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 Finite Element Simulation of theTemperature Cycling Tests
 Cemal Basaran and Rumpa Chandaroy
 AbstractmdashTemperature cycling tests are commonly used in thesemiconductor industry to determine the number of cycles tofailure and to predict reliability of the solder joints in the surfacemount technology packages In this paper the thermomechanicalfatigue of Pb40Sn60 solder joint in a leadless ceramic chip carrierpackage is studied and [16] temperature cycling test is simulatedby using a finite element procedure with the disturbed stateconcept (DSC) constitutive models The progress of disturbance(damage) and the energy dissipated in the solder joint duringthermal cycling are predicted It is shown that the disturbancecriterion used follows a similar path as the energy dissipation inthe system Moreover the comparisons between the test data andthe finite element analysis show that a finite element procedureusing the DSC material models can be instrumental in reliability
 analysis and to predict the number of cycles to failure of asolder joint Furthermore the analysis gives a good picture of the progress of the failure mechanism and the disturbance in thesolder joint
 Index Termsmdash Damage mechanics electronic packaging finiteelement analysis solder joint
 I INTRODUCTION
 RELIABILITY of solder joints in surface mount tech-
 nology (SMT) microelectronics packaging is a great
 concern to packaging design engineers During its design
 life the solder joint in SMT package experiences a wide
 range of temperature variations which may vary between
 40 C and 150 C or may even be wider in automativeapplications Although a variety of mechanisms (eg vibration
 corrosion diffusion mechanical shock etc) may lead to
 solder joint failure the primary mechanisms are thermal
 stress and low-cycle strain-controlled fatigue [23] Fatigue
 failure of materials and structures is due to the initiation
 and propagation of fatigue fractures under the action of the
 repeated removal and reversal of the applied load If this load
 is produced by thermally induced stresses than thermal fatigue
 occurs [40] Fatigue damage is usually the result of stress
 concentrations caused by dislocation pileups due to inelastic
 to-and-fro slipmotion of lattice defects and due to sliding
 between grains at the boundaries The dislocation slip motion
 is caused by mechanical stresses [8]
 The connected components have different coefficients of
 thermal expansion (CTE) and different material properties
 Because of the CTE mismatch different elongation and con-
 tractions take place in the components These components
 Manuscript received January 1996 revised October 28 1996 This work was sponsored by the Department of Defense Office of Naval Research YoungInvestigator Award program
 The authors are with the Department of Civil Structural and EnvironmentalEngineering State University of New York Buffalo NY 14260 USA
 Publisher Item Identifier S 1070-9886(97)09198-1
 experience relative motions during which shear and bending
 stresses are induced on the solder joint assembly As a result
 of the temperature cycles the solder joint experiences elastic
 plastic and viscoplastic (time dependent creep or relaxation)
 deformations Eventually these deformations cause the accu-
 mulation of microcracking and damage in the solder joint
 When the damage energy exceeds the crack initiation energy
 of the material the initiation of cracks becomes inevitable
 Thermal cycling is an accepted experimental procedure for
 conducting surface mount technology package solder joint
 reliability testing under accelerated conditions [6] These
 experiments are very commonly used in the microelectronics
 industry The only information these tests provide is thenumber of temperature cycles that are needed to fail a solder
 joint The failure of the solder joint does not however give
 any information concerning what and where the problem is or
 where the damage initiated in the solder joint Furthermore the
 results of these experiments do not provide information on the
 stress distribution and microcracking zones in the joint Hence
 these tests are limited in their usefulness to understand the
 thermomechanical damage behavior of the solder joint There
 is therefore a need for a numerical analysis procedure such
 as finite element method which contains a unified constitutive
 models for materials in order to supplement the temperature
 cycling tests This nonlinear numerical analysis procedure
 would be instrumental in studying the thermomechanical dam-age mechanics of solder joints
 A number of researchers have proposed constitutive models
 to study damage mechanics of solder alloys Some of them
 are [1] [6][8] [14] [15] [19] [20] [22] [24] [26] [28]
 [30] [32][34] [36] [38] [39] [41] [42] [46] and others ldquoA
 common shortfall of these models is that most are empirical
 in nature and do not include the microstructural behavior
 that occurs in SnPb solder during thermomechanical fatiguerdquo
 Frear et al [14] It should be pointed out that most of the
 proposed constitutive models in the literature are verified by
 backpredicting the same test data that was used to obtain the
 material parameters This latter approach of curve fitting is
 not a good method to prove that the proposed model is a
 robust constitutive model based on the rules of the theory of
 plasticity [11] Moreover backpredicting the test data that was
 used to obtain the material constants usually yields an excellent
 match but when a different stress path or just a different test
 is backpredicted the results are usually less than satisfactory
 II THE DISTURBED STATE CONCEPT (DSC)
 The idea for this theory was originally proposed by Desai
 [1974] in order to characterize the behavior of the over
 1070988697$1000 983209 1997 IEEE
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 consolidated clays The Disturbed State Concept is a unified
 modeling theory for the characterization of the mechanical
 behavior of materials and interfaces This theory allows for
 the incorporation of the internal microstructural changes and
 the resulting micromechanisms in a deforming material into
 the macro-level constitutive model When a material is sub-
 jected to external excitation the material is initially in the
 relative intact state As the disturbances increase the material
 transforms from the intact state to the fully adjusted (critical)state Henceforth at any given time the material is composed
 of randomly distributed clusters of the material in the relative
 intact and in the fully adjusted states Consequently the
 observed response of the material is defined by a combination
 of the response of the intact part and the response of the fully
 adjusted part of the material
 According to the DSC due to discontinuities within the
 material it cannot be treated as though it were a continuum
 Therefore the discontinuum nature of the material should be
 taken into consideration in the constitutive model Further-
 more the material model should also take into account the
 relative strain and the material moment that take effect whenthe material is disturbed A detailed explanation of the DSC
 is given in [2] [5] and [12]
 DSC is particularly well suited to characterize thermome-
 chanical behavior of PbSn solder alloys because of the fact
 that PbSn is a two-phase material containing Pb-rich and Sn-
 rich phases [4] Lead-rich phase region has been observedto correlate strongly with strain localization [damage] and
 subsequent failure and moreover Lead-rich and Tin-reach
 phases have different stress-strain responses [14] Therefore
