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TCP Tape-Carrier Package 

TGA Thermogravimetric analyzer 

UV Ultraviolet 

VCCT Virtual Crack Closure Technique 

wt% Weight percentage 

(Ŭ,ɓ) Dundurs parameters 

a Crack 

dUe Incremental elastic work 

dUf Incremental work for fracture surface 

dUp Incremental plastic work 

dW Incremental external work 

E Young's Modulus 

G Strain energy release rate (subscripts: I, II, and III designate mode & C 

critical) 

K Fracture toughness 
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SUMMARY  

      Flexible substrates with printed electronics are being increasingly sought for the 

widespread and cost-effective use of flexible electronics. With printed ink on flexible 

substrates, several items need to be examined: synthesis 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 items, adhesion of ink to the substrate plays an 

important role in the overall reliability of printed ink on flexible substrate. 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 be identified and 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 techniques can be used on different substrate and ink materials. The developed 

techniques have addressed delamination both under shear and peel modes, and the 

dependence of adhesion characteristics on process parameters has also been studied. A 

sequential crack extension numerical technique 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 of 100 J/m2.  This 

work has also developed and assessed a fully-additive printing process for assembling 

surface mount devices on flexible substrates. Using different process parameters, this work 

has examined the joint integrity of such fully-additive printing process for component 
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assembly. Overall, this work has added important insight into both printed material 

adhesion as well as the integrity of additive-printed interconnect joints. 

  

. 
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INTRODUCTION  

Printed flexible electronics offer not just flexibility,  but have other advantages in terms 

of manufacturing, and sustainability. Since flexible substrates are foldable, twistable and 

stretchable, they are used in broad range of applications including internet of things (IoT), 

to medical devices, to connections in hardware. Flexible electronics have been around for 

decades with the base of polyimide substrate and cu foil. Recently with newer application 

IoT space, flexible electronics need to be space-efficient and unobtrusive sensors that are 

sustainable, but low-cost to manufacture. In 2018, the smart phone market started a new 

phase of foldable phones, with Samsung and Huawai revealing products that allow users 

to carry a phone with a tablet size screen [1]. Stretchable electronics are integrated into 

clothes and tattoo patches for health monitoring [2, 3]. Manufacturing price reductions are 

possible with larger working area flexible substrates with lower weight, which are easier 

to transport. Sustainability is a newer driver in the flexible electronics field as recyclability, 

biodegradable and biocompatibility are becoming more of a concern. This push is leading 

industries to explore new material sets to use in flexible electronics. 

 

Figure 1: Flexible electronics source [3] 
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With the new stage of materials, printed electronics are moving to flexible electronics 

due to easier production integration for both substrates and films (ink, laminated films or 

pastes) by printing tools. Since printing can be performed outside of a cleanroom 

environment, there is a benefit of lower overhead production costs as well as reducing the 

need to store spare parts. Also, printing is valuable for its adaptability in initial prototyping 

stages, where on the fly design changes can be more easily accommodated. However, 

printed electronics technology needs to address the concerns with qualification to be 

production-level ready. These qualifications are based on the industry test standards like 

IPC 9204, ASTM D813 and ASTM E1877-15 for quantifying the reliability and material 

properties important for determining a sound product. 

Reliability testing of flexible electronics includes mechanical loading such as bending, 

folding, twisting, and stretching of the substrates as well as thermo-mechanical loading due 

to thermal cycling or thermal storage. With these loadings, debonding or cracking of the 

layered films or assembled devices from the substrate can cause overall product failure. 

Adhesion quality is one of the important indicators for the reliability of the flexible 

electronics [4].  

1.1 Adhesion experimental techniques 

The basis of the printed film adhesion techniques follows from five thin-film adhesion 

techniques: peel test, tape peel test, blister test, indention tests and beam bending tests [4-

8]. Before determining the appropriate test technique to use, 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 availability. It is also important to understand that the 
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printed ink film is harder to peel at the intended interface of the substrate and film compared 

to thin films. For porous-ink sintered films, the sintered nanoparticle structure creates many 

crack initiation points within the film at each nanoparticle connection.  For printed films 

with fillers and a polymer matrix ink, the polymer matrix may have weaker adhesion to the 

filler  than the polymer to the substrate.  

For a peel test, the thin film is peeled away from the substrate while the peel force and 

distance of the peel are monitored. Commercial equipment is available, but it requires that 

it must be easy to pull the peeling film. As the film is peeled at constant rate perpendicular 

to the surface, the force will become constant at steady-state once the initial slack is taken 

out from the peel arm. The steady-state information is semi-quantitative since the 

experiment assumes the film did not have a large plastic deformation throughout the film, 

nor does it consider the energy needed for the film to transform.  

A common adhesion test is the tape peel test with commercially available kits. For the 

tape peel test, a grid pattern is scratched into the film and then a piece of tape is affixed to 

the film. After about 60 seconds, the tape is peeled 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, it is graded into a category to determine if the adhesion is good 

or bad. Categorization depends on how much of the grid structure remained; it was 

qualified by the amount left with a rating ranging from B0 (over 65% delamination) to B5 

(no delamination) [9] If the adhesion strength of the film is greater than the tape, then all 

the films will have a good grade. So, the test does not qualify the films beyond B5. 
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The blister test is a fully-quantitative test technique, that can measure the adhesion 

strength. In this test, underneath the film there is an access port to apply pressure. A blister 

is created with the pressured air. With the pressure, there is a point where the blister will 

grow in diameter. However, this is a complex sample preparation since a structure with a 

sacrificial layer needs to be fabricated. Also, the film needs to withstand the pressure 

needed, and a custom fixture must be designed to apply the pressure and monitor the filmôs 

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 

quantify and may not be at the intended interface. The ink material is not brittle, and so this 

test is not applicable. 

Beam bending techniques, like double cantilever beam (DCB)) or four-point bend 

(4PB), require a stiffer sample to undergo bending load. The bending techniques are direct 

and give quantitative data but have limitations with flexible substrate geometries. These 

tests are typically conducted on commercially available universal test stands, but the 

fixtures to the samples maybe custom made. Different fixtures can apply different loading 

directions, from the pure tensile, to mixing different shear modes also in a control manner, 

e.g. Brazil nut. 
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Table 1: Test method comparison for adhesion[7]  

      

 Technique Peel Test 
Tape Peel 

Test 
Blister Test 

Indentation 
Test/Scratch 

Test 

Beam 
Bending Tests 

Ease of Prep. 
 Straight 
Forward 

Straight 
Forward 

Complex 
Straight 
Forward 

Straight 
Forward 

Sample limits 
Peeling film 
must be able 
to be pulled 

Adhesion 
strength 

weaker than 
tape 

Films need to 
be able to 
withstand 
pressure as 

well as 
sacrificial 

layer 
fabrication 

Hard Brittle 
Coating 
(scratch- 

only) 
Substrate 
influence 

(Indention) 

Limited 
Sample 

Geometries 

Data Type 
Semi-

Quantitative 
Qualitative, 
no-go test 

Fully 
Quantitative 

Difficult 
quantitative 

Quantitative 

Loading 

Control 
delamination 

rate 

Apply 
different 
angles 

Limited Limited Limited 

Different 
loading 

conditions 
based on 
fixtures  

Commercially 
Available 

Equipment  
Yes Yes No Yes Partly 

 

Table 1 shows the thin-film adhesion techniques by comparing the preparation ease, 

sample limitations, data-type, loading capabilities and commercial equipment availability. 

