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CHAPTER 1: | NTRODUCTI ON

1.1 Background
1.1.1 Trends of the planar magnetics imdvancedpower module

Silicon Carbide (SiC) has been shown to be the leading power semiconduatexfor
generation higipower switching devices for advanced power module due to its excellent
properties, such as higireakdown voltage (10 kY 24 kV), highswitching frequency, low
losses and high junction temperature compared to conventional Si polweltegy[1] [2] [3]
[4] [5]. However, the current 2D packaging approaches are restricting the performariice bene
offered by SiC power devices, particularly in terms of packaging design and manufacturing
technologies. To overcome these limitations, 3D embedded packaging should be used to
achieve low profile and highensity integratior{6] [7] [8]. This can be accomplished by
shifting from standard subtractive manufacturing to additive manufacturing for the windings
in planar magnetics, including planar inductors and planasfoemers, which are the two
largest components in a power converter. Over the past five years, researchers have suggested
combining additive manufacturing techniques into planar magnetics because it provides more
flexible design with less material wag8d [10] [11] [12]. However, most of these proposals
are still in the prototyping phase, arade of thenhave realized the potential tdégrate planar
magnetics with a cooling system to improve packaging density and assess reliability
performance. To advance the development of planar magnetics towards further integration, a
co-design approach is required to address electrical, thermahamdemechanical issues in
a coupled manner, allowing reliable incorporation of additive manufacturing techniques.
1.1.2 Review of conventional manufacturing for planar transformer windings

Planar transformer windings are traditionally manufacturedguBi@B technology and
carvingcopper foil[13] [14] [15] [16] [17] [18]. PCBtechnology is often preferred due to its

advantages such as mass producaondrepeatability, and low leakage inductarjt8] [20]

1



[21]. It involves patterning and eticly copper metallization on an FR4 board, as shown in Fig.

1 [22]. The copper thicknesses are typically limited to standard values: 17.5 um, 35 um, 70
pm, 105 um, 210 pum, and 435 H@3]. These valug are relatively small and require parallel
layers to carry high current, whialefers to embedded multilayer windingselecting the

appropriate thickness is critical for managing the temperature rise caused by the current.

a) before etching b) after etching

Resist Resist Resist Resist

laminate laminate

Figurel. The process of thick etching features (a) before etching and (b) after etching with single layer thickness of
1 0z. to 6 0z. or 3mto 210um [22] [23]

An alternative m#hod is carved copper foil, which involves using a computer numerical
control (CNC) machine to mill windings that are then assembled into multilayers with
insulating layer (Kapton insulation) to form primary and secondary planar transformer
windings[24]. This method has a significant advantage over PCB technology in that copper
thickness is not limited, and the number of complex parallel layers can be reduced. As a result,
the thickness of the insulating layer candogusted to different values. However, connecting
the layers remains a significant challenge that must be addressed with careful design.

The two traditional manufacturing methods mentioned above are classified as subtractive
manufacturing, which relies omultiple working procedures involvingiultiple pieces of
equipment, creates significant electronic waste] is associated with reliability concerns.
Furthermore, it limits the potential to integrate the windings into cooling system when
consideringto be implementedfor a highpower converterOn the other hand, additive

manufacturing simplifies the production process by dividing it into direct printing and post



processing. The following section examines the various types of additive manufacturing
techniques and explores their potential for fabricating planar transformer windings.
1.13 Review of additive manufacturing techniques

Additive manufacturing (AM), also known as thrdienensional (3D) printing, involves
the layerby-layer fabrication of a 3D ob@ using a 3D digital model generated by a 3D
computeraided design (CAD) system. The CAD software generates objectives that are
typically saved as a Gode or stereolithography (STL) file consisting of a sequence of
triangular meshef25] [26] [27] [28] [29] [30]. The file is then sliced uniformly or nen
uniformly using slicersoftware so that the printer can print the objectives laydayer. In
comparison to conventional manufacturing, AM is considered a sustainable and flexible
manufacturing technique due to its ability to reduce material waste and achieve complex and
custanized designs. Numerous review papers are available on the AM techniques that have
been widely used in motor vehiclg] [32] [33], as well as medicéB4] [35] [36], aerospace
[37][38] [39] [40] [41] [42], and military applicationpt3] [44] [45] [46].

The categorization of AMechnologies can be based on the input materials that are to be
printed. As shown in Fig2, which is adapted froif#7] [48], there are five different types of

AM techniquesliquid-based, solitbased, powdebased, inkbased, and pastmsed systems.

AM
techniques
Liquid-based Solid-based Powder-based Ink-based Paste-based
, l I 1 ¥
Melting Polymerisation LOM Melting Bindering | |DIW/JP/AJP Syringe-
printing
FDM SLA Binder jetting
SLS SLM DMLS EBM LENS

Figure2. AM technologies classification adapted frpdid] [48].
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A. Liquid-based system

liquid-based AM systemsan be further divided intomelting and polymerization
subsystemapproachef8]. Melting refers tothe fuseddepositmodeling (FDM) technology
where a continuous filament of thermoplastiateriat such as polylactide (PLAY9] [50]
[51] and acrylonitrile butadiene styrene (AB[SL] [52] [53] [54] is rolled by a feed pinch
roller and heated to a molten state in the liquefier, then extruded through a nozzle in a controlled
manner on the build platform layby-layer while the material is +golidified at the same time
FDM is mainly applied in prototypindg?olymerization is related to #eseolithography (SLA)
processwhere a UV lasadrawsa shapgepre-loaded in the slicing software onto the surface of
a vat filled with liquid U\tcurable photopolymer resifb5] [56]. The resin is then
photochemically solidifiedlo formed a single layer of thargeted 3D object while the uncured
resin provides support to maintain the shape. Once a layer is formed, the platform moves down
and uncured resin refills the top of the tank. Each layer is repeated until the entire objective is
completely printedThe photopolymer resin can be mixed with powder such &3z4nd SiQ
[57] [58], therefore SLA has the capability to print cerafbi@]. SLA is widelyimplemented
in medical technology60] [61] [62], electronicd63] [64], and tooling master patter{5]
[66].
B. Powdefbased system

In powderbased systemy metal powder, polymer powder, and ceramic powder are
typically used as feeding materigfiy’] [68]. This approacltan beclassified into melting and
binding subsystem In melting subsystem, the powder is melted or sintered exploiting a laser
or highpower electron beam to form a substantial patofprisesselective laser sintering
(SLS), direct metal laser sintering (DMLS), selective laser melting (SLM), electron beam
melting (EBM), and laser metal depositi@8]. A binding subsystem refers to a binder jetting

technique where a binderinjected from one or more nozzles followed by gluing the powder



togethel[69]. Compared to SLS and EBM, it adopt®w-energy process during printing but
it requires a longer curing time (~6 to 12 hours) antjectsmaterialsto heattreatments
involving sintering and consolidation above 100@or another 24 to 36 houfg0] [71] [72]
[73].
C. Solid-based system

Solid-based systearefers toa laminated object manufacturing (LOM) processvhich
layers of sheet material are glued together and cut to shape using laser such laser Clhe
sheet material can be metal, plastic or adhesbaded paper. The process can be described as
a f bthemfdor mé6 process involving addingd4dand subtr.
sheet of raw material is delivered to the build platform by a heated roller. A [#sen Epplied
on the top of the sheet to trace a layer of desired shape of the object. Once a layer is built, the
platform moves down and the npart area is removed to form a waste tageoll, so that a
fresh sheet can be rolled into position. The psecis repeated until the desired object is
constructed.The parts manufactured by LOM have high durability, low brittleness, and
fragility. However, some of the concerns should be brought to the forefront, such as moisture
due to unsealed models, less aacy in zdirection compared to SLA and SLS process due to
swelling effec23], and inhomogeneous thermal and mechanical propgfégs
D. Ink-based system

An ink-based AM system can be further divided into inkjet prin{id®) and aerosol jet
printing (AJP). Both are based on the diraciting approach, which enables roantact
deposition of various materials in flexible patterns. Nanopatrticle inks, such as silver, are often
used in both IJP and AJRIP has attracted nsiderable interest in the field of printed
electronics in recent yeafs6] [77] [78] [79]. Such electronics include transistors, integrated
circuits, and memory deviceshe IJP process islustratedin Fig. 3 [80]. During the process,

a fixed amount of ink in a chamber is ejected from a nozzle via piezoelediois [#1] and



impingeson the substrate. The droplet spreads due to the momentum acquiréusfejaction

and surface tension assisted flow along the suf&idd82].

Ink /——\_/_\ -
pulse voltage
Nozzle — \

Piezoelectric

Droplet — transducer

substrate

———
Substrate Motion

Figure3. A schematic of IJP proceg80]

In the AJP process shown in F@[83], droplets with microrscale size due to the rapid
evaporation of the solverdregenerated in the ultrasonic atomizer and transported by a carrier
gas such as nitrogen to the deposition head via an aerosol delivery tube. A sheath gas is inserted
into the deposition head to surround the aerosol mist mixthddroplets andi carrier gas to
collimate the beam, together going through the ng&8g[84]. Due to inertial effects in the
narrow nozzle, the droplets can be diverted from the mist, leadingrodynamic focusing,
and therefore the droplets are able to be directed towards the substrate in an impif&@8hg jet
AJP has the ability to print multilayer ceramic capacitors (MLGE85]) sensor$86] [87] [88],

and transista&[89] [90] [91] [92] [93].



Aerosol delivery tubing

Sheath gas

: |
Nitrogen gas/ L=
Atomizer gas flow Deposition head'h *+

pe

. .
. . .
.

o o Aerodynamically focused
o Ve Aerosol jet stream
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Figure4. A schematic of AJF83]

The process parameters affecting the printing quality are the flow rate of the carrier gas
and sheath gas, the aerosol droplet size, the nozzle size, atomizer power, and the temperature
of the substrateéThe details othose parameterdepend on thelifferent processessed for
AJP.

E. Pastdbased system

In a pastebased AM system, paste printing or syringe printing is often Uguslis a type
of extrusion technique. A paste printer generally has a syringe containing paste, a leadscrew
driven system corigting of a motor and syringe piston that is used to push the paste, and a
build platform, as shown in Fi%.[94]. The direction of the movement of the syringe and the
build plate depends on the printer. In some paste psirtteg syringe moves in the, -, and
z-direction while the platform is fixed. Some others have a movable platform irdihection,
and a syringe travels in theyxplane. Paste printing is different from either FDM or 1JP, as it
uses paste as the fematerial. The paste can be commercially purchased emselé. It is
typically made by nanoparticles such as naiter or nanecopper and some flux which is
used to wet the nanoparticles. It can also be utilized for ceramic and polymer péi5}ias].

The significant advantage of this technology is flexibility and customizability in terms of paste
formation. It provides the opportunity to print electronics such as magnetic corerahattive

winding [97] [98]. However, the dramatic limitation is the development and reliability of the
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paste, especially on fabricating conductive trace as they are expected to have a reigiively h
electrical resistivity compared to the bulk silver or copper wires and good mechanical
properties in terms of shear strength, adhesion, and humidity. More research using the paste
printing technique can be expected.

Leadscrew driven system
Motor

Syringemovement(y axis) _ Y Retraction
Syring 8

Extrusion

Paste materiagl————

Print nozzle——

\/
—lE—
Table movement( X and z axis) I z
x

y

Figure5. A Schematic of paste printif§4]

1.14 Review of thestate-of-the-art additively manufactured trace

To datethe focus of researchers has been on incorporatingridfed and pastprinted
traces into electronic components like transistors, resistors, and circuits. The majority of their
attention has been on examining factors that affect the quality of prirgiegirical
performance, pogtrocessing, and fluid mechani¢sor instanceMohd et al. inkjet printed

electrical circuit on flexible PET substrate and characterized its electrical performance, as



shown in Fig. §99]. Theyfound that double printing can produce better electrodes with lower

resistances and an optimum gap between conducting lines should be 300 um.

Figure6. Example of inkjet printed devicef99]

Hyun et al. printed conducting lines using IJP and determined the width, length, and
thickness as dependent on the dot diameter, resolution, and volume fraction of particles in the
ink[100Af t er sintering their samples for 20 minut
4 . 2 &AnQ) dpproximately 2.6 times that of bulk silver, which resulted from rapid grain growth

within the first 10 minutes as displayed in Fsg100].



Figure?. Fieldemission scanning electron micrographs of the sintered samples at 250 C: (a) 5 min; (b) 10 min; (c)
15 min; (d) 20 min; (e) 60 mif100].

Neil et al. examined the effects of carrier gas flow rate (CGFR) and sheatbwaaté
(SGFR) on the quality of AJprinted silver tracefl01]. They determined that, for most of the
macroscale geometric quantities tested, CGFR had a greater impact than SGFR. Increasing the
CGFR was found to result in amprovement in the effective electrical conductivity of the
printed silver traces. Furthermore, the researchers observed large, radddridyted silver
crystalline deposits on the surface of most of the traces, regardless of flow rates. As the CGFR
increased, the coarseness of agglomerates also increased, and the largest agglomerate was
found on the surfadd 01].

