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Abstract

Underfill encapsulants are widely used in the netgotronics industry to improve the
reliability of electronic components assembledrioted circuit boards. In this work, the effects
of isothermal aging on the stress-strain and créepaviors of underfills have been
experimentally characterized. A novel method reenbdeveloped to fabricate underfill uniaxial
test specimens so that they accurately reflecetivapsulant layer present in flip chip assemblies.
Samples were subjected to various aging tempegatame aging times before testing. The
measured experimental data demonstrated that leihg@ges (up to 100X) occur in the
mechanical properties of the underfill. EmpiriGid constitutive models have also been
developed that describe the aging effects on treharecal properties of the material.

Furthermore, the effects of underfill cure temperatand JEDEC MSL preconditioning
on underfill mechanical and strength propertiesyal as flip chip assembly reliability, have
been explored. The failure mechanisms in thedhijp assemblies were studied using CSAM,
X-ray and SEM analysis. The results clearly inticthe advantages of the higher curing
temperature. These included improved mechanicgesties, superior thermal cycling fatigue

life, and enhanced resistance to detrimental effieotn moisture exposure and solder reflow.
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CHAPTER 1

INTRODUCTION

Electronic packaging technology is the sciencesbaldishing interconnections between
various levels of electronic devices, componentedutes, and system. It dictates the cost,
performance and reliability of almost all futurenomercial and military electronics equipment.
The most compact and high density electronic paokgig flip chip technology. Most flip chip
assemblies require underfill to improve their raility to acceptable levels. Otherwise, the
small solder joints are subjected to high sheairstrdue to the thermo-mechanical mismatch
between die and substrate. Continuous improvewfepackaging and related technologies has

provided the impetus for the development of newiarmgtoved consumer electronic products.

1.1  Electronic Packaging Technology

Electronic packaging refers to the placement anghection of many electronic and
electromechanical components in an enclosure tioéégis the system from the environment and
provides easy access for routine maintenance.fdthrenajor functions of an electronic package
include signal distribution, power distribution,abe@lissipation, and protection of the components
and interconnections.

Generally the packaging system can be divided setceral interconnect levels. At the
first level, the integrated circuit (IC) chip andgabstrate or chip carried are connected by one of

three methods: wirebonding, tape-automated bon(idd), or flip chip technology. At the



second level, the substrate or chip carried is eotaa to a printed wiring board (PWB). This
attachment can be achieved by using plated thrdwddn (PTH) technology or surface mount
technology (SMT). At the third level, the PWB ismmected to a motherboard. Figure 1.1

illustrates a typical configuration for electrompiackaging technology.

1.2  Flip Chip Technology

The goals of electronic packaging engineers ardower costs, increase packaging
density, and improve performance with better cirgeiiability. Flip chip technology was
introduced by IBM for mainframe computer applicagan the early 1960s. Since then, millions
of flip chips have been processed by IBM on cerasuigstrates, and they claim a reliability test
record of 60,000 thermal cycles [1]. Presently tutomotive, computer, and cell phone
industries all rely on flip chip technology for thesuccess. A typical flip chip on laminate
assembly is shown in Figure 1.2. Flip chip is ajsiing popularity in ball grid array (BGA)
and other chip carrier technologies, replacing boreling.

In flip chip assemblies, the semiconductor chipggadown onto a substrate. Small solder
joints are used to both electrically and mechahjicabnnect the silicon chip to the substrate
using a high temperature reflow process. Flip ¢bghnology provides the ultimate in size and
weight saving, since no extra area is needed tcensaktacts of components to the substrate.
This is extremely important for electronics mantdiaers due to increasing demands for
miniaturized products and assemblies. In addititwe, relatively short electrical connection
paths provide faster signal transmissions. Findllis possible to have more input/output (I/O)
connections for a given chip size. All of thesgpiovements yield superior performance over

other interconnection methods.
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In flip chip technology, there is only one level @ainnection between the chip and the
circuit board. Flip chips therefore have an advgataver wirebonding because all connections
are formed simultaneously, whereas with wirebondihg connections are made one at a time.
However, in practice the cost of die bumping carhigdh. Thus, in low volumes, wirebonding

can still be more cost effective.

1.3  Solder Bump Connections

As discussed above, the silicon die in flip chiphtgology are connected to the substrate
by small solder joints. Eutectic or near eutetiifead (Sn-Pb) solder has been widely used in
the electronics industry due to its outstandingde@bility and reliability. Due to harmful
effects on the environmental and health concestent legislation has been enacted to require
the removal of lead from electronics. Several nead free solders have been developed as
alternatives to Sn-Pb solder, such as Sn-Ag-Cu (S#IBys [2]. Flip chip solder joints melt
completely during the reflow process, but the stefeension in the molten solder supports the
chip so that the extent of the joint collapse istoalled by the wettable area of the pads. A
solder joint based flip chip interconnection iscaleferred to as a controlled collapse chip
connection (C4). Solder bumps in flip chip asseesbkerve as the structural links, electrical
connections, and heat dissipation paths betweenhipeand the substrate. Thus, failure of any
of the solder joints will typically result in faita of the entire product.

Among the failure modes present in flip chip assi@sbthe major concern is typically
the thermal-mechanical fatigue life of the sold®ngs. Table 1.1 shows the material properties
of the constituents generally used in flip chip kseges. During thermal cycling, large shear
strains are developed in the solder joints dudéeddrge coefficient of thermal expansion (CTE)

mismatch between the silicon die and the substeetaljustrated in Figure 1.3. Consequently,

4



Materials E (GPa) CTE (ppm/°C) Application
Silicon 131 2.3 Chip or Substrate
Silicon Dioxide 70 0.5 Underfill Fillers
Epoxy 8-12 25-30 Underfill Polymer
Solder 10 15-20 Interconnects
Copper 128 17 Interconnects
Alumina 255 4-6 Ceramic Substrate
FR-4 PCB 22 15-20 Organic Substrate

Table 1.1 - Properties of Materials Used in Flipglhackaging



fatigue cracks often initiate at the edges of thats and then propagate through the interior,
resulting in bump failure. The likelihood of sotdaump thermal fatigue failure is related to the
chosen solder material, substrate and chip mettitiz, and the development of intermetallic
compounds [3].

An analytical estimate of the solder joint sheasist (y) can be found by using the
distance to neutral point approximation (DNP):

_(a,, —a)AT

h

pcb

[D.N.P] (1.1)

Ay

where apep and asc are the coefficients of thermal expansion of tf@BPand silicon chip,

respectively, h is the height of the solder balis, AT is the temperature change, and D.N.P is
the distance to the neutral point. The soldertjéatigue life can be estimated by applying
failure criteria such as the Coffin-Manson Equatidior example, for SnPb eutectic solder joints

the expression is:
N, =129A))**° (1.2)
where N is the estimated number of thermal cycles at wihehsolder joint will fail and\y is

the shear strain change during one cycle. Fromsetleguations, it can be clearly seen that the
solder joint fatigue life can be increased by ustngmaller die, increasing the height of the
solder ball joints, reducing the temperature chaage minimizing the CTE mismatch between
the die and the substrate.

For most flip chip configurations of interest, ttirmal fatigue life is unacceptable and
early joint failure occurs. Thus, it is necesstryadd an underfill encapsulant between the chip

and substrate to assist the solder joints in miainathe mechanical integrity of the assembly.
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1.4 Underfill Technology

Underfill is required by most flip chips to avoidpid solder joint fatigue failures. Since
its first use by IBM in the 1970s, underfill systerhave been widely adopted by industry
following the movement from ceramic substrates riganic substrates, which are the ultimate
goal for flip chip technology [4]. Flip chips witbrganic substrates are often referred to as
second generation flip chip technology.

Underfill encapsulants are either thermosettinthermoplastic polymers, both of which
are widely used in industry. Figure 1.4 showsubkime distribution for use of thermoplastic
polymers in the United States in 2001, and thetela packaging market was the largest [5].

To solve the CTE mismatch problem, an underfillenat is used to fill the gap between
the integrated circuit die and the substrate iniadhip package to improve the solder joint
fatigue life [6, 7]. Underfill not only connectbd chip and the substrate but also provides an
additional thermal path from the chip to the sudistr The introduction of underfill gives the
solder interconnections more mechanical robustreess,a significant increase in solder fatigue
resistance results [8]. Moreover, underfill proesoevenly distributed and reduced solder joint
strains during temperature changes, thus improstder joint fatigue life, often by factor of 10
or more [8]. The underfill encapsulant also prtggbe chip from moisture, radiation, and other
hostile operating environments such as mechanalksand vibration.

The mechanical properties of underfill materialgéha great influence on the reliability
of flip chip packages. For example, Figure 1.6sifates finite element prediction of the solder
joint strains in a flip chip assembly subjectedcattemperature change from -40 to 125 °C. The

strain levels are much smaller when using an uilderth low CTE and high elastic modulus.
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1.5 Underfill Flow Process

A schematic of a flip chip assembly with underfiiaterial is shown in Figure 1.6.
Liquid underfills are thermally cured to form a kidyacrosslinked molecular chain of solid state
material. The flow characteristics of uncured ufitlenaterials are critical to their application
performance. These characteristics depend onsit®sity and dispense temperature, as well as
the substrate material, chip passivation layedesobump pattern, and degree of curing. There
are three major processing procedures used in dhip on board assembly and three
corresponding underfill categories: capillary uridler no-flow underfill, and wafer-level

underfill.

1.5.1 Capillary Underfill

Capillary underfills are the most widely used iip fthip packaging. Such materials will
flow into the small gap between the chip and salstvia capillary action as shown in Figure
1.7. The encapsulant is dispensed along one didbeodie after bump reflow and flows
underneath the die and fills the gap between thedd chip carrier. The underfill epoxy is then
cured by heating the assembly and holding it atlamated temperature. This process is time
consuming and a relatively expensive part of thaufecturing process. However, it is crucial
to reliability improvement.

The filling dynamic process requires the undetbllbe in a liquid state during the flow
stage. This phenomenon is well understood withm realm of surface chemistry and fluid
surface chemistry, and surface tension is themgivorce that produces the capillary flow. The

capillary underfill flow behavior can be modeledaaguasi-steady, laminar, incompressible, two
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dimensional flow through a pair of parallel platessng the Washburn model [10-12]:

?= 124 0 S (1.3)
X

where p is the pressure in the liquid at the parsii, xis the absolute viscosity, h is the gap
height, and L is the flow distance (see Figure.1B)e driving force for the flow is the pressure
difference (A p) between the underfill and the air, which is action of surface tensiory(), gap
height (h), and contact angléY:

2ycosé

Ap =
P=

(1.4)

By solving equations (1.3) and (1.4), the time tloe underfill material to fill the gap can be

estimated by [10, 12, 13]:

2 2
t= 3 = S (cosf =1) (1.5)
hycosd hy

From the expression in equation (1.5), it is cheastlident that the fill time is proportional to the
viscosity and square of the distance traveled,iaversely proportional to the surface tension of
the materials and standoff gap height. Normalk, tinderfill, board, and components are all
preheated to an elevated temperature to decreasentterfill viscosity, and this improves the
wetting and flowability. Although earlier capillamunderfills experienced “snail paced” flow

rates due to higher viscosity resins and poorrfitteorphology, new underfill materials flow

rapidly and “snap” cure in minutes, significantipproving manufacturing throughput. The

general performance of underfill flow and curingés are summarized in Table 1.2 [14].
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1.5.2 No-Flow Underfill

Further improvements to the traditional capillandarfill process include the use of no-
flow underfill, which eliminates the time consumifigw process. A fluxing controlled volume
of underfill is dispensed directly onto bond sibefore chip placement, as shown in Figure 1.9.
The chip is then placed onto the bonding sites,pressing the liquid underfill and causing it to
flow outward to the edges of the chip until thedssl bumps contact the substrate pads.
Compressing the underfill, producing a symmetrmaiward flow pattern, helps to displace air
and may be an attractive alternative process.

By adding a flux agent to the underfill materiagncerns about flux and underfill
compatibility can be eliminated. Also, this progedoes not require a subsequent reflow,
dispense and cure process. It therefore providggnaficant reduction in process steps and time,
improving both productivity and cost competitivepesSome considerations specific to the no-
flow underfill process are listed below:

» Smaller bump size reduces voids

» Larger pitch reduces voids

» Substrate temperature is critical for the undenfititerial to reduce voids
* Low deposition height increases voids and causesatton

» High viscosity allows compression flow to dominated is preferred

* Lower viscosity allows gravity to flow that increavoids

1.5.3 Wafer Level Underfill

Wafer applied underfill is a revolutionary approashereby underfill is applied to a
bumped die at the wafer level. Such underfill mate should be reworkable and retain their

characteristics after assembly and any post prowesteps. Wafer level underfills can reduce
15



Year Flow Rate @ 80°C Cure Time
Pre-1995 <1 cm/min 3-6 hrs @ 1%D
1995 2 cm/min 30 min @ 15T
1996 2.5 cm/min 15min @ 15C
1997 3 cm/min 5-6 min @ 16&
1998 3 to 3.5 cm/min 4-5 min @ 166

Table 1.2 - Historical Underfill General Performanc

Placement Head

Underfil \ Chip
-

Substrate ﬁ }

H &
|

\

Dispense the Underfill Place Chip Reflow Solder & Cure Underfill

Figure 1.9 - No-Flow Underfill Process [9]
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processing time and cost because there is no reidividual underfill dispensing (Figure
1.10).

Generally a specially designed B-stageable undlesficoated onto a bumped wafer.
After the coated wafer is diced into individual dgesingle chip will be selected and placed onto
bonding pads and the solder interconnections adedrtith bonding are formed during the reflow
process. This approach can provide an efficierfiasea mount technology (SMT) process for
flip chips by eliminating the steps of underfillimopd curing each die. However, there are some
challenging issues associated with wafer level ggses. For example, specialized underfill
materials must be developed that are stable at teamperature. They must also be able to re-

liquefy during the reflow process, and they mustfaeliable interconnections after reflow.

1.6 Underfill Materials

After curing, the underfill materials used in flghip assemblies are typically two phase
composites consisting of an epoxy matrix filledhw&iO, (fused silica) particles. For various
applications, other small but necessary amountaddiitives are also included in the epoxy
formulations including fluxing agents, toughenirgeats, and adhesion promoters.

Epoxy, which is the term used for compounds coirigiroxirane groups, is the most
common matrix for underfill materials due to itssotable characteristics of good adhesion,
corrosion resistance, and physical and electpagberties. However, the CTE of epoxy alone is
too high to meet the requirements in most flip cagplications (>80 ppm/°C), so silica fillers
are added to reduce the CTE and increase theig&edastic modulus of the underfill material.

Underfill materials are then applied to fill thepghetween the chip and the substrate, and

also to bond with the solder joints. They alsovjiife environmental protection for the solder
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Figure 1.10 - Wafer Level Underfill Process
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joints and improves electronic package reliabilég, the stress/stain level in solder joints is
redistributed among the underfill, chip, substratel solder joints. Better underfill materials
with desired values of CTE and elastic modulus ateey factor in the development of next
generation low-cost, high-reliability flip chip tewsologies. The desirable characteristics and
advantages of an underfill materials are listedable 1.3 [15].

Some other critical properties of uncured and cucagillary flow underfills are
viscosity, glass transition temperatureg)(Tadhesion strength, and adhesion retention. Low
viscosity (fast flow) increases manufacturing thgioput. The viscosity is affected by both filler
content and particle size: the higher the fillentemt, the higher the viscosity, and the slower the
flow rate; while a smaller filler size speeds up flow rate. Higher temperatures can produce
higher kinetic energy, thus particles will diffus®re rapidly at elevated temperature with higher
viscosity [16].

Good interfacial adhesion is required for high wadetiity of the underfill material with
both the silicon die passivation layer and the wabs surface (soldermask). Also, good
adhesion retention requires that the underfillas susceptible to environmental exposures such
as constant temperature and humidity conditionghenmal cycling.

Low CTE underfills are able to reduce the thermalamsion mismatches between the
underfill and the chip, solder bumps, and PCB. sTgenerally leads to better solder joint
reliability. A high glass transition temperatuig)is generally desirable because the underfill
material becomes soft, adversely affecting its raadal properties (stiffness and strength) when
the temperature is close to or above thg TA high elastic modulus helps counteract

deformations due to CTE mismatches.
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Characteristics Advantages
High elastic E Low stress and stain
High UTS High level for the cracks
Low CTE Lower CTE mismatch between chip and substra
Low viscosity Good flowability
Fine silica filler To low the CTE and fill the snhglap
Fast cure Reduce the time and cost
Short fill time Quick fill time and low cost

Table 1.3 - The General Desirable CharacteristicdsAdvantages of an Underfill Material

20



The fundamental chemical differences between thsettiog and thermoplastic
polymers are related the molecular bonding conoesti Thermosets are crosslinked and have
primary covalent bonding connections between mdéeahains, while thermoplastics have only
relatively weak secondary bonding connections betwehains. Therefore, thermoplastics can
be re-melted or re-molded, where thermosets canhloérmosetting epoxies are used in
applications where high thermal and dimensionabiktyy are required. The mechanical
properties of underfills, such as its elastic madu(E), ultimate tensile strength (UTS), and
CTE, are all strongly linked to temperature. Tlsg transition temperatureg & particularly
important since the material characteristics undeafgastic changes around this temperature.
The changes in relaxation modulus behavior withperature are illustrated in Figure 1.11 for
several different polymers [5].