Studies for the adhesion of printed inks on flexible substrates are limited compared to thin-

film studies [10]. 90х peel test has been used to quantify the adhesion of ink on flexible 

substrates [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 film as well as decrease 

the effect of energy lost due to plasticity. Such additional electroplating could affect the 
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interface of interest. Many ink on flexible substrate evaluations use the qualitative ASTM 

D3359-17 peel test [8]. As mentioned previously this only gives information for materials 

for poorer adhesion compared to tape, and it does not quantify the peel strength. An inkôs 

strain energy release rate was calculated with beam bending techniques - double cantilever 

beam and four point bend - by curing it between stiffer composite 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 and then a die shear test is performed 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 becomes detached from the substrate. This test is more 

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

For the current work, the peel test will be the main technique explored. The peel test 

allows for easier preparation of the sample without any sacrificial layer. The peel test is 

easily adaptable for different mode tests by changing the angle. Also, the test lets the 

samples be aged before testing for the adhesion. However, there needs to be an additional 

consideration of the experimental set-up with these thin films since plasticity is not fully 

accounted for. FEA simulation needs to also be pursued to examine how the plastic strain 

energy can be accounted for in the peel test [15]. 

1.2 Flexible substrate assembly 

Academic researchers, as well as those in industry, are currently pursuing assembly of 

components on substrates with printed conductors. Printed electronics assembly techniques 

with traditional tooling mainly focus on Ag paste and epoxy [16, 17]. For surface-mount 
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device (SMD) attachments onto flexible substrates, techniques available include wire-

bonding, Controlled Collapse Chip Connection (C4) reflow, anisotropic conductive films 

(ACF), isotropic conductive adhesives (ICA) or pastes, and fully additive techniques [18, 

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

up or face down, can affect the electrical performance as well as the footprint size needed 

to accommodate the chip. The technique may also the limit the type of chip layout, pitch 

between the bump interconnect, bump materials, and additional steps may need to 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 in Figure 2, Au wires are bonded to the die pad, swept, and 

then attached to the printed pads on the substrate.  The active side is up with limitation of 

the pitch to a peripheral pattern, and this will decrease the electrical performance as well 

as require a larger footprint. Also, the printed pads need to be reinforced with electroless 

nickel immersion gold (ENIG) for attaching the wirebonds, but there is no bump to be 

modified, nor any need for underfill. 

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

technology for assembly on rigid substrates with copper pads because it allows for mass 
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production attachment of components. The active side is down, which allows for higher 

I/O count in the area array and better electrical performance in the smaller footprint. 

However, the solder reflow does not work with most printed Ag conductors and the 

soldered components will need the ENIG finish to act as a barrier layer to keep the solder 

from consuming all the silver in the pads. Solder reflow would also require high-

temperature processing which may not be amenable to several low-temperature polymer 

substrates typically used in flexible electronics. Additionally, an underfill step is needed 

after assembly. 

Isotropic conductive bumps are formed by dispensing or stencil printing conductive 

adhesive or paste onto die pads. These spherical bumps can be brittle. For a better 

connection like as seen in Figure 3, Au bumps can be dipped into an adhesive and 

assembled onto the substrate. This technique lets the active side be down and allows for 

higher I/O with area array for the pitch. However, it does require underfill, but no ENIG. 

 

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

Anisotropic conductive films (ACF) are often used for tape-carrier packages (TCPs). 

Using them is often considered a thermo-compression bonding technique because of the 

pressure and temperature needed to apply during bonding the package to the film. 

Depending on the particle size and spacing of particles of the ACF, limits must be 

ACF 
ICA 
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considered for the pitch of the device, so that there are no shorts formed. Also, higher 

pressures are needed to deform the particles and the stiffer Au bumps are able to apply the 

pressure better than soft solder bumps. The ACF film acts as underfill, so there is no need 

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

 

 

Figure 4: Dielectric ramps [20] 

In terms of fully additive techniques, there are two main types identified in literature: 

dielectric ramp and sintering technologies. 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 substrates. The printer builds both wiring and interconnections in a single step as shown 

in Figure 4. In this process, the die is first attached to the substrate with its active side up 

before printing the dielectric ramp [20, 21]. However, this technique limits the assembly 

mostly to peripheral pad layouts, requires a large footprint, and has higher electrical 

parasitics due to longer trace lengths.  
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Figure 5: Fully ink assembly process which is limited to peripheral [17] 

For better pitch scalability and electrical performance, sintering technologies offer the 

best solution [22]. This method uses sintering of Ag ink as a way of assembling 

components on flexible substrates, since Ag ink can be directly sintered onto the trace 

without the metallic coating to protect the traces. By working with this method, the 

assembly is done after ink printing. This is the opposite of the work shown in Figure 5, 

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

same limitation of only peripheral pad layouts as the dielectric ramps.  Also, Ag ink is 

conductive after oxidizing and has sintering temperatures below 250 хC [13].   

Table 2: Assembly onto ink traces comparison  
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Table 2 compares all the techniques of assembly by the restrictions on different aspects 

of the build. The cheaper option with less upfront work may be to do the additional ENIG 

surface treatment, so that the traditional assembly techniques of wire bonding and C4 

reflow may be used. However, to pursue the best electrical performance this work will 

focus on the sintering technique for a fully additive assembly process. The pitch 

performance is flexible, with the ability to do the dip process for the array bumped chips 

and the ability to do the printing technique on the printed traces. 

1.3 Gaps in existing literature  

For printed inks on flexible substrates, adhesion strength has been identified as an 

important indicator for reliability. In general for the printed film adhesion experiments, 

there is a gap between the experimental data from the adhesion tests and determining 

quantifiable adhesion data such as the critical energy release rate. It would be a step forward 

to find better ways to measure results for different load types or thermal aging affects on 

the interfacial adhesion strength. In literature, there are many applications of thin film 

adhesion techniques which could potentially be used to determine the critical load to 

debond the printed ink from the flexible substrate. This critical load information can then 

be used in numerical simulations to extract the critical energy release rate (Gc). 

With regards to assembling onto flexible substrates that have printed traces, various 

methods have been discussed, but the focus of this work is on sintered bump techniques 

due to the emphasis on electrical performance. For these fully additive sintered techniques, 

there is a gap in the literature for assembly technique for large production scale and thermal 

aging.  
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An all-silver-ink process for substrate creation in the surface mount device (SMD) 

assembly should allow for quicker production cycle, cheaper manufacturing, and custom 

and low-quantity production [23]. To optimize the process, several items need to be 

examined for printed ink on flexible substrates: synthesis 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 in the overall reliability of printed ink on flexible substrates [4].  

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 be identified and the strength 

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 electronics. Although 

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 designed to 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 adhesion characterization, assembly of components onto Ag-ink traces 

printed on flexible substrates through all-ink process needs to be developed. Such a process 

must consider the temperature limit of the flexible substrate as well as the metallurgical 

bonding capability of the intended joint and the SMDôs electrode stack-up. To form a good 

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 and scope of research 

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 with innovative tests. Second, a numerical modeling scheme needs to be 

developed to extract interfacial parameters from adhesion tests. Third, a fully-additive 

printing process for assembling surface mount devices onto flexible substrates needs to be 

developed. An overview of the objectives and scope of the research is presented in Figure 
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6. The overall goal of this work is to demonstrate a fully-additive assembly process and to 

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

 

Figure 6: Overall goal and objectives for this work 

1.4.1 Development and demonstration of innovative adhesion tests 

The first objective of this work is to develop and demonstrate techniques to determine 

adhesion characteristics of printed ink on flexible substrate. Two types of tests were 

examined for printed inks: shear and peel. The shear test developed is analogous to the 

button shear test found in testing of epoxy mold compounds to Cu lead frames. This test 

was used for as-printed as well as for thermally treated inks. When developing the modified 

peel test, two different peel configurations were considered to characterize the interfacial 

adhesion of printed inks.  

1.4.2 Finite-element analysis of peel test 

Goal: To demonstate a fully-additive assembly process and 
characterize the adhesionstrength of the printed ink on a flexible 

substrate.

