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SUMMARY

Flexible substrates with printed electronics are being increasingly sought for the
widespread and cosffective use of flexible electronics. With printed ink on flexible
substrates, several items need to be examined: synthesis of ink, deposition wififgk, ¢
of ink, line and spacing of ink, adhesion of ink, fracture strength of ink, electrical
characteristics of ink, etc. Among these items, adhesion of ink to the substrate plays an
important role in the overall reliability of printed ink on flexible swate. When ink is
printed on flexible substrates, assembly of surface mount devices on such printed pads is a
challenge, especially if one desires to use a fully additive process. For such assembly
techniques, various process parameters need to beielkiatifd the strength of the joints

needs to be assessed.

The research has determined modified experimental techniques to determine the adhesion
and interfacial characteristics of printed conductors, and the research has shown that the
developed techniquesn be used on different substrate and ink materials. The developed
techniqueshave addressed delamination both under shear and peel modes, and the
dependence of adhesion characteristics on process parameters has also been studied. A
sequential crack extsion numerical techniqgue has been implemented to determine the
critical energy release rate for the delamination of printed conductors from a polymer
substrate, and it is seen that the critical energy release rate is in the order o10hi¥m

work has also developed and assessed a-&dbjitive printing process for assembling
surface mount devices on flexible substrates. Using different process parameters, this work

has examined the joint integrity of such fullgditive printing process fatomponat
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assembly. Overall, this work has added important insight into both printed material

adhesion as well dbe integrity ofadditiveprinted interconnect joist
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INTRODUCTION

Printedflexible electronic®ffer not justflexibility, but have other advantages in terms
of manufacturing, and sustainabilitgince fexible substrates afeldale, twistabdle and
stretchablethey are used in broad range of applications including internet of tfiaTgs
to medical devicedp connectons in hardwareFlexible electronics hee been around for
decadswith the base opolyimide substratandcu foil. Recentlywith newer application
loT spae, flexible electronics neetb bespaceefficientandunobtrusive sensotkat are
sustainablebut lowcostto manufactue. In 2018, the smart phone market sdra new
phase ofoldable phones, with Samsung and Huawai revggimducts that allow users
to carry a phone with a tablet size scrégn Stretchable electronics amgtegraed into
clothes and tattoo patches for health monitof)@]. Manufactuing price reductions are
possible withlarge working area flexible substrates withwer weight which are easier
to transportSustainability is a newer driver in the flexible electronics field as recyclability,
biodegradable and biocompatibility arecbeming more of a concerifihis pushis leading

industries to explore nematerial setso use in flexible electronics.

Figure 1: Flexible electronics sourcg3]



With the new stage of materialgjnged electronics amnovingto flexible electronics
due to easier productiontegration for bottsubstrates and films (ink, laminated films or
pastes)by printing tools Since printing can be performed outside of a cleanroom
environmentthere is enefit oflower overhead production costs well as reducing the
need to store spapartsAlso, printing is valuable for itsadaptability in initial prototyping
stages where on the fly design changes can be more easily accommodateever,
printed electronicdechnologyneeds to address the concerns with qualification to be
producton-level ready.These qualifications are based on the industry test standards like
IPC 9204, ASTM D813andASTM E187%15 for quantifying the reliability and material

properties important for determining a sound product.

Reliability testingof flexible electronisincludes mechanical loading such bending,
folding, twisting and stretching of the substrates as well asitbenechanical loadg due
to thermal cyclingor thermal storageWith these loadings, debonding or cracking of the
layered films or assembled devices from the substia@tecause overall product failure
Adhesion qualityis one of the important indicatorf®r the reliability of the flexible

electronis [4].

1.1 Adhesionexperimental techniques

The basis of the printed filmdhesiortechniquedollows from five thin-film adhesion
techniquespeel test, tape peel test, blister test, indention tests anddesahmg testfd-
8]. Beforedetermining the appropriate test technitpuase, it is important to consider how
easy it is to prepare the sample, the sample limitations, what type of data is collected, the

control factors, and the equipment availabilityis also important to understatitatthe



printedink film is harder ¢ peel at the intended interfamigthe substrate and filoompared
to thin films.For porousnk sintered filmsthe sintered nanoparticle structgreates many
crack initiation pointsvithin the film at each nanoparticle connectioRor printed films
with fillers and a polymer matrixk, the plymer matrixmay haveveaker adhesioto the

filler than the polymer to the substrate

For a peel testhe thin fim is peeled away frorthe substratevhile the peel force and
distance of the peel are monitor€hmmercial equipment is available, litutequires that
it must be easy to pull the peeling filds the film is peeled atonstant rat@erpendicular
to thesurface, the force will beconm®nstant asteadystateonce thdnitial slack is taken
out from the peel arm. The steashate information is serguantitative since the
experiment assumes the film did not have a large plastic deformation throughout the film

nor doesit considerthe energy needefor the film to transform.

A common adhesion testtise tape peel test with commercially available kits.tRer
tape peetest, a grid pattern is scratched into the film and then a piece of tape is affixed to
the film. After about 60 seconds, the tapgeeled away. Afterwards, the grid pattern is
examined to see if any of the film squares are removed by the tape. Depending on how
many film squares remain, itgsadednto a categoryo determine if the adhesion is good
or bad. Categorization depesdon how much of the grid structure remained; it was
gualified by the amount left with a rating ranging from BO (over 65% delamination) to B5
(no delamination)9] If the adhesion strength of the film is greater than the tape, all

the films will have a goodrade. Sothe testdoes nofjualify the filmsbeyondB5.



The blistertestis a fully-quantitative testechnique, thatan measureghe adhesion
strength. In this testinderneath the film there is an access port to applspre. A blister
is created with the pressured air. With gressure, there is a point arfethe blister will
grow in diameterHowever, this is a complex sample preparasimte a structure with
sacrificial layerneeds to be fabricatedlso, the film needs to withstand the pressure
neededand a custom fixturmmu st be designed to apply the p

blister diameter

Commercially available indentation tools are easily used to create a scratch in the
surface of a brittle coating. However, the force and displacement results are difficult to
guantify and may not be at the intended interfabe. ink material is not brittle, and so this

test is not applicable.

Beam bending techniquebke double cantilever beam (DCBQy four-point bend
(4PB),require a stiffer sampl® undergo bending loadhe bending techniques at&ect
andgive quantitative data but have limitations with flexible substrate geomeftiese
testsare typically conducted on commercially available universal test stands, but the
fixtures to the samples maybe custom ma&idterent fixtures can apply different loading
directions from the pure tensile, to mixing different shear maalsesin a control manner,

e.g. Brazil nut.



Table 1: Test method comparison for adhesiof¥]

RS

Tape Peel Indentation Beam
Technique Peel Test P Blister Test Test/Scratch .
Test Test Bending Tests

Straight Straight Straight Straight
EeEe G P Forward Forward - Forward Forward

Films need to

Hard Brittle
be able to Coatin
L Adhesion withstand 9 o
Peeling film (scratch Limited
- strength pressure as
Sample limits  must be able only) Sample
weaker than well as .
to be pulled o Substrate Geometries
tape sacrificial .
layer influence
fabrication (Indention)
Semi Fully o
Coqtrol_ Different
delamination :
rate loading
Loading Limited Limited Limited conditions
Apply
. based on
different :
fixtures
angles
Commercially
Available Yes Yes Yes Partly

Equipment

Table 1 shows thehin-film adhesion techniqudsy comparing the preparaticgase
sample limitations, datype, loading capabilities and commeraguipmentvailability.
Studies forthe adhesion of printed inks on flexible substrareéimited compared to thin
film studies[10]. 90x peel test has been useddqoantify the adhesioof ink on flexible
substrate$11-13]. In one of the studies, an additional layer is electroplated to the printed
film to thicken it so that the tool will be able to hold and peel the dignwell as decrease

the effect of energy lost due to plasticiBuch additional electroplating could edt the



interface of interestMlany ink on flexible substratevaluationsise the qualitative ASTM
D335917 peeltest[8]. As mentioned previously this only gives information fatemials
for poorer adhesion compared to tape, and it does not quantify the peel sienghod s
strain energy release rate was calculated with beam bending techrdguése cantilever
beam and four point bendby curing it betweestiffer composie material[14]. A stiffener

is needed for the flexible substrate if beam bending techniques are pursued.

Joo suggested a modified button adhesion test, where a blank Si die is attached to the
ink surface with an adhesive andrhe die shear test ieformed to remove the Si die
with the ink film [10]. In a die shear test, a paddle pushes the die at a controlled
displacement rate until the die beconuetachedrom the substrateThis test is more

applicable for the assembled devices, but it is limited to the shear loading.

Forthe currentwork, the peel test will be the main technique explofde peel test
allows foreaser preparatiornof the sample withouany sacrificial layer. The peel test is
easily adaptable for different mode tebis changing the angléilso, the test lets the
samples bagal before testing for the adhesididowever, there needs to baadditional
consideration of thexperimental seup with these thin filmsinceplasticity is not fully
accountedor. FEA simulation needs to also be pued to examine how the plastic strain

energy can be accounted for in the peel[tEst

1.2 Flexible substrate assembly

Academc researcherss well ashosein industry,arecurrently pursuing ssembly of
components on substrates with printed condud®isted electronicassembly techniques

with traditional toolingmainly focus on Ag paste and epdpdyb, 17]. For surfacemount



deviee (SMD) attachments onto flexible substrates, techsigwailable includewire-
bonding Controlled Collapse Chip Connecti¢@4) reflow,anisdropic conductive films

(ACF), isotrogc conductive adhesives (ICA) or pastasd fully additive techniqud4.38,

19]. Depending on theechniquethedirection of the active side of the chip, whether face

up or face dowpcan affect the electrical performance as well as the footprint size needed
to accommodate the chiph& technique may also the limit the type of chip laypiith
between the bump interconnect, bump materials, and additional steps may need tq be taken

like surface finish on top of the trace before assembly or underfill after assembly.

Figure 2: Wire bond demonstrated first without nickel coating and with nickel
coating[19]

In wire-bonding as shown iRigure2, Au wires are bonded to the die pad, swept, and
then attached to the printed pads on the substrate. The active sideitis lipitation of
the pitch to a peripherglattern, and this will decrease the electrical performance las we
as require a larger footprint. Alsdet printed pads need to be reinforced \eitctroless
nickel immersion gold (ENIGjor attacting thewirebonds but there is no bump to be

modified nor anyneed for underfill.

Traditional solder reflow (C4: Controlled Collapse Chip Connection) is a key

technology for assembly on rigid substrates with copper padsuse it allows for mass



production attachment of component$e active side is down, which allows for higher
I/O count inthe area array and better electrical performancéhasmaller footprint.
However,the solder reflow does not work with most printdd conductorsand he
soldered components will need the IENinish to act as a barrier lay&r keep the solder
from consuming all the silver in the padSolder reflow would also requirehigh
temperature processing which may not be amenable to severtrgyerature polymer
substrates typically used in flexébklectronicsAdditionally, an underfill step is needed

after assembly.

Isotropic conductive bumps are formed digpensing or stencil printingonductive
adhesive or paste tmdie pads. Thessphercal bumps can be brittle. For a better
connectionlike as seenn Figure 3, Au bumpscan be dippednto an adhesiveand
assembled onto the substrate. This technique lets the active side be dallovasdor

higher 1/0 wit area array for the pitch. However, it does require underfill, but no ENIG.

