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sintered silver. Collectivelthe experimental results and simulation data were integrated by means
of a cumulative damage model to generate an applicagaostic lowcycle fatigue curve for the

sintered silver from 2825 °C and strain rates from 200 /s t®Q0+ /s
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Chaptlenrt rlooduct i on

Our world today is increasingly saturated with electronic devices. They are
present in our pockets, on our desks, in our cars and homes, and throughout commercial
and industrial environments around the glob®ur governments, economies, and
militaries all rely on interconnected electronic devices to functdfe interact with
electronic devices constanfigr both work and playand bring them with us wherever
we go. At the same time, developments in electronic packaging, software
programming, and desg-user interaction have continued to raise the standactiour
expectationsfor the portability, reliability, and ruggetessof our electronic devices.

Simultaneously, new technologies such as additive manufaci#My have
revolutionizedheelectronis industryandfacilitated the development dfe new field
of printed hybrid electronics (PHES)n printed hybrid electronicssonventionally
manufactured electronic packagesincorporated uwth novel additive manufacturing
techniquego leverage the advantages and benefits of both technologies. In the context
of this dissertation, 6conventional el ect
manufaturing electronics from silicon chips interconnected throabip carriers /
substrates and mounted to printed circuit boards, which then combine active and
passive elements to create complex circu@enerally speaking, PHE assembbes
not necessarily intended to replace conventional electrorfes market for
conventional electronic devicas stronger than ever and recent developments in
nanoscale miniaturization and heterogeneou
Moor eo i s p opansed ylbrid electrorica wilhceease the ways in which

we build, interact with, and employ electronic devices.
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A significant consequence of this revolutionary PHE technology, however, is
the need to O6start over o with respect
assessment . The isndét strictly true of
has bentted from 70+ years of iterative design, testing, modeling, development, and
improvement to produce the reliable devices we enjoy today. PHES, while the
conventional electronic elements of the system may beumdkrstood, the combined
system musbe fully evaluated to ensure the same standard for portability, reliability,
and ruggedness that we expeand this is true for every combination of component,
system, additive manufacturing technology, material, and environméegdless to
say, considerable research is underway at corporations, academic institutes, and
government organizations around the world to improve our understanding of printed
hybrid electronics and determine how we can capitalize on their advantages for our

own benefit.

1.1 Background and Motivations

The Center for Advanced Life Cycle Engineering (CALCE) at the University
of Maryland (UMD) has supported the electronics industry for more than 35 years and
specializes in conductirfigndamental reliability science research in the areas of failure
mechanism identification and modeling, accelerated test methods, prognostics and
health management approaches, and supply chain management techniques.

In 2020, anew capabilitywas broughto the CALCE portfolioi the ability to
test at extreme acceleration levels using a drop tovwreviously, the university
possessed a drop tower capable of testing specimens up to 20,000 g of base

acceleration, suitable for most consurgeside electronics or electroechanical
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systems. This acceleration level was insufficient foertain applicationshowever,
which requirel acceleration levels at and beyond 50,000 This new drop tower
installed at UMD described in detail in later chaptesss capable ofjenerated shock
pulses up to 100,000 g when equipped with a dual mass shock amp@ldaitionally,
UMD took this opportunity to develothe ability to test at simultaneous extreme
mechanical shock and elevated temperagupeto 200+ °C) Thiswas a challenging
test enronment to creatén the laboratoryand dd not exist in publicly available
research institutions within the United States.

Concurrently, external researchersvere developing a uniqgue PHE
manufacturing method a | | e-dndféimilld, t he details of whi
chapters of this dissertation. This methoddusgbtractive CNC millinggextrusion
printing (EP) of various materigland placement of various embedded / recesstacke
and passiveomponents$o produce conformal circuits on flat and curved thermoplastic
surfaces.By doing so, traditional electronic packagesildbe omitted from complex
systems and replaced by circuits integrated into the structure of the object itself; thereby
reducing complexity, size, and weight while increasing capability.

This dissertation is the result of yearsvafrk to explore the intersection of
three emergingesearch areasextreme mechanical sho@kp to 100,000 g producing
strain rates in excess of0DO /s) elevated temperatufep to .85xTerr), and unique
printed hybrid electronic technologyto advance our fundamental and engineering

understanding of this technology domain.



1.2 Problem Statement and Arc of Research

Therewerea range of challenging questiottsconsider when looking at this
intersection of topics, but the fundamental problem statenfentthis dissertation
were

1) How do we assess the reliabilibf circuits composeaf interconnected
recessed components in printed hybrid electronic assembhes subjected to
extreme levels of mechanical shock (causing large strain magnitudes at high strain
rates) and elevated temperatures (UB%& Tmer)?, and

2) How can we relate observed failugzsised by component separatioming
experimentation to quantifiable responses of the structure of the sgateuntated
through modeling and simulati@n

Ultimately, the goal of this dissertation is to set the stage for the next project
which will show, givenstatements #1 and #2 asecomplishedthat this same
guantifiedresponse&anthen beusedfor failure predictionin PHE assemblies than are
still in design

Many different considerations that solvedmy smallel s u p p prablemsn g
were addressed throughout the arc of this resetireimost meaningfand influential
of which are listed here

1 How do we develop test setups and test specimens to conduct dropitesting
the extremenvironments ofthis study?

1 What is the best watp performextremedrop testingat elevated temperatures
and how can specimen temperature be maintained up to and through the drop

event?



1 How do we perform reaime in-situinstrumentatiormand condition monitoring
of electronic circuits during repeated mechanical shock events?

1 How do we create, assess, and validate finite element models that accurately
reflect the response of structureshigh strain magnitudes and rates and at
elevated temperatures
Finally, many different independent variableiere consideretthroughouthis

researchonly a subset of which are fully described in subsequent chapiéisse
included:

1 Substrate material and geometry

1 Fabrication and printing parameters

1 Component type, location, and interconnection method

1 Fixture geometry and specimen orientation in testamgl

1 Material properties and modeling parameters

1.3 Research Gaps arfdbjectives of Dissertation

This dissertation focuses on understanding component separation failure for
recessed components subject to extreme strains (induesttrbsneanechanical shock)
at room and elevated temperatures. The following research gaps are supported by
literature reviews, written for each journal paper and includedchepters 24. The
intersection of the three research areas mentioned daelitreme mechanical shock,
elevated temperature, and unique printed hybrid electronic techrioluagy anarrow
thematic feaus that has seen very little coverage in archival open literatBreor
studies have characterized the performance and reliability of electronics subject to

elevated temperatufmostly at low acceleration levelahdextrememechanical shock
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(but mostly at room temperatur@)ith verylimited work reportedunder simultaneous
combination ofthese two scenarios. Additionally, the promising field of PHEs is still

in its infancy and the invention, characterization, and behavior of novel PHE
technologies is ongoing. This effort will assess the hereto untested combination of a
specific PHE technoby (polymeric substrate, embedded componerdaductive
traces made of printedsintered nangarticle basedsilver (AgNP), and soldered
interconnectsyindercombined elevated temperature and mechanical shock.

The objectives of this dissertation, consistent with the problem statement
described earlier, are:

1) Design a test specimen for the extreme shock and temperature environment
usi ng-andfmillllo PHE fabricati on met hodol ogi e
optimizing fabrication parameters,

2) Build a unique butobusttest capability that enables the mechanical shock
testing of electranechanical systems at acceleration levels up to 100,000 g and
elevated temperatures (up to 125 °C for the purposes of this effort, higher if possible),

3) Generate aarchivalopensource (available to the public) review of testing
and modeling results that, for hiiémperature mechanical shock applications,
characterize theundamentabehavior and suitability of sintered silvers as conductive
circuit materials for PHE assembljesd

4) Extract fundamental drop durability information for AQNP over a range of
temperatures, by developing and utilizengobust finite element model for PHES with

the embedded component / trace architectuide goal is to infer materiédvel



information that can be used to predict performance and reliability for other more

complex geometries and circuit desigmsl loading conditions

1.4 Organization of Dissertation

This section links the original proposal forigheffort with the structure

eventually used for thidissertation.

1.4.1 Phases of the Proposal

As originally proposed, this dissertation was to have four phases:

1) Preliminary characterization of substrate and trace materials. This phase was
dedicated to understanding the properties of various substrate, trace, and interconnect
materials, and assessing their reliability when subject to mechanical shock.

2) Primary test sequence for component interconnects at room and elevated
temperatures. This phase was dedicated to completing the full suite of mechanical
shock tests for component interconnects in accordance with the test matrix. It would
also generatfailure and lifecycle data to support modeling efforts.

3) Damage prediction and finite element modeling. This phase was dedicated
to generating a finite element model to imitate the experimental setup, then adjusting
that model as necessary to ensure an accurate match against experimental data. This
model woud serve to help relate shock and thermal inputs to stress states within the
structure, driving damage accumulation calculations and thereby predicting lifecycle
performance.

4) 6Challenged specimen testing for mod:é¢

to validating the finite element model. This was accomplished by generating



6chall enged test specimens with components

model would be used to predict performance of these specimens with mechanical shock
at room and elevated temperature. Finally, experiments would be conducted to
measure etual performance and assess accuracy of the model.

Ultimately, the 4' phase was beyond the scope of work here, but the first three
phases were accomplished. The three journal papers included herein and described in
the following subsection translate well towards addressing these three phases of the

overall effort.

1.4.2 Organization of Final Dissertation

The overall organization of this dissertation is:

Chapter 1 includes the introduction, the problem statement, research gaps and
objectives, and organization.

Chapters 2, 3, andatejournal papershat, as of publication of this dissertation,
wereeither already published or submitted to journals for review. Further details are
included at the beginning of each chapter. Each chapter also references one or more
attached appendices which include additional information relevant to that chapter.
Thes specific appendices are also identified at the beginning of each chapter. Finally,
additional appendices at the end of this dissertation include informatioamete the
entire body of work Unique bibliographies are not included in each chapter; a
combined bibliography iscluded at the end of the dissertation.

Chapter 2includes literature review antbvers early work for domghaped
specimensgdetails of the millandfill manufacturing method, strategies for circuit

instrumentation, drop tower characterization data, strain measurement in dome
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specimens at room and elevated temperatures, early furnace development work, the use
of in-situ measurement of resistance to monitor circuit health, and the degradation of
sintered silver traces subject to repeated shock events.