Objective 1: Develop techniques to 
determine adhesion characteristics 
of printed ink on flexible substrate 

Task 1.1- Develop a shear 
testing of film

Task 1.2 ςDevelop a modified 
peel test for adhesion 

measurement 

Objective 2: Develop numerical modeling 
scheme to extract interfacial parameters 

from the adhesion test

Task 2.1 ςObtain G for the peel 
test simulation Method 1

Objective 3:  Develop and assess fully 
additive assembly process for surface 
mount devices  on flexible substrate

Task 3.1 ςAssembly process

Task 3.2 ςDie-shear testing to 
examine joint failure location & 

cross-sectioning

Task 3.3 Study the effect of thermally 
aging assembled samples
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The second objective of this work is to develop numerical modeling scheme to extract 

interfacial parameters from the peel test. Finite-element modeling was done through 

commercially available ANSYSTM 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 devices. Parameters 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 assembly, some of the devices were electrically examined. Cross-

sectioning was also done for examining joint formation. Die-shear testing afterwards was 

done to evaluate the joint strength, and SEM and optical microscopy were done to 

understand the areas of failure.  In addition to as-assembled 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 and identifies 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 fully-additive assembly process. Chapter 3 focuses on the ink 

characterization. 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 examines finite-element analysis 

(FEA) to extract interfacial fracture parameters. Chapter 7 develops the ink assembly 
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process and provides results from the process. Chapter 8 concludes this work highlighting 

future applications as well as the research contributions. In addition, there are appendix 

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 discusses stress 

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, flexographic 

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 certain cleanroom 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 are used for creating the conductive lines/traces, and are not 

commonly used for joint formation [16, 24-27]. Understanding the ink characteristics of 

the specific printed ink is necessary for both the trace adhesion development and a fully-

additive assembly process. Ag ink is similar to Ag paste and both have the same impacting 

factors ï  (a) ink composition: Ag particle size, geometry and distribution/concentration 

(b) processing parameters: deposition technique, sintering profile, and drying time and (c) 

design: layout and deposition path [28].   

When discussing Ag ink for the sintered/particle films, ink composition has several 

parts including but not limited to particle characteristics, surfactants, suspension polymer, 

and particle concentration [28]. 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 be removed either by chemical reaction or additional energy 
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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 parameters need 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 demonstrated in Figure 7. 

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

to the inkjet-printed trace. However, the aerosol-jet-printed trace is more porous resulting 

in higher resistance compared to inkjet-printed trace.   

 

Figure 7: Same polyimide flexible substrate design with traces for measuring a flip-

chip daisy-chain test vehicle printed by (a) aerosol jet printing 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 the ink-jet drops ink droplets onto the 

surface.  Ink-jet printed test coupons behave differently from aerosol jet-printed tested 

coupons due to changes in printing process, ink composition, curing profile, resolution 

limits, etc. [29].  For deposition, ink-jet printing is a good candidate due to its low cost with 

high efficacy and resolution compared to other techniques listed in Figure 8 [23] [30].  For 

tƻƭȅƛƳƛŘŜ 
ǿƛǘƘ !ŜǊƻǎƻƭ 
{ǇǊŀȅŜŘ {ƛƭǾŜǊ 

tƻƭȅƛƳƛŘŜ 
ǿƛǘƘ Lƴƪπ
WŜǘ {ƛƭǾŜǊ 
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ink-jet printing, the main pattern parameters included: head feed rate (dpi), nozzle size, 

viscosity the nozzle can handle for ink, and the resolution of head movement.   

 

Figure 8 Comparison of selected printing 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 electrical, thermal 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 larger footprint designs depending on the printerôs nozzle 

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 sample printed. 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 of the printed ink through 

tape peel testing is discussed.  
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1.6 Inkjet printing  

For this work, two main material sets were studied: SuntronicÊ EMD 5730 printed on 

Rogers Corporation ULTRALAM® 3850HT Liquid Crystal Polymer (LCP) substrate and 

NovaCentrix® Metalon® JS-B25P Ag ink printed on NoveleTM IJ-220 Polyethylene 

Terephthalate (PET) substrate. Various details of the two ink chemistries and processing 

parameters are discussed in the subsequent sections. These include: (a) ink composition: 

Ag particle size, geometry and distribution/concentration, (b) processing parameters: 

deposition technique, sintering profile, and drying time and (c) design: layout and 

deposition path [28].  

1.6.1 Material set 1: SuntronicÊ EMD 5730 ink on Rogers Corporation ULTRALAM® 

3850HT LCP 

In the first set shown in Figure 9, SuntronicÊ EMD 5730 ink was deposited onto 

Rogers Corporation ULTRALAM® 3850HT LCP substrate that was particularly 

formulated to be stable at higher temperatures.  SuntronicÊ EMD 5730 ink is a solvent-

based binder with a 40 wt% concentration of 50 nm Ag spherical particles.  



 21 

 

Figure 9: Scanning electron microscope (SEM) images SuntronicÊ EMD 5730 Ag ink 

on Rogers Corporation ULTRALAM® 3850HT LCP Substrate 

For processing, a commercial Fujifilm DimatrixTM DMP 2831 inkjet printer, as shown 

in Figure 10, was used to deposit the first material set: SunChemical® SunTronicTM EMD 

5730 ink onto the LCP substrate. The 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 the x and y directions 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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Figure 10: Stage and cartridge of the Fujifilm Dimatrix DMP 

Cartridge calibration consisted of watching the droplets from the nozzle jets. In drop 

watching view as shown in Figure 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 that the jet needed cleaning.  For a given print, 

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

 

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 

locations.  When the conversion from .dxf to bitmap is not done correctly, print errors and 

gaps as shown in Figure 12 could occur. Thus, careful examination of conversion is 

necessary. 

 

Figure 12: Inkjet printing may have conversion errors 

For the SunChemical® SunTronicTM EMD 5730 ink, the sintering range suggested by 

vendor was 150 °C to 250 °C, and as a first step, an isothermal sintering temperature was 

determined through sintering characterization. Thus, a TA InstrumentÊ SDT 600 analyzer 

was used to determine when the solvent in the ink fully evaporated by monitoring the 

weight loss in the printed ink, by temperature sweeping from room temperature to 500 °C 

at a 10 °C/min ramping rate.  

Charging from 

LCP 
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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  

Figure 13 that the net weight of the ink after reaching a temperature of 200 °C stabilized 

and was about 40% of the initial weight indicating that almost all of the solvent had 

evaporated by 200 °C. As 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.g. [31]), it was chosen for sintering the 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, and therefore, the print footprint and direction of printing should 

be appropriately selected to reduce the print time.   
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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. In Figure 14, the left square was printed with a 1st layer followed 

by a wait time of 40 mins before printing the 2nd layer; another wait time of 40 mins was 

added before printing the 3rd layer.  The right square was then printed with 3 consecutive 

layers with no wait time. After the second square was printed, the sample was placed into 

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

 

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 between layers (Figure 15) show a rougher 

surface compared to the images of the no wait between printing different layers (Figure 

16). The images in Figure 16 show a more uniform structure overall, but the film did not 

have uniform thickness.   

 

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

 

1.6.2 Material set 2: NovaCentrix® Metalon® JS-B25P Ag ink and NoveleTM IJ-220 

Polyethylene Terephthalate (PET) substrate 

The second sample set consisted of NovaCentrix® Metalon ® JS-B25P Ag ink on 

Novele TM IJ-220 Polyethylene Terephthalate (PET) substrate.  Novele TM IJ-220 PET is 

manufactured for NovaCentrix® by Mitsubishi Imaging (MPM), Inc. [32]. The transparent 

PET film has a special mesoporous film that allows for the ink to be conductive with a 

room-temperature dry. This mesoporous film wicks away the coating around the silver 

particle which prevents the nanoparticles from agglomerating in the Melaton® Ag ink 

Non-uniform height 
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solution while in storage. The Melaton JS-B25P consists of an aqueous solution with 25 

wt% nano Ag spherical particles (average 60-80 nm diameter).  

 

Figure 17: Scanning Electron Microscope image of NovaCentric® Metalon® JS-B25P 

Ag Ink on Novele TM  IJ -220 Polyethylene Terephthalate (PET) substrate 

An Epson® Stylus® C88+ desktop ink-jet printer was used for this study. PET sheets 

were taken directly out of the package and used for printing. With 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 

(Figure 18).  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.  However, 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 light-pulse treatment. For this set of materials, only 
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one layer was printed due to alignment issues, since the PETsubstrate must be feed through 

the Epson® Stylus® C88+ printer. The time for print was quick and lasted only a few 

seconds.   