R AT RO KA BEREN

Figure 3: Schematics illustrating assembly using ACF and ICA for a flip chip

Anisotropic conductive films (ACF) are oftersedfor tapecarrier packages (TCPRs)
Using them is ofterconsidered a thermoompression bonding technigbecause othe
pressure and temperature needed to apply during bonding the package to the film.

Depending on theparticle sizeand spacing of particlesf the ACF, limitsmust be



considered fothe pitch of thedevice, so that there are no shorts formed. Atsgher
pressureareneeded to deform the particles ahd stifferAu bumpsare ableo apply the
pressurédetter than soft solder bumpehe ACKfilm acts as underfill, so there is no need

for underfill step nor the need to look at ENIG finish on the ink traces.

Interconnect Lines

Diglectric

Die-Attach Ramps

IC Die

Packaging Substrate

Figure 4: Dielectric ramps[20]

In terms of fully additive techniques, there are two main types identified in literature:
dielectric ramp and sinterirtgchnologies. The dielectric ramp utilizes a printed dielectric
ramp around the edges of a die to be able to print conductive traces from the die pads to
the substrated he printerbuildsboth wiring and interconnections in a single step as shown
in Figure4. In this processthe die is first attached to the substrate with its active side up
before printing the dielectric ranf@0, 21]. However, this techgue limits theassembly
mostly to peripheralpad layouts requiresa large footprint and hashigher electrical

parasitics due to longer trace lengths



(a)

Figure 5: Fully ink assembly process which is limited to periphera]17]

For better pitch scalability and electrical performanoegesng technologies offer the
best solution [22]. This method usessintering of Ag ink as a way of assembling
components on flexible substrates, sidgeink can be directly sintered onto the trace
without the metallic coating to protect the tracBy. working with this methodthe

assembly is done after ink printing. i$hs the opposite of the work shownFigure5,

where they placed the resistor first and then print the ink for the joint. This will have the

same limiation of only peripheral pad layouts as the dielectric ramfso, Ag ink is

conductive after oxidizingnd hasintering temperatures below 26D [13].

Table 2: Assembly ontoink traces comparison

IE]

Isotropic conductive Anisotropic Conductive

Technique Wire-bonding C4 Reflow bumps (ICA) Film (ACF) Sinter Bump Dielectric Ramps
Active Side Up Down Down Down Down Up
Electrical - Good but EM ok ok Great (Low parasitics, _
Performance concerns good EM perf.)
Iim':ti;:::zns Peripheral Pref. Area Array Pref. Area Array Pref. Area Array Pref. Flexible Peripheral Pref.
Footprint _ Chip scale Chip scale Chip Scale ( Pressure) Chip scale _
Alignment Yes Yes Yes Yes Yes No
Underfill No Yes Yes ACF acts as Underfill Yes No
Surface finish _— No No No No

1C



Table2 compares all theechnique®f assemblyy the restrictions on different aspects
of the build.The cheaper option with less upfront wonlay be to do the additional ENIG
surface treatment, sihat the traditional assembly techniques of wire bonding and C4
reflow maybe used. However, to pursue the best electrical performaiscerdrk will
focus on the sintering technique for a fully additive assembly process. The pitch
performance is flexiblewith the ability to do the dip process for the array bumped chips

andthe ability to do therinting techniquen the printed traces.

1.3 Gaps inexisting literature

For printed inks on flexible substrateadhesion strength has been identified as an
important indicator for reliability In general for the printed film adhesion experiments,
there is a gap between tleaperimental data from thaedhesion tests andietermining
guantifiable adhesion data suchtaescritical energy release ratewould be a step forward
to find better ways to measure resultsddferent load type®sr thermal aging affectsn
the interfacial adhesion strength. literature, there are many applications of thin film
adhesion techniques which could potentidlly usedto determinethe critical load to
debondthe printed inkfrom theflexible substrate. Thisritical loadinformation carthen

be used imumerical simulations to extract thatical energy release rat&¢).

With regardsto assembling onto flexikl substratethat haveprinted traces, various
methodshave beerliscussed, but th®cus of this work is on sintered bump techniques
due to the emphasis on electrical performancettiesefully additive sintered technigse

there is a gap in the litetaefor assembly technique for large production scalet@anal

aging.
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An all-silver-ink processfor substrate creatiom the surface mount device (SMD)
assemblyshouldallow for quicker production cycle, cheaper manufacturargl custom
and lowquantty production[23]. To optimize the processeveral items need to be
examinedor printed inkon flexible substratesynthesis of ink, deposition of ink, curing
of ink, line and spacing of ink, adhesion of ink, fracture strength of ink, electrical
characteristics of ink, etc. Among these adhesion of ink to the substrate plays an important

role inthe overall reliability of printed ink on flexible substrafd].

When ink is printed on flexible substrates, assembly of surface mount devices on such
printed pads is a challenge, especially if one desires ta figly additive process. For
such assembly techniques various process parameters need to be identifiedaaddth

of the interconnect needs to be assessed.
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OBJECTIVES AND SCOPE OF THE RESEARCH

Adhesion of printed inks on flexible substrates under thermal and mechanical loading
continues to be a concern for flexible, bendable, and stretchable electAdthosigh
qualitative evaluation tests for adhesion are available, quantitative tests are still evolving
for printed inks. With printed films from solvent inks, the thin films may not be continuous
due to the printing settings. Also, the ink films are destyto be highly porous which
inhibits the pulling/shearing of the film directly. Thus, adhesion tests should be developed
as well as appropriate numerical models need to be explored for obtaining interfacial

fracture parameters.

In addition to adhesionharacterization, assembly of components ontankgraces
printed on flexible substrates throughiak process needs to be developed. Such a process
must consider the temperature limit of the flexible substrate as well as the metallurgical
bondingcaplai | ity of the intended {jumTodormagood t he
Ag joint, often pressure is applied during the applied temperature profile. An oven reflow

process is ideal, since a long temperature time is associated with Ag ink sintering.

1.4 Objectives andscope ofresearch

Based on the above considerations, there are three areas of focus in this research. First,
adhesion characteristics of the ink to flexible substrate needs to be determined
experimentally withinnovativetests. Second, a nunel modeling scheme needs to be
developed to extract interfacial parameters from adhesion tests. Third, -additive
printing process for assembling surface mount devices onto flexible substrates needs to be

developed. An overview of the objectivesiatope of the research is presenteigure
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6. The overall goal of this woris to demonstrate a fullgdditive assemblyprocess and to

characterie the adhesion strength of the printed ink on flexible substrate.

characterize the adhesionstrength of the printed ink on a flexible

subsltrate.
| | | | 1

Objective 1: Develop techniques|to | Objective 2: Develop numerical modeli Objective 3. Develop and assess full
determine adhesion characteristics | scheme to extract interfacial parameter additive assembly process for surfac

‘ Goal: To demonstate a fulpdditive assembly process and

a

of printed ink on flexible substrate from the adhesion test mount devices on flexible substrate
Task 1.1Develop a shear Task 2.1_ Obta_in G for the peel Task 3. Assembly process
testing of film test simulation Method 1

Task 3.2, Die-shear testing to
examine joint failure location &
Task 1.Z2,Develop a modified crosssectioning
peel test for adhesion
measurement

|Task 3.3 Study the effect of thermally
aging assembled samples

Figure 6: Overall goal and objectives for this work

1.4.1 Development and demonstration of innovative adhesion tests

The first objective of this worls to develop andemonstrate techniques to determine
adhesion characteristics of printed ink on flexible substrate. Two types ofwersds
examinedfor printed inks shearand peel.The shear test developésl analogous to the
button shear test found in testing of epoxy mold compounds to Cu lead frames. This test
wasused for agprinted as well as for thermally treated inkghen developing theodified
peel testtwo different peel configurationsere considredto characterize the interfacial

adhesion of printed inks

1.4.2 Finite-element analysis of peel test
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The second objective of this work is to develop numerical modeling scheme to extract
interfacial parameters from the peel test. Fheiement modeling waslone through

commercially available ANSY9®' software to extract the interfacial parameter

1.4.3 Fully-additive assembly process

The third objective of this work is to develop and demonstrate a fully additive assembly
process for surface mount devicézarameters to consider for the assembly process
included: temperature profile, applied pressure, and duration of pressure. For this process,
the SMD was placed with initial pressure, but did not have any pressure applied while in
the oven. Upon assemblyprme of the devices were electrically examined. Gross
sectioning was also done for examining joint formation-&biear testing afterwards was
done to evaluate the joint strength, and SEM and optical microscopy were done to
understand the areas of failude. addition to asassembled samples, some of the samples

were thermally aged, and the electrical resistance measured

1.5 Dissertation structure

This dissertation is organized into 8 chapters. Chapter 1 gives a brief introduction into
current literature anddentifies the gaps in the existing literature. Chapter 2 gives the
objective and outlines the methodology used for each of the three objectives identified to
accomplish the goal of a fullgdditive assembly process. Chapter 3 focuses on the ink
characteration. Chapter 4 focuses on the button shear experiments for ink adhesion and
the results from experiments. Chapter 5 focuses on the two different peel methods for ink
adhesion and the results from experiments. Chapter 6 examinesfamient analysis

(FEA) to extract interfacial fracture parameters. Chapter 7 develops the ink assembly

15



process and provides results from the process. Chapter 8 concludes this work highlighting
future applications as well as the research contributions. In addition, themppamedix
sections to help understand the background: Appendix A provides sample preparation
considerations for imaging with detailed instructions about scanning electron microscope
(SEM) set up, Appendix B discusses ENIG processing, and Appendix C ésa&isesss

and strain detection tools
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PRINTING OF CONDUCTIVE INK TEST COUPONS

For flexible printed electronics, various printing techniques are often employed. These
include screen printing, aerosol jet printing, inkjet printing, gravure printing, flapbic
printing, and several others. This dissertation deals with inkjet printing, and thus, most of
this chapter focuses on inkjet printing. However, to provide a comparative background,
aerosol printing is also discussed in a limited sense, and cdeamaom techniques such
as photolithography are also presented for cost comparison purposes. Screen printing uses
polymer matrix with conductive filler particles, and screen printing is not the focus of this

work.

Typically, silver (Ag) inks areused forcreating the conductive lines/tracaadare not
commonly used for joinformation[16, 24-27]. Understanding thank characteristics of
the specific printed inks necessaryor both the trace adhesion development and a-fully
additive assembly proce#sg ink is similar to Ag paste and both have the sanpacting
factorsi (a) ink composition: Ag particle size, geonyetind distribution/concentration
(b) processing parameters: deposition technique, sintering profile, and drying time and (c)

design: layout and deposition p4#§].

When discussing Ag inkor the sintered/patrticle films, ink composition has several
parts including but not limited to particle characteristics, surfactants, suspension polymer,
and particle concentratigf28]. Often the silver ink particles have a coating to prevent
agglomeration, since Ag clumps will interfere with the deposition by clogging the system.

This coating layer needs to bemmoved either by chemical reaction or additional energy

17



provided by heat. With inks, often the solvents that act as suspension may evaporate at

room temperature over extensive time periods.

While printing test coupons, various process and material paesneeed to be
considered. Even with the same type of viscosity and surface tension for the ink, the printed
trace could be different depending on the printing technique as demonstraigdra.

As seen, the aerosmt-printed trace is narrow and has good spatial resolution compared

to the inkjetprinted trace. However, the aeroget-printed trace is more porous resulting

in higher resistance compared to inkpeinted trace.