Chapter 3ncludes literature review arabversthe testing and modeling tie
standardized beam specimahroom temperature (25 °Ghat replaced the dome
specimen, additional details of the raldfill method to include recessed components
and the assessment thereof, the use of clalp@tped fixturing for beam bending
testing, considerations on the placement of the recessed wentppdetails of the
room temperature modeling efforts, strategies employed for matching the model
response to experimely measured strain daiaplation of the component separation
failure mode to fracture of the sintered silver traces adjacent to the compiheent,
response of the beam and of the sintered silver to mechanical shock, and the process by
which low-cycle fatigue curves were produced for the sintered silver.

Chapter 4includes literature review and coveesting and modeling of the
beam specimerat elevated temperatures {¥35 °C) the heavily modified -
generation furnace assembly and associated temperature contretlemdologies for
modifying the finite element modeling to account for elevated temperature testing,
changes (or lack thereof) in re@ahe circuit and beam response as a function of
temperature, failure analysis, strain response in the silver from mgdatid a revised
low-cycle fatiguecurve for sintered silver at room and elevated temperatures.

Chapter 5 discusses the project summary, conclusions, contributions, and future

work.



ChaptBerha2v:i or of Polymeric Subst
Printed Hybrid Electronic (PHE)

Accel eration Levels and El evated

This chapter presents the contents of a journal paper publiskietlime #146
of the American Society of Mechanical EnginedASME) Journal of Electronic
Packagingon 16 October 2024 [DOI: 10.1115/1.4066833]he first author of tls
paper was Hayden Richards from the Center for Advanced Life Cycle Engineering
(CALCE) at the University of Maryland (UMD) in College PalD. The ceauthors
were Hisham Abusalma and Abhijit Dasgupta, also from CALGEMID, and Andres
Bujanda, Harvey Tsang, and Matthew Bowman from DEVCOM Army Research
Laboratory in Aberdeen Proving Ground, MAdditional details concernindgilure

modes and additional fabrication exampes presented iAppendix A (21).

2.1 Abstract

This paper focuses on the response of printed hybrid electronic (PHE)
assemblies with polymeric substrates and additiveyufactured sintered silver
electrical traces subject to extreme mechanical shocks (up to 100,000 g) and high
temperatures (up to 15@). The substrates are hemispherical domes of injection
molded polycarbonate and polysulfone thermoplastics. Trace deposition onto the
domes is accomplished by a novel process that combines conventional milling with
extrusion printing to recess silvieaces and dielectric insulation within the surface of

the substrate. Mechanical shock testing is performed using an accetalatiedp
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tower equipped with a dual mass shock amplifier (DMSA) able to generate
accelerations from 10,000 g up to 100,000 g with pulse durations of-6(.@&s and
impact velocities of 620.5 m/s. Specimen performance is characterized by electrical
and physichtesting before and after testing.

While polycarbonate domes survive multiple drops at all acceleration levels and
temperatures, they are sensitive to heat and susceptible to warping and structural
deformation at 150 °C which can compromise trace performance. Polysulfone domes
can survivethese temperatures without issue, but are less shock resistant and only
survive 34 drops at 100,000 g (compared to 30+ for polycarbonate domes). Trace
resistance is used as a metric to assess trace performance. All traces exhibit progressive
long-term degradation over the course of multiple shocks, followed by instantaneous
discontinuity during the final shock event. Trace failure (defined as the doubling of
static trace resistance) occurs at >10P J/kg cumulative impact energy for all

acceleration levels.

2.2 Introduction

This section provides the background and motivation for the present work and

presents a review of the relevant literature.

2.2.1 Background and Motivation

Ever since the development and use of primitive printed circuit board (PCB)
electronics in the 1950s and continuing into the complex heterogeneous integration
substrates for integrated circuit (IC) packages of today, industries such as automotive

and aerggace have sought to employ electronics in demanding mechanical shock
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environments where acceleration levels can exceed 8Q@MO00 g with pulse
durations as long as3d ms and velocity changes well over 300 m/s. For reference, test
standards for typical consumer products are designed to accommodate accelerations at
2,900 g with similar pulse durations but velocity changes no higher tttam[1].

Decades of research have shown that the challenges inherent in designing
electronics for these environments can be overcome, typically through the use of stiff
structures and circuit boards, careful component selection, underfill use, and potting of
individual boards and complete packages. Indeed, conventional electronic packages
appropriately designed and fabricated are consistently reliable and survivable in these
extreme environments for various applicatif2ig[3].

Changing operational applications, however, predict that electronic packages of
the future will be required to withstand not just mechanical shock, but to do so at
elevated temperatures. While the body of research concerning performance of
electronic pacliges at elevated temperatures is rodd$t the combination of
mechanical shock with elevated temperature offers significant challenges to the
electronic designer since the very strategies that promote reliability for shock often
degrade reliability at elevated temperatures. Nevertheless, ligfitets are underway
to consider how conventional electronic systems respond to these combined loading
scenariogb].

In recent years, the increasing development of printed hybrid electronic (PHE)
assemblies has led to growing interest in employing PHESs in these aforementioned
extreme environmental conditiof§. PHEs combine elements of both advanced 3D

printed technologies for substrates and circuits with CMb@Sed ICs. This
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combination allows the designer to leverage the advantages of both technologies,
offering advantages over conventional RBd&sed electronic packages in geometry,
size, weight, capability, flexibility, and many other metric$ [8]. This work will
specifically focus on the reliability of embedded traces in PHEs printed on curvilinear

polymeric substrates when subject to mechanical shock and elevated temperature.

2.2.2 Polymeric Substrates, Silver Paste, and Embedded Components

While the potential advantages of PHEs are promising and alluring, there is a
great diversity of PHE technologig9] [10]. This study focused on the use of
polymeric substrates (not conventional FR4) and extrusased silver paste printing.

The most common polymeric substrates for use in PHEs are polyethylene
derivatives, typically for applications requiring flexible substrates. All of these
polymers except polyimide, however, have glass transition temperatures below 143 °C.
Polysulfone isone of the highesemperature polymeric substrates with a glass
transition temperature of ~188 °C, motivating its use for this study.

The preponderance of printed trace research is based on using aerosol jet
technologie$8], but traces printed with aerosol jets struggle to perform well in extreme
acceleration environmenf$1]. Direct ink writing / extrusion printing (EP) mitigates
some of the concerns of aerosol jet printing (AJP), mostly because the output trace is
thicker. Just as with any printing technology, process parameters have considerable
influence on output qualitgnd performance, and ongoing work is looking into these
relationshipg12]. Other related research is looking into-jektechnologies for silver
printing [13], the use of printed silver for interconne¢ist] and the mechanical

strength of sintered silver joints as a function of interconnectab¢a
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Embedded components are of interest in this study because the use of polymeric
substrates simplifies the design and manufacturing process thereof. While the use of
embedded passive components is documented in literature, this work is done with
conventioml FR4 substrate§l6]. Understanding the performance of polymeric
substrates with embedded traces of printed and sintered silver subject to mechanical

shocks (with or without elevated temperatures) is a gap in current research.

2.2.3 Electronics Reliability Assessmenith Mechanical Shock, Including at

Elevated Temperatures

The focus of this section is the use of drop towers or drop testing to test the
robustness of electrical traces under high strains and high strain rates. Most of the
relevant past research specifically focused on electronics reliability falls into one of
two categorie$ considering either failure modes within individual components that
are mounted to traditional PCBs, or looking at complete IC packages at the board level.
Considerable efforts have also been made in studying the effects of mecharkal sho
on complete electrmechanical products.

Use of the JEDEC standard for mechanical shock tefting the basis for
most boardevel reliability (BLR) research, such as those concerning crack
propagation in interconnecfd7] and the characterization of solder interconnect
mat eri al sd r es p o [18].eModeting &nd girhulatooh examples aneat e s
common([19] [20] [21], and also include strategies for predicting survivabjRg)].

Most of this work, however, is conducted at acceleration levels at or well below 10,000
g. Relatively few publiclyavailable papers have been published for mechanical shocks

at acceleration levels at and above 50,000 g.
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The behavior of commonly used lefxde solders such as SAC 305 at elevated
temperatures and subject to mechanical shock has been studied extensively by Lall et
al[10][23], Mattila et a[24], and Yuan et dlL.2]. Additionally, the shock performance
of low-temperature titbismuth solders has been studjg@]. Several studies have
assessed the reliability of printed silver at elevated temperatures, but this is generally
in the context of isolated interconnects, not continuous t{aé¢sor at temperatures
that are outside the scope of this eff@@]. None of the studies here described are for

PHEs, a significant research gap.

2.3 Experimental Methodologies

Details of the test specimens, test setup, and test method are provided in this

section.

2.3.1 Test Specimens and Test Matrix

The bidirectionally curved substrates of interest in this study were dome
specimens that measured 40 mm in diameter and 36 mm in height. The domes had
threaded bases for installation into fixtures, short vertical walls, and sharpness factors
of approximéely 0.5 (nearly perfectly hemispherical). The selection of domes (vs.
planar geometries) was driven almost exclusively by the desire to print electronics on
curved surfaces. Additionally, this study provided insights into the additional rigidity
of domespecimens under shock loading, compared to flat geometries. Future work
will focus on the drop response of flat specimens.

The dome substrates were manufactured using injection molding. The primary

dome material used for the higgmperature tasks in this study was polysulfone,
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selected based on its toughness and stability at high temperatures. Polycarbonate
substrates were primarily used for the trace characterization portion, however. Material
properties for these substrates, needed for finite element modeling, were based on
consolidated information from previously published works and research efforts.
These substrates formed the basis for electronic circuits of embedded traces and
external connections. Examples of the blank and populated domes used are shown in

Figurel.

Real-time resistance
measurement cabling

Location of strain gauge
on inside face of dome

Accelerometer w/ cable
Fixture plate

Strain gauge cable

Figure 1: Examples of various dome specimens (a) as received, in |
configuration (b) as received, with printed pads and traces (c) complete and in
in drop tower, with associated test instrumentation (d) with thin copper resis

measurement wiresmoudte usi ng si |l ver epoxy, a
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The process for modifying the standard domes into populated test specimens is

included in Appendix A. A depiction of the steps for this process is showigume

2.

