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The damage state of a material subject to cychecldois often characterized by the
cycle ratio of applied cycles to the number of stakle cycles. The damage in a
material under sequential cyclic loading is widesgtimated using Miner’s rule.

Miner's rule assumes that damage in a material rmatates linearly under cyclic

loading and the damage path is independent of ppéea load level. Due to these
inherent assumptions, Miner's rule inaccuratelyinestes life under sequential
loading conditions for solders. To improve the aacy of damage estimation, a non-
linear damage accumulation model based on damage approach that takes into
account the effect of loading sequence under sé@lieloading conditions is

proposed for solders in this dissertation. In th@ppsed non-linear damage model,

damage is related to the cycle ratio using a pdawrrelationship where the power



law (damage) exponent is defined as a functiorhefapplied load level (cycles to
failure).

An experimental approach is proposed to deternfieddad dependent exponents of
the non-linear model under three load levels. Hs¢ tnatrix consisted of a series of
single level cyclic and sequential cyclic sheatstaa a thermo-mechanical micro
analyzer. Load dependent exponents were developed SAC305
(96.5%Sn+3.0%Ag+0.5Cu) solder material and the iegipility of these exponents
were validated by tests under a new loading camdiéind reverse loading sequence.
Experimental results revealed that the value ofatmmexponent decreased with the
severity of the applied load level. Additionallyking damage analogous to crack
growth, an analytical relationship between the dz@nexponent and the applied load
level was developed from the Paris’ law for cractogagation. This enables
determination of non-linear damage curves at dffefoad levels without conducting
extensive experimentation. The damage due to dratiktion was assumed to be
10% of the total damage and sensitivity analysis warried out to determine the
effect of this assumption. The load dependencén@fRaris’ law exponentr) was
also derived for SAC305 solder material. Analydighe failed specimens revealed

fatigue crack in the solder joints along the tiaigrboundaries.
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Chapter 1: Introduction

Solder joints provide mechanical, electrical, ahérial connections between
packaged electronic devices and the printed citmaird in electronics assemblies. In
use, solder joints are subjected to loading camditithat over time may result in their
failure. One of the most common loading conditiaastemperature excursion.
Temperature excursions can occur due to heat gededuring operation and
changes in ambient temperature as part of the @igytle. Because of the variations
in temperature expansion of materials used in gmstcuction of the packaged device
and board, temperature excursions can result imthvenechanical stresses in solder
joints. Under repeated temperature excursionsihenechanical stresses can cause
fatigue-induced fracture over time (see FigureThe thermal cycling reliability of
lead-based and lead-free solder interconnects bas btudied extensively in the
literature [1][2][3][4][5].

The requirement for higher performance and poritgdibr mobile electronics has
resulted in the development of smaller form facttrinner and high density
configuration packages. With the miniaturization efectronic packages and
increased portability, the solder joints in mokelectronics are more susceptible to
failure due to mechanical loads resulting fromdiebnditions such as bend, vibration
or drop. Mechanical durability of solder joints @wndnechanical bend [6], vibration
[7], and drop [8] has also been studied in theditge. In general, one of the most
dominant failure mechanism in solder interconnéstiatigue fracture due to cyclic

loading conditions.
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Figure 1. Crack propagation in solders under cyclidoading

One of the most widely used metrics to represemthéalth of solders is damage.
Under a cyclic loading condition, damage is defiasdthe percentage of useful life
removed from a system/component under the appleticdoading. Application of
these cyclic loads results in fatigue of the matdhat may cause fracture over time.
Mathematically, damage in cyclic loading is repreged as a numerical value defined
as a function of the ratio of applied number oflegcto the cycles to failure at a
specific loading condition (see Equation 1).

Equation 1

n
D= f(r)= ff —/
(r|) NfI

wheren is the applied number of cyclel; is the cycles to failure, andis the
loading condition.
Typically, the numerical value of damage is consideas O prior to the

application of any cyclic loading and as unity wtike solder interconnect has failed.



Various studies in literature have reported aaaitidamage parameteDd) with a
numerical value lower than 1 for cases where theisenot continued until complete
failure. Under multiple load conditions, damageesimated as the summation of
cycle ratio functions at each loading condition.

One of the earliest attempts to define damage imeinder cyclic loading in any
material was by Palmgren [9] wherein it was sugggdhat the fatigue damage
accumulates in a material linearly with use. MifBD] mathematically represented
the linear damage as defined in Equation 2. Thiscept originally proposed by
Palmgren is graphically represented in Figure 2cohdding to Miner, damage is
defined as the summation of the ratios of appliethimer of cycles to the cycles to
failure at each loading condition (see Equation 2).

Equation 2

where n = applied number of cyclds; = cycles to failure, and = loading
condition.

In this relation, the failure of the system/companeccurs when the numerical
value of damage reaches unity. Since Miner’s rsldapendent only on the applied
number of cycles and cycles to failure, damage ractation always follows a
straight line (see Figure 2) regardless of the ritade of the applied load level. Due
to the linear nature and ease of implementatiomel’s rule has been widely used to

represent damage in a variety of materials inclgdoiders.
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Figure 2. Miner's linear damage rule

A review of the existing literature revealed thdte treliability of solder
interconnects under single/single level cyclic thar or mechanical loading
conditions has been the primary focus and has bsemied extensively
[1][2][3][4][5][6][7][8]. However during manufactu and use, solder joints are often
subjected to more than one load level or load tyfigese loads maybe applied
concurrently (at the same time) or sequentiallye(after the other) during use (see

Figure 3).

'
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Figure 3. Multiple loads in electronic assemblies
For instance, before use the printed circuit assiesPCAs) would have already
accumulated some level of damage from processingnsportation or
preconditioning. During use, the PCAs may be subgedto loading conditions at
different load levels (high-low or low-high). In dition to temperature excursions
due to operation, mobile electronics may be subgetd mechanical loading during

keypad presses, back-pocket crushing and handling.



For these cases of multiple loading conditions, alg@enmodels developed for
single level cyclic loading conditions may not hgpkcable. For instance, can the
damage accumulation be summed up using Miner'satimale? Can the damage
under individual load levels be superimposed taaiobthe damage under multiple
loading conditions (see Figure 4Thapter 2: Literature Review of this dissertation
provides an overview of the existing literaturetbe damage accumulation methods
under multiple loading conditions. Additionally, etiresearch gaps in the existing

literature and the objectives of this dissertatom also provided.

Concurrent loading

Damage A Damage B Damage (A+B)

%\/\\/’ +MWW" EMWAW_’

Sequential loading

Damage A Damage B Damage B Damage A
% f %
AW = + A /[
AR | VvV

Figure 4. Damage under concurrent and sequential &xling conditions



Chapter 2: Literature Review

The existing literature on the damage models fah Imoultiple loading cases, i.e.,
concurrent loading and sequential loading, areudised in this chapter. For both
concurrent and sequential loading conditions, weristudies in the literature have

used Miner’s linear rule as a first order approxiorato estimate damage.

2.1. Concurrent loading

Concurrent loading is defined as the applicatiom tdading condition along with
another loading condition of a different load typer concurrent loading conditions
in solder interconnects, various lifetime estimat@nd modeling techniques have
been proposed in the literature. Barker et al. firbposed a methodology to evaluate
the combined effects of simultaneous thermal anbration loads in solder
interconnects. The effects of standalone thermadl asrbration loads were
superimposed to simulate the effects of combinedditay conditions. Using
Palmgren-Miner’s linear superposition rule, the dgm due to single level cyclic
thermal and vibration loads were determined indigity and superposed to obtain
the effective solder joint life under combined loay conditions. Upadhyayula and
Dasgupta [12] showed that Palmgren-Miner’s linagresposition rule does not take
into account the load interactions under combineglmhal and vibration loading
condition. Combined load effects were estimatechgisan incremental damage
superposition approach (IDSA) that uses a varidr¥lioer's hypothesis, but in an
incremental piece-wise linear sense for varyingssirlevels, to track nonlinear

interactions between different load types (thermalling and vibration). Qi et al.



[13] showed that solder joints failed earlier undembined loading than with either
separate temperature cycling or room temperatuseation loading. Qi also used
IDSA proposed by Upadhyayula to accurately estintlagelife expectancy of solder
joints under combined temperature cycling and vibraloading. Yang et al. [14]
imposed a cyclic out-of-plane deformation on a edncircuit board (PCB) assembly
by twisting the PCB mechanically inside a therm@raber. The fatigue life of the
solder interconnections was predicted using Dar/eatrack initiation and growth
model. Chen et al. [15] conducted cyclic four-pdaeind tests on soldered ball grid
array packages executed at different controlledoratures. Results showed that the
component life cycle reduced with the increaseemperature. Montoya et al. [16]
studied the reliability of leadless packages (capecand resistors) in a synchronized
combined thermal and mechanical bending approaoh packages were subjected to
mechanical strain of +/- 350, 750 and 10@&@rain and temperature profile of &0

to 150C. The cycles to failure in their study reducedmwiite increase in mechanical

strain.

2.2.  Sequential loading

Sequential loading is defined as the applicatioa ifading condition followed by
another loading condition of a different load legeload type. The review of existing
literature in sequential loading is broadly classifinto three sections. In the first
section, 2.2.1, the inaccuracies in the use of NWBnknear rule under sequential
loading conditions are discussed. In section 2.th@,non-linear damage evolution
models developed for solder interconnects undenglesloading condition has been

reviewed. In section 2.2.3, studies addressingnirelinear damage evolution in



solder interconnects under sequential loading d¢mmdi are presented. In section
2.2.4, studies addressing the non-linear damagtitewo in other materials under

sequential loading conditions are presented.

2.2.1. Applicability of linear damage rule undegsential loading

In this section, the applicability of Miner’s lineeule under sequential loading of
solder interconnects is discussed. For sequentiallicc loading of solder
interconnects, the literature points to deficieacwith Miner's linear damage
accumulation model.

A consortium of NXP, Freescale, ASE, and AStar-IME] conducted high speed
cyclic bend test on modified ball grid array (BGpackages using two-step loading
to determine the applicability of Miner’s rule. TREB strain amplitudes were 1.2 X
102 and 1.8 X 10 for the low and high loading conditions. Damageueculation
was considered analogous to the percentage grawttraick length. Test results
showed that Miner’s rule was overly simplistic imetcase of low-high amplitude

loading conditions and resulted in the overestiomatf fatigue life (see Figure 5).
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Figure 5. Crack propagation of SAC105 solder undelow-high and high-low
amplitude testing [17]
The principle of Miner’s rule for a two-step loadins illustrated in Figure 6.
Failure occurs when the total damage reaches ueijardless the path taken.
Therefore, Miner’s rule does not take into accotimg effect of sequence of load

levels under sequential loading conditions.
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Figure 6. Sequence independence in Miner's rule [17
Yang et al. [18] conducted shear fatigue testingB&GA components soldered
using SAC305 and SAC405 alloys under harsh and hodds. A systematic trend
was observed where Miner's rule underestimated lifeefor loading sequences
starting with mild cycling followed by harsh cyo§jnOn the other hand, Miner’s rule
over-predicted the life for loading conditions &tag with harsh cycling followed by

mild cycling (see Figure 7).
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Figure 7. Error in Miner’s rule prediction compared to experimental results
under sequential loading conditions [18]

Results from [17] [18] showed that Miner’s rule da®ot accurately consider the
effect of sequence and stress levels under sequérdding of the same type. Perkins
and Sitaraman [19] found that Miner’s rule was paidale of accounting for damage
under a two-step temperature cycling and vibrats@guential loading. Ceramic
column grid array (CCGA) packages using a 90Pbl€isiader column with eutectic
tin lead solder fillets on both sides were subjcte four different types of
experimental tests: 1) single step vibration altmilure, 2) single step temperature
cycling alone to failure, 3) two step loading T-¥rperature cycling for a specified
time followed by vibration to solder joint failure$) and two step loading V-T
(vibration for a specified time followed by tempiena cycling to solder joint failure).
Results show that for a T-V sequence, the use oM rule resulted in a damage
value less than unity (0.66) whereas for a V-T sege, the cumulative damage was
close to unity (0.96) (see Figure 8). The discregan the cumulative damage values
when the sequence was reversed showed that Mimaks was incapable of

accounting for the sequence effect. Therefore,ralim@ar damage model based on a

10



power law was developed by the authors. The detaiisst conditions and non-linear

model have been discussed in detail in sectio32.2.