 

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

special coating 

1.7 ASTM D3359-17 Tape Peel Test 

Although quantitative tests were discussed in the next two chapters, a qualitative 

adhesion test was first done for adhesion assessment. ASTM D3359-17 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 entire grid pattern and held for 30-60 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 substrate by the tape peel, then it was B0 (poor adhesion), and if none 

of the squares were removed, then it was B5 (excellent adhesion with no delamination) [9].  

The feeding of the 

PET sheet through 

printer leaves a 
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Figure 19: ASTM D3359-17 Visual inspection (a) Olympus LEXT 3D laser measuring 

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, the grid consisted of approximately 10 x 10 squares, and upon peeling using 

the tape test, practically all of the squares remained on the substrate indicating that the 

adhesion quality was of B5 standard.  Figure 19b shows an example 2 x 2 square, as seen 

through the confocal microscope, out of the total of 10 x 10 squares. Figure 19c shows the 

laser profilometer view before the tape peel test, and Figure 19d 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 

class, ñ5Bò was obtained for this material set as well.  

1.8 Ink Printing Summary  

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

techniques and the design of the blanket film to be used for adhesion testing. Even though 

a 

c d 

b 

a b 

c d 
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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 the film. Both printed materials demonstrated 5B adhesion according to ASTM 

D3359-17.   
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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 the ink-jet printed films due to 

manufacturing considerations. (1) These films often are designed to be porous so that the 

films are more flexible by lower the stiffness. (2) Ink-jetted films often are composed of 

thin layers that are stacked-up to reach the desired thickness. (3) Depending on the tool and 

the file conversion to bitmap (or designated file extension) for 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 backing structure made the technique adaptable across 

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

 

Figure 20:  XYZTEC TM  paddle shear configuration 

The XYZTECTM adhesion test tool is a commercially available platform, which is 

capable of a wide range of adhesion tests including shear tests. For this study, the paddle 

shear (Figure 20) was used to shear the button. For the 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 

ñrigidò electronic packaging structures, components such as epoxy mold compound can be 

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 to print 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 shown in Figure 

21 was used as the button for shearing purposes.  As the substrate is flexible, the substrate 

needed to be adhered to a carrier, rigid Cu-clad FR4 board, that was held flat and tight on 

the vice before shearing of the ink could be completed.   

 

 

Figure 21: Schematic with the epoxy mold compound button and the cross-section of 

the stack up for the final structure need to be placed in the vice for the XYZTECTM  

tool 
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1.9.1 Sample preparation and fixturing 

Figure 22 shows the process for the button shear test. First, the flexible LCP was 

adhered to a carrier Cu-clad FR-4 board which was sized to fit into the vice of the shear 

tester. Next, preformed epoxy mold compound buttons were adhered to the inkôs surface 

using a commercially available epoxy that was set at room temperature and fully cured in 

an hour.  The room-temperature 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 print, and the samples were prepared to 

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

 

 

Figure 22: Schematic shows how the button shear test samples are prepared  

 

 

Thermal treatment: 48 hrs @ 
200 хC in oven 

LCP attached to carrier Cu-
clad FR-4 board  

Preformed buttons epoxied 
to the inkΩs surface at room 

temperature  
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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) Study with 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 on shear 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 studies, Table 3 lists various test cases studied for the button shear 

test. As seen, two to three layers of ink with and without thermal treatment were examined 

through the EMC button shear test. Figure 23 shows the SEM images of printed Ag that 

was thermally treated for an additional 48 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, the XYZtecTM Condor Sigma was configured for the zone shear 

paddle attachment, and the shear testing was done at two different rates: 1000 ɛm/s and 

16.7 ɛm/s rates.  Multiple samples were done for each test as described in Table 3, and the 

results are shown in Figure 24. The load at which the button was sheared off was divided 

by the area of the button to obtain the average shear strength.  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 

10 ɛm 

2 ɛm 
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Figure 24: Shear testing results 

In Figure 24, the number of layers did not influence the results. However, the thermal 

treatment seemed to have reduced the average shear strength by about 30% for 16.7 ɛm/s 

test and by about 50% for the 1000 ɛm/s test.  

 

Figure 25: Shear testing (a) delamination between Ag and LCP after 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 thermally-untreated specimens had 

a clear delamination of the ink from the substrate, as shown in Figure 25a.  However, the 

thermally-treated specimens had more of a cohesive fracture of the ink between layers with 

a b 
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different levels of fusion as shown in Figure 25b, and thus cohesive fracture demonstrated 

a lower strength. The images in Figure 25 were taken from the 1000 ɛm/s rate experiments.  

For shear tests conducted with a head velocity rate of 16.7 ɛm/s, the results were a mix 

between interfacial and cohesive failure, and the shear strength values appeared to be 

between the interfacial and cohesive fracture values.  

 

Figure 26: SEM image of the bottom 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 thermally-untreated ink layer after 

the shear test (Figure 26).  The ink shows the porous quality that is desirable for lowering 

the stiffness across the whole surface. In the 50 ɛm image, a waviness was seen in the ink 
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corresponding to the LCP ñgrainò direction. For the thermally-untreated ink, cracks 

throughout the button bottom area are roughly 45Á from the LCP ñgrainò direction and the 

break is between particles. LCP strands are attached to the ink from the test. However, 

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

 SEM imaging was also done on the bottom side of the thermally-treated ink after being 

sheared off (Figure 27). 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 increasing shear 

strength with thermal treatment as expected in literature [33]. 
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Figure 27: Button side SEM for the thermally treated sample. Images show different 

levels of increasing levels of zoom. 

1.11 Contact-angle measurement 

Adhesion strength of an ink to the substrate can be understood by looking at how the 

ink wets the surface of the substrate. If the ink wets the surface well, it will spread-out 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 shown in Figure 28, and will result in 

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

As shown in Figure 28, the contact angle (ɗ) measurement characterizes the type of 

wetting.  A Biolin Scientific Optical Tensiometer tool was used to measure the contact 

angle. The Attension® software automatically calculated the contact angle for both edges 

of the droplet. For the configuration in Figure 29, the droplet was manually created by 

pushing the ink through the needle with a syringe. Due to the low viscosity and manual 

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 clean is discussed in the development of the shear test. 
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Figure 29: Biolin scientific optical tensiometer tool in ATHENA  lab 

 For the study, the basic pre-clean process was a acetic acid clean, followed by acetone 

and then isopropyl alcohol (IPA) clean. The pre-clean was to help remove any larger debris 

on the LCP surface. Next, different UV ozone clean times were applied to various sample 

substrates as listed in Table 4. For the UV ozone clean experiments, time was the only 

variable. The sample substrate for the test cases was LCP. 

Table 4: Ozone clean time description 

Case 
UV Ozone Clean 

(min:sec) 
Sample Substrate 

1 0:30 LCP 

2 1:30 LCP 

3 3:00 LCP 

4 5:00 LCP 

As shown in Table 4, the ozone clean time ranged from 30 seconds to 5 minutes. For 

each sample substrate a contact angle measurement was taken as is, after the pre-clean of 

a b 
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vinegar and solvent, and the last measurement was taken after the ozone clean as indicated 

in Table 5. A separate smaller piece of the sample substrate was cut from the main sample 

substrate due to platform size limitation 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 piece was 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 shown in Figure 

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 5 minute preclean 

surface have higher angles than without treatment, and after the ozone clean angles reduced 

below the substrate without any surface treatment. adhesion 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 without any surface treatment a 49 ° 49° 46° 23° 

b 46° 48° 45° 20° 

Substrate after Preclean a 54° - 33° 53° 

b 48° - 34° 50° 

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

b 34° 12° 13° 11° 

 

1.12 Effect of ozone treatment on adhesion strength 

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

Figure 22. The XYZTECTM Condor Sigma was also configured for the zone shear paddle 
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attachment, and the shear testing was done at a rate of 1000 ɛm/s.  Multiple samples were 

done for each test as described in Table 5. 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 found still attached to the substrate as indicated in Table 6. ñButton not 

recoveredò means that as the sample was sheared, the button flew off and could not be 

located. It is seen that the shearing forces were between 100-200 N.  

