the rest of circufigure2-2 shows a TLPS system
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where the soliesolution phase, , is the target phase as it fe&ts high melting

temperatures.
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Figure 2-2: Characteristic binary phase diagram of a eutectic TLPS system without
IMCs.

The TLPS procesis a diffusioncontrolled moving interface boundary system

whichinvolves four main stagg$18i 120], illustrated inFigure2-3.

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

o where the metanelts more easily and rapidly.
26



Dissolution Stage Dissolution StageSubdivided into two sulstages: H1 and

I-2.

Il -1: Temperature increases from the melting point tgptioeessemperature

“Y as shown inFigure 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.

Il -2: Isothermal dissolution occuad the bonding temperature. The liquid zone
width increases, and metallurgical phases (, and liquid) are presenthe

rate of isothermal dissolutiasf the HMP particless influenced by factors such

as heating rate and the composition ofltMP metal. At the beginningliquid

phase is inhomogeneous and in a state of super satuvdtloran average
concentration of LMP greater than the eutectic concentration . The
dissolution stage is lasting few secondsd it is controlled by duid
interdiffusion coefficientO [121]. The processesequire additional time to
homogenized the liquid metal by dissolving additional Hpéitticles tadilute

the liquid before the start of the isothermal solidification.

Isothermal Solidification Stage: The liquid zone solidifies due taMP
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 thwst 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 solidificatiime longer time to
complete this stage is due to the sdlidte diffusion and is controtleby the
solid-interdiffusion coefficientO which is few orders of magnitudes greater
thanO . At this stage, the liquid is starting to lose LMP patrticles 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 Ill. The process is terminated when the onaxsolute
concentration at the joint centerline reaches a preselected value. The successful
TLPS process requires that the completexbulted alloyhas a chemical
composition located in the singase region of the binary equilibrium phase
diagram, andhe process approaches this end point through soluteMP
diffusion.

In contrast to the binary eutectic TLPS systdostratedin Figure 2-2 and

explained inFigure2-3, where a homogenized solid solution phase is observest, mo

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

leading to narrow homogeneity ranges. As illustrate&igure 2-4, the IMC in the

system is denoted 300 0 0 and possesses a melting temperature represented as

oy

. The formation of théOOD 0 00 phase arises from a chemical reaction
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occurring between the High Melting Poirl©( 0 and Low Melting Point{ 0

phases, with a concentration denoted as

and the ratio o——. Similar to

the process observed in the samlution TLPS system, the process outlined in the

figure involves a gradual temperature insedrom room temperature to above the

melting temperature of the solute atois, . Upon reaching a temperature where the

0 0 Oparticles melt, they undergo diffusion and subsequently react with the HMP

particles, leading to the formation of the sfieclIMC phase,”000 0 00 . 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.
HMP LMP HMP
|
Coppr———————"——"—==- E—— R I
HMP Dissolutionand L “~ HMP
widening
]
| 1T
i
a Isothermal L a
Solidification
S ]
Near-complete v
Homogenization L a
AJA‘;
Ca,P i

Figure 2-3: lllustration 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 shofsigtine 2-5.

The system inFigure 2-5 shows two IMCs™O00 0 00 and 'O00 0 00 at
compositions 0 and 0 respectively These two IMCs feature
respective melting temperatures”#t and”Y . Due to their narrow

homogeneity range and high stability, these IMCs tend toapsition to one another

through achemical reactiomather than interdiffusion anthe coexistence of both

phasesss thed 0 tompositionis betweernd ando
Tump
L
HMP + L
"""""""""""" Tump,,LmP,
v
=7 R S N W Tp
o |
o ! T
g HMP + HMP,,LMP, HMP,LMP, + L i LMP
[t I
® |
E ! TEutectic
-~ |
| LMP+HMP,LMP, |
= |
= l
HMmP Cump,,LMP, Cpy LMP
(100%)
at.% LMP —

Figure 2-4: TLPS binary system without solubility limits, and one IMC phase
| [
1 e
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Figure 2-5: TLPS binary system without solubility limits, and two IMC phases
74 I andy V4 S

2.2 Relevant TLPS Systems

Among the different TLPS systems, various binary systems have been explored,
each exhibiting uique characteristics and applications. Among the options of TLPS
systems, this work will primarily concentrate on the&hy Agln, and AgSn systems.
These systems have garnered significant attention due to their promising electrical and
thermal propertig, rendering them we8uited for operation in harsh environments.
Furthermore, their reasonable price and availability make them attractive choices for a
variety of practical application¥able2-1 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)
AuSn 00 "Y§0 OEY > 278
AuIn 0 0 TEOED > 495
Culn 00 @ ® > 307
AgSn 5 0"QYD Z0'Q "¢ 0) > 600
Aglin 0"Q'0£0" Q0 > 880
CuSn 06 "¢ ,00 "Y¢& > 415

2.2.1 CuSn System

The CuSn system is one of the most extensively studied and utilized binary
metal systems, dating back to the Bronze Age (ZOI® BC[122], with Bronze
typically consists of a Cu to Sn ratio rangingrh 8812 to 964 [123]. Nowadays
however, he CuSn system has gained remarkable popularity invibréd of electronic
and packaging materials. This system has lea&mnsively studied, primarily because
of the widespread adoption of the SAC306.5% Sn, 3% Ag).5% Cu solder, which

serves as the primary alternative telitsed solderfd 24].
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Figure 2-6: Cu-Sn phase diagram125].