T-V Load Sequence
Total Fatigue

m Il1."rN'_ 13 u;ng E:f;ﬁalm
m/Na)
800 0.50 6.93E4 0.04 0.54
800 0.50 1.15E5 0.06 0.57
800 0.50 1.35E5 0.07 0.58
800 0.50 2.86E5 0.16 0.66
800 0.50 3 38Es5 019 0.69
800 0.50 8.94E5 049 0.99
800 0.50 9.84E5 0.54 1.04
Mean 0.73
Median 0.66
Range 0.50

WV-T Load Sequence

Total Fatigue

_ Life Ratio
11 111."2\'_ 12 ﬂ;-rNg (I]LW] 4
ny/Ny)

5.76E5 032 890 0.56 0.88

533E5 0.29 1000 0.63 092

540E5 0.30 1100 0.69 0.99

4 19E5 023 1300 0.82 1.05
Mean 096
Median 0.9g
Fange 0.17

Figure 8. Damage estimation using Miner’s rule undeT-V and V-T load
sequences [19]
From the review of the existing literature, it cancluded that since Miner’s rule
assumes a linear damage accumulation, the applcatiMiner’s linear damage rule

under sequential loading results in inaccurateregton of life.
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2.2.2. Non-linear damage evolution under a singgeling condition

In order to develop a non-linear damage evoluti@aaeh under sequential loading,
an understanding of how damage accumulates ungangée loading condition is
required. Material damage can be defined as thectiesh of resistance to failure. In
cyclic loading, fatigue damage increase with agbbgcles in a cumulative manner
which may lead to fracture. The accumulated danmgelated to the applied number
of cycles usually through a power-law equation [20]

Wen at al. [21] developed a unified creep and égt(UCP) constitutive model
for lead-free SnAg solder based on Fine’s dislocatnergy density and Mura’s
microcrack initiation theory. A physical damage neebased on percolation theory
was developed, which uniquely describes the danssége. The physical damage
metric was considered to be a function of the @pptiumber of cycles. A power law
relationship between the phenomenological damaganpster and the physical

damage metric was proposed as shown in Equatiowl Figure 9.

Equation 3
h h
w n
D=D, — =D, —
e N

where D is the critical damage parameter,is the microcrack percolation at
applied number of cyclesy is the percolation limit/7 is the damage exponenmt,s

the applied number of cycles, aNd is the cycles to failure.
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Damage function D(w)
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Figure 9. Damage function by Wen et al. [21]

The UCP model was applied on SnAg solder testedemunohiaxial strain-
controlled isothermal fatigue cyclic loading af@5As a first order approximation, a
linear relationship between damage parameter anthga metric was used, i.e., the
damage exponent, was taken as 1 for Sn3.5Ag solder. Results basedCP model
showed good agreement with the experimental ddtaoé#gh a non-linear damage
accumulation model was proposed for solders undangle load level, the model
reduced to Miner’s rule formulation for the casesSof3.5Ag solder studied in [21].

Ladani and Dasgupta [20] proposed an energy paniitgy damage evolution
model based on the UCP model proposed by Wen [@&lal The UCP model was
based on Mura’s theory which is predominantly aggiile to plastic deformation
caused by dislocation slip and ignores creep mesimanin lead-free solders due to

diffusion-assisted dislocation climb. Hence the U®&s extended by Ladani and

13



Dasgupta to include the effect of both plastic arebp damage by superpositioning

using energy partitioning approach as shown in Equa:

Equation 4
hy h,
D n n
- = + —
Dc N fp N fc

whereDy is the critical damage parameteris the applied number of cycles, is
the empirical damage exponent for plastic deforomafiy, is the cycles to failure if
only plastic damage occurdj. is the empirical damage exponent for creep
deformation, andNs. is the cycles to failure if only creep damage oscu

A notched shear specimen of SAC solder was tested thermo-mechanical
micro-scale (TMM) test setup to determine the damegponents for plastic and
creep deformations. To isolate plastic deformatidhe test was conducted at low
temperature of 2& and high strain rates (5E-2). To isolate creefordeations,
another test was conducted at 425and low strain rates (5E-4). The damage
exponents for plastic and creep deformations abwarinelastic strain ranges were
obtained experimentally as shown in Figure 10. lamage exponent was assumed
to be independent of the load level (cyclic strainge) as no systematic trend was
observed. Therefore, the value of damage exponeets averaged over different
inelastic strain ranges. For SAC solder, the awexadues of, and /. was estimated
to be 0.47 and 0.52 respectively. However the pdigiof a relationship existing

between the strain range and damage exponent wasm@letely rejected in [20].
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Figure 10. Plot of (a)h, and (b) h. for different values of inelastic strain ranges
[20]

Based on the theory of continuum damage mechaXias, et al. [22] proposed a
damage evolution model for SAC solder, where thmatge is related to the cyclic
ratio using a power law. Damage metric was prop@sed function of the electrical
resistance of the solder joint as shown in Equdiion

Equation 5

h

D=1- 1- 0.9817Ni

f
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wheren is the applied number of cycleg,s the damage exponent which is 0.154
for SAC solderN; is the cycles to failurdR, is the original resistance of solder joint
andR is the resistance of solder joint.

Thermal cycling test profile (-4C to 125C) was carried out on a single joint-
shear sample consisting of SAC305 solder alloy soider resistance was measured
every dozens of cycles using four-probe method. flthef experimental data and

proposed damage model results is shown in Figure 11

05 L ®  Experiment data

Diamage model result

03 |

0.2 -

0.0 |

N/Ng

Figure 11. Comparison of experimental and model dat[22]

2.2.3. Existing non-linear damage models for soldirconnects under sequential

loading
Perkins and Sitaraman [19] developed a non-lineanutative damage model to
study the sequence effect of temperature cyclind) \@bration loading conditions.

The CCGA packages were attached using a high rgefioint 90Pb10Sn solder

16



column (2.21 mm high) with a palladium (Pd) dop&5637Pb solder fillet on the
substrate side and 63Sn37Pb solder fillet on trerdoside. These ceramic column
grid array (CCGA) packages were subjected to fofferént types of experimental
tests: 1) single step vibration alone to failurés (nput acceleration at natural
frequency), 2) single step temperature cycling eltm failure (-28C to 105C, 2
cycles per hours), 3) two step loading T-V (temperacycling for a 50% di; from
single step temperature cycling followed by vilbwatto solder joint failure), 4) and
two step loading V-T (vibration for 30% ofN; from single step vibration followed
by temperature cycling to solder joint failure).

The results from the two step tests were fitted twon-linear power law form to
obtain the damage exponents under temperaturengyahd vibration loading. Thir
and /», were obtained to be 0.47 and 0.70 for the T-V saga and 0.91 and 0.93 for
the V-T sequence. The authors hypothesized thandh®erical value of the damage
exponents should be closer to unity for a mildeditevel. The developed exponents
were closer to unity for the vibration load levalsd therefore it was concluded that
the T-V sequence was harsher than the V-T sequence.

The temperature cycling test conditions were®@% 106C at 2 cycles per
minute. For vibration testing, the assemblies wstbjected to a 1G input
acceleration. Single step temperature cycling abdation tests were conducted to
determine the cycles to failure under single lewgtlic loading conditions. The
median cycles to failure under single step tempeeatycling and vibration tests

were 1590 cycles and 1.8E6 cycles respectivelyTabée I).

17



Table I. Cycles to failure for single step test catitions.

Temperature cycling Vibration
(cycles) (cycles)
1835 3.10E+06
1593 2.19E+06
1587 1.41E+06
1586 6.07E+05
1768
1474
Mean 1641 1.83E+06
Median 1590 1.80E+06
Range 361 2.49E+06

For the T-V load sequence, step 1 was temperatycBng and step 2 was
vibration testing until solder joint fatigue faikur In the T-V sequence, 800
temperature cycles (50% cycles from standalong teste applied on 7 samples
followed by vibration cycles until failure. Similgy for the V-T load sequence, step 1
was vibration testing and step 2 was temperatucdingy until solder joint fatigue
failure. In the V-T sequence, vibration cycles @3% cycles from standalone test)
were applied on 6 samples followed by temperatweles until failure. The
cumulative damage was determined for the two |leapiences using Miner’s linear
damage rule.

The median value of the cumulative damage usingeNBrrule was estimated to
be 0.66 for the T-V sequence (see Table Il) an@ Bthe V-T sequence (see Table
[l). The results from the first two cases of V-@geiences were considered as outliers

and were omitted by Perkins (see Table III).
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Table Il. Cumulative damage using Miner’s rule for T-V load sequence.

T-V load sequence
Temperature cycling Vibration Cumul(il/'lui\r/](;o)lamage
nrt Nt/Nt Ny Nv/Ny Nt/Nt+ nv/Nv
800 0.5 6.93E+06 0.04 0.54
800 0.5 1.15E+05 0.06 0.57
800 0.5 1.35E+05 0.07 0.58
800 0.5 2.86E+05 0.16 0.66
800 0.5 3.38E+05 0.19 0.69
800 0.5 8.94E+05 0.49 0.99
800 0.5 9.84E+05 0.54 1.04
Mean 0.72
Median 0.66
Range 0.50

Table Ill. Cumulative damage using Miner’s rule for V-T load sequence.

V-T load sequence

2d)
2d)

Vibration Temperature cycling Cumul(il/ltli\r/]iro)lamage
Ny nv/Nv nr nt/Nt Nnt/Nt+ ny/Nv
4.35E+05 0.24 23 0.01 0.25 (outlier-not includg
4.15E+05 0.23 24 0.02 0.25 (outlier-not includg
5.76E+05 0.32 890 0.56 0.88
5.33E+05 0.29 1000 0.63 0.92
5.40E+05 0.3 1100 0.69 0.99
4.19E+05 0.23 1300 0.82 1.05
Mean 0.96
Median 0.96
Range 0.17
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Since the cumulative damage using Miner’s rule Veager than unity for both
loading sequences, exponents were fitted to thke ecgtios of each loading condition
using regression analysis (Table 1V, Table V, Tablleand Figure 12). However, the
regression technique used by Perkins was not mghdttappears that the objective of
Perkins was to obtain the lowest error on the nredédue of the cumulative damage.