The reliability of flip-chip technology using curreunderfill materials is generally lower
than that of conventional wire-bond connection pawkg materials such as epoxy molding
compounds. The main reason for this relativelyrpperformance is the high coefficient of
thermal expansion values and moisture absorptitinsraf cured underfill materials. This
results because underfill materials contain a gnalinount of silica filler than standard epoxy
molding compounds to support good flowability dgrithe underfilling process. This problem is
likely a major contributor to the relatively poaliability of flip chip IC assemblies [17].

When using underfill, delaminations at the undidiié or underfill/substrate interfaces
in flip chip assemblies become the primary failavedes. Such delaminations occur when the
interfacial stresses are higher than the interfamiinesion strength of the underfill polymer.
Resistance to the initiation and growth of delarmaores is therefore another critical issue for flip

chip packages. If interfacial cracks develop anoppgate to neighboring solder bumps, the
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previously described stress relief on the soldartgowill be lost and the onset of solder joint

fatigue cracking will be hastened.

1.7 Thermal Aging Process

Mechanical properties of a material can evolve dsnation of time, temperature, and
stress level. Of particular interest here is thatmechanical properties of an underfill can vary
with time even when no stress is applied due toemdéar structure changes over time. Two
phenomena must be taken into account when considénese behaviors: physical aging and
chemical aging.

It is well known that amorphous materials are notthermodynamic equilibrium at
temperatures below their glass transition tempegdtlB, 19]. Along with the evolution of state
variables of volume or enthalpy, etc., there ames@bservable macroscopic property changes
such as in the viscoelastic response and yieldhgitte Such phenomena are referred to as
physical aging. The concept of free volume hasnbpmposed to partially explain these
behaviors [13-15]. In a closely packed system ntiodility of particles (M) depends on the free
volume (M). When material is cooled from abovgtd below T, the free volume and mobility
decrease simultaneously. However, if the free maluis greater than it would be in the
equilibrium state, then it will continue to decreadowly with time, and this is accompanied
with a decrease in mobility. Therefore, the meatarproperties of the material also change
during the aging process.

Meanwhile, chemical aging takes place when materi@le exposed to elevated
temperatures, the presence of humidity, and otmirenmental factors. This leads to
permanent changes in the material structure asudt i&f breaking or forming covalent chemical

bonds in the polymer molecular chains. Therefalemical aging is an irreversible process,
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while physical aging is a reversible process [2@]actual applications, chemical aging probably
plays a decisive role in influencing the final peojies of materials exposed to elevated
temperature.

Struik [19, 21] investigated the effect of physieging on many polymeric and non-
polymeric materials, and found that momentary creepves exhibit a universal shape,
independent of chemical structure, thermal histarytest temperature. He also listed some
basic aspects of the physical aging process impeny:

» Aging affects properties primarily via changeshe telaxation times.

Aging is thermo-reversible, and does not affecbadary relaxations.

» The aging range runs from abovgt® below T,

* Inthe aging range, aging time is the most relewaatierial parameter.

* Inthe aging range, the shift rate is close toyfat all polymers.

* Inthe aging range, the small strain behavior bpalymers is almost identical.

* Aging is a general phenomenon, and persists for le@g periods of time.

Aging disappears at low temperature

Due to the aging process, the mechanical propesfiaspolymer may change over time.
However, analytical predictions of polymer strengihd stiffness properties during irregular
thermal or mechanical loadings are as yet extrerdéficult. They can, however, be tested
experimentally. For example, a study of one conumkpolymer (D, L-lactide-co-glycolide)
[22] revealed that tensile strength and shear gtheexhibited a controlled decrease with aging
time, as shown in Figure 1.12. After nine weekgsothermal aging, the specimens were no

longer strong enough to be tested mechanically.
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Also, during long term thermal aging, polymer metisrbecome stiffer, which means the
compliance is decreased (or modulus increased) tower compared to samples that have not
experienced the aging process. A great deal okwas been done on evaluation of polymer
creep behavior with aging. These studies havecateld that the creep compliance decreases
with aging time and a master curve can be congdyets in the examples shown in Figures 1.13
and 1.14 [23, 24]. For different aging times, thaterial creep compliance can be determined as
in the isochronal plots in Figure 1.15 [13]. Thaterial becomes stiffer as the aging progresses
and the compliance value with 100 seconds aging tsreduced to around 60% of its initial
value. Similarly, it is possible to incorporate mentary creep curves at different aging times
into a single master curve by applying the shiftamgl superposition method described below.

Two principles, namely time temperature superpasitiTTSP) and time stress
superposition (TSSP), have been developed in otdeestimate a material's mechanical
properties by forming a master curve based on éselts of multiple experimental tests, as
shown in Figure 1.16 [5, 24]. TTSP permits usersubstitute temperature for time, and thus
perform short tests at various temperatures toigrélade modulus as a function of a wide time
period; whereas TSSP is able to perform the egemiaubstitution of stress for time. TTSP and
TSSP can be combined into a master curve by shifitmlividual curves as a function of
temperature or stress, while the relevant shiftofgccan be evaluated by applying the Williams-
Landel-Ferry (WLF) equation:

— 7(T) — —C(T-Tp)
Ioglo ar = Ioglo (M) — czi(T-TOO) (1.6)

The WLF equation was developed from empirical cdittimg and G and G vary with different
polymers. Ferry has proposed the use of the fatigWwuniversal” constants, whereg, s taken

to be Ty, the glass transition temperature [25]:
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Physical aging of polymers
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C1=17.4,G=516 (1.7)
It is important to note that the application of iMLF equation is limited to temperatures below
the glass transition temperature, where amorpholysners become sufficiently rigid for use in
electronic assemblies.

Finite element analysis (FEA) has been widely usesimulate the reliability of flip chip
on laminate assemblies subjected to thermal cy¢érm -40 to 125 °C) because of the long time
and high costs involved to test the numerous nedediti materials emerging every year.
However, the validity of the FEA simulation resuttepends strongly on the accuracy of the
relevant material properties used for the analys&isderfills exhibit a complicated viscoplastic
mechanic response that is highly sensitive to teatpee, isothermal aging and thermal cycling
effects, among others. However, data on underfdchanical properties are scarce on vendor
datasheets. In order to accurately model the bheha¥ underfills and other microelectronic
encapsulants, detailed information on time and tatpre dependent mechanical properties
must be available. Therefore, the primary goahdf research is to provide simple but accurate
mathematic models that can be applied to prediotuden of the mechanical properties of

underfill materials subjected to isothermal aging.

1.8 Research Objectives

Although there are already many studies on the adhbarization of the mechanical
properties (stress-strain and creep) of underféiterials, the understanding of the effects of
isothermal aging on the material behaviors remaiaslequate. Challenges and fundamental
problems still need to be addressed to supportesgéa underfill applications and ensure a long
working life. Finite element analysis can be usednprove the reliability of flip chip electronic

packaging. However, confidence in the results gard by FEA requires systematic
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experimental data, and appropriate models thatratzly describe the deformation behavior of
the utilized underfills.

The objectives of this research are to investigla¢efundamental mechanical behaviors
of underfill materials under various strain ratssthermal aging processes, curing profiles and
humidity levels as listed below:

» Characterize the effect of the strain rate on uiitistress-strain behavior.
» Characterize the effect of isothermal aging on uiitlstress-strain behavior.

1) Effect of different aging temperatures.

2) Effect of different aging times.

3) Effect of different testing temperatures.

» Develop mathematical models for:

1) The effect of strain rate on elastic modulus anidnaite tensile strength.

2) The effect of isothermal aging on elastic modulog altimate tensile strength.

* Investigate changes in creep behavior occurringinderfill encapsulants exposed to
isothermal aging at elevated temperatures:

1) Characterize the effect of isothermal aging ong@eves.

2) Characterize the effect of isothermal aging on sdaoy creep rate.

* Develop an understanding of the effects of agingperature, aging time, and testing
temperature on underfill creep behavior.

* Develop mathematical models to describe the effeftasothermal aging on the
secondary creep rate of underfill. Provide basideufill mechanical property data for

finite element analyses of flip chip on laminateamblies.
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CHAPTER 2

SPECIMEN PREPARATION AND UNIAXIAL TESTING

2.1 Introduction

There are some major challenges involved in buydimaterial property databases for
underfills using representative uniaxial test sasdbr mechanical testing. There are several
possible approaches to making uniaxial specimensinaferfill material, and there are no
standards governing the specimen preparation pookdditional problems arise due to the side
effects of the chemical agents involved, and thisteeg mechanical property data are widely
scattered. Consequently, for this research a eraqul controllable process had to be developed.

In actual flip chip manufactured assemblies, thektiess of the underfill layer is very
thin, typically about 75-125m (3-5 mils). Thus, the underfill layer cures tedaly evenly, with
a cure profile that is dependent on the oven teatpex profile, the thermal properties of the
materials, and configuration of the assembly malwri However, if large bulk strip samples of
underfill are prepared for material characterizatising a molding procedure, it is likely that
they will be subjected to non-uniform curing andughwill not accurately represent the
mechanical response of actual flip chip underéitdrs [10]. If thin samples are manufactured,
great care must be taken to achieve the corred ptofile, constant thickness, and desired

shape, all of which are critical. For any size cspen, a method must be developed for
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extracting cured test samples from the mold withatlicting damage or chemically changing
the material. This can be challenging since urltkedre, by their nature, effective adhesives.

Qian and coworkers [26] reported mechanical measeinés on small underfill test
samples. In their work, 0.5 mm (20-mil) thick sdespwere prepared in a metal mold exposed
to the cure profile recommended by the underfild@r (Figure 2.1). The samples were then cut
by a diamond saw to have four to five times thekhess of true underfill samples. However,
the metal mold required the use of a release agdnth chemically altered the surface of the
underfill samples.

In the work of Rao, et al. [27], small samples weast in a dog bone shaped Teflon mold
(Figure 2.2). The samples in this study were O0rd thick and the group used a Dynamic
Mechanical Analyzer (DMA) to characterize the sdrefyain curves, temperature dependent
storage, and loss moduli of the underfills.

A method for generating thin (0.1 mm thick) undétést samples was developed by Shi,
et al. [28], who performed comprehensive mechanesting on a typical underfill material over
a range of temperatures and strain rates. A rathmaplicated molding procedure was utilized to
fabricate the specimens. The mold included metpland bottom plates made of steel and
aluminum, respectively; and a thin silicone rubimddle layer (with a thickness of 0.1 mm in its
compressed state) with a rectangular 20 x 3 mmututodefine the in-plane dimensions of the
test specimens. The sample preparation proceswavied pouring the underfill into the
uncovered heated mold and then placing the steadraanto the filled silicone rubber middle
layer. Surplus underfill was extruded under presshrough an exit trough and the completed

mold stack was placed in a box oven for curing.teAmolding, it was necessary to use fine
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sandpaper on the samples to remove undesired aladed adjust the specimen dimensions.
The completed samples had nominal dimensions of 2 0.1 mm. However, 10 mm of the
length of the samples were buried in the specinmgrsgleaving only a 10 x 3 x 0.1 mm sample
of underfill subjected to stress and strain. Térggth to width aspect ratio of these samples was
therefore only 3.33, while at least 10 is typicalbsired to yield a reasonably pure uniaxial stress
state in the specimen (Figure 2.3).

Kuo, et al. [29] developed a similar method to fedte freestanding thin sheets of
underfill material by dispensing and curing the enial between Teflon coated sheets (Figure
2.4). They then cut samples with dimensions okZ mm between the specimen grips (once
again with an aspect ratio of 3.33), and perfornme@stigations on the effects of temperature
and strain rate on the tensile stress-strain behavlhis process was found to be an efficient
way to remove the solvent and residual moisturthersubstrate surface.

Building on prior work by members of the authoesearch group [30], a new specimen
preparation procedure for underfill mechanicalitgstvas developed for this study that yields 90
x 3 mm samples of the desired thickness (i.e.,9:00.125 mm). During the tests, the active
area of the extracted tensile samples (the regeiwden the specimen grips) is 60 x 3 mm,
giving a highly desirable aspect ratio of 20. dgsthese samples, a microscale tension-torsion
testing machine was applied to evaluate the unisemsile stress-strain behavior of the underfill
materials as a function of temperature and stiaie. r The results revealed that a three parameter
hyperbolic tangent empirical model provides acaurdts to the observed underfill nonlinear

stress-strain behavior over a range of temperaandstrain rates.
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2.2 Experimental Underfill Material

Underfill material is a special colloidal dispensiepoxy with fillers consisting of silicon
dioxide particles incorporated into the organiaidy The specimen material, supplied by Lord
Corporation (Thermoset), is Circuit SAF ME-525 ftipip underfill encapsulant. In this work,
the material is referred to as UF1. It is a fastecsemiconductor grade epoxy system that
reduces stress and adheres well to a variety ddceg. Due to its low viscosity, it can flow
rapidly under devices with stand-offs as low asi2b

General information for this underfill is listed imable 2.1. The manufacturer’s
suggested curing procedure is to cure at 150 °G@ominutes. The vendor datasheet values of
the glass transition temperature and the coeffi@éthermal expansion are shown in Table 2.2.
This material has been observed to have good awhésilaminate, ceramic, solder mask, and
metal surfaces.

The underfill material microstructure and spheristica filler are shown in the SEM
image in Figure 2.5, in which the settling of thkca particles due to the higher density of the
silica filler over the epoxy matrix is clearly vide. There is a thin layer of pure epoxy on the to
surface, with increasing amounts of the large siliea filler accumulating towards the lower
surface. The average size of the filler increagits depth, and the maximum diameter of the
silica filler is about 10 um. This epoxy compodii@s a relatively low coefficient of thermal
expansion (CTE) that closely matches that of théesdumps and thus minimizes the likelihood
of crack initiation during thermal shock and thelle testing.

A typical experimental TMA result is shown in FiguR.6. The glass transition
temperature marks the boundary between the twomsgiand the CTE is 18.59 x 11/ °C)

and 72.61 x 18 (1/ °C), respectively, when the temperature i®Wwednd above thegT
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Ingredient Weight %
Bisphenol F Type Epoxy 12%
Other Epoxy: Multifunctional Epoxy Resins 5%
Anhydride: HHPA or Similar Hexahydrophthalic Anhyak 15%
Filler, Fused Silica 65%
Other Ingredients 3%
Table 2.1 - Underfill Material Composition
Underfill - CTEa (1C) Recommended
Material g (Below Ty) Cure Conditions
UF1 137 °C 25 x 10 150 °C / 30 min

Table 2.2 - Underfill Material Characteristics &bdre Procedure
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Figure 2.5 - Microstructure of the Underfill Matariwvith Silica Filler
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According to the manufacturer, the combination ahaderate § and modulus, along
with excellent thermal shock performance, makes tanderfill material well suited to
demanding, high-end ceramic and automotive appdicat In contrast to the older underfill
systems, it can be quickly cured in 30 minutes&& AC without the need to implement a two-
step curing process to minimize stress. Due thigh purity formulation, it also provides the
ionic purity level required for high-end microelestics applications, thus minimizing the
chances of ion-induced corrosion in these devices.

In summary, the commercial underfill utilized ingtwork, UF1 is a silica filled epoxy
with Tg = 135 °C (TMA) and 145 °C (DMA). This undid is widely used in high performance

ceramic and automotive applications to lower thesst between the substrate and solder bumps.