Chiolerio et al.have reported on their achievement of low resistance silver lines through
the inkjetprinting of a commercial silvebased ink onto a flexible kapton substrate, followed
by low energy laser annealing to encourage nanoparticle coale$téagerhey discovered

that by increasing the power to 2.83 kWfgthe laer annealing process allowed the formation
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of the silver lines while causing no harm to the kapton substrate. The optimal conditions they
identified were a power density of 1.975 kWFcamd a galvo mirrors speed of 1.5 mm/s for
thick films (8 layers) and..12 kW/cn#/0.5 mm/s for thinner films (6 layers). Under these
conditions, they obtminbothdases, equivalentsot32.66% bfyhe o f
conductivity of pure bulk silve102]..

Cameron et al. investigated the use of a rapid ultraviolet (UV) flash annealing techniques
to achieve high conductivity of AJprinted silver trace on liquid crystal polymer (LCP)
substrate4103]. Ther findings were shown inFig. 8 [103]. It revealed that films prior to
sintering display a darker color and may have a sheen on the surface. A properly sintered AgNP
ink displays a condensed pattern of particles that are tightly packed and moréveeflect
Inadequate drying can lead to delamination of features that did not adhere properly to the
substratg103]. This problem arises when the deposited film is not completely dried before
being exposed to UV flashes. If the fiisinot adequately dried, local blisters may also form,
resulting in darker oxidized spots caused by superhddf3} Stress delamination may occur
on certain corners and small features, like transmission lines, where tfismnAand the
substrate have less surface contact area. Other defects that occur due to insufficient drying
include bubbles and blisters formed between printed layers, resulting in a "popcorn effect"

[103].
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Figure8. (a) Wet AJP Ag ink. (b) Flash UV sintered AJP Ag ink. (c) Delamination of Ag ink under flash UV sintered
layers. (d) Bubbles formed under Ag ink during flash UV sintefl3]

Yi et al. used a paste extrusion 3D printer to print RAgopaste and then sintered it at
250 to produce the windings 9B They summarivedd i nduc
two techniques for increasing the electrical comigitg of 3D-printed metals: laseassisted
sintering and microwavassisted sintering. In the first method, a focused laser beam is directed
at the metal as it is being printed, locally heating the material to a high temperature to accelerate
the consolidtion of the metal particles, resulting in higher electrical conductivity. Localized
heating is employed to avoid any potential detrimental effects on the printed magnetic material.
The second method involves heating the entire printed part in an ovgrboginconventional
and microwave energy. By adjusting the microwave frequency to optimize its absorption by
the metal, the metal winding can be heated to a significantly higher temperature than the

magnetic material in a brief period of time.
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‘Slnterlng (<250 °C)

:7
Figure9. Commercial nanailver paste for pastextrusion 3D printer[9]

While most researchers have focused on printing quality, electrical performance, and post
processing parameters, some have also eainihe reliability of AMprinted traces. For
instance, Beihan et al. investigated the thermal cycling ofgkiifed conductive silver traces
in printed electronics, exposing them to temperatures ranging#ofn t o 125 for
hours. Failure analysigvealed cracks caused by CTE mismatch in the area covering a 'trench'’
between the NEA121 layer and copper [@#].

Gurvinder et al. explored the fatigue behavior ofpdiated silver interconnects on a silica
coated mesopous flexible PET substraf&05]. They discovered that humidity exposure and
thermal cycling caused significant drops in resistance, but for different reasons, and both
resulted in faster fatigue during subsequent mechanical deformation. Specifically, resistance
did not decrease duringft i gue cycling after five days of
was a rapid increase, likely due to further reductions in the ductility of the organic matrix
caused by swelling. Fid.0displays a reduction of about 35% in the initial resistance Hi@r
cycles, and the subsequent 25 cycles showed a change of less than 0.4%. On the other hand,
Fig. 11 exhibits a sudden increase in resistance without any initial drop, and the resistance

increased by 30% after 150 cyc[&é85].
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1.15 Candidate AM methods used to fabricate planetransformer windings

To meet the requirementsr practical use of planar transformer windings in a power

converter, the selected AM technigues must satisfy the following criteria:

(1) Capable of printing copper or silver in appropriate forms such as sheets, inks, gr pastes

(2) Relatively easyostprocessing without the need for high temperatures or pressures

(3) Ability to directly print the feeding materials at designated positions on a PCB
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1.16 Candidate AM materials used to fabricate planertransformer windings

In a planartransformer, power losses in the windings are primarily due to two types of
losses: copper/silver losses and eddy current losses. Copper/silver losses are caused by the
resistance of the wire used in the windings, while eddy current losses are caused by th
magnetic fields that are induced in the conductive materials of the windings due to the changing
magnetic field of the transformegquation (1) reveals th#te amount of the power lost due
to wire losses is proportional to the square of the currentrftpthrough the windings and the
resistance of the wire. This means that increasing the resistance of the wire will increase the
power lost.

0 ) 2 p
Where,0 is denoted as the power loss due to the copper/silver wire) ieshe current
flowing through the wire, and is the resistance of the wire.

On the other hand, the amount of power lost due to eddy current losses is proportional to
the square of the thickness of the windings and the frequency of the alternating current used to
power the trasformer as expressed by Equation.(Zhis means that increasing the thickness
of the windings without adjusting frequency of the AC power will decrease the power lost due
to eddy current losseSherefore, in order to minimize power losses in the wigsliof a planar
transformer, the candidate material is supposed to have a low resistivity and to have the
capability to be printed with certain thickness.

0 +0 2ED C
Where,0 is denoted as the power loss generated by the eddy curisrihe eddy current
constant depending on the materiélss the maximum magnetic flux density in wivgs the
frequency of alternating current, afis the thickness of the wire.

Table 1 asplays the manufacturability, form of metals used as feeding materials, and the

primary concerns when implementing them to build planar transformer windings. The table
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reveals that iflbased and pastsased AM systems have the most potential for fabrigati

planar transformer windings for reabrld applications.

Tablel. Assessment afandidateAM methods for manufacturing planar transformer windings

Ability
to
Form  of | Printed
Ability to directly
AM the metal| thickness
Method print Concerns print on
system as feeding for single
metal PCB at
materials | layer
specified
locations
FDM No - - - -
Distortion
Liquid- induced by|
based SLA Yes Cu powder| 0200 um| shrinkage No
during the post
curing process
Inhomogeneou
Solid- ) thermal
LOM Yes Cu sheet | O50 um No
based material
properties
Shrinking and
Powder warping due to
SLS Yes Cu powder| ~ 100 pum No
based thermal
distortion
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DMLS

Yes

Cu powder

~ 20 um

Shot  peening
introducing
residual
compressive

stress into the

surface region

No

SLM

Yes

Cu alloys

powder

20 pm -

50 pum

Lack of wetting
with preceding
layers cause
by partial
melting due to

insufficient

laser power

No

EBM

Yes

Cu alloy

powder

~ 70 um

Processing
temperature a

high as 1100°C

No

LENS

Yes

Cu alloy

powder

250 pm-

750 um

Deposition
defects such &
pores, cavities
micre

and

cracks

No

Ink-based

IJP

Yes

NanocAg
particle

ink

~1.5um

Insufficient

printed height

Yes
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NancAg
0.1 pm - | Printed  splats
AJP Yes particle Yes
100 ym | concern
ink
NancAg Undeveloped
Paste Syringe paste mad¢ sintering and
Yes O 10C¢ Yes
based printing by powder reliability
and flux performance

Conductive polymergl06] [107] [108][109], carbon nanotubg410] [111][112] [113],
or metal nanoparticlefl14] [115] [116] are the materials commonly used inbased and
pastebased AM systems. However, for the application of planar transformdingsithat are
intended to carry high current for high power and tagn use, materials with outstanding
electrical and thermal conductivities are required. Metal nanoparticles are more competitive in
this regard than carbon nanotubes and polymers. Vgbilg (Au) particles have the best
conductivity, their expensive cost limits their use. Copper (Cu) particles areoktwbut they
suffer from oxidation. On the other hand, silver (Ag) particles offer excellent electrical and
thermal conductivities, angood chemical stability, making them the most favorable choice
for the preparation of ink and pastes.

Typically, naneAg inks are prepared by mixing naig particles (size ~30 175 nm),
polymeric resins, solvents, and additivilsl7]. The naneAg particles content in the
formulation can take up to 30 wt% to offer advantages in electrical conductivity and slow
oxidation rates. Polymer resins serve as stabilizers to prevent agglomeration of t#gnano
particles and capping agents to protect them from oxidalajwa et al.showedthat the
binding activities contributed by the polymerization reactions during the curing process can
facilitate proper adhesion between the printed nagank and the subsdtes[118]. Solvents

are added as a carrier for the ink, and the type of solvents used depends on their ability to
18



dissolve the polymer resins. Additives, typically less than 5 wt% of the entireAtamk,

help regulate theurface tension, wettability, and rheologdumerous types of nankg ink

are commercially available and widely used for conductive traces and elecjid8¢d~or
example McKenzie et al. investigated the sintering mechagi$onnancAg trace deposited

on rigid (glass) and flexible (Kapton) substrateE9]. Skarzynski et al. printed circuits using
nancAg inks with the addition of surfactant with different concentrations to test the best
concentration for low electrical resistivit420].

NancAg pastes generally comprise nafig particles (<100 nm in size) with a weight
percentage of up to 80%, a dispersant within 1 wt% to prevent particle agglomeration, and a
binder acting as insulation in metal particles to facilitate fast and complete sirjte2itig
[122]. The primary use of nanig pastes is for diattach to promote a strong bonding between
chips (SiC or GaN) and substrates. For instance, Zhang et al. evaluated the shear strength of
SiC device sintered by na#g pasteon DBC substrates in air and
respectivel\j123]. Yan et al. proposed a hew approach sintering pretessseaneAg pastes
in a pooroxygen atmosphere and formic acid reduction atmosphere to directly bofidoiGB
nonmetallized DBC substratg?4].

The focus of the development of naflg inks and pastes is low electrical resistivity and
relatively easy sintering processes, including low temperature and less/zero pressure
conditions. To achieve low electrical resistivity, it either requires to increase the weight
percentage of narfg particles or to reduce the naAg particle size. However, this will have
to rise the needs of dispersant, binder, and the sintering teomger@herefore, there is a
tradeoff among them. Several types of n&gpinks and pastes have been developed by
research groups and companies and are commercially available. Table 2 summarizes the
potential candidates with their sintering conditions, teleal resistivity, and the ability to be

pressurdess sintered and used for planar transformer windiMysst of them have a
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comparable low electrical resistivity compared to bulk silver. However, as discussed earlier, to
reduce the eddy current losseandidate materials are also expected to be printed at certain
thickness.The wire usedfor PCB manufacturing requires a minimum thickness of 17.5 pm,
making it a useful comparison. Hence, the rAgmaste developed by NBE Teft?5] was
chosen as the targeted winding material in this dissertdatimnefore, the corresponding paste

based AM system was selected as the printing method.

Table2. Prospective candidate naAg inks and pastes for AMrinted ganar transformer windings

Type of Ink| Sintering Electrical Times of| Layer Reference
or Pastes condition resistivity bulk silver | thickness
(x10% Y an) (Hm)

NancAg ink | R.T., 24h ~8.0 x5.03 ~10 um [126]
NanoAg ink | 180°C, 15| ~3.7 x2.33 ~7 pm [127]

min

100°C, 10| ~7.40 x4.65

min

120°C, 10} ~5.10 x3.21

min

140°C, 10| ~4.60 x2.89

min
NanoAg 250°C, >30| ~4.80 x3.01 >100 ym | [125]
paste min

1.1.7Multilayer windings VS. single-layer winding
For decades, multilayer windings design has been used owing to their ability to provide

higher turns ratio, which makes them more versatile in certain designs and results in higher
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power density. However, a majdrawback of this design is that it limits heat dissipation
vertically due to the low thermal conductivity of FR4 (0.25\AKinshown in Fig. 2 [128],

which leads to inefficient cooling. On the other hand, compared to maltilayndings, the
singlelayer winding design has two significant advantages. Firstly, it has lower leakage
inductance due to the shorter length and less area of exposed conductor, which reduces the
magnetic flux linkage. Secondly, from a thermal perspectihe heat generated by the
windings can be easily dissipated, thereby allowing the winding to carry more current and
increase the power density. This provides a significant opportunity fedasign between the
thermal, electrical, and manufacturingues to integrate the windings into the cooling system

of a highpower and higkefficiency power converter.

} Primary
} Secondary
} Secondary

(a) ®)

Figurel2 (a) The 3D model of a traditional 8:4 planar transformer with spiral winding and-®)c2oss section

of the transformer showing the arrangement of the transformer. Each primary PCB has eight turns (four on each
side) and each secondary PCB has four turns (two on each side). The primary PCBs are connected in parallel and
secondary PCBs also are connected in [s{al28].