Equation 6. T-V sequence
047 070

D:i +&
N, N,

Table IV. Exponents developed by Perkins for T-V sguence

T-V load sequence Cumulative damage
Miner Perkins' approach
Nnt/Nt Nv/Nyv nt/Nt + ny/Nv (nT/NT)O.47+ (nV/NV)oJQ

0.5 0.04 0.54 0.83
0.5 0.06 0.57 0.87
0.5 0.07 0.58 0.88
0.5 0.16 0.66 1.00
0.5 0.19 0.69 1.03
0.5 0.49 0.99 1.33
0.5 0.54 1.04 1.37
Mean 0.72 1.04
Median 0.66 1.00
Range 0.50 0.54

Equation 7.V-T sequence
091 093

D= + N
N, N,
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Table V. Exponents developed by Perkins for V-T sequence.

Cumulative damage
V-T load sequence - -
Miner Perkins' approach
nv/Nv nt/Nt Nnt/Nt+ nv/Ny (NTINT)*%+ (ny/Ny)°-3
0.32 0.56 0.88 0.93
0.29 0.63 0.92 0.98
0.3 0.69 0.99 1.04
0.23 0.82 1.05 1.09
Mean 0.96 1.01
Median 0.96 1.01
Range 0.17 0.16

Table VI. Exponents determined by Perkins

Perkins’ exponents mr my
T-V sequence 0.47 0.70
V-T sequence 0.91 0.93
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Figure 12. Non-linear fit by Perkins and Sitaraman

Although the median value of the cumulative damage was closeusing the
regression technique by Perkins, the cumulative damage values forndactuial
case varied from 0.83 to 1.37, i.e. a range of 0.55 (for the T-V sezju€able 1V)
and from 0.93 to 1.09, i.e. a range of 0.16 (for the V-T sequé&abde V).

To verify the exponents developed by Perkins, we carried outrampéter
estimation technique based on the maximum likelihood approa&holjective of
this parameter estimation was to determine the exponents thatquavicumulative
damage close to 1 for each individual case in addition to the medranlative
damage being close to 1. The function used to minimize the smgoran in Equation

8:
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Equation 8

N nt My nv m,
argminL(m.,m,)= 1- —L + L
=1 N N,

\%

The exponents for the T-V sequence determined using the maximelhdidd
approach arenr = 0.06 andmy = 3 (see Table VII), and was found to be different
from that of Perkinsniyr = 0.47 andmy = 0.70). It can be seen from Table VII that the
variation on the cumulative damage values (range = 0.157) is fowthe exponents
determined from the maximum likelihood approach compared to thenerps
determined by Perkins (range = 0.548).

Table VII. Comparison of cumulative damage in T-V sequence usgy damage

exponents developed using the maximum likelihood approach ary Perkins

Cumulative damage
T-V load sequence . Maximum likelihood
Perkins' approach
approach

Nnt/Nt Nnv/Ny (nT/NT)°'47+ (I’]v/Nv)O'70 (nT/NT)°'°6+ (I’]v/Nv)3
0.5 0.04 0.83 0.96
0.5 0.06 0.87 0.96
0.5 0.07 0.88 0.96
0.5 0.16 1.00 0.96
0.5 0.19 1.03 0.97
0.5 0.49 1.33 1.08
0.5 0.54 1.37 1.12
Mean 1.04 1.00
Median 1.00 0.96
Range 0.54 0.16

Similarly, the exponents for the V-T sequence (excluding the sarapidésed by

Perkins) that were determined by the maximum likelihood appraeeh: = 0.06
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andmy = 3 (see Table VIII). In this case also, the ex@ua from the maximum
likelihood approach were found to be different frdmat developed by Perkinsyf =
0.91 andmy = 0.93). It can be seen from Table VIII that thariation on the
cumulative damage values (range = 0.008) is lowertlie exponents determined
from the maximum likelihood approach compared #i thy Perkins (range = 0.16).
Table VIII. Comparison of cumulative damage in V-Tsequence using damage
exponents developed using the maximum likelihood gpoach and by Perkins

(first 2 cases omitted by Perkins were omitted inite maximum likelihood

approach).
Cumulative damage
V-T load sequence . Maximum likelihood
Perkins' approach
approach
nv/Nv nt/Nt | (nT/NT)?21+ (nv/NV)2 22 | (n7/NT)%%+ (nv/Ny)3
0.32 0.56 0.93 0.999
0.29 0.63 0.98 0.997
0.3 0.69 1.04 1.005
0.23 0.82 1.09 1.000
Mean 1.01 1.000
Median 1.01 0.999
Range 0.16 0.008

Even when the samples (first 2 cases) omitted bkifsewere included in the
parameter estimation using the maximum likelihopgdraach, our approach provided
a smaller variation in the cumulative damage valc@spared to that of Perkins’

exponents (see Table IX).
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Table IX. Comparison of cumulative damage in V-T sguence using damage
exponents developed using the maximum likelihood gpoach and by Perkins

(first 2 cases omitted by Perkins were not omitteth the maximum likelihood

approach).
Cumulative damage
V-T load sequence . Maximum likelihood
Perkins' approach
approach
nv/Nv nt/Nt (nT/NT)°'91+ (I’]v/Nv)o'93 (nT/NT)°'°6+ (I’]v/Nv)3
0.24 0.01 0.28 0.77
0.23 0.02 0.27 0.80
0.32 0.56 0.93 1.00
0.29 0.63 0.98 1.00
0.3 0.69 1.04 1.00
0.23 0.82 1.09 1.00
Mean 0.77 0.93
Median 0.96 1.00
Range 0.82 0.23

Analysis of Perkins’ data showed that there is redhto use different damage
exponents based on the order of the applied loaxkif® exponents varied with the
load level because of the regression analysis tgeanhe used to determine the
exponents. Additionally, no rationale was providsdPerkins for varying the values
of damage exponents when the order of loading exersed.

The exponents estimated using our approach (maxirikelihood approach)
remained the same regardless of the applied loaad (seeTable X). According to
our hypothesis, the exponent is a function of thgliad level, i.e. a harsh load will
have a low value of damage exponent whereas a lméld has a high value of

damage exponent. The temperature cycling test hkirReis a harsh loading
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condition as the mean cycles to failure were appnately 1600 cycles. On the other
hand, the vibration test by Perkins is a mild logdcondition as the mean cycles to
failure was around 1.8E6 cycles. Hence, accordingur hypothesis, we expect the
damage exponent for the temperature cycling loaddolower than that of the
vibration load. The values of exponentsr (= 0.06 andmy = 3) confirm that the
hypothesis (that the damage exponents are a funatithe applied level) proposed in
this dissertation is true.

Table X. Exponents determined from the maximum likéhood approach

Damage exponents my My
T-V sequence 0.06 3
V-T sequence 0.06 3

As discussed in section 2.2.1, since the linearadgnrule failed to accurately
prediction of damage accumulation under sequendating, Yang et al. [18]
suggested that a non-linear accumulation modelhithvthe damage is proportional
to hardness or ductility may work better under segial loading (see Figure 13).
However, an equation to relate the damage to thidnkas or ductility and the

corresponding parameters were not reported byutiees.
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Figure 13. Hardness as a potential damage parameter

Catelani and Scarano [24] proposed a multi-stresslarated life model able to
evaluate the life of tin-silver-copper alloy undeombined and sequential tests:
cycling climatic and random vibration tests (seaud&tpn 9). The proposed model
included two parts: climatic cycling and randomratiion. The climatic cycling part
of the model was a modified version of the Norremtzberg model for thermal

cycling test to include relative humidity effects.

Equation 9

N RH, * f. " DT, "
AF :_f: f _f f exp 5 i_ i
Nt RHt ft DTt k Tmaxf Tmaxt

A modified Miner’s rule with the exponent as aifij parameter based on the load
type and the sequence of load application was usedstimate the cumulative

damage accumulation (see Equation 10).
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Equation 10

lc v

coi= e 4+ v
NC NV

2.2.4. Existing non-linear damage models for maiatder sequential loading

The main deficiencies of Miner’'s linear damage rate load-level independence,
load-sequence independence and lack of load-intenaaccountability. Hence, soon
after the development of Miner’s rule in 1945, vas researchers have looked into
non-linear damage accumulation methods to accoanthfe load-sequence effect.
One of the earliest non-linear damage accumulatiodels was proposed by Marco
and Starkey.

Marco and Starkey Model

To address the deficiencies of Miner’s rule, Ritkard Newmark [25] in 1948
proposed the concept of damage curves and spetulse damage vs. cycle ratio
curves are different at different load levels. 1854, Marco and Starkey [26]
proposed the first nonlinear load-dependent dantlhgery represented by a power
relationship (see Equation 11):

Equation 11

D= r”

where x; is a variable quantity related to thfe loading level. The model was
developed based on the concept proposed by RiahdriNewmark and results from
load sequence experiments. According to Marco dark&y, the damage exponent at

a specific load level is a variable quantity redbte that loading level and the damage
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paths varied based on the level of the applied [sa¢ Figure 14). The non-linear
model took into account the effect of reversaloafd sequences. Although Marco and
Starkey proposed a non-linear model, the relatietwben the damage exponent and
the applied load level/life was not defined. Heneeperiments were required to be

conducted every time a new loading condition isoemntered.
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Figure 14. Marco and Starkey approach

Damage Curve Approach by Manson and Halford

Manson and Halford [27] developed a generalizedtiaiship between the
damage exponent and the cycles to failure basextamk initiation and propagation
in steel and aluminum specimens. A model for dansgemulation was established
based on an effective crack growth equation. Atiaiahip (Equation 12) for the
number of cycles required to develop a crack 0i@0Bes deep in terms of cycles to

failure of a ¥ inch test specimen was given as:
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Equation 12

Nggos = N - 25N7°

Similarly the relationship (Equation 13) for thenmoer of cycles required to
develop a crack 0.013 inches deep in terms of sytoldailure was given as:

Equation 13
— 06
No.013 - Nf - 4Nf

Manson and Halford claimed that both the equatimese empirical and their
forms were chosen to fit experimental results. fiddher analysis the authors pursued
the following generalized form for crack propagatiander cyclic loading (see
Equation 14).

Equation 14

a=a,+ (018- a,)(n,/N,) "

wherea is the crack length at, number of applied cyclesy is the initial crack
length, and\; is the cycles to failure under that load level.

Manson considered damage to be analogous to craskilg and assumed that
crack growth was related to applied number of yaleing a power law with the
exponent as a function of cycles to failure. Thackrpropagation relation provided in
Equation 14 was normalized to obtain a relationdioip damage versus applied

number of cycles as shown in Equation 15.
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Equation 15

1 (2/3)N 04
D=——a, + (018- n./N '

From Equation 15 it can be seen that according éamddn, damage is related to
the cycle ratio using a power law relationship vehdre exponent is a function of
cycles to failure. Therefore, damage at differeiail levels is given as (see Figure 15
and Equation 16):

Equation 16

Da (n/N,)®MN"

DAMAGE, D

CYCLE RATIO, niNg

Figure 15. Non-linear damage curves by Manson and afford

Manson provided an analytical relationship betwgenapplied number of cycles
and damage exponent where the form of the reldtipnsas assumed to follow a

power law. However, the form was not based on amyd@mental or physical
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reasoning. Additionally, the applicability of Mamss non-linear form has not been

validated for solder material.