 having the capability to define a material with two distinct
 phases makes DSC more effective to characterize the behavior
 of materials with two phases compared to other continuum
 mechanics models where the material is considered as onephase only
 According to the DSC the equilibrium at a point is given by
 (1)
 where and are the increment of damage and the damage
 respectively is the observed incremental stress tensor
 and are the increment of stress tensor and total stress
 tensor for the intact part respectively and are the
 increment of stress tensor and total stress tensor for the fully
 adjusted part respectively
 The damage in the material can be expressed in terms of
 internal variables such as the trajectory of the inelastic strainsdensity wave velocity number of cycles experienced entropy
 and energy dissipated The progress of the disturbance in
 the material may be represented by using different functions
 Weibull type exponential function from statistical theory of
 strength [21] or a function of the energy dissipated in the
 system [5] [8] or a function of the disorder (entropy) of the
 system from statistical mechanics and thermodynamics [25]
 In this study the following function is used for the progress
 of damage
 (2)
 where and are material constants and is the trajectory
 of inelastic strain given by
 (3)
 where is the incremental deviatoric inelastic strain tensor
 Implementing the thermo elasto-viscoplastic DSC material
 model in the equilibrium equation (1) yields the following
 constitutive relationship [2](4)
 where is the incremental total strain tensor for the intact
 part and the DSC constitutive tensor is given by
 (5)
 where and are the tangential elasto-[visco]plastic
 constitutive tensor for the intact part and the fully adjusted part
 respectively is an empirical coefficient of relative motion
 between the intact part and fully adjusted part and is given
 by
 (6)
 where is the yield surface given by
 (7)
 where is the first invariant of the stress tensor is
 the second invariant of the deviatoric stress tensor is
 the atmospheric pressure is the temperature is the
 temperature dependent ultimate stress state material constantand is the hardening function with
 temperature dependent material constants The procedure for
 obtaining these material constants from experimental data is
 given in [5] It should be pointed out that all the material
 parameters in DSC models have physical meanings and each
 parameter represents certain characteristics of the material
 If we study (5) we realize that if the disturbance is not
 included the DSC constitutive model would be reduced to the
 continuum formulation If we ignore the stresses and the strain
 in the fully adjusted part the formulation reduces to Kachanov
 [1986] continuum damage model The DSC formulation also
 allows for the relative motions between the intact and fully
 adjusted parts Furthermore DSC also allows for the inclusionof the internal moment in the material because the stresses in
 the two parts are different The term may be treated as an
 implicit moment arm for the internal moment
 III VERIFICATION OF THE CONSTITUTIVE MODEL
 In order to verify the constitutive model experimental data
 reported in the literature is back predicted The test data
 used here for verification was not used to obtain the material
 constants
 The test data used is the isothermal uniaxial extension exper-
 iment results reported by Guo et al [15] The authors studied
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 Fig 1 Applied total mechanical strain versus time history
 Fig 2 Model predictions versus isothermal (25 C) uniaxial tension testdata [15]
 the isothermal (25 C) fatigue of a Pb3637Sn632Sb031
 solder under total strain-controlled tests The specimen di-
 mensions were 12 mm 12 mm 64 mm in gauge
 section The isothermal fatigue testing was performed under
 uniaxial total strain control with the total strain range upto one
 percent Fig 1 Pb40Sn60 material properties were used in
 the finite element analysis Because the test was conducted as
 a strain-controlled experiment in the finite element analysis
 displacements were prescribed Fig 2 shows comparison of isothermal (25 C) test data versus the finite element predic-
 tions for the average axial stress versus the axial strain The
 results show that the isothermal uniaxial tension behavior of
 the material is predicted well Small differences at the extreme
 points could be attributed to the fact that the material tested
 is Pb3637Sn632Sb031 but the material properties used are
 for Pb40Sn60
 IV IMPLEMENTATION IN THEFINITE ELEMENT PROCEDURE
 Implementing the above constitutive equations in the dis-
 placement based finite element method yields the following
 equilibrium equation [2]
 (8)
 where is the loadtemperature increment number and is the
 iteration number the effective constitutive matrix is given by
 (9)
 is the strain-displacement transformation matrix is
 the volume is displacement increment vector
 nodal force vector is the time step increment is thetime integration scheme coefficient is the increment of
 temperature is the coefficient of thermal expansion and
 and the viscoplastic strain rate is given by
 [28]
 (10)
 where and (0125 938) are material con-
 stants is the stress vector is the average grain size (284
 m) is the apparent activation energy (61417 joulemole)
 is the gas constant (8314 joulemole) is the absolute
 temperature is the stress exponent (1888 82) and is thesolder grain size exponent ( 3011)
 V ANALYSIS OF A LEADLESS
 CERAMIC CHIP CARRIER PACKAGE
 Hall [1984] tested an 84 IO 064 mm pitch leadless ceramic
 chip carrier which is mounted on a printed wiring board
 (FR4 polymide epoxy glass) by a Pb40Sn60 eutectic solder
 joint Solder joints in surface mount technology packages
 experience thermomechanical cycling in operating conditions
 It is desirable to determine the number of cycles required
 to fail a solder joint A few hundred cycles of 40 C to
 130 C is typically enough to cause cracks and electrical
 failures [35] Surface mount technology provides greater space
 for interconnections but is susceptible to thermal fatigue due
 to a coefficient of thermal expansion mismatch between the joined layers
 The package was subjected to temperature cycling between
 25 C and 125 C The temperature cycle versus time change
 used in this study is given in Fig 3 with the exception of
 2 hr hold time at 25 C The finite element discretization
 of the package is shown in Fig 4 Because of the symmetry
 of the structure only one-half of the system is shown In the
 finite element analysis leadless ceramic chip carrier and the
 printed wiring board are modeled as elastic materials with
 plane strain idealization and the solder joint is modeled with
 axisymmetric idealization The intact part of the solder joint
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 Fig 3 Time history of the temperature cycle [2 h hold time at 25 C notshown]
 Fig 4 Finite element mesh used for analysis
 is modeled with thermo elasto-viscoplastic with disturbance
 material model The fully adjusted part is assumed to carry
 no shear stresses but hydrostatic stresses only The following
 material parameters are used in the following analysis
 Elastic modulus ndash T C GPa [6] Pois-
 sonrsquos ratio ultimate state parameter
 hardening parametersand 0394 coefficient of thermal
 expansion fluidity parameter
 and flow function exponent 267
 Disturbance parameters 0676 and
 These material parameters are obtained from experimental data
 in the literature such as uniaxial tension data by [31] cyclic
 isothermal simple shear data by [37] creep data reported by
 [28] and uniaxial tension and creep data by [36] It should