1 2 3

I I IDiclectricI I I

4 5 6
Figure2. Out |l i ne -arfdf t hled dmahuf acturing

within the substrate (section view perpendicular to trace longitudinal axis): 1.
substrate, 2. milled channel, 3. printed / sintered silver, 4. rolietbp layer of

sinteredsilver, 5. printed / cured dielectric, 6. milled top surface flush

The test matrices iablel below list the specific samples used with nominal
values of acceleration and temperature (tolerance limits for the acceleration and
temperature levels were +5,0001§),000 g and +10 °C, respectively). Temperature
values were selected based on physicapabilities of the substrate materials;
acceleration levels for repeated drops were selected to balance data collection on
specimen performance and test duration. The numbers in these tables refer to number
of test specimens, where each specimen cadaino individual circuit elements and
so the actual number of circuits assessed is double the specimen numbers. The total

number of specimens used were 6 blank domes and 20 domes with two traces each.
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Additional domes were used for destructive testing (esestioning and physical

anal ysis) . I n these tabl es, test points
instrumented with an attached strain gauge. Strain gauges were adhesively mounted to
theinterior face of the dome, located at the bottom, with the axis of the strain gauge

oriented vertically (towards the top pole of the dome).

Tablel: Test matrices

Blank Domes:
Acceleration Level (g)
25,000 | 50,000 | 75,000 | 100,000
23°C 1* 1 1 1*
Temp| 87.5°C 1*
150 =C 1*

Domes with Traces:

Acceleration Level (g)
25000 | 30000 | 75000 | 100,000
23 °C 3 3 3 3
Temp| 37.5°C
150 =°C 3

2.3.2 Test Setup and Instrumentation

Incoming test specimens were inspected, cataloged and instrumented for strain
and resistance measurement and electrically characterized for initial performance
baseline. A few selected specimens were further characterized using optical
microscopy, scanng electron microscopy, and computerized tomography (CT)

scanning, to better understand the fabrication quality.
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Once all pretesting steps were complete, the specimens were tested in
accordance with the test matrix. Specimens were installed into fixtures and mounted
to the drop tower. The drop tower used was a Lansmont HSX23 accelatbsbadck
test machine agpped with a dual mass shock amplifier (DMSA). The tower,
associated equipment, and DMSA are showRigure3. At peak height, this drop
tower provided a haline acceleration pulse with maximum acceleration of 100,000
g, pulse duration of .04 ms, and maximum velocity change of 23 m/s. The minimum
acceleration level used was 25,000 g with pulse durationsl6fms and velocity
change of 12 m/s. Pulse duration decreases and velocity change increases with
increasing acceleration. These relationships are well understood as shegur ez
and Figure 5. While the specific values were unique to this drop tower and pulse
programming, understanding the relationship trends between peak acceleration, pulse

duration, and impact velocity are critical for mechanical shock testing engineers.

19



Drop Tower

High-Speed
Camera

DMSA
Data

Acquisition
(DAQ) System

Table
Dampers

Shock Pulse
Programming

Heat Gun
Insulation
Thermocouple
(attached to
specimen

during testing)

Specimen(s)

Fixturing

()

Figure3: Drop tower and associated equipment with clogeof dual mass shoc

amplifier (DMSA) and furnace (a) drop tower system (b) DMSA system (c) fur

assembly (looking in at specimen)
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Figure5: Shock Response Spectrum (SRS) representation of 50,000 g accel

pulse. Damping ratio = .05; Smallwood algorithm

Specimens were mounted to the drop tower (specifically the DMSA table) by
means of custom fixtures. For domes, the bottom threaded directly into matching
threaded holes in the fixtures. For room temperature tests, the fixture was designed to
simultaneouly test a maximum of four domes (practical considerations generally
limited this to three at once, sEegure6). At elevated temperatures, only one dome

was tested at a time.
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Figure6: Three populated test specimens installed onto drop tower

Table acceleration was measured by means of one of more accelerometers
mounted to the table directly or the intermediate fixture. Fixtures were sufficiently
rigid to ensure measurement accuracy regardless of accelerometer position.
Accelerometers useddluded both piezoelectric (PCB 350B01 100,000 g, 350C02
50,000 g) and piezoresistive (Endevco 7270A 200,000 g) technologies.
Accelerometers were mounted in accordance with manufacturer recommendations.
The acceleration pulse peak and overall shape wasstent across all drops. Only
the peak acceleration value was used for subsequent data analysis. When appropriate,
drop tests were also instrumented with hegleed cameras. The standard ‘sgked
camera was a Photron FastcamZAnd the typical fname rate used was 20,000 frames
per second.

El evated temperature testing was accom

installed onto the drop tower. This allowed foisitu heating of specimens after they
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were installed into drop tower fixturing. Heated specimens were dropped directly from
within the furnace. Heating the specimens while they were already on the tower (as
opposed to separately in a beriop furnace) had 2 benefits: first, controlling the
temperature of the specimen at the moment of drop was easier and second, it avoided
the need to move a hot specimen into position and install it within the tight confines of
the DMSA assembly. A hot air gun was used for heating.

Heating levels were controlled manually, using a FLIR SC6100 thermal camera
for wholistic temperature measurement of the specimen(s) before and after impact.
Future work will use automated temperature control capability. Additionally,
thermocouples werased for local temperature measurement, both to dahglek
thermal camera measurements and to guard against overheating of the fixturing or
DMSA. Thermocouples were also used for camera calibration. The thermal camera
had the resolution to show theetmocouples and take temperature measurements
thereof. Emissivity values were not calculated; therefore, no other thermal image
correction was performed. The thermocouples were mounted directly to the top surface

of the specimens during testing.

2.4 Results and Discussion

Test results for substrate and sintered silver trace performance are provided in

this section.
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2.4.1 Substrate Characterization and Response to Mechanical Shock and

Elevated Temperatures

Characterization of the substrate was performed for two reasons: 1) to assess
mechanical shock survivability, and 2) to obtain material property data for use in finite
element modeling efforts. The experimental characterization and assessment of the
subgrate material was facilitated since the blank substrates were relatively cheap and
easy to manufacture. Drop survivability assessment was conducted by dropping blank
specimens in the tower at increasing acceleration levels until failure. Polysulfone
domes cracked after-8 drops at 100,000 g, and an example of a cracked dome is shown
in Figure7. At 75,000 g, the polysulfone domes survived5®0drops before failing

in the same way.

Figure7: Cracked polysulfone domes afted4 8lrops at 100,000 g, the only obsen

failures of either substrate material at any acceleration level

Strain gauges were mounted to several of the blank specimens to record strain

as a means to both 1) assess peak strain and compare against previously published
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material property data and 2) generate baseline strain profiles for subsequent use in
modeling. Figure8 andFigure9 show the first 1 ms of the strain profile at 25,000 g,
50,000 g, 75,000 g, and 100,000 g for polycarbonate and polysulfone domes,
respectively. Maximum instantaneous strain rates for these different tests ranged from
~420860 /s. Peak strain value andximaum instantaneous strain rate both increase
with increasing acceleration level. For the 50,000 g and 100,000 g acceleration level,

the Fourier transform of the strain response is show#giare 10.

5000

25,000 g
50,000 g

4000 /

3000 Pj
2000 N\

1000

-1000

Microstrain (pm/m)
o

-2000

-3000

-4000

-5000
1.95 2.05 2.15 2.25 235 245 2.55 2.65 2.75 2.85 2.95

Time (ms)
Figure8: Strain vs. time for polycarbonate domes at 25,000 g, 50,000 g, 75,!

and 100,000 g

26



6000
5000
4000
3000
2000
1000

~

fits ol Vil
| ',"\J/ ‘ f" |
-

-1000
-2000
-3000
-4000
-5000
-6000
-7000
-8000

-9000
1.95 2.05 2.15 2.25 235 245 2.55 2.65 2:75 2.85 2.95

Time (ms)

Microstrain (pm/m)

25,000 g
50,000 g

100,000 g

Figure9: Strain vs. time for polysulfone domes at 25,000 g, 50,000 g, 75,000 «

100,000 g

6000 Hz
11500 Hz
1 / 14000 Hz 100

80 / 80

= g
E g
2 60 g 60
= =
40 40
20 20
0 0
0 10000 20000 30000 40000 50000 60000 0 10000 20000 30000 40000 50000 60000
Frequency (Hz) Frequency (Hz)
(@) (b)

Figure 10: Fourier transforms for strain at 50,000 g and 100,000 g (a) av
Fourier transform plot for strain in polycarbonate domes at 50,000 g accele

level, with primary peaks noted, and (b) 100,000 g

27



Elevated temperature testing of blank specimens was accomplished by heating
specimens inside a specially designed furnace mounted to the drop tower. Through
careful selection of the variables such as heater fan speed, heat setting, nozzle
orientation, and positioning, the desired temperatures were achievable and
maintainable. The system did, however, require careful monitoring to ensure even
specimen heating. Due to spacial temperature gradients, both maximum specimen
temperature and mean specimen temjpee were recorded at the moment before drop.
Both substrate materials were tested at nominal target temperatures of both 87.5 °C and
150 °C.

As expected, integrity of the polycarbonate specimens was acceptable at 87.5
°C testing but compromised at 150 °C (the glass transition temperature of
polycarbonate is ~147 °C). Since the glass transition temperature of polysulfone is
~188 °C, minimal damage was observed for these specimé&igurell shows thermal

camera images from nominal 150 °C testing.
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Figure1l: Thermal camera imagery from elevated temperature testing for
specimens, nominal target temperature of 150 °C at the moment of drop with
view showing peak and average temperatures (actual achieved mean tempe

146 °C, with a spatial vaation causing max hot spot of 168 °C)

The domes were instrumented with strain gauges. Strain gauge data for
polycarbonate (solid lines) and polysulfone (dashed lines) domes as a function of
temperature for a constant 25,000 g acceleration level is shokigure12. While
the behavior of the material was consistent for all temperatures, the peak strain values
for polycarbonate at 25 °C, 87.5 °C, and 150 °C were 2552 pm/m, 2740 pm/m, and
2911 um/m, respectively; with the elevated temperature strains increasingiid3%

14.1% over room temperature strain, respectively. Similar trends were observed for

29



polysulfone domes albeit with higher peak strain values; strain increases of 19.1% and
33.7% over room temperature levels were observed at 87.5 °C and 150 °C, respectively.
We expected to see this type of strain increase given the softening of the polymer

substrate at elevated temperatures.
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Figurel2 Strain vs. time for polycarbonate (solid lines) and polysulfone (da

lines) domes at 25 °C, 87.5 °C, and 150 °C; 25,000 g acceleration level

2.4.2 Reliability of Sintered Silver Traces Subject to Mechanical Shock

The standardized dome specimen for trace performance testing was shown
earlier inFigurel. Each dome contained 2 independent traces. As described earlier,
resistance across the trace(s) was measured by attaching lead wires to the pads.
Multiple specimens were tested with multiple drops at fixed acceleration levels. To

compare performancd the different specimens across the various acceleration levels,
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O0i nput drop energyd6 was used as a metric

was calculated for each drop by first determining velocity change. This was estimated
by integration of the acceleration profile between bounds determined by 10% of the
peakacceleration value in accordance with industry standard. This calculated velocity
change compared favorably with observed velocity changes frorrspagd video. A
normalized (per unit mass) relative input drop energy was then estimated by squaring
this velocity change and cumulative input energy was determined by summing the
impact energy for all drops of a given specimen.