2.3. Mapping of damage under different loading d¢bods

In this section, studies in the literature addmggs$he transformation of the damage
accumulated under one stress level/load condigtative to another stress level/load
condition are reviewed. Under the same loading ,ty@oeeleration factors (AF) are
most widely used to transform the damage relatovalifferent load levels. With
respect to life, AF is defined as the linear raifathe cycles to failure under stress
level 1 to that under stress level 2. Since theran inherent assumption of linear
damage accumulation, for the same stress levelA\Ehés defined as the ratio of
damage under stress level 1 to that under streesdeas shown in Equation 17.

Equation 17
AF - & - &
N2 Dl

In a study by Lall et al. [23], the concept of dgmamapping or damage
equivalency relationships between isothermal agarwyl thermal cycling was
provided as shown in Figure 16. PBGA packages (A5% soldered using eutectic
tin-lead alloy were subjected to isothermal aginge@C and phase growth was
qguantified at varying lengths of time to determthe damage metric as shown by
Equation 18.

Equation 18
4

— gn — t*SO
D,= ~ -1=a_(t
gO ( )
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whereDig, is the damage metric under isothermal aging conditjois the phase
growth at time tgo is the initial phase siz@;s, andbis, are the fitted model constants,
andt is the aging time in hours. Similarly, temperaturelicyg was carried out on
another set of samples between’@@nd 128C at 2.5 hours per cycle. Phase growth
was quantified at specified intervals of cycles toedatne the damage metric as
shown in Equation 19.

Equation 19

where D¢ is the damage metric under temperature cycling camdigy is the
phase growth a\™ cycle,qq is the initial phase sizeyc andbrc are the fitted model
constants, andN is the number of cycles. Damage equivalence wage\ath by

equating (7) and (8) as shown in Equation 20 and Fitire
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Figure 16. Schematic of damage mapping between ibermal aging and
temperature cycling [23]
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Equation 20

D =a,(N)™ =a,(t)*

Similarly, damage metric based on IMC thickness gradvthng isothermal aging
and temperature cycling conditions was developed.ddmage equivalence between
thermal aging and thermal cycling from experimental dgathown in Figure 17. No
experimental testing was carried out using sequelo@aling conditions to verify the

applicability under sequential loading.
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Figure 17. Damage mapping between isothermal agirapd temperature cycling

using phase growth model [23]

2.4. Gaps in existing research

Despite the inherent limitations and inaccuraciespevis rule is widely used in
damage estimation. Although various studies in itegature have illustrated these
inaccuracies, very few studies have provided alterestto Miner’s rule for solder

interconnects. While Miner’s rule estimations may b#igant for a single cyclic
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condition or conditions with only slight variatiortbe results from the literature point
to a systemic issue with the linear damage accuronlapproach. Further, the
literature points to a load independence of damagenagiation. Therefore, there is a
need for a non-linear damage model to accurately pratiet damage under
sequential loading conditions. However, very limitetidies have focused on the
non-linear accumulation of damage in solder intercaisn@eder sequential loading.
The damage evolution models under a single loadomgliion developed by Wen
at al. [21], Ladani and Dasgupta [20], and Xiaalet[22] showed that damage and
cycle ratio follow a power law relationship. Howevdige tdamage exponents have
been assumed to be a constant and the dependetive exponent on the applied
load level (cycles to failure) has not been evaluatéx applicability of the above
models under sequential loading conditions was at#oevaluated. The non-linear
damage accumulation model for sequential proposedebkirf® and Sitaraman [19]
requires extensive experimental testing and the w@#ldamage exponents developed
varied when the sequence of loading conditions itched. Our analysis showed that
there was not rationale for changing the value of dgrmexponent for a particular
load type/level when the order of load application wastched. In addition, the
dependence of damage exponents on the stress leaglaok evaluated. The plot of
damage exponent versus strain range from the studyatgni and Dasgupta [20]
revealed that the damage exponent varied with chang&ain range, as shown in
Figure 18. From the literature review, it can be codetl that a cumulative damage
assessment model considering the sequence and tyjpading conditions is not

available for solder interconnects.
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Figure 18. Dependence of damage exponent on straenge (adapted from [20])
Lall et al. [23] proposed the concept of damage nrappetween isothermal aging
and temperature cycling for solder interconnects. Howeatvbas been shown in the
literature that the damage under isothermal precamiityy need not necessarily
increase monotonically and can result in improvedesytd failure under temperature
cycling. Experimental validation by sequential loagliwas also not carried out.

Hence, a methodology to compare and map the damadgr different load levels is

not available.

2.5. Dissertation objectives

The primary objective of this dissertation is to depelan approach to
experimentally determine load dependent damage expofar solder interconnects
under sequential cyclic loading conditions. Thesedldependent damage exponents
are required to create a non-linear damage accumulatiodel for solder
interconnects. The proposed non-linear model shouldidenthe effects of load
levels and sequence of applied loading conditions.

For the purpose of this dissertation, a sequentialingads defined as the

application of a cyclic loading condition followed Bpother cyclic loading condition
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of a different load level. The cyclic loading conditicgferred to in this dissertation is
limited to cyclic shear loads at different load levels.

Another objective of this dissertation is to develap analytical relationship
between the damage exponent function and the aplolaet level. This will enable
the development of a model that does not requirerarpats to be carried out when

new loading conditions are encountered.
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Chapter 3: Development of a Load Dependent Noratine
Damage Model for Sequential Loading

A load dependent non-linear model which takes intcoant the effect of
sequence of loads under sequential loading of sahderconnects is proposed in this

chapter.

3.1. Load dependent non-linear damage model

The non-linear damage forms proposed for steel and alumispecimens
generally followed a power law relationship. In this fodamage is related to the
ratio of the applied number of cycles to cycles to failin a power relationship
where the power exponent is a function of the applaat llevel, as shown in
Equation 21:

Equation 21

. F(Ny,)
D= (r) ™ = N_If,
wheren; is the applied cycles iif" stress levelN; is the cycles to failure iif"
stress level, and(N;) is the damage exponent &t stress level. The damage
exponent is defined as a function of the applied lead|, which may be represented
by the Nf for the applied load level. According to then-linear damage model, the
damage accumulation proceeds along the curve assbomth the load level at
which a cycle ratio is applied as shown in Figuge This results in non-coincident

curves for each load level. For instance, when theesslare subjected to the same

cycle ratio at two different load levels, the damag¢es are not equivalent.
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Figure 19. Damage curve at different life/load levs

Miner’s rule requires that the damage curves to be wEnt at all load levels. It
is the separateness of damage curves at differentdeald in a non-linear model that
accommodates the loading order or sequence effectufles initiate at the origin
where the damage is considered to be zero (D=0) amdnggte at failure where the
damage is unity (D=1).

The incorporation of the sequence effect by a nondird@mage model is
illustrated by considering a harsh-mild load sequenceaamild-harsh load sequence.
During a harsh-mild load sequence, whercycles of a harsh load (life levik) is
first applied, the damage will proceed from zero to Angldhe path as shown in
Figure 20. At this juncture, when a milder load leflié level Ny,) is introduced, the
equivalent cycles of the mild load that cause theesamount of damage ag harsh
cycles is given as,. This is under the assumption that damage at B ikeasame
damage as A i.e., no additional damage was intraluten between the application
of the loading conditions. Now, if the mild loadagplied until failure M-remaining IS

the remaining cycles, such that failure occurs at Ghénharsh-mild load sequence,
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when the first loading is applied the damage accutasilalong OA and for the second
loading along BC. If the sum of cycle ratios were sidared according to Miner’s
rule, the cycle ratio in the distance AB will be ¢t®i resulting in an inaccurate

estimate.

Harsh-Mild Sequence

1 :
n2-ren1'aning/Nf2 é A{f]
i /1 A/
: 15 i Y/_’
_— ' / -
?"‘_, . /,i'
) : i
=1} n /N 1 ’
< 2/ INf .
= 2 i ”/’4
- 1 £
a2 NN, + v 7
%1 ! ,/ H /
0 7| A

Cycle ratio (r; = ni/Ng)

Figure 20. Effect of load sequence in a non-lineatamage model under a harsh-

mild load sequence

Equation 22
F(ny )
F(N¢
— n, ’
fy

Remaining cycles to failure under mild loading coruiti

F(Nf%
n, F(N¢,)

=N, -n,=N, 1- —L
f, 2 f, Nfl

On the other hand, in a mild-harsh load sequencelahmge accumulation path is
along 0B whem, mild cycles are applied (see Figure 21). When a hkat is

introduced, the harsh cycles equivalenttanild cycles is given as;. Therefore, in a
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mild-harsh load sequence, the first loading resultsamabe accumulation along 0B
and the second loading along AC. In this casestimemation of cycle ratio according

to Miner’s rule includes the distance AB twice resugjtin an inaccurate estimate.

Mild-Harsh Sequence

1 - 2
| 1 N
r]1:-remaining/Nf1 j 1
| F/

1 / Mi
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v : . f

%L‘ n2/Nf25 ! f}"
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= nNe, & A

<S> L
E o -
0 i

Cycle ratio (r; = n/Ng,)

Figure 21. Effect of load sequence in a non-lineatamage model under mild-

harsh load sequence

Equation 23
F(Nfib/
F(N¢,)
— n, '
fa

Remaining cycles to failure under harsh loading comliti

F(N¢,)

n, F(N{)

N

= N fl - nl = N fl 1_
2

To illustrate the capability of the damage curve apghida take into account the
load sequence effect, a simulation exercise was caoigd According to our
hypothesis, the damage exponent increases as thleoleliarshness is decreased for

the load level. Therefore a mild loading conditioii Wave a higher numerical value
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of damage exponent than harsh loading condition. ustassume the damage
exponent to be 2 for the harsh loading condition4fat the mild loading condition.
The cycles to failureN;) for the harsh and mild loading conditions are assuindx
5000 and 10000 cycles respectively. After applicatdr2500 cycles of the harsh
loading condition, according to Miner’s rule the soldeuld be at 0.5 damage. If a
non-linear damage curve approach is used, then thesporrding damage is 0.25 at
the end of application of harsh loading. AccordingMmer’s rule the remaining
damage in the mild loading condition is 0.5 wheraasording to damage curve
approach, remaining damage is 0.75. Damage accupmlasing Miner’s rule and
damage curve approach during a harsh-mild loading ¢gondite shown ifrigure 22

and Figure 23.