2.3  Specimen Preparation Procedure

Frozen underfill syringes stored at -40 °C werevadid to reach room temperature before
dispensing. A stacked assembly view of the uniaxial tensioncspen mold utilized in this
investigation is pictured in Figure 2.7. Variouwts of the assembly were clamped together by
removable end clips (not shown). The middle laymrsisted of precision shims with a thickness
of 125um (5 mils) that defined the sample thickness. Moletre made from steel and coated
with a thin Teflon layer on all surfaces. The fmption of the mold assembly was machined to
contain 9 rectangular crossbars (90 x 3 mm) witboastant separation maintained via the
remaining steel material at the ends of the crassb@he shims separating the two plates were
located under the front and rear connecting reganthe steel sheet, not under the crossbars
themselves. The crossbars define the specimere shvagp the final specimen dimensions are

shown in Figure 2.8.
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Figure 2.7 - Specimen Mold Assembly

Dimension Typical Values (mm)
Length 90
Width 3

Thickness 0.125

Figure 2.8 - Underfill Uniaxial Specimens and FiBa&nensions
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Figure 2.9 - CAM/ALOT System 3700 and Underfill &gl Dispensing
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A CAM/ALOT System 3700 machine was used to dispeghseunderfill material to the
mold (Figure 2.9). The mold assembly was firsttbégo 80 °C in a box oven for about 10
minutes to remove all moisture. It was then pretekdb 105 °C using a heat source located
underneath the work station in the CAM/ALOT 370@&emawhich underfill encapsulant was
dispensed along one side of each steel crossbar praduction line programmable dispensing
system. Fiducial markings were included on the tdpthe steel sheet to aid in the
programmability and repeatability of the dispensprgcedure. Once dispensed, the underfill
encapsulant quickly ran under the 5 mil thick gaper each crossbar via capillary flow. This
procedure consistently produced constant thickuoeskerfill regions, which were sandwiched
between the Teflon coated top and bottom mold plate

The uncured mold assemblies were then cured iflaweven at 150 °C for 30 min
(Figure 2.10), using the vendor recommended urtetfre profile. The temperature profile
during the underfill curing process is shown inUfg 2.11. After curing, the material was
removed from the oven and cooled down to room teatpee. Due to the Teflon coatings, the
uniform thickness cured rectangular samples wes#yeseparated from the mold. A razor blade
and fine silica paper were used to trim any uneessarirom the ends of the samples. Using the
method described here produced samples with aditafitie, constant thickness that were easily
removed from the mold assembly without the neecf@mical releasing agents. Therefore, no
changes in the underfill mechanical behavior wadkiced by molding process. The lengths of
the final trimmed samples were in the range of @0¥8n, providing a specimen length to width
aspect ratio of more than 20. An added benefithsf method was that the test samples were
cured using the same production equipment and psowe conditions used in industry. A

comparison of the various specimen preparation oustis shown in Table 2.3.
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Figure 2.11 - Temperature Profile During the Unitlévfaterial Curing Process

Release Agent LengRtQ:i\(/;/idth Diacr:nuc;:;ggSaw Aftl:eirn :\gr?ilr?;ng
Qian [26] Yes 8 Yes No
Rao [27] No 3 Yes SiC paper
Shi [28] Yes 3.3 No SiC paper
Kuo [29] No 3.3 Yes SiC paper
Islam [30] No 20 No SiC paper

Table 2.3 - Comparison of the Specimen Preparafiethods
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The steps involved in the new uniaxial specimercgse for underfill materials proposed
here are summarized below:

» Thaw the underfill material

* Mold dehydration at 80 °C for about 10 minutes.

* Pre-heat mold ambient temperature to 105 °C

* Align dispense process by fiducial markings

» Determine the height of the needle above the saifaaxis)

» Dispense underfill and post-heating — curing preces

* Specimen release

2.4  Mechanical Testing System

In this study, the MT-200 microscale tension/tonsilbermo-mechanical test system from
Wisdom Technology, Inc. shown in Figure 2.13, alongh its associated environmental
chambers, was utilized to test the samples. Adegrtb the manufacturer’'s specification, the
computer controlled actuators of the system prowddeaxial displacement resolution of 0.1
micron and a rotation resolution of 0.001A universal 6-axis load cell is utilized to efahbsers
to simultaneously monitor three forces and threenertts during sample mounting and testing,
and then collect the data for further analysisstifig can be performed in tension, shear, torsion,
bending, and combinations of these loadings on IsspEcimens such as those used in this
research. In addition, cyclic (fatigue) testing ¢ performed at frequencies of up to 5 Hz. Hot
and cold environmental chambers employ a resistieager and liquid nitrogen diffuser to
allow samples to be tested over temperature ranfjed85 to 25 °C and 25 to 300 °C,
respectively. This system was used to fully charaze the underfill material. Uniaxial stress-

strain tests were conducted with strain rates ef0.001, 0.0001, 0.00001 Sec
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(c) Chamber for Low Temperature Testing (-185 t6 +2)

Figure 2.12 - Testing System and Environment Chasnbe
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Using the mechanical test system, tensile and ctegjs were conducted. Specimen
alignment and careful clamping techniques were wseabtain consistent and accurate testing
results. Specimen alignment is a critical featirethe microtester because a small bending
moment or torque could break thin brittle samptekey are not perfectly aligned. By carefully
adjusting the corresponding stages during clampieinitial forces were adjusted to be close to
zero. Tensile tests were performed under displacer{stoke) control, giving the stress-stain
relationship at a particular strain rate and tgstemperature. The creep tests were performed
under constant force mode, giving the strain resporersus time under constant applied stress

and temperature.

2.5 Experimental Method and Mechanical Properties

Due to the robustness and reliability required lip €hip packaging, the mechanical
properties of the underfill material are very imjaoit. These were intensively investigated in
this research and mathematical models were dewtlopdit the measured results. Uniaxial

tensile stress-strain tests and creep tests wetktasharacterize the mechanical properties.

2.5.1 Tensile Stress Strain Properties

During uniaxial stress-strain testing, forces argpldcements were measured. The axial
stress and axial strain were calculated from thpliegp force and measured cross-head

displacement as follows:

g=— (2.1)

E=—=— (2.2)
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wherego is the uniaxial stress,is the uniaxial strain, F is the measured uniafdete, A is the
original cross-sectional ared,is the measured cross-head displacement, andHe ispecimen
gage length (initial length between the grips).r #@ tests in this study, stroke (displacement)
control was utilized.

Temperature has a major impact on material pragert polymers. The underfill
material demonstrates five regions of viscoela&thavior, namely the glassy, transition,
rubbery, rubbery flow and liquid flow regions (Frgul.11), although the last two are not seen in
thermoset polymers. At sufficiently high temperaty decreases in the material modulus lead to
a significant change in properties.

Extensive work has been done on the results of npedytensile tests, and various
equations have been proposed by different authmrdescribe the mechanical properties of
different kinds of underfill epoxy, as shown in T@R.4. Although the variables in these models
include factors such as testing temperature arainstate, none consider the effect of aging,
either in the form of aging time or aging temperatuTo address this shortcoming, in this work

constitutive models were developed to take int@antisothermal aging effects.

2.5.2 Creep Properties

Another fundamental method used to characterizevibeoelastic time-dependent
behavior of a polymer is the creep test. Creeprdedtion is particularly likely at elevated
temperatures. In electronic packaging applicatiensep failure is a well accepted mechanism;
as solder ball joints cracks occur when packagessabjected to thermal or power cycling. In
the creep test, a constant force is applied quascally to a uniaxial tensile specimen and the
resulting deformation of the material is observagrotime. Creep behavior is the time

dependent strain deformation at constant uniaxralss and creep deformation is one of the
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Testing

Model Tested Material T Variables| Reference
ype

E=[f,+f x1-e"T)]E, Dexter Hysol Tensile T Rao [4]
E =E, x(log,, &) + E, Lord Tensile & Islam [30]
E=E,+EIn&é-CT(GPa) Hysol FP4526 Tensile T, & Qian [26]
E/c=Cg" Tensile & He[rézlt]aerg
E=In(a-bT)-c&YD+E;In £ +E,
T<Tq Hysol FP4549 Tensile T, & Kuo [29]

=In(a-bT)-cé¥N+Eyln ¢ +E,
T>T,

Table 2.4 - Models for the Mechanical Propertiekpbdxy Underfills
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major failure modes in electronic packages. Is #iudy, tests are carried by different loads at
various temperatures for different prepared spectme

Generally, a creep curve is composed of three stageshown in the typical creep curve
in Figure 2.13. Once a constant load is applibd,initial instantaneous strain that is formed
produces the primary creep, which consists of ielast time-independent plastic deformation.
This is followed by the secondary creep, or stestdye creep, which proceeds at a nearly
constant rate. The secondary creep region isiagogrtant, as most of the deformation over the
lifetime of a product takes place in this periothis is also the dominant deformation mode for
underfill materials. In this stage the strain rateetarded by strain-hardening due to the action
of the molecular chains, which repair broken chamstrengthen the network. Finally, during
the third stage of tertiary creep, the breakageovflent bonds in the materials proceeds at an
ever increasing rate and eventually the materil ifi fracture.

There are several mathematical models capablepoésenting the creep behaviors of
viscoelastic materials with good accuracy. ThetBoann superposition principle is widely
accepted as a linear viscoelastic model and isdbasé¢he assumption that the total strain can be
determined from the algebraic sum of strains, ntten&ow the stress is applied. This can be

represented in the hereditary integral form [32]:
t t
£(t) = IJ(t—r)da(t): IJ(t—r)mdr (2.3)
o o dr

This equation can be used to determine the tahsior any general loading history.
An empirical power function with good accuracy owemwide span of time for creep
response was proposed by Findley and Khosla [38]s approach uses what may be described

as a separable time-independent and time-depeagttaint:
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Figure 2.13 - A Typical Creep Curve
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E=¢g,+et” (2.4)
where t is the time, n is a constant independestress and is generally less than aneis the
time-independent strain, agdis the coefficient of time dependent term. Bethand &' are

functions of stress. This power law equation hesnbwidely used for creep in several different
polymers in tension, compression, torsion, etc. r&rranging and taking logarithms, equation
(2.4) yields:

log(e — &,) = logé&’ + nlogt (2.5)
In the resulting log-log plot, the value of n cam determined from the slope of the straight line
response and'is the vertical axial intercept value. To consitte nonlinear range of stress,

the coefficients in the creep law can be takertrass dependent. For example:
e=(o/E)+koP(a-e) +log% (2.6)
Many mechanical models have been proposed to 8esthie nonlinear behavior of

viscoelastic materials. For example, Eyring [34§gested a hyperbolic sine law as below:
. .
& = Dsinh— (2.7)
o

where D ando’ are constants.
Garofalo's hyperbolic sine law [10, 35, 36], expaod the Eyring relation and takes into

account that steady state creep strain ratesraregbt stress and temperature dependent:

-Q
3 =C[sinh(u0)]“e[RTj (2.8)

whereo is the applied stress, T is the temperature, tResuniversal gas constant, n is the stress
exponent, Q is the activation energy, amahd C are material dependent constants.
Recently, The Anand model has been proposed a#iadumodel that does not require

explicit yield conditions or loading/unloading etita. The equation is expressed as:
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& = A{sin%{f—gﬂm e[_%J (2.9)

where¢ jis the inelastic strain rate, A is a constdntis the stress multiplieq is the stress, R is

the gas constant, m is the strain rate sensiti@Qtys the activation energy, and T is the absolute
temperature. The flow equation can be easily nediifo represent the hyperbolic sine model
for secondary creep rate as shown in equation.(2.8)

The Anand model also employs a single scalar iatewariables to represent the
isotropic resistance to inelastic flow of the mitler The scalar variable is related to the dynamic

process of strain hardening and dynamic recovery:

&

£ (2.10)

and
. o"
s = {g—ge[RTJ } 12)

where s* represents a saturation value at a giempérature and strain rafejssa coefficient
and n is the strain rate sensitivity at the sainmatondition. The nine constants presented in the
above equations are A, Q, m, n, g, &, S, and §, and the initial value of the deformation
resistance must also be determined for the visstiplAnand model.

When using ANSYS finite element software to modehdy state creep, the sinh law is
included in the Anand model for the viscoplastieneénts. A user defined model can be defined

[10]:

Ca
¢ =C[sinhC,o)%e T (2.12)
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where G to G, correspond with A, 1/m¢/s, and Q/k, respectively. However, viscoplastic
element models only apply to elasticity and stestdye creep, not plasticity, because they lead to
increasing error when the deformation is low or gkrain rate is high. In an attempt to address
this shortcoming, a double power law model has h@eposed to overcome the absence of

plastic behavior in the Anand model [10]:

G S

£=Co%e 1 +C,o%e T (2.13)
This is made up of two power law terms that neeldet@eparately implemented for primary and
secondary creep models, and the units for the pateamare listed below in Table 2.5.

Currently, most researchers use multiple varialing methods to determine the
constants based on experimental data. The Anargelm@as been widely used in ANSYS
software to solve the viscoelastic and plastictelasaterial problems.

Table 2.6 summarizes the constitutive models use@poxy material creep curves and
the secondary creep rate. The variables in thextels include testing temperature, strain rate
and stress level. However, but no aging paramégegs aging time or aging temperature) have

been taken into account in prior work.
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Parameter

C
I

G GCs

Unit

S

- K st

Cs o T &
K MPa S

Table 2.5 - Table of Constant Values for the Patame

Creep Curve

Power Law

E=g,+&xt"

E=¢g,+AL-e)+Bt

Nutting Equation £=ko"t"
Hyperbolic Sine £=¢g,sinhg/o®)+&*t"sinhg/o™)
Creep Stain : _Q
Rate Norton’s Power Law £=A 0" R

Arrhenius Power Law

E o, -2
¢ = (Lyre w
ZT(E)

Hyperbolic Sine Law

: g
& = Dsinh—
g

Garofalo Hyperbolic Sine Law

-Q
3 =C[sinh(ao)]”e[RT]

Anand Model Flow Rule

A5

Table 2.6 - Constitutive Models for Epoxy Creep 8abr
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CHAPTER 3
EFFECTS OF TEMPERATURE AND STRAIN RATE

ON THE PROPERTIES OF UNDERFILL

3.1 Introduction

The reliability of an electronic package is strgndgependent on the thermo-mechanical
properties of its constituent materials. The tremrechanical behavior of an underfill is highly
sensitive to temperature and strain rate becaugs wiorphology of filled particles and polymer
resin [26]. The detailed characterization of ufilematerials is one of the major factors
involved in the development of a new flip carrienguct and largely determines its cycle and
cost. One of the major challenges in flip chip kzeye development is package cracking,
particularly die cracking and underfill crackingr/|2

Uniaxial tensile tests are usually performed on tmalerfill specimen to study its
mechanical behavior. Underfill is often modeledngsvery simple elastic material concepts.
Zhang and Shi [37] reviewed several modulus comscégt viscoelastic materials, and pointed
out that constant strain rate tests were better @bkcharacterize the stress-strain behavior and
the elastic modulus. They also suggested thatahgent modulus, or the derivative of the
stress-strain curve at a constant strain rategsponded exactly with the relaxation modulus
from the stress relaxation test. It has also tsewn that viscoelastic models for a polymeric

encapsulant perform much better than elastic mpeaéigch induce significant errors due to a
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lack of information concerning the time and temp&® dependant properties of the polymer.
Generally, two types of modeling approaches ard:useear elasticity and linear viscoelasticity
[10]. The behavior of viscoelastic materials mostexpressed by a constitutive equation which
includes time as a variable. Viscoelastic matdr&tlavior is normally studied by three types of
experiments: stress-strain tests under constaainstate, creep test and stress relaxation tests
[32].

Rao and coworkers [4] investigated three underfiliterials, and used a dynamic
mechanical analyzer DMA to obtain the stress-stralationship under controlled force mode,
the storage and loss moduli with multi-frequenclyration, and the stress relaxation behavior.

They modeled the dependence of the elastic moaduwusmperature using:
E :[fo+ fl(l_efZT)]Eo 1B.
The strain rate effect was not taken into consiitara

Over the range of strain rates considered by Istin,elastic modulus shows a linear
dependence on the logarithmic strain rate at ezropérature [38]:

E =E(log, &)+ E, ZB.
where & and k& are temperature dependent material constantsilaBi@sults were reported by
Shi. etc [39].

Qian, et al. [26, 40] studied the viscoelastic-ftaproperties of the HYSOL FP4526
underfill, and proposed a constitutive model foderill material behavior. In their work, which
was well below the glass transition temperature glastic modulus was expressed as:

E =17.3145+ (0.187)In £ - (0.02795T (GPa) (3.3)

where T is the absolute temperature and
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£= %g” , (3.4)

is the von Mises strain rate. Furthermore, the esgmup used a set of three dimensional
constitutive equations to fit and predict the srsain experimental curves. They suggested
that this framework also shows potential for thelgtand design of flip chips and packages.

Kuo and coworkers [29] suggested a way to modetidpendence of the elastic modulus
on temperature and strain rate by using separaiatieqs above and below the glass transition
temperature of the underfill material. They alsedicted the creep behavior at different test
temperatures and stress levels by using a hyperbiole power law equation. Ernst and
coworkers [41] studied changes in the viscoelagtimperties during the curing process by
applying the constitutive curing theory. In theiork, the mechanical properties, time dependent
stiffness function, and initial strain evolution n@eestablished by means of specially designed
DMA measurements.

In conclusion, there have been limited prior stache underfill that have included the

effects of viscoelasticity on their properties ddhavior.

3.2  Objectives and Testing Program

In this chapter, the mechanical behavior of a paldr underfill (UF1) was explored
using stress-strain tests at different temperatainelsstrain rates. The uniaxial tensile specimens
for mechanical testing were prepared using the atetlescribed previously in Section 2.3. The
uniform specimens produced had a gage length oh®) and were 3mm wide. The tests were
carried out under six different testing temperayib, 50, 75, 100, 125, and 150 °C) with three
different strain rates (0.001, 0.0001, and 0.0068€1). The test matrix is shown in Table 3.1.

Each specimen was kept in the environmental chambgr the desired stable ambient

58



temperature for 5 minutes before the load was agpknd at least five specimens were tested
for any given set of conditions. The testing temap@es covered the entire range from below

the Ty to well above .

