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ABSTRACT
A new representation of engineering analysis models, termed N
product model-based analytical model¢PBAMS)

was AgP
introduced previously [Pea&nd Fulton, 1992b]. SindeBAMs c
link analysisinformation with detailed design informatiotiney ¢
enable rapid, flexible analysis in support of product design. il
This documentPart Il of two companionpapers, describes T
PBAMs of representative solder joint fatigue modelsat f
illustrate and evaluate th@BAM representation. Part | 'I_'Sj
overviewsthe PBAM representation and defines the constraint Ay

schematic notation used in this paper.
Results show that PBAMs provide rapid analysis results F

from mixed formula-based and finite element-based analysis = A(0AT)
models. In some cases different input/output combinations can T,
be run; hence, both design analysis and limited design synthesis Tes
can be supported by the same PBAM. L

h

E
1 INTRODUCTION v
A new representation of analysis models, termediuct model- a

based analytical model®®BAMS), was introduced earlifiPeak oy
and Fulton, 1992b] which automatesme analysigasks to
support product design. That paper defined generic analytical

building blocks and described amtial PBAM of Engelmaier's We
solder joint fatigue model [Engelmaier, 1983, 1989]. Q.
The formal structure and operation dhe PBAM a

representation is contained in more recent work [Peak, 1993]. Subscripts
This paper is largely extractedom that work and presents

E . ; . - pwa
solder joint fatigue case studies which evaluateildustrate the pwb
PBAM representation. The purpose of this paper (Pagnd C, S, Sj

its companion(Part 1) is toshow howthe PBAM represetation
enables automated interaction of diverse analysis models and the
product model. Part | discussi concept of "routine analysis

Nomenclature

average cycles to failure

plastic cyclic strain range

fatigue ductility exponent

fatigue ductility coefficient

mean cyclic temperature, (°C)

load frequency, (cycles/day<if < 1000)
mean cyclic solder joint temperature (°C)
solder joint shear strain range
adjustment factor

steady state thermal expansion mismatch
reference temperature

steady state temperature

length

height

Young's modulus

Poisson's ratio

coefficient of thermal expansion (CTE)
yield stress

strain hardening coefficient
component occurrenge

set of component occurrenceg; §

load yield factor

printed wiring assembly (PWA)
(bare) printed wiring board (PWB)
component, substrate/PWB, solder joint

(.9 E;, Eg, Eg)

models” and gives an introduction tihe general PBAM

1 The termcomponent occurrencemeans the usage of a component at a
specific physical location in a PW@Reak and Fulton1992b]. Itrefers
to a component-solder joint-PWB assemiBomponentrefers only to a
device of a givempart numbemhich may occur many times on a given
PWA. The unique identifiefor an occurrence is a reference designator
(e.g. R110) versus a part number (e.g. PN 99120) for a component .

representation itself. It also defines the constraoitematic
notation used later in this Part.

This paper reviews the solder joint fatigue analys@slels
by Engelmaier [1983, 1989] and Lau,a#t[1986] used as case
studies. The specifieBAMs that weredevelopedare discussed
along with representative design scenarios using these PBAMs.
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2 SOLDER JOINT FATIGUE CASE STUDIES

This sectionoverviews how to analyzeolder joint reliability
using two analysis models chosen froine literature that were
used as case studiesThe emphasis othis research is on
general method$or representing such analysis models rather
than on developing the analysis models themselves.

Determine
Solder Joint
(1) Fatigue Life

Determine

ggfgé?“ne 9 Local Solder Joint
Properties Thermomechanical State

Determine
(4) Global PWA
Thermomechanical State

9 Determine
Global PWA Thermal State

Figure 2-1 Major Steps in Solder Joint Fatigue Analysis

From a top-down viewpointhe major steps required to predict
the solder joint fatigue liféor a given component occurrence are
shown in Figure 2-1. Eacstep will now be discussedlong
with how it is carried out in the case study analysis models.

1. Determine Solder Joint Fatigue Life
The first part of this step deciding what fatigue model to use.
Since solder is a material with a relatively low melting point, its
behavior is characterized by a low yiedtress and byreep
under relatively small loads. Therefore, Engelmaier [1983, 1989]
uses thebelow modified Coffin-Mansomelation for low cycle
fatigue where the exponent, is frequencyand temperature
dependent (Step 2).

— \%
N -7

2¢; |

The strain range,As?, must be foundfrom the structure
undergoing thermal loading (St&8p. Otherfatigue models have
been proposed whichare usually more complicated and require
different/further information (e.g. in [Lau, 1991]). Thukijs
step drives what other analysis steps must be performed.

It is important to note that fatigue life prediction is a
complex process requiring knowledge abaouny factors
[Solomon in Lau,1991, p. 446] whichmay be difficult to

(2-1)

determine precisely for each PWA being designed. Furthermore,
one must be aware of the statistical nature of fatigue failures and

use fatigue life predictions resultinjom relations like the
above with caution.

2. Determine Solder Properties
Engelmaier [1983, 1989] developéide following relation for
input into the above Coffin-Manson relation:

c=-0.442- 0 0006 + 0 017H( 4 f) (2-2)

Note that some characterization tfie thermal loads is needed,
which Engelmaier provides by the following relation:

T=Ty=%QT+T+T) (2-3)

The other property is constant for soldeé\fr; 0.325

3. Determine Local Solder Joint Thermomechanical State
Since the component and board are themselves complex
assemblies of different materialene must decidow much
detail to include in the analysisodel. Modeling decisions such

as which bodies to include and what types of loads to consider
are made at the analysigstem level. Within each majbody

in the analysissystem,the level ofgeometric, material, and
behaviordetail to be considered must be determined. Similar
decisions must be mader each sub-body/regionithin a body

if it is to be further decomposed.