Figure 7: Same polyimide flexible substrate design with traces for measuring a fhp
chip daisy-chain test vehicle printed by (a) aerosol jeprinting and (b) inkjet printing

The aerosol printing is similar to the concept of spray painting, and so a fine mist of
the particles were sprayed onto the surface, while thgetndtrops ink droplets onto the
surface Ink-jet printed test coupons beleadifferently from aerosol jgirinted tested
coupons due to changes in printing process, ink composition, curing profile, resolution
limits, etc.[29]. For deposition, inket printing is a good candidate due to its low cost with

high efficacy and resolution compared to other techniques listeédumne8 [23] [30]. For

18



ink-jet printing, the main pattern parameters included: head feed mjer{dzzle size,

viscositythe rozzle can handle for inland theresolution of head movement.

Photolithography Shadow mask Micro-contact printing Inkjet printing
Cost Extremely high Low Medium Low
Area Extremely small Large Medium Large
Efficiency Low High High High
Temperature High Low Medium Low and High
Mask Needed Needed Needless Needless
Resolution Extremely high Low High High
Compatibility with polymer Bad Good Bad Excellent
Flexibility Bad Bad Bad Good, digital lithography
Compatibility with R2R Bad Medium Good Good
Material consume Large Medium Low Low
Requirement of environment Clean rooms, vibration isolation Low Medium Low
Process Multi-step Multi-step Multi-step All in one
Mode of action Noncontact Contact Contact Noncontact

Figure 8 Comparison of selectegrinting and patterning techniques[23]

For the layout and deposition, the applications design drives the thickness as well as
line/space size needed to obtain the desired electticafmal and/or mechanical
performance. For printers where multiple passes are needed to reach the desired thickness
of the printed ink, the time of the print between the layers could range from a few minutes
for a small design to 30 mins for largerfootpti desi gns depending on
configuration. During this wait time between two subsequent layers, the ink could dry due
to solvent evaporation, and therefore, the characteristics of the printed ink will be
dependent on the size of the sampimted. This in turn, could potentially change the

adhesion strength of the printed sample.

For this chapter, the ink film processing is discussed in terms of materials, processing
parameters, and design. Also, a quick evaluation of the adhesion oitieel ik through

tape peel testing is discussed.
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1.6 Inkjet printing

For this wor k, t wo main materi al sets wer

Rogers Corporation ULTRALAM® 3850HT Liquid Crystal Polymer (LCP) substrate and
NovaCentrix® Metalon® JB25P Ag ink printed on Novel¥ 1J-220 Polyethylene
Terephthalate (PET) substrate. Various details of the two ink chemistries and processing
parameters are discussed in the subsequent sections. These (@lutdecomposition:

Ag particle size, geometrand distribution/concentratipr(b) processing parameters:
deposition technique, sintering profile, and drying time and (c) design: layout and

deposition path28].

16.1 Materi al set 1: BkiomRogepsrCorpofatiof WMLDRABAM® 0

3850HTLCP

In the first set shown ifFigure9, Sunt r oni c E inlEWhD depsited Onto
Rogers Corporation ULTRALAM® 3850HT LCP substrate that was particularly
formulated to be stable at higher temperatu®s1 nt r o ni ¢ E inkEisveDsoher# 3 0

based binder with 40 w% concentration of 50 nm Agphericalparticles
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Figure 9: Scanning electron microscopeJEM) imagesSunt r oni ¢ E AGiIMkD 57 30
on Rogers Corporation ULTRALAM® 3850HT LCP Substrate

For processing, a commercial Fujifilm Dimaff¥xDMP 2831 inkjet printer, as shown
in Figure10, was used to deposit the first material set: SunChemical® SunTYdal¢D
5730 ink onto the LCP substrafithe LCP substrate was attached to a heated stage held at
to 60 °C. Since the vacuum on the stage did not hold the flexible substrate well, an
additional Kapton tape was used to secure the flexible substrate. The printer head moved
in thex andy directiors with a fiducial camera for alignment. The replaceable cartridge
had the ink for the print, and the print quality was primarily controlled by the cartridge

calibration.
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Fiducial
Camera Angle of the
cartridge
incorporated
into printer
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Cleaning
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Sample attached using a Kapton ta|

Figure 10: Stage and cartridge of the Fujifilm Dimatrix DMP

Cartridge calibration consisted of watching the droplets from the nozzle jets. In drop
watching viev as shown irFigure 11, view of the nozzles on the cartridge helped with
ensuring the neighboring jets had the same length and timing. A blocked nozzle would pool
ink instead of jetting and that would indicate tlina jet needed cleaning. For a given print,

a series of nozzles should jet together. The active number of jets impacted the print time.

Droplet tail Reflection off the silicon

Jet Nozzle

Figure 11 Drop watcher view of the ink jetting from the nozzles
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Once the pattern was designed, the design was then uploaded in a Drawing eXchange
Format (.dxf) to be converted into a bitmap image where the pixels indicated the drop
locaions. When the conversion from .dxf to bitmap is not done correctly, print errors and
gaps as shown ifigure 12 could occur. Thus, careful examination of conversion is

necessary.

Figure 12 Inkjet printing may have conversion errors

For theSunChemical® SunTroni EMD 5730ink, the sintering range suggested by
vendor was 150 °C to 250 °C, and as a first step, an isothantalrgy temperature was
determined through sintering characterization. TRUBA InstrumerfE SDT 600 analyzer
was used taletermine when the solveit the ink fully evaporatedby monitoring the
weight loss in the printed inlby temperature sweeping fnoroom temperature to 500 °C

at a10 °C/min ramping rate

23



Weight (%)

40

T T T T 1
0 100 200 300 400 500
Temperature (°C) Universal V4 5A

Figure 13 Residual weight of Suntronic Ink @ ramp rate of 10 °C/min with
temperature run from room temperature to 500 °C

Accordingly, it was seen in

Figurel3that the net weight of the ink after reaching a temperature of 28@bdized
and was about 40%of the initial weightindicating that almost all of the solventdha
evaporated by 200 °@s this temperature falls in the middle of sintering temperature range
recommended by the vendor, and as this temperature is appropriate for sintering silver
nanoparticles silver (e.31]), it was chosen for sinterindpé ink in subsequent studies.
After printing the samples, they were immediately placed in the oven for sintering without

any air drying.

Although the samples were not intentionally air dried, the print time would affect the
natural drying of the ink, antherefore, the print footprint and direction of printing should

be appropriately selected to reduce the print time.
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3 Ag Layers

printed
immediately
3 Ag after each
Layers with other
a wait time
between
layers of
ENIG
surface

SU8230 10.0kV 7.1mm x35 LM{LIL)

Figure 14: 1x1 mm squares on an ENIG surface with comparing if there is a wait time
between layer prints or no wait time

Figure 14 shows 1x1 mm ink squares printed on an ENIG surface with and without
wait times between layers. Figure14, the left square was printed with@layer followed
by a wait time of 40 mins before printing th& fyer; another wait time of 40 mins was
added before printing thé%3ayer. The right square was then printed with 3 consecutive
layers with no wait time. After the second square was prititedsample was placed into

an oven to sinter at 200 °C for 30 mins.

10.0pm

Figure 15: SEM Imaging of the 3 layer structure with wait time between printings of
the layers with increasing zoom
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SEM images of the square with wait time beén layersKigure15) show a rougher
surface compared to the images of the no wait between printing different IBigrse(
16). The images ifrigure16 show a more uniform structure overall, but the film did not

have uniform thickness.

| Non-uniform height

KV 15, 1mm %180 SE(L)

Figure 16: SEM images of 3 layers consecutively printed with porous structure

1.6.2 Material set 2: NovaCentrix® Metalon® F25P Ag ink and Novel¥ 13-220

Polyethylene Terephthalate (PET) substrate

The secondsample set consiedl of NovaCentrix® Metalon ® JB25P Ag ink on
Novele™ 13-220 Polyethylene Terephthalate (PET) substritevele ™ 13-220 PET is
manufactured for NovaCentrix® by Mitsubidhiaging (MPM), Inc[32]. The transparent
PET film has aspecial mesoporous film that allows for the ink to be conductive with a
roomtemperature dry. This mesoporous film wicks away the coating around the silver

particle which prevents the nanoparticles from agglomerating in the Melaton® Ag ink
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solution while h storageThe Melaton JEB25P consists of an aqueous solution with 25

wt% nano Ag spherical particles (average880nm diameter).

Figure 17: Scanning Electron Microscope image of NovaCentric® Metalon® J825P
Ag Ink on Novele™ [J-220 Polyethylene Terephthalate (PET) substrate

An Epson® Stylus® C88tlesktop inkjet printer was used for this sStulET sheets
were taken directly out of the packaged used for printingwith this printer, only the
printer head moved on one axis, and so the substrate was feed through. As this printer was
inexpensive with a low print resolution, the printed samples were not of high quality
(Figurel18). However, these print samples were still used in this study to demonstrate that
the developed adhesion measurement techniques could be used with more than one
material set and with more than one printer.wideer, the print process was much faster

with the new printer.

The NovaCentrix Melaton® Ag ink printed on Novele PET substrate was dried in the

air and did not undergo any thermal or lighilse treatment. For this set of materials, only
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one layer was pnted due to alignment issues, since the PETsubstrate must be feed through
the Epson® Stylus® C88+ printeiThe time for print was quick and lasted only a few

seconds.

The feeding of the
PET sheet througl
printer leaves a
space if issue

Figure 18 NovaCentrix Melaton® Ag ink printed on Novella PET substrate with
special coating

1.7 ASTM D335917 Tape Peel Test

Although quantitative tests were discussed in the next two chapters, a qualitative
adhesion test was first done for adhesmssessment. ASTM D3389 is a visual
inspection adhesion test qualification test. In this test, a grid pattern was first scratched
onto the printed ink to create a matrix of small ink squares, and a piece of tape was then
adhered on top covering the eatgrid pattern and held for 380 seconds. Then the piece
of tape was peeled, and the number of small ink squares remaining on the substrate were
used as an indicator of the adhesion strength. If 65% or more of the ink squares were
removed from the sulystte by the tape peel, then it was BO (poor adhesion), and if none

of the squares were removed, then it was B5 (excellent adhesion with no delamj@htion)
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Figure 19: ASTM D3359-17 Visual inspection (a) Olympus LEXT 3D lasemeasuring
microscope (b) optical view of sample and scratched grid (c) profilometer view before
tape peel test and (d) profilometer view after tape peel test

In this test, e grid consisted of approximately 10 x 10 squares, and upon peeling using
the tapetest, practically all of thsquares remained on the substrate indicating that the
adhesion quality was of B5 standarféigure 19 shows an examplex22 square, as seen
through the confocal microscope, out of the total of 10 x 10 squagese 19c shows the
laser profilometer view before the &apeel test, anBigure19d shows the view after the
test indicating that none of the ink squares peeled off. The green areas indicate the silver

ink adhered to LCP.

The technical datasheet for the Novele PET substrate reports 5B adhesion for the
Melaton® Ag ink[32]. Separate tests were performed on this material set, and the same

cl as s, Nn5B0 was obtained for this materi al

1.8 Ink Printing Summary

Two different material sets were discussed in terms of the ink composition, processing

techniques and the desighthe blanket film to be used for adhesion testing. Even though
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the concept was the same, using inkjet printing to deposit ink into a blanket film onto a
substrate, the two material sets had different processing concerns and time involved to

produce theilm. Both printed materials demonstrated 5B adhesion according to ASTM

D335917.
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ADHESION CHARACTERIZATION -SHEAR TESTING

For the adhesion testing, the button shear test was explored to examine the printed ink
in shear. Modification to the test was needed for handling thgetrgeinted films dudo
manufacturingconsiderations. (1) These films often are designed to be psmthat the
films are more flexibldy lower the stiffness. (2) Injetted films often are composed of
thin layers that are stackenb to reach the desired thickness. (3) Depending on the tool and
the file conversion to bitmap (or designated file ext@msfor the printer, the film may
show indications of the path taken by the tool head with slight spaces between passes. A
backing structure (epoxy mold compound button) was attached to the film to help with
handling and applying the load. This backingsture made the technique adaptable across

material sets and created a quantifiable way to make decisions between the sets.