The two maiMCs of the CuSn systems are tli®d ™¢ and thedd "Yéwhich
are formed by the following chemical reaction:
@0 0 UYEC 006 ¢ 2.1
00 0 "YEO 00 "YE 2.2
Based on these chemical reactions, when the Cu, as the daMponent
comes into contact with molten She LMPcomponentdd ™¢ is the firsiMC phase
that forms. Withsufficientheat or energyalongwith existing chemical potential, the

Cu and Sn atoms wittontinue todiffuse through th&6 ™¢ crystalleading to the
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formation of thedd "Y&IMC phase Dependingon the tenperature, the formation of
thedo "Yéwill proceeduntil the molten Sn isompletelyconsumed, followed by the
completeconsumption of théo ™¢ phase.

In fact, the chemical reaction and the formation of theS@wsystem can be
further analyzed based on specific reactions that take place at the interfaces themselves
asshown inTable2-2.

Table 2-2: Summery of chemical interface reaction in CuSn systen{126].

Layer Interface Chemical Reaction
00 "Y¢ 0 doo "Ye o0 6 "¢ O 06 "Y¢
66 "Y&O0 "¢ interface 66 ™ w6 O vbo "YE
on thedo “Yéside 00 "¢ O o"¢ c00 "Y¢
00 "¢ §06 "YHE6 "¢ interface VOO "YEO wdo 00 "¢
on thedo "¢ side c66 "Y¢ G¢ O 06 "¢
"Yé a THO e VYE @06 O 60 "¢
During cooling 0 00 "YE0 60 "¢

As mentioned earlier, due to the chemical reaction that is involved in the
formation of the IMCs, theystems often show a sharp transition from one IMC phase
to anothef127]. Such example of lack in interdiffusion between two IMCs and their
parent metal is shown Figure2-7. Figure shows Xay line-scanof the CuSn system

which features two favorable IMC8p ™¢ andoo "Y€
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Figure 2-7: Elemental X-ray readings ofcoupled SrCu system with two resultant IMCs
(modified [128]).

The formation of CeSnNi IMC during TLPS was visualized through-situ
X-ray radiographic imaging, as presented in refergt2@]. The papershows the
dynamic nature of the transient process including the solidificatiotheofsolder
material, initiations and coalescence of mieoids, and growth of IMC phases and
pores.Furthermore, the thermal characteristics of a pbased Ct5n TLPS system
were investigated and discussed180]. The research demonstrated the prattic
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 eutectic binary system is shownRigure2-8.
The figureillustratesthat Ag can up take up to 2. % In in its| -fcc solid-solution
phaseandexhibitsmelting points n whi ch the solidus temperat
for pure Ag, down to 670 eC f oThedtQDe¢ maxi mu
bcc IMC is located at around 25 a¥% with a peritectoid reaction of -0©
0Q®upon c ool i[1813 The-ehcpbl@aSedds marrowhomogeneity range
at temperatures belowl87¢ C wi t h i ndi um ~25P6Pot which bet we ¢
increasingly widen above this temperatfirg2].

The soliduseémperature forthephase goes from temperatur
to 205e¢eC at ~ At3ooratemperétureafizbtwernd3i331at indium,
0'Q® IMC is formed[133]. At 33 at.% indium, thed"Q'® transforms to the
[ (6"Q0¢ IMC phas€g134]. Thel phasetransform backo — a t 312e¢eC making
another potential IMC for high temperature electronic applicatiarnis. 2 05 C t he
phase decomposes into mixture pfand liquid through metatectic reactifii85].
0 "GQOis the last IMC phase of th&g-In system at 66.7 a indium. Between 66.7
at. % andless than Jt. % of indium, the system is a mixture of indium and&®Q

and at 96.7 at. % the system experiences a
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Figure 2-8: Phase diagram of eutectic Agn system[136].
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Figure 2-9: Schematics diagrams that show the Agn wettability dependence on

temperature [137].
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According to[138], when pure Indium is available, there are two distinct
growth regimes of IMCsThe growth ofo "&Qis controlled by both diffusional
processes as well as interfacial reactions, leading to a mixed growth Tinedgxst,
faster, growth mode 0d"Q"O¢at room temperature indicates either at least partial
interface control of the reaction, or a relatiy high contribution of grauboundary
diffusion. The second, slower growth mode @Q"O¢is diffusioncontrolled and is
observedat e mper at ur e.dAn ibterdiffasion codffi@gienColO  pP @
OBOP T G | QoRE® @ of Qé éa Y Y  was derived from the
0"Q0dMC growth-constant data, suggesting rate control by interstitial diffusion in
0"Q"0¢During the second (slower) stage®@f‘O&rowth at room temperature and
during the growth oH"Q"O¢at elevated tmperatures, a parabolic growth @iQ'0¢
persists, which is compatible with diffusi@ontrolled growth.

The selection of Agn TLPS for this study was particularly intriguing due to
its exceptional potentigbreviously shownas an electronic materigi8,139] The
interface of— "Qd phase and Ag produces superior wettability results over the
interface of and Ag due to smaller lattice mismatch, and the wettability of the molten
indium is significantly enhance driguaet t empel
2-9[137]. The introduction of 19 at.% In into the Ag system has been found to
enhance the ductility of silveand 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 not
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reaching up to 59.9 MPa after 2000 hdul]. In addition, he incorporation of
indium into silver alloys leads to a significant improvement in theirtarnishing
properties. The Ad.9In alloyexhibita sulfurization reaction rate approximately 22.8
times slower than pure silver, contributing to enhanced tarnish resi§idi2¢e
Addition of In to Agbased joints for high temperature applications was also showed

improvement to oxidation resistance of the jo[a#3].