 be emphasized that the material constants were obtained from
 different tests not from the test data that is being backpredicted
 in here It is very common in the literature to obtain material
 constants from a test data and then to back predict the same
 data The latter procedure yields very good match betweenthe test data and the prediction however it does not prove
 that the constitutive model would characterize the materialbehavior for all stress paths
 In the finite element analysis variable time step scheme is
 used and initial time increment is 0000 01 s The time step
 criteria given by [27]
 (11)
 where is a coefficient is the total strain and
 is the viscoplastic strain increment For the time increment
 Fig 5 DSC based FEM results versus test data and ABAQUS results [29]
 parameter value in the hardening range 01 to 015 and
 near collapse 001 to 0005 were found necessary [45]
 VI DISCUSSION OF THERESULTS
 The comparison of the finite element results versus the test
 data for the first temperature cycle is given in Fig 5 The
 test data for the subsequent cycles is not available in the
 literature therefore comparison is presented for the first cycle
 only Fig 5 also shows results reported by [29] for the same
 problem Pao et al [29] results are obtained by implementing
 a modified version of Knecht and Fox [22] model in ABAQUS
 finite element computer program The shear stress shown in
 the figure is the average shear stress calculated at the middle of
 the solder joint ie at the one half height The results show a
 good correlation between the experimental results and the DSC
 predictions The main difference is that the finite element withDSC material models results show 5MPa shear stress in the
 solder joint at 125 C There are a number of reasons for this
 deviation One of them is that at this temperature the solder
 is almost liquid with zero shear strength according to the test
 results however the function used to characterize the elastic
 modulus yields a shear modulus of 24 GPa Using a zero shearstrength in the finite element formulation is not numerically
 possible Another problem is that these Hall [16] experimental
 results are not used to determine the material parameters Some
 of the experiment results reported by Riemer [31] which are
 used in this study to determine the material parameters at 125
 C show that the material does carry shear at that temperature
 The qualitative trend in this finite element prediction is similarto the test results
 Fig 6 shows the response of the solder in the temperature
 cycles upto 250th cycle Fig 7 depicts the average disturbance
 progress in the solder joint versus the number of cycles
 Average disturbance in the solder joint is obtained by adding
 up disturbance values at all Gauss points and dividing the
 sum by the number of the total Gauss points in the mesh Hall
 and Sherry [17] and Pan [28] report that the solder joint failed
 at 346th temperature cycle If we study Fig 7 we realize that
 the disturbance experiences a sharp turn around 350 cycles
 This result is incompliance with the experiments
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 Fig 6 DSC based FEM results for temperature cycles 1 50 100 150 200250
 Fig 7 Average damage in the solder joint versus the number of temperaturecycles
 Fig 8 shows the accumulated energy density of the solder
 joint Accumulated energy density of the solder joint is ob-
 tained by simple summation of the energy density per cycle
 Accumulated energy density increases almost linearly up to
 350 cycles after which it starts to increase at a decreasing rate
 If we study the curve we notice that the solder accumulates
 more energy in the first 350 cycles than the next 1650 cycles
 Accumulated energy density in the first 350 cycles is about
 450 KPammmm and in the next 1650 cycles it is about 330KPammmm
 Fig 9 depicts the energy density at the solder joint versus
 the number of temperature cycles The DSC model predicts a
 sharp turn at 350th cycle Fig 10 shows the disturbance
 distribution in the solder joint at the end of the first temperature
 cycle If we study the figures we see that the upper right corner
 is the point at which the concentration of initiates indicating
 microcracking localization and crack propagation This result
 is consistent with the crack propagation sequence reported
 by [17] and [28] for a similar solder joint Eventually the
 disturbance propagates along the upper side of the solder and
 Fig 8 Accumulated energy density in the solder joint versus the numberof temperature cycles
 Fig 9 Energy density in the solder joint versus the number of temperaturecycles
 it reaches the maximum value on that side while the bottom
 side experiences relatively lower disturbance After about 350
 temperature cycles almost all solder joint elements along the
 ceramic interface has the value of 09 Thus if 09
 is assumed to be the critical value after which the completeupper side has cracked then the solder joint can be considered
 to have failed This result is consistent with the laboratory
 observed value of cycles to failure which is equal to about
 346 Furthermore the results of the analysis indicate that the
 zone with 09 only increases slightly thereby shows thata relatively stable energy dissipation has been reached after
 the failure
 The elastic modulus used in this study is taken from [6] and
 [18] There is a wide range spectrum of values reported for
 the Pb40Sn60 solder alloy room temperature elastic modulus
 Knecht and Fox [22] show that considerable variations exist
 in the published values of the elastic moduli of Pb40Sn60
 solder For example the quotes 124 GPa 148 GPa 300 GPa
 and 434 GPa have been reported for the room temperature
 (27 C) elastic modulus of Pb40Sn60 solder alloy The finite
 element analysis requires accurate material properties as input
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 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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 consolidated clays The Disturbed State Concept is a unified
 modeling theory for the characterization of the mechanical
 behavior of materials and interfaces This theory allows for
 the incorporation of the internal microstructural changes and
 the resulting micromechanisms in a deforming material into
 the macro-level constitutive model When a material is sub-
 jected to external excitation the material is initially in the
 relative intact state As the disturbances increase the material
 transforms from the intact state to the fully adjusted (critical)state Henceforth at any given time the material is composed
 of randomly distributed clusters of the material in the relative
 intact and in the fully adjusted states Consequently the
 observed response of the material is defined by a combination
 of the response of the intact part and the response of the fully
 adjusted part of the material
 According to the DSC due to discontinuities within the
 material it cannot be treated as though it were a continuum
 Therefore the discontinuum nature of the material should be
 taken into consideration in the constitutive model Further-
 more the material model should also take into account the
 relative strain and the material moment that take effect whenthe material is disturbed A detailed explanation of the DSC
 is given in [2] [5] and [12]
 DSC is particularly well suited to characterize thermome-
 chanical behavior of PbSn solder alloys because of the fact
 that PbSn is a two-phase material containing Pb-rich and Sn-
 rich phases [4] Lead-rich phase region has been observedto correlate strongly with strain localization [damage] and