3.3 Tensile Testing Data and Empirical Model

Figure 3.1 shows a typical stress-strain curvettierunderfill UF1 at a temperature T =
100 °C, and a strain rate &f= 1 x 10° se¢’. The effective elastic modulus E is defined as th
slope of the initial linear portion of the stressam curve. Since the underfill material is
viscoelastic, this effective modulus is rate demeidand will approach the true elastic modulus
as the testing strain rate approaches infinitye Wihimate tensile strength (UTS) is the stress
level at failure (fracture). The ultimate failustrain & (elongation) is the maximum strain
realized in the stress-strain test data, at whahtghe specimen fractures.

Since a minimum of five specimens were tested for given condition, an empirical
three-parameter hyperbolic tangent model was usadddel the observed nonlinear underfill
stress-strain data. The general representatitmediyperbolic tangent empirical relation is

o (€) = C  tanh (Ge) + Cse (3.5)
where G, C,, and G are material constants. Differentiation of equmti(3.4) gives an
expression for the initial (zero strain) elasticdulus:

E=CGC,+G (3.6)
Constant G represents the limiting slope of the stress-stcanve at high strains. The constants
C;, G, and G can be determined by performing a nonlinear regpasanalysis of equation

(3.5)to a given set of experimental data.
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Strain Rate (1/s

Testing Temperature

150 C

0.001

25° C
*

75 C

100 C

125 C
*

0.0001

*

*

*

0.00001

*

*

*

Table 3.1 - Table of Sample Test Temperatures &raih3Rates
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Figure 3.1 - A Typical Temperature Dependénderfill Stress-Strain Curve
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Figure 3.2 - Hyperbolic Tangent Model Fittaderfill Stress-Strain Curves
(T =100 °C, anct = 1 x 10° se¢')
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Applying this empirical approach, Figure 3.2 shawe associated hyperbolic tangent
model fit for all of the raw stress-strain data fmn-aged specimens that were tested at T = 100
°C. At least 5 tests were performed for each $etomditions in this work. The observed
variation in the data between different tests unther same condition is typical for cured
polymeric materials. The hyperbolic tangent moéiel(red curve) provides an excellent
representation of the data that lies in the miaddlall of the experimental curves.

Similar results were recorded for the different pematures and strain rates considered.
In each case, the hyperbolic tangent empirical medes used to produce a mathematical
description of the “average” stress-strain curveafget of experimental curves measured under a
fixed set of test conditions. All of the data meted in this dissertation were processed in this
manner. In each case, from 6-10 experimentalsss&ain curves were initially measured, and
then fit by an “average” stress-strain curve thathamatically represented the entire data set.
From this point on, for clarity and simplificatioonly the hyperbolic tangent empirical fitting

curves are presented.

3.4  Experimental Results and Discussions

3.4.1 Stress-Strain Curves

The underfill encapsulant material exhibits sigrdfit viscoelastic behavior. Therefore,
its stress-strain relationship greatly dependshentésting temperature and displacement strain
rates. In order to compare and investigate thepéeature effects on the tensile mechanical
properties of the underfill, all of the stress-streurves at a given strain rate were combined into
a single graph as shown in Figure 3.3. At eachirstrate, the underfill material became soft,

with markedly reduced strength, as the testing aatpre increased.
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The curves in Figure 3.3 were re-organized intostamm temperature plots as shown in
Figure 3.4. At each temperature, the stress-strames shifted lower and to the right as the
testing strain rate went down. Obviously, testiegiperature and strain rate have a great
influence on important underfill mechanical propst such as elastic modulus, ultimate tensile

strength, and elongation.

3.4.2 Elastic Modulus

The purpose of underfill material is to reduce strbetween the die and substrate, so a
relatively low elastic modulus is preferred in ardie relieve the inelastic stress sustained by the
solder joints. On the other hand, the material tnbasstiff and strong enough to maintain the
shape and co-planarity of the package. From Fg8ré and 3.4, the elastic modulus decreases
monotonically with increasing temperature and awvslostrain rate. This variation is shown
graphically in Figure 3.5.

The modulus decreases linearly with temperaturenvthe temperature is below 100 °C,
which is far below the published glass transitiemperature (J= 137 °C), and the underfill
remains in the glassy state. When the temperaises from 100 °C to 150 °C, the elastic
modulus drops dramatically indicating the glassi$raon region where rubbery behavior
dominates. The temperature has a strong effedherelastic modulus during the transition
period from glassy state to rubbery state. Thstielanodulus is very low at 150 °C (abovg T
due to the weak network bonding in the rubberyestadtiote that at 125 °C the elastic modulus
value at a strain rate of 0.001/s is much highantfor slower strain rates, which can be
attributed to the fact that the strain rate of 0.88¢" is much faster than the intrinsic regrouping

speed of the molecular network in the rubbery stdilee molecular chains have enough time to
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slip, break and reconnect to each other under rslaser strain rates, thus producing a much
lower values of the elastic modulus.

The underfill material shows interesting behavidusing the transition from the glassy
state to the rubbery state as the temperatureasesethrough theyT For slow strain rates, the
polymer molecules can break the existing crosselihketwork and form a new structure when
outside force is applied, and the local stressfsttan be released by the new orientated chain
segment structure. However, if the strain rat®@shigh, the material has insufficient time for
the segment to regroup and faults in the structuopagate, ultimately causing a fracture to

occur.

3.4.3 Ultimate Tensile Strength

The effects of temperature on the ultimate terstilength (UTS) of the underfill material
are presented in Figure 3.6. The UTS decreasearlinwith temperature relatively gently from
25 °C to 100 °C, but then sharply decreases iridghnperature range from 100 °C to 150 °C. It
is interesting to see that the temperature hadasimifects on the elastic modulus and ultimate
tensile strength. As it moves from the glassyh rubbery state, the UTS decreases markedly
because of the weaker molecular bonding forcese discrepancy in the curve shape at 125 °C

can be explained by the strain rate effect, asipusily described.

3.4.4 Elongation

The effects of temperature and strain rate on titeedill elongation are shown in Figure

3.7. The specimen elongation (strain at failusejalculated using:

e= x100% (3.7)

Li - L
L,
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where L is the final specimen gauge length at fracture, lanis the original specimen length.
The underfill elongation has a nonlinear relatiopskith temperature as shown in Figure 3.7.
The elongation remains relatively constant or iases slightly below 75 °C for all strain rates.
The underfill then becomes much softer as the teatype increases from 75 °C to 150 °C
during the state phase transition, thus exhibigrgpter extension ability. The strain rate also
exhibits its strongest effect in this region, akater strain rates the material has enough time fo
the molecule-chain to slip and reform to achievenger extension before fracture.

The underfill material tested showed its largeshghation at 125 °C (close to the),T
because at this point it is still strong enoughtfe cross-linked network structure to elongate
without early fracture. This may explain the shoextension of the specimen at 150 °C due to
its much lower ultimate tensile strength in the bety state. Once the testing temperature
exceeds the glass transition temperature, thensted¢ has a weaker effect on the elongation
because the material extends to its fullest extettie rubbery state. Therefore, the curves for

all three of the different strain rates shown igufe 3.7 merge together at 150 °C.

3.5 Effects of Temperature and Strain Rate on Tensile iI®perties

The experimental values for the mechanical progertf the underfill material are
summarized in Table 3.2. From the results, thegnites are strongly strain rate dependent.
Some authors [26, 30] have pointed out that thehiam@cal properties are linear with the

logarithmic strain rate:
o =0,+clogé (3.8)
Figure 3.8 illustrates the linear dependence ofdlastic modulus on the logarithmic
strain rate. The corresponding fitting constaméslested in Table 3.3. Only a weak strain rate

effect was observed for the elastic modulus loveenpgeratures, but a significant effect was
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observed at higher temperature levels near theThe slope of the curve at 150 °C is smaller
because the elastic modulus values are much snrallee rubbery state. Similarly, the ultimate
tensile strength shows a linear relationship toldigarithmic strain rate as shown in Figure 3.9.
In both cases, the linear fits are poorest at 5 °C, which is very near the,T
Hertzberg [31] suggested a power law relation fatenal strength with strain rate:
uUTsS=Cce" (3.9)

where m is the strain-rate sensitivity factor, ais hardening exponent. An analogous relation
can also be used for the elastic modulus. Talle@ntains the fitting constants for power law
models used to fit the elastic modulus and UTS dmtagure 3.8 and 3.9. From the calculated

R? values, it is clear that the power law also giaemod fit for all of the experiment data.

3.6  Simultaneous Modeling of the Effects of Strain Ratand Temperature

A number of researchers have provided constitutieglels with both temperature and
strain rate variables. For example, Qian [40] pezal the unified relation in equation (3.3) that
included these two factors as independent varialblgsthe testing temperature range was far
below the T. Although mechanical properties were easily dittey this simple equation, it
cannot be used for test temperatures that aremearabove §.

Pang, et al. [42] suggested empirical models fédesgoroperties that took into account
both factors:

E(T, ) =k (KT +k,) log(€) + (kT +k,) (3.10)
where -k, are fitting constants, and

Turs(T.€) = (C, +C T[] <7 (3.11)
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| A

Testing Strain Rate = 0.001 Strain Rate = 0.0001 Straie R41.00001
Temperature E uTS e E uTS e E UTS e
(°C) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)

25 11.96 48.19 0.0045 11.43 46.84 0.0045 11.04 644.2 0.0046

50 11.17 43.03 0.0044 10.24 42.1% 0.0048 9.9p 41.020.0052

75 10.11 40.42 0.0045 9.03 38.56 0.0054 8.16 36.590.0056

100 8.32 35.77 0.0059 7.44 34.04 0.0089 6.51 33.260.0148

125 5.10 22.65 0.0170 2.14 15.08 0.0210 1.73 13.510.0230

150 0.73 10.35 0.0190 0.66 9.27 0.0189 0.58 7.31 0180

Table 3.2 - Mechanical Properties of Underfill M&ekat Different Strain Rates
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Temperature Elastic Modulus Strength
(°C) E (GPa) R UTS (MPa)
25°C 13.3 + 0.46log¢ ) 0.992 54.3+1.96log€ ) 0.968
50 °C 12.94 + 0.63logé ) 0.926 46.19+1.0log€ ) 0.995
75°C 13.0 + 0.97 log¢) 0.996 46.18+1.92log€) 0.999
100 °C 11.0 + 0.91 log¢ ) 0.999 39.38+1.26l0g€ ) 0.954
125°C 9.73 + 168 log€ ) 0.839 35.36+4.57log€ ) 0.874
150 °C 1.04 + 0.1 log€) 0.971 15.1+1.52 log€ ) 0.972
Table 3.3 - Logarithmic Model Fitting Constants
Temperature Elastic Modulus Strength
(°C) E (GPa) R UTS (MPa) R
25°C 13.80(€ )%™ 0.994 54.95( )05 0.964
50°C 13.71(€)%%%%® 0.993 47.86()* 1 0.994
75°C 13.27(§)%04°° 0.999 46.99(€ )02t 0.999
100 °C 12.07(§)%0°33 0.997 39.81( )28 0.958
125°C 23.12(€)%% 0.901 46.77(€)% 0.905
150 °C 1.21(€)%0%% 0.957 17.78(€)°°" 0.975

Table 3.4 - Power Law Model Fitting Constants
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where G-C; are fitting constants. Both of these models atersihe effects of temperature and
strain rate in a coupled manner. For underfill enats, however, the elastic modulus and
ultimate tensile strength cannot be easily deteethioonsidering only a linear temperature
dependence. Therefore, two modified empirical n®oa@dee proposed for use with underfill

materials:
E=K, +K,T+K]T?+ (KT +K,)log(£) (3.12)
UTS=(C,+C,T +C,T?)&%™ (3.13)
where K through K and G through G are fitting constants. Figures 3.10-3.11 illuréhe
regression fits of equation 3.12 and 3.13 to tlestel modulus and UTS data collected in the

present study. Very good representatives wereirsdita The fitting parameters are listed in

Table 3.5.
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Ky Kz Ks Ka Ks

2310 0.31 -0.00054|  0.00065 0.11
C, C, C, C, C.

-316.5 2.32 -0.0036 | 0.00028 0.07

* Note That E is in GPa, UTS in MPa, T in K, aadn seé¢

Table 3.5 - Fitting Constants for Empirical Modeli€Equations 3.12 and 3.13.
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CHAPTER 4

EFFECTS OF AGING ON STRESS-STRAIN BEHAVIOR AND ME@NICAL
PROPERTIES

4.1 Introduction

Microelectronic encapsulants exhibit evolving pmijgs that change significantly with
environmental exposures such as isothermal agidghlarmal cycling. Such aging effects are
exacerbated by the higher temperatures typicahefmal cycling qualification tests for harsh
environment electronic packaging. The underfilltenal is normally based on epoxy resin,
which displays the intermediate range of propeibietsveen an elastic solid and a viscous liquid
depending on the temperature and the chosen tiale. sdhe phenomenon of viscoelasticity is
most obvious for amorphous polymers at temperatuees their . In many applications, such
as in automobile components, the normal operainge is from -40 to 125 °C. Aging effects
are particularly important for components used arsh environments such as ground and
aerospace vehicles, where safety issues becomm@ana due to the need to ensure long term
reliability.

Shi, et al. [28] and Kuo, et al. [29] have studibd effects of strain and temperature on
the mechanical properties of typical epoxy undetfil In both investigations, the tests were
conducted immediately following sample preparatiand did not consider possible aging

effects.
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There is significant literature available on thdeefs of isothermal aging on the
mechanical behavior of polymers. Research in dngm has been summarized in detail in the
work of Struik [19, 21]. The main body of thesaidies covers glass-forming materials
(polymers, inorganic glasses, etc.) that are lyriafinealed at a temperature above thgiarid
then rapidly cooled (quenched) to a temperatuneifssgntly below the §. After quenching, the
material remains in a non-equilibrium thermodynastiate, from which its physical properties
(mechanical, thermodynamic, etc.) shift slowly todgequilibrium. This process is often called
physical aging, and the effects on the small st{éimear viscoelasticity) creep response of
polymers have been extensively documented. PHyagiag processes are thermo-reversible at
high temperature.

In general, polymers subjected to thermal agingraftienching become stiffer and more
brittle. Additionally their creep rate or compl@ngradually decreases as the aging progresses.
Recent studies on physical aging effects in epoklowmt fillers have been performed by Lee
and McKenna [23] and Miyano, et al. [43].

Most studies examining the physical aging of polsgn@volve brief exposures of test
samples to temperatures above tleWwith the observed aging then occurring at tentpeea
significantly below the J. The minimal exposures above thgare solely for the purpose of
annealing or de-aging the samples. In many harslraament applications of electronic
packaging, the assemblies are subjected to tenupesaat or above the,Tor extended periods,
but there have been few studies on the effectsgofgaat such high temperatures on the
mechanical behavior of polymers. Those that haenlperformed, on polystyrene [24] and

PEEK [44] have noted new and unexpected types bawers after cooling. In addition,
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elevated temperature aging leads to detrimentaceffon the adhesion and interfacial failure

properties of underfills, as well as to the draogt teliability of assemblies containing underfills.

4.2  Objectives and Testing Program

In this work, the changes occurring in the stressirs behavior of flip chip underfill
encapsulants were characterized for isothermalgagirfour different temperatures: far below,
below, near, and above itg. TSamples were prepared and isothermally agegajféo 10 months
at 80, 100, 125, and 150 °C as shown in Table Edr.this study, a group of non-aged samples
were prepared, along with twenty groups of agedispens consisting of combinations of five
different aging times (10, 30, 100, 200 and 300sylayd four different aging temperatures (80,
100, 125 and 150 °C). Stress-strain tests werne pleeformed on both the non-aged and aged
samples at six different temperatures, from roompierature up to 150 °C (25, 50, 75, 100, 125,
and 150 °C). For all tests, a 60 mm gage length wtized between the specimen grips, and a
strain rate of¢ = .001 se¢ was applied during the load application. The mialteroperties
were extracted from the measured stress-strairesramd the effects of aging were determined

and modeled.
4.3  Experimental Results and Discussion

4.3.1 Changes in Microstructure and Cure Properties

The material microstructure is often a the fundatalefactor determining mechanical
properties. The first step was therefore to lookdny changes in the material microstructure
after the isothermal aging exposure. Figure 4.bwsh SEM images of the material

microstructure for a sample with no aging and feample that was aged at 150 °C for 300 days
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Aging

Temperature.

0 Day

10 Days

30 Days

D

100 Da

y200 Days

300 Days

80 °C

100 °C

125 °C

150 °C

*

*

*

Table 4.1 - Test Matrix for Tensile Test SampleggExposures
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(the highest curing temperature and the longeshgiime). These images reveal that the effect
of aging on the microstructure is not profound tbrs underfill material, with very little
difference visible between the two samples. Theesaon-uniform structure is clearly present in
each specimen, with the larger silica particleslisgtto the bottom and a thin layer of pure
epoxy on the top surface.