Harsh loading Mild loading
0 0 0 0 0 0 0

500 0.1 0.01 1000 0.1 1000 0.0001
1000 0.2 0.04 2000 0.2 2000 0.0016
1500 0.3 0.09 3000 0.3 3000 0.0081
2000 0.4 0.16 4000 0.4 4000 0.0256
2500 0.5 0.25 5000 0.5 5000 0.0625
3000 0.6 0.36 6000 0.6 6000 0.1296
3500 0.7 0.49 7000 0.7 7000 0.2401
4000 0.8 0.64 8000 0.8

4500 0.9 0.81 9000 0.9

5000 1 1 10000 1
Apply 2500 cycles of harsh

MINER’S RULE DAMAGE CURVE

el Remaining damage Remaining damage
MINER’'S RULE =0.5 =0.75
Damage=0.5 Remaining life = Remaining life =
DAMAGE CURVE 5000 cycles 2929 cycles
Damage=0.25

Figure 22. Simulation of cycle counts under a harsiild loading condition

42



~Nf=5000, (n/Nf) ~Nf=5000, (n/Nf)
o 0.8 o 0.8
L = ~Nf=10000, (n/Nf) > ~Nf=10000, (n/Nf)
= g 0.6 £ 06
w © )
5 0 04 - O 04
£
= 0.2 0.2
0 1 1 | 0 |
0 025 05 075 1 0 025 05 075 1
Single loading Harsh-mild loading
1 1
° ~Nf=5000, (n/Nf)2 ~Nf=5000, (/Nf)2
S gos © 08
5 S =Nf=10000, (n/Nf)4 g +Nf=10000, (n/Nf)4
© gos6 0.6
S
(R 5
(@]
g Dos4 O 04
S
@ 0.2 0.2
a
0 ‘ 0
0 025 05 075 1 0 025 05 075 1
Cycle ratio (n/N) Cycleratio (n/N)

Figure 23. Simulation of damage propagation under &arsh-mild loading condition

3.2. Experimental approach to create damage curves

The experimental approach to create damage curvesadlprdassified into three
sets (see Figure 24). The first set of tests was coadluot determine the cycles to
failure for each load levelNy). As explained earlier, tests were conducted at three
different load levels. In the second set of tests, aalipl tests were carried out,
where a fixed number of cycles of the first load levedpsplied followed by the next
load level until failure. Using the combination ottkingle step and sequential tests,
damage curves for solder interconnects can be expegtyedetermined for the
three load levels. The third set of tests includets tes experimentally validate the
developed damage curves. These tests include thesaéwé# load of sequence and

application of a new loading condition.
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Objective Experimental approach

Determine cyclesto Conduct TMM* tests under
failure under single ﬁ single cyclic shear loading
Ioadlng conditions condition
Construct damage curv Conductsequential cyclic
and determine damag TMM* tests at different
exponents loading levels
N
Verificati fd Conductsequential cyclic
erification ot aamage ﬁ TMM* tests by changing the
curve approach load sequence

*Thermo-mechanical micro analyzer

Figure 24. Experimental approach to develop damageurves

3.2.1. Determination of damage exponents

The procedure to experimentally determine the damneagenents at two different
load levels by conducting sequential tests is empth (see Figure 25). Two sets of
sequential tests are required to determine the damagaents at two load levels. In
the first set of sequential testya cycles of the first load levelNg) are applied
followed by the second load levéNf) until failure. Since the damage levels at A and
B are same, the cycle ratios of the two load levelse@ested as shown in Equation
24. Considering that damage value is unity at time wf failure, the damage equation
under sequential loading (see Equation 25). In Equ&t) the damage exponents for
the two load levelsH (Ny;) andF(Nr2)) are unknown whereas the valuesgf, N,

Nsc, andNg, are obtained from sequential tests.
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Figure 25. Determination of damage exponents fromwto sets of sequential tests

Equation 24
F(N) F(N2)
Dl(nOA) - Dz(nos) l.e. _0A — 0B
Nfl Nf2
Equation 25
F(Niz) F(Nr2) F(N) F(Ny2)
1= h + Ngc — MNoa + Ngc
NfZ Nf2 Nfl Nf2

Similarly, in the second set of sequential testgffardnt number of cyclengg) of
the first load level N;) are applied followed by the second load leved)( until
failure. The damage equation under sequential loaftangthis set is given in
Equation 26. Similar to Equation 26, the damage eg&pts for the two load level§ (
(Nr1) andF(Nr)) in Equation 25 are unknown whereas the valuag©N;, nec, and
Nr, are obtained from sequential tests. Therefore, fromset® of sequential tests, the
two unknowns E (Nf1) andF(Nr2)) can be solved from the two equations (Equation

25 and Equation 26).
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Equation 26

F(NfZ) F(NfZ) F(N¢yp) F(Nfz)
l_ nOF + nFC — nOE + nFC
N, N

2 f1

where the damage exponents are functions of cyclesliioe under single loading
condition,F (Nfy) andF(Nz,)

Two sets of single level cyclic tests and two sétsequential’ tests are required
for the experimental determination of damage exponentw/@ load levels. If an
analytical relation between the load level and damexponent is developed, then
experiments are not required to be carried out for eashloed level. The damage
exponent for a third load level is determined usingphecedure explained earlier.
From three damage exponents and their correspondimp léx@ls, an analytical
relationship between the damage exponent and apdphedevel can be developed.

The three load levels were defined as load level dd level 2, and load level 3
based on the applied displacement/ISR (see FigurerB6)applied displacement/ISR
decreased from load level 1 through 3. Tests 1 thr@ughre conducted to determine
the cycles to failureN;) under standalone loading conditions. The cyclefailare
data from tests 1, 2, 4 and 5 were substituted iratimu 25 to determine the damage
exponents for load levels 1 and 2. Similarly, the eyadb failure data from tests 1, 3,
and 6 along with the harsh load level exponent walsstguted in Equation 26 to
obtain the damage exponent for the load level 3.efaitkd description of the

experimentation is provided in Chapter 4.
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Load level 1 Load level 2 Load level 3

ISR=0215 ISR=0.107 ISR=0039 Samplesize

= 1 until failure 3
() 2 until failure 3
%. 3 until failure 3
F>) 4 30% load drop==== until failure 3
8 5 60% load drop™= yntil failure 3

6 30% load drop=——) | ti] failure 3
c 7 60% load drop=———————) | Nti] failure 2
o —
k= 8  until failures== 309 load drop 1
% 9 until failure 4= 30% load drop 1
> 10 until failure <—— 300, l0ad drop 1

Figure 26. Experimental suite to determine damageuves at three load levels.

3.2.2. Damage exponent vs load level relationship

Development of an analytical relationship betweenalggrexponent and cycles to
failure (Ny) can assist in creating damage curves at various leasls without
conducting experiments for each test condition. Thaatge exponent can then be
defined as a function of strain range or inelastic istegiergy using existing solder
joint fatigue models. As the load level increasesndge accumulates at a faster rate.
From a physical standpoint, there will be consideraalmage accumulation during
the initial period of cycling at a higher load levelngpared to a lower load level. As
the load level is increased, the value of damagermmt () will tend to be closer to

1 as shown in Figure 27.
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Figure 27. Dependence of damage exponents on loagdls and life

The damage exponent will be a function of the cytdeilure (\y) which in turn
is a function of inelastic strain range or strain ggetJsing existing life prediction
analytical models like Engelmaier model, the cydesfailure in a temperature
cycling condition can be related to the inelastiaiatrange which is a function of the
applied temperature range, mean temperature, dwel| package geometry, solder
geometry and material. Thus the damage exponentbecaelated to various cycling
profile and material parameters. Similarly analytical eledike modified Basquin’s
model can used in the case to mechanical bendngyclihe use of energy based
models in conjunction with finite element analysede used to relate the life to

inelastic strain energy or total strain energy.

3.2.3. Damage mapping between load levels andtiqmses
The non-linear nature of damage curves results in norcic@nt damage curves
for different load levels and conditions. The constarctof damage curves in section
0 will enable mapping of the damage accumulated uddéerent load levels and

load types as shown in Figure 28 and Figure 29.rémaining cycles to failure under
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different load levels and conditions can therefore lenased. For instance, when
solder interconnects are subjected to 50% of damager wachperature cycling, the
equivalent damage accumulated under mechanical bgrithg can be determined
using the damage curves. Damage mapping is alsol usefstimating the remaining
useful life of an already damaged solder interconnectudiferent load levels and
load types. For instance, when solder interconneetsabjected to 50% of damage
under a particular temperature cycling profile, it canengd 50% of damage under
the same temperature cycling profile or X% of damage muadether temperature
cycling or mechanical bend profile estimated using aigencurves. The damage
mapping or equivalency relationship for two differentddavel/type is shown in
Equation 27.
Equation 27

F(Ng,)
F(Nf,)

n, = N

n
2 Nfl

where the damage exponents are functions of cyclieslioe under single loading
condition, 7 =f (Nr) and/, = f (Nr)

The non-linear nature of damage curves results in narcickeint damage curves
for different load levels and conditions. Hence, inifidid to damage mapping, the
remaining cycles to failure under a new load level tarefore be estimated for
solder interconnects. The developed damage exponerdtidn F(N;) will be
dependent on the solder material and the cycles tardaunder that loading

condition.

Remaining cycles to failure under second loading cdlition:
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n F(N¢,)
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f, 2 f, Nfl
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~ under first
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@
% \ Damage
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second load
level

Cycle ratio (r; = ni/Nfi)
Figure 28. Damage mapping for different load levels

An additional factor may be required to map damagedset temperature cycling
and cyclic mechanical bend. Since creep occurs irpeeature cycling tests in
addition to fatigue loading compared to cyclic medbanbend, the microstructures
may be at a different state. Damage mapping for diffdoat types is not studied in
this dissertation. However, the experimental methagipoldeveloped in this study

may be extended with further experimentation to inclddenage mapping under

different load types as well.
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Figure 29. Damage mapping for different load types

3.2.3. Assumptions/limitations of the approach

In single step tests, since more than one sampésstied a distribution of cycles to
failure is obtained as opposed to a single valul;oHence, a distribution has to be
assumed representing the failure mechanism and adisdn parameterNio, Nsog
or characteristic life) should be used to represent #dhgeg of cycles to failure (see
Figure 30). The distribution parameter should be selesteh that no samples have
started failing during the application of a predefinedhber of cycles under the first
load level. The same distribution parameter will biéized to represent remaining
cycles to failure under the second load level. Thecsiein of distribution parameter
will depend on the application condition in whidietsolder interconnects will be
employed. For instance, in critical applicatidds, may be the parameter of interest
since the customer/application requirements are stritngach that no failures are
acceptable. For this study, the value Ngby, Will be used for the construction of

damage curves.
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Figure 30. Damage distributions
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Chapter 4: Experimental Setup

The thermo-mechanical micro (TMM) analyzer test apparatsed in the
experimental approach has been described in the liter§28]. TMM is a custom-
built mechanical testing system for conducting isotted monotonic constitutive

tests as well as cyclic mechanical fatigue tedte Jystem is depicted in Figure 31.

Grips to position solder specimen# ‘ Linear variable differential transformer (LVDT) ‘

Miniature tension/compression load cell‘ ‘ Solid piezoelectric (PZT) stack actuator

Figure 31 (a) TMM test setup

The cyclic displacements are produced by a stackasmtuSolid piezoelectric
(PZT) stack actuator applies controlled amounts opldcement to the specimen
grips over a range of 9@ in a closed loop displacement controlled systeouth a
flexible link, a low friction linear bushing and a camting shaft. Displacements in
the solder are obtained by adjusting for load train €&$n The applied deformation
is measured and controlled using a Solartron linear blaridifferential transformer
(LVDT) spanning the specimen grips. The force is mesasusing a 445 N (100 Ib.)
capacity miniature tension/compression load cell (8teres Model 31) with a

resolution of approximately 0.1 N. A Keithley-Metrabyf®AS1802HR-DA data
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acquisition card with a 16-bit digital-to-analog amalag-to-digital converter is used
to collect test data as well as provide a contraiai¢o the PZT actuator.
Thermo-mechanical micro-scale (TMM) analyzer enablegemx@ntal testing of
solder alloy specimens with length scales similathiose seen in typical solder
interconnects. TMM has four available control schemesonduct cyclic tests: total
displacement, total deformation, inelastic deformatemmd work dissipation. For the
purpose of this dissertation, inelastic strain rangR)&ntrolled testing was carried
out in the TMM test setup since time independemdaistic (plastic) strain is the
primary cause of solder joint fatigue failure. This daalio define the load level as a
function of the ISR and therefore can be provided asirthat to the non-linear
damage model (see Figure 32). Since ISR can be estmating finite element
analysis or analytical models, there is no need teakefests for new load levels.
Also, commonly used strain range based models likiéirC@lanson can be used to
estimate ISR values which can in turn be providedragput to the proposed non-
linear damage accumulation model. The TMM test frarae been characterized

thereby enabling the estimation of strain in the sgloiat.
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Figure 32. Input and output of the proposed non-liear damage model

4.1 Test specimen

A modified notched shear specimen proposed by losipess used to conduct
shear tests in TMM (see Figure 33 and Figure 34). THdesaxperiences a
reasonably uniform stress distribution due to the 9@€mangles (see Figure 35).
Copper was used as the platen material to mimic ddeimpan actual microelectronic
device. The copper platens do not have any metadiizdayers and the solder
behavior corresponds to those on printed wiring boasith Organic Solder
Preservative (OSP) and immersion Sn pad finish. Thes@ht widths were in the
range of 180-200vim. Soldering was carried out at°80higher than the liquidus
temperature (Jer) of the solder material. In this study, SAC305 soldas used.
Therefore, the reflow temperature was set t0°@50’he specimen was originally
1.5mm thick and reduced to a thickness of approximatehm thickness after
fabrication by using standard grinding and polishingpdures. Specimens were pre-

conditioned for 100 hours at 0.8}di(K), to obtain stable microstructure and to relax
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any residual stresses from the reflow or polishing pse®sThe aging temperature
for SAC305 solder was 130.