1.18 Summary

In this section, it was discussed that planar transformer windings have the potential to be
integrated with the cooling system through additive manufacturing, which can increase power
density for high power applications. Various additive manufacturingnigebs were reviewed
based on the type of feeding materials. It was concluded that thebpastd system,
specifically the syringg@rinting method, is the most suitable method for manufacturing planar

transformer windingglue to its ability to extrude medt pastes ando directly print on a
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substrate at a specific | ocat i eAg pastdéBvEre Tec hd s

chosen as the winding materials due to their good electrical and thermal conductivities, the
potential in terms of low sintering rteeratures, as well as the comparatively desired layer
thickness.
1.2 Motivation, objectives, and scope of the dissertation
1.2.1 Motivation of the dissertation

As of now,only a small number aEsearchers have recognized that potential of implement
the AM techniques into planar transformer windings, wkigtve as the primary sourcehafat
and can becombinal with the cooling systento reduce package size and increase package
density. The lack of investment in manufacturability and reliability has resulted in research
gaps, which have inspired the focus of this dissertation.
1.2.2 Objectives and the scopef the dissertation

This dissetation mainly investigates twobjectives manufacturabilityand the reliability
performancesf the AM-printed planar transformer windings using the selected-Agnuaste.

Fig. 13 exhibits the scope of the dissertation.

Manufacturability Reliability
" Electrical Adhesion Thermal cycling
Parametric study resistivity (Ti thickness) (7-turn windings)
l l |
¥ i I v )
. Pressure-less .
deposition feed-rate & printable y Adhesion .
: sintering . Experiments Modeling
methodology| | pressure width & gap optimization mechanism
Ti thickness Failure modes . Plastic strain- .
e f Failure data . Strain range
optimization & mechanisms energy density

Thermal aging test 4I

Figure13. The scope of this dissertation

Chapter 2 focuses on the manufacturabilityelploring the printing methodology using
pastebased AM technique, called syringanting method. The parameteénsluding feedrate

and pressur¢hat canaffect the printing qualityvere optimized to enhance @esiredprint.
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Electrical resistivitywasthen improved byvaluating the sintering conditioas pressurdess
conditions

Chapter 3 studies the reliability performamaudingadhesion assessmdygtween nano
Ag andalumina (AkOs) substrateandthe bonding enhancemelny depositinga layer of Ti
acting as an adhesive laymtween Nan@d\g/Al.Os interface Thermal aging tests different
thermal conditionsvere performed to conduct a degradatiwodel for adhesion. Moreover,
two batches of nanAg windingswith a design of 7 turnexperienced thermal cycling tests
with differentcycling conditionsto figure out the failure mode and failure mechanism. The
time to failure data was regressively azald and combined with the stratnergy based
modelingcarried by ANSYS Workbencto developthe fatigue model. As a comparison to
evaluate the conservation, the time to failure data was also fitted into-®tzf§an model to
predict the fatigue liféor the Zturn windings.The acceleration factevasalso estimated.

Chapter 4introduces a 10kw DOC full-bridge power converter with 97% efficiency,
wherethe naneAg pastes wereyringeprinted and sintered to forna singlelayer #turn
windingson acustomized aluminaoolerwith alimited foot-print. Thanks to the flexibility of
syringeprinting, it allows the package size to be further minimized and fully realizes the
advantage of theooling desigrwith capabiliy to cool the planar transformer windings and
core in the same tim&he corresponding thermal and electrical performaridae syringe
printed naneAg windingswere als@rovided.

Chapter 5 summarizes the conclusions, contributions, and future work.
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CHAPTER 2: MANUFACTURABI LI TY

2.1 Equipment and materials

This dissertation work employed the VOLTERAQGhHe, a paste printer purchased from
VOLTERA, Inc., as shown in Fig4. The pressurized extruder, equipped with a cartridge that
holds the feed materialg)lows for the precise syringarinting of paste onto a buiplate
measuring 135 mm x 113.5 mm at a controllable speed. Thedatkl remains stationary

while the extruder moves in X, Y, and Z directions.

Figure1l4. VOLTERA V-ONE printer used in this study

The naneAg paste used in this dissertation work was obtained from NBE Tech, LLC and
was chosen due to its low theoretical electrical resistivity and high thermal conductivity, as
well as the layer thickness greatiean 50 um after extrusion, making it a suitable material for

the planar transformer windings. TaBlerovides further details.
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Table3. Datasheet of the nag paste purchased from NBE Tech, L[125]

Parameters of naneAg paste Approx.

Porosity <30%

Density >7.9 g/cnd
Viscosity ~300,000 cps

CTE 19.6 x 1¢°/

Melting temperature 961

Sintering temperature 250
Elasticmodulus 10 to 30 GPa
Electrical resistivity <26x1°YAcm
Thermal conductivity >200 W/mK

2.2 Printing methodology
To ensure accuracy during the printing process, a parametric study was conducted on the
syringeprinting process, as depicted #g. 15, which outlines the flowchart of the

manufacturing process.

CAD model design

¥

Format converting

Syringe-printing

Sintering

Figurel5. Printing methodology of syringerinting for manufacturing windings
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Fig. 16 shows the operational principle of theGhe printer. Once the CAnhodel is
upl oaded to the printer, the extruderds motor
nozzle with a specific inner diameter and then fills the object until it is completely filled. The
printer determines the number of fillings based onphgs spacing, which is the minimum
centerto-center distance between two adjacent printed lines. For example, for a 2.25 mm
segment, the printer extrudes a rectangular outline before filling in the blanks.

Theory Reality

Start/end point

STEP 1 I
Print an outline

STEP 2

- ! Fillin
i Filling 8

e

: Filling

Figurel6. lllustrationof V-one printer 6s operational principle in ter

R R R

2.3 Defining key parameters for deposition
The key parameters for deposition targeted to be investigated are as follows:
1 Kick 1 discrete application of pressureponting cartridge
1 Trim lengthi maximum print length for a single kick
1 Feed raté the speed at which the extruder nozzle moves
1 Pass spacingthe minimum centeto-center distance between two printed adjacent lines
1 Nozzle heighi distance between the zmle and the substrate
The proper extrusion of paste depends on the ratio between the kick and trim length, and
this ratio varies according to the viscosity of the paste. Balancing the kick and trim length is
critical. Although a high trim length requirashigh kick, a higher kick value increases the risk
of cartridge rupture. On the other hand, a low kick reduces the risk of rupture but leads to a low

trim length, which slows down the printing process and results in a rougher print. After a
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thorough invesgation, the optimal values for the kick and trim length when using-Aano
paste as a feed material are 0.35 and 40 mm, respectively

Another balances needed between feed rate and pass spacing to maximize printing quality.
A high feed rate can result gaps in a trace being printed, while a low feed rate can lead to
clogging and unexpected thicker prints. The pass spacing is determined by the feed rate and
the inner diameter of the nozzl e. The nozzl eds
than the particle size in pastes to avoid clogging, and the pass spacing must allow for proper
overlap of printed lines without letting the nozzle contact and mess up the deposited paste. To
explore the relationship between feed rate and pass spacingtdesaontrol method is used.
A nozzle with an inner diameter of 225 microns is selected, and the feed rate is set to 200
mm/min. The pass spacing is modulated to obtain the minimum allowable spacing between
two traces without creating a shorting issue.

A proper value of nozzle height should provide sufficient space for paste extrusion but
prevent the nozzle tip from immersing in the deposited paste and cause damage.
2.4 Parameter optimization

The parameter optimization refers to a calibration proces$efprinter, including the
minimum allowable gap between two parallel traces, the accuracy of the printed trage width
and accuracy of the spacing between two printed trades calibration process is shown in
Fig. 17, whichenables a less error betweea targeted value and the actual value in terms of
trace width and spacing. Relations between the targeted value and actual value for width and
spacing can be developed by curve fitting, which will be used for sypgngeng the actual

windings used for gwer module.

YES

Accuracy of { Targeted | e Shorting LT ; Recommended Flot of targeteq

spacing bit two . L+ sintering . Short Actual spacing — | spacing Vs.
Trintos teaces T value f inspection N e measuremant spacing actaal spacing
Parametric ~

Study

‘Accurac: ¥ of i 7 Plot of targeted
. [ Targated | . Distance . Recommended
nrln:leizt:‘race ? value | *  Sintering >{ measurement >{ Actual width > width b wmth“::.l;clual

Figurel7. Parameter optimization (calibration) process
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2.4.1Minimum allowable gap

The width range for each trace was chosen based on the typical design of planar transformer
windings and includes 1.26m, 1.5 mm, 1.75 mm, 2.0 mm, 2.25 mm, and 2.5 mm, while the
gap range between the two traces was set between 0.1 mm to 1.0 mm in itcof@dnmm.
A total of 66 segments were planned for the test. A constant feed 206 aim/min and a
nozzle with an inner diameter c22microns were used. It is important to note that the spacing
referred to is the gap between two segments filleld maneAg paste, as illustrated in Fig3,1
whereall segments printed using a syringe are shown as straight lines of various widths and
gaps on an alumina base plaebrief sintering profile obtained from the datasheet is depicted
in Fig. 19 and 2probetests were used to check possible shorfitige height of the printed
traces was determined by measuring the esestional view of each trace with an optical
microscope. This same process was repeated for the traces that weremymiegeusing
nozzks with inner diameters of 335 microns and 437 microns, respectively.

1.25 mm width 175 mm width ~___2.25 mm width

Figure18. Syringeprinted tracegnozzle with inner diameter of 0.225mm usedth width of 1.25 mm, 1.5 mm,
1.75 mm, 2.0 mm, 2.25 mm, and 2.5 mm, with spacing ranging from 0.1 to 1.0 mm for each group on alumina
substrate after applying a special sintering process obtained from thAg@aste
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Table 4 outlineshe minimum allowable gap between two parallel traces and the maximum
height of a single trace using different nozzles with proper settings. It reveatlsat the
minimum allowable gaps between two printed traces are 0.13 mm, 0.19 mm, and 0.25 mm
when using nozzles with inner diameters of 0.225 mm, 0.335 mm, and 0.437 mm, respectively.

This information is useful for guiding éhcadesign of actual planar transformer windings with
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Figurel9. Sintering temperature profile of the nafg pastg125]

regard to the spacing between each turn.

Table4. Minimum allowable gap between two parallel traces and the maximum height of the single trace using

different nozzles witlthe proper settings.

Materials | Nozzle Minimum | Maximum | Kick Feedrate | Pass
I.D. allowable | height spacing
gap
NancAg | 0.225mm | 0.13mm | 0.15mm | 0.35 200 0.15 mm
paste mm/min
0.335mm | 0.19 mm | 0.21 mm | 0.50 200 0.18 mm
mm/min
0.437 mm | 0.25mm | 0.26 mm | 0.70 200 0.22 mm
mm/min
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2.4.2 Printed width error

Table 5 presents the mean value of the width measured 10 times under a microscope and
compares it with the targeted widiihen using the nozzle with inner diameter of 225 microns
Equations 8) i (5) wereused to calculate the width, corresponding standard deviation, and the
width difference. Then, the recommended widths were updated based on the calculated values.
For example, if the targeted width is 1.25 mm, the recommended designed width in the CAD
software is 1.1469 mnFig. 20 shows that the printing error decreases with an increase in the
targeted width. However, a larger width should be considered from a manufacturing
perspective, while the electrical design should be takerantountfor an actuabpplication.
A linear relationship exists between the actual mean width and targeted width, as shown in Fig.

21, which is described bEquation 6).

Table5. Targeted trace width, mean width, printing errors, riedmmended width

Targeted | Mean

Standard Recommended
width actual Error (%) Difference

deviation width (mm)
(mm) value (mm)
1.25 1.1469 8.25 0.0407 0.1031 1.3531
1.75 1.7206 1.68 0.0186 0.0294 1.7794
2.25 2.2363 0.61 0.0356 0.0137 2.2637
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Where,8 and9 represent the targeted width and actual width, respectively.
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9 X 1.25 Targeted width with printing error
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Figure2l Targeted width VS. actual width

2.4.3 Printed spacing error
Table 6summarizes the mean value of the actual spacing measured 10 under a microscope
and compares it with the targeted spacing between two printed traces with a width of 2.25 mm.

EquationsT) 1 (9) were used to calculate the spacing error, corresponding sladeaation,
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and the spaces difference. The targeted spacings were replaced with the recommended spacings
as input values. For instandethe targeted gap is 0.1 mm between two printed traces with a

width of 2.25 mm, it is recommendéal leave a 0.0678 m spacing in the CAD model.