Figure 20. XYZTEC ™ paddle shear configuration

The XYZTEC™ adhesion test tool is a commercially avaléaplatform, which is
capable of a wide range of adhesion tests including shear tests. For this study, the paddle
shear Figure20) was used to shear the button. Hu test, the head remained stationary

while the stage moved at a designated rate.
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1.9 Background on shear adhesion test of ink

To perform the shear test, a minimum height of the printed ink is required. In traditional
Arigi do el ect r on compopeatsskch gsiepmogy msld acorapoundicarebs |,
easily sheared from a Cu leadframe or a die can be easily sheared from a substrate.
However, as the printed ink is not thick enough to perform shear testing and as it would
take significant amount of time toipt up a thick enough structure capable of shear testing,

a button was attached to the top of the ink to be able to perform shearing experiments. In
this experiment, an epoxy mold compound (EMC) with the dimensions as shbiguiia

21was used as the button for shearing purposes. As the substrate is flexible, the substrate
needed to be adhered to a carrier, rigidoaal FR4 board, that was held flat and tight on

the vice before shearing of the ink could be completed.

3.568 mm
A
3 mm
3 mm
tce M evc B Ag
B Epoxy Cu FR-4

Figure 21: Schematic with the epoxy mold compound button and the crossection of
the stack up for the final structure need to be placed in the vice for the XYZTEGY
tool
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1.9.1 Sample preparation and fixturing

Figure 22 shows the process for the button shear test. First, the flexi®Re was
adhered to a carrier @Gtlad FR4 board which was sized to fit into the vice of the shear
tester. Next, preformed epoxy mold compou
using a commercially available epoxy that was set at room temperatufellgrcured in
an hour. The rooremperature cure alleviates any concerns of microstructure change in
the conductive ink. Due to the print droplet spacing and the print head path, directionality
was observed in the film along the direction of the pant the samples were prepared to

examine the interfacial shear strength perpendicular to the direction of the print.

—>

Sample Fabrication
(25.4 x 25.4 mm
square design)

$

LCP attached to carrier €L
clad FR4 board

‘ '
el

Preformed buttons epoxied Caie™ TR tak bloe tocs inficase peink direcics
to the inka surface at room Standard die shear equipment
Thermal treatment: 48 hrs @ temperature auip

200xC in oven used to shear buttons

Figure 22: Schematic shows how the button shear test sgues are prepared
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1.9.2 Details of experiments and images

Four studies were pursued with the button shear test:

1) Control study without any thermal treatment or surface treatment
2) Study with thermal treatment of ink and without any surface treatment
3) Studywith surface treatment of the substrate without any thermal treatment

4) Control study without any thermal treatment on a second set of materials

For comparison, the first two studies are discussed together to understand the effect of
thermal treatment orhear strength. The third study is discussed in terms of the effect of

ozone treatment on shear strength

1.10 Effect of thermal treatment on shear strength

For the first two studieslTable 3 lists various test cases studied for the button shear
test. As seen, two to three layers of ink with and without thermal treatmeee¢xamined
through theEMC button shear tesEigure 23 shows the SEM images of printed Ag that
was thermally treated fan additionakt8 hours at 200 °C, and as seen, the Ag particles

had fused well, seemingly on the top surface.
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Figure 23: SEM image of a thermally-treated ink showing two distinct layers in Ag

1.10.1 Data from the experiments and failure analysis

For the first study, th&XYZtec™ Condor Sigmawas configured forthe zone shear
paddleattachmentand the lBear testingvas done atwo different ratesl1 0 0 0 amdn/ s
16. 7 ¢ mMdtiple sampkseredone for each testsdescribed imrable3, and the
results aresshownin Figure24. Theload at which the buttowas sheared ofivas divided
by the area of the button to obtain the average skreaggh. The error bars represent the

maximum and minimum of the test results for the sample type listed.

Table 3: Test samples

ID Variables
# layers Thermal Treatment
1 3 N
2 2 N
3 3 Y
4 2 Y
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Figure 24: Shear testing results

In Figure24, thenumber of layers did not influence the results. However, the thermal
treatmentseemaédo have reduced the average shear

testandbyabhot 50% for the 1000 em/ s test.

Figure 25: Shear testing (a)delamination between Ag and LCPafter initial print and

oven sintering (b) residual Ag on LCP indicating cohesive Ag failure after thermal
treatment of ink

Upon examining the sheared surfaces, it is seen that themumatated specimens had
a clear delamination of the ink from the strate, as shown iRigure25a. Howeverthe

thermally-treated specimermsadmore of a cohesive fracture of the ink between layers with
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different levés of fusion as shown iRigure25b, and thugohesive fracturdemonstrate

a lower strength. The imageshigure25weretakenfromthel 000 e m/ s r at e
For shear tests conductadth a head velocity rate df 6 . 7 ¢ mesu#is, weré & raix
betweeninterfacial and cohesivéilure, and the shear strength values appa&n be

between the interfacial and cohesive fracture values.

<
s.
>
D
n
wn

10.0um

5.0kV 14.4mm x1.00k SE(UL)

45 Cracks
LCP

Porous Ink
structure
throughout

5.0kV 14.4mm x8.00k SE(UL)

Figure 26: SEM image of the botom side of ink still attached to the button- no
thermal treatment. Images show different levels of increasing levels of zoom.

SEM imaging was performed on the bottom side of thermaityeated ink layer after
the shear tesF{gure26). The ink shows the porous quality that is desirable for lowering

the stiffness across the whole surface. In therBOmage, a waviness was seen in the ink
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correspondingt o t he LCP #fAgrai no d-untreated inkparacks For t
throughout the button bottom area are roug
break is between particles. LCP strands are attached to the ink from the test. However,

most ofthe failure is delamination at the ink and LCP interface.

SEM imaging was also done on the bottom side of the thertmaliyed ink after being
sheared offfigure27). Two different levels of Ag ink are seen in the image: a dense lower
section and a porous upper section, and the failure is mostly cohesive fracture in the ink.
The two layers of Ag ink may explain the lower shear strength instead of increbhseng

strengthwith thermal treatmerds expected in literatuf83].
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Figure 27: Button side SEM for the thermally treated samplelmages show different
levels of increasing levels of zoom.

1.11 Contact-angle measurement

Adhesionstrength of an ink to the substrate can be understood by looking at how the
ink wets the surface of the sulae.If the ink wets the surface well, it will spreadit to
cover as much surface as possible, and better adhesion. Poor wetting, on the other hand,
will cause the ink to bead away from the surface as showigure28, and will result in

poorer adhesion strength.
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Figure 28 Role of surface wetting angle on printed ink geometry

As shown inFigure 28, the conact angle( dnmeasurementharacterize the type of
wetting. A Biolin Scientific OpticalTensiometetool was used to measure the contact
angle TheAttensior® software autmatically calculatel the contact angle for both edges
of the droplet. For the coigluration inFigure 29, the dropletwas manually created by
pushing thank through the needle with a syringe. Due to the low viscositynaaaual
implementation, the measurement image did not include the needle nor was the droplet
formation rate controllable. Investigation of the contact angle with respect to UV clean

ozone clea is discussed in the development of the shear test.
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Figure 29: Biolin scientific optical tensiometertool in ATHENA lab

For the studythe basic prelean process was a acetic acid clean, followed by acetone
and thensopropyl alcoholIPA) clean. The prelean was to help remove any larger debris
on the LCP surface. Next, different UV ozone clean times were applied to various sample

sulstrates as listed imable4. For the UV ozone clean experiments, time was the only

variable. The sample substrate for the test caset @Rs

Table 4: Ozone clean time description

Case wv (Cr)n zi(;:rlseéglean Sample Substrd
1 0:30 LCP
2 1:30 LCP
3 3:00 LCP
4 5:00 LCP

As shown inTable4, the ozone clean time ranged from 30 seconds to 5 minutes. For

each sample substrate a contact angle measurement was taken as is, aft@ld¢ha pfe
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vinegar and solvent, and the last meamgnt was taken after the ozone clean as indicated

in Table5. A separate smaller piece of the sample substrate was cut from the main sample
substrate due to platform sifimitation of the tensiometer. The smaller piece was in the
ozone chamber at the same time as the substrate that the smaller piece was cut from for the
designated cleaning time of the substrate for creating the ink coupon. The smaller LCP
substrate pieceas first adhered to a glass slide using a tape. After the ink was deposited
through the needle on to the LCP substrate piece, two angles were measured. These angles
corresponded to the left and right angles captured on the camera monitor as $higunein

29. All the measurements indicated good wetting with contact angles below 90°. It was
seen that the ozone clean reduced the contact angle. The 30 seconds and Seuleate p
surface have higher angles than without treatment, and after the ozone clean angles reduced

below the substrate without any surface treatraitiesion strength.

Table 5: Contact angles from the ozone clean study

Substrate] LCP LCP LCP | LCP
Ozone Clean time 30 sec/ 1.5 min| 3 min| 5 min

Substrate after Ozone Clean 33° 11° 15° 11°

34° 12° 13° | 171°

Substrate without any surface treatm| a| 49° 49° 46° | 23°
b| 46° 48° 45° | 20°
Substrate after Preclean a| 54° - 33° | 53°
b| 48° - 34° | 50°
a
b

1.12 Effect of ozone treatment on adhesion strength

The EMC buttons were attached to the LCP substrates in the method described in

Figure22. The XYZTECM™ Condor Sigmavasalso configured fothe zone sheapaddle
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attachmentand the Bear testingvasdone ata rate 0fl000e m/ Multiple samplesvere

done for each test as descdhbe Table5. In most test instances, the button was recovered
and kept for further imaging and analyzing of the test data. For this study unlike the first
control study, a few of the buttons were chipped during the shear testing and the remaining
button chip was foun still attached to the substrate as indicated@ahle 6. AButton
recoveredo means that as the sample was

located. It isseen that the shearing forces were betweer2D00N.