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

 

Using the shearing force values shown in Table 7 and dividing the force by cross-

section area of the button, the average shear strength can be obtained, and such shear 

strength values are presented in Figure 30.  The error bars represent the maximum and 

minimum of the test results for the sample type listed.  

30 sec 1.5 min 3 min 5 min

1 152.66 190.15 227.05 153.43

2 181.11 255.86 135.12 178.32 Button not recovered

3 171.21 153.99 136.75 244.99

4 233.80 210.24 191.77 184.75 Chipped EMC button

5 229.59 210.28 199.83 158.33

6 152.34 249.88 180.60 191.33

7 77.36 106.71 193.99 246.18

8 164.82 139.49 201.84 184.06
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Figure 30: Ozone clean shear results 

The ozone clean was beneficial for adhesion strength. Compared to the results 

presented in Figure 30, the ozone clean treatment improves the shear strength by 40% in 

general. However, the contact angle measurements in Table 5 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 interface was 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 in Figure 31. 
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Figure 31: Chipped EMC Button on the Ag/LCP sample after shear testing 

1.13 Control study with material set 2: NovaCentrix® Metalon® JS-B25P Ag ink 

and NoveleTM  IJ -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. The XYZtecTM Condor Sigma was configured for the 

zone shear paddle attachment, and the shear testing is done at three different rates: 1000 

ɛm/s, 100 ɛm/s and 16.7 ɛm/s rates. As before, the load at which the button was sheared 

off was divided by the area of the button to obtain the average shear strength.  The error 

bars in Figure 32 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 shear rates 

In Figure 32 the higher shear rates, 1000 and 100 µm/s, gave a higher shear strength 

compared to the 16.7 µm/s.  This trend was similar to the trend seen in material set 1 under 

control conditions (Figure 24). Literature [34] also indicated that faster shear rates would 

give clearer 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 button was is 

shown on the substrate in Figure 33. On closer examination of the interface with a 

microscope in Figure 34, residue silver remained on the slowest rate, 16.7 um/s, samples.  

 

Figure 34: Microscope image of the board side (a) 1000 um/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 enhance the 

adhesion of the printed ink to the LCP substrate. However, treatment beyond 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 than delaminate from the substrate, and at a lower force compared 

to no-thermal-treatment samples.  Material set one (18 MPa) is only slightly stronger in 

shear compared to material set two (15 MPa) when no pre-treatment is performed on the 

substrate.  

a b 
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DEVELOPMENT OF PEEL TEST  

For the adhesion testing, the peel test was explored for a different mode of fracture. 

Peel tests have been applied on various thin-film structures including copper in electronic 

packaging. These plated copper and foil copper films are easier to peel due 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. Alternatively, the flexible 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 peel test: ñMethod 1: Flexible Substrate Peel Testò 

as illustrated in Figure 35. As the polymer flexible substrates are viscoelastic and/or 

hyperelastic, the substrate could significantly 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 was used to peel the ink from the flexible substrate, as illustrated in 

Figure 35. In this ñMethod 2: Substitute Structure Peel Test,ò the flexible substrate was 

first adhered 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 structure is peeled 

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 flexible substrate interface.  
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Figure 35: Schematic for the methods used for determining the adhesion strength 

The red line in Figure 35 indicates the desired delamination location. . For the first 

method, the Ag ink was left on the carrier substrate, while the flexible substrate was peeled 

off.  For the second method, the silver ink and the substitute layer were peeled off from the 

flexible substrate as shown in Figure 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 TM   tweezer peeling sample in vice 

For the peel test, the XYZTECTM adhesion test tool was utilized with the tweezer head 

as shown in Figure 37.  The head and the stage were programed to move at the same rate. 

The intention for these experiments on the XYZTECTM adhesion 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 the experiments 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 test (IPC-TM-650 Method 2.4.8.1). 

necessarily being continuous and not easily peel-able by itself, the flexible substrate was 

peeled off instead.   

1.14.1 Sample preparation and fixturing 

The material sample sets were taken as-is for the processed ink film on the flexible 

substrate, and the sets underwent the sample preparation in Figure 38. First, the samples 

were cut into strips. Next the strips were adhered to the carrier structure with the ink 

facedown using a commercially available epoxy. This epoxy sets at room temperature and 
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fully cures in an hour.  The room-temperature 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 cured, a blade 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 XYZTECTM vice grip.  

 

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 Details of experiments and images 

For Method 1 as shown in Figure 39, two different carrier materials are used: (1) a 2 

mm-thick clear polycarbonate sheet and (2) Cu-clad FR4 board. 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 adhered to the underside of the clear 

polycarbonate carrier. The checker pattern provided a measurable reference for the crack 

front location in the video recording, since each squareôs side was 1 mm in length.  

Sample Fabrication  

Attached with ink face 
down onto carrier  

Cut into strips  

Carrier Epoxy Ag layer Flexible Substrate 
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Although the polycarbonate substrate served as a good carrier for weaker ink films, the 

epoxy did not adhere well enough to polycarbonate when the inkôs adhesion to the flexible 

substrate was improved. Therefore, a different carrier substrate, Cu-clad FR4, was used. 

Adhesion to Cu-clad FR4 was strong enough to ensure that delamination occurred at the 

interface of ink and flexible substrate. As the opaque Cu-clad FR4 did not provide an 

opportunity to use the checkered board, the delamination location was determined through 

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

epoxy adhere to it. 

 

Figure 39: Carrier images (a) 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 into the systemôs tweezer 

system.  

 

 

a b 
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1.14.3 Peel test experimental data 

The experiments were conducted for two material sets. . The first material set was the 

SuntronicÊ EMD 5730 and Rogers Corporation ULTRALAM® 3850HT substrate. The 

second set was NovaCentrix® Metalon ® JS-B25P Ag ink and Novele TM IJ-220 PET 

substrate.  

1.14.3.1 Method 1 on material set 1: SuntronicÊ EMD 5730 ink on Rogers Corporation 

ULTRALAM® 3850HT LCP 

Different rates, strip widths and carriers were used to demonstrate the applicability of 

the peel test and determine the peel force. Table 8 provides the peel tests that were 

conducted using Method 1 on the first material setï Suntronic ink on Rogers LCP substrate. 

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

descriptions 

Test 

Case 

Number 

of  

samples 

Material 

Set 

Carrier Width 

(mm) 

Rate 

(mm/s) 

Peel 

distance 

(mm) 

Average 

measured 

peel force 

(N/m) 

1 6 1 polycarbonate 4 50.0 25 ~100 

2a 3 1 polycarbonate 1 1.0 15 ~200 

2b 3 1 polycarbonate 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 samples (Figure 40) and the second case (2a and 2b in Table 

8) of 6 samples (Figure 41), there is an increase of peel force by 100 N/m between 2a and 

2b. The second case of 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 the adhesion 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 are marginally 

affected by the strip width. 

 

Figure 40: Peel test Method 1 on material set 1 on a plastic carrier ï 4 mm wide 

samples (Case 1) 

 

Sample ID: 
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Figure 41: Peel test Method 1 material set 1 on plastic carrier ï 1- and 3-mm 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 oscillate, although the overall 

magnitude 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 substrate, or 

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. 

 

Sample ID: 
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Figure 42: Peel test Method 1 on material set 1 on carrier Cu-clad- FR4 ï 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 seen in Figure 43. The ink samples came as-is from different print 

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

onto the carrier.   

Sample ID: 
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Figure 43: Peel test Method 1 on material set 1 on carrier Cu-clad- FR4 ï 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 desired profile was obtained with a 

constant peel force as demonstrated in Figure 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. The rolling filter, also known as moving-average 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 in the 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).  