SAC305 Solder

B

0.18-0.20 mm

S (uemmnnly

3

Figure 33. TMM test specimen

5mm Sm{
|

(12 + joint thickness) mm '

Figure 34. TMM test specimen schematic

xy Shear stress (BC-1)

Shear stress is uniform along
the length of solder with a
little increase at the edges

—-.197E+10
—.175E+10

-.153E+10
-.131E+10

-.109E+10°

Figure 35. Shear stress distribution in a TMM tesspecimen [29]
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Experimental error was minimized by following procedusesh as maintaining
consistent fabrication times and methodology and pnelitoning and pre-test
storage conditions (to minimize variations in the déiedand IMC microstructural
features), reduce misalignment of specimen relativeloadding and jigs, and
sequential screening at various stages of the mantufagtand testing to eliminate
defective specimens, to name a few. Each test speawas individually measured to
assess the state of stress as opposed to usingal@ulder joint dimensions (3mm
length x 1mm thickness x 180 um wide). Furthermorestbeage period from the end
of fabrication to start of testing was consistent acr@s specimens and less than a
week to prevent creep degradation resulting from esathl aging of the SAC
microstructure at room temperature. Microstructural imagayais was conducted
using optical microscopy and scanning electron miapg¢SEM).

The specimen was mounted on the specimen gripg @sipporting blocks and
locking wedges as shown in Figure 36 (a) and (b). Setvscwere used to place the

specimen in position.
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Locking wedge

Solder specimen

Figure 36. (a) specimen attached to the specimenigs (b) schematic of specimen

in grips (red arrow shows the direction of motion é the movable grip)

4.2 Test profiles

The maximum displacement of the TMM actuator is +k#h Multiple tests were
conducted to determine the load levels for the experisn® develop the non-linear
damage model. Load levels were finalized to obtaeximum separation of the
curves without compromising test duration. The threepeofiles are shown in Table
XI. All tests were conducted at a constant ramp o&tEOnm/s with no dwell time at
both extremes. Ramp rate ofrii/s and no dwell time were selected to minimize
creep effects during cyclic loading. The tests are coteduat room temperature to
avoid the additional effects of temperature. The esion of inelastic strain range for

each load is described in detail in Section 4.3.
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Table XI. Test profiles.

Test parameters Load level 1| Load level 2| Load lev8
Initial maximum displacement +8th +201m +10vm
Initial minimum displacement -30nm -20hm -10hm
Constant inelastic strain range 0.215 0.107 0.039

The strain ranges tested for the purpose of this diseertatre in the range for

high strain-low cycle regime of SAC305 solder. The duitgbcurves for SAC305

solder has been reported by Zhou [30] (see Figure 37).

1.LE+00 7

1.E-01

SAC

LE-02

Stram range

1.E-03

1LE-04 -

LE+00 1.E+03

1L.E+06

1.E+09

Number of eycles to failure

1L.E+12

Figure 37. S-N durability curves for SAC solder [3]

To maintain a constant ISR during testing, a cygldate criterion is used real-

time in the closed loop. The inputs from the uset tadines the initial displacement

cycle include maximum and minimum displacementspldicement ramp rates, and

upper and lower dwell times. The cycle update critersoused to determine whether
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or not to recalculate and update the control disph@ee cycle. The adjustment
calculation is the method by which the maximum am¢himum deformation
amplitudes are updated. The cycle update criteriontla@adjustment calculation is

shown in Figure 38.

Apply cyclicload based on initial
displacement input values

Check inelastic strainrange

i

Adjust maximum & minimum amplitudes

(. J).-C )

Figure 38. Adaptive inelastic strain range (ISR) cotrolled testing process
including cycle update criterion and adjustment catulation (maximum and

minimum amplitudes) [28].

Hmax/Hmin : maximum and minimum update criteria

DdvpT : LVDT displacement

a . pitch of stress-strain curve at approach to reversal

N . cycle number at which last cycle parameter updataroed

N+k: cycle number beyonN at which next parameter update check occurs

N+k+1 : cycle number using newly updated cycle parameters
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0 . initial, baseline cycle

4.3 Interpretation of raw data

The raw data output by the test controller incluttescurrent cycle, elapsed time
in seconds, the grip position in microns (from LVDiIeasurement), and the load in
Newton (from load cell). Using these raw data, agerengineering shear strain and
stress in the solder joint are calculated. Thetixaadisplacement provided by the
LVDT is the sum of the relative displacements & gips, solder, and copper platens
(see Equation 28).

Equation 28

Dd,, =Dd,. +Dd +Da

grips copper platen solder

whereDd is the displacement at respective locations. Tdraptiance of the load
train (that is, the specimen grips and the coppateps) is compensated usifGgr
(measured inmm/N) estimated using FEA analysis. The relativelesodisplacement
is then estimated as (see Equation 29):

Equation 29

I:]dsolderz I:]dLVDT- PQT

whereDd s the displacement and P is the instantaneowsrtegasured from load
cell. Engineering shear strain (see Equation 3@alsulated based on the relative
displacement values from LVDT and solder geometry.

Equation 30

g= DOyyeer _ Baivor - PCiy

h h
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whereg is the current average shear strain in the sqgtdet, d and dy are the
current and initial displacements, respectivélyis the current loadC, 1 is the load
train compliance and is the solder joint height. Engineering shearsstis estimated

from load values from the load cell and solder getmyn(see Equation 31).

Equation 31
t=+
A

wheret is the current average engineering shear stiraissthe current load ani,
is the original cross-sectional area of the sojdiei.

The dimensions of the solder joints of each specinere measured prior to
testing. An average of five solder joint height s@@ments was considered for strain

measurements (see Figure 39).

Figure 39. Solder joint height measurements
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Mukherjee and Dasgupta [29] conducted a simple dimmensional elastic-plastic
finite element analysis to determine the effectdimhensional variabilities on the
shear stress and strain distributions in the sadgecimen. Shear stress and strain
distributions were estimated using the Ramberg-0dgoodel (Equation 32):

Equation 32

where, is equivalent strain, is von-Mises stresg; is elastic Young's modulus,
K & n are the plastic Ramberg-Osgood constants for tideis considered. The
simulations with a non-linear material model showat the stress in-homogeneities
caused due to different variabilities generatedindurspecimen fabrication are
smoothed by the plastic deformation occurring im jhint. As an example, the effect

of taper on shear stress and strain is shown ur&ig0.
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Figure 40. Effect of taper on shear stress and shestrain [29]
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From the raw data engineering stress and straie wstimated for each cycle.
Five cycles were applied on each specimen to ol#tastable hysteresis loop. The
engineering stress-strain from the fifth cycle wassidered as the baseline cycle for

determining the baseline load range and strainadsee Figure 41).

30
—Cycle 1
—Cycle 2 20 |
Cycle 3
—Cycle 4
—Cycle 5 10 -

Engineering strain
! 1

-0.04 -0.03 0.02 0.03 0.04 0.05

Engineering stress

-30 -
Figure 41. Baseline cycle for the case of load ld\&

The total and inelastic strain ranges (TSR and I18R) determined by the
difference of the maximum and minimum strain valpes cycle, and the difference
of the values of strain at zero stress, respegtiiebr cases where a discrete data
point does not lie exactly upon the strain axi®g #ero-stress strain is linearly
interpolated between the two closest available paiats.

An illustration of the engineering stress-strairbéfC305 solder under load level 3
is illustrated in Figure 42. As mentioned earlite hysteresis loop of the fifth cycle

was considered as the baseline for the load amdhstange estimation, which is
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labeled as 0% load drop (blue loop) in Figure 4Be baseline stress range, total
strain range and inelastic strain range for loa@!l& were approximately 50 MPa,

0.071, and 0.035 respectively.

., TSR
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SAC305 solder

Figure 42. Hysteresis loop during inelastic straimange controlled cyclic test
(load level 3)

Load drop is defined as the ratio of the chang&d from baseline load to the
baseline load (see Equation 33). Load drop is widekd as a failure criterion for
cyclic mechanical tests since a drop in the basdbad level denotes a drop in the
load bearing capacity of the solder joint. Althousf)?o load drop is commonly used,
since our objective was to obtain maximum life dgrthe crack propagation phase
the failure of a specimen was defined as 80% |aag dfom the baseline load. A

limitation of the experimental test setup prohibitarther drop in load beyond 80%.
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Equation 33

_DP,-DP
DRy

L.D.

where P is the stress/load range.

The drop in load bearing capacity of the capacitiil 80% load drop under load
level 3 for SAC305 solder is shown in Figure 43tWthe progressive drop in load
during ISR controlled test, the applied displacenrange is constantly updated to

maintain a constant value of inelastic strain raggigng the cyclic test.

Percentage load drop 301
—0%
—20% 20 -
40%
—60%
—80% 10

Engineering strain

0.02 0.03 0.04

-0.04

=
ress (MPa)

Engineering

-30 -

Figure 43. Drop in load during constant inelastic sain range controlled test
(load level 3).
Figure 44 shows that the inelastic strain rangkeisl constant during the entire

duration of the test.
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Figure 44. Inelastic strain range during test
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Chapter 5. Load-dependent Non-Linear Damage Model

5.1 Derivation of the form of non-linear damage mod

The damage accumulation in solders was considemaogous to crack
propagation to determine the form of the non-lindamage model. In a solder
material, the microcracks nucleate and grow atdgf@n boundaries under cyclic
loading. These microcracks eventually link-up tenfoone or more macrocracks
resulting in the failure of the solder interconndé@he of the most widely used crack

propagation laws to represent macrocrack propag&i®aris’ law (see Equation 34)

[31].
Equation 34
da m
— = A(DK
dN ( )
DK = DsY+/pa

where a is the crack length, N is the applied diK is the stress intensity
factor, A and m are fitted parameters based onmagtBs is the load range, and Y is
a parameter dependent on the geometry. In thisosedhe form of the non-linear
damage model is derived from the Paris’ crack pgapan law. Integration of the
Paris’ crack equation (Equation 34) provides theber of cycles required to reach a

specific crack length (see Equation 35).