Table 6: Maximum shearforce (N) for the button shear test

30 sec 1.5min| 3 min 5 min

152.66 190.15 | 227.05 | 153.43
181.11 255.86 | 135.12 | 178.32 Button not recovered
171.21 153.99 | 136.75 | 244.99
233.80 210.24 | 191.77 | 184.75 Chipped EMC button

229.59 210.28 | 199.83 | 158.33
152.34 249.88 | 180.60 | 191.33
77.36 106.71 | 193.99 | 246.18
164.82 139.49 | 201.84 | 184.06

(N[O |W[IN|F

Using the shearing force values shown in Tabknd dividing the force by cross
section aea of the button, the average shear strength can be obtained, and such shear
strength values are presentedrigure 30. The error bars represent the maximum and

minimum of the test results for the sample type listed.
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Figure 30: Ozone clean shear results

The ozone clean was beneficial for adhesion strength. Compared to the results
presented ifFigure 30, the ozone clean treatment improves the shear strength by 40% in
general. Howevethe contact angle measurement3 able5 for the ozone clean indicate
that the clean did not benefit with clean time beyond 1.5 min. Also, there was a tighter
grouping for 3 and 5 min ozone clean, but the maximum force was observed in the 1.5 min
clean samples. Visually the interfagas the primary failure location as it was for the-non
thermally treated samples in the first study. There were a few areas with remaining silver

as shown irFigure31
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Chipped
-EMC
Button

Figure 31: Chipped EMC Button on the Ag/LCP sample after shear testing

1.13 Control study with material set 2: NovaCentrix® Metalon® JSB25P Ag ink

and NoveléM 1J-220 Polyethylene terephthalate (PET) substrate

For this study, the button shear test was examined for a different material set, the
novacentrix ink and PET substrate. TéZtec™ Condor Sigmavasconfigured forthe
zone sheapaddleattachmentand tle $ear testings done athree different ratest000
e m/190e m/asdl 6 . 7 & mAsdeforedie leagl at which the buttomas sheared
off was divided by the area of the button to obtain the average shear str@&hgtlerror
bars inFigure32 represent the maximum and minimum of the test results for the sample

type listed.
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Figure 32 Shear strength for the material set 2 at different shar rates

In Figure 32 the higher shear rates, 1000 and 100 um/s, gave a higher shear strength
compared to the 16.7 pum/s. This trend was similar to the trend seen in material set 1 under
control conditionsKigure24). Literature[34] also indicated that faster shear rates would

give clarer understanding for the fracture.

Figure 33. Button shear sample (a) substrate side on Cu FR4 carrier and (b) the
bottom of the button for the tests
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When examining the surface, a clear distinction of the Ag where the bu@tensw
shown on the substrate Figure 33. On closer examination of the interface with a

microscope irFigure34, residue silver remained on the slowest rate, 16.7 um/s, samples.

a b C

" Fracture Edgew
‘\ PET e/p‘osed
Ag

after shear——

Ag

Figure 34: Microscope image of the board side (a) 10Q0m/s (b) 100 um/s and (c) 16.7
um/s at the same magnification

1.13.1 Shear test discussion and implications

Based on the experiments, it is seen that ozone treatment is helpful to etifgance
adhesion otheprinted ink to the LCP substrate. However, treatmegbhd 1.5 minutes
may not be helpful to further increase the adhesion strength. Thermal annealing of the ink
does not appear to help. It appears that the thermal annealing makes the ink layers
cohesively break, rather thdelaminatédrom the substrate, drat a lower force compared
to nothermattreatment samplesMaterial set one (18 MPa) is only slightly stronger in
shear compared to material set two (15 MPa) when ntr@mément is performed on the

substrate.
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DEVELOPMENT OF PEEL TEST

For the adhesiotesting, the peel test was explored for a different mode of fracture.
Peel tests have been applied on variousfiimstructures including copper in electronic
packaging. These plated copper and foil copper films are eagieetdue to (1) being a
thicker film and (2) continuous. The printed ink is a challenge due to the porous structure
of the silver particles sintered together in thin printed layers. Thus, it was not easy to peel
the ink directly away from the surface of the substrate. Alternatitledyflexible substrate
could be peeled from the ink: the flexible substrate with the ink side down is adhered to a
stiff carrier structure, and then the flexible substrate is peeled away. This approach
provided the basis for the first modified peeltéset hod 1: Fl exi 6l e Sutk
as illustrated inFigure 35. As the polymer flexible substrates are viscoelastic and/or
hyperelastic, the substrate couldrsiggantly deform under applied force. Thus, the total
energy measured includes both elastic and inelastic energy as well as the energy to
delaminate the substrate from the ink. In view of this, a second method was developed so
a substitute material wasadto peel the ink from the flexible substrate, as illustrated in
Figure 35. I n this AMethod 2: Substitute Struct
first adheed to a carrier structure with the ink on the topside. A substitute structure was
then adhered to the ink. If the adhesion of the ink to the substitute structure was stronger,
the ink would delaminate from the flexible substrate as the substitute strischeeled
away. By selecting an appropriate substitute structure and adhesive material, less energy is
lost to plastic deformation of the peeled structure. Thus, a higher proportion of the

measured energy is from peeling the intended ink and flexiblératéosterface.
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Ink sample on substrate Method 2
——— —

Method 1

. Substitute Structure. Epoxy . Ag layer

. Flexible Substrate Carrier ——— Interface delamination

Figure 35: Schematic for the methods used fodetermining the adhesion strength

Thered linein Figure 35 indicatesthe desiredlelamination location. For the first
method, the Ag inkvas lefton the carrier substraterhile the flexible substrate was peeled
off. For the secnd method, the sikr ink and the substitute layer were peeled off from the

flexible substrate as shown kigure 36.

Figure 36. Comparison of the pull off fracture location for the two different
methodologies (a) Method 1: flexible substrate peel test (b) Method 2: substitute
structure peel test
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Figure 37 XYZTEC ™ tweezer peeling sample in vice

For the peel test, the XYZTE® adhesion test tool was utilized with the tweezer head
as shown irFigure37. The head and the stage wpregramed to move at the same rate.
The intention for these experiments on the XYZTE&dhesion test tool was to investigate
the interface adhesion between the two material sets. This chapter will look at the sample

preparation, and then will discuss tiageriments and results.

1.14 Method 1: flexible substrate peel test

The peel test with the Method 1 configuration gives a simple test set up that is similar
to the current electronic packaging adhesion téBC-TM-650 Method 2.4.8.1
necessarily being canuous and not easily peable by itself, the flexible substrate was

peeled off instead.

1.14.1 Sample preparation and fixturing

The material sample sets were takensa®r the processed ink film on the flexible
substrate, and the sets underwent the sanipfgmtion inFigure38. First, the samples
were cut into strips. Next the stripgere adhered to the carrier structure with the ink

facedown using a commercially availaldpoxy. This epoxy sets at room temperature and
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fully cures in an hour. The rootemperature cure alleviates any concerns of
microstructure change in the conductive ink compared to epoxy cured at higher
temperatures in an oven. After the epoxy was cuaddade was used to scribe along the
sides of the strip to ensure detachment of the epoxy on the sides. If there was any epoxy
along the side, it would influence the adhesion data. The carrier was needed to hold the

flexible substrate in the XYZTE® vice grip.

‘%‘.—-'—l

Attached with ink face

L down onto carrier
Sample Fabrication Cut into strips

.Flexible Substrate . Ag layer . Epoxy Carrier

Figure 38 Method 1 sample preparation

Once fixtured, the tweezer head was set to pull the flexible substrate away from the ink
and the carrier. The entire peel test was recorded, and the video clip was useful to provide

additional insight into the measured displacement and load data.

1.14.2 Detailsof experiments and images

For Method 1 as shown fRigure 39, two different carrier materials are used: (1) a 2
mmtthick clear polycarbonate sheet and (2)}&lad FR4 boed. The ink printed on a
flexible substrate was adhered to the polycarbonate carrier with an epoxy, as illustrated in
Figure 39. Additionally, a checker pattern was adliert® the underside of the clear
polycarbonate carrier. The checker pattern provided a measurable reference for the crack

front | ocation in the video recording,
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Although the polycarbonate substrate served agoal garrier for weaker ink films, the

epoxy did not adhere well enough to polycal
substrate was improved. Therefore, a different carrier substratda@C#R4, was used.

Adhesion to Ctclad FR4 was strong engh to ensure that delamination occurred at the
interface of ink and flexible substrate. As the opaquecli@d FR4 did not provide an
opportunity to use the checkered board, the delamination location was determined through

the video alone. Both carrier neaals were roughened by sandpaper (120 grit) to help the

epoxy adhere to it.

Figure 39: Carrier images (@) clear polycarbonate with attached grid and (b) Cu clad
FR4 board

A starter crack was initiated by pulling back the strip. If needed, a razor was used to
aid with delamination at the desired interface. Next, the sample was placed in the vice, and
a handheld pair of tweezers placed the flexible substrate strip intogshe eymdé s t we e z

system.
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1.14.3 Peel test experimental data

The experiments were conducted for two material s@tise first material set was the
Suntroni c E anB RdyerssCorpddation ULTRALAM® 3850HT substrate. The
second set was NovaCentrix® Metalon ®B&P Ag ink and Novele ™ 13-220 PET

substrate.

1.14.3.1Method lonmt er i al set 1: Blkuon RogeosrCorpofatioE MD 5 7 ¢

ULTRALAM® 3850HT LCP

Different rates, strip widths and carriers were used to demonstrate the applicability of
the peel test and deteine the peel forceTable 8 provides the peel tests that were

conducted using Method 1 on the first materidl Semtronic ink on Rogers LCP substrate.

Table 8: Method 1 on material set 1 (Suntronic ink on Rogers LCP substrate) test
descriptions

Test | Number | Material Carrier Width | Rate Peel Average
Case of Set (mm) | (mm/s) | distance| measured
samples (mm) peel force
(N/m)
1 6 1 polycarbonatg 4 50.0 25 ~100
2a 3 1 polycarbonatg 1 1.0 15 ~200
2b 3 1 polycarbonatg 3 1.0 25 ~170
3 1 1 CuClad FR4| 3 1.0 25 ~200
4a 7 1 CuClad FR4| 3 0.1 45 ~445
4b 8 1 CuClad FR4| 3 1.0 45 ~440

Between the first case of 6 samplEgy(re40) and the second case (2a and Zbahle
8) of 6 samplesKigure4l), there is an increase of peel force by 100 N/m between 2a and
2b. The second casof samples (2a and 2b) were cleaned better and this additional
processing resulted in the increase in adhesion peel force. Between the second case and the

third case of material sample set 1, there was no change in adhesion peel force. This
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indicated theadhesion peel force was governed by the materials of interest and not the
underlying carrier substrate. The result is consistent with the expectation, as long the failure
occurs at the same interface of interest. Also, it shows that the results areattyargin

affected by the strip width.

Method 1 Material Set 1 on Plastic
500

400
300
200

100

Force/width (N/m)

0.03

-100

-200

Distance Traveled (m)

Sample ID- 88 <89 +90 «91 =92 =93

Figure 40: Peel test Method 1 on material set 1 on a plastic carrier 4 mm wide
samples (Case 1)
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Method 1 Material Set 1 on Plastic Carrier
800

700
600
500
400
300
200

Force/width (N/m)

100
0

0.004  0.006 0.008 0.01

-100

-200

-300 r
Distance Travel (m)

Sample |D¢ 108-1 mm « 109-Imm « 113-1mm -« 114-3mm + 116-3mm =« 117-3 mm

Figure 41. Peel test Method 1material set 1 on plastic carrieri 1- and 3mm wide
samples (Cases 2a and 2b)

It was expected that the peel force would remain constant along the entire peel length.
However, in actual experiments, the peel force would osciliEtbpugh the overall
magrntude was roughly 200 N/m for the last set of samples. The up and down change in
the peel force can be attributed to the type of failure that occurs. Along the peel length, it
was not uncommon that the ink would completely strip off from the LCP subsirate,
partially strip off from the LCP substrate, or strip off from the adhesive; and thus,

depending on the type of failure, the adhesion force will change along the peel length.
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Method 1 Material Set 1 Carrier Cu-Clad Fr4
500

400

300

200

100

Force/width (N/m)

0.03
-100

-200

Distance Traveled (m)

Sample ID: 138-2mm  « 138s2-variablewidth

Figure 42: Peel test Method 1 ommaterial set 1 on carrier Cuclad- FR4717 3 mm wide
sample (Case 3)

For the fourth case, the epoxy was spread more evenly by the addition of tape tracks
between samples as seerFigure43. The ink samples came-&sfrom different print

batches and were cut into the strip width. Then samples were randomly selected to be glued

onto the carrier.
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xiple Substrate _
e

Tape
Tracks

Figure 43: Peel test Method 1 on material set 1 on carrier Gelad- FR47 3 mm
wide sample- additional tape (dark brown) along the sample sides to keep the epoxy
deposition uniform.