2.2.3 Ag-Sn System

The phase diagram of the Ay eutectic binargystem is showmiFigure2-10.
The composition of the-fcc solid solution ranges from pure silver to about 12 at. %
Sn at room temperature with a solidus linb at goes from 961. 93eC d
~12 at. % SnAt 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 mechanismfgoiih Sn is interstitia[144]. The
crystal structure of the soklisblution is changing from face center cubic to hexagonal
close pack (hcp) at near 13 at. % Sn. Hhep 0" Q"YE phasehas a liquidous line that
goes frdowi28eC480eC making it highly attr:
applicationd145]. Between24-25 at. % Sn, and upon cooling the temperature below
480¢eC, t he s ysti@Qm® @Q¥esThefolQu&MC phase has a
diffusion coefficient ofp®Q ¢& i  which is sgnificantly 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 thehcp 0" Q™ and thed"Q"Yeare at the interface of
the two metals, the chemical reactions that take place are as follows:
00 "Q "YEO 0'QYE 2.3
T0 "Q "YEO 0"Q"Ye 2.4
With corresponding Gibbs free energy af @' Q0 ¢ and p p&QU é
at 1[%46]ew@ich favors the formation of thephaseln contrast, if the nucleation
is formed inside the Ag particles, where the Sn particles are diffused in the Ag lattice
as the slute atoms, the reaction will follow as follows:

T

©

—0 Q S"Yéo 0'QYe 2.5
o o
T v
—T(]';) "Q -"YEO0 0QYE 2.6
w w

With corresponding Gibbs free energytofx @0 ¢ and ¢ @QU Gé
at 1 Witich &so favors the formation thfe— phase. Last, when the nucleation of
the AgSn IMCs originates inside the $nphase, the change in Gibbs free energy can

becalculated based on the reactions as follows:

6 2vio Porarye 27
(6) (6)
5 "Q TE“YéO TEé“Q"Yé 2.8

With corresponding Gibbs free energy of #/Q0 & é and ¢ QU Q¢

at 150eC, which in thisoQSalMEphast.avor s t
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Figure 2-10: Phase diagram of eutectidg-Sn systen{147].

In boththebinary metal systems, with thé/P maintained below 20 at.%, the

Ag phase effectively absorbs the LMP, forming a sebtution matrix. Particularly in

the Ag-Sn systemat processing temperatures bel®vd 0 the fGrmation of the stable

AgsSnphase predominates. This specific phase exhibits a melting temperature of 480

e (C148] and possesses desirable thermal and mechanical profibetfiek49]

Additionally, AgsSn demonstrates low electrical resistivityaching values as low as

11.42* m awhen formed in sheet configuratifri7].
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2.3 TLPS in a Paste Form

As discussed abov&| PSjointsand interconnecisre formed by a liquidolid
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 ¢éhsolidstate high melting point metal. There are two main
methods in which this process happens, either by pressing thar mvorelayers of
metal against each other, or by mixing the two metal powders and binding them

together to form a pastBoth metlods are shown iRigure2-11.

.C-S' . : . sopm
ugSng Y
T 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 thleeetmethod are relatively slow

due to the small surface to volume rdti®2]. The small surface to volume ratio
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effectively decreases the potential energy that helps drive the sintering pid&iss
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
forceto the sintering proce$$54] An equation that summarizes the influence of the
multiple factors tht governs the driving force of the sintering process can be written
as[155]:
00 0% [ U 29

Where0 is the applied pressuriis the stress intensification factor, 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,evithe low melting temperature metal melts, the liquid
phase coats the solglate particles and contributes to the densification process through
van der Waals and capillary fordd$6]. During TLPS sintering, the diffusion process
happens at the soliijuid interfaces. The aim of the TLPS material is to achieve an
intermetallic phase that has high meltieghperature. Based on a phase diagram of a
given metal system, the geitio 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 bindéetpowders 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 liquidpnmting intermetallic

diffusion[157].

2.3.1 Organic Binders

While TLPS solutions can be implemented through rsftakt 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 pmtable pastdike material. Dispensing this paste efficiently using syringes
while preserving its structural integrity until the application of heatrucial to
facilitate the integration of TLPS materials into diverse AM applications.

The aganic bindes are complexorganic systems composed of various
ingredients such as activators, vehicles, solvents, and other addit8gsActivators
play a crucial role indcilitating the removal of metal oxides from surfaces, and their
effectiveness increases with temperature. Vehicles, which can be solidsvaiatie
liquids, form a coating on the surfacesHiIP materials. These vehicles dissolve the
metal salts genated during the acilase 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
activatorsMultiple sudies have examined the residue levels of different organic binder
compositiong159], as well as their compatibility with Pioee solders for electrical

joining applicationg160].
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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 holiggchnol@y, 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 chamissus materials are more
susceptible to experience destructstate 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 controllingliorinating the porosity levels,
or the brittle intermetallic 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{b@steoffers multiple
processing dvantages such as: dynamic, robust,-lmwidget, 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, here is no room for these organic molecules. Thus, these ideal crystals often
exhibit optimal mechanical, electrical, and other material properties. In thefpaste
however, the presence of organic molecules between the metal powder causing micro,
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and maro-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 researchproposes 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 Blmpue3-1 shows a generic
temperature profile of a TLPS material that requires to reach to a specific thermally
stable IMC phase. As seenkigure3-1, the first stage of the TLPS processisigften
in the order of seconds to minutés this stage, three main events take place: flux
related activity, phase transition, and transient liegiate diffusion. Thistage 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 ligsiidte diffusion is dominant in the firdage,
and it is at least one order of magnitfasterthan the following two steps individually.
During the transient process of ligesthte diffusion, flux evaporates, the structure
solidifies, and gains enough structural stability. From AM point ofvyithe fast
solidification is crucial for the successful printing of additional layers in the vertical
direction. Because short solidification timage notenough for a full metallurgical
thermally-stable phase completion, once the 3D structure has k@sheal shape,
the farfrom-equilibrium structure can go through the full and final sintering process.

As seen inFigure 3-1, the isothermal holding stage shoutdntinue until full
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consumption oL MP-rich phases, and the formation of the thermodynamicadlyd

thermally-stable alloy.