Long-term electremechanical performance of the trace was measured by
dropping specimens multiple times at fixed acceleration levels and measuring the
resistance across the trace over time. The method of resistance measurement was kept
consistent for alimeasurements. Failure was assessed to have occurred when the
steadystate trace resistance doubled from theeagived prempact state.Figurel3
shows the result of these tests. The traces proved to be resilient at all acceleration
levels. All traces performed similarly, with a slow slight degradation followed by a
sudden (but not instantaneous) deterioration to failure. Failure occurredQt-1x1
3x1 J/kg cumulative input energy for the 25,000 g tests and 50,000 g tests. The
behavior of samples at 75,000 g and 100,000 g matched the curve shape, but the failure
energy decreased to 5¥18nd 1x10 J/kg, respectively. These cumulative input
energy failure levels correspond to ~1b00 drops at 25,000 g, ~1A@0 drops at

50,000 g, and ~500 drops at 75,000 g, and ~85 drop at 100,000 g.
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traces on domes

While the results of longerm degradation testing are interesting, some short
term changes are also worth noting. Because the acceleration pulse was so short and
the strain rates so high, we observed instantaneous, yet significant, changes in
resistanceacross the trace during the shock event. These transient changes were not
observable when measuring resistance of the circuit at Fagture 14 shows how
resistance (blue dots) is unpredictable during the impact event, but the high resistance

values (25x the steaeltate values) indicate that circuit performance was compromised

during the acceleration pulse.
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event

The precise cause of this circuit degradation was not definitely proven. The
progression of cracks within sintered metals seemed the most probable cause, and
cracking was observed in some specimens. Examples of this are shieiyarail5.

These cracks were not universally observed in all traces, however. Some were
observed to occur at areas of stress concentration such as the intersections of

perpendicular traces.
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Figure 15. Examples of cracking observed in sintered silver traces using o

microscopy after impact events (a) across the center of a trace as viewed fron
(b) at the intersection of the primary trace with the secondary pad (c) ai
example, with suisr at e mi |l I i ng i mperfection

crosssection
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2.5 Summary and Conclusions

Both polycarbonate and polysulfone substrate materials had favorable
performance results when subject to mechanical shock. At room temperature, the
polycarbonate domes never failed with 10+ drops at 100,000 g and hundreds of drops
at lower acceleration\els (peak strain ~10,000 microstrain). The polysulfone domes
failed after 34 drops at 100,000 g and never failed after tens of drops at lower
acceleration levels. Polysulfone substrates retained their  survivability performance
at elevated (87.5 °Ond 150 °C) temperatures. Absolute strain values and strain rates
were comparable at all temperatures. Polycarbonate substrates, however, softened with
increasing temperature and were not a good material choice for elevated temperature
testing, with absaite strain values increasing 7.3% and 14.1% over room temperature
strain levels at 87.5 °C and 150 °C, respectively. Geometrical tolerances also could
not be assumed constant once polycarbonates were exposed to elevated temperatures.

Sintered silver traces were highly survivable mechanically, never detaching
from the substrates or otherwise experiencing catastrophic failures for any substrate
and for any acceleration level. As expected, silver traces were subject to incremental
dama@ caused by repeated exposure to mechanical shock. During a shock event,
instantaneous intermittent continuity failures were observed. These were caused by
cracking in the trace O0opening upod6 under st
traces degraded progressively and incrementally over time with the resistance
increasing slowly until about $@umulative impact energy. Both of these behaviors

worsened with higher acceleration levels and more drops.
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The testing methodology was robust and desired acceleration levels were easily,
predictably and repeatably achievable. Higimperature drop testing was possible
with the combination drop tower / furnace assembly. This was not a challenging
modificationto make and did not affect standard drop tower operation in any capacity.

In general, the use of embedded traces shows promise for many different
applications. Sintered silver is tolerant to mechanical shock, especially when
encapsulated in a dielectric layer. Both polycarbonate and polysulfone are effective
substrates for ebedded components. Polycarbonate is recommended for the most
extreme duty applications requiring high strength, whereas polysulfone is the
recommended material for any hitgmperature (> 100 °C) applications.

Further efforts will focus on 1) robust finite element model development,
facilitating performance assessment and failure prediction for a wider range of substrate
materials and geometries and 2) assessment of embedded components and component

interconned.
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2.6.3 AppendiA

The process for modifying the standard domes into populated test specimens
is included here:

Substrates: The substrates were modified in several ways from i e
configuration. Aside from the drilling of holes and other features required for
external connections, the primary change was the use-aks £NC machine to
per f or-andfoimilldd, a process by which small cha
surface of the dome. These channels were then used as guides for the printing of
traces and the emplacermedhi | 6D pompessniwas
important because it provided a ko surface for printed traces (as the extrusion
process is highly dependent on surface geometry and tolerancing), helped protect the
traces during handling, and (in the future) will allow for components to be embedded
within the substrate rather than moeshbn the surface.

External Connections: External connections were required in these test
specimens to monitor circuit resistance in
pat t e-tracélayouty with four pads per trace for fquobe resistance
measurement. First.0 mm diameter holes were drilled through the dome substrate.

Two holes were drilled for each of the eight trace connection pads, one on each side.
Through these holes were fed ~15 cm lengths of thin (.25 mm) diameterstnagle

copper wire. Theseight sets of wire were pulled tight to secure, then secured to the
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dome surface using thin strips of masking tape. The monitoring wires were threaded
through the holes and secured to the pads using either silver epoxy or low
temperature printable tibismuth (Sn42Bi58) solder, either extrusiornted by
machine (for smcomponents) or by hand (for larger components or lead wires).
The bonding was completed at 150°C (to cure the epoxy or reflow the solder).
Additional lengths of thicker copper wire were used to connect to the DAQ.

Traces: The channels that contain traces were 250 microns wide and each
layer of trace material was 50 microns deep. Traces were extpranded silver
paste. After deposition, the traces were thermally cured per manufacturer
recommendation (typicall¥35 °C for 20 min). In crossection, they were 250
microns wide (constrained by trench width) by 50 microns tall (with machined top).
The dielectric was liquid photopolymer with clear UV cure. This dielectric had good
hardness and good adhesion. &&a of the specific dimensions for trace and
dielectric geometries was based on both functional (compatibility with circuitry,
conductivity, etc) and fabrication process parameter optimization (milling, printing,

sintering, etc) requirements.
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Chaptlea®yyBcl e Fatigue of Si-ntered
Substrate Printed Hybrid El ectr

Extreme Strain Induced by Mechan

This chapter presents the contents of a journal Eeqoepted for publication in
a special issue of the ASME Journal of Electronic Packagintgaduly2025. The
first author of this paper was Hayden Richards from the CALCE at the University of
Maryland in College Park, MD. The @uthors were Abhijit Dasgupta, also from
CALCE at UMD, and Andres Bujanda, Harvey Tsang, and Matthew Bowman from
DEVCOM Army Research Laboratory in Aberdeen Proving Ground, Mbditional
details concerning m#andfill fabrication details and component examples are
presented iMppendk B (3-1). Additional details concerning finite element modeling
are presented idppendix C (3-2). Additional details concerning plastic strain in
sintered silver as a function of time for all test points for room temperature testing are
presented inAppendix D (3-3). Additional details concerning the use of optical
profilometry as an assessment and validation tool are presemggpémdix E (3-4).
Additional details concerning the development, use, and limitations of digital image
correlation (DIC) as a tool for this effort are presente@ppendix F (35). Finally,

MATL AB and Python codes relevant to this research are preseftpdendixJ.

3.1 Abstract

The advantages of Printed Hybrid Electronic assemblies are of considerable

interest to designers of electneechanical systems, especially for applications in
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extreme environments. This study considered the reliability of electrical components
embedded into polymeric substrates and interconnected with printed conductors as
elements of PHE assemblies subject to extreme acceleration levels experienced during
mechanical shock.

Passive components were recessed into cavities in injecidhed
pol ysul fone beams bapdfwdy 6ofmeadahadi goenbdmi ht
subtractive milling with extrusichased paste printing. The components were
interconnected to printedhger traces using printed solder, with circuits then formed
from the silver traces. The populated beam specimens were subjected to drop testing
in a clampeeclamped configuration without secondary impact using an accelerated
fall drop tower with shock antifier. Excitation acceleration levels ranged from 25,000
to 100,000 g, resulting in substrate strain magnitudes of up to 50,000 um/m at rates up
to ~1,000 /s.

Repeated shocks induced cracking within the sintered silver traces adjacent to
the components, eventually causing component separation from the substrate.
Experimentallycalibratedbare substrate and fully populated assemtbgeling was
used to assess substrate response and stress levels within the traces, with plastic strain
magnitudes as high as 180,000 um/m at rates of up,596 1s. Based on experiments

and modeling, a loveycle fatigue curve for sintered silver was generated.

3.2 Introduction

This section provides the background and motivation for the present work and

presents a review of the relevant literature.
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3.2.1 Background and Motivation

Printed hybrid electronic (PHE) assemblies and the applications thereof is an
increasingly important field of study, especially given the potential advantages of PHEs
over traditional electronics. One particular application of considerable interest is th
use of PHEs as conformal circuits integrated in curvilinear structures, facilitating data
collection from embedded sensors, eliminating extra electronic assemblies, and
reducing overall weigh7] [28].

The focus of this paper is on the use of PHE assemblies in extreme
environments, particularly mechanical shock. Industries such as automotive,
aerospace, and defenf® have long employed sensitive electronic packages in
applications where acceleration levels can reach 8a,0000 g with pulse durations
as long as -B ms and velocity changes over 300 m/s. In contrast, test standards for
typical consumer products adesigned to accommodate accelerations at 2,900 g with
similar pulse durations but velocity changes no higher than @linecades of work
have helped conventional electronic packages with FR4 substrates and-surface
mounted components to overcome the challenges of surviving these extreme
accelerations, typically through the use of stiff structures and circuit boards, careful
component selection, underfill use, and potting of individual boards and complete
packages. These strategies, however, are complex, heavy, and difficult to troubleshoot
and rework in the event of problems.

We propose using PHE technologies to generate reliable, efficient electrical
systems that can survive in extreme environments. The specific focus of this paper is

on understanding the reliability and lesycle fatigue performance of sintered silver
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traces as a foundation for embedded components and interconnects in thermoplastic

substrates.