Table6. Targeted trace width, mean width, printing errors, and recommended width

Targeted Actual mean Standard Difference Recommended

spacing (mm)| (mm) deviation (mm) spacing (mm)
0.1 0.1322 0.0049 0.0322 0.0678
0.2 0.2584 0.0043 0.0584 0.1416
0.3 0.3638 0.0046 0.0638 0.2362
0.4 0.4665 0.0057 0.0665 0.3335
0.5 0.5465 0.0050 0.0465 0.4535
0.6 0.6191 0.0064 0.0191 0.5809
0.7 0.7056 0.0029 0.0056 0.6944
0.8 0.8026 0.0023 0.0026 0.7974
0.9 0.9094 0.0059 0.0094 0.8906
1.0 1.0181 0.0134 0.0181 0.9819
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Fig. 22 illustrates that the spacing error can be effectively reduced as the targeted spacing
increases before reaching a threshold spacing value of 0.8 mm. However, a larger gap often

generates a higher loss, so it sliaailvays be coordinated with electrical performance.Zg.
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reveals a linear relation between the actual mean space and targeted space, which is expressed
by Equation (0).
9 T L&) TBIU Wp p T

Where,8 and9 represent the targeted spacel actual space, respectively.

Targeted spacing with printing error
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24.4 Printed spacing using recommended values

Fig. 24 compares the errors before and after applying the recommended spacing values,
and it shows that at a given value of targeted spacing smaller than 0.6 mm, the printing error
using recommended values is sfgrantly smaller those directly using targeted values. The
linear relations for using recommended values have a slop of 1.0024 closer to 1 compared to

the slope of 0.955 using targeted values directly, as shown i83ig.

Spacing with printing error
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Figure24. Comparison of printing error using targeted spacing value directly as an input and using recommended
spacing value as an input
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spacing value as an input
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2.5 Optimization of electrical resistivity
2.5.1 Design of experiment

Aiming for a low electrical resistance in the windings of a planar transformer, as discussed
in Section 1.1, can result in fewer power losseResistance for a given geometry is
significantly affected by two factors at constant pressure during the sintering process: 1) the
maximum temperature and 2) the dwell tirfie obtain a lower resistivity, the sintering process
can be optimized by increa ng t he temperature and dwel |l
theoretical value listed in the datasheet is typically achieved by annealing, which involves
heating silver particles to 1200°F (760°C). To avoid such a high temperature and the associated
risk of thermal cracking for the alumina substrate, a lower sintering temperature of less than
half the annealing temperature was utilized as amostessing step. A design of experiment
(DOE) was created to investigate the effect of sintering on elalctésistivity, as shown in
Table 7, with various temperatures and dwell tim&$ie datasheet specified 250°C as the
sintering temperature, which is primarily employed foralitach purposes. This temperature
was chosen as the initial condition in tA®E, followed by 280°C, 300°C, and 350°To
demonstrate the resistivity under the listed DOE condititmalye serpentine patterns were

printed on bare alumina sulsties at room pressure, as shown in Bg.

Table7. DOE to investigate the impact of sintering conditionresistivity.

Sample Ramp rate Maximum temperature | Dwell time, hours
1 2
2 250°C 4
3 5°C/min 8
4 2
280°C
) 4
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6 8
7 2
8 300°C 4
9 8
10 2
11 350°C 4
12 8

(a

(b)

Figure26. (a) Gerber file of the serpentine pattern drawn in FAB 3000; (b) Syprigied serpentine pattern (width
2.25 mm x length 1185 mm x 0.2 mm height) on a bare alumina substratedwical resistance measurement.

Following that, the resistance was measured using a milliohm meter threpgibet
Kelvin measurements. Equatiohl] was thenused to calculate the resistivity based on the
printed geometry and measured resistance

!
M ZT PP
Where, mrepresents the electrical resistivityd ; 2 represents the electrical resistance

measured by -probe Kelvin measurememt ! is the crossectional area of the windings,

i ;Tis the total length of the serpentine pattérn,
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2.5.2 Sintering mechanism
Fig. 27 illustrates the three stages of a sintering profE23). During the first stage, the
rough surfaces of the powder particles become smooth, and neck formation occurs as grain
boundaries form. Theecond stage is characterized by densification and pore shrinkage. After
the formation of grain boundaries in the first stage, they serve as the new source of atoms to fill
the concave areas, diminishing t hngrowttaand i cl ed s

the formation of closed spherical bubbles as pores break up.

Grain Grain

Grain\) Paore Pore Pore
—r —r
[nitial stage Intermediate stage Final stage
Small grain Increasing grain size Big grain
Big pore Decreasing pore size Small pore
Before sintering Sintering After sintering

Figure27. A model explaining the sintering procg$29]

2.5.3 Results and discussion

Thus, at a constant pressurgreasing the sintering temperature and dwell tie can result
in a decreased resistance in a given printed structure. 6tly). displays serpentine windings
that are 2.25 mm wide, 1185 mm long, and 0.2 mm highrole measurements were
conducted and restivity of reach sample was computed, as listed in TéblEhese results
have been consolidated into Fi@, 2vhich illustrates that a higher sintering temperature and a
longer dwell time lead to lower resistivityhe sintering process was conducted:a3 for 8
hours, resulting in the lowest resistivity of t@& w p T mJ , which is 2.75 times greater

than bulk silver.
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Effect of sintering temperature and dwell time
on electrical resistivity
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Figure28. Effect of sintering temperature and dwell time on electrical resistivity.

2.6 Thermo-mechanical analysis during sintering
2.6.1 Curvature and stress distribution

Previous findings have shown that the syripg@ted traces are capable of meeting the co
design criteria from both an electrical and manufacturing standpoint. Nonettibkethermal
and mechanical effects remain uncl@dre coefficient of thermal expansion (CTE) mismatch
between the nanrAg trace(p & p 1 #3 ) and theAl.Os substratg(@& p 1T 73 ) can
induce large internal stresses and further results in deformatiarefdiuring the sintering
process.Thus, it is critical to investigate the curvature and stress distribution in their
laminations Theoretical analysis can be performed based on a simpliigge? lamination

shown in Fig. 2.
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Figure29. Schematic diagram showing the curvature and stress distribution betweeightxtaoe andhe Al203
substrate

It is assumed that the na#g trace andAl.Os; substrateare perfectly bonded without
friction and the thickness ohém are significantly smaller than their length. Temperature is
uniform without gradient inside the laminations. Moreover, plastic strain and creep are not

considered. The force equilibrium at the cresstion can be expressed by:
& mM 0 O m 0 0 T P q

Where,0 is the force applied on the cressction, subscript, and" denote as nanAg and
Al,O; materials, respectively.
The moment equilibrium at the cressction can be expressed by:

E E

S L o
c P

Where,- is the bending moment of the naAg trace andAl,Os substrate, respectively. They

can be expressed by:

x E

) e Pt
x E

) pc Py



Where,) is the moment of inertias andE are the width and thickness, respectivel

The curvaturem can be expressed by:

I\E/\ %) %) pe
Where%i s t he Youngébés modul us.
Substituting Equationl@) into the Equation1) and obtaining the followings:
E E %) %)
0 pX

G M M
The total strainsat the crossection are due to stretching, bending moment, and thermal

expansion. The expression are as follows:

0 - E .
* Tw . %)3?*3”4 Py
p @ p @
0 _ :)E— 4
" %xE %)C‘l P
p & p &

WhereRristhetotal strairdi s t he Poj istlee CHEO s 4rstartds far temperature
difference.

The total strain equilibrium can be expressed as:

% _ - % _ - t 1

0 0 . p - E - E
S O = — C
p # p p

Substituting Equationd ) to (19) into (21) andre-arranging,

%x E %x E p w p
0E E %x E  %x E

—~Ep v Ep w GG

Where the stretching, thermal, and bending moment components are specified as follows:
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Set the following components:

%x E %x E p o p
+ S < < ¢o
OE E %bx E  %x E

, 1 4 o4 CT

Substituting them into Equatio@d) and rearranging, the curvatursy can be expressed as:

E p u E p u
M cu
¢, +

Thestrainin x directions can be expressed by

p p
R % A a A A % A C O
Where, A ,A ,andA are the stresses in x, y, and z directions, respectively.
The stress in x directions can be expressed by:
R O
A
0 u ¢X

2.6.2 Finite elementsimulation

The curvature and the stress distribution of the-layer laminates betwedhe rancAg
trace andhe Al,O; substratecan also bextracted by finite element simulation which was
carried out byANSYS Workbencthin this study. Tdacilitate and simplyhe model, a quarter
laminate was built andresentedhn Fig. 30. Thespecifications andhaterial properties dfoth

the naneAg trace ad theAl,Os substrateean be foundin Table 8.
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Figure30.Quarter laminate model used for simulation

Table8. Dimension and material properties of the laminates used for simulation

Materials Dimension YoungO6s|CTE, pt¥3 |[Poi sson
(length x width| modulus, GPg [125] [125]

X thickness), [125]

mme
NancAg 15x15x0.P 10 19.6 0.37
Al,O3 20 x 20 x0.64 300 6.4 0.22

The boundary conditionsvere comprised ofmechanical constraints and thermal
conditions. Specifically, the vertex of th&l.Os substratewere set to be fixed. The
displacement in X direction on the ZY plane and the displacement in 8tidiveon the ZX
plane were set to be constant, respectively. The thermal conitiolved coolingafter
si nt er i nThusathe stB&s6e temperature of the narg traces wagstablished as
3 5 0 It was assumettat the laminatesnderwentcooligata r at e of 5 /dmi n unt i |
2 2 To enable curvature to occur in thalirection of the schematic diagram depicted in Fig.

29, a fine mesh in the laminates was implemented, based on the number of divisions.
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2.6.3 Results and discussion

Fig. 31 presents the obtaineteformationof the laminateswherePoints A and Bwvere
used to calculate curvature réveak that the maximum curvature during the cooling process
reache$94.5mm, and the normalized curvature was plotiedrig. 32. Fig. 3 provides the
stress distribution detail$he corner of the bonding interface was found to exhibit the highest
equivalent stress, suggesting it may serve as a potential site for delamination failure. Fig. 34
illustrates the effect of height ratib ( E ~ TE ), with E fixed at 0.64 mm

andE set to 0.15 mm, 0.21 mm, and 0.26 mm, as reported in Table 4. The graph

demonstrates that a lower height ratio leads to an increased value of normalized curvature,
which also raises the risk of delamimeti The rise in normalized curvature is attributed to the
thermoemechanical stresgeneratedht the interface due to the CTE mismatch between the
syringeprinted naneAg trace and thé 1/ substrateas depicted in Fig. 35. Therefore, from

a thermemechaital perspective, it is recommended to print a lower height of-Aanwace.

Fig. 36 displays the scenario when the sintering temperature is varied. A higher sintering

temperature can result in a greater equivalent stress generated during the coadisg proc

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: m

Time: 3996 s

3/29/2023 3:06 AM

. 0.00057633 Max

0.00051229

‘ 0.00044826
0.00038422
0.00032018
0.00025615 A
0.00019211
0.00012807
6.4037e-5
0 Min

A

0 0.005 0.01(m)
I

0.0025 0.0075

Figure31 Deformationof the naneAg andthe Al203 substrate laminates
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%1073 Normalized curvature during cooling
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Figure32. Curvature of the laminates during cooling

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 3996 s
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Figure33. Stress distribution of the nasfg andthe Al20s substrate laminates
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Effect of sintering temperature on stress
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Figure36. Effect of sintering temperature on stress
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CHAPTER 3: RELI ABI LI TY

3.1 Assessment of adhesion
3.1.1 Adhesion mechanism between nasfg and Al.Oswith Ti at interface

The previous samples shown in Figb2ised to optimize the elgical resistivities were
found to have delamination issue after printing for a few days and it could be relatively easy to
be peeled off by a tape, indicating a poor adhesion between the gyrinigel naneAg trace
and AbLOs substrate. Thiss due to he low surface energy of Abs [130] [131] [132] [133],
liquid metals tend to exhibit poor wettability on its surfft@4] [135] [136]. To address this
issue, Titanium (Ti) is commonly added to metal@linterface as an active element, reducing
the interfacial energy and enhancing thterfacial bonding137] [138]. At the interface, Ti
atoms bond with O atoms to create a layer composed-Of dmpounds, which is stronger
than AgO bond. This could be verified by calculating the binding energy between two atoms.
The binding energy could be seen as the energy eshtdgrbreak apart the bond between two
atoms, also known as the dissociation energy. This energy is related to the difference in energy
between the two isolated atoms and the bonded state. For Ag and O, the dissociation energy
could be found from the exparental data or theoretical calculation. One possible approach is
to use the BortHaber cycle, which relates the dissociation energy to other thermodynamic
guantities such as the lattice energy and the ionization enkrggeds to consider the
enthalpieof several processes, including the sublimation of the mét@ls (), the ionization
of the nonmetals) ( Jothe formation of the oxide compoundsf, and the formation of the
lattice energy5). The formula of BorrHaber cycle can be expressed as:

Yo ¥Y( ) %%! 5 c Y

According to this method, the dissociation energy of silver oxide (AgO) can be expressed as:

!(;/OO!(;Qg/C ¢ W

46



y(? Y( ) % %! 5 om
Where,¥( denotes to the enthalpy of sublimation of, AgQD © ! QC, and it equals
to 285.8kJ/mol,-) % denotes tahe ionization energy afxygen (O)-/ C ©/ C,and
it equals to 657 kJ/moh denotes to the lattice energy of AgOC/O©° | C
-/ C,anditequals tl061.7 kJ/mol%! denotes to thenthalpy of formation of AgO,

and it can be estimated using the enthalpies of formation of AgO ay@d éxpressed by
Equations 81) and @2) as follows:

P

!QDE/ corclo op
. P .
c!QE/ corag o 0¢

Therefore, the enthalpy of formation of AQO can be expressé&djbgtion 81):

c!Q(’DO!CIOEIC; lole)

Where, the enthalpy of formation of AgO equals30.6 kJ/mol, and the enthalpy of formation
of Ag20 equals te31.1 kJ/mol. By substituting the values, the enthalpy of formation of AgO,
%! , equals te73.1 kd/mol. Taking all the values of the componenEgmation 80), the
dissociation energy of AgO is 106.6 kJ/mol.