Tape 

Tracks 

Ink Film 

Flexible Substrate 



 58 

 

Figure 44: Peel test Method 1 on material set 1 on carrier Cu -clad- FR4 ï 3 mm wide 

sample (Case 4a). Sample ran at 0.1 mm/s with different filters applied to examine the 

best fit  

 

Figure 45: Peel test Method 1 material set 1 on carrier Cu -clad- FR4 ï 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 cumulative fit for each sample. For 

the samples peeled at a rate of 0.1 mm/s (Case 4a), Figure 46 details the cumulative fit 

dataôs max (orange), min (grey) and mean (blue) with standard deviation error. . Figure 47 

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 7) in Figure 45 did 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 in Table 8 is the average of all the samples for a given case.  

 

Figure 46: Peel test Method 1 on material set 1 on carrier Cu-clad- FR4 ï 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 

 



 60 

 

Figure 47: Peel test Method 1 on material set 1 on carrier Cu-clad- FR4 ï 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 

1.14.3.2 Peel test Method 1 on material set 2: NovaCentrix® Metalon® JS-B25P Ag ink 

and NoveleTM IJ-220 Polyethylene Terephthalate (PET) substrate 

For material set 2 (NovaCentrix® Metalon ® JS-B25P Ag ink and Novele TM IJ-220 

PET substrate), the carrier material used was plastic. In Figure 48, the results are shown 

for 3 mm wide strips with the air-dried samples for Method 1. Seven samples were peeled 

45 mm, and the average peel force was about 100 N/m. In addition to air-dried ink, the ink 

was also oven-cured and pulse-forge cured. The thermal oven cure was done at 90 хC for 

one hour, while pulse cure was done at max intensity for 30 seconds.  The Method 1 peel 

test experimental data for the cured as well as pulse-forged samples are shown in Figure 

49. Two samples for each treatment were tested, and the average peel force was about 150 

N/m.   
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Figure 48: Peel test Method 1 on material set 2 on plastic carrier ï 3 mm wide sample 

air dried  

Sample ID: 
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Figure 49: Peel test Method 1 on material set 2 on plastic carrier ï 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 indicated in Figure 50, 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 adhered 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/length. In 

general, as seen in the images, most of the failures were in the interface of silver ink and 

PET substrate. 

Sample ID: 
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Figure 50: Peel test Method 1 on material set 2 on plastic carrier ï 3 mm wide sample 

after test 

1.15 Method 2: substitute structure peel test  

The peel test with the Method 2 configuration was meant to be more consistent across 

material sets. A 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 in Figure 51. First, the samples were cut into strips. Next the strips were 

adhered to the carrier with the ink face up using a commercially available epoxy. The epoxy 

set at room temperature and fully cured 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 was epoxy remaining on the side, it would influence the measurement. 

Shiny 

Dull 
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Figure 51: Sample preparation for Method 2 

1.15.2 Details of experiments and images 

For Method 2 as shown in Figure 52, two substitute backing substitute structure are 

explored: foil and Cu-cladded fr-4 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 grit) to 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 

Sample Fabrication  

Attached with ink face up 
onto carrier  

Cut into strips  

Attached the substitute backing structure strip onto 
the ink  

Substitute structure Carrier 

Epoxy 

Ag layer Flexible Substrate 
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Before the sample was placed in the vice grip for 90х pull, 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 strip into the systemôs tweezer. The rate of pull was set to be 1 mm 

per second on the tool. Then the stage (x-direction) and the tweezer (z-direction) move at 

the same rate. During the experiments, a video was taken to observe the substitute 

structureôs shaped during the peel test and crack extension distance.  

1.15.3 Data from the experiments 

The experiments are discussed by material sets. The first material set was the 

SuntronicÊ EMD 5730 and Rogers Corporation ULTRALAM® 3850HT substrate. The 

second set was NovaCentrix® Metalon ® JS-B25P Ag ink and Novele TM IJ-220 PET 

substrate. 

1.15.3.1 Method 2 on material set 1: SuntronicÊ EMD 5730 ink on Rogers Corporation 

ULTRALAM® 3850HT LCP 

Different process runs were attempted to determine the peel strength and demonstrate 

the applicability of the developed peel test. The following list provides the peel tests that 

were conducted using Method 2 and is also summarized in Table 9.  

1) Material set 1- SuntronicÊ EMD 5730 and Rogers Corporation 

ULTRALAM® 3850HT substrate with a substitute layer composed of 

flexible Cu-clad FR-4. The Cu-clad flexible board was composed of a core 

FR-4 sheet with a 100 ɛm thickness and Cu foil on both faces which are 
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25.4 ɛm thick. The first set is shown in Figure 53. Three different strip 

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 

average peel force is 125 N/mm.  

2) Material set 1 SuntronicÊ EMD 5730 and Rogers Corporation 

ULTRALAM® 3850HT substrate with a substitute structure composed of 

flexible Cu-clad FR-4. A second printed set is shown Figure 54, 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- SuntronicÊ EMD 5730 and Rogers Corporation 

ULTRALAM® 3850HT substrate with a substitute structure composed of 

a Cu foil in 25. 4 ɛm (1 mil).  Seven test results are shown in Figure 55. The 

results did not give a clear indication of the peel strength. The force/width 

ranged from 200-800 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 resulted in the increase in adhesion peel force. The 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 ink on Rogers LCP substrate) test 

descriptions 

Test 

Case 

Number 

of 

Samples 

Material 

Set 
Carrier 

Substitute 

Structure 

Width 

(mm) 

Rate 

(mm/s) 

Peel 

distance 

(mm) 

Average 

measured 

peel 

force 

(N/m) 

1a 2 1 
CuClad 

FR4 

CuClad 

FR4 
3 1.0 45 

125 

1b 1 1 
CuClad 

FR4 

CuClad 

FR4 
variable 1.0 45 

2 2 1 
CuClad 

FR4 

CuClad 

FR4 
3 1.0 25 ~400  

3 7 1 
CuClad 

FR4 

CuClad 

FR4 
3 1.0 20 200-800  
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Figure 53: Method 2 on material Set 1 with Cu-clad-FR4 flexible substitute structure 

(Case 1a & 1b) 

 

Figure 54: Method 2 on material set 1 with Cu-clad-FR4 flexible substitute structure 

(Case 2) 

Sample ID: 

Sample ID: 
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. 

 

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 substitute structure in Figure 56, and EDS is 

performed on the LCP side of the peeled off section Figure 57.  

Sample ID: 
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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 off section 

1.15.3.2 Method 1 on material set 2: NovaCentrix® Metalon® JS-B25P Ag ink and 

NoveleTM IJ-220 Polyethylene Terephthalate (PET) substrate 

For material set 2 (NovaCentrix® Metalon ® JS-B25P Ag ink and Novele TM IJ-220 

PET substrate), the substitute structure is a Cu foil that is 76.2 ɛm (3 mil) thick. In Figure 

58, the results are shown for 3 mm wide strips with the air-dried samples for Method 2. Six 

samples were tested, and the average peel force results were convoluted Peeling was done 

Substitute structure ǎƛŘŜ 

[/t ǎƛŘŜ 
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through a distance of about 45 mm. In addition to air-dried ink, the ink was also oven-cured 

as well as pulse-forge cured. The thermal oven cure was done at 90 хC for 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 pulse-forged samples are shown in Figure 59. 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.  

 

 

Figure 58: Method 2 material set 2 air dried with Cu foil substitute layer 

Sample ID: 



 72 

 

 

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

For the second set of materials in the 90х peel test, the ink is contained in a porous film, 

and it is these filmsô adhesion strength which dominates the results. In the cross-section of 

Figure 60, 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 on the Novele TM IJ-220 

PET. It also explains the distinct sections of the peel seen in Figure 50 for the material set 

2. 

 

Sample ID: 
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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 

both material 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 

structure. 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 not planar during the 

epoxy adhesion step. 