Epoxy is a thermosetting resin and is subject t@ d&inetics, so that both temperature
and time influence the completion of the thermasgttesin cure. The material decomposition
temperature for the underfill in this study wasedetined to be 330 °C using thermogravimetric
analysis (TGA). Differential scanning calorime(iySC) tests were then performed from 0 °C
to 250 °C at a rate of 10 °C/m on samples withoteiamounts of aging. Example heat flow
plots are shown in Figure 4.2 for samples aged&for 10 days (light aging) and at 150 °C
for 300 days (heavy aging). From the plots, tlesgitransition temperature was 133.9 °C for the
lightly aged specimen and 136.1 °C for the heaadgd specimen. Thus thg fias increased
over 2 °C due to the additional aging. In addititre residual cure energy of the first sample
was 1.436 J/g, which was almost double the valu®Z85 J/g for the more heavily aged sample.
Clearly, aging has a noticeable effect on the gtemssition behavior (temperature dependent

mechanical properties) and degree of curing fowutiaerfill material.

4.3.2 Stress-Strain Data for Non-Aged Samples

Figure 4.3 illustrates typical stress-strain curf@snon-aged tested underfill samples at
temperatures from T =-175 °C to T = +150 °C. €Hective elastic modulus E is defined as the
slope of the initial linear portion of the stressas curves. The plot of elastic modulus vs.

temperature (with each data point representingattezage of 5 to 10 tests) is shown in Figure
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Auburn SEI 20.0kY X250 100um WD 12.9mm

(a) Non-Aged Specimen

Auburn SEI 20.0kV X250 100pum WD 13.0mm

(b) Specimen Aged at 150 °C for 300 Days

Figure 4.1- Aging Effects on Underfill Microstructure
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4.4. The glass transition region for T > +100 &Cliearly evident in the plot, while the vendor
datasheet value is 137 °C.

At this point, the effects of isothermal aging be stress-strain curves from 25 °C (room
temperature) up to 150 °C (the curing temperatfitbeounderfill) will be explored by using the
test matrix in Table 4.1. Figure 4.5 shows therage stress-strain curves (empirical model fits)
for non-aged samples tested at T = 25, 50, 75, 1PB, and 150 °C. As discussed previously,
each of these curves are a fit of equation (3.5)hto 5-10 experimental stress-strain curves
recorded for a given set of conditions. These aurfieg non-aged samples will provide the

baselines for evaluating the changes occurringtalaging.

4.3.3 Stress-Strain Data for Aged Samples

The effects of elevated temperature isothermalgagin80, 100, 125 and 150 °C on the
underfill stress-strain curves and mechanical ptogse were explored in this study. These
particular aging temperatures were chosen singedbeform to temperatures below thg (80
and 100 °C), near thg; 125 °C), and above thg T150 °C) of the underfill material.

For each set of aging conditions in Table 4.1easi 60 samples were subjected to tensile
testing. On removal from the oven, these sampks® allow to cool to room temperature (T =
25 °C) over a period of 24 hours. This coolingipérwas kept short to avoid introducing
additional physical aging effects as described toyilS[21]. After cooling, ten specimens were
tested at each of six different temperatures (b=5D, 75, 100, 125 and 150 °C). The raw data
from each set of aging conditions and testing teatpee were fit with the hyperbolic tangent
empirical model to generate an average stressistiave representation for each set of aging
and temperature conditions. For example, the geetamperature dependent stress-strain

curves for 10, 30, 100, 200, 300 days of agingd@t°LC are shown in Figure 4.6.
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4.3.4 Aging Time Effects and Comparisons

The effects of isothermal aging are not immediaté$yble from a casual comparison of
the curves in Figures 4.5 for the non-aged specmth the curves in Figures 4.6 for the aged
specimens. Consequently, direct comparisons ofttimees at each temperature for aged and
non-aged samples are given in Figure 4.7. ThdtsesuFigures 4.6 and 4.7 are for samples
aged at 100 °C. Analogous measurements have bada far samples aged at the three other
temperatures. Results for aging at 80 °C are shoviAigures 4.8 and 4.9. Results for aging at
100 °C are shown in Figure 4.10 and 4.11. Finakgults for aging at 150 °C are shown in
Figures 4.12 and 4.13.

The effects of aging can be easily determined ftloenplots in Figures 4.7, 4.9, 4.11, and
4.13. The increase in modulus (initial slope) aitttmate tensile strength (failure stress) with
aging are easily visualized in these figures. fMeestigate in more detail, the curves in Figure
4.7 for aging at 100 °C will be discussed. Althbube initial linear behavior of the average
stress-strain curves appears to be only slightgcedd at each temperature, the ultimate tensile
strength undergoes some notable changes with ¢sigieg This effect is especially noticeable at
T =100 °C and T = 125 °C. The material properhase been extracted from the average
stress-strain curves. Plots of the variation eféffective modulus E and UTS with temperature
for various aging times are shown in Figure 4.1Phe variation with temperature has been
modeled as linearly decreasing up to 100 °C, and pslynomial for higher temperatures. In
general, the changes (increases) in E and UTSawiting were typically in the range of 10-50%
of the non-aged values. For example, with 300 dgayieg, the effective modulus at 125 °C
increased by 31%, from 5.1 GPa to 6.7 GPa, andltimeate tensile strength at 125 °C increased

45%, from 22.65 MPa to 32.95 MPa.
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Figure 4.6 - Stress-Strain Curves for Specinfeyesd at 100 °C
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Figure 4.10 - Stress-Strain Curves for Specinfegesd at 125 °C
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Figure 4.11 - Stress-Strain Curves for Specinfegesd at 125 °C
(T =25, 50, 75, 100, 125 and 150 °C)
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Figure 4.12 - Stress-Strain Curves for Specinfegesd at 150 °C

for 10, 30 100, 200 and 300 Days
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Figure 4.13 - Stress-Strain Curves for Specinfegesd at 150 °C
(T =25, 50, 75, 100, 125 and 150 °C)
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Similar data were obtained for all combinations afing temperature and test
temperature. These trends are illustrated in Ibis pf effective modulus E and ultimate tensile
strength (UTS) versus temperature in Figures 4d4417 for the four different aging
temperatures. In general, the changes (increasa®) typically in the range of 10-30% for E
and 10-50% for UTS relative to the non-aged valudswever, these were only slight variations
in the shape of the stress-strain curves due toatfieg effect. Detailed values for the
mechanical properties of the underfill material hwiifferent aging temperatures/times and

testing temperatures are provided in Tables 4250

4.3.5 Aging Temperature Effects and Comparisons

The underfill material samples were aged at fotfedént isothermal aging temperatures.
By regrouping the data in Figure 4.14-4.17, it wassible to examine the effect of different
aging temperatures on the elastic modulus and aféntensile strength. Figures 4.18-4.22
illustrate the variation of the mechanical propestiwith temperature for different aging
temperatures. In these figures, all plots on efeph have the same aging time. The largest

relative changes occur in Figure 4.22 (300 days@gi

4.3.6 Property Evolution with Aging Time

In order to examine the mechanical property evolutvith aging time more closely, the
data were plotted again with aging time on thezwnal axis. For example, Figure 4.23 shows
the variation of the UTS data with aging time fpesimens aged at 100 °C. In this plot, each
curve represents a different testing temperatulreese variations can be modeled well using a
four parameter empirical models with linear andangntial terms:

UTS=C, +Cyt,, +C,[1-e ) (4.1)
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Figure 4.16 - Effective Elastic Modulus and UTS Temperature for Aging at 125 °C
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Test No Aging 80 °C, 10 days 80 °C, 30 days 80 °C, 1aysd 80 °C, 200 days 80 °C, 300 days|
Temp. E uTsS E uTsS E uTsS E uTsS E uTs E uTs
(°C) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)
25 11.96 48.19 11.99 49.30 12.05 49.91 12.08 50.8712.70 53.45 12.98 54.44
50 11.17 43.03 11.2 44.49 11.24 46.08 11.32 47.18 1.481 49.47 11.84 51.78
75 10.11 40.42 10.25 41.39 10.44 42.02 10.59 42]7110.71 45.44 10.98 46.70
100 8.32 35.77 8.44 36.58 8.51 37.62 8.84 3869 69.2 40.72 9.53 42.35
125 5.10 22.65 5.13 22.73 5.20 24.47 5.30 27)2 5.40 27.60 5.46 30.22
150 0.73 10.35 0.73 10.65 0.74 10.88 0.74 11.84 707 12.87 0.798 13.15
Table 4.2 - Elastic Modulus and Ultimate Strengthvemperature for Samples Aged at 80 °C
Test No Aging 100 °C, 10 days 100 °C, 30 days 100 °@, d&ys 100 °C, 200 days 100 °C, 300 day,
Temp. E uTsS E uTSsS E uTsS E uTSsS E uTsS E UTS
(°C) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)
25 11.96 48.19 12.07 50.97| 12.27 51.05 12.48 5312 2.861 55.69 13.09 56.37
50 11.17 43.03 11.33 45.89 11.48 46.59 11.58 484211.79 51.46 12.08 52.30
75 10.11 40.42 10.26 43.20 10.47 43.34 10.66 442111.37 48.70 11.53 49.78
100 8.32 35.77 8.73 36.99 9.19 39.19 9.3 41.65 3110{ 44.96 10.52 45.81
125 5.10 22.65 5.14 24.85 5.47 27.44 5.70 3221 56.4 32.86 6.70 32.95
150 0.73 10.35 0.73 11.35 0.76 11.94 0.79 122 0.81 13.50 0.83 13.63

Table 4.3 - Elastic Modulus and Ultimate Strength'Memperature for Samples Aged at 100 °C
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Test No Aging 125 °C, 10 days 125 °C, 30 days 125 °@, d&ys 125 °C, 200 days 125 °C, 300 days
Temp. E uTsS E UTS E uTsS E UTS E uTsS E uTsS
(°C) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)
25 11.96 48.19 12.14 50.76 12.34 52.54 12.48 542013.10 55.97 13.46 56.82
50 11.17 43.03 11.35 45.66 11.5% 48.19 12.10 49.5612.10 51.64 12.23 52.46
75 10.11 40.42 10.44 41.94 10.69 43.57 10.82 44.8911.20 49.50 11.30 50.74
100 8.32 35.77 8.87 37.45 9.44 39.62 9.80 41.80 4810{ 45.85 10.68 46.80
125 5.10 22.65 5.25 24.75 5.71 28.28 6.10 3150 56.5 33.04 6.62 34.40
150 0.73 10.35 0.74 11.52 0.78 13.46 0.91 1365 40.9 13.79 0.98 14.28
Table 4.4 - Elastic Modulus and Ultimate StrengthMemperature for Samples Aged at 125 °C
Test No Aging 150 °C, 10 days 150 °C, 30 dayg 150 °@, d&ys 150 °C, 200 days 150 °C, 300 day,
Temp. E UTS E uTsS E UTS E uTsS E UTS E UTS
(°C) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)
25 11.96 48.19 12.26 52.98 12.42 53.29 12.62 55.2313.30 57.30 13.64 57.65
50 11.17 43.03 11.73 46.86 12.0( 47.99 12.17 50.3212.20 53.31 12.5 53.85
75 10.11 40.42 10.87 42.91 10.92 44.94 11.05 454111.18 50.69 11.68 51.30
100 8.32 35.77 9.19 39.25 9.56 40.89 10.20 42.60 .5310| 46.93 10.97 47.44
125 5.10 22.65 6.03 29.25 6.12 31.02 6.49 3348 96.9 35.65 7.16 36.10
150 0.73 10.35 0.80 12.78 0.81 13.50 1.19 13.68 1 1.2 14.20 1.24 14.58

Table 4.5 - Elastic Modulus and Ultimate StrengthMemperature for Samples Aged at 150 °C
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where {gis the aging time. In this expression, constajis@he initial strength for the non-aged
specimen, ¢is the constant rate of change for long term otfal aging, and £and G are
parameters that control the shape of the nonlitreasition region for short aging times. The
role of the various empirical model constants dliestrated in Figure 4.24. In practice, the
constants were found by using a nonlinear regrasanalysis to fit equation 4.1 to the data for a
given set of aging and testing temperatures. Mwodugon of the elastic modulus with aging
time can be modeled using a similar empirical esgion with different fitting constants:
E =Ko+ Kty +Kyfi-e™) (4.2)

The evolutions of the modulus and UTS with agimgetiare shown in Figures 4.25-4.28
for the four different aging temperatures. In a#ises, the data for the different testing
temperature have been fit using the empirical neodelequations (4.1) and (4.3). All of the
fitting curves are nonlinear for short aging time&fter approximately 100 days of aging, the
variations become quite linear. This suggests tihatproperties can be estimated for longer

aging times over 300 days with a linear extrapotati

4.4  Combined Models for the Effects of Aging Temperatue, Aging Time, and Testing

Temperature

As the data in this chapter clearly show, the meah properties of underfill are a
function of the aging temperature, aging tempeegatand testing temperature. As stated earlier,
prior studies have addressed the effects of thmgeemperature, but few have considered aging
effects, let alone proposed models to describesthetaviors. In this section, the goal was to
provide a single empirical expression to describe évolution of a particular mechanical

property with aging. In particular, it was desitedcast the material properties as functions of
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the three independent variables:

E = E(T,t,,T)
UTS =UTS(T,, t,,, T) (4.3)

whereT, is the aging temperaturggts the aging time, and T is the testing tempeeatur

The best way to simplify the modeling problem issaparate the independent variables.
The variables aging temperature and aging timeeda¢ed to micro-structural changes that occur
in the material during the isothermal aging proceskile the testing temperature is set
independently after the aging has occurred. lthexefore reasonable to consider the aging
temperature and aging time effects first, folloviythe testing temperature effects.

Many studies have examined thermal phenomena irerrals and an Arrhenius
relationship is often used for the temperature ddpece. To explore the effects of aging
temperature and aging time, the experimental datst tve plotted for readings taken at the same
testing temperature. For example, Figure 4.2%tiates the elastic modulus dependence for
attesting temperature of 100 °C and various agorglitions prior to testing. These same data
are plotted with a 3D viewpoint in Figure 4.30, hviiging temperature and aging time on the
two in-plane coordinate axes. In an effort to e a unified model, the empirical model in
equation (4.2) can be generalized to include tlegagmperature. In this work, it is proposed to

add an Arrhenius term for the aging temperatutbénform:

__Q
E = C0 + (Cl + CZtage e )C3 m

where @ C; C; and G are functions of the testing temperature (T), @id an activation energy

for aging, which is a constant regardless of tkéirig temperature.
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Figure 4.29-4.30 illustrate the fit of equation7(4to the experimental data points for a
testing temperature of 100 °C. In Figure 4.31,9hdace predicted by the model for other aging
conditions is illustrated. The same approach ctso &e applied to the other testing
temperatures. In each case, the regression angigdils a set of values forn,GC;, C,, C; and
Q. Comparing these parameters for all six of #stiig temperatures revealed that the values for
C; and Q were almost the same for each conditionns€guently, equation 4.7 was simplified

by substituting the average values faradd Q:

15970

E=C,+(C, +C,te =) .

where E is in GPagdis in days, and gy is in °C. Equation (4.8) was then simultaneodislio
all of the elastic modulus data (all testing tenapre) yielding the corrections shown in Figure
4.32. The calculated parameters are summarizédhbie 4.6 and plotted curves temperature in
Figure 4.33.

The results in Figure 4.32 illustrate that the madequation (4.8) is able to accurately
represent the evolution of the elastic modulus wiging. However, the plots in Figure 4.33
show that parameterso,CC;, and G have a strong dependence on temperature. These

dependences can be expressed using the followpgssion:

C,=-0.043r +131 C, =0.0003%>*" C, = 021e%%% K100 °C (4.9)

C,=-017T+256 C,=00023 -021 C,=-0.058T +89 T>100 °C (4.10)

Substituting these expressions into equation (#e&ils a complicated but unified model for the

evolution of the elastic modulus with aging:
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Testing Temperaturg 25°C 50°C 75°C 100°C | 125°C | 150°C

Co 11.91 11.10 9.990 8.24 4.75 0.32¢
C, 0.0008 | 0.004 0.009 0.023 0.088 0.140
C, 0.372 0.986 2.017 3.037 1.95]] 0.157

Table 4.6 - Parameter Values for the Elastic Moslimpirical Model
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Figure 4.33 - Elastic Modulus Empirical Model Paedens vs. Testing Temperature
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15970

E =13.1-0.043T + (0.0003°*" + 0216°*"t, e "' )** K100 °C (4.11)

15970

E =25.6- 017T +((0.0023 — 021) + (-058T +89)t_e "= )%  T>100 °C (4.12)
ag

where E is in GPa, T andglare in °C, and,§is in days.
A similar empirical model can be proposed to maithel evolution of the UTS with

aging:

_Q
UTS=C',+(C',+C',te = )°* 13)

In this case, it was foun@, = 0 for all testing temperatures. Average value€pand Q were

again found, and this calculation yielded:

24580

UTS=C',+(C',te "™ )%* 14)

where UTS is in MPa, T and.dare in °C, and,§is in days,. The regression fits of equation
4.14 to the experimental data are shown in Figusd.4 The parametelfs‘(;andC'2 were found

to be dependent on the testing temperature (sele fiab and Figure 4.35). The dependencies

were well fit using:

I

C, =-016T +518 C, =1800+ 34e" F100 °C (4.15)

I I

C, =-05T +86.5 C, =-53.7T +8337 3100 °C (4.16)

Substituing these expressions into equation (4iels a complicated but unified model for the

evolution the UTS with aging:

24580

e RTw )08 £100 °C (4.17)

UTS=51.8- 016T + ((1800+ 34e>%*" )t

ag
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Testing Temperature 25°C 50°C 75°C 100°C 125°C 150°C

Co 48.19 43.03 40.42 35.77 22.65 10.35
C, 1.5e-017 | 2.21e-017 3.8e-017 7.8e-017 9.2e-017 (lbe-
C, 1868.8 2010.8 2255.9 2921.7 1703.1 234.53

Table 4.7 - Parameter Values for the UTS empititadiel
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Figure 4.35 - Ultimate Tensile Strength Empiricaddél Parameters vs. Testing Temperature
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24580

UTS =865- 05T +((8337-53.7T, )t, e " = )** ¥100 °C (4.18)

where UTS is in MPa, T anddare in °C, and.} is in days.