Analysis model representations should also suppaduct
variations that impact analysis resultd=or example, different
types of components carequire differenttypes of analysis
models (e.g. leads on leade@dmponentsmay need to be
modeled).

Given such variations, one can apprecitiat there are
several possible'good” analysis models depending on the
purpose of the analysis and theoduct values involved. One
may requiresolving simple formulasvhile anothemay involve
a complexfinite element analysis solution. The fornreay be
appropriate for early design comparisavtsile the lattermay be
better suited for detailed analysis later in the design process.

If the Coffin-Manson model isised in Step 1, then tigoal
of this step is to determine the strain range the solder joint
experiences each loaycle, As?. Therefore, some measure of
cyclic strain must be extractdtbm the thermomechanicatate
found in the analysis model. Figure 2-2 illustrates
representative analysis moddétem the literature thavary in
both regional resolution andcomplexity level. Models
designated Levels 1-4 couldll be used to determine the
thermomechanicadtate of thecomponent occurrenceThe two
models (Levels 1 and 3) usedthre case studies that fulfill this
step are described next.

Complexity

* Case Studies Region 1

PWA Warpage Model

Resolution Region 2

Component Occurence
Deformation Models

Level 4

Component

Level 3*

Level 1* Level 2

Solder Joint: PSB

A_ Component: PSB__}

T Solder Joint:

T T 1 _Solder Joint:
[Substrate/PWB: Rod | Shear Body [ Substrate/PWB: Beam | Short Beam

Substrate/PWB: PSB

Extensional Model

[Engelmaier, 1983, 1989]

Solder
Joint

Continuum Model

(PSB = Plane Strain Body)
Plane Strain Model

Substrate/PWB

Bending Model

[Mao, 1992] [Lau, et al., 1986]

Figure 2-2 Varying Levels of Thermomechanical Analysis Models

Level 1: Extensional Model [after Engelmaier, 1983, 1989]
Engelmaier developethe following relations by assuming the
solder joint is in a state of uniform shear strain (Figure 2-3).
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Figure 2-3 Level 1 Extensional Model [after Engelmaier]

At steadystate thecomponenand PWA are assumed to expand
fully and unhindered as simple rods.
primary materials dominatéhe behavior ofthe component and
PWB (modeled as homogenousdies). These dominate
materials (alumindor ceramic componentnd FR4for PWBs)
are assumed to be linear elastic (Table 2-1).

Table 2-1 Case Study Material Properties

[Engelmaier, 1983; Lau, et al., 1986]
E (psi) \Y a (in/in-°C)
Alumina 37.0e6 0.30 6.7e-6
FR4 1.6e6 0.28 15e-6
Solder 1.5e6 0.40 2le-6
y = 5000 psi,A =0.1

The following relations slightly generalize Engelmaier's
measure of worst-case distance between solder jointsou@de
more precise relations could be developed basedetailed
component geometryhut it is not clear if themodel itself
warrants such accuracy.

L = Liotal a. discrete components (2-6)

- [i2 2 i i
Le =4/ Ligar + Wiral b. rectangular chip carriers

Engelmaier bases the solder joint height on tbkowing
heuristic, wheretsoIdelrsterlcil is the thickness of the solder

stencil used to screen solder paste onto the PWB.

hsj = % tsolder stencil (2-7)

Thus, the solder joint heightould belinked to the detailed
design model ofhe actual solder stenciNotethat thisanalysis
model does not considéne effects of conformal coating or the
epoxy dot that typically secures a component if it isave
soldered.

Since it is assumed that strainuigiform in the solder joint
and that plastideformation dominatesghe strain range needed
by Step 1 is given by

Aysj =F ysj (2-8)

Ae® = Ay (2-9)

whereF is a correction factor based on experimemésults.
This factor depends othe type of solder joinper thefollowing
table (which is itself a discrete relation).

Table 2-2 Strain Range Correction Factor
Solder Joint Type | F [Engelmaier, 1989]

SMD chip | 07-1.2
castellated leadless | 0.7-1.2
columnar leadless I 1.0-15

leaded

Level 3: Plane Strain Model [after Lau, et al., 1986]
The plane straimodel(see Figure 2-2) wadeveloped by Lau,
et al. tostudy the effects of interconnection geometry on the
solder joint fatigue of a surface mount chip resistor mounted on

It is assumed that the an FR4 PWB. Since more geometdetail is considered, a

finite element-based solution is required. Solder is modeled as a
bilinear kinematic hardening materigiSASI, 1990] with
properties given in Table 2-1. Figure 2idustrates the
parameters used to model solder joint geometry.

st , fillet shape (concave, convex, straight)
Vsj, solder joint volume

Component
hg , fillet height
hy; . standoff height Solder Joint |
J PWB

Ly, , base length

Figure 2-4 Solder Joint Geometry

In the present research tfalowing extensionavere made to
the plane straiiodel to supplement Lau, et al.'s model. The
primaryintent of these extensions is to illustrate the capabilities
of the PBAM representation.

a. To demonstrate how PBAMs can support different types of
analysis modeling options, alternative models wittear
elastic solder behavior and/or rectangular solder joint
geometry are allowed.

b. Surface mount leadlessomponents beyondust chip
resistors are allowed. Hence, Edh6b is also used to
determineLC.

c. To support different component lengths, the following simple
relation was added.