3.2.2 Polymeric Substrates, Silver Paste, and Embedded Components

A considerable factor in assessing PHE technology and capability in
considering the diverse nature of the existing optipfjs[8]. This study was
specifically focused on using thermoplastic polymeric substrates instead of
conventional FR4, extrusion printing of nanoparticle silver paste, and the use of
components embedded within the substrate as opposed to conventional surface moun
components.

While polymeric substrates are not uncommon, the preponderance of those
from literature and in use today are polyethylene derivatives which are well tailored for
applications requiring flexible substrates. Other common options include Kapton
Polyimide anl poly-etheretherketone (PEEK). Selection of substrate material for this
study was based on a future need to survive relatively high temperatures but still be
injectionrmoldable into complex geometries, therefore polysulfone was selected
(which has a nméng temperature of 18590 °C)[29].

Many examples of conformal PHES in literature use aerosol jet deposition for
conductive (typically silver) inkg30]. Unfortunately, the thin layers of material
generally deposited by aerosol jetting techniques are vulnerable to the large strains
induced by mechanical sho¢kl] [31]. Extrusion printing mitigates some of these
concerns, mostly because the output trace is thicker. In addition, the output trace can
be postprocessed by conventional machining to tailor the esestional geometry.

Process parameters have consideraiflaence on extrusion printing output quality
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(just as with any other additive manufacturing technology), but ongoing work is
looking into these relationship$2]. Several studies have looked into understanding
the lowcycle fatigue performance of sintered silver if2] [33]. Material properties

of these sintered inks are likewise sensitive to parameters of the sintering process, and
generally only exist for relatively low strain rates (< 0.001 /s).

One advantage of using insulating polymeric substrates in the use of recessed
components, where components are placed into cavities in the substrate surface rather
than being mounted to the top of it. Polymeric substrates are also isotropic and easily
machinable, further facilitating this process. The use of embedded or recessed passive

components reported in literature is mostly with conventional FR4 subgtr@ies

3.2.3 Electronics Reliability Assessment with Mechanical Shock

The focus of this section is to review the use of drop towers or drop testing to
test electronic devices, but many other methods for shock testing are available. Shock
testing strategies for electronic systems typically fall into two different categories
considering either 1) individual components, usually as mounted to traditional printed
circuit boards (PCBs), or 2) complete systems of components all mounted to the same
substrate and tested at the board level or even complete assembly level. Abglitiona
modeling is heavily used for mechanical shock response asse$sfjent

The JEDEC Solid State Technology Association standard JEBD22A, in
use since 2003, is used for testing individual components. This standard uses an FR4
substrate measuring 77 mm x 77 mm for drop testing up to 1500 g. This standard is
most commonly sed in literature for characterizing failures in soldered interconnects

[34]. Other references for mechanical shock testing include the American Society for
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Testing and Materials (ASTM) mechanical shock testing stanf&sH military
standards MILSTD-810G, MIL-DTL-901E, and MILSTD-331D[36], and the Harris
shock and vibration handbodl87]. There have additionally been publications
concerning the response of sintered silver editgctionally curved surfacg6] and

at elevated temperatur¢38]. Regardless of the type, location, and format of the

studies described here, none of them are for PHEs.

3.3 Experimental Details

Details of the test specimens, test setup, and test methods are provided in this
section. Discussion on the strategies and procedures for finite element modeling are

provided in section 3.4.

3.3.1 Test Specimens and Test Matrix

Specimens for this study, as showrrigure16(a), were flat beams measuring
63.5 mm long, 12.7 mm wide, and 3.2 mm thick. They were fabricated from
thermoplastic polysulfone (PSU) using injection molding with negligible draft.
Polysulfone was selected because it exhibited better toughness andtrgabme
stability, especially at high temperatures, than other plastics such as polycarbonates
(the comparison of which was the subject of previous W@%). As further seen in
Figure 16(b), solder pads for external connections occupied the last 9.5 mm at each
end, leaving the center 44.5 mm of the beam available for circuitry and embedded
component placement.  All circuit elements including traces, components, and

interconnects were ressed into the largest face of the beam (on one side) using a novel
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Omiahdf i | | 8 manufacturing method the detai

process ensured every element of the circuit was nominally at or below the planar face
of the substrate (in reality, the occasional solder bump or dielectric protrudied b

pm above the surface of the substrate). The mounted components were pagsive 0
resistors that measured 1.57 mm long, 0.84 mm wide, and 0.41 mm thick. Four
components were populated on each beam and designdte®@€-C, E-L, and ET

based on laation (Center or Edge) and orientation (Longitudinal or Transverse).
Circuit traces were extrusigorinted silver paste (sintered then coppkted after
printing). A UV-cured dielectric was printed over the top of the traces. Interconnects
between thecomponents and traces were extrugiointed tinbismuth Sn42Bi58

solder (reflowed after printing). External connections were made using eolppet

pads at the ends of the beams, to which copper lead wires were attached using either
the same SnBi sodut or twaepart thermalcure silver epoxy. The beams were supported

by c¢clamping botfl ampgsedd ac orcfl iagnpreadt i on)
clamped by fixturing; details follow in Section 2Rigure 16 shows one of these

specimens and some detailed views of the mounted components.
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Figure 16; Standardized beam specimen: (a) overall view with compc
designations (b) closgp of embedded component, traces, and external pads
elements identified (c) optical microscope image of component, dotted lines in

planes of crossections sbwn in subsequent figures
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The milkandfill process was used for specimen fabrication. The same
modified 5axis CNC machine was used for both the machining and printing steps.
Benefits of milland fill demonstrated during this study included: the generation of
precise substrag@inting surface geometries with tight dimensional tolerances, control
of extruded material crossectional geometries, and the ability to reaassint all
circuit elements within a substrate. The process flow is listed below:

1) Mill trace paths
2) Extrusionprint silver paste into milling cavities for traces and contact pads
3) Sinter silver paste in oven per manufacturer recommendations
4) Overmill trace path, defining top face of trace
5) Extrusionprint dielectric over the top of sintered silver, except for the areas on pads
and adjacent to component cavity where soldering was required
6) Perform UV cure of the dielectric per manufacturer recommendations
7) Postmill the substrate for additional features such as contact pads, component slots,
wire trenches, etc
8) Plasma treat exposed remaining exposed silver for copper plating operations
9) Coppetplate exposed silver adjacent to components and on contact pads to improve
solderability
10) Place (and pregi&) components into machined slots
11) Extrusionprint solder paste onto joints
12) Reflow solder per manufacturer recommendations
The final crosssectional size of the traces was approximately 200 x 50 um

throughout the circuit and approximately 200 x 100 um adjacent to the components.
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Figure 17 shows crossections through the component and the trace that better
illustrate the features of this technologyfigure 18 includes scanning electron
microscope (SEM) and energy dispersiveay spectroscopy (EDS) images that show

the elemental composition of the different features.

100 pm

250 pm
(b)

Figurel7: Crosssections through embedded components and traces, at locati

indicated in earlier figure: (a) overall view with features labeled, (b) aipsef

soldered interconnect and component edge (c) trace with dielectric covering
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Figure 18 Scanning electron microscopy of component esession: (a) overal

view with closein view location identified at righside interconnect, (b) close
view with features labeled, (c) energy dispersivea)X spectroscopy analysis wi

elemental compatsons
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Further posprocessing steps required after the conclusion of theamalfill
process included: sanding down of protruding solder / epoxy bumps (evidence of this
is apparent in the flabpped solder bumps in earlier figures; realp-surface nature
was validated using optical profilometry) , attachment of long lead wires and
connectors for irsitu circuit monitoring during drop testing, installation of strain
gauges on selected specimens, addition of-$te@tk tubing to protect external

connections ostrain gauges, and specimen dimensional characterization procedures.

3.3.2 Test Setup and Instrumentation

Mechanical shocks were generated by means of a Lansmont HSX23©
acceleratedall drop tower equipped with a dual mass shock amplifier (DMSA). The
shock pulses generated by this tower were nominatsiadf shapes within the
following bounds: minimum 5,00@ acceleration with pulse duration .3 ms and
velocity change 6 m/s; maximum 100,000 g acceleration with pulse duration .04 ms
and velocity change 23 m/s. Tower programmer sheets were kept the same for all tests
with drop height the only independent vait@afor changing the acceleration magnitude
and pulse shape. The relationships between drop height, peak acceleration, pulse
duration, velocity change, etc were well characterized and documented.

A minimum of four specimens, each containing the aforementioned four
circuits, were tested at four acceleration levels: 25,000 g, 50,000 g, 75,000 g, and
100,000 g (nominal base excitation level, #J% tolerance). The range of acceleration
levels was cbsen to account for various extreme application conditions. A maximum
of two specimens were tested simultaneously in a clarole@oped configuration

using a custonfiabricated steel fixture with total fixture mass of ~915 g. Specimen
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offset from the base was sufficient to eliminate the risk of secondary impact. Care was
taken to ensure specimen alignment and consistent clamping force from specimen to
specimen and from drop to drop. External connections for trace continuity were
clamped under the fixture plates and secured to fixturing with tape to minimize cable
whip damage. External connections for strain gauges were likewise secured to
fixturing using heat shrink tubing and tape. Acceleration magnitude was assessed by
consensus otwo piezoresistive accelerometers mounted to the DMSA table in
accordance with manufacturer recommendations. The total number of samples tested
at each acceleration level was at least two. Failure of each component was defined as
physical separation dhe component from the substrate. Number of drops prior to
failure was recorded.

While the selection of acceleration level governed the physical response of the
substrate, the nature of the clamymdainped specimen test configuration meant that
different locations upon the face of the beam experienced dramatically different
curvaturesand stress states during the shock eventotivating the placement of
embedded components at the center and edge of the beam (to experience maximum
strain) and the placement of strain gauges at the strain inflection points approximately
onethird of theway down the length of the beam (to avoid excessive stré&igure
19 further demonstrates these relationships. Additionally, the center vs. edge
component locations were selected because they have similar peak strain magnitudes
but different physical responses due to the nature of the beam bending caused by
dominant mode sdpe; further details are provided beloftigure20 shows details of

specimen placement in addition to some sample acceleration pulses and pseudo
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velocity shock response spectra. Peak acceleration value was the primary descriptor of
the acceleration history for each test. Data acquisition was conducted at 1 MHz
sampling rates for all parameters. Trace resistance was also monitored in real time to
characterize trace degradation and identify failed circuits. -bigded video was

captured, as appropriate, at frame rates of 205300000 /s.