4.5 Summary and conclusions

In this chapter, the effect of isothermal agingtba stress-strain behavior of underfill
was investigated. The underfill material microstue was found to remain unchanged during
the aging process. However, DSC measurements shibvaethe residual cure energy decreased
during the isothermal aging process, even afteséimples were cured at 150 °C for 30 minutes,
as per the manufacturer's suggestion.

The results obtained revealed a clear enhancenfiené anderfill mechanical properties
as a function of the aging temperature and aginmge.ti Both the underfill effective elastic
modulus (initial slope) and ultimate tensile strénghighest stress before failure) increased
monotonically with the amount of isothermal agingaging temperature, regardless of whether
the aging temperature was below, at, or above §h&f The material. With 300 days isothermal
aging, the elastic modulus increased by up to 3@écthe ultimate tensile strength increased by
up to 45%. For the underfill evaluated, softenedpavior was observed above a temperature of
100 °C, although the documenteglig about 137 °C.

An empirical model with linear and exponential terand four constant parameters was
proposed to describe the evolution of the mechamaperties of underfill with aging time.
Furthermore, two complicated empirical models wemmestructed to estimate the elastic modulus
and UTS of the underfill as functions of aging temgiure, aging time, and testing temperature.

The models provided reasonably good estimatestetperimental data.

115



CHAPTER 5

ISOTHEMAL AGING EFFECTS ON THE CREEP BEHAVIORS

51 Introduction

Materials such as solders and polymers undergo-diependent deformation under
mechanical stress at elevated temperatures. Vacieep mechanisms may dominate at different
temperatures, and sometimes more than one meché#akas place simultaneously in the same
material [45]. In reality, all deformations areng# dependent but the characteristic times for
creep deformations are orders of magnitude larpan tthose for either elastic or plastic
deformations [46].

Creep is commonly encountered in solder joints guiiits, and printed wiring board base
materials in electronic packaging applications. nMalectronic devices are exposed to elevated
temperatures for long periods. Rheological phem@mmay cause structural components to
suffer from durability shortening and about 10%failures result from creep processes and
stress-relaxation effects [47].

Creep deformation mechanisms in polymers are véfgrent from those in metals and
ceramics because of their unique microstructukdslike most metals and ceramics with highly
periodic crystalline structures, polymers are matléong molecules and consist of a chain of
atoms or a three-dimensional cross-linked netwarkded by covalent forces. Consequently,

polymer mechanical properties differ markedly frahose of metals and ceramics [46].

116



Polymeric materials are generally classified imiceé groups:

. Thermoplastics (crystalline and non crystalline)

. Thermosets

. Rubbers
Most of the polymers used in the electronic paakggpplication are either thermoplastics or
thermosets. Thermosets have a primary three-dioreiscross-linked bonding network, while
thermoplastics have only secondary bonding conoesti

Polymer creep behaviors are dependent not onlynmog temperature and stress, but also
on microstructure. Polymer crystalline structuresist creep much more than amorphous
structures, since the molecules in crystals haveteshbond distances, and consequently stronger
intermolecular bonds. Thermosetting materials magdeof primary cross-linked molecular
networks resist creep more readily than thermoiplastmposed of secondary bonded chains of
molecules because the cross-linked connections tireiamount of creep slippage that can take
place.

Creep tests are often used to characterize theelastic time-dependent behavior of a
polymer. In a creep test, a constant force ig fipgplied quasi-statically to a uniaxial tensile
specimen, and then creep occurs as a slow consndefiormation of the material under stress.
Creep behaviors are thus time dependent strainrrdafmns at constant uniaxial stress, and
creep deformation is one of the major failure modeslectronic packaging. Figure 5.1
illustrates a typical creep curve for a polymer enfitl, and Figure 5.2 shows the corresponding
creep strain rate.

The creep curve begins with an elastic jump inirstas the load is applied. During the

initial period of creep deformation (primary creeghlere is a steep drop in the creep strain rate.
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This is followed by a period of nearly linear reape (secondary creep), where an approximately
constant creep rate is observed. The secondaep cete is the slope of the creep curve in this
relatively stable region (steady state region).e Becondary creep rate represents the material
creep resistance factor because most deformationg e this region. The material continues
to elongate until its creep deformations accumufiEeiary creep) and failure occurs.

It is often not economic to run lengthy creep tedtelevated temperatures, and the long
term creep properties are sometimes predicted bgtisuting temperature for time, i.e., by
estimating the long term creep behavior from shemin tests at a higher temperature with the
same stress level. The theoretical basis for shisstitution is to assume that there are no
microstructural changes so that the time-tempezatparameters can be estimated by
extrapolating the results of short term creep tgt8s 49]. Similarly, certain relations provide
time compression at the expense of higher temperatdThese relations, discussed earlier in
Section 1.7, are time temperature superpositionSE)Tand time stress superposition (TSSP)
[23, 29, and 39].

Research on the effects of physical aging on teepcof polymers has been summarized
in detail in a monograph by Struik [21]. His wddcused primarily on glass-forming materials
such as polymers and inorganic glasses, which ragéybannealed at a temperature above their
Tg, and then rapidly cooled (quenched) to a lowerpenature significantly below theyT After
guenching, the material remains in a non-equiliarithermodynamic state from which its
physical properties (mechanical, thermodynamic,) slowly evolve towards equilibrium. This
process is often called physical aging, and thecedfon the small strain (linear viscoelastic)
creep response of polymers have been well docuhente general, polymers subjected to

thermal aging after quenching become stiffer andemirittle, while their creep rate and
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compliance gradually decrease as the aging praggedsor example, several recent studies have
looked at physical aging effects in epoxy withalierfs (Lee and McKenna [23], and Miyano, et
al. [43)).

Reports in the extensive literature on physicalnggof various polymers generally
involve brief exposures to temperatures above fhdollowed by an examination of the aging
process at temperatures significantly below th€2T, 24, 43] The minimal exposures above the
Ty are solely for the purpose of annealing or degdive samples. However, in many harsh
environment applications of electronic packagihg, assemblies are subjected to temperatures at
or above the J for extended periods. There are few studies enefffiects of aging at such
temperatures on the mechanical behavior of underniéterials. Those that have been
performed, on polystyrene [24] and PEEK [44] nateéxpected types of behavior after cooling.

Elevated temperature aging also affects the adheaitd interfacial properties of
underfills, and has been shown to be detrimentadléotronic assemblies with underfill. For
example, Liu, et al. [50] have shown that dropatality is severely reduced in CSP assemblies

with underfill subjected to dry aging at 125 °Cqgprio dropping.

5.2  Objectives and Test Program

In this study, the effects of isothermal aging bae treep behavior of a typical underfill
(UF1) were examined for various aging temperatuags)g durations, testing temperatures, and
stress levels. The evolution of the secondary cragpwith aging was also investigated, and an
empirical model was developed to fit the observadations. Using the specimen preparation
procedure described in Section 2.3, samples waxpaped and isothermally aged for up to 10

months at 80, 100, 125, and 150 °C. The samples subjected to isothermal aging times of 1,
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3, 10, 30, 100, 200, and 300 days, as shown ineTalil Creep test were performed on aged and
non-aged specimens at test temperatures of 80ad@@25 °C. The applied stresses were 10,
20, and 30 MPa for the testing temperatures of8D18®0 °C, and stress levels of 10, 15, and 20
MPa were used for the 125 °C testing temperatilitee chosen stress levels were approximately
25%, 50% and 75% of the ultimate strength of theeufill material at each testing temperature.
The utilized test matrix allowed for the exploratiof the effects of aging temperature,
aging time, testing temperature, and stress lewahe creep behavior of the underfill material.
Due to the long test times involved, only threecapens were tested for each set of test

conditions (aging time, aging temperature, stregsl] and test temperature).

5.3  Experimental Results and Discussion

During each creep test, the specimen was loaded sitain rate 0.001 séantil the
desired stress level was reached, after whichaaé Wwas held constant, and the strain vs. time
response was recorded. Testing was performed doration of up to 6000 seconds. For each
set of aging conditions, specimens were testetirae tdifferent temperatures (T = 80, 100 and
125°C) and at three different stress levels at eaclpéeature. Three samples were tested for
each combination. Therefore, for each set of agmgditions, there were 27 samples tested.
The raw data for each testing condition were avetdg generate a creep curve to represent the
creep behavior for each testing condition.

Sample creep curves for non-aged specimens tesi€&) 4C are presented in Figure 5.3.
The specimens tested at the stress level of 10diPaot fail during the 6000 sec duration creep
test. The specimens subjected to stress of 203AnMIPa failed without progressing to the

tertiary range. From the series of experimentaepr curves shown in Figure 5.3, a
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Aging 0 1 3 10 30 100 200 300
Temperature| Day Day | Days | Days | Days | Days | Days | Days
800 C * * * * * * *
1003 C * * * * * * *
1250 C * * * * * * *
150) C * * * * * * *

Table 5.1 - Matrix of Aging Exposures for Creep fBes
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corresponding set of isochronous stress-stain suce@ be extracted as shown in Figure 5.4.
These curves give the dependence of stress om strgparticular times. It is clear that the
isochronous stress-strain curves are not straigds,|which shows that the epoxy material being
studied is a nonlinear viscoelastic material, dmat Boltzmann’s linear superposition principle

cannot be applied for the load range used in thisgtigation.

5.3.1 Stress Level and Test Temperature Effects and Cosopa

The creep curve recorded for specimens aged at@0@re shown in Figures 5.5-5.8 for
aging times of 0 and 1 day (Figure 5.5), 3 anddgsdFigure 5.6), 30 and 100 days (Figure 5.7),
and 200 and 300 days (Figure 5.8). For each atjingtion, creep tests were performed at three
testing temperatures: 80, 100, 125 °C.

The data in Figures 5.5-5.8 reveal that the spetsmenderwent large inelastic
deformation with increasing stress level and tgstemperature. With lower testing temperature
and lower stress levels, some specimens did natkldaring the creep tests, with their creep
curves extending out to the full 6000 seconds. &l@r, some specimens failed very quickly at
higher stress and testing temperatures, even thihggload levels were lower than the ultimate
tensile strength. The curves show only primary aedondary creep regions, and no tertiary
creep behavior was observed before failure occurrddhe creep curves for the non-aged
specimens were treated here as the baseline resgonshich the results for the aged specimens
were compared.

The observed creep behaviors were dependent anapeitude of both the stress and the
testing temperature. The aging temperature antagne also had a great impact on the epoxy

creep behaviors, because a close examination sé tfesults reveals that the specimens became
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stiffer and creep was reduced with increasing agiimg and aging temperature.

5.3.2 Aging Time Effects and Comparison

To investigate the effect of isothermal aging tiamethe creep behavior, the curves with
the same stress and test temperature were extriacted-igures 5.5-5.8, and combined. These
results are shown in Figure 5.9 for testing at 8@ 200 °C, and in Figure 5.10 for testing at 125
°C. Looking at these graphs, it is clear thatdagiven test time, the creep strains were much
lower for aged samples with longer aging timesis kilso clear that the secondary creep strain
rate decreased with longer aging times. As digaligs the next section, this reduction in creep
rate can be up 100X.

Similar creep test results for the specimens ag&® 4C, 125 °C and 150 °C are shown
in the Appendix. All had similar trends for thdeadts of isothermal aging as the samples aged at

100 °C discussed above.

5.4  Empirical Model for the Evolution of the SecondaryCreep Rate

For glassy polymers in ambient temperature enviemts) the most important
mechanism governing their behavior is the glassilbber relaxation mechanism. The time scale
for this mechanism can be protracted and the compéeformance of epoxy nanocomposites
can only be understood by combining experimentaliss with effective modeling. Therefore,
simulation is an essential tool due to the cons@emand for new materials for future
engineering applications [51].

From the creep curves shown in Figures 5.5-5.10v@bthe primary creep region
exhibited a nonlinear strain vs. time relationshipowever, the secondary creep region was the

predominant response, and the secondary creeforaach curve was determined. Figure 5.11
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illustrates the variations of the secondary cresp with aging time for specimens aged 100 °C
prior to testing. Each graph is for a differenstieg temperature (80, 100, 125 °C) and each
curve on a graph represents a unique value ofepplress. The vertical axis is on a log scale,
and the curves connecting the experimental datataon Figure 5.11 are regression fits of the

empirical relation:

logé =C,+C,t+C,(1-e <) (5.1)
or

&= eXpCO+C1t+C22 (1-e 3 (5.2)

where G, C,, C, and G are fitting constants for each set of aging coodd, testing
temperature, and applied stress. ConstantsGhe intercept value on the vertical axis and
represents the initial (non-aged) creep strain r&enstant Crepresents the slope at which the
secondary creep rate changes for long term agmgsti and constant C2 and C3 control the
nonlinear transition for small aging times. Fig&té2 combines all of the graphs in Figure5.11
into a single three-dimensional representatiorhefdecondary creep rate variation for aging at
100 °C for various test temperatures, stress lewaisl aging times. Similar results were
obtained for the other three aging temperatureshan in Figure 5.13.

Figures 5.12 and 5.13 show that the majority ofdhanges in the secondary creep rate
occurs during the first 50 days of isothermal expesand up to a 100X reduction in the creep
rate was observed. These observations were tmuthdéovarious aging temperatures, testing
temperatures, and stress levels. The rates ofyeh@) for long aging times are summarized in

Table 5.2 for all of the testing conditions. Comipg all these values reveals that they increase

with test temperature (up to 3X increase), and ese with stress level (up to 4X decrease).
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Aging Test Slope (C1) of Variation of the Secondary
Temperature Temperature Creep Strain Rate with Long Term Aging
10 (MPa) 15 (MPa) 20 (MPa) 30 (MPa
80 °C 80 °C -0.00054 X -0.00036 -0.00012
100 °C -0.00073 X -0.00043 -0.00037
125 °C -0.00086 -0.00072 -0.00065 X
100 °C 80 °C -0.00113 X -0.00086 -0.00037
100 °C -0.00146 X -0.00111 -0.00072
125 °C -0.00161 -0.00127 -0.00089 X
125 °C 80 °C -0.00160 X -0.00130 -0.00100
100 °C -0.00250 X -0.00150 -0.00140
125 °C -0.00270 -0.00190 -0.00160 X
150 °C 80 °C -0.00100 X -0.00030 -0.00026
100 °C -0.00130 X -0.00110 -0.00042
125 °C -0.00250 -0.00120 -0.00140 X

Table 5.2 - The Slope of Secondary Creep RatAgisg Time for Long Term Aging
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This is likely because cross-links in the polymeatnx were weaker at higher temperatures near
or above the J Also, applying a higher initial holding forceussed the cross-link network to
change dramatically, reducing the remaining extensibility available. For test temperatures

from 80 °C to 125 °C, the secondary creep rate gbciy up to six orders of magnitude.

5.5 Empirical Model for the combined Effects of Aging Temperature, Aging Time, and

Stress Level on the Secondary Creep Secondary Rate

In the previous section, a simple exponential i@teship was proposed to describe the
relationship of the secondary creep rate and atiyimg. In real flip chip packages, however, the
temperature and stress level are essentially randdm addition to the aging effects, the
secondary creep rate is a function of testing teatpee, stress level, aging time, and aging
temperature.

The creep models summarized in Table 2.6 all fatuse using stress and testing
temperature as the independent variables, andinolgled the effects of aging. In this section,
the secondary creep rate experimental data amd fitito a single equation with multiple
variables in an attempt to define a single emgdinnadel that takes into account both aging
effects and testing conditions:

£=F(T,0,T.t.) (5.3)

ag 1 Lag
where T is the testing temperatute,is the stress level, Jis the aging temperature, angis
the aging time.