Similarly, the dissociation energy of titanium oxide (J)i©an be expressed as:

4E/OO0O4B® | C o1
y(? Y( ) % %! 5 ou
Where,Y( denotes to the enthalpy of sublimatioriTef4 B © 4 K, and it equals to

468 kJ/mol,-) % denotes to the ionization energy of oxygen (@), C © / C, and it

equals to 657 kJ/madb denotes to the lattice energy 0,4 E/OC 4 B /| 'Q,

and it equals td10kJ/mol,%! denotes to the enthalpy of formationTaD,, and it can
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be estimated using the enthalpies of formatioi@ andTi»Oz expressed by equation36]
and @7) as follows:

4 21 GO 4ED oo

C4@ g/ Coag O o X
Therefore, the enthalpy of formation GO, can be expressed by equati8B)(

4E/O 4B0°4HE O oy
Where, the enthalpy of formation BfO equals to519kJ/mol, and the enthalpy of formation
of Ti,0; equals ta1159kJ/mol. By substituting the vadis, the enthalpy of formation ®fO,,
%! , equals te640kJ/mol. Taking all the values of the componentEguation @5), the
dissociation energy dfiO, is 630kJ/mol.

Therefore, the binding energy between Ag and O is 106.6 kJ/mol, which is sigtiific

smaller than the binding energy of 630 kJ/mol between Ti and O representing the energy
released wheaone Ti atom and two O atoms combine to formzliO

3.1.2 Experimental study on adhesion between nasg/Al O3 with Ti deposited at the

interface

Theoretical analysis has shown that incorporating Ti can enhance the bonding between Ag
and AbO; at the interface. Nevertheless, it is imperative to explore and address the quantity
and deposition methodology of Ti.

In this study, Ebeam deposition was employed to deposit Ti on th®Adubstrate to
obtain a dense, uniform, and well adhered layer. It is afithinphysical vapor deposition
where a target anode is bombarded with an electron beam given off by a chaggdn
filament under high vacuum. The schematic of this process is shown irB%iin the
deposition chamber with a minimum pressure okI(® Torr (102 Pa), the generated beam
from the electron gun is accelerated to a high kinetic energy and sirike rodshaped

evaporation materials, causing atoms from the target to transform into the gaseous phase
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followed by immersing into a solid form. As a result, a thin layer of the anode material can be

coated with a rate from 0.1 to 100 um/min in thewan chamber. The facility shown in Fig.

38 is available to use at the FAB Lab at the University of Maryland.
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Figure37. Schematic of Ebeam deposition
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Figure38. Angstrom Ebeam Evaporator at FABab of University of Maryland

A. Design for experiment

In order to examine how the amount of Ti affects the bonding strength between the syringe

printed naneAg traces and ADs substrate, varying layer thicknesses of Ti were deposited
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onto an AIOs (96%) substrate using Angstrom-tieam Evaporator. To ensure targeted
deposition, a customized shield mask constructed of stainless steel was utilized to selectively
expose several rectangular areas (12 mm x 2 mm) during the process. Consequently, Ti was
succeshllly deposited only in those exposed regions. Because Ti quickly oxidizes when
exposed to air, a layer of Agith the same amount of Tias also deposited onto the Ti to
serves as a protective laybr this study, the layer created by depositing Ti agddygether is
referred to as the adhesive layer. The rectangular areas of the adhesive layer were then syringe
printed with naneAg pastes, and the resultingnad@g t r aces were sintered
hours. A shear tester was then employed to shearabe off to quantify the shear strength.

The experimental process is depicted in B&ywhile Tabled outlines the different groups that

were tested using varying amounts of adhesive lajash group hasight specimensFive

of them wereprepared for shear test atite rest were crossectioned for microscope view.
Thecontrol groups werdeposited wh adhesive layers onliFig.40shows the syringerinted

nancAg traces prepared for the shear tests.
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Figure39. Experimental process
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Table9. Shear test groups and control groups used for adhesionnassess

Shear test group

Control group

Adhesive layer

Syringeprinting

Adhesive layer

thickness layer thickness
Ti Ag NanocAg pastes Ti thickness Ag thickness
Gl 10 nm 10 nm C1 10 nm 10 nm
G2 50 nm 50 nm C2 50 nm 50 nm
~0.20 mm
G3 100 nm 100 nm C3 100 nm 100 nm
G4 150 nm 150 nm C4 150 nm 150 nm
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G5 200 nm 200 nm C5 200 nm 200 nm

G6 250 nm 250 nm C6 250 nm 250 nm

G7 300 nm 300 nm C7 300 nm 300 nm

[ Printed ‘ng traces

(microscope group)

R I R i e L D 2 BE R

Printed nano-Ag traces (Shear test group) Control group

12 mm
e o
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w

(@]
[0,]

N =
e = - N TR ey

(@)
(2}

ARANER

(@]
~N

Bare Al,0; (96%) substrate Bare Al, 0, (96%) substrate

Figure40. Shear test group and control group

B. Shear test

The shear tester (xyztec bv series) used to shear theAgaimaces is depicted in Figl
All the shear tests weperformedatthe Center for Power Electronics Systems (CE$ttsiated
at the Virginia Tech Research Center (VTRQ)e tester is equippesith a toolhead that can
move along the X, y, and z axes, and a stationary test stage on which the targeted samples are
held in place during shearing. A camera is used to capture images and to monitor the alignment
between the toolhead and the traces beiagsured. At the start of the shear test, the toolhead
was programmatically lowered to touchdown theQ3lsubstrate and then raised by 18% of
the tracebds thickness, after which the trace
traversed a distanad 600um. Throughout the shearing process, data were collected regarding
the time and the force applied to the tracgd®own in Fig.42. As such, the maximum force
leading tobreak could be determined and used to calculate the shear strength using the

following formula:
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Where,& is the maximum force that can be captured from the blist the footprint area
of the naneAg traces, it can be expressed by:

r7 o, T
Where,7 and, are the width and length of the trace, respectively, and their values are 2 mm

and 12 mm, respectivelfhus, the footprint area of a trace is 24 fnm

™\ Shear tester’s
toolhead
- N

-

Fixed tes
stage

A

Figure4l Shear tester fro@EPS alVTRC used in this study
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Figure42. An example of plot of time and shear force applied to the-Aanwace using shear tester.
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C. Identification of failure site by surface analysis using XPS

Although it is evident that the trace is broken after shearing, it is difficult to assess the
effect of the adhesive layers due to the ambiguity of the failure BitBferent amount of
adhesive layer can result in different failure sidsey are thre@ossible locations where the
break can occur, as illustrated in H@, and the corresponding potential failure mechanisms
are listed in Tabld0. A break occurring within the sintered naAg trace during shearing
indicates that the adhesive layer isiddde and exhibits effective adhesion performance.
Conversely, a break observed either between the-Agnwace and the adhesive layer, or
between the adhesive layer and theQAlsubstrate, is indicative of either an insufficient or
excessive amount afdhesive layer, respectively, indicating poor adhesion performance.

Shear tester’s toolhead

Printed nano-Ag Sintering @350C for 8 hrs
........... no-Ag Fai .
—_— ailure site 1

Metalized Ti Failure site 2
Failure site 3

Metalized Ag
Metalized Ti

Figure43. Side view of schematic diagram with three potential failure sites after shearing

Table10. Adhesion assessment based orptitential failure sites.

Adhesion
Potential failure sites
assessment
1 Inside the sintered nanfg trace effectiveadhesion
2 Between the nandg trace and adhesive layer Poor adhesion
3 Betweentheadhesive layer and ADsz substrate Poor adhesion

Faiure sites can be confirmed by surface analysis. The criterion is to analyze the weight
percentage of the elements left on the sheared surface. To illustrate, failure site 1 (located within

sintered nan@\g) is prone to happen when the weight percentagea$ higher. On the other
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hand, failure site 2 (located between n&gpand metallized Ti) is more likely to occur when
a higher weight percentage of Ti is detected. Finally, failure site 3 (located between metallized
Ti and AbOs substrate) is more prerto occur when the presence of aluminum (Al) is detected.

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface elements of the
sheared surface to identify failure sitk$s a surfacesensitive analytical technique that is used
to determine the chemical composition and electronic states of elements in a material. It works
by irradiating a sample surface withrys, which causes the ejection of electrons from the
atoms neathe surfacg139]. By measuring the kinetic energy and intensity of the emitted
electrons, XPS can identify the elements present and their oxidation &tatesitrast to
Scanning Electron Microscopy (SEM), XPS has a sigaift advantage in its high surface
sensitivity. This allows it to detect only the atoms located within a few nanometers (~5 nm) of
the surface, making it less likely to detect Al atoms in th©Asubstrate if failure sites 1 and
2 are the caseThis stug used the XPS facility (Kratos Ultra DLD XPS) at the ALD
Nanostructures Laboratory (ANSLab) at the University of Maryland.
D. Results and discussion

The five samplesn each group summarized in Talfleshear tests were conducted, and
the peak shear forsdeading to break were recorded to calculate their shear strengths using
Equation (3). Fig.44illustrates the relationship between the Ti thickness in the adhesive layer
and the shear strength, including the maximum, mean, and minimum values. The result
demonstrata linearincrease in shear strength when the Ti thickness increases from 10 nm to

200 nm, followed by a stable trend from 200 nm to 300 nm.
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Shear strength values (max,mean,min) of nano-Ag traces printed
on alumina substrate metalized by Ti in different thickness
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Figure 44. Shear strength of nasfg traces syringgrinted on AfOs substrate metallized by Ti in different
thickness

It is essential to consider the surface analysis obtained from XPS to understand the failure
sites, as discussed earlier. M4§.shows the weight percentages of elements (Ag, O, Ti, and

Al) in a bar graph

Weight Percent

1883’ | B B B8R B R R R R B R B |
0
80%
70%
o
f’\_, 60%
ey
k=2 50%
S 40%
20% O wWt%
0,
18(;0 m Ignoring C
0
Cl C2 C3 cC4 Gl G2 G3 G4 G5 G6 G7 = Al Wt%

ETiwt%  11% 8% 4% 4% 2% 1% 1% 6% 6% 5% 5% 3% 4% 3%
Owt% 14%13%11% 7% 9% 8% 8% 12% 13% 11% 14% 17% 16% 28%
mignoringC 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
m Al wt% 5% 5% 5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 10% 28%
mAgwt%  70% 75% 80% 89% 89% 91% 91% 82% 81% 84% 80% 80% 71% 41%

C series Control group (adhesive layer only)
G series Shear test group (adhesive layer + printed nawptrace)

H Ag wt%

Figure45. Weight percent of elements in each group detected by XPS
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For the control groups from C1 to C4, the detected Ti amount significantly decreased from
11% to 4%, while the Ag amount significantly increased from 70% 9%,8indicating
successful depositions with varying adhesive layBng amount of Ti detected in C5 to C7
was minimal. As mentioned earlier, XPS0s surfa
nm Ag in C4 was still detected. This is because th®©#(96%) substrate used in this study
has a surface roughness3gim (300 nm), which means that it was possible that some regions
were not covered by the adhesive layer duringeBm depositionThis also provides an
explanation for the detection of Alin C1, C2, and B8wever, in C4 to C7, the total thickness
of the adhsive layer exceeded 300 nm, making it improbable for Al to have been detected.
is reasonable that Ti was detected for all the shear test groups withgarazes (~0.2 mm
thick) syringeprinted on the adhesive layer. It is due to the porousnesg airttered nanro
Ag tracesTo substantiate #seclaims, the specimens in the microscope group depicted in Fig.
40 were cressectioned, ground, and polished, and then examined by SEMN. 46@3
displays an SEM image of the sintered na&aptrace syringegrinted on the AlO; substrate
metallized with adhesive laygvarying from 100 nm to 300 nnThe imags indicate tha{(1)
there is a relatively smooth and uniform cohesion between the printedAgaand the
metallized Ag in the adhesive layer after siitig and (2)the majority ofthe naneAg/Al O3
interface is covered by the adhesive layer, with only a limited area exddséeabservation
is further confirmed by EDS mappinghich provides the element distributioas shown in