350 T T
Isotermal Holding Potential annealing curve
wor — .~ - — — — — — — — —
—~.250F Completion of alloy -
3 . homogenization
g 200 F Heating -
© Solid-state
2150 diffusion &
£
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burnout
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Figure 3-1: Standard TLPS processing temperature profile and its main componest

To make TLPS technology accessible for AM applications, it is imperative to
investigate the transient heating stage in ddtaure3-2 identifies and magthe key
considerations for temperature profile design, material selection, particle size selection,
and paste formulation necessary to develop gaested TLPS materials suitable for
AM applications in an open atmosphere. These consideratidnsittalthree 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 processj considerations of TLPS for AM

applications.

3.1 Flux Performance

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

metal particles, andrganic 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 Renoval 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, igaiui
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 subflux category cacern 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-gfiligh

TLPSbased 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 liggptlase saturation at a given tire
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
dud 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-lsmliid
diffusion, to solidsolid diffusion. Thediffusion problem requires consideration of
various aspects during the first stage of processing. These aspects include the sintering
onset, kinetics of metal liquighase 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 fullscale, efficient, and reliable additive manufacturing of 3D
printed structuresinvolves multiple challenges thatequires exploring various
procesing 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
adjacentlayers; 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 optintiegdeen 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 reactionobesrred
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
resistanceFigure3-3 shows the correlation between the combination of heating time
and nozzle size, on the slump resistance of the prirt&® structure.

Ag80In20 alloy consisting of-Z & Ag powder mixed with 500 mesh In
powder in TACFIux008 (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 dedigoeimprove 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 byspresssisted sintering. The
choice of 75% metal loading was designed to achieve viscosity low enough to prevent
clogging and pressure builgh during the nozzieased deposition. The choice of using
Ag to In ratio of 80:20 was based on previous resg@@}that showed an optimized
mechanical and electrical performance for this specific ratio. The choice of
TACFlux008 was based on the successful tapes thst verified the adhesion to

alumina substrates.
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Figure3-3 shows that a sintering time of eight minutes, together with a nozzle
size of 0.51 mm achieved the besffined 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 sieasidentified, it was still necessary to further
reduce the intermediate sintering times. To aahthis, 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 indiumerdiffusion 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 sfilbt structuresthe 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 portysiand 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 ad 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 printesh additional stefo 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 approachlaigs far 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 undersvéimal 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 e énm. The cantilever reached a length of 3 mm,
and the bridge spanned over 15 mm. Nofthe 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 aplated 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 bein
deposited on an unmetallized, bare polyimide board to allow removal of the bridge as
a freestanding structure. If a Gmetallized 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 98degree angles despite this maximizing the moment on the printed

structures.

3.4.2 Post Sintering HolisostaticPress (HIP) Treatment

Another preliminary test was conducted to test the electrical resistivity of
different TLPS pastes. The two pasteanples of Ag80In20 with eith@ACFlux007
(EP1), orTACFlux008 (EP2) were sdnfor 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 mateBath formulations consisted of
91% metal loading with silvermaximm p ar t i ¢ | e325meghg andihdium5 € m
maxi mum part i e5DOemesh). Both ERI fand EF2avene 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.hW& 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 cedsift eutectic phase of Ag and In.
The Agln eutectic phase is a ratio of 3% Ag with 97% In, and the paste itself consisted
of 85% metal loading iMTACFlux008 The use of the eutectic phase, with liquidus
melting temperature of 143°C, was designed taesehgood 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 theibgnuhste were deposited using

a stencil with a cross sectional area of®@d . All the pastes were mixed thoroughly

to ensure homogenous composition, and fresh paste was scooped randomly with each
use of the stencil. T h eo fit IR chambdr withaena b o 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 esectrical 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 perfdrioe a selected EP1
sample. The scan showed that the bonding paste experiences soeléng during
repeating heating cycles. Using an optical microscope,-sexgtonal imaging of the

same sample showed no significant change in the geometry of thiadppadte 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 felmour exposure at 300°C and variouselsvof
hydrostatic pressur&igure 3-5 shows the nominal resistance, measured across 3 cm,
before and after the HIP process at various pressure I&igise 3-5 on the right
shows the data for the saraplcontaining TACFlux008 (Set008). The figure shows

that the 5SMPa and 10MPa treatment resulted in a decrease in the-tasgigple
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variability of the electrical conductivity. Furthermore, both pressure values achieved
more or less the same electricahbgerformance. 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.

| Graphs show relative change of before/after HIP treatment

T.F. 008 samples; reduction in resistivity

T.F. 007 sarnr pu Reduction in resistivity
after HIPping at all pressure levels

after HIPping at 10 Mpa pressure level
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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 showisgme 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.
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Figure3-5 on the left shows thdata for the samples containing TACFIux007
(Set007). The figure shows that samples exposed to 10MPa pressure exhibied a 2
fold reduction in electrical resistamcThere 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 irrigure 3-5, it seems that the 10MPa treatment has the best effect on
the TLPS sintered material.

Figure3-6 shows the cross sections of Set007 at the various amount of applied
hot isostatic pressure, ranging from thepnessure reference sample (top left), to the
40MPa sample (bottom right). Theoss 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 homogeation 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 consequencaroproper 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 procesaiccessfully 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 lsmthe potential to shed light upon the compatible chemistry that works
with the AgIn 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 largores 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 sifinant 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. Ef2igpersive Xray
spectrometry (EDS) was conducted oa tihosssections, 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 b 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 WeightLossKinetics

To design better temperature profiles for the first stage of the TLPS processing,
the behavior of the flurust besolated to gain further understanding of its actim.
the initial study, lhe choice to focus on TACFlux007 was baseg@mavious knowledge
of its compatibility with the Agin system in terms of electrical conductivity. The flux
study measured the masss of the flux for a set of temperatures and holding times.
Each sample consisted of a small amount of, ftleposited 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 granesdliminate 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 ahpeted hot plate to eliminate the effect of
temperature ramp rate. The samplese measured with a mictmlance before and
after heating.