For a peel test done at 0.1 mm/s (Case 4a), the dgsinéle was obtained with a
constant peel force as demonstratedrigure 44. Figure 45 contains the data (red)
collected from a peel test with a rate of 1.0 mm/s (Case 4b), which was noisy due to the
interface jump of the crack. A filter on the data reduced the noise for a better understanding
of the data with a Python script. Thaling filter, also known as movingverage filter,
only considered the influence of neighboring points for the average, and in turn the (blue)
filtered data was still noisy. The cumulative filter considered the average of all the previous
data points irthe data set. When the cumulative filter was applied to the across the whole
data set (green), the initial pulling of the peel arm artificially lowered the average. To get
a more accurate estimate, the data was truncated to not include the loading for the

cumulative filter (yellow).
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Comparison of filtering techniques
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Figure 44: PeeltestM ethod 1on material set 1 oncarrier Cu -clad- FR47 3 mm wide
sample (Case 4a)Sample ran at 0.1 mm/s with different filters applied to examine the
best fit

Comparison of filtering technigues

1200
1000
E 800
=
=
5 GO0
=
LT
=
(=]
Y- 400 4
200 A
— Data
= Cumulative average
04 = Rolling average
Culmative average after 0.05 mm
T T

0.00 001 I}.lllz 0.03 0.04
Distance Traved [m]

Figure 45. PeeltestMethod 1 material set 1 oncarrier Cu -clad- FR4 1 3 mm wide

sample (Case 4b). Sample ran at 1.0 mm/s with different filters applied to examine
the best fit
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The peel strength was taken from the mean of the cumufatiee each sample. For
the samples peeled at a rate of 0.1 mm/s (Casd-ipire 46 details the cumulative fit

datads max (orange), miandard deviation errordigule4d/me a n

is the corresponding information for the samples peeled at a rate of 1.0 mm/s (Case 4b).

The later samples (Case 4a: 6 and Bigure45did not have the LCP scribed well on the
side, and in turn, the LCP ripping caused fluctuations in the data and larger standard

deviation. The value reported Trable8 is the average of all the samples for a given case.

700

600

_ . (]
£ s00
Z N v
= 400
E . 4
2 300
& N
o
5 200
[N
100
0
0 1 2 3 4 5 6 7 8 9
Sample #

B Sample Mean Sample max Sample Min

Figure 46: Peel test Method 1 on material set 1 on carrier Gelad- FR47 3 mm
wide sample (Case 4a). Samples with peel rate of 0.1 mm/s cumulative fit
descriptions with the sample mean in blue, standard deviation error bars, max data
point in orange and min data point in grey
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Figure 47: Peel testMethod 1 on material set 1 on carrier Cuclad- FR47 3 mm wide
sample (Case 4b). Samples with rate at 1.0 mm/s cumulative fit descriptions of the
average mean in blue, standard deviation error bars, max data point in orange and
min data point in grey

1.14.3.2Peeltest Method 1 on material set 2: NovaCentrix® Metalon@®25SP Aqg ink

and NoveléV 1J-220 Polyethylene Terephthalate (PET) substrate

For material set 2 (NovaCentrix® Metalon ®Bg85P Ag inkandNovele ™ 13-220
PET substrate), the carrier material usedgsvpéastic. InFigure48, the results are shown
for 3 mm wide strips with the adried samples for Method 1. Seven samples were peeled
45 mm, and the average peel forces\ahoutLlO0 N/m In addition to akdried ink, the ink
was also ovefgured and pulsérge cured. The thermal oven cure was done aC9for
one hour, while pulse cure was datenax intensityor 30 seconds. The Method 1 peel
test experimental data ftine cured as well as puléerged samples are shownHigure
49. Two samples for each treatment were tested, and the average peel force wastabout

N/m.
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Method 1: Material Set 2 on Plastic Carrier
600

500

400

300

200

100

Force/width (N/m)

0

0.05
-100

-200

-300

Distance traveled (m)

SampleD: . 150 « 151 « 152 - 153 155 <156 - 154

Figure 48 Peel test Method 1 on material set 2 on plastic carrigr 3 mm wide sample
air dried
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Method 1 Material Set 2 with Pulse and Oven Cures
400

300
200 ¢

100 [

Force/Width (N/m)

0.05

-100

-200

Distance Traveled (m)

Sample ID:. oven-158s3 - Pulse-159s4 « Pulse-159s3  + Oven-158s4

Figure 49: Peel test Method 1 on material set 2 on plastic carrigr 3 mm wide sample
oven or pulse cured

For material set 2 in Method 1 configuration, all the strips peeled at the ink and PET
interface; however as indicatedrigure50, there were two distinct surfaces revealed: (1)
dull silver and (2) shiny silver. Higher force/width is seen on the graphs for the samples in
the distance of the peel which the change of dull to shiny. Dull surface indicates that the
silver ink was still alered to the epoxy, and the PET substrate had completely peeled off
from silver ink. This is the desired outcome. Shiny surface indicates that part of the porous
film had peeled off with the PET substrate, and thus, the failure had occurred at the silver
and epoxy interface. This type of failure would show higher value of peel force/léngth.
general, as seen in the images, most of the failures were in the interface of silver ink and

PET substrate.
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Figure 50: Peel test Method 1 on material set 2 on plastic carrigr 3 mm wide sample
after test

1.15 Method 2: substitute structure peel test

The peel test with the Method 2 configuration was meant tadye consisterdcross
material setsA substitute backing structure was peeled off with the ink layer from the

flexible substrate.

1.15.1 Sample preparation and fixturing

For Method 2, the material sample sets were taken as is and underwent the sample
preparation inFigure 51. First, the samples were cut into strips. Next the stripse
adhered to the carrier with the ink face up using a commercially available epoxy. The epoxy
set at room temperature and fullyred in an hour. After the cure, a substitute structure
was added to the stack with the same type of epoxy. After the second epoxy was cured, a
blade was used to scribe along the sides of the strip to ensure detachment of the epoxy on

the sides. If there vgaepoxy remaining on the side, it would influence the measurement.

63



é%‘.—_—l

Attached with ink face up
onto carrier

Sample Fabrication Cut into strips
- - o
. Substitute structure Carrier

Attachedthe substitute backing structure strignto .
the ink J o .FIeX|bIe Substrate . Ag layer

Figure 51: Sample preparation for Method 2

1.15.2 Details of experiments and images

For Method 2 as shown iRigure 52, two substitute backing substitute structure are
explored: foil and Cicladded fr4 flexible substrate. Since in Method 2 the ink needed to

adhere to the substitute structure, it was the focus. The carrier material is roughened by

sandpaper (120 gritp help the epoxy adhere to it.

Figure 52 Method 2 with different substitute backing layers (a) Cu foil and (b) Cu
clad Fr-4 flexible substrate
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Before the sample was placed in the vice grip forf0l, a starter crack was initiated
by pulling back the strip to initiate the delamination. If needed, a razor was used to help
delamination at the intended layers. Once the sample was placed in the vice, a manual pair
of tweezers placed the stripinteth sy st emds tweezer. The rate
per second on the tool. Then the stagdi(gction) and the tweezer-{lirection) move at
the same rate. During the experiments, a video was taken to observe the substitute

struct ur e 0 she peeldept andl crack extensign distance.

1.15.3 Data from the experiments

The experiments are discussed by material sets. The first material set was the
Suntroni c E anB RdyerssCorpddation ULTRALAM® 3850HT substrate. The
second set was NovaCentrix® Mkin ® JSB25P Ag ink and Novele ™ 13-220 PET

substrate.

1.15.3.1Method2onmt er i al set 1: Bkuon RogeosrCorpofatioE MD 5 7 ¢

ULTRALAM® 3850HT LCP

Different process runs were attempted to determine the peel strength and demonstrate
the applicabilityof the developed peel test. The following list provides the peel tests that

were conducted using Method 2 and is also summariZédhle9.

1) Material set 1 Suntroni cE & CRogdys/ G@ddporation
ULTRALAM® 3850HT substratewith a substitute layer composed of
flexible Cuclad FR4. The Cuclad flexible board was composed of a core

FR-4 sheet with a 100 em t hwhckae s s an

65



25.4 em thick. T hFaguré 53. Myrde diffeeent stips s h o
results were peeled. The 124v2 triangle was a substitute structure that was
cut into a triangle. The width calculation was calculated based on the crack
distance using trig. The strips were peeled a distance of 45 mm and the
averagepeel force is 125 N/mm.

2) Material set 1Suntroni cE Bnd DRogérsy Edrporation
ULTRALAM® 3850HT substratevith a substitute structure composed of
flexible Cuclad FR4. A second printed set is showigure54, and these
strips were only peeled for 25 mm at 1000 mm/s. The average peel force
measured for the second print set was 400 N/m.

3) Material set 1 Suntroni cE &l CRogdys7 @dbporation
ULTRALAM® 3850HT substrat with a substitute structure composed of
a Cu foil in 25. 4 em (1 Fgurds.The Sever
results did not give a clear indication of the lpgeength. The force/width

ranged from 2000 N/m.

For the first and second cases, there was an increase in the peel force similar to the
Method 1 results. This was due to the better cleaning and processing of the second case of
samples that resultedtine increase in adhesion peel foftiee results were not as constant
for the peel test, and this was attributed to the ink not always peeling cleanly away from

the LCP substrate.
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Table 9: Method 2 on material set 1 (Suntronic inkon Rogers LCP substrate) test
descriptions

Average
Test Number Material . Substitute| Width Rate _Peel measureg
of Carrier distance| peel
Case Set Structure| (mm) | (mm/s)
Samples (mm) force
(N/m)
CuClad| CuClad
la 2 1 ERA ER4 3 1.0 45
CuClad| CuClad 125
1b 1 1 FR4 FR4 variable| 1.0 45
CuClad| CuClad
2 2 1 FR4 ER4 3 1.0 25 ~400
CuClad| CuClad
3 7 1 FR4 FR4 3 1.0 20 200800
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Method 2 Material Set 1
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Samp|e |D:* 124v2-traingle =« 126 =« 127

Figure 53: Method 2 on material Set 1 with Cuclad-FR4 flexible substitute structure
(Case la & 1b)

Method 2 Material Set 1
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Force/Width (N/m)

200 °

-400
Distance Traveled (mm)

Sample ID: . 13952 « 13953

Figure 54: Method 2 on material set 1 with Cu-clad-FR4 flexible substitute structure
(Case 2)
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Method 2 Material Set 1 Substitute Cu Foil (1 mil)
1200

1000
800
600

400

Force/Width (N/m)

200

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
-200

Distance Traveled (m)

Sample ID:s 17551 ¢ 17552+ 17553 » 175s4 17555 = 17556 e 175s8

Figure 55. Method 2 on material set 1 with 1 mil Cu foil as the substitute structure
(Case 3)

To confirm that the correct interface is delaminating for the Method 2 on the first
material set, SEM imaging is done on the Cu substitutetsteumFigure56, and EDS is

performed on the LCP side of the peeled off sedtigare57.
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Qubstitute structured A