Lg=15L,

d. Whenthe nonlinear soldesption is chosenthe extensional
model is used to estimathe initial load step in the finite
element analysis. The load yield factay,is thefactor by
which the thermal loadvould be scaled to causkee solder
joint stress to equal thgield stress. The details of the

(2-10)



relation that determinea are given in [Peak, 1993along
with other solution method relations and variables.
As in the extensional model, theomponentand PWB are

to global PWB warpage.
including the numerousonductive traces in #inite element
model (along withcomponentand solder joint detailsjnost

However, for realistic PWA,

considered to be homogenous bodies consisting of their dominatelikely would makethe model toolarge for solution. Ndnown

material whichare modeled with isotropic linear elastic stress-

strain behavior (Table 2-1). Though no closed equation is
known toexistfor this analysisnodel and associated variations,
it is still helpful toacknowledgethe existence of théollowing

analysis model currentlexists which considers suctffects.
Solomon[in Lau, 1991, p. 438] refers to work by othetst
determined the magnitude of PWA bending likely to occur.

To testhow global/local models could beepresented as

relations. In fact, the input/output tuples obtained by running PBAMs, an analysis model fdPWA warpage was developed

multiple FEA analyseswith different values would be discrete

conceptually in this research at ahigh-level information

relations in the truest mathematical sense [Bender and input/output level [Peak, 1993]. Only the PWA design

Williamson, 1991].
"(To.Lehe, EcVe 0o, Te,LshgEgv @1 5T g (2-11)
bsNsjs EsjV 550 5 TsjsY xy extreme s
2(To, LN, Ec Ve o Te LahgEgv X T g (2-12)
Lp.hsj,ht, Vsj, St Esjv )0 )0 y i sjs
Tsj»Y xy extreme sjd: N, ,€)

Eqgn. 2-11 is for the case of rectangular solder géametry and
linear elastic solder, while Egn. 2-12 fizr detailed geometry

(Figure 2-4) and bilinear kinematic hardening solder. Note the

inclusion of solution method parametatsn, a, e sincethey
affectthe analysis resultsl(is a measure of mesh densityis
the number of load steps, aat the convergence criteria).
Though othervariables could be included ithe above
relations (e.g., fields of deformatiostress, and strain) it is the
extreme total shear strain in the solder jo'w)&, extreme that

is of interest .

Ay :|ny extreme *j (2-13)
Though not explicitlystated, Lau and co-workers apparently
adopted theaboverelation and Egn. 2-9 (to provide input into
the Coffin-Mansonrelation) by assuming thail strainbecomes
plastic strain at steady state.

The following list summarizes thénformation required by
the plane strairmodel beyondhat needed by the extensional

model. The number of additional relations and variables is one

measure of relative model complexity, alongh whattype of

information that would be needed alongith the information
interfaces between thglobal model andhe local model (Step
3) were considered. Hence, this papentains numeric results
only for the case where warpage effects are neglected.

5. Determine Global PWA Thermal State
For the casestudy analysis modelshe goal of this step is to
determine the spatiallyaveraged componentand PWB
temperatures under the given thermal loading conditions.

Two basic types of thermal loadsre considered that are

relevant to solder joint fatigue [Engelmaier, 1989, 1983]:
A. Uniform Thermal Cycling: This load carresultfrom daily

temperaturecyclesexperienced by products in non-climate-
controlled environments such as outside or in a warehouse.
No analysis model is needed if Steps 2, 3, andlj#require
steady state conditions sincethe following equation will

hold.

T =Tg= Ty (2-14)

. Power Cycling: Turning on andoff a personal computer

everyday is perhapgke most familiar example dhis type of
load. Beforethe product is turned onthe whole PWA is
typically at a uniforntemperatureT,. After it is turned on,

a temperature difference between tt@mponentand the
PWB will typically exist, causingstrain in the solder joint
even ifthe CTEs argerfectly matched [Engelmaier, 1983].
Information about PWA electrical circuitry, thermal
properties, the enclosure thermal environment, etc.

solution methods the relations require.
* Component and PWB geometry;, L, hg

* Solder joint shapg; hg, he Vg,
* Material propertiesg, v, Eq,v 5, EgjV 5j0 50 v st s

* Initial load step estimator
* Solution method parameters;n, a, e

(collectively contained irthe PWA occurrence,wpwa) are

needed to define the thermal analysis model. fohewing
conceptual relation igpart of this modelwhich typically
would be solved approximately using a tool such as
Autotherm [MGC, 1991]).

M (To, Wpwar® o T Ts) (2-15)

The plane straimodel by Lau, eal. only considered thsteady
state thermalcycling case (from -55°C to 125°C, as in
automobile under-the-hood conditions [Engelmaier, 1989]), so
their model required no thermal analysis. In this resepoerer
cyclingwas also applied to the plane straindel by estimating
the uniform solder joint temperature as follows:

Tsj= % (Te+ T (2-16)

4. Determine Global PWA Thermomechanical State

This stepwould considetthe interaction otomponents, solder
joints, PWB board layersandconductive tracethatcould cause
the PWA to warp. The basic idea is to get warpage (out-of-plane
deformation) and in-plane deformationsom this global
warpage model arourttie component ofnterest. These values
then would be used dsoundary conditioninputs to thelocal
model of Step 3 (Figure 2-2).