 subsequent failure and moreover Lead-rich and Tin-reach
 phases have different stress-strain responses [14] Therefore
 having the capability to define a material with two distinct
 phases makes DSC more effective to characterize the behavior
 of materials with two phases compared to other continuum
 mechanics models where the material is considered as onephase only
 According to the DSC the equilibrium at a point is given by
 (1)
 where and are the increment of damage and the damage
 respectively is the observed incremental stress tensor
 and are the increment of stress tensor and total stress
 tensor for the intact part respectively and are the
 increment of stress tensor and total stress tensor for the fully
 adjusted part respectively
 The damage in the material can be expressed in terms of
 internal variables such as the trajectory of the inelastic strainsdensity wave velocity number of cycles experienced entropy
 and energy dissipated The progress of the disturbance in
 the material may be represented by using different functions
 Weibull type exponential function from statistical theory of
 strength [21] or a function of the energy dissipated in the
 system [5] [8] or a function of the disorder (entropy) of the
 system from statistical mechanics and thermodynamics [25]
 In this study the following function is used for the progress
 of damage
 (2)
 where and are material constants and is the trajectory
 of inelastic strain given by
 (3)
 where is the incremental deviatoric inelastic strain tensor
 Implementing the thermo elasto-viscoplastic DSC material
 model in the equilibrium equation (1) yields the following
 constitutive relationship [2](4)
 where is the incremental total strain tensor for the intact
 part and the DSC constitutive tensor is given by
 (5)
 where and are the tangential elasto-[visco]plastic
 constitutive tensor for the intact part and the fully adjusted part
 respectively is an empirical coefficient of relative motion
 between the intact part and fully adjusted part and is given
 by
 (6)
 where is the yield surface given by
 (7)
 where is the first invariant of the stress tensor is
 the second invariant of the deviatoric stress tensor is
 the atmospheric pressure is the temperature is the
 temperature dependent ultimate stress state material constantand is the hardening function with
 temperature dependent material constants The procedure for
 obtaining these material constants from experimental data is
 given in [5] It should be pointed out that all the material
 parameters in DSC models have physical meanings and each
 parameter represents certain characteristics of the material
 If we study (5) we realize that if the disturbance is not
 included the DSC constitutive model would be reduced to the
 continuum formulation If we ignore the stresses and the strain
 in the fully adjusted part the formulation reduces to Kachanov
 [1986] continuum damage model The DSC formulation also
 allows for the relative motions between the intact and fully
 adjusted parts Furthermore DSC also allows for the inclusionof the internal moment in the material because the stresses in
 the two parts are different The term may be treated as an
 implicit moment arm for the internal moment
 III VERIFICATION OF THE CONSTITUTIVE MODEL
 In order to verify the constitutive model experimental data
 reported in the literature is back predicted The test data
 used here for verification was not used to obtain the material
 constants
 The test data used is the isothermal uniaxial extension exper-
 iment results reported by Guo et al [15] The authors studied
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 Fig 1 Applied total mechanical strain versus time history
 Fig 2 Model predictions versus isothermal (25 C) uniaxial tension testdata [15]
 the isothermal (25 C) fatigue of a Pb3637Sn632Sb031
 solder under total strain-controlled tests The specimen di-
 mensions were 12 mm 12 mm 64 mm in gauge
 section The isothermal fatigue testing was performed under
 uniaxial total strain control with the total strain range upto one
 percent Fig 1 Pb40Sn60 material properties were used in
 the finite element analysis Because the test was conducted as
 a strain-controlled experiment in the finite element analysis
 displacements were prescribed Fig 2 shows comparison of isothermal (25 C) test data versus the finite element predic-
 tions for the average axial stress versus the axial strain The
 results show that the isothermal uniaxial tension behavior of
 the material is predicted well Small differences at the extreme
 points could be attributed to the fact that the material tested
 is Pb3637Sn632Sb031 but the material properties used are
 for Pb40Sn60
 IV IMPLEMENTATION IN THEFINITE ELEMENT PROCEDURE
 Implementing the above constitutive equations in the dis-
 placement based finite element method yields the following
 equilibrium equation [2]
 (8)
 where is the loadtemperature increment number and is the
 iteration number the effective constitutive matrix is given by
 (9)
 is the strain-displacement transformation matrix is
 the volume is displacement increment vector
 nodal force vector is the time step increment is thetime integration scheme coefficient is the increment of
 temperature is the coefficient of thermal expansion and
 and the viscoplastic strain rate is given by
 [28]
 (10)
 where and (0125 938) are material con-
 stants is the stress vector is the average grain size (284
 m) is the apparent activation energy (61417 joulemole)
 is the gas constant (8314 joulemole) is the absolute
 temperature is the stress exponent (1888 82) and is thesolder grain size exponent ( 3011)
 V ANALYSIS OF A LEADLESS
 CERAMIC CHIP CARRIER PACKAGE
 Hall [1984] tested an 84 IO 064 mm pitch leadless ceramic
 chip carrier which is mounted on a printed wiring board
 (FR4 polymide epoxy glass) by a Pb40Sn60 eutectic solder
 joint Solder joints in surface mount technology packages
 experience thermomechanical cycling in operating conditions
 It is desirable to determine the number of cycles required
 to fail a solder joint A few hundred cycles of 40 C to
 130 C is typically enough to cause cracks and electrical
 failures [35] Surface mount technology provides greater space
 for interconnections but is susceptible to thermal fatigue due
 to a coefficient of thermal expansion mismatch between the joined layers
 The package was subjected to temperature cycling between
 25 C and 125 C The temperature cycle versus time change
 used in this study is given in Fig 3 with the exception of
 2 hr hold time at 25 C The finite element discretization
 of the package is shown in Fig 4 Because of the symmetry
 of the structure only one-half of the system is shown In the
 finite element analysis leadless ceramic chip carrier and the
 printed wiring board are modeled as elastic materials with
 plane strain idealization and the solder joint is modeled with
 axisymmetric idealization The intact part of the solder joint
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 Fig 3 Time history of the temperature cycle [2 h hold time at 25 C notshown]
 Fig 4 Finite element mesh used for analysis
 is modeled with thermo elasto-viscoplastic with disturbance
 material model The fully adjusted part is assumed to carry
 no shear stresses but hydrostatic stresses only The following
 material parameters are used in the following analysis
 Elastic modulus ndash T C GPa [6] Pois-
 sonrsquos ratio ultimate state parameter
 hardening parametersand 0394 coefficient of thermal
 expansion fluidity parameter
 and flow function exponent 267
 Disturbance parameters 0676 and
 These material parameters are obtained from experimental data