Equation 5.3 is actually a very complicated funetiavith four independent variables. To
address this issue, the aging effectg,(@nd %y will be considered first, followed by the testing

conditions ¢ and T). From Figures 5.12-5.13, the semi-log9fot the secondary creep rate
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exhibit similar trends to those seen for the etastiodulus and ultimate tensile strength in

chapter 4, differing only in the curve bending diren. This is probably because the material

creeps less and less as it becomes stiffer andngo with the aging process.
Because they are the semi logarithmic plots, ragposed to model the secondary creep

rate as:

_Q
logé =C, +(C,+C,e "™t,,)* 5.4)

where Q is the activation energy associated withdieep aging process. Following the same
procedure described in the previous chapter, emqud§.4) was first fit to the secondary creep
data under all aging conditions to determine siraglerage values for Q (17800) ang (G.4).
The remaining parameters (CC;, and G) are taken to be functions of the appliled stiasd

testing temperature:

17800

logé =Cy(0,T) +[C,(0,T)+C,(a, T)t, e "= 1™ (5.5)

The best fits of the equation (5.5) to the creeqirstrate test data are shown in Figures
5.14, 5.15 and 5.16 for aging at 80, 100, and I25é&spectively. The calculated dependence of
parameters § C, and G on stress and temperature are shown in Figur&sahd 5.18. Due to
the complicated dependencies, it was not attentptedtablish the function forms fop@o, T),
Ci(o,T),and G( o, T). However, it is clear from Figures 5.14-5thét equation (5.5) provides

an accurate representation to the strain rate data.
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5.6  Summary and Conclusions

In this chapter, a study was performed on the éwiwf underfill creep behavior with
isothermal aging. The recorded isochronous sstas curves showed that the underfill being
studied was a nonlinear viscoelastic material. rifla aging had a significant effect on the
secondary creep rate, which decreased with botlagireg temperature and the aging time. Up
to a 100X reduction in the creep rate was obseraed,the major changes occurred during the
first 50 days of the isothermal aging. Also, thaps for the long term variation of the secondary
creep rate changed by up to 3X with testing tentpeza from 80 to 150 °C, and up to 4X with
stress level changes. An empirical model was dgesl to describe the secondary creep rate as

function of aging temperature, aging time, andssttevel for a fixed testing temperature.
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CHAPTER 6

CURE PROFILE EFFECTS ON THE MECHANICAL BEHAVIOR ANBELIABILITY OF
FLIP CHIP ON LAMINATE ASSEMBLIES

6.1 Introduction

There has been extensive research into the prepatid behaviors of epoxy materials
because of their many important technical appleceti Underfill manufacturers have generally
focused on optimizing the curing conditions (cureet and temperature, moisture environment
etc). This research has additional significancef@sxy resin cohesion obtained by the cross-
linking reaction in the presence of hardenersligdly dependent on the curing conditions and
the preconditioning that follows. Variations indenfill curing procedures induce different
material properties and stress distributions in desembly, thus affecting the properties and
overall reliability of the packaging.

A standard epoxy formulation can absorb about 1% woisture [52]. Other than that,
a significant problem in the micro-packaging indysis the presence of moisture, which
contributes to various failure mechanisms. Mogstcan cause corrosion, popcorn failure, poly
degradation, and hydro-stress in the packaging.e Tajority of contemporary underfill
materials is epoxy based, and hence highly suddepb moisture absorption as they are polar
resins and thus readily interact with high polakitster molecules. Soles suggested that water
enters the epoxy network through surface nanop@€sA) [53]. The weight gain by moisture
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absorption under a normal lab environment is showigure 6.1 [54]. The moisture content
reaches saturation state after 100 hours, withightvgain of up to 0.23%.

Several research groups have investigated the teffet environmental exposures
(isothermal aging with and without controlled huityll on underfill response [29, 55-59].
These studies have primarily focused on the ewwiidiegradation of interfacial failure
properties with duration of exposure. For examile, et al. [29] observed dramatic reductions
in the interfacial (adhesion) strength of underfilhd soldermask interfaces in lap shear
specimens that had been exposed to a combinatibanoidity and temperature (60 °C and 95%
RH for 168 hours) (Figure 6.2). The fracture sit@s decreased by 33% in non-solder mask flip
chips, whereas the fracture strengthen decreasagd by 50% for solder mask defined flip chips.

The focus of interfacial failure can be shiftednfraghe upper to the lower FR4/solder
mask as a result of the environmental preconditignutilized. Kuo, et al. [29] also
demonstrated changes in the constitutive behavibrtheir lap shear specimens after
thermal/humidity aging by observing fracture suescfor various displacement rates,
preconditioning conditions and specimen types.

Studies by Ferguson and Qu [55, 56], revealedek@absures to various combinations of
humidity and temperature (e.g. 85 °C and 85% RHL&3 hours) had only a negligible effect on
the elastic modulus of their epoxy samples oncectiieent conditions of the samples had been
equilibrated by dry baking. However, the samplagrfacial toughness was shown to drop with
duration and severity of environmental exposureluging exposure to 85 °C with no moisture

(dry heat).
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Similar results were observed by Luo and Wong §Ii3, who found that thermal cycling
had no effect on the inherent adhesion strengtivdsat the underfill and the passivation layer.
The interfacial strength in special mechanicalimgsspecimens was degraded with duration
under thermal/humidity aging conditions of 85 °Q@&%% RH (85/85). The adhesion strength
became steady after 96 hrs of 85/85 aging, althdlighmoisture absorption reached saturation
after 20 hrs, as shown in Figures 6.3 and 6.4. ddgeadation of adhesion strength was ascribed
mainly to a decrease in the underfill modulus, \Wwhi@s itself linked to the liquid accumulating
on the interface. In another approach, Zhang amdarkers [59] measured crack opening
displacements to characterize the changes in stresssity and foundnterfacial cracking along
the underfill and silicon chip passivation intedaserved as a function for both dry and moist
condition aging at 85 °C. Finally, the author'gwdave measured the effects of various types of
preconditioning (JEDEC and MSL3) and cure profies the stress-strain behaviors and
mechanical properties of underfills, as well asredmbility of flip chip assemblies [58].

The influence of underfill aging on the performarafeelectronic assemblies has also
been investigated by several groups [11, 60, 8haware, et al. [60] have shown that three
weeks dry aging at 85 °C had little effect on thability of flip chip assemblies made with
several different underfills. However, combinedltothermal exposures at 85 °C and 85% RH
had a significant effect on all the configuratioesamined: both underfill fillet cracking and
passivation interface delaminations at the undew#re accelerated during thermal cycling
testing. Okura, et al. [11] modeled the same goméitions, and proposed that the new failure
modes were created as a result of hydro-mechasigalling. Wong and co-workers [61]

studied failures occurring in flip chip assembliesing elevated temperature aging exposures,
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and compared the results at different temperatwveld. They suggested that stress corrosion
and debonding at the under-fill-die interface wasponsible for the observed exponential
difference in the life at 85 °C/85% RH comparedthat at 120 °C/100% RH aging. The

underfill material curing temperature may well peoto be the simplest and most effective
method to improve moisture resistance and autogav@rmance.

Dimke [62] examined the effects of the underfillteréal’'s cure temperature on adhesion
strength, and concluded that higher cure tempast@sulted in better adhesion. In this work, a
2.5 x 2.5 mm die with bumps was adhered to sulestraith capillary flow underfills and shear
tests were performed. A possible drawback in tleéod used for this study was that there was
some fillet formation along the dispensing edgeth&die shear force measurements were not
solely measuring the interfacial adhesion, but atsatributions from the underfill fillet.

The size of the shift needed to align the individesperimental data for specific testing
temperatures was generally described by the Willidlandel-Ferry relationship (WLF): As
discussed above, prior investigations have conaturon the effects of thermal (dry) and
isothermal aging on the failure properties of botiderfills and assemblies with underfill.
However, few studies have explored the effectsgaigaon the material constitutive behavior of

underfills (e.g. stress-strain and creep behaviors)

6.2 Objectives

In this chapter, the effects of underfill cure teargiure and JEDEC MSL preconditioning
on underfill mechanical and strength propertieswa#l as flip chip assembly reliability, are
explored. Baseline stress-strain curves, mechlapioperties, and interfacial shear strengths of

a capillary underfill were recorded for samplesecuat 150 °C and 165 °C (30 minutes). In
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addition, changes in the mechanical and strengbpguties resulting from MSL3 and MSL2
preconditioning were also evaluated. The MSL pmneldooning of the underfill samples
included the JEDEC specified humidity and tempeeaaxposures, with three simulated reflows
at 245 °C or 260 °C.

Thermal cycling life tests from -55 to 125 °C wexlso conducted on daisy chain flip
chip assemblies incorporating the same underfilie test matrix for the reliability test included
both 150 °C and 165 °C curing profiles, and twoelsvof preconditioning (none, MSL3).
Finally, the failure mechanisms in the flip chisesblies were studied using CSAM, x-ray and

SEM analyses.

6.3 Experimental Procedures

The commercially available underfill utilized inishwork was the silica filled epoxy UF1
described in earlier chapters. The underfill medted/shear test specimens and the underfilled
flip chip assemblies were prepared with two differeuring profiles consisting of a 30 minute
isothermal exposure at either 150 °C or 165 °Choxaoven.

After curing, but before testing, various groupsamples were preconditioned to several
different JEDEC standard, MSL and humidity levelgh the case of no preconditioning serving
as the control group. The preconditioning exposwensisted of a timed exposure at fixed
temperature and humidity, followed by a three sojdimt reflow temperature profile. Table 6.1
summarizes the notations and conditions applied th& various sample preconditioning
exposures used in the work reported here.

For each of the two curing temperatures, groupesif specimens were subjected to no

preconditioning, humidity, or MSL3+245 with threent exposures. The reflow process
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Preconditioning Environmental Reflow Profile
Nomenclature Exposure Exposures
None None None
° 0
Humidity 3Ofocr: fgg r?c?u/rosRH None
85 °C and 60% RH 245 °C Peak
MSL2+245 for 168 hours 3 Exposures
85 °C and 60% RH 260 °C Peak
MSL2+260 for 168 hours 3 Exposures
30 °C and 60% RH 245 °C Peak
MSL3+245 for 192 hours 3 Exposures
30 °C and 60% RH 260 °C Peak
MSL3+260 for 192 hours 3 Exposures

Table 6.1 - Sample Preconditioning Exposures
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Figure 6.5 The MSL3 + 245 Reflow Process Temperature Profile
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temperature profile is shown in Figure 6.5. St#sain tests were then performed with samples
from the various specimen sets with several diffetemperature settings: -55, -25, 0, +25, +85,
+125, and +150 °C. For each set of test conditi(s@msnple curing temperature, sample

preconditioning, and test temperature), six stetissn tests were performed.

6.4  Experimental Shear Strength Measurements

Interfacial de-adhesion occurs on the interfacevben two contacting materials, and the
interfacial strength depends on the chemical anchar@cal properties of the interfaces. Shear
strength is characterized in terms of the interfaeeture toughness, which is the maximum
mechanical work transferred across the interfaderbahe separation. In electronic packaging,
interface failures can occur at either the dieh& $ubstrate, and delaminations are a common
failure mode.

Adhesion is difficult to measure in general, angeesally problematic on samples that
simulate real manufacturing environments, which thaise into account potential problems due
to process contamination, flux residue, reflow temapure, and so on. However, a good
understanding of the fundamental process invohadnifaterials and interfaces, in this case
interfacial shear strength adhesion tests, canbstibseful. The measured shear strength at the
die/underfill interface of a typical underfill flighip is a combination of shear force and the
energy required to break the fillet. Consequersthgar strength is the energy required to rupture
the chemical bonds formed in die passivation arideatinderfill interface. Chemical bonds with
the fillets may be formed at the edge of the diemduthe underfilling process. Therefore, care

should be taken to eliminate the contribution fribva fillets if possible.
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The method utilized in this work for shear forceplagation is illustrated in Figure 6.6.
The height of the underfill material was about 4fter the solder ball joints collapsed. Force
was applied to the side of the chip, and was tréateanto a cylindrically shaped underfill region
adhered to both the die passivation layer anddpside of the PCB. The solder balls were not
attached or reflowed to the printed circuit boardt{ instead used to provide a fixed stand-off
distance of approximately 126n.

To assemble these samples, a bare FR4 lamingiendtinout soldermask and with planar
dimensions of 100 x 25 mm was first dehydrated2#thours at 125 °C before assembly. The
FR4 strip was then placed on the stage (unheatied)@AM/ALOT 3700 dispensing system.
Ten underfill dots were dispensed, each of whicth &aadiameter of approximately 2 mm. A
bumped test chip (5 x 5 mm with 88 I/O) was cemteard placed on top of each underfill dot
using an automatic pick and place machine withaagrhent force of 2.94 N. The underfill dots
in the shear force testing specimen were then carédx oven for 30 minutes under either the
150 °C or 165 °C curing profile. Several test cmgp were assembled with each curing
temperature. For the 165 °C cure cycle, some sssnpere also exposed to each of the five
preconditioning exposures listed in Table 1.

The die shear tests were performed using a Dage 3¢étem with a loading head speed
of 50.8 um/sec and the force range of 1 N. A nsicope was used to align the die edge, which
had to be parallel to the shear blade to ensurappked force was uniform along the die edge.

The assembled test coupons are shown in Figurewhich shows the samples both
before and after die attaching. The 5 x 5mm diesevattached to the PCB by a single drop of

underfill material. Two primary failure modes wergserved: adhesive failure at the interface
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Figure 6.6 - Schematic of the Underfill Adhesiore&hTest

Figure 6.7 - Assembled Shear Test Coupons Befatedéter Die Attaching

Figure 6.8 - Cured Underfill Dot After Shear Test
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between die passivation and underfill or adhesiaidure interface between the PCB and
underfill. Figure 6.8 shows the dot remaining ofypical underfill after die passivation and
underfill interfacial failure. The original spheal shape of the underfill dot was distorted after

the shear test.

6.5 Thermal Cycling Reliability Tests

Fatigue failures occur with the initiation of a miscopic crack and at much lower stress
due to accumulation damage when subjected to thenti cycling process. The crack can
continue to propagate steadily steady until theiainicrack becomes unstable under cyclic
stresses. Fatigue failure is one of the most confynencountered problems in the electronic
packaging design industry. However, packagingabdity can be improved by better
understanding the crack propagation mechanism.

Thermal cycling reliability tests were performedeowa range from -55 to +125 °C in a
single compartment environmental chamber. The BBy chain test chips used for this
experiment had dimensions of 5 x 5 mm and featarsthgle row of 88 perimeter 63Sn-37Pb
eutectic solder bumps on an 8 mil (20f) pitch. Each test board contained 10 test claipd,
individual daisy chains were monitored during thakeycling.. The in-plane dimensions of the
test boards were 135.9 x 88.9 x 1.25 mm, and there fiabricated using FR-406 laminates with
copper traces and an electroless Nickel immersiola @nish. The test boards were assembled
on the SMT Line at Auburn University.

Prior to placement, the test chip solder balls va#pped into Kester TSF 6522 tacky, no-
clean solder flux with a 20-30m shim thickness. The dies were then aligned dexcked on the

test substrates using a high speed pick and plawhine with a placement force of 2.94 N.
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Reflow was performed in a Nitrogen atmosphere iHedler EXL1800 reflow oven using a
reflow profile with a peak temperature of 220 °The underfill was dispensed using a 25 gauge
needle onto a heated substrate. The stage tempeveds 105 °C, leading to an actual substrate
temperature of approximately 95-100 °C. A cornet dispense pattern was used, and the
underfill was cured in a box oven for 30 minutesggseither a 150 °C or 165 °C cure profile.
Before reliability testing was conducted, somela boards cured under different temperatures
were also subjected to MSL3+245 preconditioningph&tograph of a fully populated test board
is shown in Figure 6.9, while a photograph of adgpdie mounting site is shown in Figure 6.10.

C-mode scanning acoustic microscopy (CSAM) andyxamaalyses were performed on
all test boards after assembly. These proceduees @one in order to inspect for manufacturing
defects and underfill delaminations. The assempéets were then subjected to thermal cycling.
Monitoring the various daisy chain networks wasfqened throughout the cycling process
using a high accuracy digital multimeter coupledhva high performance Labview controlled
switching system. The resistance of each daisinclas recorded during thermal cycling, and
opening was treated as assembly failure.

The failure data were statistically analyzed udivg parameter Weibull models. The

standard parameters used for these models are #ikullVSlopes, and the Characteristic
Life 7, which is the number of cycles required to caaskie of 63.2% of the samples from a

particular leg of the test matrix. From these ealua particular configuration in the test matrix,
the cumulative failures (percent) after any numifethermal cycles can be calculated. Failure
analyses of cycled test boards were conducted uSB4M, x-ray, and scanning electron

microscopy (SEM) of cross-sectioned parts.
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Figure 6.9 - Flip Chip Thermal Cycling Test Board
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6.6 Experimental Results

6.6.1 Mechanical Testing of Underfill Material

The average temperature dependent stress-straiesciar the specimens cured at 150 °C
and 165 °C (no preconditioning) are shown in Fighdel. The range of the maximum strain of
the average curve for each temperature was foura/ésaging the failure strains from each of
the six tests used in the regression fit for teaigerature. Figure 6.12 shows direct comparisons
of the corresponding stress-strain curves at T5; +25, +85, +125, and + 150 °C for these two
curing conditions.