Yeh, et al.[1993] andGarratt[1993] have showrhat the
copper traces on a simplifidthre PWB contribute significantly



3 SOLDER JOINT FATIGUE CASE STUDIES
This section showshow PBAMs were developed and
implemented forrepresentative analysis models described in
Section 2. Test runs with representative datasets are included.
Multiple PBAMs were developed tepresent the castudy
analysis models. Figure 3-1 (which replaces Figure 3[Béak
and Fulton, 1992b]) is afEXPRESS-G information model
showing the relationships between the$egBAMs and the
analytical building blocks thewtilize. This view is derivable
from the master views of eact’PBAM. These PBAMs
correspond withthe analysis steps in Figure 2-1 as highlighted
here in reverse step order (bottom-up).

attribute 1 N
Entity A [auoues —LENYE | pBaM | (©
I sies O[Entity € R
Entity Al EXPRESS-G
a subclass [1ISO 10303-11]
Entity = Class of Objects
PWA
Analysis
Model
J) .j. strain model (L
component Component - Strain mo pwa warpage
occurence, & Occup"ence component| Solder Joint |_model PWA
N oc i
deformation model Deformation wa Fatigue If?eaduenc f Warpage
Model P Model , | frequency. Model ()
mo
A Level 1 J) Level 3 solder fatigue
Comp. Occ. Comp. Occ. model Coffin-Manson
Extensional Plane Strain
Model Model Model
adjustment deformation
factor, F model
deformation Level 2 Level 4
del
mode Comp. Occ. Comp. Occ.
Bending Continuum
Model Model
PWA
Thermal
Interégl;l;ected Plane Strain Model
System
System Y .
Solder Joint reference Solder Joint | pwa thermal
Vibration oemeerature] - Thermomechanical
. ) Fatigue Model Fatigue Model
* Developed in Case Studies *

Figure 3-1 EXPRESS-G View of PWA Analysis Models

Ster5 The PWA Thermal Model is a PBAM that provides
component and substrate (PWB) temperatures wHaNA is
under operational (i.e., powered) loads.

Step4 The PWA Warpage Model PBAM would provide global
warpage values into tHecal deformation model of Step 3. It

LeveL 1 TheComponent Occurrence Extensional Model (a.k.a.
the Extensional Model) is a PBAMthat representsomponent
occurrence deformation behavior, whehe component and
PWB are modeled as rods. Thuthis PBAM includes the
relations in Engelmaier's modétat determine solder joint
strain under thermomechanical loadgas well as other
relations).

LeveL 3 Component Occurrence Plane Strain Model (a.k.a. the
Plane Strain Model). This PBAM performsthe sameunction
as the precedind®BAM, exceptall parts aremodeled as
bodies with plane strain behavior. Since tRBAM also
allows different solder stress-strain behaviors amadying
solder joint geometry detail, it represents a generalized
version of the strairmodel by Lau, etal. Step lbelow
discusseshow asolder joint fatiguePBAM uses these two
PBAMSs.

Step2 Solder property determination is described next.

Step1 The Solder Joint Thermomechanical Fatigue Model (SJTF
Model) is a special type dfhe Solder Joint Fatigue Model. It
wraps ancconnectshe above PBAMs tqredict solder joint
life under thermomechanical loads. It takies temperatures
from the thermaPBAM and processes theior input into the
Coffin-Manson Model which determineghe solder properties
(Step2). It also links the strain determined by either of the
above deformation PBAMs intthe Coffin-Manson fatigue
relation. Finally, the fatigue lifean be output ithe load
frequencyand component occurrencare input (with respect
to a design verification input/output viewpoint).

One challenge of representing the analysis models is
determining where to put each relation and the data it utilizes.
Generally, one should balance complexity agaigsiuping
relations that are associated withch other. Relatiorthat are
likely to be used repeatedly as a group can be broken out from an
otherwise associated larger group. One should also place
relations at thecorrect level of generality. Finally, one must
keep in mind thasome ofthe information used byhe PBAMs
also is needed by other design and analysis tasks (e.g.
component selection [Pealkd Fulton, 1992a]). Therefore, the
proper representation of thismformation to support such
heterogeneous utilization is important to a flexible and
extendible design environment.

Examples of how sucfuidelines were applied in the case
studies is included in théllowing descriptions ofthe three
major PBAMs. Supporting analytical primitives asgstems
usedfor the case studies are included in [Peak and Fulton,

was developed as an extension at a conceptual level only 1992b]. The reasoning behind the placement of each relation

[Peak, 1993] and is not included in this paper.

Step3 The Component Occurrence Deformation Model is an
abstract PBAM. Abstract meanthat one ofits subclasses
can be instantiated for use, but it cannot itself [ISO 10303-11].
Figure 3-1 shows four models wérying complexitylevel (1
through 4per Figure 2-2) that determingeformation in a
component-solder joint-PWB assembly (a component
occurrence). All four modelare subclasses of this abstract
class which was developed to capttine information these
deformation models have in common. date, theLevel 1
and 3 PBAMs have been developed as case studies

will now be discussed.

Solder Joint Thermomechanical Fatigue Model (SJTF Model)
This PBAM is capable of determining leadlessnponent solder
joint fatigue life under powercycling and elevated thermal
cycling. The Solder Joint Fatigue Model superclass contains
information that would also becommon tothe Solder Joint
Vibration Fatigue Model shown in Figure 3-1.

Figure 3-2 showshe SJTF Model in an instance view (see
Table 3-1 in Part 1) which has been annotatedhmw where a
few example equationsre represented. A boldorder
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Figure 3-2 Solder Joint Thermomechani

surrounds the constraint schematictlit PBAM, which is an
example of a complex PBAM. The analysis context specifies the
PBAM options (described below). The values in thealysis
context show how a specifexample product entity (R110) and
analysis entitiegfrequency, reference temperature, atelady
state temperaturejan be connected tthe PBAM as inputs
(indicated by the arrow directions)After that, thefatigue life,

N . is automatically determined as an output.

The major steps required in a solder joint fatigue analysis are
represented by the thresebsystems showiihermal Model (Step
5), Strain Model (Step 3),Fatigue Model (Steps 1 & 2). These
subsystems andonnectionswill be describednow from the
point of view of Figure 3-2 where fatigue life is the output. This
figure shows sample product and analysisitiesfor the case of
thermalcycling andExtensional Model usage (Case #1 - see Table
3-1).