Figs. 49-51.
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100 nm Ti + 100 nm Ag

\

Metalized Ti

HV WD | Mag | Det |Spot| Scan 5.0um
25.0 kV[11.4 mm|8052x| SSD| 3.0 |9.50 s CALCE TSFA

Figure46. SEM view of sintered nardg trace syringegrinted on the AlOs substrate metallized by adhesive layer
consisting 0ofl00 nm Ti andl00 nm Ag

200 nm Ti + 200 nm Ag

Metalized Ti

HV WD Mag | Det |Spot| Scan 5.0pm
25.0 kV|11.4 mm [8052x/| SSD| 3.0 |9.50 s CALCE TSFA

Figure47. SEM view of sintered narAg tracesyringeprinted on the Al203 substrate metallized by adhesive layer
consisting of 200 nm Ti and 200 nm Ag
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300 nm Ti + 300 nm Ag |

Metalized Ti

HV | WD | Mag | Det |Spot| Scan 5.0pm
25.0 kV[11.5 mm|8052x/ SSD| 3.0 |9.50 s CALCE TSFA

Figure48. SEM view of sintered narAg trace syringgrinted on the Al203 substrate metallized by adhesive layer
consistig of 100 nm Ti and 100 nm Ag

100 nm Ti + 100 nm Ag

Al
Figure49. Elements distribution of the specimen shown in E&from EDS mapping
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200 nm Ti + 200 nm Ag

Figure50. Elements distributionf the specimen shown in Fig3 from EDS mapping

300 nm Ti + 300 nm Ag

Figure51. Elements distribution of the specimen shown in Egfrom EDS mapping
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Fig. 52illustrates the results of XPS analysis, displaying the binding energy versus count
per seconds (CPS). The peak of Ti binding energy is shifted to the left side compared to its

standard peak value, indicating that Ti atoms have lost electrons to Oaatdfosned TiOy.
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Figure52. Binding energy of Ti detectddom XPS analysis

As mentioned earlier, the criterion defining the failure sites between site 1 and 2
summarized in Tabld0 is the amount of Ti detectetiowever, the change in the weight
percentage of Ti for shear test groups G1 to G4 is minimal, matkdifficult to define an
absolute amount of Ti that can distinguish the failure sites. Despite this44&hows a
significant increase of over 50% in shear strength between G4 and G5, even though the
corresponding Ti content dropped only from 5% to 3%is suggests thgil) the failure
location for G1 to G4 was likely occurred between the adhesive layer and thAgarce,
indicating that the adhesive layer is less effective in enhancing bonding due to insufficient Ti
deposited on the ADs substrateand (2) the failure site for G5 was likely occurred within the
sintered nanad\g, resulting from a relatively effective amount of the adhesive layer underneath.

To support this statement, FigB3 exhibits the atomic percent plotted based on ¥R&ysis,
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which reveals that the average atomic percent of Ti in G1 to G4 is about 3.73%, while that of
G5 is less than 2%ndicating a higher amount of Ti was exposed after shearing.

Recall Fig.44, it can be seen that increasing the deposited Ti froénrin to 300 nm
results in a relatively stable shear strength, but the failure sites may differ. Both the weight
percentage and atomic percentage plots reveal the presence of Al in G6 and G7. In contrast, no
Al was detected in C6 and C7, where thgQAlsubstrates were solely covered by the adhesive
layer. This suggests that during shearing, some of the adhesive layer used to cov#sthe Al
in G6 and G7 may have peeled off, increasing the likelihood that the failure site is between the

adhesive layer anthé ALO; substrates.
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Cl C2 C3 C4 C5 C6 C7 Gl G2 G3 G4 G5 G6 G7

mTi2p% 6.6 5 2.663.332.121.211.234.084.133.74 3 198 22 1.7
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mAI25% 508528569 0 0 O O O O O O O 106244
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C series Control group (adhesive layer only)
G series Shear test group (adhesive layer + printed na@ptrace)

Figure53.Atomic percent of elements in each group detected by XPS
E. Summary
This section investigated the evaluation of the adhesion performance of various amounts

of adhesive layer comprising deposited Ti and Ag. The results of this evaluation, including the
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corresponding most likely failure sites, are summarized in TablBdsed on these findings,
it is recommended that an adhesive layer consisting of 200 nm Ti and 200 nm Ag be used for
effective bonding between syringeinted naneAg and the AIOs substrateThe shear strength

of different groups and the correspondiadure sites are marked in Fi§4.

Tablell. Adhesion assessment based on the different adhesive layer with their most likely failure sites

Adhesive layer Adhesion
The most likely failure sites
Ti Ag assessment
10 nm | 10 nm
50nm | 50 nm

Between the nanég trace and adhesive lay Poor adhesion

100 nm| 100 nm

150 nm| 150 nm

200 nm| 200 nm Inside the sintered nanfg trace effective adhesion

250 nm | 250 nm Between the adhesive layer and@d
Pooradhesion

300 nm| 300 nm substrate

Shear strength values (max,mean,min) of nano-Ag traces printed
on alumina substrate metalized by Ti in different thickness
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Figure54. Shear strength of nang traces syringg@rinted on AtOs substrate metallized by T adhesive layer
with different thickness and the corresponding failure sites detailed in Table 9
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3.1.3 Thermal aging test
A. Design of experiment

To evaluate the lonterm stability and reliability of narég traces syringg@rinted on the
Al,Os substrateinder hightemperature conditions, thermal aging teaseonducted. The test
involved subjecting the syringarinted naneAg traces to elevatedrtgeratures while testing
their shear strength. Prior to syringenting and sinteringan adhesion layer comprising 200
nm Ti and 200 nm Ag was deposited on &ieOs substrate The dimensions of the printed
traces were the same as those investigateatiiqus section and shown in Fiff). The traces
wer e aged 18Q,20® %00, 600,fandr800 hours, using a thermal chamber to carry
out the tests and a thermal couple to monitor the temperature inside the chamber, as depicted
in Fig. 55. Fifteen speimens were prepared for shear tests at each aging hour, with 10 being
used for the shear test and 5 serving as control groups for SEM analysis. The aging conditions

are summarized in Tablel1

Thermal
couple
-

Aged ‘

samples

Figure55. Thermal aging test setup
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Table12. Thermal aging conditions

Thermal aging condition Taken out time for shear tests

250 100 hrs, 200 hrs, 400 hrs, 600 hrs, 800 hrs

B. Results and discussions

The same shear tester as introduced in the presemi®on was used for conducting shear
tests on each aged specimen. The shear strengths were calculated using EXf)adiod (
plotted in terms of maximum, mean, and minimum values, as depicted B6Fithe results
show an increase in shear strengti 685% after 100 hours, and 50.37% after 200 hours of
thermal aging. This can be attributed to the pore size and porosity percentage of #Ag nano
paste. The porosity of the naAg paste, as listed in Table 3, is less than 30%. However,
despite sinteringhe printednanddg tr aces at 350 for 8 hours
was still potential for pores to interconnect and form closed pores, thereby reducing the size in
the second stage of the sintering mechanism. The first 200 hours of agingdirteg the
driving force to allow more time to promote this potentsdveral studies have reported on the
roles of pore sizes and percentage of porosity and the influence of pore shape on the mechanical
properties of sintered Ag used as joints betwéeiand substrafd40][141] [142][143]. They
have reported that the shear strength of samggoints was increased after aging for 50 hours
at 300 due to the shrinkage of po+printedsi ze.
nancAg trace to reach the peak shear strength. The diffeisnoat only due to the lower
aging temperature, but also relies on the geometry of the tested model and the manufacturing
approach to fabricate the naAg pastes under presstless condition. The majority of
previous studies utilized stengitinting to deposit nanéAg paste on the substrate and then
mounted the chip, creating a sandwiched model. In contrast, synimgig applies
considerably less pressure than stepditting, and there is no additional pressure given by

the top chip, resulting itarger pores in the initial stage of sintering.
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Shear strength values (max,mean,min) of nano-Ag traces aged at 250°C,
printed on alumina substrate metalized by 200nm Ti

]

[¢)]

Shear strength, MPa

0 100 200 400 600 800
Aging time at 250°C, hrs

Figure56. Shear strength values of naAg traces syringgrinted on the AlOz substrate metallized by adhesive
layer consisting of 200 nm Ti and 200 nm Ag.

D. Degradation model

Reliability issues become very important when the adhesion of sypifgied naneAg
traces degrades over time. The degradation model is desired to developed as it helps to predict
and prevent failures that can occur over time due to aging falhere ae many time
dependent forms for degradation, but the three most common are Power Law, Exponential, and
Logarithmic. Power law was selected as the degradation model in this study, and it can be
mathematically developday thefollowing steps. Let represent the shear strength of syringe
printed naneAg trace. Assuming that known thathanges monotonically and relatively slow
over the lifetime, then a Taylor expansion is applied to simplify the laws of degradation. The
Madaurin Series can be produced with a Taylor expansian oft, as fdlows:

6 £ ol Py BA e
0 cC T te

It is assumed that the higher order terms in the expansion can be approximated using a power
exponeni so that:

A Kp ! O TG
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Where,A is the unaged shear strength. and& are the naneAg tr aceds depend
coefficientandthe power law exponentespetively. Both of them can be determined from

observed parameteiegradation date. Specifically, whén is greater than 0, it meaps

increases monotonically with time. On the other hand, wheas smaler than 0, it indicates

» decreases monotonicalith time. Recall Fig.56, it was discussed that the first 200 hours

served as the extra sintering process, thus, the data from 0 to 200 hours was invalid for
developing the degradation model. The 400 hours data acts as 200 hours of aging time. By
analogy, 600 hours and 800 hodega shown in Figh6 standard for 400 hours and 600 hours

of aging time, respectively. The datsed to develop a degradation mdule beetoxedin

Fig. 57. It shows a decreasing relation betweagingtime and shear strength.

Shear strength values (max,mean,min) of nano-Ag traces aged at 250°C,
printed on alumina substrate metalized by 200nm Ti

Shear strength, MPa

Used for degradation

0 100 200 400 600 800
Aging time at 250°C, hrs

Figure57. Updated shear strength values of réwgatraces syring@rinted on the AlOz substrate metallized by
adhesive layer consisting of 200 nm Ti and 200 nm Ag.

Therefore, Equationd@) can be updated as follows:

A Kp ! O T0
A A
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Takingthe logarithm for Equatiord4) and it becomes:

A i
A— ! TUL

The data of shear strengt h 3aThepbwedatv expdnent

& which best describes the degradatiork eersus time can be found by plottihgd and

| T—— . The plot is shown in Fig8. The linear relation from the three data point in the plot

is as follows:
Y S s aa
II/(— CE X XdO pdULYY To
Where,
I c&xxo
[l pBHULYY
! TP

Substituting them ito Equation 43) andpower law degradation model for adhesion of syringe
printed naneAg traces on thdl,O; substratess expressed as:
A opuv 0OAp t&mpm OF T X

Tablel3 The data of shear strength aged

Shear strength .
Aging time, hrs I
(mean), MPa ”

>
)

b~

0 6.15
200 5.69 5.30 -2.59
400 3.92 5.99 -1.01
600 0.87 6.40 -0.15
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Doegradation of printed nano-Ag trace under thermal aging at 250°C
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Figure58. Decreasing adhesion degradation with time

The degradation rate can be defined as:

2 AL
Y ry
Where
£ o0 & oo
p I T W
Substituting Equatiord@) into (48), the degradation rate becomes:
2 1 0 c& X b LTt

Thus, the degradation rate can be plotted in38gThe powetlaw exponent is greater than 1,

indicating an increasindegradation rate until failure.
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Figure59. Degradation rate

E. Time to failure model

Time to failure (TF) occurs when the shear strength of the sygrigeed naneAg trace
degrades to the point where the trace can no longer function properly, such as, delamination,
in its designed use for planar transformer windifigscan be developddom the power law

equation and expressed as follows:

p A K =
K vp

4 &
The shear strength for the syringeinted naneAg trace on theAl.Os substratewithout
adhesive layer depositésl about 0.2 MPa Also, considering the maximum shear strength
(unaged shear strength) is 6.15 MPa. Thiuscritical shear strength shouldlbeg to 0.42
MPa, 6.15 MPa] Assuming that thehear strengtldrops20%, 306, 40%, and50% of the

unaged value can be consideesdfailure, respectively. Trerresponding TFs are calculated

and summarized in Tablell

70



Tablel14. Shear strength tolerance and corresponding time to failure

Percendropused to define | Shear strengtlafter the
Time to failure, hrs
the failure drop MPa
20% 4.92 308.12
30% 4.31 368.17
40% 3.69 417.74
50% 3.08 460.75

3.2 Strain-energy based modeling for nanéA\g windings under thermal cycling

conditions

3.2.1 Introduction of strain-energy based fatigue life model

Fatigue induced bghermal cycling can be expected to be the major failure mechanism for
the planar transformer due to the CTE mismatch between the sysiimged naneAg
windings and theAl,Os; substrate During temperature cycling, cyclic strains at theno
Ag/Al,Os interface are induced armdusefailure modes such as cradBeveloping aatigue
modelcan help predict the fatigue lifgharacterized by number of cycles to failure (CTF)

which is the time it takes for the syringented naneAg windings to fail due to thermal

cycling. Wi t h

durability and reliability Fatigue model can be developed based on cyclic strain range, cyclic
stress range, or cycligtrainenergy.In this study, cyclic strakenergy based fatigue model is
targeted as itonsiders both stress and straffect. The Hysteresis loops depicted in F&f)
indicate the level of strain energy generated in a material when subjected to cyclic loading,
wherethe total strain energy dengitis the sum ofelastic energy density and plastic strain

energy densityas expressed in Equatid@®). Equations $3) and §4) described the total strain

this informat i aesign taenlsancg itse r

energy density in terms of cyclic normal loading and shearing loadiagectively.
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Where,Y7 is the total strain energy density7 andy7 are the elastic strain

energy density and plastic strain energy density, respectivelyand—— are the elastic

strain energy densities for cyclic normal loading and shear loading, respecfivelyand
z  are the maximum normalkress and maximum shear stress, respectii@f/Ar and
BzAr are the plastic strain energy densities for cyclic normal loading and shear loading,

respectively. and’ are thecyclic normal stress and shear stregespectively.