% of Peak Strain

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Position Along Beam (mm)

Figurel9: Placement of strain gauges and embedded components based on

peak strain experienced during shock event
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Figure20: Characteristics of specimen placement in drop tower: (a) view of
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3.4 Modeling Approach

A two-step multiscale hierarchical finite element modeling approach was

implemented, using Abaqus© CAE: a linear dynalvace substratenodel (without

embedded components) for drop simulation calibrated with experiments, and a

nonlinear elastiplastic quasstaticfully populated assemblyodel to characterize the

history of the stress states in the components, interconnects and trace within the
structure of the beam. Tloare substratmmodelwascomposed of 2D shell elements

for the substrate. Tdmocel did not contain embedded components and reflected the

polysulfone (PSU) substrate exclusively. Taky populated assembiyodel, unlike
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a purely local model, maintained the complete substrate assembly but incorporated all
four fully defined embedded component geometries including the component, silver
trace, and solder interconnect. These models were composed exclusively of 3D solid
elemens. Figure21shows examples of the two model types. Material properties for
all elements of the assembly, including the PSU substrate, were obtained variously
from the manufacturer, other sources, and testing. The sintered silver was modeled
with a btlinear kinemat hardening elastiplastic material model. Relevant material
properties are included ihable2. Dynamic explicit analyses were conducted and
captured four complete cycles of beam oscillation. Output focused on the sintered
silver interconnect regions of each component, with von Mises stress, equivalent plastic
strain, and plastic dissipation eggrper unit volume being typical damage metrics.
Both the process of validation of the models to experimental data and the resulting

fatigue life prediction results are described is Section 3.5.

Table2: Material properties for modeling

Silver | Polysulfone
E(GPa) 18.6 1.62
pke/m)| 8390 1245
oy (MPa) 45 -
sl.ope of gp 254 )
region (GPa)
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Figure21: Modeling approaches: (Bare substratmodel of 2D shell elements wit
clamped regions, strain gauge, and component locations marked, (b) annotat:
and (c) meshed view of embedded componefitilig populated assemblgnodel

composed of 3D solid elements
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3.5 Results and Discussion

Test and modeling results for component separation and sintered silver trace

performance are provided in this section.

3.5.1 Model Validation and Component Response Prediction

The primary purpose of model development was to better understand the local
stress state at the failure sites within the silver trace. To validate model performance,
blank substrates were instrumented with strain gauges (as shdvigune 19) and
tested at the acceleration levels of interdsgure22 shows the results of these tests
for measured strain as a function of time and frequency,Faqute 23 shows the
linearity of the peak microstrain values as a function of acceleration. The only post
processing required for the time history was aHkOhigh-pass filter to remove zero
shift from repeated shock exposures. Peak strain values increasdy isgafunction
of acceleration level as indicated in the figure. After the Fourier transform, primary
modes were observed at 1520 HJ0 Hz, 4630 +/450 Hz, and 8830 +510 Hz. These
frequency values were consistent with (within #9%) those as pdicted by classical
beam vibration theory and finite element analysis. No meaningful peaks were observed
at frequencies higher than 10000 Hz. The first resonant mode was the primary damage

mechanism for component failure.
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Figure 222 Experimentally measured strain response for blank beam ¢
acceleration levels: (a) as functions of time with peak values marked (black ci

(b) as functions of frequency
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Matching these experimental results to ltaee substrateodel was
performed and validated with time history and frequency history strain Befare
24 compares these two sources of strain data for a drop event at 25,000 g and
demonstrates the model accuracy. Calibration of the model was accomplished by
means of adjustment to material properties, boundary conditions, base excitation
parameters, and othfarctors. The discrepancy between experimental and model data
at 4700 Hz was believed to stem from ideal behavior caused by fixture
compliance present in testing (the model assumes a fully rigid fixture). Regardless,
the locations of maximum strainrfthe 4700 Hz mode were not-lorated with the
locations of the components on the beam. Based on the matched model, the
maximum strain levels in the center and edge locations of the substrate were
determined and are shownRkigure25. These values represent the substrate strains
present at the sites of the recessed components. Oruar¢hgubstratenodel was
calibrated, the majority of subsequent study focused on the specific local region of the

recessed component, the results of which are described in the next section.
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Figure25. Maximum strain levels present in the substrate during shock ever

as a function of time for the center at edge locations at all acceleration levels,

locations on the beam specimen

3.5.2 Reliability of Sintered Silver Traces and Failure Analysis

Component separation was the primary failure mode observed during testing.
Number of drops to failure was recorded for each component at all acceleration levels.
Still images from higkspeed video demonstrating this behavior for compondnaf@
shown n Figure 26 with t = 0 being the instant of maximum base acceleration. As

expected, separation occurred during periods of tension in the substrate below the
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component, regardless of specific component locafagure27 shows a crossection
through an empty cavity following component separation. Disregarding the solder,
silver, and miscellaneous residues present within the cavity (which were occasionally
observed in prelrop sectioning such as that shown Rigure 17), the primary
conclusion from this image was that the failures occurred within the sintered silver at
the interconnect. This failure mode was consistent across component locations and

acceleration levels. Separated components were not recovered.

Complete separation

Figure26. Component separation as seen by {sgéed video with t = 0 being tt

moment of maximum base acceleration
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Figure27: A crosssection through an empty cavity following component separ:
as seen through optical microscopy, with failure sites present in the sinterec

traces (circled)

The fully populated assemblfinite element modeling approach described in
the previous section was used to assess the local plastic strain history at the observed
failure sites in the sintered silver traces below / adjacent to the soldered attachment at
each of the four componentclations and each of the four acceleration levels. Strain
values were locally averaged across a selected set of elements at the failure site (in the
region of the highest stress concentration), as showigire28. Depending on the
component location and acceleration magnitude, peak strain magnitudes ranged from
2000 microstrain to 18000 microstrain at strain rates up to ~1500 /s. Four full cycles
of strain data were simulated, representing approximately 2.3f msanance time
following the impact (based on the natural frequency of the primary mode). One

example of the strain data provided by the model is also shokigune28.
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Figure28. Plastic strain as generated by simulation: (a) in regions of maxi

stress / strain (stress in Pa) in the sintered silver trace with thesipea& element
identified, (b) as a function of time for all four components with cycles annot

50,000 ghase excitation

After the plastic strain history was generated for each component at each
acceleration | evel, the principles of Mine
used to generate a universal fatigue curve
histoi e s 6 wer e | fow rdéfaredtecorepdnents, each at four different
acceleration levels. This process is explained below:

1) The cyclic range of equival emmwas pl ast i ¢

calculated for each of the four cycles experienced during the drop event (as identified
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in Figure28). This total change in plastic strain was required as each cycle contained
strain reversal.

2) The cyclic damagei@xperienced at each strain cycle in each drop was estimated
as D=1/N;, where Nf or e ac h sitwasachloulated as a fanctiqn(bf yet
unknown damage constants A and b using the following equation, motivatbe by

Coffin-Masonmodel (power law behavio[30]:

v

v w4 Y-
¥ ou € 1L 5 (1)

3) The foll owing equation for | inear dama
estimate the damage per drop event (due to all 4 strain cycles in each drop), and hence
to estimate the number of drops DF, required to cause failure of the specimare Fai
is assume to occur when C, the cumulative normalized damage index, reaches the value
of 1.
6 00 O 00 -+ 00 ——
G Y- @
4) The number of drops to failure, DF, was recorded for all 16 strain histories during
testing. Given that f ail uweeknovwncasimgle at C =
nonlinear solver was used to solve for A and b for each strain history.
Figure 29 shows the corresponding lesycle fatigue curves generated from this
process. A total of 16 different A and b parameters were calculated, one for each strain
history. These 16 fatigue curves, and an averaged composite curve, are all shown in
the figure. The gray region represents the region of data collection; predictions outside

of this region were extrapolated.
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Figure 29: Low-cycle fatigue curve for sintered silver in response to -h

acceleration mechanical shock

3.6 Summary, Conclusions, and Future Work

This study assessed the suitability of-Binted sintered silver for use as trace
material in printed hybrid electronic assemblies subject to extreme mechanical shocks.
In this application, sintered silver traces formed the basis of an electronic,circuit
interconnected by solder to passive components recessed into cavities machined onto
the surface of polysulfone beams. Mechanical shocks (at maximum acceleration levels
from 25,000 g to 100,000 g using a drop tower) induced substrate strain magnitudes as
high as 50,000 pum/m at strain rates up,@0Q /s.

Nevertheless, all evaluated drop conditions survived at least one drop and many
survived tens or hundreds of drops. In parallel with this experimental work, finite
element modeling of the printed circuitry was conducted. This modeling demonstrated

thatplastic strain magnitudes within the silver were as high as 180,000 pm/m at strain
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rates up to ;600 /s. Combined with experimental number of drops to failure, a low
cycle fatigue curve was generated to serve as the basis for future work.

Areas for future research in support of this effort include: 1) testing and
modeling of similar specimens to generate similar-tyele fatigue curves, but at
elevated temperatures up to 125 °C, 2) improving model accuracy by reducing fixture
compliancem testing or accounting for fixture compliance in modeling (perhaps using
tools such as digital image correlation), and 3) derivation of material properties (stress
strain curves, damping factors, etc) at higher strains, great strain rates, different

tempeatures, etc, to more closely reflect simulations.
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Chapteoycle Fatigue of Printed
Extr eme Environments: MMetcihpaihe c
Temper atures

This chapter presents the contents of a journal paper submitted to the journal of
Microelectronics Reliabilityon6 May 2025 The first author of this paper was Hayden
Richards from the CALCE at the University of Maryland in College Park, MD. The
co-authors were Abhijit Dasgupta, also from CALCE at UMD, and Andres Bujanda,
Harvey Tsang, and Matthew Bowman from DEVCOM Army &sh Laboratory in
Aberdeen Proving Ground, MD. Additional details concerning strain gauge
placement on beams and measuredrstvaibeams at high temperature are presented
in Appendix G (41). Additional details concerning updated finite element models to
account for elevated temperature material properties are presedtedendix H (4
2). Additional details concerning plastic strain as a function of time for all test point at
elevated temperature, in addition to updated-dgale fatigue curves, are presented in
Appendix | (43). Finally, MATLAB and Python codes relevant to this research are

presented iAppendixJ.

4.1 Abstract

Past research considered the reliability of printed hybrid electronic (PHE)
assemblies fabricated using recessed components interconnected by traces made from
printed sintered silver. These assemblies were subject to large strains caused by
mechanical sbck at acceleration levels up to 100,000 g. Ideally, PHEs may offer
reliability advantages over traditional electronic packages in such extreme
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environments, in aerospace applications, or as elements of electronic systems such as
conformal circuits or integrated sensors.