PET 

Epoxy 

Epoxy 

Substitute FR4 

Carrier FR4

 

Carrier Cu 

Substitute Cu 

Porous PET 
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With the substitute structure, there needs to be an account of the load change due to the 

stiffness of the material. Figure 53 and Figure 54 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 

energy with relation to the experiment in Chapter 5. Due to the complexity of the material 

stack up as well as complexity in the constitutive behavior of various materials in the stack, 

a closed-form analytical solution is not as readily possible, and thus, a finite-element 

modeling is used in this work to determine the critical fracture strain energy at the interface 

between the ink and substrate [35].   

1.17 Adhesion Modeling Techniques 

There are two main approaches to fracture mechanics in determining the fracture 

energy: stress intensity factor and strain energy release rate [35]. The first approach, stress 

intensity factor (SIF), has the advantage of calculating what is occurring at the crack front 

and often characterizes the fracture toughness, K, based on the crack mode [7]. Each of the 

modes can be described in terms of how loads are applied: Mode I ïopening, Mode II ï 

sliding/shearing, and Mode III ï tearing. The three modes are illustrated in Figure 62, and 

Mode I and Mode II are commonly found in many applications.   
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Figure 62: Modes of fracture  

For a bi-material set-up, delamination as shown in Figure 63, may occur at the interface 

(a to b), or kink into the substrate (a to c) or film (a to d). Suo and Hutchinson have observed 

that the short cracks at the edge would reach a fixed depth and propagate along that depth 

parallel to the surface [7].  

 

 

Figure 63: Bi-material schematic at the crack-tip   

Stresses at the interface of two elastic materials are oscillatory and the stress intensity 

is described by the oscillatory exponent (Ůe) and Dundurs parameters (Ŭ, ɓ), which are 

dependent on the Youngôs Modulus (E), Poissonôs ratio (v), and shear modulus (ɛ) [36, 37] 

of the two materials: 
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Rice and Shih have shown the complex stress intensity factor in terms of K1 and K2: 
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Using SIF, in 2D the stress field  
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 It should be noted that the SIF is dependent on the arbitrary length, l.  

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

strain energy, G, that is released per unit area when an existing crack propagates [35, 38].  
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For an interface, the interface energy release rate, G, can be related to stress intensity 

factors for bimaterials and can be shown as [36]: 
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In terms of computational fracture mechanics which is implemented by finite-element 

analysis (FEA) as shown in Figure 64, there are various options to determine the interface 

energy release rate and interfacial crack propagation for the criteria: J-integral, crack 

extension method, and virtual crack closure technique (VCCT). Cohesive zone modeling 

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

 

Figure 64 Crack growth with modified crack closure source based on SERR [38] 

In J-integral approach, nonlinear energy release rate can be described by a closed line 

integral in a 2D model. As shown in Figure 63, J-integralôs path is evaluated as the sum of 

integrating about the path in material 2 (ũ2) and material 1 (ũ1).  
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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. VCCT uses the assumption that the energy needed to separate a 

crack surface is equal to the energy to close the same surface, and so the energy-release 

rate can be calculated. It is also used for simulations with a known crack path that is defined 

by interface elements.  

 

Figure 65 Visualization of bilinear traction separation law for cohesive zone modeling 

(CZM)  [14] 

Cohesive Zone Modeling approach is the bridge between the stress-based and energy 

based methods[39]. It uses a damage tolerance criterion to determine crack nucleation and 

propagation along a predefined path and has the advantage of ability to predict behavior of 

un-cracked structures more easily. The damage is based on a traction-separation law, which 

states an element is reversible up to an initial damage point and the element then has 

damage which builds up until the crack is extended when the element is ñfully damaged.ò 

CZM modeling is commonly used for both peel testing and button shear testing, while 

VCCT is also used in comparison for button shear testing [39-42].  
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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 configuration in Figure 66.  

 

Figure 66: Schematic for the method 1 

The two main SERR numerical approaches are integral (J-integral) and Virtual Crack 

closure techniques [35]. The former is able to account for plasticity which could develop, 

but there are concerns with thin film when the J-integral hits the boundary of the film [15]. 

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 close the crack. An illustration of VCCT 

is shown in Figure 67 where nodal forces and displacements are used to determine the 

energy to close a crack. Parks further expanded the VCCT concept to include elastic-plastic 

materials by considering the integral of strain energy and plastic work for the elements 

[43]. However, in ANSYS TM, the FEA software utilized for this work, the pre-defined 

VCCT program does not account for plastic-elastic materials when using the following 

equations to calculate the energy release rate in terms of mode directions GI and GII for 2D 

analysis [44]:   

Method 2 

Method 1 

Carrier 

Epoxy Ag layer Flexible Substrate 

Interface delamination 

Ink sample on substrate 
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Where Rx and Ry are the reaction forces at the crack tip, æa is the crack increment, æu 

is the relative displacement of the previous coupled nodes along the x, and æv is the relative 

displacements of the previous coupled nodes along the y axis. 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 bi-material configuration  [15].   It is 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 plastic work, and the 

incremental energy needed to create the crack extension: 

 Ὠὡ ὨὟ ὨὟ ὨὟ (15) 

Where dW is the incremental external work, dUe is the incremental elastic work, dUp 

is the incremental plastic work, and dUf is the incremental energy required used to create 

the new fracture faces of the crack tip [15]. The last term dUf when divided by the created 

crack surface provides the strain 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.  
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In terms of the new surface area created, A, is equal to incremental crack length 

multiplied by unit out-of-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 to delaminate 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 in a 2D model: 

 Ὠὡ

Ὠὃ

ὖὺ ὺ

ὦὥ ὥ
 (17) 

Where P is the steady-state load of delamination from the peel experiment, v is the 

displacement at the load end, b is the width of the sample and a is the crack length [15].  

Thus, ὺ ὺ  represents the upward travel of the delaminating arm, while ὥ ὥ  

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

terms are based on the systemôs energy before and after the crack increment: 
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(19) 

Where Ue is the elastic strain energy and Up the plastic work of the total system [15]. 

The sequential crack extension technique is useful for models which have elastic-plastic 

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

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

to be taken by the user. For example, the J-integral and VCCT techniques are easily 

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

McCann et al. as explained below as well as in Figure 68 [15]: 

1. Ramp the vertical load steps to reach the Pss. Here Pss stands for the steady-state 

peeling force. 
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2. While maintaining the load, decouple the pair of nodes at the crack tip mimiching 

crack extension. 

3. Evaluate dW/dA, dUe/dA, and dUp/dA for the entire system. 

4. 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. 

5. Once all values in step #3 have stabilized, the critical energy release rate, Gss, can 

be obtained using equation (20). 

 



 86 

 

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 ANSYSTM Parametric Design 

Language (APDL) scripting language to create the finite-element model. With the 

configuration, a 2D plane linear quadrilateral element (ANSYSTM plane182 with option for 

plane strain assumption) was chosen to decrease the computational time. The element 

accounts for isotropic elastic-plastic materials as well as orthotropic elastic properties 

which were identified for the material stack-up. 

1.19.1 Geometry 

Since there was an assumption of plane-strain and 2D element was utilized, the 

geometry only needed to mimic the cross-section of the structure as shown in the schematic 

of Figure 69. The main dimensions of concern were the thickness of layers, listed in 

Table 10 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 thickness of 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 straight portion of the peel arm.  

Table 10: Dimensions for geometry 

 Material Thickness (mm) 

Flexible Substrate LCP 0.1100 

Ink Porous Ag ink 0.0100 

Epoxy Quickweld Epoxy 0.0750 

Carrier outer Cu Clading 0.0505 

Carrier core FR-4 1.6850 
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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 bottom-up approach with the geometry parameters 

defining keypoints in the spaceĄ lines from the keypoints Ą 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.      

 

Figure 69: Schematic for dimensional reference 

Since the model intended to have four different mesh sizes along the crack, the 

geometry was built to have designated mesh area sections in the geometry for the materials 

near the interface delamination/crack path as shown in Figure 70.  