In Figure 6.12, the solid lines are for the specimeured at 165 °C and the dashed lines
are the specimens cured at 150 °C. It can be whdeualitatively that the stress-strain curves
are shifted towards the left and upward by incregséne curing temperature under the same test
temperature, which means that the effective modmagases when reached via the higher 165
°C curing temperature. This trend can also beiegpb the UTS.

These observations are confirmed by the plots guie 6.13, where the E and UTS
values are plotted as a function of testing tempeza When the testing temperature is above
100 °C, there are only slight differences in thechamical properties of underfills formed with
the two curing temperatures. In this case thetsaperatures are close to or above the glass
transition temperature ¢J. From these phenomena, the glass transitionoregan be
determined by rapid degradation of the mechanicapgrties, even though the exacf T
temperature cannot be determined by the tensile té®wever, for T lower than room

temperature, the differences are significant. At F55 °C, the material property UTS is
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Figure 6.11- Underfill Stress-Strain Curves for Curing at 150&@l 165 °C (No
Preconditioning)
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approximately 30% higher compared to underfill cua¢ 165 °C, with an elastic modulus about
25% higher. These increases are due to the higdgresity of epoxy cross-linking obtained
during the higher temperature cure procedure. déggee of cross-linking increases with the
extent of cure for the partially cured epoxy resin.

Regarding the effect of moisture, the average teatpee dependent stress-strain curves
for the specimens cured at 150 °C and 165 °C, laewl $ubjected to MSL3+245 preconditioning
are shown in Figure 6.14. The corresponding cufeeshe un-preconditioning case are also
included for the purpose of comparison.

Similarly, MSL preconditioning significantly raisgéle UTS at temperatures below 100
°C, while little or no change was observed in tffeative elastic modulus E at any temperature.
Plots directly illustrating the effects of the M®$keconditioning on the E and UTS as a function
of temperature are shown in Figure 6.15. At T5 %G, the UTS was approximately 32% higher
after the moisture MSL3+245 per-conditioning foesimens cured at 150 °C, whereas UTS was
about 25% higher after the moisture per-conditigniar specimens cured at 165 °C. It is
interesting to see this phenomenon because norntlaly moisture degrades the material
properties but this is not the case for this typeraerfill material.

Figure 6.16 summarizes the pre-conditioning effeatsmechanical properties, elastic
modulus and ultimate tensile strength for undenfiditerials cured at 150 °C. From the bar plots,
the elastic modulus dropped as a result of humpmtigéyconditioning (30 °C and 60% RH for 192
hours), then increased after the reflow processL®A4345), although all these changes were
small, at less than 5%. The ultimate tensile gitehincreased monotonically with humidity and

MSL3+245 pre-conditioning, and these changes ar®pnd, with an increase of about 30%.
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Figure 6.14 Underfill Stress-Strain Curves for Curing at 150&@l 165 °C (MSL3+245 and
No Preconditioning)
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Based on these findings, we can conclude that @ahgples cured at 165 °C exhibited
significantly increased effective elastic modulusl alltimate tensile strength. Moreover, MSL3
preconditioning had only a minor effect on the efifiee elastic modulus, but significantly
improved the ultimate tensile strength. The raswt the interfacial shear strength tests
demonstrated slight variations between strength piiéconditioning, but significant shifts in the

location of the shear failures to the underfill-swhte interface for the 165 °C cured samples.

6.6.2 Shear Strength

The average measured shear strengths for samglearpd with the two cure conditions
(no preconditioning) are shown in Figure 6.17. ellfdcial adhesive failures were observed at
both the underfill to die passivation and undettidll PCB interfaces. The percentages of the
samples failing at the die passivation interface also indicated. With the higher cure
temperature of 165 °C, it was observed that tharskiength dropped slightly. However, the
higher cure temperature also led to 45% fewer faduat the underfill to die passivation
interface; instead, the failures tended to shifta the underfill to PCB interface when using
the higher cure temperature. Therefore, one nughtlude that using a higher cure temperature
enhances the adhesion at the underfill to die passn interface.

The effects of MSL preconditioning on the sheaersgth were also studied for the cure
temperature of 165 °C. Figure 6.18 illustratesdherage measured shear strengths for samples
subjected to the five different preconditioning espres listed in Table 6.1. Once more, the
failure modes consisted of interfacial adhesiviifas at both the underfill to die passivation and
underfill to PCB interfaces. Both MSL2 preconditing exposures (MSL2+245 and

MSL2+260) reduced the shear strength but incretisegercentage of samples failing at the
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underfill to die passivation interface. Thus, MSir2conditioning was generally detrimental to
the adhesion of the underfill. For the two MSL8gonditioning exposures, the strength levels
dropped slightly. However, the failure locatioemhshifted to the underfill to PCB interface,

which suggests that the adhesion to the die pdssmaterface actually increased.

6.6.3 Thermal Cycling Reliability Tests

The thermal cycling test matrix consisted of fouffedent underfill curing and
preconditioning configurations:

X Curing at 150 °C, No Preconditioning

X Curing at 165 °C, No Preconditioning

X Curing at 150 °C, MSL3+245 Preconditioning

X Curing at 165 °C, MSL3+245 Preconditioning

Three test boards were assembled for each confignyaand 28-30 functional daisy
chain dies with no delaminations were availableoteefpreconditioning and thermal cycle test.
After preconditioning at MSL3+245 but before thetrogcling, delaminations at the underfill to
die passivation interface were discovered in sofmth@® samples cured at 150 °C, while no
delaminations were presented in the MSL precontitiosamples cured at a cure temperature of
165 °C. No solder joint failures occurred in any the test chips during assembly
preconditioning.

Of the 30 test chips in the set cured at 150at@ with MSL+245 preconditioning, 4/30
experienced full delaminations and 15/30 showeghsldelaminations after preconditioning.
Thus, approximately 65% of the samples in this testtained delaminations before thermal

cycling. These initial interfacial flaws obviousiylaced this testing group at a severe
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disadvantage from the reliability standpoint. Fey®.19 depicts the CSAM images showing
delaminations in the preconditioned samples curdd@ °C.

The Weibull failure plots (electrical opens) foetfour test configurations are shown in
Figure 6.20. The calculated Weibull slope, chanastic life (cycles to 63.2% failure) and one
percent life (Ny, cycles to 1% failure) are tabulated in Table 6&s expected, the samples
cured at 150 °C with MSL3+245 preconditioning pemied poorly due to the initial
delaminations present.

The data clearly indicate that the samples assehalbla cure temperature of 165 °C were
significantly more reliable than those cured atemperature of 150 °C. The MSL3+245
preconditioning also appeared to increase thehiétiaof the samples cured at 165 °C. Other
factors that contributed to enhancing sample riiiglncluded the increase in UTS (see Figure
6.16) with preconditioning, as well as the changdoication of the interfacial shear failures

when the samples were preconditioned (see FigdB).6.

6.6.4 Microstructures

SEM photos of the cross-sectioned solder jointgratihermal cycling are shown in
Figures 6.21(a) and 19(b) for the cases of undletfiing at 150 °C with no preconditioning and
with MSL3+245 preconditioning, respectively. Coetel solder joint cracking is seen in the no
preconditioning case, while extreme underfill te diterfacial cracks and complete solder joint
cracking are observed for the MSL3+245 preconditigrsample.

Analogous SEM photos for the 165 °C cured samptesaso shown in Figure 6.22.
Limited solder joint cracking was observed for botses of preconditioning, even after more

than 6500 thermal cycles.

170



(&) No Delaminations

(b) Slight Delaminations

(c) Fully Delaminated

Figure 6.19 CSAM Images of Samples Cured at 150 °C After MS245-Preconditioning
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Thermal Cycling Reliability Results
Effects of Curing Temperature and Preconditioning
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Figure 6.20 - Weibull Failure Plots for Thermal Gyg of the Flip Chip Test Assemblies

Configuration Weibull Slope,g | Characteristic Lifey N, (Cycles)
(cycles)

150 °C, None 5.218 3303 1368

165 °C, None 4.812 5007 1925

150 °C, MSL3+245 1.559 1391 73

165 °C, MSL3+245 5.286 5602 2346

Table 6.2 - Calculated Weibull Parameters
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(b)

Figure 6.21- Cross-Sectioned Solder Joints in the Samples Gatrg80 °C, (a) 7500 Cycles, No
Preconditioning; (b) 7300 cycles, MSL3+245 Prectiading
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(b)

Figure 6.22 Cross-Sectioned Solder Joints in the Samples Gatrg@5 °C, (a) 6800 Cycles, No
Preconditioning; (b) 6500 cycles, MSL3+245 Prectiading
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6.7 Summary and Conclusions

The results presented in this chapter clearly mdichat the advantages that accrued
from subjecting the specimens to a higher cure &aipre included improved mechanical
properties, superior thermal cycling fatigue ligmd enhanced resistance to detrimental effects
from moisture exposure and solder reflow.

The effects of curing profile and MSL preconditiogion the mechanical and failure
properties of underfills, and the reliability pemtance of underfill flip chip assemblies were
investigated. The higher cure temperature of 1%t to a significant increase in the values of
the effective elastic modulus and also the ultinbateile strength of the underfill material.

Although MSL3 preconditioning had only a minor effen the effective elastic modulus,
it significantly improved the ultimate tensile stggh. The results of the interfacial shear
strength tests also demonstrated only slight vanatof strength with preconditioning, but the
location of the shear failures was shifted sigaifity to the underfill-substrate interface for the
165 °C cured samples.

Moreover, the MSL3+245 preconditioning exposure Wamd to generate delaminations
in the samples cured at 150 °C, but no delaminstiorthe samples cured at 165 °C. During
thermal cycling, the reliabilities of the 150 °Cred samples were also found to be low relative
to the analogous 165 °C samples. This trend wppasted by failure analysis, which utilized
both cross-sectioning and SEM microscopy. Ovethl, use of the higher temperature cure
cycle produced better underfill properties and ioved the performance of flip chip assembly in

all cases.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1  Literature Review for the Flip Chip Technology andUnderfill Materials

The technology for electronic packaging and untenfnaterials was reviewed
extensively for this dissertation based on the ehcarrently used underfill flow processes.
Underfill technology is often considered the majmeakthrough in electronics that made
possible flip chip technology. A discussion of themposition of underfill material was
included, as well as an explanation of the meclnasigoverning variations in the mechanical
properties due to different underfill materials atigermal aging effects. Although many
constitutive models are available to describe thdetfill material tensile properties and creep
behaviors, there are no reports of models that iaiceaccount aging parameters. In order to
improve the reliability of packaging applicationmodels that include these parameters are

necessary for use in FEA simulations.

7.2  Unique Specimen Preparation Procedure

In this research, a unique specimen preparatiooepiire was successfully developed to
produce uniform underfill material specimens. Unttés procedure, uniaxial tensile specimens
with the desired thickness can be made into testmgpons with large length-width ratios.

These specimens were made using Teflon coatingsplat avoid potential problems due to
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sample contamination with mold releasing agentstheospecimens could be made and cured
similarly to the methods used industrially for etenic packaging. Therefore, the results
obtained from specimens made by this method shbeldeasily transferrable to industrial

applications.

7.3 Strain Rate Effects

Tensile test with three strain rates were invetgafor underfill materials. Both
effective elastic modulus and ultimate tensile rgjte decreased monotonically with testing
temperature and lower displacement strain rate.e ifaterial mechanical properties were
strongly dependent on temperature, strain rated, gn The material showed the largest
elongation at 125 °C, with relatively high bondstgength.

With the newly developed constitutive models, thechanical properties of underfill
material were predicted for all testing conditiobg applying variables of strain rate and

temperature.

7.4  Isothermal Aging Effects on the Underfill Tensile FPoperties

Specimens were isothermally aged at four diffetemiperatures for periods from 10
days to 300 days, and then subjected to tensitengesAging effects on the tensile properties
were also studied for the elastic modulus and altentensile strength. After various durations of
isothermal aging, the underfill illustrated softagibehaviors at temperatures exceeding 100 °C,
although the documentegq Was about 137 °C.

The underfill mechanical properties were enhaneed fainction of the aging temperature
and aging time. Similarly, aged specimens wergestid to creep tests. Both the effective

elastic modulus (initial slope) and ultimate teasstrength (highest stress before failure)
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increased monotonically with isothermal aging oinggemperature, regardless of whether the
aging temperature was below, at, or above thef The material.

With the isothermal aging, the underfill materiaéchanical properties became linear
with aging time. Both linear and exponential engair models with four constant parameters
were proposed to describe the mechanical propetig\iors, and the slope of the linear portion
for long term aging could be obtained easily. Remnore, constitutive models were constructed
in order to estimate material mechanical propedgefunctions of aging temperature, aging time
and testing temperature. Reasonable agreementowad between the predictions generated by

these models and the experimentally observed data.

7.5 Isothermal Aging Effects on the Underfill Creep Belaviors

Underfill material creep behavior is a kinetics pbenon associated with the aging
process. Isochronous creep curves indicated thateffoxy is a viscoelastic material with
medium nonlinearity, and the Boltzmann’s linearesyosition principle could not be applied for
the load range used in this study.

The results of the creep tests revealed that theréih epoxy behaviors were more
sensitive to the test temperature than the loatbnge, although inelastic strain was exhibited
with both increasing load and increasing tempeeatur

For a given time, the creep strains were much Ideethe aged samples compared to
non-aged samples. Thermal aging had a signifiefett on the secondary creep rate, which
decreased with both the aging temperature anddimg éime. A reduction of up to 100X in the
creep rate was observed, and significant changearred during the first 50 days of the

isothermal aging. Also, the slope for the longrtesecondary creep rate increased 3X with test
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temperatures from 80 to 150 °C, but degradatioreased up to four-fold with stress, down to
25% to 75% of the material's original ultimate ienstrength. More sophisticated constitutive
models were proposed in this study to describeldimg term secondary creep rate under

different aging temperatures and time, along wéhowus testing temperature and stress levels.

7.6  Moisture Effects and Reliability Tests

The effects of moisture and different curing presdilon various material mechanical
properties and package reliability were also inethiéh this investigation. The higher of the two
curing temperatures tested was found to offer abmunof advantages, namely improved
mechanical properties, superior thermal cyclingigteg life, and enhanced resistance to
detrimental effects from moisture exposure andesaieflow.

With higher curing temperature (165 °C), the effectelastic modulus and ultimate
tensile strength of the underfill material also reased significantly. In addition, MSL3
preconditioning had no profound effect on the dffec elastic modulus, but significantly
improved the ultimate tensile strength.

Interfacial shear strength tests demonstrated tslighriations in strength with
preconditioning, but an interesting finding was @mompanying shift in the location of the
shear failures for samples cured at 165 °C.

The MSL3+245 preconditioning exposures were disgay¢o result in delaminations in
many of the samples cured at 150 °C. However, elangnations were found in the samples
cured at 165 °C. During thermal cycling, specimensd at 150 °C were found to be less
reliable those cured at 165 °C. This trend wagetipd by failure analysis performed using

cross-sectioning and SEM microscopy. Overall, hfgher curing cycle led to better underfill
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properties and enhanced flip chip assembly perfoom#n all cases.

These mechanical property results, obtained froairstate tests, tensile tests, and creep
tests, could be input into the underfill mechanalperties database, and the constitutive model
could be used in FEA simulations to evaluate thiabiity of an electronic package at various

temperature conditions.
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APPENDIX

Additional Creep Data for Specimens Aged at 80, 526 150 °C
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Figure A-1 - Creep Curves for Various Aging Tim&aunples Aged at 80 °C,

Tested at 80, 100




0.020

- 0
Aged at 80 °C T=125"C
0 =10 MPa
0.015
w
£
©
=
) 0.010
% —— Oday
2 1day
Q 3 days
0.005 - — 10days
: —— 30days
100days
—— 200 days
— 300 days
0.000 T T T T T
0 1000 2000 3000 4000 5000 6000
Time, t(sec)
0.020 5
Aged at 80 °C T=125°C
o =15 MPa
0.015
w
£
«©
=
) 0.010
% —— Oday
8 1day
(@) 3 days
0.005 4 — 10days
—— 30days
100days
—— 200 days
— 300 days
0.000 T T T T
0 200 400 600 800 1000
Time, t(sec)
0.020 o
Aged at 80 °C T=125"C
0 =20 MPg|
0.015
W
£
8 .
=
o) o010
o
—— Oday
g 1day
3days
© 0.005 1 — lodas
- —— 30days
100days
—— 200 days
—— 300 days
0.000 T T T T
0 200 400 600 800 1000
Time, t(sec)

189

Figure A-2 - Creep Curves for Various Aging Tim&aunples Aged at 80 °C, Tested at 125 °C)
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Figure A-4 - Creep Curves for Various Aging Tim&aunples Aged at 125 °C, Tested at 125 °C)
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Figure A-5 - Creep Curves for Various Aging Tim&sunples Aged at 150 °C, Tested at 80, 100
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