This study considered the response of these PHE assemblies to simultaneous
mechanical shock (50,000 g base excitation) and elevated temperatli25(26).

Passive components were recessed into milled cavities in injenttted polysulfone

beams usin@ uni garef iI6ImMid | met hod combining subtr
substrate with extrusiebased paste printing. The components were interconnected to

printed silver traces using printed solder, with circuits then formed from the silver

traces and ptected by a printed dielectric. The populated beam specimens were
subjected to drop testing in a clampetdmped configuration without secondary impact

using an acceleratefdll drop tower with dual mass shock amplifier, resulting in

substrate strain magudes of ~30,000 um/m at rates up to ~200 /s. A finite element

modelof the fully populated assemblyas used to calculate plastic strain response of

the sintered silver.

Circuit failure occurred due to component separation from the substrate caused
by cracking within the sintered silver beneath the soldered intercanaéailure mode
common across all temperatures. Total number of drops to failure was recorded in four
different component locations at all temperatures. These results, together with
simulation data, were then integrated by means of a cumulative damage model to

generate a loveycle fatigue curve for sintered silver from-2385 °C.

4.2 Introduction

This section provides the background and motivation for the present work and

presents a review of the relevant literature.
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4.2.1 Background and Motivation

An inevitable consequence of the ubiquity and pervasiveness of modern
electronic devices is their exposure to increasingly complex environments. In this
developing era of integrated electronics, the appeal of printed hybrid electronic (PHE)
assemblies & certainly not gone unnoticed, as they stand to offer considerable
advantages over traditional electronic devices. One application of PHEs is as
conformal circuits that are integrated onto curvilinear structures. In this application,
PHEs support embedd sensors that make extra electronic assemblies unnecessary,
simplifying the system and reducing weidpt] [28].

Many developing applications for PHEs are in increasingly extreme
environments. Of particular interest for this study are elevated temperature and
mechanical shock. These environments are relevant to industries such as automotive,
aerospac@tl], and defensp]. Inthese applications, temperatures can measure in the
thousands (°C) and mechanical shock acceleration levels can reach-B000@0 g
with pulse durations as long as83Ims and velocity changes over 300 m/s.

This study represents the second phase in an incremental approach to validating
PHE assemblies in environments of shock and temperature. These PHEs used
thermoplastic substrates, recessed components, sintered silver conductors, and printed
solder intercanects. The response of such PHEs to extreme environments of high
mechanical shock and (relatively) high temperatures is therefore useful for
consideration of these assemblies for future applications. In addition, this response
facilitates the developmermf better material models for the elements that make up

these PHEs.

70



4.2.2 Effects of Temperature on Polymeric Substrates, Solder, and Sintered

Silver

Past research has considered the different materials, manufacturing methods,
and implications thereof for the different materials used in this stusiyecifically
polysulfone substrates, printed sintered silvers, and printed Sn42Bi58 ddl2ers
However, some review is included here. Additionally, past work was focused
exclusively on testing at room temperaturg5 °C. This work compared testing and
modeling at 25 °C with that at 785 °C, necessitating revisions to the material
propertiesused in modeling to ensure accuracy.

Thankfully, polysulfone is a mature polymer and its material properties are well
known [29], however these are rarely at high strain rates. The specific material
properties for the polysulfone used for this work were generated by laboratory tensile
tests prior to manufacture of the test specimens. Several resources have considered the
effect d temperature on material properties of polysulf¢48] up to the melting
temperature of 18390 °C. For a specific material property such as elastic modulus,
different relationships between modulus and temperature were taken from literature
[44] [45], then normalized and used to predict the relationship between modulus and
temperature used for this study. The bisrtuthow-temperature solders required for
this work (to avoid damage to the substrates during soldering) are similarly well
characterizd [46]. Their material properties are likewise a function of temperature as
presented in the literatufé7], facilitating the interpolation of material properties for

use in this study.
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Sintered silver has long been used in the electronics industry, especially as a
die-attach material and alternative to leawhtaining solders. Its applicability has
continued to grow given the ability to dissolve silver inks into pastes that can be then
printed using a variety of additive manufacturing technologies, such as aerosol jetting
[30]. Aerosol jetting, however, has been previously shown vulnerable to early failures
in applications with high substrate mechanical strliig [31]. The focus of this
study, therefore, was on extrusiprinted pastes which, among other advantages,
produced thicker layers than jetting technologies. An image of the extrusion printing
used for this study is shown Figure 30. The fact that process parameters have
considerable influence on extrusion printing output quality (just as with any other
additive manufacturing technology) is acknowledged, but these effects are not
considered for the purposes of this study. Inddedspecific silver paste used for this
study was a propriety research & development ink with limited material properties
available from the manufacturer. Thankfully past research considered the properties of
sintered silvers at room temperatyd8] and elevated temperatur§$9], greatly
assisting in model development work for this effort. Several studies have looked into
understanding the lowycle fatigue performance of sintered silver ifB&] [33].
Material properties of these sintered inks are likewise sensitive to parameters of the

sintering process, and generally only exist for relatively low strain rates (< 0.001 /s).
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Figure30: Extrusion of silver paste into channels to fabricate electronic traces

4.2.3 Electronics Reliability Assessment with Mechanical Shock

Drop towers are in common use for mechanical shock testing of electronics (and
many other products as well) and the focus of this review is on drop tower testing. One
commonly used method for drop testing of individual electronic components against
mechaircal shock is the JEDEC Solid State Technology Association standard JESD22
B111A, published in 200BL]. It uses an FR4 substrate measuring 77 mm x 77 mm
for drop testing surfaemounted components up to 1500 g of base excitation. This
standard encourages repeatable, comparable test results by definition of the peak
acceleration, effective pulse durati@md velocity change of the acceleration pulse; a
challenge for mechanical shock testing across a wide variety of drop towers and test
equipment. This standard is most commonly used in literature for characterizing
failures in soldered interconnects beémecomponents and the substif@4]. This
standar d, however, I snot particularly prac
shock. Additionally, it is best for testing individual components rather than electronic

assemblies or even complete systems.
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Conventional electronic packages (with components mounted to FR4
substrates) are readily hardened to survive extreme acceleration levels. Such packages
use stiff structures and circuit boards, consideration for component selection and
placement, and pottg of both individual boards and complete assemblies.
Additionally, modeling and simulations are heavily used for mechanical shock
response assessm¢h®]. Ideally, the PHE technologies discussed in this work might
eliminate the need for these complex assemblies by integration of electronic
components throughout a structure. By doing so, they have the potential to be simpler,
cheaper, more reliable, easi¢o troubleshoot, and more repairable than the
conventional electronics they replace. Other references for mechanical shock testing
include the American Society for Testing and Materials (ASTM) mechanical shock
testing standar{B5], military standards MItSTD-810G, MIL-DTL-901E, and Ml
STD-331D [36], and the Harris shock and vibration handb$®K]. There have
additionally been publications concerning the response of sintered silver- on bi
directionally curved surfaceff] and at elevated temperaturgd8]. Lall et. al.
performed drop testing of some conventional electronic boards at acceleration levels of
25,000 d50], 50,000 d51][52], at various orientatior{§3], as well as at considerably

lower acceleration levels (1500 g) at elevated temperatures up to 12%]°C

4.3 Experiment and Modeling Details

Details of the test specimens, test equipment, and test methods are provided in
this section in addition to discussion on the strategies and procedures for adjusting the

finite element modeling approach fmwultiple temperatures.
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4.3.1 Test Specimens

Speci mens for t hi-andf st Wdy famad i tadaei ddmi nt
previously described in det§2]. No distinction was made for samples tested at room
temperature vs. el ev-antfeidl It & nfpeelrraitwateisan et
unchanged. The four components populated on each beam were desigha@d C
E-L, and ET based on location @ter or Edge) and orientation (Longitudinal or
Transverse). Additionally, some beams were tested without external lead wires. An
example of the beam specimen is showRigure31. Figure32 shows a detail view
of the idealized recessed component and the relative location of associated silver traces
and soldered interconnect.Figure 33 shows optical microscopy of a recessed
component prior to any testing. Components were the sapmenOresistors. The
sintered silver traces under the components were printed by syringe extrusion using
nancparticle inks and cured in accordance with maotifrer recommendations, then
copperplated to improve solder adhesion. The solder used for both interconnections
and external connections was Sn42Bi58. The presence ofcautéd printed dielectric
(used to cover the runs of the silver traces betweemitternal connection pads and
the component) was useful to avoid damage and shorting during handling and would
be critical for an operational application, but had little effect on test results- Post

processing steps were identical for room temperatutemvated temperature testing.
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12.7 mnx

Thickness:
3.2 mm

Figure 31: Standardized beam specimen with component designations: (a
external lead wires mounted using fleglound bismuthktiin solder, (b) without
external connections exposing obvious copper plating; the black circle indical

region for the detail @w inFigure32.
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Figure33. Optical microscopy of recessed component prior to testing

A single specimen from each lot (representing ~5% of all specimens) was
typically crosssectioned and inspected to ensure consistency in component placement,

trace crossectional geometry, solder reflow quality, and other physical parameters.
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All specimens were electrically characterized prior to testing; the degradation of the
circuits over the course of repeated shocks was the subject for a differenf53dper
In testing, the beams were supported in a clargbetped configuration with the last
9.5 mm of each end clamped in fixturing. This supported the external connections (if

present) but did not interfere with the component response.

4.3.2 Test Setup and Instrumentation

Up to two specimens were tested together in a clarojaedped configuration

using a steel fixture with total fixture mass of ~915 g. The steel fixture material was
chosen (in lieu of an aluminum fixture) to reduce thermal conductivity from the fixture
into the drop table as the thermal conductivity of stainless steel is ~10% that of
aluminum. Specimen clearance from the bottom of the fixture was adequate to
eliminate the risk of secondary impact. Care was taken to ensure specimen alignment
and consistentlamping force from specimen to specimen and from drop to drop.
Figure34 shows the placement of two specimens in the fixturing and bolted to the drop

table.
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Figure34: Specimens clamped into fixturing and bolted to the drop table; annc

view

Unique to this research effort was the integration of a furnace for elevated
temperature testing directly into the drop tower itself. The drop tower was a Lansmont
HSX23© acceleratethll drop tower equipped with a dual mass shock amplifier
(DMSA) which provided a working specimen volume of 130 mm (d) x 110 mm (w) X
150 mm (h). The nature of this tower and the acceleration pulses, pulse durations,
velocity changes, etc, it generated were well understood. 50,000 g was the base
excitation used for all tengpature levels. The furnace could not be permanently
mounted to the drop table due to the severity of the shock. Additionally, it was desired
to minimize changes in specimen temperature in the interval between removal of the

heating element and the momei the impact event, especially since the working
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temperatures were quite close to the melting point for the solder and substrate
polysulfone. Therefore, the furnace was designed to heat the specimen while mounted
to the drop table in the raised position. At the moment of drop, the drop table was
releagd directly from within the furnace, limiting the time between heat removal and
impact to ~20 ms and the change in temperature of the specimen-B °€ Bs
validated by direct thermocouple and thermal camera measurement. With the furnace
enclosure, thavorking specimen volume of the drop table was reduced to 100 mm (d)

x 80 mm (w) x 85 mm (h).