Figure 3-7 shows the results of the weight loss study. Each data point is an
average of three samplesth ninety-nine samples tested overall. The error bars in
Figure3-7 represent the maximum and minimum of test temperature at a given holding
time. Fit lines were Iptted for each temperature set. Below the melting temperature of
indium, mass loss of TACFIux007 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, ti$ graph is significant in designing the temperature profile of the
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early-stage sintering as it shows that the eathge evaporation performance of the
flux is highly sensitive to temperatures over the first minute. Thus, removal of more
than 70% percerdf flux can potentially be achieved within one minute of processing
at 300eC. I n addition, i f the 300eC pr
sintering stage, it gives a good design criterion for flux formulation in which volatile
additives ae required to lower the evaporation temperature while keeping the same

evaporation kinetics.

Percent Mass Loss vs. Heating Time for TACFlux 007
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Figure 3-7: Mass loss kinetics of TACFlux007 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 heatip times versus variable heating temperatuFégure 3-8 shows four
stackedgraphs with constant temperatures versus variable heating tinkéguia3-8,

each individual stackedraph represents a constant heating temperature. In each
individual stackeegraph, the outer-gxis shows an increasing heating time, and each
individud y-axis shows the absorption amplitude of the IR radiation incoming signal.
The xaxis 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 IRradiation 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 mdecular concentration of the absorbing spedi@agure3-8 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 dtween 220@# and 25000 . Peaks in this area are correlated
with carbon contamination, and characterigtic bandwidth and peak shapes. This
implies an evolving amount of flux buout is present as a function of temperature at
each holding tne. In addition, with increased observed crystallinity and stickiness of
the samples, the peaks around 1682 exhibited increasing and narrowing
absorbance magnitude, while the two peaks around @00 exhibited decreasing

magnitude. In additiorthe signal magnitude decreased in the alcohol frequency band
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between 310@550c1  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 inrganic 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 constantheating times of 10 seconds (left), and 30 seconds (right).

Figure3-9 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 tiregatemperatures at constant timestef
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 1690700c® , in the first 10 seonds of each heating temperature has
several possible explanations. First, the 162006 peak is a characteristic peak
for aldehyde functional groups. Aldehyde functional groups often form when alcohols
lose their hydrogen, contributing it to arlsanyl group to form aCHO structure. As

mentioned earlier, the signal decreases with heating temperature or heating time in the
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alcohol frequency band between 31Z860a8t . A second contribution to the rise in

the peak amplitude within the C=0 regiorthe first 10 seconds iigure3-9 (left) is

increased cross linking of the molecules in this region, which was also identified
gualitatively as samples that ekied 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 4cwitiponent flux system.

However, due to the unknown specificemical composition of the flux, support for

this contribution requires further analysis Higure3-9 (right), after the flux is heated

for 30 secomepeskimi66928568¢ @rtshto flatten, an
signal is almost entirely gone. This is a strong indication that at elevated temperatures
above 250eC, the flux iIs degrading in very
matched to the actation 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 1681720¢# s 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
TACFlux007 at 91% metal loading was deposited on copper sheets -&itu in
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 wagore-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

opticalmicroscopeESEM and EDX.

In Lat CKal_2

Figure 3-10: EDX monitoring of the top surface of a printed surface that was subject to
160eC heating for 10 seconds
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Figure3-10s hows the top surface of a printed
for 10 seconds. The figure shows that indionalt liquid bridges (yellow) between the
solid-state Ag particles (purple) amresent 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 undi 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 ligondlt present at a given time, as it determines
the ability of the structuréo further densify after the flux removal. In addition, the
individual X-ray dot maps ifrigure3-10 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 ttiex binder, which may hinder
the ability of the liquidbase capillary force to attract the silver particles towards each
other.

Figure3-11 shows the effect of heay a sample that went through an initial
low-t emper ature densification, and then was
on a preheated hot plate. The low temperature densification was achieved at
temperatures bel ow 100 edhotimelt oereastwithethetr hat t h
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 lefver flux. In addition, the printed structure is
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beginning to Afreezed only one minute i
cross sections analysis, this structure
structure. This figure supplies further esiiite 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 lowtemperature
densification, and then wasubjecttoonemi nut e heating at 300e¢eC.

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 déogupf multiple crosseffects 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 daldo 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 matals for robust and rapid additive manufacturing.

To examine the formation of the TLPS material during different processing
stages, irsitu electrical measurements were proposed. Up to this point, electrical
measurements were only taken after more thamoueof sintering procedure, leaving
little evidence of earhgstage processing. Conductingsitu electrical tests became
necessary to fill this gap.

However, conducting Hsitu electrical conductivity experiments required
appropriate equipment. Thus, eter 4 focuses on developing the necessary test
equipment. In chapter 5, the results of thaito electrical testing are presented along
with other complementary tests and measurements, and the chapter further analyzes the
obtained results. In chapter &, 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 APPARATUSAND TESTINGEQUIPMENT

The previouschapters 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 limted 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 thasitu electrical measurements were necessary.
The motivation bkind conducting irsitu electrical tests was twofold. Firstly, to
capture reatime data during the early stages of processing, enathiexgbsenration

of the dynamic changes in electrical properties as the TLPS material evolves. Secondly,
the introduction of in-situ measurementaims to identify the specific factors
influencing the electrical behavior of the TLPS material during the initial stages of
processing. These factors may includenge in heating rateshemical reactions,
phase changesnd micostructural transformations, which play a crucial role in
determining the material's final properties. By understanding these influential factors,
this work hope totailor the manufacturing process for optimized performance and

consistency.