 

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 Sintered porous Ag ink 

For the Ag ink, the Youngôs modulus, 13 GPa, was obtained through a 3x3 nano-

indention grid pattern on a Hysistron Triboindentor, which calculated the modulus from on 

the unloading portion [45]. The measurement was performed on a sample with 8 passes of 

ink to ensure that the inkôs thickness was greater than ten times the deepest indention depth 

so that there no effects of the underlying LCP substrate on the measurement [45].  For 

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 an elastic perfectly plastic material without creep 

effect up to 150 ϊC [46]. Similarly, they also report the elastic modulus to be 10 GPa, which 

is close to the 13 GPa measured for the Ag film [45, 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 the tangent modulus was 0 for the perfectly plastic. Since only a 3D image could 

truly capture the volumeôs porosity, a rough porosity calculation was computed through a 

file available on the exchange section of Mathworkôs MatlabTM website from a 2D SEM 

image, which are available from the experiments in Chapter 3. This program bases the 

porosity calculation on k-means 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 color pictures 

identifying the voids in black verse the material in white as shown in Figure 71. 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 K-means clustering 

The Ag film was taken to be isotropic elastic perfectly plastic through a bilinear 

isotropic hardening 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 the structure. The Poissonôs ratio for the film was taken to be the 

same as for bulk silver, 0.37 [46]. 

1.19.3.1 Substrate: Liquid Crystalline Polymer (LCP) 

The liquid crystalline polymer was chosen for its stable dielectric constant and low loss 

which is advantageous for high frequency applications like ink-jet printed antenna arrays. 

Rogers Corporation provided ULTRALAM® 3850HT, which works well for high 
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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 obtained in Table 12 were taken 

from the technical datasheet supplied by Rogers Corporation [47].  

1.19.3.2 Substrate: Polyethylene terephthalate (PET) 

Novele TM IJ-220 PET was manufactured for NovaCentrix® by Mitsubishi Imaging 

(MPM), Inc. [32]. It is 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. 

General PET properties are taken for the modelôs Young Modulus: 2.1 GPa and Poissonôs 

ratio: 0.34 [48].  

1.19.3.3 Carrier layer: FR-4 / Cu clad 

For many of the tests, a carrier substrate was used that consists of a FR-4 core cladded 

on both sides with Cu. FR-4 is a composite material consisting of woven fiberglass and 

epoxy resin. Often the core consists of multiple laminate sheets of the woven fiberglass 

encased in the resin. Due to the woven nature of the material, the material properties are 

considered orthotropic with differentiations in properties along the X, Y, and Z directions. 

The material model available was orthotropic as well as temperature dependent as shown 

in Table 13 [49, 50].   

For the Cu material with the random grain directions, Cu was modeled as an isotropic 

material. The values for the Youngôs Modulus (109.7 GPa), Poissonôs ratio (0.34)  were 

taken from literature [5].  
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1.19.3.4 Epoxy Material Properties 

A two-part ClearWeld TM epoxy by JB Weld was used due to the wide range of dry 

surfaces it can bond including metals to fiberglass, plastic and wood.  A bulk epoxy sample 

was used for obtaining the Youngôs modulus by nano indention with a Hysistron 

Triboindentor. For the measurement, a conical shape tip with a radius of 1 ɛm was applied 

to the ink surface through a range of loads [1000:200:2600 ɛN] across the nine points, 

which were arranged in a 3x3 grid pattern. During the test, the load and displacement on 

the tip were monitored, and the Youngôs modulus was estimated from the unloading potion 

of the curves that are shown in Figure 72. Table 11 shows the results for the estimated 

Youngôs modulus as well as the measured depth of the indention. The results for 1600 ɛN 

load was considered an outlier and was not taken into consideration for the average 

Youngôs modulus 2 GPa for the epoxy. For must epoxies, the Poissonôs ratio is in the range 

of 0.3-0.35 with 0.3 being commonly used for modeling [51].  

Table 11: Overview of the epoxy indention 

Indention Force (ɛN) Depth (nm) E (GPa) 

1000 676.02 2.308 

1200 791.49 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 1515.99 1.547 
2600 1965.34 1.432 
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Figure 72: Load-displacement curves from a 3x3 grid indention test on epoxy 

1.19.3.5 Material property overview 

Table 12 and Table 13 provide the material properties used in the numerical simulation 

of peel test.   

Table 12 Overview of material properties 

 Youngôs 

Modulus 

(MPa) 

Poissonôs ratio 

(-) 

Yield Modulus 

(MPa) 

Tangent 

Modulus 

(MPa) 

Porous Sintered 

Ag [45, 46] 

13000 0.37 43 0 

LCP [47] 3406 0.35 - - 

PET [48] 2100 0.34 - - 

Elastic Cu [5] 109700 0.34 - - 

Epoxy [51] 2000 0.35 - - 
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Table 13: FR-4 orthotropic temperature dependent material model for FR-4 [49, 50] 

Property 
Temperature (ϊC) 

30 95 110 125 150 270 

Exx (MPa) 22400 20680 19970 19300 17920 16000 

Eyy (MPa) 1600 1200 1100 1000 600 450 

Ezz (MPa) 22400 20680 19970 19300 17920 16000 

Gxz (MPa) 630 600 550 500 450 441 

Gxy (MPa) 199 189 173 157 142 139.3 

Gyz (MPa) 199 189 173 157 142 139.3 

vxz 0.136 0.136 0.136 0.136 0.136 0.136 

vxy 0.142 0.142 0.142 0.142 0.142 0.142 

vyz 0.136 0.136 0.136 0.136 0.136 0.136 

CTExx 20e-6 20e-6 20e-6 20e-6 20e-6 20e-6 

CTEyy 86.5e-6 86.5e-6 86.5e-6 86.5e-6 86.5e-6 86.5e-6 

CTEzz 20e-6 20e-6 20e-6 20e-6 20e-6 20e-6 

 

 

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 thickness. For the four mesh area zones along the crack 

as shown in Figure 73, the mesh size along the length was as follows: M1- 2 ɛm, M2- 1 

ɛm, M3-0.5 ɛm and M4-0.25 ɛm. Ahead of the crack tip, the elements were pre-defined to 

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 layer. In the areas of M1-M4, 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 shown in Figure 73, 

the material properties correspond to the elementôs color: FR4- magenta pink, Cu ï red, 

Epoxy ï lime green, Ink ï periwinkle blue and LCP ï light blue. 
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Figure 73: Example of mesh with the designated mesh areas ï with mesh sizes M1 (2 

ɛm), M2 (1 ɛm), M3 (0.5 ɛm), and M4 (0.25 ɛm). The colors of the elements maps the 

material property associated with the element 

1.19.5 Boundary Conditions 

For the boundary conditions as shown in Figure 74, the following were conditions 

defined and placed on node(s): a force load to mimic the tweezer pulling up, fixed 

constraints at the 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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Ink 

M4 

M
3
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Figure 74: Boundary conditions 

For the force load to mimic the tweezer pulling up, the load from the experimental 

steady state peel measurement was divided by the stripôs width to let the load correspond 

to the 2D geometry with unit thickness in the out-of-plane direction. The nodes at the left 

edge of the flexible substrate were coupled together and the load applied uniformly across 

the nodes in the y-direction. 

As discussed earlier, with the load applied to the delaminating arm, the coupled nodes 

at the ink and flexible substrate interface were sequentially decoupled to mimic crack 

propagation. 

Forcey = Fss,experiment/wstrip 

Uy = 0 

Uy = 0 

Ux = 0 

Couple node set 1 

Couple node set 10 

é
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1.19.6 Post-processing: Stress/strain contours 

Figure 75 shows peel stress (ůyy) distribution, and the peanut-shape distribution around 

the crack tip could be seen.  

 

Figure 75: Stress in the y-direction (legend is in MPa) 
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Figure 76: Stress in the x-direction (legend is in MPa) 

 

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




























































































































