The furnace itself was custom designed and manufactured and consisted of four
main elements: 1) the positioning system, which raised the furnace to the necessary
height for any acceleration level, 2) the furnace enclosure, which enveloped the
specimen otthe drop table, ensured the table and drop tower equipment were insulated
from the heat, and was equipped with a pivoting mechanism to remain clear of the
tower during raising/lowering of the drop table, 3) the hot air gun and ducting, which
produced andidected the hot air used for specimen heating into the right place on the
specimen(s), and 4) the temperature controller, which measured the temperature of the
specimen and commanded the heat gun to provide the desired tempdajure35
shows this integrated furnace with the four elements labdigglire 36 outlines the

principles of the controller and sample temperature histories.
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Figure35: Drop tower with integrated furnace, annotated view; the dashed li

the center indicated the axis about which the furnace enclosure can pivot to cl
drop table as it moves up and down
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Figure 36. Details of the temperature controller: (a) feedback loop govel
controller performance, (b) example temperature profile for four drops at 75 *

minute dwell timgmoment of drop indicated by thick red line)

4.3.3 Modeling Approach

The finite element model used for this effort was fundamentally unchanged
from that used for room temperature work. The strategies used to develop this model
and tune it to match experimental data were previously des¢dBgdSince théare
substratenodel was alreadgalibrated it was not required for this higiemperature
effort; rather thefully populated assemblynodel was used with updated material
properties to more accurately match the changing parameters of the substrate, solder,

and sintered silver. Material properties were updated based on literature review of
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similar materials as mentioned earlidfigure 37 shows just one example of this for

the determination of elastic modulus for the sintered silver. The four line plots and
trendlines represent four examples of the relationship between elastic modulus and
temperature for sintered silvers from literat[82], normalized by the elastic modulus

at 25 °C. The slope of these trendlines was then used to estimate change in elastic
modulus as a function of temperature for the specific sintered silver used for this study.
Similar procedures were used for the othmeaterials and other material properties.
Table3 shows the final material properties used for modeling in this effort. Dynamic
explicit analyses were conducted and captured four complete cycles of beam
oscillation. Output focused on the sintered silver interconnect regions of each

component with equalent plastic strain being the primary damage metric.
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Figure 37: Elastic modulus (normalized at 25 °C) vs. temperature for diffe

sintered silver formulations based on literature review
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Table3: Material properties for modeling as functions of temperature

Polysulfone Sintered Silver Sny,Bisg Solder
25°C | 75°C [ 100°C | 125°C| 25°C | 75°C | 100°C|125°C| 25°C | 75°C | 100°C|125 °C
E(GPa)| 1.62 | 1.58 | 1.55 | 1.53 | 18.60 | 18.41 | 1831 | 18.22 | 355 | 33.7 | 319 | 284

p (kg/m’) 1245 8390 8560
o, (MPa) - 45 44 | 435 | 43
slope of g,

($
region (GPa) 254 | 261 | 269 | 278

4.4 Results and Discussion

Test and modeling results for component separation and sintered silver trace

performance are provided in this section.

4.4.1 Specimen Performance at Temperature

A total of 19 specimens were tested, all at 50,000 g: eight at 25 °C, five at 75
°C, two at 100 °C, and four at 125 °C. In all cases, the number of drops to failure was
recorded for each of the four component locatidiigure 38 details these results; the
error bars represent measurement range. For every component location, the number of
drops to failure decreased with increasing temperature. This is similar to how the
number of drops to failure decreased with increasing aetele level for tests
conducted at room temperature. Substrate strain at elevated temperatures was
measured by strain gauge mounted to the substrate and verified by simiigiioa;

39 outlines these strain measurements and strain as a function of temperature.
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Figure38:. Average number of drops to failure vs. temperature for each of the

component locations
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Figure39: Strain in polysulfone substrates (a) as a function of time, with maxil
and minimum values marked (b) with dependence of maximum and minimum

on temperature (vertical black bars indicate test temperatures)

While not the primary focus of this effort,-8itu realtime resistance data was
obtained for some specimens to assess progressive degradation of the circuit with each
drop, prior to failure. This Hsitu measurement was previously used during room
tempeature tests to monitor circuit health, as a predictor to failure, and to observe final
failure during the shock event. Similar degradation/failure behavior was also observed

at elevated temperatures during the current stétiyure40 shows one example of the
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progressive resistance increase, for a set of 20+ sequential drop events at 75 °C (in this
case, for component-T). Several observations were made, all consistent with room
temperature testing: 1) initial resistance increased from drop to drop, 2egesd&nce

was al ways greater than initial resistanc
instantaneous resistance being > 10x initial resistance) always occurred earlier than
would have been indicated by purely steathbte initial resistance measurm
Eventually, the circuit monitoring system indicated complete circuit failure (as
demonstrated at approximately drop #20 in this figure) although this was not always an
adequate predictor of component separation as the resistance monitoring equipment
itself was vulnerable to damage after repeated drop events. While initial resistance can
be plotted as a function of drop number, it is more applicatgostic to consider
instead the cumulative plastic work density. Work density, for the sintered iss@lf,

was generated by simulation and represented the plastic energy dissipated per volume
of sintered silver for a single drop event. This energy was then summed across multiple
drop events to calculate cumulative plastic work dengitgure41 shows how circuit
resistance changed as a function of this parameter for different temperatures. For
reference, 100 MJ/frof cumulative plastic work density in this effort represents ~7
drops at 50,000 g. These values were calculated for transverse comporEriisdC

E-T) exclusively given data limitations; further work would be required to produce a

more universal result.
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Figure40: Realtime changes in resistance across a circuit during many iteratec
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4.4.2 Failure Analysis

Failure analysis was performed to identify the location and mechanism of
component separation. For room temperature testing, fractures within the sintered
silver were the primary failure mechanisnfrigure 42 shows an example of such
cracking, representing a lucky example of & €omponent for which testing was
halted prior to failure (after 30 drops, for unrelated reasons) and the cracking happened

to be observed. Note the presence of copper plating @iltbefor solder adhesion.

N Initiation Site
(b)

Figure42: Cracking observed through sintered silver prior to component sepa

(a) overall view (50x magnification) with detail view annotated (b) detailed »

(200x magnification) of right side silver trace
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More typical observations of empty cavities following component
separation are shown kigure43. These are examples for specimens tested at 75 °C
and 125 °C, and are similar to previously reported room temperature results. Separated
components were not recovered. For refererapre 44 shows overall and detail
views of postfailure component cavities as directly observed by optical microscopy

prior to crosssectioning for specimens tested at 75 °C and 125 °C.

(b)

Figure43. Crosssectioned optical microscopy for empty cavities with damag

sintered silver circled after testing at 50,000 g and (a) 75 °C (b) 125 °C
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(b)

Figure 44: Topdown optical microscopy for empty cavities (overall view) ¢

closeups of observed damage (detail view) to sintered silver after testing at £

g and (a) 75 °C (b) 125 °C

4.4.3 Simulation Response and Reliability of Sintered Silver

The purpose of modeling and simulation for this study was the determination
of plastic strain values within the highestain regions of the sintered silver trace
underneath the solder interconnect, as these were the likely initiation sites for cracking

within the silver. Given the revised material properties described earlier, simulations
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were performed that calculated these strain values at room temperature (25 °C), 75 °C,
100 °C, and 125 °C. Individual plastic strain components were combined to produce
the plastic strain response shown belowigure45. Strain histories are shown here

for room temperature and 125 °C; the other elevated temperatures were comparable.

Maximum strain rates were ~1000 /s.
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Figure45: Plastic strain as generated by simulation at base excitations of 50,

(a) at 25 °C, with components identified and cycles annotated, (b) at 125 °C

The process for generating lesycle fatigues curves from this data was

discussed in a previous publication but is reviewed below. As with room temperature
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testing, four cycles of simulation data were used, corresponding to ~2.3 ms of
resonance time in the actual speci men as
natural frequency. For each temperatur e,
consiceredi one for each of the four components at that temperature. The process was:

1) A total equivalent plastic strain was calculated based on the maximum and minimum
strains experienced by each component during each cycle, incorporating the strain
reversal present due to beam vibration,

2) The damage experienced during each strain cycle was calculatedhes®@aoffin
Mansonmodel (power law behavior) based on estimated damage constants A and b,

3) Minerb6s rule was used to integrate the
damage incurred during each of the four cycles, then compared this total damage
against the number of drops to failure as presented earkégunre38, and

4) Given that useful life was exhausted upon component separation, the estimated
damage constants A and b werecaéculated using a simple nonlinear solver for each

of the strain histories.

The outcome of this process was adoyele fatigue curve for sintered silver at
temperatures from 25 °C to 125 °@igure 46 shows this curve with both lelgg
coordinates and semilog coordinates. For both figures, dashed lines indicate the curves
generated by the individual strain histories for each component at each temperature;
solid lines indicate average values. The gragion represents the region of data
collection; predictions outside of this region were extrapolated. Values for A and b are
presented imable4. To confirm these results, the dependence of cycles to failure to

temperature for a given plastic strain level was assessed, these plots are $hgwe in
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47 for strain levels of .1 m/m and .01 m/rihe dependence of constants A and b on

temperature is presentedhrigure48.
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Figure 46 Low-cycle fatigue curve for sintered silver in response to -h
acceleration mechanical shock at 50,000 g base excitation, 25 °C to 125 °C |

log coordinates (b) semilog coordinates

Table4: Coffin-Mansonmodel constants A and b as functions of temperature

25°C | 75°C | 100°C | 125°C
Al 9.65 9.24 6.98 6.53
b| -1.11 | -1.28 | 240 | -2.54
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(@)

(b)
Figure47. Cycles to failure vs. temperature for constant strain levels of (a) .1

(b) .01 m/m
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