4.1 In-situ Electrical Testing Apparatus

In the in-situ electrical conductivityexperiment, there are three main
components: the heating medium, the tested samples, and the prokipg $he

combination of these three components determines the feasibility, and the guality
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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 DesignObjectives, and Manufacturing

The choice to use a hot plate as the heating medium fsituinresistivity
measurements was driven by the need for straightforward and accessible probe access.
Conducting the resistivity tests outside of an oven or a mufflfeate 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 custorade hot plate, multiple hot plates available
in the labs were tested. Among these, passive ceilaasied hot plates were limited to
seleting 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, tlsiuneven heating introduced higher noise levels in the measurements
of the desired design variable, impacting data accuracy. In addition to the eeramic
based hot plates, the labs had an alumibased hot plate with a control unit for
designing a temperat profile. The first stencil was designed with consideration of

this hot plate's dimensions. However, during testing, the hot plate's temperature

71



feedback proved unreliable, failing to meet the required levels of reliability for the
electrical insitu exgeriment. 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 custaigie hot plate. The firstep in
designing the custommade 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 temperatur e f ecenttdd a c k s
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 tryingadb dnd 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 uniforrrumiform heating
and cooling can lead in diffusion variabilities that can affect the results of the
measurement. In addition, similar to the ceramic boards, wheamtormly cooled,
the TLPS samples can also cracked and snap, which can lead to a faissfssction
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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custommade hot plate. Defining a set of requirements and objectives drtaekaitial
step in this process. Three primary requirements were identified:

1 Reliable Temperature FeedbackThe hot plate must incorporate dependable
temperature feedbaaskgnals The feedback loojs critical for ensuring precise
control performance dhe hot plate, synchronizing the test signals accurately,
and maintaining the overall experimental quality.

1 Matching Dimensions:The hot plate's dimensions must align with, or at least
fit, the dimensions of the testing ceramic boards. This alignmessengal 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.

1 Uniform Heating and Cooling: The heating and cooling system for the
samples must exhibit uniformity. Namiform heating and cooling can
introduce diffusion variabilities that may impact the accuracy of the
measurement results. Additionally, similar to the ceramic bahaetaselves
nontuniform cooling of the TLPS samples can leadtheir cracking and
snapping, potentially leading to a distorted cyesstion analysis.

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

processing.
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In terms of the design objective of a hot plate, the design engimpass
several essentidkatures. Tie hot plate must be welhsulated 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 aodling capabilities are crucial to achieve
time-efficient experiments. The hot plate's modular design must be adaptable to fit
within the glove box setugFigure 4-1), ensuring seamless integration into the
experimental environment. Cestfectiveness is also a key consideration, aiming to
achieve the desired functionality without exceeding the allocated budget. Furthermore,
the hot plate should offer flexible coakroptions 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.

Figure4-2 displays the proposed schematics of the hot plate's desigh is
inspired byHanes's hot plate desifftb2]. Both designs utilize aluminum as the base
material and implement heating elements below the cooling level. However, the
proposed design includes an additional climssurface émperature 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.
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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 theooling water temperature and low enough to minimize chemical
interactions, such as the diffusion of indium particles at low temperd@i@kes
Although embedding the temperature sensors inside the hot plate does not provide
direct measurementd 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 experimentshe 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 rgistent 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 platendesigrporates
multiple input/output holes. This design allows for even cooling and facilitates

straightforward and efficient numerical calculations.

4 3 | 2 1
AL
D - ;-i%;- %%‘%%-%%%43 s 2 D
T T AL A A O e Sclae: 1:1.75
8 . =
™
] | ©0.25 |
2
< ] E
C B C
<
o
&
— axe I
- Scale: 1:1.3 \&2
L8npy R — g 5
R
R v S
B e i e @%’\ @ 3| B
< 0-24 UNC ® % Hi [ah) o
- 0 ol F- % N =
| o o 0 - o
O'SD] 0 “—‘l 0 | | 103 035 ——
] - Created By: [Material: i
_ Drawing No. Units:
o Gilad Nave 1 Inch
e |1 Date Created:
(=] 4] Part Name
A 2.30 . 05/19/2022 | Hot Plate - A
1 \Bohom View Extra Width
1.80 L Scale: 1:3.5 & | Initial drawing | Date calce [Fle 103 TPaget i1
y | > 2 | "
SOLIDWORKS Educational Product. For Instructional Use Only.

Figure 4-2: Proposed schematics for thelectrical in-situ experimenthot plate design.
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Figure4-3 presents a detailed depiction of the locations of the thermocouples,
their securing screws, and the heating elemeritérwihe hot plate design. The clese
to-surface thermocouples are positioned one inch away from each surface's edge,
allowing for quarterly measurements near the surface. These-tcleadace
measurement locations serve to verify the temperature unifoahthe 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 consistamperature measurements close to the
heaters. Such measurements are crucial for the control design and quality of the
experiment. Closéo-heater temperature feedback is essential to minimize signal
delays in the control design and operation, ensuringieffi and accurate temperature
regulation.

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

Figure4-4 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 entraraya exit holes. The cooling fluid, typically water,
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enters the hot plate from alternating directions. This effosscooling configuration
enhances both the uniform cooling of the hot plate and its cooling efficiency.

To ensure durability and efficiencthe 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 systés designed to effectively dissipate heat from
the hot plate, maintaining its stable and controlled temperature during the experiments.

Figure 4-5 depicts the mainintegration schematics of the hot plate,
encompassing the Plaased control block, the Arduino MEGA control board
configuration, the electrical configuration, and the plumbing configuration. This
schematic illustrates the interactions and interconnectioetwelen these
configurations, facilitating a comprehensive understanding of the integrated system.