 in the literature such as uniaxial tension data by [31] cyclic
 isothermal simple shear data by [37] creep data reported by
 [28] and uniaxial tension and creep data by [36] It should
 be emphasized that the material constants were obtained from
 different tests not from the test data that is being backpredicted
 in here It is very common in the literature to obtain material
 constants from a test data and then to back predict the same
 data The latter procedure yields very good match betweenthe test data and the prediction however it does not prove
 that the constitutive model would characterize the materialbehavior for all stress paths
 In the finite element analysis variable time step scheme is
 used and initial time increment is 0000 01 s The time step
 criteria given by [27]
 (11)
 where is a coefficient is the total strain and
 is the viscoplastic strain increment For the time increment
 Fig 5 DSC based FEM results versus test data and ABAQUS results [29]
 parameter value in the hardening range 01 to 015 and
 near collapse 001 to 0005 were found necessary [45]
 VI DISCUSSION OF THERESULTS
 The comparison of the finite element results versus the test
 data for the first temperature cycle is given in Fig 5 The
 test data for the subsequent cycles is not available in the
 literature therefore comparison is presented for the first cycle
 only Fig 5 also shows results reported by [29] for the same
 problem Pao et al [29] results are obtained by implementing
 a modified version of Knecht and Fox [22] model in ABAQUS
 finite element computer program The shear stress shown in
 the figure is the average shear stress calculated at the middle of
 the solder joint ie at the one half height The results show a
 good correlation between the experimental results and the DSC
 predictions The main difference is that the finite element withDSC material models results show 5MPa shear stress in the
 solder joint at 125 C There are a number of reasons for this
 deviation One of them is that at this temperature the solder
 is almost liquid with zero shear strength according to the test
 results however the function used to characterize the elastic
 modulus yields a shear modulus of 24 GPa Using a zero shearstrength in the finite element formulation is not numerically
 possible Another problem is that these Hall [16] experimental
 results are not used to determine the material parameters Some
 of the experiment results reported by Riemer [31] which are
 used in this study to determine the material parameters at 125
 C show that the material does carry shear at that temperature
 The qualitative trend in this finite element prediction is similarto the test results
 Fig 6 shows the response of the solder in the temperature
 cycles upto 250th cycle Fig 7 depicts the average disturbance
 progress in the solder joint versus the number of cycles
 Average disturbance in the solder joint is obtained by adding
 up disturbance values at all Gauss points and dividing the
 sum by the number of the total Gauss points in the mesh Hall
 and Sherry [17] and Pan [28] report that the solder joint failed
 at 346th temperature cycle If we study Fig 7 we realize that
 the disturbance experiences a sharp turn around 350 cycles
 This result is incompliance with the experiments
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 Fig 6 DSC based FEM results for temperature cycles 1 50 100 150 200250
 Fig 7 Average damage in the solder joint versus the number of temperaturecycles
 Fig 8 shows the accumulated energy density of the solder
 joint Accumulated energy density of the solder joint is ob-
 tained by simple summation of the energy density per cycle
 Accumulated energy density increases almost linearly up to
 350 cycles after which it starts to increase at a decreasing rate
 If we study the curve we notice that the solder accumulates
 more energy in the first 350 cycles than the next 1650 cycles
 Accumulated energy density in the first 350 cycles is about
 450 KPammmm and in the next 1650 cycles it is about 330KPammmm
 Fig 9 depicts the energy density at the solder joint versus
 the number of temperature cycles The DSC model predicts a
 sharp turn at 350th cycle Fig 10 shows the disturbance
 distribution in the solder joint at the end of the first temperature
 cycle If we study the figures we see that the upper right corner
 is the point at which the concentration of initiates indicating
 microcracking localization and crack propagation This result
 is consistent with the crack propagation sequence reported
 by [17] and [28] for a similar solder joint Eventually the
 disturbance propagates along the upper side of the solder and
 Fig 8 Accumulated energy density in the solder joint versus the numberof temperature cycles
 Fig 9 Energy density in the solder joint versus the number of temperaturecycles
 it reaches the maximum value on that side while the bottom
 side experiences relatively lower disturbance After about 350
 temperature cycles almost all solder joint elements along the
 ceramic interface has the value of 09 Thus if 09
 is assumed to be the critical value after which the completeupper side has cracked then the solder joint can be considered
 to have failed This result is consistent with the laboratory
 observed value of cycles to failure which is equal to about
 346 Furthermore the results of the analysis indicate that the
 zone with 09 only increases slightly thereby shows thata relatively stable energy dissipation has been reached after
 the failure
 The elastic modulus used in this study is taken from [6] and
 [18] There is a wide range spectrum of values reported for
 the Pb40Sn60 solder alloy room temperature elastic modulus
 Knecht and Fox [22] show that considerable variations exist
 in the published values of the elastic moduli of Pb40Sn60
 solder For example the quotes 124 GPa 148 GPa 300 GPa
 and 434 GPa have been reported for the room temperature
 (27 C) elastic modulus of Pb40Sn60 solder alloy The finite
 element analysis requires accurate material properties as input
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 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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 Fig 1 Applied total mechanical strain versus time history
 Fig 2 Model predictions versus isothermal (25 C) uniaxial tension testdata [15]
 the isothermal (25 C) fatigue of a Pb3637Sn632Sb031
 solder under total strain-controlled tests The specimen di-
 mensions were 12 mm 12 mm 64 mm in gauge
 section The isothermal fatigue testing was performed under
 uniaxial total strain control with the total strain range upto one
 percent Fig 1 Pb40Sn60 material properties were used in
 the finite element analysis Because the test was conducted as
 a strain-controlled experiment in the finite element analysis
 displacements were prescribed Fig 2 shows comparison of isothermal (25 C) test data versus the finite element predic-
 tions for the average axial stress versus the axial strain The
 results show that the isothermal uniaxial tension behavior of
 the material is predicted well Small differences at the extreme
 points could be attributed to the fact that the material tested
 is Pb3637Sn632Sb031 but the material properties used are
 for Pb40Sn60
 IV IMPLEMENTATION IN THEFINITE ELEMENT PROCEDURE
 Implementing the above constitutive equations in the dis-
 placement based finite element method yields the following
 equilibrium equation [2]
 (8)
 where is the loadtemperature increment number and is the
 iteration number the effective constitutive matrix is given by
 (9)
 is the strain-displacement transformation matrix is
 the volume is displacement increment vector