68



Equation 35

1
Apsyp )"

For the sake of simplicity, the damage due to crattiation is ignored in this step

N3

dN = da

and it is assumed that Paris’ law is valid from bleginning of load application until
failure. If the length of the crack & at ‘n" number of applied cycles, then integration
of the Paris’ law provides a relationship betwee@pli@d number of cycles and

instantaneous length of crack at cyai¥see Equation 36).

Equation 36
LU n
1 a ’?
np: m
Apsvyp) . M 4
2

0
If failure occurs when the crack length reachesritical crack length &),
integration of the Paris’ law provides the relasbip between the cycles to failure

and critical crack length (see Equation 37).

Equation 37
a.
mo
B 1 a ?
N, = — -
Apsyip)" . M g
2

For the same loading condition, dividing Equatiént¥ Equation 37 provides the

cycle ratio with respect to the cycles to failused Equation 38).
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Equation 38

+1

N3

" _(a/a)
1

-]
©
RN
+
s

Taking damag®,=a/a., the relationship between cycle ratio and damaggven

in the following form (see Equation 39):

Equation 39
n . m
p — Dp ) +1
Nf
2
n (2-m)
—
PN,
f

The total damage is defined as the damage dueadti amitiation and damage due
to crack propagation. If we assume that Paris’sitaampplicable in the crack initiation

phase, then the following form of damage equatsoobitained (see Equation 40).

Equation 40
D,=D,+D,
2
n.(2m)
D,=D + %
N
2 2 2 2
- (2-m) n(m - (2-m) -n (2m)
p=t Ty TN T, 0
N f N N
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whereDy is the initial damage and considered as craclatroh damage according
to Paris’ law. According to Paris’ lawtf is a parameter dependent on the material.
However, the dependence ofi ‘on the applied load level has been demonstrayed b
Benachaour [32] for steel specimens. Further, dena@gumulation is considered to
be a function of the applied load level to tak® iatcount the effect of load sequence.
Therefore, the exponent?® is Paris’ equation must be a function of the &apload
level. Therefore, based on the derivation from $daw the form given in Equation
41 was pursued for the non-linear damage model.

Equation 41

damageexponent damageexponent
n= ——
Nf Nf

5.2 Development of damage curves at different leaels

To experimentally develop the damage exponentgfateht load levels, a suite of
tests were carried out at single level cyclic logdconditions and sequential loading
conditions until failure. Tests at single level kkydoading condition were conducted
to determine the cycles to failure under a paréicidading condition (N. Three sets
of sequential loading tests were required to expenially determine the damage
exponents at three load levels. Tests 1 througte Zaried out to determine; ldnd
tests 4, 5, and 6 were carried out to develop dentagves. Three samples were
tested for each test condition to obtain a statit8pread on the data. Remaining tests
were carried out to validate the developed constainthe non-linear damage model.

The average cycles to failure and the standardatiewi for the single level cyclic

and sequential tests are provided in Figure 45. Jdéwerity of the applied load
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decreased from load level 1 to load level 3. Theeefthe cycles to failure for the

single level cyclic tests increased from load |evéhrough load level 3.

Average
: Load Standard|{Sample
No: Test profiles level (:‘)éci:llfrseto deviation| size
1 | Load level 1 until failure 1 338 12% 3
2 | Load level 2 until failure 2 1501 8% 3
3 | Load level 3 until failure 3 3238 19% 3
Load level 1 (until 30% load 1 119 10%
4 | drop) followed by Load level 2 3
until failure 2 1219 21%
Load level 1 (until 60% load 1 176 14%
5 | drop) followed by Load level 2 £
until failure 2 1060 10%
Load level 1 (until 30% load 1 79 18%
6 | drop) followed by Load level 3 3
until failure 3 2931 20%

Figure 45. Average cycles to failure under differentest profiles.

Equation 25 and Equation 26 were modified to ineltlie effect of damage due to
crack initiation (see Equation 42). For the purposthis dissertation the damage due
to crack initiation was assumed to 10% of the tbtalof the first applied load level.
Also, it is assumed that the applied number of &ydh the first load leveln() is
greater than that due to crack initiatiam).(In other words, it is assumed that the
crack has already initiated after the applicatibthe first load level and the crack is
in the propagation phase in the subsequent loadsleiZquation 42 and experimental
results from Figure 45 were used to develop danexgenents for load levels 1, 2,

and 3.
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Equation 42

F(Ng) F(Ngy) F(N¢,)

+ M
Nf2

The numerical values of the damage exponents fmt levels 1, 2, and 3 were
1.05, 1.76, and 2.69 respectively. The correspandmmage curves for these load
levels are shown in Figure 46. The numerical vahfedamage exponents decreased

as the load level became harsher. This followshyjeothesis described earlier in

chapter 2.

Load level 2(damage exponent = 1.769%)
1 : \- :

Load level 1 (damage exponent = 1.059%)
0.8

o
9D

Damage (D)
s

0.2r

Load level 3 (damage exponent =

| | 2,69 |22%)
0O 0.2 0.4 0.6 0.8 1

Cycle ratio (n/N;)

Figure 46. Damage curves for load levels 1, 2, aixd

5.3 Validation of non-linear model

To validate the experimentally determined damageoe&nts, tests were

conducted under a new loading condition and inns&/eequence.

73



5.3.1 Validation of damage exponents (under newitgpcondition)

Specimens were subjected to 60% load drop undehHaad level followed by
mild load level until failure. As seen in Table Xthe remaining cycles to failure
under the mild load level predicted by Miner’s rwas significantly greater than the
experimental cycles to failure. On the other hath# non-linear damage model
predictions for both specimens were close to tipeamental cycles to failures.

Table XlII. Comparison of non-linear model and Miner's rule predictions to

experimental results under new loading condition.

No. 7
Sample 7A 7B
Load level 1 (106 | Load level 1 (140
cycles) followed by| cycles) followed by
Test profiles
load level 3 until load level 3 until
failure failure
Experimental cycles to failure 950 775
Miner's rule
2222 1896
prediction
Remaining
% error 134% 145%
life under
Model prediction
second 1174 938
. (average)
loading
% error
23% 21%
(average)
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5.3.2 Validation of damage exponents (under reMesd sequence)

To demonstrate that the developed damage expomeatsalid in the reverse
loading sequence, three sets of tests were caytednedium-harsh sequence, mild-
medium sequence, and mild-harsh sequence. As egpioriTable Xlll, the non-linear

damage model accurately predicted the remainintesyto failure under the second

load level. A comparison of the non-linear modeddiction to that of Miner’s rule

showed that the non-linear model prediction hacelopercentage errors than Miner’'s

rule.

Table XlIl. Comparison of non-linear model and Miner’s rule predictions to

experimental results under reverse loading sequence

No.

8

9

10

Load level 2

(274 cycles)

Load level 3

(1522 cycles)

Load level 3

(1056 cycles)

Test profiles followed by followed by | followed by
load level 1 load level 2 load level 1
until failure until failure until failure
Experimental cycles to failure 315 1183 266
Miner’s rule
Remaining o 277 813 227
prediction
life under
% error 12% 31% 15%
second
_ Model
loading 307-327 865-1209 294-330
prediction
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No. 8 9 10
(range)
% error -26.9% to 10.8% to
-2.4% to 3.8%
(range) 2.3% 24.2%

5.4 Relationship between damage exponent and aidpkel level

The relationship between damage exponent and thikedpoad level has been
derived in Equation 40. Based on the experimen@dlyeloped damage exponents,
the numerical values of load dependent Paris’ laporent (n) is developed. A
logarithmic model (see Equation 43) provided thetbyegression fit between Paris

exponent in) and cycles to failureNy). The developed exponents are provided in

Figure 47.

damagexponent F(N, ) =

Equation 43

2

2
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Figure 47. Relationship between Paris’ law exponer{tm) and cycles of failure of

the applied load level

On the other hand, a linear model provided the begtession fit between Paris
exponent i) and cycles to failureNy) (see Equation 44). The developed exponents

are provided in Figure 48.

Equation 44

2 2

damagexponent F(N.) = =
JEXP (Ne) 2-m 2-(a’ ISR+b)
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Figure 48. Relationship between Paris’ law exponer{tm) and cycles of failure of

the applied load level

The non-linear damage model for SAC305 solder umnskguential loading

conditions (see Equation 45) is given as:

Equation 45
2 2
5 - n 2-(aln(Nf)+b)+ n- n 2- (aln(N; )+b)
" N N
f f

wheren; is the cycles to crack initiatiom, is the cycles under the applied loading
condition and\; is the cycles to failure under that load level.ddbconstantsa and
b, are dependent on the solder material and wenmasd to be 0.5134 and -2.895
respectively for SAC305 solder.

To determine the effect of the assumption thatesytb crack initiation is 10% of

the total cycles to failure, a sensitivity analysias carried. The ratios of the crack
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initiation cycles were varied from 5% to 20% anck thorresponding damage
exponents for the three load levels are shown erAlV. It was observed that the
damage exponents did not vary significantly witle tthange in crack initiation
cycles.

Table XIV. Sensitivity of damage exponents to thehange in percentage

initiation
% damage Damage exponents
initiation Load level 1 Load level 2 Load level 3
5% 1.05 1.79 271
10% 1.05 1.76 2.69
15% 1.06 1.72 2.66
20% 1.08 1.64 2.65

5.5 Physical explanation of damage curve model

In eutectic tin-lead solder, the microcracks nugleend grow at the Sn-Sn grain
boundaries and Sn-Pb phase boundaries under dgelding. These microcracks
eventually link-up to form one or more macrocracksulting in the failure of the
solder interconnect. The microstructure of a polgtalline material can be regarded
as a network of discrete interconnected elements) as phases or grains. A node
connected to its neighbor by a link replaces eabhse or grain. The lattice
approximation of a polycrystalline material intodes and links is shown in Figure
49. The presence or absence of a link represethisr ein intact or cracked grain or
interphase boundary. The microcrack growth propagats explained using

percolation theory which studies the effects ofd@n disorder. The random disorder
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includes missing links in a system, such as latiednich are either random or
ordered. In the lattice approximation of polycrylgte materials, the percolation
threshold occurs when an infinite array of missiimgs appear. The corresponding
situation in a solid saturated with microcracksmisen the microcracks link up to
form a macrocrack and is defined as conductivitc@ation. The use of percolation
theory is justified when the main source of dami@gmicrocrack nucleation at the
grain or interface boundaries. Stolkarts et alwsdthat for eutectic tin-lead solder,
the damage is primarily due to microcrack nucleatat the grain or interface

boundaries and hence percolation theory was apd&id

Figure 49. Lattice approximation of a polycrystallne material [33]

The density of microcracks increases with continegdling and percolation
theory is used to estimate the microcrack denditth@ applied number of cycles.
Failure of the solder joint occurs when the micea&rdensity reaches the percolation
threshold. In strain-controlled experiments, thecpkation threshold is characterized
by the decline in peak stress. The microcrack dgasiany cycle of fatigue loading is

directly proportional to the applied number of @glStolkarts et al. also showed that
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for eutectic tin-lead solder, the damage evolusbowed power law dependence to
the lifetime [33].