Additionally, the measured power requirement duringpolver operation of
the heaters and the pump is indicated in the integration schen@dijestslabekd 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 grolimded
integration design, as presentedHigure 4-5, demonstrates a wedrganized and
safetyconscious approach to harmonizing various components and contiots tivé

hot plate, enabling precise and reliable temperature regulation during experiments.
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From a top-view, the locations of the
embedded TCs are 1”” away from each edge. | | Surface-TCs access

holes

TC’s securing screws |-

500W
Heaters (X4)

Heaters-TCs access
holes

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 generalschematics of the proposed hot plate design

4.1.2 Stencil Design

The stencil and its design play crucial roles in conducting tséurelectrical
resistivity experiments efficiently. Firstly, the stencil determines both the sample's
length and crossectionalarea, 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 weldesigned stericensures successful and uniform paste application.
Thirdly, the stencil's design should align with the available “estdte" area during the
experiment, determined by the ceramic board size and maximum heating area. Using
this space optimally is cruditor 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 minime 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.

Figure4-6 presents the initial iteration of the stencil prototype designeithfor
situ electricalresistivity 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 squae (indicated by the datashed square). This inner square matches the size
of the preexisting hot plate in the laboratoryhe 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.

Figure4-7 illustrates the second prototype of the stencil desigrlarad inthe
in-situ electricalresistivity experiments. It is an extension of the original prototype,
featuring larger pads to accommodate bigger probes. However, this design necessitated
a different hot plate, with a larger heating area capable of awodating 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 experiments t enci | 6 s
design

Figure4-8 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 probeghermore, the present stencil design
incorporates two bending leaves, assisting the user in determining the optimal direction
for gencil removal. The stencil possesses a thickness of 8 mil (0.008 inches) and is
constructed using laseut stainless steelhe stencil's edges align precisely with those
of the testing ceramic boards, enabling accurate and consistent positioning &om on

test to another.
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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 4point probes.
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Figure 4-8: Third and current version of the in-situ electrical resistivity experiment
stencil d6s 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 pagter 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 540eC for at | stee@ ensuredL that pravious tmarlss.werel h i s

significantly evaporated and degraded.
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Figure 4-9: Stencil printed samples for thein-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 configurationsytreeghd 4
wire setups. In the -@ire 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 intendeath. Nonetheless, thewdre 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, thewlire configuration offers a more accurafgproach to
measure resistance across two poiftigure 4-10 illustrates the 4wire probing
configuration. In this setup, the two outer probes act as the curtgceswhile 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 attributkd toaterial

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

(8 )—

contact resistancgl61].

Figure 4-10: Schematics of 4point probe resistance testProbes #1 and #4 supply the
test current, and proves #2 and #3 sense the voltage drop. Thipdint design eliminates
contact, and wire resistances.
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Before conducting each -gitu electrical measurement for all probing
configurations and prototypes, theopes underwent logarithmic calibration against
known resistors. The initial prototype of thewre probing design is depictedkigure
4-11. Each probe is constrgr using 38gauge 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 Srnse
probes, they were wrappeadgether 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
conta¢ 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 testprobe design and configuration.
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The probing desigrshown in Figure 4-11 demonstrated satisfactory and
consistent readings. However, the limited size of the paeds posed a challenge in
establishing reliable contact between the probes and thepedge Moreover, the
process of changing testing boards was relatively sleveaah pair of Souregense
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 prehged the time between experiments and prevented timely
termination of a giveim-situ electrical resistivitgxperiment.

Furthermore, the copper probes exhibited reactivity with the Th&Se
leading to the adhesion of solid paste fragments ontprtitees. Given the small and
delicate nature of the 3fauge probes, it proved challenging, and sometimes
impossible, to completely clean the probes between successive test runs.

Following the first prototype of th&-situ electrical tesprobes, 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 gedsd-igure 4-12
illustrates a proposed method and design to achieve this additional structural rigidity.

The proposed design introduces an insulating set of probe plades{gd 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 insulatinglatg The top
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plate, in turn, is linked to an adjustable rigid crane, capablertital 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 rigidin-situ electrical testprobe holder configuration.

The second prototypef the probes for wsitu electrical tests utilized the
proposed design with increased structural rigidityghemvnin Figure4-13. The probes
were advanced towards the testing location through access rods. As mentioned earlier,

these access rods were connected to a thermally and electrically insulapdate¢op
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crafted from Delrin polymer (Polyoxymethylene). The-fate, in turnwas linked to
the crane arms and had the capacity for vertical movement.
In Figure4-13, the second prototype of theobedor thein-situ electrical tests
was congucted from aluminunteads The leads were manufactured using wdgéeto
but them from a thin aluminum she&he use of aluminum proved beneficial as it
prevented reactions between the probes and the paste, thereby expediting the
preparation time forach individual test run. Additionally, the structural configuration
of the probes was designed to offer spilikg 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 ofthe probe designfor the in-situ electrical test The
second prototype features hour aluminum probes.

The third and current prototype of the probe design fesitin electrical tests
represents a significant departure from the second prototype. While the second

prototype aimed to avoid any reaction between the probe heads and thgapastbe
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current dsign 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. rnfrasced
electrical connection contributes to a stable and reliable signal during -thii in
electrical experiment.

Secondly, since the probes are now intended to react with the paste, it was
deemed crucial to make it easy and afgtctive to replace thprobe heads when
needed. The third and current design, presentétjure4-14, addresses this change
in testing philosophy through the use of P& probes.

The PogePin 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 pieeas of h
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 Po@ins incorporates an internal spring and is press
fitted into the stationaryoeket part. The probe's head, typically made of stainless steel
coated with an electrical element (e.g., Sn, Ni, etc.), utilizes the stagtéedore 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 Pogepins that allow for efficient,

fast, reliable, and accurate measurement.