 nodal force vector is the time step increment is thetime integration scheme coefficient is the increment of
 temperature is the coefficient of thermal expansion and
 and the viscoplastic strain rate is given by
 [28]
 (10)
 where and (0125 938) are material con-
 stants is the stress vector is the average grain size (284
 m) is the apparent activation energy (61417 joulemole)
 is the gas constant (8314 joulemole) is the absolute
 temperature is the stress exponent (1888 82) and is thesolder grain size exponent ( 3011)
 V ANALYSIS OF A LEADLESS
 CERAMIC CHIP CARRIER PACKAGE
 Hall [1984] tested an 84 IO 064 mm pitch leadless ceramic
 chip carrier which is mounted on a printed wiring board
 (FR4 polymide epoxy glass) by a Pb40Sn60 eutectic solder
 joint Solder joints in surface mount technology packages
 experience thermomechanical cycling in operating conditions
 It is desirable to determine the number of cycles required
 to fail a solder joint A few hundred cycles of 40 C to
 130 C is typically enough to cause cracks and electrical
 failures [35] Surface mount technology provides greater space
 for interconnections but is susceptible to thermal fatigue due
 to a coefficient of thermal expansion mismatch between the joined layers
 The package was subjected to temperature cycling between
 25 C and 125 C The temperature cycle versus time change
 used in this study is given in Fig 3 with the exception of
 2 hr hold time at 25 C The finite element discretization
 of the package is shown in Fig 4 Because of the symmetry
 of the structure only one-half of the system is shown In the
 finite element analysis leadless ceramic chip carrier and the
 printed wiring board are modeled as elastic materials with
 plane strain idealization and the solder joint is modeled with
 axisymmetric idealization The intact part of the solder joint
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 Fig 3 Time history of the temperature cycle [2 h hold time at 25 C notshown]
 Fig 4 Finite element mesh used for analysis
 is modeled with thermo elasto-viscoplastic with disturbance
 material model The fully adjusted part is assumed to carry
 no shear stresses but hydrostatic stresses only The following
 material parameters are used in the following analysis
 Elastic modulus ndash T C GPa [6] Pois-
 sonrsquos ratio ultimate state parameter
 hardening parametersand 0394 coefficient of thermal
 expansion fluidity parameter
 and flow function exponent 267
 Disturbance parameters 0676 and
 These material parameters are obtained from experimental data
 in the literature such as uniaxial tension data by [31] cyclic
 isothermal simple shear data by [37] creep data reported by
 [28] and uniaxial tension and creep data by [36] It should
 be emphasized that the material constants were obtained from
 different tests not from the test data that is being backpredicted
 in here It is very common in the literature to obtain material
 constants from a test data and then to back predict the same
 data The latter procedure yields very good match betweenthe test data and the prediction however it does not prove
 that the constitutive model would characterize the materialbehavior for all stress paths
 In the finite element analysis variable time step scheme is
 used and initial time increment is 0000 01 s The time step
 criteria given by [27]
 (11)
 where is a coefficient is the total strain and
 is the viscoplastic strain increment For the time increment
 Fig 5 DSC based FEM results versus test data and ABAQUS results [29]
 parameter value in the hardening range 01 to 015 and
 near collapse 001 to 0005 were found necessary [45]
 VI DISCUSSION OF THERESULTS
 The comparison of the finite element results versus the test
 data for the first temperature cycle is given in Fig 5 The
 test data for the subsequent cycles is not available in the
 literature therefore comparison is presented for the first cycle
 only Fig 5 also shows results reported by [29] for the same
 problem Pao et al [29] results are obtained by implementing
 a modified version of Knecht and Fox [22] model in ABAQUS
 finite element computer program The shear stress shown in
 the figure is the average shear stress calculated at the middle of
 the solder joint ie at the one half height The results show a
 good correlation between the experimental results and the DSC
 predictions The main difference is that the finite element withDSC material models results show 5MPa shear stress in the
 solder joint at 125 C There are a number of reasons for this
 deviation One of them is that at this temperature the solder
 is almost liquid with zero shear strength according to the test
 results however the function used to characterize the elastic
 modulus yields a shear modulus of 24 GPa Using a zero shearstrength in the finite element formulation is not numerically
 possible Another problem is that these Hall [16] experimental
 results are not used to determine the material parameters Some
 of the experiment results reported by Riemer [31] which are
 used in this study to determine the material parameters at 125
 C show that the material does carry shear at that temperature
 The qualitative trend in this finite element prediction is similarto the test results
 Fig 6 shows the response of the solder in the temperature
 cycles upto 250th cycle Fig 7 depicts the average disturbance
 progress in the solder joint versus the number of cycles
 Average disturbance in the solder joint is obtained by adding
 up disturbance values at all Gauss points and dividing the
 sum by the number of the total Gauss points in the mesh Hall
 and Sherry [17] and Pan [28] report that the solder joint failed
 at 346th temperature cycle If we study Fig 7 we realize that
 the disturbance experiences a sharp turn around 350 cycles
 This result is incompliance with the experiments
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 Fig 6 DSC based FEM results for temperature cycles 1 50 100 150 200250
 Fig 7 Average damage in the solder joint versus the number of temperaturecycles
 Fig 8 shows the accumulated energy density of the solder
 joint Accumulated energy density of the solder joint is ob-
 tained by simple summation of the energy density per cycle
 Accumulated energy density increases almost linearly up to
 350 cycles after which it starts to increase at a decreasing rate
 If we study the curve we notice that the solder accumulates
 more energy in the first 350 cycles than the next 1650 cycles
 Accumulated energy density in the first 350 cycles is about
 450 KPammmm and in the next 1650 cycles it is about 330KPammmm
 Fig 9 depicts the energy density at the solder joint versus
 the number of temperature cycles The DSC model predicts a
 sharp turn at 350th cycle Fig 10 shows the disturbance
 distribution in the solder joint at the end of the first temperature
 cycle If we study the figures we see that the upper right corner
 is the point at which the concentration of initiates indicating
 microcracking localization and crack propagation This result
 is consistent with the crack propagation sequence reported
 by [17] and [28] for a similar solder joint Eventually the
 disturbance propagates along the upper side of the solder and
 Fig 8 Accumulated energy density in the solder joint versus the numberof temperature cycles
 Fig 9 Energy density in the solder joint versus the number of temperaturecycles
 it reaches the maximum value on that side while the bottom
 side experiences relatively lower disturbance After about 350
 temperature cycles almost all solder joint elements along the
 ceramic interface has the value of 09 Thus if 09
 is assumed to be the critical value after which the completeupper side has cracked then the solder joint can be considered