The analysis context specifies the desitgoe of thermal
load as an option ithe SJTF Model (option category 2 in the
Figure 3-2). In the case of thernwgicling, the "switches" are in
the [2.1] position as showrand thesubsystem labeledhermal
Model is bypassed since Eqn. 2-agplies. If thepowercycling
option were selectedthe "switches"would be inthe [2.2]
position, and th&hermal Model would determinghe component
and PWB temperatures via Eqn. 2-15.

In either case th&JTF Model connectsthese temperatures
directly to theStrain Model. Since Eqn. 2-3 is specific to tB&TF
Model, it is represented as relatiof therein and transforms the
temperatures for input to thatigue Model.

This PBAM could be considered a generalized version of
Engelmaier's full fatigue model sindde subsystem labeled
Strain Model can bethe Extensional Model (as in hismodel) or the
more complexlane Strain Model. Originally theExtensional Model
and theSJTF Model were onePBAM (the PWA Two Rod Model in

cal Fatigue Model Instance View

[Peak and Fulton, 1992b]). Since determining the strain in a
solder joint is a relatively major step in the overttigue
analysis process, that originRBAM was split into the two
current PBAMs. Thissplit became even more advantageous
when the Plane Strain Model was added; otherwise, another
PBAM, e.g., aPWA Plane Strain Model, would have been needed.
Instead, the currentapproach was adopted tbomit the
complexity contained inany one PBAM and to increase
modularity. Thusthe SJTF Model has an optiorcategory to
specify the deformation model used. This situation is an
example oicomponent substitution (Table 3-1 in Part I) and is
indicated by the[1.x] label in the constraint schematic. As
indicated in the analysis context, tBetensional Model (option
1.1) is used in this particular instance view.

The Strain Model determines the solder joint strain range,
Ay Note that theSJTF Model connectsthis variable to the

Fatigue Model by representing Eqn. 2-9 as a simple equality
relation (a solid line). TheFatigue Model then uses the
frequencyf, to finally determine the fatigue lif¢y, .

Eqgn. 2-1 is captured as a relation in Goffin-Manson Model
class which can be usddr applications othethan just solder
joint fatigue. AcCoffin-Manson Model can be associated with all
materialsfor which it is applicable. Since Eqn. 2-2 and the
value forg, arespecific to 60%Sn-40%Pb and eutectic solder,

they are stored in representations of those soldefsother
PBAM could be developed tarap thegeneric Coffin-Manson

Model, just as theLevel 1 and 3 models wrapheir generic
analytical systems; howevehe small number afonnections to
the Fatigue Model did not seem to warrant an extra PBAM.
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Figure 3-3 Extensional Model Instance View

Component Occurrence Extensional Model (Level 1)

Figure 3-3 gives an instance view tbis simplePBAM which
uses thelnterconnected Rods System given in Part | as its
Deformation Model subsystem. Basicallyhe PBAM connects
product variables in aomponent occurrenge.g. R110) to the
analytical variables in the generiterconnected Rods System.

For example, Egn 2-6 is representedhia constrainschematic

as labeled in the figure. Eqn. 2-7 is represented similarly as
indicated. Thecomponent occurrencis askedfor the solder
stencil thickness since it wouldhow the manufacturing process
from which torequest the desireisiformation; however, since
such manufacturing objectare not supported in the current
implementation, the solder stencil thickness is a variable in the
Component Occurrence class.

The Interconnected Rods System contains generic deformation
relations in itsconstraint schematic (see Egns. 3-1 & 3-2 and
Figure 3-4 in Partl). The PBAM performsthe semantic
mappings fronthe application-specific relations (Egns. 2-4 & 2-
5) into these generic relations. For examplés mapped tar;.
Since analytical systemare "generic" componentghat can be
used bymanydifferent PBAMSs,this PBAM usesonly some of
the capabilities contained in tHaterconnected Rods System.

the adjustment factor, F, is experimentally determined
specifically forthis model (Table 2-2), it is contained in the
scope of this PBAM.

Component Occurrence Plane Strain Model (Level 3)

The constraint schematfor this PBAM is given in Figure 3-4.
Its subsystem, &lane Strain Bodies System, is analogous to the
Interconnected Rods System in the Extensional Model. It is this
subsystenthat contains the relations requiringEA solutions
(Eqgns. 2-11 & 2-12).

Solder joint geometry variation is supported as option
category 1(as indicated by the switches in the figure), while
category 2 is fothe solder stress-stramodel option. Note also
the use of theExtensional Model as theload Step Estimator
subsystem wherthe nonlinear soldemodel option, [2.2], is
chosen. Other relatiorere represented in a manner similar to
that used in th&xtensional Model.

3.2 Implementation of Case Study PBAMs

It is important to note that tHeBAM representation of given
analysis modelthe constraint schematic and other views) is
itself largely independent of the implementation form. However,
implementing PBAMs using objectnd constraints appears to

The material properties come from the component occurrence viabe the most natural form.

product-analysis transformations contained tie Extensional
Model.