L R

Figure 56: SEM imaging of the substitute structure with the ink side showing

Figure 57: SEM images and EDS performed on the edge of a peeled séction

1.15.3.2Method 1 on material set 2: NovaCentrix® Metalon®BESP Ag ink and

Novele™ 1J-220 Polyethylene Terephthalate (PET) substrate

For material set 2 (NovaCentrix® Metalon ®B85P Ag inkandNovele ™ 13-220
PET substrate), the substitusgructures a Cu f o | t hat iFigurer6. 2 ¢
58, the results are shown for 3 mm wide strips with thelagd samples for Method 2. Six

samples were tested, and the average peel force results were convoluted Peeling was done
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through a distance of about 45 mm. In addition talded ink, the ink waalso overcured

as well as pulséorge cured. The thermal oven cure was done aC@r one hour, while

pulse cure was done at full intensity for 30 seconds. The Method 2 peel test experimental
data for the cured as well as pufseged samples are shavin Figure59. Two samples

for each treatment were tested, and the average peel force was roughly 200 N/m. The

peeling was carried out through a distance of about 45 mm

Method 2 Material Set 2 Subsitute Cu foil (3 mil)

g & & 8§ &8

Force/Width {N/m)
5
8

100

005

Distance Travelied (m)

Sam ple ID: ® 15751 @ 15752 #1573 @ 15754 @ 157s5 » 15756

Figure 58 Method 2 material set 2 air dried with Cu foil substitute layer
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Figure 59: Method 2 material set 2 not air dried with Cu foil substitute layer

For thesecond set of materials in thex@@el test, the ink is contained in a porous film,

and

t

S

t hhese

f

ms 6

adhesi

on

sectioreaf gt h

Figure60, there are two thin film layers on top of the PET. These films are assumed to be

the mesoporous film mentioned in the NovaCentrix® literature oMNthele ™ 13-220

PET. It also explains the distinct sections of the peel se€igure50 for the material set

2.
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Substitute C

Epoxy
Carrier Cu

Carrier FR4

Figure 60: Cross-section of the Method 2 material set 2

1.16 Discussion

In this chapter, two different peel configurations are demonstrated and results
examined. Method 1 with the simpler configuration shows more consistence results for

bothmaterial sets. Method 2 needs further work to make it a more consistent test.

For Method 2, the Cu foil was pursued originally as a better option for the simplicity
in the models where only one homogeneous material would be used as the substitute
structue. However, the results are not as clear due to the harder handling of the Cu foil and
potential plastic deformation of Cu. Between the roughening of the foil surface and cutting
the copper to size, the substitute structure was deformed and was notdplangrthe

epoxy adhesion step.
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With the substitute structure, there needs to be an account of the load change due to the
stiffness of the materiaFigure53 andFigure54 show the peeling process and the radius

of peel that depends on the stiffness of the substitute structure.

Figure 61 Standardization needed for bending radius of the peel test or monitoring
(a) sample 126 (b) sample 139s2
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NUMERICAL MODELING

In this chapter, Method 1 peel test was modeled to determine the critical fracture strain
energywith relation to the experiment in ChapgerDue to the complexity of the material
stack up as well as complexity in the constitutive behavior of variousiaigte the stack,

a closedform analytical solution is not as readily possible, and thus, a-Bietment
modeling is used in this work to determine the critical fracture strain energy at the interface

between the ink and substrfB®)].

1.17 Adhesion Modeling Techniques

There are two main approaches to fracture mechanicgterndining the fracture
energy: stress intensity factor and strain energy releas8&utd he first approach, stress
intensity factor (SIF), has the advantagealtulatingwhat is occurring at the crack front
and often charactegsthe fracture toughneds, based on the crack mofdg. Each of the
modes can be described in terms of how loads are applied: Magehing, Mode 1§
sliding/shearing, and Mode liltearing. The three modes are illustrateéigure62, and

Mode | and Mode Il are commonly found in many applications.
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Figure 62 Modes of fracture

For a bimaterial seup, delamination as shown Figure63, may occur at the interface
(ato b), or kink into the $strate (a to c) or film (a to d). Suo and Hutchinson have observed
thatthe short cracks at the edge would reach a fixed depth and propagate along that depth

parallel to the surfade].

Figure 63 Bi-material schematic at the cracktip

Stresses at thiaterface of two elastic materials are oscillatory and the stress intensity
is described by the oscillatory exponet¥) @nd Dundurs parameter (), which are

dependent on t hE) ,Y oPuon gsésspankbshdanmhadisusi{36(37]

of the two materials:
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Rice and Shih have shown the complex stress intensity factor in teKasuodKo:
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Using SIF, in 2D thetress field
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and the modenixity is:
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It should be noted that the SIF is dependent on the arbitrary léngth,

The second approach, strain energy release rate (SERR), quantifies the total amount of

strain energy(s, that is released per unit area when an existing crack prop&gftas].
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For an interface, the interface energy release @tean be related to stress intensity

factors for bimaterials and can be showh3:
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In terms of computational fracture mechanics which is implemented by-dieibeent
analysis (FEA) as shown Figure64, there are various options to determine tiierface
energy release rate and interfacial crack propagation for the critentegdal, crack
extension method, and virtual crack closure technique (VCCT). Cohesive zone modeling

(CZM) can also be used for studying interfacial crack initiation angggation.

u Fy.i
Y -1 L ¥ F”I‘"

Yy, ti-1)'

[i+1
Crack plane

Yy, j-2 i Fy iz

fo‘ ¥
i+2
Crack front

Figure 64 Crack growth with modified crack closure source based on SERR3g]

Uy, (i2y

In Jintegral approaghnonlinear energy release rate can be described by a closed line
integral in a 2D model. As shownkigure63, Ji nt egr al 6 s path is eval

integratng about the path in material @) and material 1{().
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Crack extension approach uses cracks with incrementally increasing lengths in 2D
models or cracks with incrementally increasing surface areas in 3D models to determine
the energy release rate. VC@%es the assumption that the energy needed to separate a
crack surface is equal to the energy to close the same surface, and so theebeasgy
rate can be calculated. It is also used for simulations with a known crack path that is defined

by interfaceslements.

Figure 65 Visualization of bilinear traction separation law for cohesive zone modeling
(CzM) [14]

Cohesive Zone Modeling approach is the bridge between the-Bagsd and energy
based métodg39]. It uses a damage tolerance criterion to determine crack nucleation and
propagation along a predefined patid has the advantage of ability to predict behavior of
un-cracked structures more easily. The damage is based on a tssyemation law, which
staes an element is reversible up to an initial damage point and the element then has
damage which builds up until the craok is
CZM modeling is commonly used for both peel testing and button shear testing, while

VCCT is also used in comparison for button shear tef&8d?2].
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For this work, crack extension technique will be used to determine the critical energy

release rate.
1.18 SERR approach to the peel test

For the peel test, Method 1 is simulated with the configuratiigiare 66.

Ink sample on substrate Method 1
] Ih_l

-Flexible Substrate . Epoxy - Ag layer

Carrier ——— Interface delamination

Figure 66: Schematic for the method 1

The two main SERR numerical approaches are integiatégral) and Virtual Crack
closure techniqugs5]. The former is able to account for plasticity which could develop,
but there are concerns with thin film whthe Jintegral hits the boundary of the filph5].
Traditional virtual crack closure is based on the elastic domain, where the energy it assumes
the energy to open a crack is equal to the energy to closetiie An illustration of VCCT
is shown inFigure 67 where nodal forces and displacements are used to determine the
energy to close a crack. Parks further expanded ti&Toncept to include elastpastic
materials by considering the integral of strain energy and plastic work for the elements
[43]. However, in ANSYS™, the FEA software utilized for this work, the atefined
VCCT program does not account for plastlastic materials when using the following
equations to calculate the energy release rate in terms of mmedgothsG, andGy for 2D

analysiq44]:
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WhereR« andRy are the reaction forces at the crack &m,is the crack incremenggi

is the relative displacement of the previous coupled nodes alorgathdesy is the relative
displacements of the previous coupled nodes alongakis. McCann et al. developed the
sequential crack extension technique (SCE) to keep track of the total work, elastic energy,
and plastic work over a series of incremental crack openings for 2D simulations of peel
testing of Cu thin films in a binaterialconfiguration[15]. Itis based on the concept that

the conservation of energy for propagating a crack where the incremental external work
will be equal to the incremental elastic energy, incremental iplagdrk, and the

incremental energy needed to create the crack extension:

Qe qdy ady dy (15

WheredW s the incremental external woritUe is the incremental elastic wor&lJ,
is the incremental plastic work, adtls is the incremental energy required used to create
the new fracture faces of the crack|[tlj]. The last terndUs when divided by the created

crack surface providesdlstrain energy release rate.
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Figure 67: Crack opening comparing the previous close nodes relative displacement

for VCCT in 2D [44]

The sequential crack extension technique (SCE) uses the incremental concept of

uncoupling nodes at the known interface to determine the strain energy release rate;

however, it then keeps track of the change in the strain energy related to each increment.

0

Qw
Q0

avYi

© Q5

(16)

In terms of the new surface area creatddjs equal to incremental crack length

multiplied by unit owof-plane thickness in a 2D model and is equal to incremental crack

area in a 3D model. The work input into the system during peeling can be assumed to be

from the steady state force needed ttaminate the flexible substrate arm material,

multiplied by the distance the gripper has traveled in the vertical direction with each
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incremental crack step. From this the following can be written to determine the incremental

external work per unit area @12D model:

~

Qw 0L v

Qo W ®

17

WhereP is the steadystate load of delamination from the peel experimens, the

displacement at the load eris the width of the sample ardis the crack lengthl5].

Thus, 0 0

represents the upward travel of the delaminating arm, wihile @®

represents incremental crack extension. Both the elastic strain energy and plastic work

terms are based on the

[0 W
ay Yy Y
[9¢] W W

systemods

ener gy

(19

(19

WhereUée is the elastic strain energy abid the plastic work of the total syste5].

The sequential crack extension technique is useful for models which have @ksic

bef

materials under high strain, a known crack path and experimental results to use for inputs

into the model. If onef these are missing, there may be better model options or more steps

to be taken by the user. For example, thatdgral and VCCT techniques are easily

available for implementation and well documented. The general procedure are outlined by

McCann et alas explained below as well asRgure68[15]:

1. Ramp the vertical load steps to reach BageHere Pss stands for the steaeBtate

peeling force.
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w

While maintaining the load, decouple the pair of nodes at the crack tip mimiching
crack extension.

EvaluatedW/dA dU¢/dA, anddUp/dA for the entire system.

Repeat 2 and 3 until the values in 3 become stable. As the crack extends and as the
delaminating arm increases in length, it takes a few crack extension steps for the
values to stabilize. Mesh size should be appropriately refined to ensure
convergence.

Onee all values in step #3 have stabilized, the critical energy releas&gatan

be obtained using equati¢20).
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May need to either look into other model
Is a crack path (e.g. XFEM model with crack

identified? nucleation/not known patbropagation
and/or run experiments)

Is an elastiglastic Look into using dntegral or VCCT which
material under high are already available for quicker
strain load? turnaround

Have experimental Look into running experiments and ensu
values to quantify that all the system inputs are monitored
external work input properly
for the system?

SEQUENTIAL CRACK EXTENSION PROCESS

(1) Build model with coupled
coincidental nodes arack path with
consistent mesh size sections

(3) While maintain
the fracture load,
decouple the pair of

nodes at crack tip an

solve

(4) Evaluate
(dW/dA, (dUJdA),

and @Uy/dA) for the
sysem

(2) gz a:mp llqoag in_the d Repeat until steady state
model to the designate values in (4)A obtain Gs

fracture load (mesh size); refine mesh &
repeat

Figure 68 Flow chart for using the sequential crack extension method
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1.19 Numerical simulation of peel test Method 1

For Method 1, a parameterized script was written in ANSYBarametric Design
Language (APDL) scripting language toeate the finiteelement model. With the
configuration, a 2D plane linear quadrilateral element (ANSMfane182 with option for
plane strain assumption) was chosen to decrease the computational time. The element
accounts for isotropic elastmlastic maerials as well as orthotropic elastic properties

which were identified for the material stach.