 to have failed This result is consistent with the laboratory
 observed value of cycles to failure which is equal to about
 346 Furthermore the results of the analysis indicate that the
 zone with 09 only increases slightly thereby shows thata relatively stable energy dissipation has been reached after
 the failure
 The elastic modulus used in this study is taken from [6] and
 [18] There is a wide range spectrum of values reported for
 the Pb40Sn60 solder alloy room temperature elastic modulus
 Knecht and Fox [22] show that considerable variations exist
 in the published values of the elastic moduli of Pb40Sn60
 solder For example the quotes 124 GPa 148 GPa 300 GPa
 and 434 GPa have been reported for the room temperature
 (27 C) elastic modulus of Pb40Sn60 solder alloy The finite
 element analysis requires accurate material properties as input
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 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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 Fig 3 Time history of the temperature cycle [2 h hold time at 25 C notshown]
 Fig 4 Finite element mesh used for analysis
 is modeled with thermo elasto-viscoplastic with disturbance
 material model The fully adjusted part is assumed to carry
 no shear stresses but hydrostatic stresses only The following
 material parameters are used in the following analysis
 Elastic modulus ndash T C GPa [6] Pois-
 sonrsquos ratio ultimate state parameter
 hardening parametersand 0394 coefficient of thermal
 expansion fluidity parameter
 and flow function exponent 267
 Disturbance parameters 0676 and
 These material parameters are obtained from experimental data
 in the literature such as uniaxial tension data by [31] cyclic
 isothermal simple shear data by [37] creep data reported by
 [28] and uniaxial tension and creep data by [36] It should
 be emphasized that the material constants were obtained from
 different tests not from the test data that is being backpredicted
 in here It is very common in the literature to obtain material
 constants from a test data and then to back predict the same
 data The latter procedure yields very good match betweenthe test data and the prediction however it does not prove
 that the constitutive model would characterize the materialbehavior for all stress paths
 In the finite element analysis variable time step scheme is
 used and initial time increment is 0000 01 s The time step
 criteria given by [27]
 (11)
 where is a coefficient is the total strain and
 is the viscoplastic strain increment For the time increment
 Fig 5 DSC based FEM results versus test data and ABAQUS results [29]
 parameter value in the hardening range 01 to 015 and
 near collapse 001 to 0005 were found necessary [45]
 VI DISCUSSION OF THERESULTS
 The comparison of the finite element results versus the test
 data for the first temperature cycle is given in Fig 5 The
 test data for the subsequent cycles is not available in the
 literature therefore comparison is presented for the first cycle
 only Fig 5 also shows results reported by [29] for the same
 problem Pao et al [29] results are obtained by implementing
 a modified version of Knecht and Fox [22] model in ABAQUS
 finite element computer program The shear stress shown in
 the figure is the average shear stress calculated at the middle of
 the solder joint ie at the one half height The results show a
 good correlation between the experimental results and the DSC
 predictions The main difference is that the finite element withDSC material models results show 5MPa shear stress in the
 solder joint at 125 C There are a number of reasons for this
 deviation One of them is that at this temperature the solder
 is almost liquid with zero shear strength according to the test
 results however the function used to characterize the elastic
 modulus yields a shear modulus of 24 GPa Using a zero shearstrength in the finite element formulation is not numerically
 possible Another problem is that these Hall [16] experimental
 results are not used to determine the material parameters Some
 of the experiment results reported by Riemer [31] which are
 used in this study to determine the material parameters at 125
 C show that the material does carry shear at that temperature
 The qualitative trend in this finite element prediction is similarto the test results
 Fig 6 shows the response of the solder in the temperature
 cycles upto 250th cycle Fig 7 depicts the average disturbance
 progress in the solder joint versus the number of cycles
 Average disturbance in the solder joint is obtained by adding
 up disturbance values at all Gauss points and dividing the
 sum by the number of the total Gauss points in the mesh Hall
 and Sherry [17] and Pan [28] report that the solder joint failed
 at 346th temperature cycle If we study Fig 7 we realize that
 the disturbance experiences a sharp turn around 350 cycles
 This result is incompliance with the experiments
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 Fig 6 DSC based FEM results for temperature cycles 1 50 100 150 200250
 Fig 7 Average damage in the solder joint versus the number of temperaturecycles
 Fig 8 shows the accumulated energy density of the solder
 joint Accumulated energy density of the solder joint is ob-
 tained by simple summation of the energy density per cycle
 Accumulated energy density increases almost linearly up to
 350 cycles after which it starts to increase at a decreasing rate
 If we study the curve we notice that the solder accumulates
 more energy in the first 350 cycles than the next 1650 cycles
 Accumulated energy density in the first 350 cycles is about
 450 KPammmm and in the next 1650 cycles it is about 330KPammmm
 Fig 9 depicts the energy density at the solder joint versus
 the number of temperature cycles The DSC model predicts a
 sharp turn at 350th cycle Fig 10 shows the disturbance
 distribution in the solder joint at the end of the first temperature
 cycle If we study the figures we see that the upper right corner
 is the point at which the concentration of initiates indicating
 microcracking localization and crack propagation This result
 is consistent with the crack propagation sequence reported
 by [17] and [28] for a similar solder joint Eventually the
 disturbance propagates along the upper side of the solder and
 Fig 8 Accumulated energy density in the solder joint versus the numberof temperature cycles
 Fig 9 Energy density in the solder joint versus the number of temperaturecycles
 it reaches the maximum value on that side while the bottom
 side experiences relatively lower disturbance After about 350
 temperature cycles almost all solder joint elements along the
 ceramic interface has the value of 09 Thus if 09
 is assumed to be the critical value after which the completeupper side has cracked then the solder joint can be considered
 to have failed This result is consistent with the laboratory
 observed value of cycles to failure which is equal to about
 346 Furthermore the results of the analysis indicate that the
 zone with 09 only increases slightly thereby shows thata relatively stable energy dissipation has been reached after
 the failure
 The elastic modulus used in this study is taken from [6] and
 [18] There is a wide range spectrum of values reported for
 the Pb40Sn60 solder alloy room temperature elastic modulus
 Knecht and Fox [22] show that considerable variations exist
 in the published values of the elastic moduli of Pb40Sn60
 solder For example the quotes 124 GPa 148 GPa 300 GPa
 and 434 GPa have been reported for the room temperature
 (27 C) elastic modulus of Pb40Sn60 solder alloy The finite
 element analysis requires accurate material properties as input