Similar to eutectic tin-lead solder, the microcmckicleate at recrystallized areas
or regions with fine grains or high density of grdioundaries in lead-free solders
[34]. Hence, the percolation theory can be appieettad-free solders to explain the
microcrack nucleation and accumulation. Wen e{Zdl] used percolation theory to
model damage evolution in eutectic Sn3.5Ag sold¢sing percolation theory a
power law relationship was established between damaad ratio of applied humber
of number to cycles to failure. This provides a $bgl explanation to the power law
equation used in the damage curve methodology.

Failure analysis was carried out on one failed ispexe from each test level to
confirm that failure was due to fatigue fracturethie SAC305 solder. The specimens
were inspected in an environmental scanning eleatnicroscope (ESEM) for the
presence of cracks. In all the inspected specin@asks were observed in the bulk
solder and continued along the solder/copper iaterf The failure site in a specimen
subjected to a sequential loading condition is showFigure 50. Locations of failure

sites for other test cases are providedARPENDIX B: Failure Analysis.
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HV WD |Mag| Det |Spot| Tilt “ - mm|Pressure | —100.0pm—

15.0 kV|[11.6 mm|500x|SSD| 5.0 |0.5 ° .3 mm | 83.0 Pa | CALCE TSFA

WD |Mag| Det |Spot| Tilt [X:-12.3 mm|Pressure —500.0pm—

\
15.0 kV|11.6 mm|100x/ SSD| 5.0 |10.5 °| Y:-6.4 mm CALCE TSFA

Figure 50. Failure site in a test specimen subjeateo load level 1 followed by
load level 3 until failure
To determine if the crack propagation was alongdtan boundaries during the
application of cyclic loading, cross polarized iraagvere taken on the samples prior
to testing. The cross polarized images were talsmguNikon Eclipse LV100POL.
The inspection of a specimen prior to applicatiéramy cyclic loading showed the
presence of large tin grains (see Figure 51). Trhgrain structure is similar to that of

the TMM test specimen reported by CuddalorepattbZasgupta [35].
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Untested sample - Nikon Eclipse LV100POL

Cu
platen

SAC305

E solder

Figure 51. Tin grains in untested SAC solder specian
The specimen shown in Figure 51 was subjected @es¢igl loading case of load
level 1 (load drop of 60%) followed by load levelutil failure. Inspection of the
failed specimen under ESEM revealed that the cpmokagation was along the tin
grain boundary and the solder interface (see Fidife Analysis revealed the

presence of significant damage of the solder nataldong the tin grain boundary.
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CALCE TSFA

2\ WD |Mag| Det |Spot Tilt [X:-6.1 mm| Pressure 1.0mm
30.0 kV.11.4 mm| 92x SSD| 3.0 0.7 ° Y:2.1 mm 0.83 mbar CALCE TSFA

Figure 52. Crack propagation along the tin grain baindary

5.6 Miner’s rule vs non-linear damage model

Based on the experimental data, a comparison olMiher’'s rule and non-linear
damage model shows that damage estimated usingrMingle may provide
reasonable results in certain cases. These cadeden

1. A milder load level followed by a harsher load leves evident from Table

XIII when a milder load level is applied followed la harsher load level, the
Miner’s rule prediction provides predictions cldsehe experimental cycles to
failure. This may be due to the fact that therenat sufficient damage
accumulated during the mild loading condition subht the life under the
harsh loading condition is affected. Therefore, thajority of the damage

occurs during the harsh load level.
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2. Minimal separation between load levels: If the ldadkels applied under in a
sequential fashion are close to each in magnittise, non-linear damage
model approximately reduces to a linear model. iRstance, when the load
levels are close to each other, the ratio of thmerical values of the damage
exponents will be approximately equal to 1. In thase, Equation 22 and
Equation 23 would reduce to Miner’s rule. Therefdviner’s rule and non-
linear damage model would provide approximately shene remaining life
predictions.

3. The magnitude of the applied load level is in tBR Irange of load level 1: The
numerical value of the damage exponent for the llea@l is close to 1.
Therefore, in such a case, the non-linear damag#gelmeduces to Miner’s

rule.

5.7 Limitations of the non-linear damage model

The developed non-linear damage model is limiteduse for cyclic loading
conditions. Cyclic loads are defined as the appboaof repeated or fluctuating
strains/stresses involving load reversals. Theegftbre proposed model is applicable
to non-cyclic loading conditions, such as monotdoading or aging conditions.

The non-linear damage model presented in this et was developed based
on material level testing under cyclic shear test room temperature. Therefore,
based on the model constants developed in thisrtié®n, the applicable load types
is limited to cyclic shear loads at room tempemturhis model considers only the
damage due to time-independent inelastic (plasti@in. In the current form, this

non-linear model does not take into account the adggmdue to time dependent
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inelastic (creep) strain. The effect of temperaturghe model constants has not been
documented in this dissertation. To broaden theedo other load types, such as
temperature cycling and mechanical bend cyclingthér testing is required. The
methodology presented in this dissertation is genernature; therefore conducting
experiments at other load types will enable theettgpment of model constants for
various other loading types. However, inclusiordamage due to creep may require
inclusion of additional parameters or even modiiaa of the form of the damage
model.

The model is developed for cyclic loading with zemean stress/strain. Therefore,
the impact of the change in mean stress/strain rats been evaluated and
characterized in the current form of the non-ling@mage equation.

The current model has been validated for SAC305¢hwis the de-facto lead-free
solder. For other solder materials, further testingy be required to develop new
model constants.

The form of the non-linear model is based on theuption that Paris’ crack
growth law is valid for cyclic shear loads undemomo temperature conditions.
Additionally, there are two assumptions that haw# been validated. First, the
damage due to crack initiation is assumed to be @D%se cycles to failure under a
particular load level. Although, it has been shadwat the damage exponents did not
vary significantly with the change in the damage d crack initiation from 5% to
20%, there is a need for accurate estimation ofcilates to crack initiation. The
damage due to crack initiation can be experimgntatletermined by

continuous/periodic monitoring of the solder speminduring cyclic loading. Second,
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for the purpose of this dissertation, it is assuried Paris’ law is valid during the
crack initiation phase since there are no existimaglels to incorporate the damage
due to crack initiation in terms of cycle ratio.

For the experimental determination of damage expisnéhere is an inherent
assumption that the damage is proportional to dhe drop. The damage exponents
and model constants are valid for the case of laréacriterion of 80% load drop.
Although 70% load drop did not significantly chartge values of damage exponents
(Appendix D), the variation in damage exponentfhiwaspect to other values of load
drop has not been quantified. Additionally, if &elient failure criterion is used, for
instance, resistance change, the damage exponaptseanmpacted.

Although the proposed non-linear model has linotadi, this dissertation provides
a general methodology to develop non-linear dantagees for solder interconnects
under sequential cyclic loading conditions. The lappility of this general

methodology needs to be tested and validated ffareint cases in future studies.

87



Chapter 6: Dissertation Contributions

The contributions of this dissertation are:

» Proposed and developed a non-linear damage modél wad-dependent
damage exponents that takes into account the segedfect under sequential
cyclic loading conditions.

— Provided an approach to experimentally determiae ldependent damage
exponents under sequential cyclic loads.

— Developed an analytical relationship between theatge exponent and the
applied load level as defined by cycles to fail(dg based on Paris’ crack
growth law.

* Validated the non-linear damage model for SAC308es0

— Determined load dependent Paris’ law exponentSA305 solder.

88



Chapter 7. Future Work

The load-dependent non-linear damage model dewlop¢his dissertation has
been validated only for SAC305 solder. The coeffits developed in the analytical
relation between damage exponent and load levaleggendent on the type of solder
material. Therefore, if the experimental approacbppsed in this dissertation is
carried out for any new solder, the material deteech coefficients can be
established.

The proposed model has been developed for highnsloay cycle loading
conditions. The validity of the model in the lowah—high cycles loading conditions
is yet to be determined. An additional extensiorthef model is to include different
load types in addition to the different load level®is may require modification of
the existing form of the non-linear model or inotus of additional coefficients to
incorporate the load type effect. For instancecdasider temperature cycling load
type, damage due to creep (time dependent ineldafitage) must be taken into
account in addition to the plastic damage (timeepehdent inelastic damage).

The proposed model assumes the damage due toinraakon to be a constant
regardless of the applied load level. However, thay not be the case in real life
scenarios. Therefore, the accuracy of the model lmeaiynproved by developing test
methodologies to monitor crack initiation and prggi@on in situ. This will enable

clear distinction of the damages due to crackatidh and propagation.
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The model developed in this dissertation is basetesting in TMM and therefore
is independent of the solder geometry. The efféatamnponent geometry may be

included to provide more practical applicabilityttee developed model.
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APPENDIX A: Analytical Relation from ExperimentaitF

An analytical relation between the damage expoaent applied load level was
developed without considering the form derived frdharis’'s law of crack
propagation. A linear form provided the best figfrest R) to the experimental data.
The form of the damage exponent is given in Equati®.

Equation 46

damagexponent F(N,)=a” N; +b

The damage exponent and cycles to failure folloe rblationship as shown in

Figure 53 and the developed power law coefficiangsprovided in Table XV.

3.2
28 - y = 0.0006x + 0.87
24 - R2=0.999

Damage exponent

0 1000 2000 3000 4000
Cycles to failure (\;)

Figure 53. Relationship between damage exponent amgcles to failure.

Table XV. Coefficients from experimental data

a b
Coefficient | 0.0006| 0.87
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APPENDIX B: Failure Analysis

HV WD [Mag| Det |Spot| Tilt |X: 8.9 mm|Pressure —100.0pm—
15.0kVI11.4 mm|500x/SSDI 5.0 0.5 °lY: 6.1 mm| 83.0 Pa CALCE TSFA

Mag | Det |Spot| Tilt |X: 8.9 mm|Pressure —500.0ym—
°lY: 7.0 mm| 83.0 Pa CALCE TSFA

Figure 54. Failure site in a test specimen subjeateao load level 2 until failure

Tilt [X: 10.2 mm|Pressure

15.0 kV[11.2 mm|100x|SSD| 5.0 |0.5 °|Y: -0.3 mm | 83.0 Pa CALCE TSFA

Figure 55. Failure site in a test specimen subjeatdo load level 1 until failure
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APPENDIX C: Load Drop for Load Levels 1, 2, and 3
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Figure 56. Average load drop under load level 1 (honds = one standard

deviation)
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Figure 57. Average load drop under load level 2 (honds = one standard

deviation)
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Load level 3
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Figure 58. Average load drop under load level 3 (honds = one standard

deviation)
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APPENDIX D: Sensitivity of Failure Criterion

In order to determine the sensitivity of the fa@ucriterion, damage exponents
were determined using a failure criterion of 70%dalrop. A comparison of 70%
and 80% load drop did not show a significant vasiain the numerical values of the

experimentally determined damage exponents (segd-5P and Table XVI).

Load level 2(damage exponent=1.91)

\
1 : : :
Loadlevel 1 (damage exponent=1.18)
0.8
Q)
.61
(@)
©
£
B4 :
0.2 —\
Loadlevel 3
(damage exponent = 2.95)
% 0.2 0.4 0.6 0.8 1

Cycleratio (n/Ny)
Figure 59. Damage exponents with a failure criterin of 70% load drop

Table XVI. Sensitivity of percentage load drop ontie developed damage

exponents
Damage exponents
% load drop
Load level 1 Load level 2 Load level 3
70% 1.18 1.91 2.95
80% 1.05 1.76 2.69
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