1.19.1 Geometry

Since there was an assumption of platrain and 2D element was utilized, the
geometry only needed to mimic the creggtion of the structure asavn in the schematic

of Figure69. The main dimensions of concern were the thickness of layers, listed in

Table10 provides the thickness values for various materials used in the study. As the
thickness of many material layers are in the tens of microns, while the length of the sample
was several orders of magnitude larger than the teakiof the material layers. Thus, to
reduce the computational time, the total length of the sample that was modelled was a few
mm. Also, the simulated length of the peel arm was short to include the curved segment of

the peel but not much of the straiglron of the peel arm.

Table 10: Dimensions for geometry

Material Thickness (mm)
Flexible Substrate LCP 0.11®
Ink Porous Ag ink 0.0100
Epoxy Quickweld Epoxy 0.079
Carrier outer Cu Clading 0.0505
Carrier core FR-4 1.689
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Since the ink was one of the interfaces of interest and the same magnitude as the
thickness of epoxy, the ink and epoxy layers must be included in the geometry as well. The
geometry model was built by the bottamp approach with the geometry paraens
defining keypoints in the spagelines from the keypointd delamination have coincident
points define. Two lines were defined, so that each one was associated with only either the

upper or lower areas in between the crack path.

Method 1

. Flexible Substrate
" P
- Carrier FR4 - Cu layer

-——— |Interface delamination

Figure 69: Schematic for dimensional reference

Since the model intended to have four different mesh sizes along the crack, the
geometry waduilt to have designated mesh area sections in the geometry for the materials

near the interface delamination/crack path as showigure70.

Figure 70: 2D Geometry with designated mesh area sections along the crack length,
the colors assigned to the area are random
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1.19.2 Material properties

Across the adhesion experiments, the material properties needed include the Ag ink,

the substrates (LCP or PET), the carrier, and the epoxy to adhere the sample to the carrier.

1.19.3 Sinteredporous Agink

For the Ag 1ink, t he Yo uingdétgougn @ X3 Inans |, 13
indention grid pattern on a Hysistron Triboindentor, which calculated the modulus from on
the unloading portiof45]. The measurement was perfodran a sample with 8 passes of
ink to ensure that the inkds thickness was
so that there no effects of the underlying LCP substrate on the measuféBjenftor
porous sintered Ag ink film, the power electronics application gives many literature
references on similar porous Ag structures. In the work of modeling power modules,
references indicate porous films act as astelgerfectly plastic material without creep
effect up to 150C[46]. Similarly, they als@eport the elastic modulus to be 10 GPa, which
is close to the 13 GPa measured for the Ag [f#8) 46]. The yield strength was estimated
to be the density*bulk yield modulus, which for 80% density of Ag was taken to be 43
MPa, and théangent modulus was 0 for the perfectly plastic. Since only a 3D image could
truly capture the volumebés porosity, a rou
file available on the exc™waehsfefrom@2DtISEMNn o f
image which are available from the experiments in Chapter 3. This program bases the
porosity calculation on-kneans clustering to reduce the image into sections of pores verses
material[44]. In this program, 4 cluster bins are used to determine the final bi ictiorgs

identifying the voids in black verse the material in white as showigure71. The figure
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shows the porosity close to 20% for the ink sintered at 200 °C for 30 mins, and the range

of porosity was found to be as small as 13% in the ink sintered at 500 °C, to 30% in one of

the layers of the thermally treated samples.

Figure 71: 19.64% porosity calculation by estimation based on ¥neans clustering

The Ag film was taken to be isotropic elastic perfectly plastic through a bilinear
isotropic hardemg model where the plastic yield was at 43 MPa. However, it is important
to note in the discussion about the interfacial strength that the sample in the simulation
does not undergo unloading. Also since the intensions of the FEM was to understand the
stresses at the interface in general, and not to predict the exact failure within the ink porous
structure, the film was generalized to be isotropic block and did not model the individually
connected Ag spheres of t helmswastakentobetke. The

same as for bulk silver, 0.346].

1.19.3.1Substrate: Liguid Crystalline Paher (LCP)

The liquid crystalline polymer was chosen for its stable dielectric constant and low loss
which is advantageous for high frequency applications likgahkrinted antenna arrays.

Rogers Corporation provided ULTRALAM® 3850HT, which works wellr foigh
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temperature, since the Ag sintering range is on the higher end. For the LCP, it was
considered to remain in the elastic regime and the numbers obtarednied 2 were taken

from the technical datasheet supplied by Rogers Corpofatipn

1.19.3.2Substrate: Polyethylene terephthalate (PET)

Novele ™ 13-220 PET was manufacturddr NovaCentrix® by Mitsubishi Imaging
(MPM), Inc.[32]. Itis a transparent PET film with a special mesoporous coating that allows
for the ink to be conductive by wicking away the coating which prevents the nanoparticles
from agglomerating in the Melaton® Ag ink solution while sitting at room temperature.
Genesn | PET properties are taken for the mode

ratio: 0.34[48].

1.19.3.3Carrier layer: FR4 / Cu clad

For many of the tests, a carrier substrate was used that consists-df @FdRcladded
on both sides with Cu. FR is a composite material consisting of woven fiberglass and
epoxy resin. Often the core consists of multiple laminate sheets of the wbeegldss
encased in the resin. Due to the woven nature of the material, the material properties are
considered orthotropic with differentiations in properties along<thé andZ directions.
The material model available was orthotropic as well as tertyerdependent as shown

in Table13[49, 50].

For the Cu materiakith the random grain directions, Cu was modeled as an isotropic
materi al . The values for ©bhesd¥pndagbéat Mod(D

taken from literaturé5].
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1.19.3.4Epoxy Material Properties

A two-part ClearWeld™ epoxy by JB Weld was used due to the wide range of dry
surfaces it can bond including metals to fiberglass, plastic and.wdbulk epoxy sample
was used for obtaining the Youngos modul i
Triboindentor. For the measurement, a conical shape tip with a radigsrowas applied
to the ink surface through aossrthe migeepoinisf | o0 a
which were arranged in a 3x3 grid pattern. During the test, the load and displacement on
the tip were monitored, and the Young6s moc¢
of the curves that are shown kigure 72. Table 11 shows the results for the estimated
Youngbés modul us as wel lndeatisn. Tharesultm®mral6@Nr e d d e
load was considered an outlier and was not taken into consideration for the average
Youngbés modulus 2 GPa for the epoxy. For mt

of 0.30.35 with 0.3 being commonly used foodeling[51].

Table 11: Overview of the epoxy indention

Indention ForcegN) Depth (nm) E (GPa)
1000 676.02 2.308
1200 791.8 2.201
1400 1039.99 1.909
1600 1206.63 3.428
1800 1236.14 2.338
2000 1295.42 2.221
2200 1419.87 2.804
2400 1515.9 1.547
2600 1965.34 1.432
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Load (uN)

Figure 72 Load-displacement curves from a 3x3 grid indention test on epoxy

1.19.3.5Material property overview

Tablel2andTablel3provide the material properties used in the numerical simulation

of peel test.

Table 12 Overview of material properties

Young(Poi s s on Yield Modulus Tangent
Modulus ) (MPa) Modulus
(MPa) (MPa)
Porous Sintereg 13000 0.37 43 0
Ag [45, 46]
LCP[47] 3406 0.35 - -
PET[48] 2100 0.34 - -
Elastic CU5] 109700 0.34 - -
Epoxy[5]] 2000 0.35 - -
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Table 13: FR-4 orthotropic temperature dependentmaterial model for FR-4 [49, 50|

TemperatureiC)

Property | 4 95 110 125 150 270
Ex(MPa) | 22400 | 20680 | 19970 | 19300 | 17920 | 16000
E, (MPa) | 1600 1200 1100 1000 600 450
E,.(MPa) | 22400 | 20680 | 19970 | 19300 | 17920 | 16000
Gx.(MPa) | 630 600 550 500 450 441
Gy (MPa) | 199 189 173 157 142 1393
Gy (MPa) | 199 189 173 157 142 1393

Vi 0136 | 0136 | 0136 | 0136 | 0136 | 0136
Viy 0142 | 0142 | 0142 | 0142 | 0142 | 0142
Vyz 0136 | 0136 | 0136 | 0136 | 0.136 | 0136
CTEx | 2066 | 20e6 | 20e6 | 20e6 | 2066 | 20e6
CTE, | 86.5e6 | 86.566 | 86.5e6 | 86.5e6 | 86.566 | 86.5€6
CTE, | 20e6 | 20e6 | 20e6 | 2066 | 20e6 | 20e6

1.19.4 Finite-element mesh

For the mesh, the main parameters of consideration were the number of elements
through the smallest thickness, which in this case was the ink layer. A minimum of 5
elements was designated for the ink thicknéssthe four mesh area zones along the crack
as shown irFigure 73, the mesh size along the length was as follows: M1 ¢ M2; 1
em, -OM35 e m-0an2d5 M4m. Ahead of t he defiredth t i p,
be same size as the elements in the ink thickness. For the areas farther away from the crack,
the mesh was scaled up from the element size in the ink layee &mebs of MAM4, the
lines defining the edge of the delamination were sized so that the elements formed will
have coincidental nodes for the upcoming boundary conditions. As shaviguire 73,
the materi al properties ¢ o6magengapioknCired,o t he

Epoxyi lime green, Ink periwinkle blue and LCP light blue.
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Figure 73 Example of mesh with the designated mesh areaswith mesh sizes M1 (2
em), M2 (1 e€m), M3 (0.5 e€m), and M4 (0. 25 ¢
material property associated with the element

1.19.5 Boundary Conditions

For the lmundary conditions as shown kigure 74, the following were conditions
defined and placed on node(s): a force load to mimic the tweezer pulling up, fixed
constraints athe bottom for the carrier, coupled node sets along the crack interface to keep

the crack closed, and the cuts done in the carrier to reduce the element count.
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FOFCQ' = Fss,experimeAWstrip

Couplenode set 10

D

Couple node set 1

Figure 74: Boundary conditions

For the force load to mimic the tweezer pulling up, the load from the experimental
steady state peel measur ement was divided
to the 2Dgeometry with unit thickness in the enftplane direction. The nodes at the left
edge of the flexible substrate were coupled together and the load applied uniformly across

the nodes in the-girection.

As discussed earlier, with the load applied to tHardmating arm, the coupled nodes
at the ink and flexible substrate interface were sequentially decoupled to mimic crack

propagation.
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1.19.6 Postprocessing: Stress/strain contours

Figure75s h o ws p e g)ldistsbutioneamdsthe (paanahape distribution around

the crack tip could be seen.

R R R T

I xa i aica

A R R R
(ke ik

-
A T R R P S
e e e
AL e I AT iy 1A SEAT s Taam
R e e DO e e
SR TR PR e
S ANaShadl ++I&+¢t# HE
Faianaraay

S

T
+¢t+*i¢$r+ﬁl’i¢#
LT

qeus
FrHE

Figure 75: Stress in they-direction (legend is in MPa)
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Figure 76: Stress in thex-direction (legend is in MPa)

Figure 77: xy shear stress (legend is in MPa)
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