Figure60. energy components in cyclic hysteresis loop.

Fatigue life can be correlated to the total strain energy density using power law equation

expressed as:

y7
#

Where, N stands for CTE7 is the total strain energy densifyandl denoted as material

fatigue constant and material fatigue exponent, respectively.
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For solder applications under thermal cycling, where creep rate plays a significant role as
the temperature is increased up tofhalof t he s ol der éDasguptakttali ng t e mp
further developed the plastic portion into instantaneous plastic and creep compadmaEmts
nontlinear timedepended material constitutive model is used, expressed by Equa@ipasd

(57) as followsrespectively.

7 7 . Vo
7 7 . L X
Where,7 and7 are the instantaneous plastic density and creep strain energy

density, respectivelyy and7  are the fatigue constants due to instantaneous plastic

strain energy density and creep energy density, respectivalydcare the corresponding
fatigue exponents due to instantaneous plastic strain energy density and creep energy density,
respectively Despite this, creep is not a concern for syripgated naneAg due to its high
melting temperature (961 ), which is significa
by two-fold. Given that the impact of the elastic component on the strainyedengity during
the temperature cycling is insignificant when compared to the plastic component, simplifying
the model would enable an investigation of the plastic strain energy density.

In this section, the aim is Gmulate thelasticstrain energy desity of the syringgrinted
nancAg windings experiencing two temperature cycling conditions listed in Table 15eThe
values will beutilized, along with the failure dattrom actual temperature cycling tests which
will be conducted and discussadthe Section 3.3, to estimate the nafg fatigue constant
(#) and fatigue exponent ). Therefore, a fatigue life model of the syringnted naneAg
windings can beevelopedThe scope describing the logic of the simulation is provided in Fig.

61. ANSYS wokbench is utilized to carry out this simulation.
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Table15. Temperature cycling conditions used for modeling

Dwell time at
Min. Max. Median
Ramp rate| both extreme
temperature | temperature | temperature

temperatures
Condition 1 55 175
6 0 10 / n 15 minutes

Condition 2 -6 5 185

Materials |

properties

Simulation target
S, Anand strain-energy
W'"?::J%ZIFEA > Wg::‘(i::ch » constitutive » density »| Failure model
model AW
Boundary | | Failure data
7 conditions from TC test

Figure61 The scope of thEEA simulation

3.2.2Geometry and material properties

It is assumed that the na#@ windings are syringerinted and spired 7 turns orsquare
Al,Os substrateas shown in Fig62. The width and thickness of each turn are 2.25 mm and
0.2 mm, respectivelf.he minimum gap between each turn is 0.45 mm. The material properties
are taken from references arslimmarizedn Tables 16 and 17[144]. Since the thermo
mechanical stress, strain, and strairergy are caused by the CTE mismatch under temperature

cycling, boththéf o u n g 6 s amddCdRidrewsat to be temperature dependent.
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Figure62. FEA model

Table16. Material properties used for FEA44]

Y 0 u nrgodwus
Materials Poi ssoné¢ CTE pnis
GPa
Al2O3 300 0.22 6.4
NancAg Table 17 0.37 19.6

Tablel7. Temperature dependent Young's modil4gl]

Temperaturg -4 0 0 25 60 120 150
Young?®

modulus, 9.01 7.96 6.28 4.52 2.64 1.58
GPa

3.23 Anand constitutive model
Anand model is selected to be the constitutive modeltakeas into account viscoplastic

phenomena that are tirtependent, meaning that the amount of plastic strain developed is
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dependent on the loading raldhe model does not necessitate an explieidycondition or a
loading/unloading criterion since it assumes that plastic strain occurs at all nonzero stress
values, albeit with an immeasurably small rate of plastic flow at low stresses. It is capable of
characterizing the mechanical response obram subjected to significant viscoplastic, but
minor elastic deformationg’he Anand model comprises tvgets of equations. The first set
relates to the correlation between the saturation stress and the strain rate at a particular
temperature describedn Equation §8), while the second set deals with the relationship

between stress and strain at a specific strain rate and tempetlagaebed in Equatio9):
¢ ORage om RAge
5 T2y 98 vy

£ £ £ O | p A £ R hy p VW
Where A” is the saturation stress. is the inelastic strain ratsis the materials constarit.is
the preexponential factorl and2 are the activation energy and universal gas constant,
respectively.d and& denote as strain rate sensitivi;md strain ree sensitivity for the
saturation value of deformation resistance, respectivelgndi stand for initial value of
deformation impedance and saturation value coefficient of deformation impedance,
respectively.Gis the function of temperature andastr rate] represents the strain rate
sensitivity of hardening/softening. is thehardening/softening constadtis the temperature.
Many researches introduced the procedures to test these parameters listed above. As for nano
Ag paste used for this usty, GQLu et al. have tested and reported the corresponding

parameters summarized in Table[184].

Table18. Material parameters of Anand model for the néwgopastg144]
1 P 0 0 N
Ld ) — I I U E

2 (MPa) | (MPa)

9.81 47442 | 0.65720| 0.00326] 11 67.389 | 15800 | 2.768 1
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3.2.4Boundary conditions
From mechanical perspective23l nodal constraints were applied to &kleOs; substrate
to ensure that the stresses were generated only due to the CTE misvhatehpoint A was
set to be fixed while point B was allowed to move in X and Y directiongaimi C was only
allowed to move in X directigras shown in Figs3. From thermal perspective, temperature
cycling conditions listed in Table 15 were used, and 10 cycles were simulated for both
conditions. Fig64 displays an example of temperature profile using temperature condition 1
(55 to 175 ). The first | oad step was-used to
printed naneAg pastewith the use of Element Death function to kill off the stiffnesshef
elements at thesistep and with the use of Element Birth to bring back the stiffness of the
el ements in ANSYS Workbench. It indicates that
the paste to be windings. Thus, the stfess temperature of hnaneAg windings was

specified to 350

& Actual windings umdergone 10 cpcles - 0.0005 + 10 layers
Static Swuctural

3130 239 PM

[ Fived Suppont

Figure63. Mechanical constraints in FEA

77



3.2.5Meshing

Temperature cycling profile (10 cycles) used for FEA

300 { || «— Pastes sintered

10 cycles

350 |||

i

[

[

250 n| |

[

[
200 pf | |r

O [
; mu
9 150 [ (TN |
= .
o [
2 100 [
£ ol
Fosoft 1|
||
|
0 [
|

-50 [hea-
-100 - -
0 05

Figure64. Temperature cycling profile using condition 1 in Table 15

25 3 35
Time, s

%104

The mesh details of the modsmie depicted in Fig.% As explained in Section 2.5, when

the naneA g

paste

was

S

ntered

at

350

and

subseque

between the narAg windings theAl,Os substrateleading to curvature tendencies in the Y

direction, as indicated in Fi¢9. Thus, a fine mesh was created for the rAgonindings,

based on the number of layers specified in Fig VBith an increase in the number of layers,

the number of elements ihd mesh also increased, which is expected to result in more accurate

outcomes. Fig. Bpresents the outcome of a mesh convergence study, which is a critical aspect

of FEA simulation, and investigates the effect of mesh size, in terms of the numberiohdivis

inside the windings, on the results (plastic strain energy density). The findings demonstrate that

the plastic strain energy density tends to be stable when the number of layers in the windings

exceeds 10Therefore, 10 layers was assigned to be timaber of divisions during mesh

process to conduct the plastic strain energy density under both two temperature cycling

conditions.

78



Side view — Coarse mesh

Side view — Fine mesh
Figure65. Meshdetails in FEA

Number of layers corresponding to

g X 10% number of elements generated in meshing

N
o

Number of elements

0.5

2 4 6 8 10 12 14 16
Number of layers in meshed windings

Figure66. Number of layers correspondito number of elements generated in mesh
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P 108 Mesh Convergence Study
X T T T T T T

T T

N
'S
T

1

N
N
T

.

N
T
L

181 J

Plastic strain energy density, J/m 3
>

1.4 b

12 | . | . | L | |
0 2 4 6 8 10 12 14 16 18

Number of layers in meshed windings

Figure67. Mesh convergence study

3.2.6 Results and discussion

Sparse Matrix Direct Solver was usedcehable a more robust solver for nonlinearities with
the large deflectioturned on. Solver Units option was set to be manual to maintain consistency
between the Anand viscoplasticity reference units and the solver unit system. Force
convergence was engaged to track the status of the force convergence plot as the solution was

sdving and shown in Fig.&

——#—— Force Convergence Farce Criterion — — - Bisection Occurred — — - Substep Converged — — - Load Step Converged

[l I [
18355 [ | |
. I I I
) | \ \
5.8795 | | |
034129
H
2 194802
i
111183
PRI | qu “lj "lj
3622166 l ” H H H
el I [
aoeme e I I
i I I
1 52, 364, 216, 268, 526
49536
_ 3924
E’ 20718
Lk
9906
o
1. 52, 104, 156, 208, 260, 312, 364, 416, 488, 526,

Figure68. Force convergence plot during solvifxgaxis: time in minute, yaxis: force in N)
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Table 19 summarizes the maximum stress and strain values, as well as the maximum plastic
strain energy density. Under thermal cycling condition 1, F8§s70, and71 represent the
equivalent stres®lasticstrain,and plastic strainespectively. The corresponding accumulated
equivalent stress and strain over time can be seen in#g83, and74, respectively. The
maximum stress and strain values were found at the interface betweefghamudings and
the AlOs substratewhich is also the location with the highest plastic strain energy density
shown in Fig.B. Compared Figs70 and 71, the elastic strain is significantly smaller than
plastic strain, indicating minimal damages induced by elastic stfén.76 displays the
accumtlated plastic strain energy density over time, which exhibits a linear relationship after a
few initial cycles. This suggests that the plastic strain energy density can be predicted after a
set number of thermal cycles, and as the number of cycles ingréatsgue cracks are likely

to occur eventually.