  7242019 Basaran1997pdfasd asd as asd asda das
 httpslidepdfcomreaderfullbasaran1997pdfasd-asd-as-asd-asda-das 67
 BASARAN AND CHANDAROY FINITE ELEMENT SIMULATION OF THE TEMPERATURE CYCLING TESTS 535
 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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 Fig 6 DSC based FEM results for temperature cycles 1 50 100 150 200250
 Fig 7 Average damage in the solder joint versus the number of temperaturecycles
 Fig 8 shows the accumulated energy density of the solder
 joint Accumulated energy density of the solder joint is ob-
 tained by simple summation of the energy density per cycle
 Accumulated energy density increases almost linearly up to
 350 cycles after which it starts to increase at a decreasing rate
 If we study the curve we notice that the solder accumulates
 more energy in the first 350 cycles than the next 1650 cycles
 Accumulated energy density in the first 350 cycles is about
 450 KPammmm and in the next 1650 cycles it is about 330KPammmm
 Fig 9 depicts the energy density at the solder joint versus
 the number of temperature cycles The DSC model predicts a
 sharp turn at 350th cycle Fig 10 shows the disturbance
 distribution in the solder joint at the end of the first temperature
 cycle If we study the figures we see that the upper right corner
 is the point at which the concentration of initiates indicating
 microcracking localization and crack propagation This result
 is consistent with the crack propagation sequence reported
 by [17] and [28] for a similar solder joint Eventually the
 disturbance propagates along the upper side of the solder and
 Fig 8 Accumulated energy density in the solder joint versus the numberof temperature cycles
 Fig 9 Energy density in the solder joint versus the number of temperaturecycles
 it reaches the maximum value on that side while the bottom
 side experiences relatively lower disturbance After about 350
 temperature cycles almost all solder joint elements along the
 ceramic interface has the value of 09 Thus if 09
 is assumed to be the critical value after which the completeupper side has cracked then the solder joint can be considered
 to have failed This result is consistent with the laboratory
 observed value of cycles to failure which is equal to about
 346 Furthermore the results of the analysis indicate that the
 zone with 09 only increases slightly thereby shows thata relatively stable energy dissipation has been reached after
 the failure
 The elastic modulus used in this study is taken from [6] and
 [18] There is a wide range spectrum of values reported for
 the Pb40Sn60 solder alloy room temperature elastic modulus
 Knecht and Fox [22] show that considerable variations exist
 in the published values of the elastic moduli of Pb40Sn60
 solder For example the quotes 124 GPa 148 GPa 300 GPa
 and 434 GPa have been reported for the room temperature
 (27 C) elastic modulus of Pb40Sn60 solder alloy The finite
 element analysis requires accurate material properties as input
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 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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 Fig 10 Damage distribution in the solder joint at the end of the first thermalcycle
 as well as dimensions of the joint and the loading history
 But the finite element analysis results are particularly sensitive
 to the elastic modulus value The finite element method is a
 numerical analysis procedure for solving partial differential
 equations The solution converges to the exact solution of
 the partial differential equation as the discretization is refined
 for the strain hardening region of the stress-strain diagram
 In the strain-softening region it is well known that finite
 element method experiences mesh sensitivity In DSC models
 mesh sensitivity is dealt with nonlocal continuum based DSC
 average strain method where the strain is averaged over
 a characteristic length It has been demonstrated by manyresearchers such as [3] [10] [45] that FEM can successfully
 be used to solve boundary value problems if accurate material
 constants and proper constitutive models are used
 It is well known that an exact analysis with strict adherence
 to the constitutive relations of linear elasticity yields a sin-
 gularity at the intersection of the free edge with an interface
 of two dissimilar materials [43] When the material model is
 inelastic singularity does not occur because of the condition
 of consistency of the theory of plasticity [11] The condition
 of consistency requires that when the state of stress is outside
 the yield surface as in the case of a singularity it must be
 brought back to the yield surface with a return strategy Further
 discussion on this subject is given in [2]Another problem faced in obtaining the material constants
 is that most of the testing is performed on bulk solder The
 size of bulk sample is large relative to the solder joint
 Hall and Sherry [17] report that ldquoThe specimen size versus
 the microstructure size ratio effects may be importantrdquo in
 determining the mechanical behavior Bonda and Noyan [4]
 have shown that the material properties of a microscale joint
 in an actual semiconductor device is different than the large
 bulk specimen of the solder alloy
 It should be emphasized that the results obtained here are
 strictly valid for the solder configuration used in this study
 Solder joint dimensions height in particular and the solder
 material affect the reliability and the thermal fatigue life
 Discussion of this topic is outside the scope of this paper
 VII CONCLUSION
 In this paper a finite element procedure based on the
 Disturbed State Concept material models is proposed for
 the thermomechanical reliability analysis of solder joints insurface mount technology packaging It has been shown that
 the thermomechanical behavior of microelectronics packaging
 solder joints can be predicted by proper constitutive models
 Using the finite element procedure proposed herein acceler-
 ated thermal cycling tests can be simulated and the proposed
 numerical procedure can used in conjunction with the tests
 The Disturbed State Concept allows characterization of the
 material behavior to be represented in terms of two reference
 states of the material namely the relative intact and the fully
 adjusted states This feature makes DSC particularly powerful
 to characterize behavior of two phase materials such as PbSn
 alloys Furthermore the Disturbed State Concept allows us to
 have different stresses and strains in both the intact part and the
 fully adjusted parts of the material Because of the differential
 strain in the material we are able to account for the relative
 motions in the material Considering the relative motion within
 the material provides us with a more accurate characterization
 of the energy of the material than the conventional continuum
 damage mechanics models do
 The results of this research can be instrumental in making
 predictions of reliability of interconnections under thermal
 cycling stresses Material properties used in this study areobtained from experimental results published in the literature
 The experiments backpredicted were not used to obtain mate-
 rial constants Most of the time a complete description of thetest setup and conditions in which the tests were run are not
 available Therefore when the material constants are obtained
 certain assumptions are made The accurate determination of
 the material constants is crucial to the analysis since the finite
 element results are sensitive to the material parameters
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