Figure 4-15: The figure shows the crhpreéedtate of the current probe configuration.
The compressed state supplies cumulative downward force against the alumina board

that improves the heat transfer from the hotplate.
As shownin Figure4-15, the utilization of springpased probes in the third and

current design offers an additional advantage by exerting cumulative downwaad forc
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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 coppsr pipe
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 Scheras

In order to design an effective temperature profile for a given experiment or
specific thermaprocessing requirements, a consypstem for the hot plate is essential.
The control system should possess the capability to maintain stabjmirset
temperatures and control the rate of cooling and heating.

The initial step in establishing the control system involves mathematically
idenifying the transfer function of the proce$3gure 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 bkack method to mathematically
determine the transfer function. This application necessitates a set of inputs and outputs

that wee measured using an opkop 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 tinervals and
scanning frequency. To enhance the quality of the ipptput 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 apeclses
a minimum of two sets of inpwdutput 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 systdfigure4-17 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 measowgout 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.

Figure4-18showcases the Simulink (Matlab) environment designed for the hot
plate's control system design and tuning. Unlike the scrgn@donment in Matlab,
Simulink offers a bloclbased control design, where different groups of blocks can be
activated at any given time. The workflow 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 transfanction, the workflow returns to the
Simulink environment under the Simulation Block. Here, the transfer function is
implemented into a basic closkxbp control configuration, including an untuned PID
controller, as seen ifRigure 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 uhel desired performance is achieved.

Subsequently, the workflow moves to the Real L@antrol 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 convéritgo Pulse Width Modulation
(PWM) signals. These PWM signals activate correspondingAB®ptocoupler zero
crossing SolieState Relays (SSRs). Upon activation, the SSRs open the gate to the
120Hz AC sinusoidal signal from the wall. The PWM signal all@astrolling the
gateopening based on the frequerzysed 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 L@entrol Block, thePID 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 Reallamtol Block
may require a few tuning rounds until the desired PID coefficemetschieved. 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.

Figure4-19 showsthe 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 respersggnal of the simulated therrmatstem 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 ofFigure4-19, the resultant PWM signal controlling the Selid
State Relays (SSRs) is illustrated. The PWM control signal is derived solely from the
ProportionaiDerivative (PD) controller. Initially, theroportional part of the PD
controller drives the PWM control signal to its maximum level of 255. Thigphwer
signal is sustained until the simulated hot plate approaches theisetemperature.

At this point, the derivative part of the PD conteolbecomes 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 sggraly 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 poin
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Figure 4-19: Resultant simulated performance the PD heplate controller.

Figure4-20displays the measured temperature cunapaitential temperature
profile for thein-situ electricakexperiment. Future iterations of the control system will
integrate a ramp function to nglgte 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 thepeint 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 goeXponential 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 iamabgesign
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 its 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 froin-itu electricakexperiment.
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Figure 4-20. Measured temperature profile for thein-situ electrical experiment.
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Figure 4-21 shows the capabilities of th®ot 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 H#sgun
resistivity tests. Due to the logarithmic nature of the measured resistandel alata
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 DRI experiment
must feature an automatiange 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 thim-situ
electrical experiment.

Considering the need for an automafiage function, two types of data loggers
have been qualified for the-gitu electrical tests. The first one is the lagt 34970A,
shownin the top part oFigure4-22. 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 apdint 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 fcond 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 welbuited for measuring lodevel resistances within the miero
ohm and milliohm range, making it ideal fan-situ electrical tesapplications.

The two qualified data loggers, Agilent 4338B and Agilent 34970A, differ
fundamentally in their measurement methods. The Agilent 4338B is ahas€l
measurement tool, utilizing an AC tessgnal to mitigate thermelectrical effects that
can arise from prolonged DC currents. On the other hand, the Agilent 34970A is a DC
based measurement tool. Although the Agilent 34970A can take multiple, repeated
measurements without activating timechaical 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 astaddpy
and measurements can be taken at digasked 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 milliohktavel calibration, a piece of 1@auge 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 ofgbmtdprobe restance
measurement method. The measured supplied current can then be compared against the
reported values found in each of the data loggers' mafigise4-23 andFigure4-24
display the logarithmibased resistance measurement ranges and their corresponding

testing currents for the Agilent 34970A data logger and the Agiler@Bl8ata 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 | O
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 | 0

Resistance “/ 100.0000 2 1 mA current source §i 0.0030 + 0.0035 0.008 + 0.004 0.010+0.004 | O
1.000000 k2 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
100.0000 k2 10 pA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0
1.000000 M2 | SpA 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 M2 0.300 + 0.010 0.800 + 0.010 0.800+0010 |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 hsitu 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
measued data values. Additionally, thestapparatus' 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 thetestis connected to a singt®nfiguration electrical outlet, as shown in

Figure4-25. Using a singleonfiguration 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
permissiblgas sometime happen8y carefully selecting the appropriate locatiand

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 testapparatus location in the laboratory (left). The right
figure shows the exclusive electrical outlet that is used by thest.

Thein-situ electrical tesapparatus, ashownin Figure4-26, is mounted on a
single adjustable 2000lb capacity mobile cart, featuring coarse and fine adjustable gears
for easy maneuverability. The apparatus iscitired 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, dafgers, and a Wi 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 keyboandunt.
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Figure 4-26: In-situ electrical testapparatus and components.

Figure 4-27: Electrical board, and lasercut acrylic protection window for the in-situ
electrical test

The electrical board of the-situ electrical tesapparatus is illustrated Figure
4-27. The figure also features the |lagert acrylic protection for the electrical board.
The electrical board, from left to right, consists of the main electrical input, electrical
trippers, SSRscontrol 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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