Eqn. 2-8 changethe shear strain into shear strain range as
represented by the scale &fs®t relationand the absolutealue
relation shown inseries. This equation is an example of an
analysis-analysis transformation fime Extensional Model. Since

The PBAM data structure can be mapped very closely into an
object-oriented language, as is true with the offreduct and
analytical entities [Peak and Fultod992b]. To implement
relations as constraints, thprototype CAD/E framework
described in the preceding paper was extended with an existing
class library of general purpose constraiftam ThingLabll
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Figure 3-4 Plane Strain Model Constraint Schematic

[Maloney, 1991]. Inthis researchsome relations were
implemented both with and without constraints [Peak, 1993].
Implementing relations requiring

amongvariables in the analysisan be captured in analytical
system object¢e.g., thePlane Strain Bodies System in Figure 3-
4). In this research parameteriZ&dSYS FRer/ modeldSASI,

finite element-based
solutions is just agasy as implementing formula-based ones 2.
from a purelyconstraint definition point of view. Relations

(pre-constraint concept) singléO alternativeform (i.e., it
only goes inthe direction of determining fatigue life as the
output).

manually supplyingnput to a parameterizedn&ys Prep7
file. The automatic creation and executionttut file from
the Plane StraifBAM would involve a procedurgmilar to
that used in the linear cases.

1990] were developed for this generic system (that could be used3. A "black box" thermal model containing a fewypical

by applications other than solder joint fatigue).

parameters, number of load steps, etc. if desimaoldld be

With this
approach, each RBP7 parameter (including mesh density

datasets was developéice., the thermahlnalysis to obtain
component and PWB temperatures was not actually
performed in this system). Representative temperafues

Nonlinear Cases #4 and #14 in Table 3-1 were run by

related to variables in the constraint (but not necessarily with a
1:1 correspondence).
A method would be referenced in the constraint creation code

Engelmaier [1983, 1989] were used.

4. The Ausys results retrieval link parses the results file to

(similar to above) for eachdesired output possibility. Each
method can be implemented tine analyticalsystem classhat
requires the finite element solutionBasically such methods
transform the analyticasystem variables intthe parameters
needed by th&ANSYS RRer/ file (or equivalent). Then that file
is automatically created and submittémt solution until the
result comes backand is returned by thenethod to the
constraint.

constraint graph. This can be dofw,example, by relaxing the
relation until all its inputs have settled.
Before discussingesultsfrom actual test runs, thellowing

implementation limitations should be noted (along with CAD

framework limits given in [Peak, 1993; Peaknd Fulton,
1992hb)).

1. Only the Extensional Model has been implemented using

constraints, while thBlane Strain Model remains in an earlier

extractonly the stress and strain extrema in the solder joint.

Thus, the constraint views a finite-element relation
the same aanyother relation. Practically, however, one should
prevent the relationfrom reacting to every change in the

If desired, the full Aisys results filecould be loaded and
stored as STEPEA entities[ISO 10303-104] as previously
demonstrated [Yeh, et al., 1991; Yeh, 1992].

3.3 Representative Design and Analysis Scenarios

Design Verification Scenario

With these limits in mind, a waltrough of howthesePBAMs

actually run will now be given. Figure 3ifustrates theoverall

process from a softwarnd hardware implementation point of
view. Thefollowing describesthe execution of each step to
support a typical design/analysis scenario.

1. As discussed in Part I, a designer ideailguld like to
perform design verification checks #ise designevolves.
Here it is assumed that tkemponentsre being laicbut on
a PWAusing a toolike BoardStation by Mentor Graphics.
To check the solder joint reliability on thisPWA, the
designer selects @BAM to use and specifiesvhich
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Figure 3-5 Implementation of PBAM Case Studies

components to check. TharesentPWA layout could be
automatically transferred tthe commondatabase where the
PWA object and relatedomponent objects have access to
their other attributes thamay not be used by Mentor
Graphics (e.g., material properties and detagedmetry).
The remaining steps are functional in the prototype.

2. To keep the figurérom becoming even momduttered, it is
assumed thatnly the extreme solder joint shear streamge
is to be determined (sanly the Level 1 and 3PBAMs for
this purpose are shown)Effectively the designer is the
analysis context ithis scenario. He or stean specify the
temperature conditiongor the analysis andchoose the
component occurrence),, to be checked. Assuming the
Plane Strain Model PBAM is selected, optionfor geometric
and material detaitan be specified. Finallyhe designer
tells the PBAM which 1/0 combination tause to get the
maximum shear strain as output. No further user intervention
is required.

3. With theaboveinputs, theLevel 3 PBAM is ready to go. It
instantiates @lane Strain Body System and supplies it with
needed data extracted and transforrfreth the component
occurrenceand temperature inputs (Figure 3-4). Then the
PBAM asks thissubsystem fothe maximum sheastrain in
its interface body (the subsystem does not knothat the
interfacebody is asolder joint - thePBAM keeps track of
that).

4. The subsystem knowthat it needs to get the requested
answer via a finite element solution, so it creates msyA
PrepP/ input file [SASI, 1990] byfilling in the appropriate
blanks in a parameterized template.
results to the Asvysinterfacer.

5. This interfacer in turn transfers the file to a remeX and
tells ANsysto process the file.

6. The mesh generation, solution, and final respiltEessing
are performed bythe Ansys Prer7, solver, and &stl
modules respectively. At the expense of increased

It then passes the

processingtime, these phases can be displayed via X
Windows if desired.

7. When Asys is done, the Asys interfacer retrieves the
results.

8. After reading irthe file, the interfacer calls ann&ys parser
to extract out the needed results (stress extrema in the linear
solder case and total strain extrema in the nonlinear case).

9. The Plane Strain Bodies System gives the result requested
(extreme strain ifbody 3) tothe PBAM (after transforming
the stress into strain, in the linear case).

10. Finally, thePBAM takes the absolute value of the result
(Egn. 2-13) sincestrain range was requested agides the
final result to the analysis context.

Thus, thisPBAM implementation fully automatetbe creation,

execution, and result$eedback of a representative finite-

element-based routine analysis model. The Level 1 Extensional

PBAM is formula-based, sthe constraintsolver handles the

relations in the constraint-based implementation. The earlier

implementation without constraints [Peak and Fulton, 1992b]
captures the relations iane-way methods. Conceivably one
could forgo a constraint-based implementation; however,
multidirectional interaction ofmany relations would become
more complicated and inflexible (knowledge and cortiemome
intertwined).