Table19. Summary of FEA results under the two temperature conditions

Temperature Max. equivalent Max. equivalent Max. plastic strain

conditions stressPa plasticstrain energy densityd/n?
TC1(55-175 Cpoprm 0.1108 Cdmpm
TC2(65-185 C& X pT 0.1314 oFp p T

@ Actual windings undergone 10 cycles - 0.0005 + 10 layers

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 49536 s

3/12/2023 2:24 PM

2.7129e7 Max
. 243627
= 2.1598e7
1.8833e7
1.6068e7
1.3203e7
1.0537e7

7772186
I 5.006%9e6
2.2417e6 Min

0.000

0.020 0.040 (m)

0.010

0030

Figure69. Equivalent stress of nasftg windings(substrate hidden)nder thermal cycling condition 1
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Q: Actual windings undergone 10 cycles - 0.0005 + 10 layers
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: m/m

Time: 49536 ¢

3/12/2023 2:25 PM

0.0014354 Max
I 0.0012891
0.0011428
0.00099645
0.00085014
0.00070383
0.00055753
0.00041122
0.00026491

0.0001186 Min

0.000 0.020 0.040 (m}
I 4920 O

0.010 0.030

Figure70. Equivalent strain of narndg windings(substrate hidden)nder thermal cycling condition 1

Q: Actual windings undergone 10 cycles - 0.0005 + 10 layers
User Defined Result 4
Expression: NLEPEQ
Time; 43536 5
47272023 12:07 AM

0.1108 Max
0.088684
0.086572
0074459
0.062347
0.050235
0038123
0.026011
0.013899
0.0017867 Min

0.000 0.020 0.040 (m)
L]
0.010 0.020

Figure71. Accumulated equivalent plastic strgsubstrate hidden) under thermal cycling condition 1

w107 Accumulated equivalent stress over time
T T T T T T T T T
—%— max.value
4.5 [ |—%— min.value N
~—%——average.value
4k p
351 §

Accumulated equivalent stress, Pa
N
o
T

| |
PV NP NV 0 V0
1.5 2 2.5 3 3.5 5
Time, s x10%

Figure72. Accumulated equivalent stress over time
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%1073 Accumulated equivalent elastic strain over time
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Figure73. Accumulated equivalerasticstrainover time

Accumulated equivalent plastic strain over time

0.12 T T .
— = —max.value .
g — = —min.value » ,./
€ 01F average.value 7 |
c e
s /
K ey
2 0.08 [ ’ B
7] o
© —
© 14
< e
© 0.06 / B
Y /
2 "
> r
o e -
© 0.04 v 4
2 -
© S/ -
g L
3 r -
] 0.02 ,4,.”‘
< ’
/
ol e e e e e e e e e e e
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time, s w104

Figure74. Accumulated equivalent plastic strain over time

@: Actual windings undergone 10 cycles - 0.0005 + 10 layers
User Defined Result
Expression: NLPLWK
Time: 49536 5
3/12/2023 2:20 PM

. 2.5035e6 Max

2.2255e6

= 1.9475e¢6
1.6695e6

. 1.3915¢6
1.1135¢6

Eg 8.3547eS
5.5746e5

I 2.7944e5

1432.2 Min

0.000 0.020 0.040 (m)
1

0.010 0.030

Figure75. Plastic strain energy density of nafAg windings(substrate hidden)nder thermal cycling condition 1
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3 «108 Accumulated plastic strain-energy density over time
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Figure76. Accumulated plastic strain energy density over time

3.3 Thermal cycling test
3.3.1 Design of experiment

Thermal cycling tests were designed and performed under two conditions, as summarized
in Table 15, to identify potential failure modes, conffaitlure mechanisms, and collect failure
data for approximating fatigue life model constants. The test setup, depicted i, kitjizéd
a programmable EC1x Environmental Chamber (Power 2200 watts, Voltage 110 vac), which
had the capability to heat up 300 0 with a maximum ramp rate of
was equipped wi-depreedlarednialg Httihg on ghé Eear, Alowing a liquid
nitrogen tank to be connected tooperateaslov&4 . Li qui d nitrogen was
AirGas, LLC. Foreach temperature cycling conditighspecimens were prepared, in a total of
12 specimens, as shown in Fi@. Each specimen was syringeanted on arAl,O; substrate
usingnanekAg paste and experienced the sama sinter.i
naneAg windings prior to the thermal cycling testsfter completing the thermal cycling at
25, 50, 75, 100, 150, 200, 250, 300, and 350 cycles for windings experiencing temperature
condition 1, and at 25, 50, 75, 100, 150, 200, and 250 cycles forngmdixperiencing
temperature condition 2, date samples werg¢aken outat each observation cycle and their

resistance was measured usingrdbe Kevin measurement. A dummy sample connected to a
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thermocouple was also placed in the chamber to monitor tatope changes inside the
chamber. The potential failure modes, failure mechanisms, and failure criteria are listed in
Table 20. Microscopes were used to characterize the failed specimens. Finally, failure data

were collecteds typel interval censored dafor reliability analysis.

Display &

‘ZJV 1 ./]_:‘(-—_'i
Thermocouple l I “‘.’“‘@ =

Figure77. Thermal cycling tests setup
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Figure78. 12 specimens prepared for thermal cycling tests

Table20. potential failure mode, failure mechanism, inspection method, and failure criterion for each TC condition

Potential Potential

TC Dwell number of Taken out ] . Failure
" . Ramp rate . Measurement . failure failure L
condition time specimen period . criterion
mode mechanism
-55to . . Open
15 ° 6
175°C mins  10°C/min circuit,
4-probe Kevin 25,50, 75, resistanc
P 100, 150, crack Fatigue e
-65 to \ . measurement A
oc  15mins  10°C/min 6 200, ... increase
185 d over
20%

Due to the minimal gap of only ®mm between each turn, the possibility of shorting
concerns for two adjusting traces exists. To ensure that there is no potential shorting between
each turn of the windings, aptobe Kevin electrical measurement was conducted on each
specimen after syrirgprinting and sinteringThe corresponding resistanc¥) (between two
points was recordediven that the printed windings have a relatively uniform thickness and
width, the resistance between two points should be directly proportionallémgitle 0) of the

two points. For instance, in Fig9,2 ,2 ,2 ,2 ,2 ,and2 , should exhibit a
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linear increase with ,, ,, ,, ,, ,and, .Thishasbeendemonstrated by the plot

in Fig. 80, where a linear relation ship between the segmengtheand resistance is observed.
Additionally, the percentage change in resistance should also linearly increase with the
percentage change in length, with a slope of 1 indicating no shorting1Higstrates that the

slope is 0.99, combined with F8f, indicating that the syringpgrinted windings are not

shorted and are ready for the thermal cycling tests.

Figure79. CAD model of the #turn windings (left) and the actual syringanted windings (right)

o Electrical resistance between two points in sample 1 at 0 cycle

{ resistance, mohm
140 Y= 0.15*x - 0.24 linear fitting K|

120

100

80

Electrical resistance, mohm

60

40

20 1 L Il 1 L 1 1
200 300 400 500 600 700 800 900 1000

Segment length, mm

Figure80. Linear relations between resistance and two points in a sample before thermal cycling tests
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Elect1rical resistance change in percentage VS length change in percentage

X
8 A Electrical resistance change in percentage
‘>—< 09 y = 1*x - 0.0016 linear fitting
)
8 0.8 b
C
o)
207F 1
o)
aQ
£
0 061 b
o
5
S 0.5 A b
0]
2
§ 04 r 1
(2]
k%)
0 03 1
©
Q
g 0.2 - 1
o
Lu 01 1 1 1 1 L 1 L

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Length change in percentage, x100%

Figure81. Linear relationsvith a slop of lbetweerpercentage changeriesistance anpercentage change in length
in a sample before thermal cycling tests

The heat transfer mechanism during a temperature cycle is convection. In order to achieve
accurate values for ramp rate, dwell time, and temperature, adjustments may be needed for the
corresponding input values. The dwell temperature set value for thimghéamction is
controlled by the chamber probe, which provides feedback to the PID control loop to control
the air temperature inside the chamber. The PID3 using the user probe for control was set. To
prevent overshooting after reaching the extreme taegeperature, the chamber temperature
and user temperature were monitored by heating a dummy specimen connected with a
t hermocouple to 155 . T 182 indicatisguthat the chamier s h o wn
temperature is always greater than the user tempeidititing heating and reaches the targeted
temperature earlier. Once it passes the targeted temperature, the heating rate slows down and
stops increasing after reaching ~163 . Al t hou
temperature, it was negligibleh@&refore, the concern about overshoot under PID3 is resolved.

To examine if there is any delay between the targeted ramp rate and the actual ramp rate, the
dummy sample underwent two cycles, and the real temperature profile slightly lagged behind,

as showrin Fig. 83. Hence, adjustments were made to the heating and cooling ramp rates to
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ensure an actual ramp rate of 10 /min for both

rate of 11.14 / min and 11.30 [/ min, respectivel
180 Chamber temperature VS. User temperature using PIDA3
160 - =
140 - 1
9120 1
g
2
® 100 1
[0}
Q.
E |
A 80 b
60 b
Chamber temperature
401 User temperature 7
Target temperature
20 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Time, minute

Figure82. Chamber temperature profile VS. user temperature profile suing PID3 during heating

2Et(e)mperature Cycling Profile from -55°C to 175°C - Reality VS. Theory

T
150 1
100 1
9
g
2
© 50 1
[}
aQ
£ ’
(7] N
= 0 . i
-50 4
Real temperature cycling profile
Theoretical temperature cycling profile
_1 00 1 1 1 L 1 1 L 1
0 20 40 60 80 100 120 140 160 180
Time, minute
Figure83. The real and theoretical temperature cycling profile fford to 175

3.3.2 Typel interval censored data
There are two typed life testing data, including typlewhich is time terminated, and type

Il which is failure terminated. This study @dgpe-| interval censored datén this study, it is
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assumed the failure data follows a Weibull distributioit sSlexible enoughd capture a wide
range of failure patterns. The probability density function (PDF) of apavameter Weibull

distribution is expressed as:

~ 10 0
o = _Agp - QT
1 1
Where,| T andf Tt are the scale and shape parameters, respectively.
The cumulative density function (CDIs)formulated in Equatior6():
Aop o h  &yh
04 0 &@n P 1 B m 9p
mh i OEAOxEOA
Where 4 is denoted as the distribution furastiof lifetime.
The reliability function can be expressed as:
. . 0
04 0 20 Agb N QC
The failure rate function can be expressed as:
10 ro Qo
1
The mean time to failure (MTTF) can be expressed as:
P
-44&)13p r— QT

Maximum likelihood function (MLE) igypically used to estimate the parameters. For-type

interval censored data, it can be written as follows:

AR ANk p &0k QU
Where,
ph E A EA G\ A
V' om EMAT OAOA A ¢e
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SubstitutingEquatiors 60) and 61) into (65), and taking logarithm on both siléhen log

likelihood function is obtained as follows:

e 0 0 0 .
I ™ Agp = Aop — ¢ 0 X
1 1 1
Set) |, and take the derivative pfand obtains the followings:
;! o 10
T o AgH O ¢y

Where[ andr are the maximum likelihood estimationfofindr , respectivelyUse numerical
methods to solve with respectrtpthen substitute to finf.
3.3.3 CoffirMason model

Coffin-Manson model is a commonly used emgatimodel to predict the fatigue life of
materials subjected to cyclic loading. The model is based on the assumption that fatigue life is
inversely proportional to the cyclic plastic strain range experienced by a matedaaCoffin
Manson model relates the number of cycles to failure to the cyclic plastic strain amplitude

(YR ) as follows:

— R C. QW

Where, YR can be extracted from FEA simulatianandAare the fatigue ductility coefficient
and fatigue ductility exponent, respectively. By fitting the experimental data to the -Coffin
Manson equation, both andAcan be determined, allowing for the prediction of the fatigue
life of the syringeprinted nao-Ag windings.
3.34 Results and discussion

During each inspection time, all of the specimens were removed for electrical
measurementsn example of specimens under thermal cycling conditionshag/n in Fig.

84. The failure frequency at each thermatloyg test condition was summarized in Table 21,
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indicating that all of the windings can endure up to 150 cycles under both cycling conditions.
For nost of the failed samplean increase in resistance before open circuit failure occurred
was capturedsud as Samples 2, 3, and 5 under thermal cycling condition 1. A closer
inspection using a microscope was provided in Fagwhich revealed that cracks crossing the
crosssectional area of the windings were obsenfaaface cracks were first observed after

150 cycles under thermal cycling condition 1 and after 100 cycles under thermal cycling
condition 2 as shown in Fig.@ It is believed that the surface cracks initiated after 100 and
150 cycles, respectively, and tended to propagate along thesexssal area of the windings

as the cycles accumulated. Eventually, some cracks propagated enough to fracture the windings
in their width direction. This phenomenon can be explained by the CTE mismatch between the
nancAg windings and the\l,Os; substrate, wich induces cyclic strains within the naAg

windings and results in failure under thermal cycling.

Table21. Failure frequency under each thermal cycling condition

Thermal cycling condition 1 Thermal cycling condition 2
(-55 - 175°C) (-65 to 185°C)
Initial time Inspection time Failure Initial time Inspection time Failure
(cycle) (cycle) frequency (cycle) (cycle) frequency

0 25 0 0 25 0

25 50 0 25 50 0

50 75 0 50 75 0

75 100 0 75 100 0
100 150 0 100 150 0
150 200 1 150 200 3
200 250 0 200 250 2
250 300 1 250 300 1
300 350 3
350 400 1
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Electrical resistance using 4-probe measurement for Sample 1

from 0 to 350 cycles (-55 to 175°C)
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Figure84. Electrical resistance measuremfamtall the 6 specimerat each inspection time during thermal cycling

test c

ondition 165 to 175 )
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Figure85. Failure examples under each thermal cycling condition (a scale ®@0ofim is located at theoutheast
corner)

Figure86. Surface cracks observedder thermal cycling test condition 1 afi®0 cycleqa scale bar of 0.5 mm is
located at the southeast corner)
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