Sample Results

Table 3-1 summarizes resuftem test runs using representative
datasets. All cases ithis table weredone from a design
verification perspective where reliability (fatigue life) was the
product aspect being verified.

Some variations (geometriand material transformations)
within the Plane Strain Model (Level 3)are included illustrating
PBAM flexibility. Also two types of thermal loads are
supported (ThermaCycling and PowelCycling), demonstrating
the use of PBAM Options.

Figures 3-6 and 3-7 illustrate representative redidta the
case study scenarios. Figure 3-6 shows Case #62 where the

rectangular solder joingeometry optionwas selected. The
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f v =1
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*XF  =0.395
*YF =0.115
0
% 0.781E-04
0.156E-03
0.234E-03
0.312E-03
= 0.391E-03
H (- 0.469E-03
E g 0-5478-03
B 0.625E-03
0.703E-03
PWB
Case #62 — LCCC—52 under power cycling load

Figure 3-6 Deformations with Rectangular Geometry Option



Table 3-1 Solder Joint Fatigue Case Study Results

SJTF Model Options Level 1 Level 3
Strain PBAM Extensional Model Plane Strain Model
T A o Solder Joint
[ Component (PSB), Tc_} (PSB)
'\ [ Substrate/PWB (PSB) Ts ]
Deformed State (PSB = Plane Strain Body)
Solder Model Viscoplastic Nonlinear
Solder Model Linear Solder Model Solder Model*
Solder Joint Geometr 1D Rectangular Detailed Detailed
Solder Joint Solder Joint Solder Joint Solder Joint
Scenario Aysj(strain) Nf (cycles) Aysj Nf Aij ‘ Nf Aij Nf
Thermal Cycling (hsj=0.005", 0.062" FR4 PWB[=-55 to +125°C, f=1 cycle/day)
. #1 #2 #3 o=
1206 Resistor 0.0233 799  0.0270 578  0.0098 5422  0.0119 3536
#51 #52
LCCe-52 0.1716 9| 0.0483 159
Power Cycling (hsj=0.010", 0.062" FR4 PWB @ 88, To=20°C, f=1 cycle/day)
. _ #11 #12 #13 #14
1206 Resistor] =89°C 0.0043| 25062 0.0088 5467 0.0036| 36444 0.0025| 77105
_ **H61 #62
LCCC-52,T=96°C 0.0293 399 0.0167 1347

* Not integrated in prototype (manually createdsAs file).

LCCC = leadless ceramic chip carrier

Published results: *A(aAT)= 511 ppm (exact match) [Engelmaier, 1983]
Fkk Dy = 0.0143, N; > 2000 cycles (analysisNf > 885 cycles (experiment) [Figures 7 and 16 by Lau, et al. 1986]

detailed solder joingeometry optiorwas selected in Case #3 as
shown in Figure 3-7 (which is lanear version of Figures 7 and

16 by Lau, et al. [1986]).

Parametric Study / Design Synthesis Scenario
Table 3-2 givesesultsfor the constraint implementation of the
Extensional Model. The output variable was changfdm the
following baseline values used in Case #11. Tipe of 1/O

Solder Joint

SEP 21, 1993
10:13:27
POSTL STRESS
STEP=1

ITER=1

SXY  (AVG)

*DIST=0.02179
*¥XF  =0.069389

Case #3 - 1206 Resistor under -55 to 125C cyclic load

Figure 3-7 Shear Stress in Detailed Solder Joint

10

combination variation woulccommonly beencountered in a
"what if* design scenario wherthe designeknows the target
life the solder joint must meet and wants to see dwors can

be changed to achietkeat target life (e.g., solder joint height or
PWB material properties). Thus, the target life becomes an
input to the analysis (e.g., 20,000 or 40,08@&les) and the
parameter allowed to vary becomes the output.

Baseline Parameters

PBAM: SJTF Model & Extensional Model (Level 1)
Conditions: Power CyclingT,=20°C, f =1 cycle/day
PWA: PN 95415
Component Occurrence:R109, 1206 SMD resistor,

PN 99120/ = 0.1250, = 6.7E-6 (in/in)iC, T, = 89C
PWB: PN 99120, FR4, 0.062" thickg = 15.0E-6 (in/in)/C,

T4=88C
Solder Joint: 60Sn 40Pb soldehsj =0.010"

As could be expectedesultsshowthat an increased fatigue life
can be achieved by increasitigg solder joint heighthg;. For
example, Case #11.h.b determined that the solder joint height
should be 0.012" to achieve a desired life of 40,89€les.
Alternately, an increased fatigue life can be achievatiisicase

by selecting PWB materials with lower CTigs;,



Table 3-2Parametric Variation Using Constraint Implementation

Variation N; (cycles) | hg; (in) ag ((inf/in)/°C)
#11.baseline| 25062 0.010 15.0e-6
#11.h.a 20000 0.009 15.0e-6
#11.h.b 40000 0.012 15.0e-6
#lloga 20000 0.010 15.9e-6
#110gb 40000 0.010 13.4e-6

Bold indicates output (result) for given variation on Case #11

If solder joint height is the desired output, the analysis result
potentially can directly changthe design due to the simple
product-analysis transformation involved this case (where
solder joint height is assumed to be proportional to the thickness
of the stencil used during manufacture). However, éeza not
just any stencil thickness can be chosen as¢bmge instandard
sizes. Also too thick of a stencil can cause solder bridging during
manufacture.

Thus, thefocushas been on getting the analysis rebaltk
to the point where ittould be considered alongith other
variables in a design decision. Furthermarece that design
decision has been madés impact can be rapidly accessed by
re-running the same PBAM in different direction.

4 DISCUSSION
Strengths
1. Using theSJTF Model with thePlane Strain Model option shows
how a PBAMenables interaction of formula-based and finite
element-based analysis models. In tmelerlying constraint
graph, the relations that tRéne Strain Bodies System contains
are treated aany other relation. The fadhat the relations
require a finite element analysis solution is immaterial with
respect to the structure of ti BAM. The interaction ofhis
analysis model with other modelstime SJITF Model constraint
graph that have different solution methods naturally follows.

. The parametric study example demonstrateg PBAMs can
enable multidirectional analysis. Thus, analysis models
interact in different directions, and "what if" design scenarios
can be supported.

. Obtaining fatigue life from the SJTF Model using the
Extensional Model option takedess than dew seconds, while
using thePlane Strain Model option requires aroundour

minutes (depending on network and machine loads as well as5. All

selected options). Even witihe Plane Strain Model option,
only a few pecent of the total time is spent creating the
ANnsys Prep/ file and using the~EA results in theCoffin-
Manson Model [Peak, 1993]. Hence, in these caB&AMs
provide relatively rapid analysiseesults where the speed is
limited by the solution procedure rather than imodel
creation.

ThePlane Strain Model options (different stress-strain models
andvarying geometricletail) demonstrataow PBAMs allow
flexibility in analysis model complexity.

5. The analysis results in Table 3-1 re-emphasize the need to

check solder joint reliability since fatigue poses a potentially
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significant problem. Thus, performing such analyses
frequently and rapidly during design (whi€iBAMs enable)
is helpful, if not essential.

Issues

1.

2.

4.

Forthe samephysical situationthe analysis results (Table 3-
1) given by modelswith different optionsvary quite a bit
(e.g., N; in Cases #51 and #52 differs by an order of

magnitude). These discrepancies call into question how
appropriate the analysimodel optionsare. However, these
analysis models and added optiestdl serve theirpurpose
with respect to this research because thairety of features
demonstrates the flexibility of tHreBAM representation. The
fact that aPBAM is only as good athe analysismodel it
represents ispevertheless, aery important point which is
highlighted here.

Limitations on input/output combinatiorere discussed in
[Peak, 1993]. In brief, solution procedures must driseach
relation in the direction it will be rurfor a given 1/O
combination. Note that some solution procedures have natural
1/0 combinations. Foexample, in thélane Strain Model FEA
solution, variables such @mponentemperature are natural
inputs while maximum solder joirgtress is a natural output.
Reversingthe roles of theséwo variables wouldrequire a
more expensive iterative solution procedure. Furthermore,
some constraint solvers do not supptf® combinations
requiring the solution of simultaneous equations.

. The flexibility mentionedabove in ltem Zaises the issue of

how one decides which optiorsse appropriatdor a given
analysis need. This issue is related to the limitations and
assumptions of the analysitodel itself whicharebeyond the
scope of the current PBAM representation.

The case studieisvolve geometrythat is relatively simple
and can be parameterized. Similarifhe information
exchanges between subsystems have been single discrete
values (versus a time- or space-varyfigld of discrete or
continuous values). It is fethat the main impact increased
geometric complexitwill have isthe needor more complex
product-analysis and analysis-analysis transformations. The
current PBAM structure can already support such new
transformations since it would represent them in the same way
as anyother relation. However, it is acknowledgbat other
unforeseen factormay impact thePBAM representation in
this respect. unknown

examples in this paper have had predefined
compositional topology i.e., the number of bodies that
composethe model is knowna priori. For example, both
Level 1 and Level 3 models have four bodies (component,
PWB, and two solder joints but only one solder joint is
modeled due to symmetry).

Often analysis models havpostdefined compositional
topology, where the number of bodi@svolved is not known
until a specific product instance is selected. For example, the
PWA warpage model mentioned in Step 4 of Sectiamo?ld
typically model a different number of components for each
different PWA analyzed. Currentlthe PBAM represention
does not support postdefined compositional topology.



6. The Plane Strain Model provides one example dfow some
information is missing in analysis model descriptions.
paper by Lau, eal. [1986] did not include the length of the
PWB section, the initial load step, asnvergenceriteria (not

that such detail should be included) As discussed in Part I,
such cases make it difficult to reproduce an analysis model

exactly.

7.As seen in Section 2, existing analysis modasy not
consider some product variationsinferest (e.gcomponents
with epoxy dots or conformal coating). Thus, these case
studies illustraténow the searclior "routine" analysis models
can help identify areas requiring further analysi®del
development.

5 SUMMARY

Product model-based analytical models (PBAMSs) dalty
automate the creation, execution, interaction, and sfime
degree) the resultfeedback of a variety of routine analysis

The
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models. This paper has demonstrated some of the characteristics Available as Dept. Comp. Sci. & Engineering TR 91-08-12.
of the PBAM representation through solder joint fatigue case a0, J. and Fulton, R. E., 1992, "Thermal Fatigue Reliability of

studies, including:

* Uniform treatment and interaction of analysis models
requiring different solution methods.
* Multiple input/output alternatives.

the Solder Joints of Leadless Ch@mmponents,” in Fulton,
Ume, et al., 1992.
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The lattertwo points have been emphasized in particular, and P€ak, R.'S., Fulton, R. E., 19928election of Printed Wiring

results show that PBAMs providerapid analysis resultfom

mixed formula-based and finite element-based analysis models.

In conclusion, it is felthat developing and implementing

PBAMs for these analysis models has served to validate the

PBAM representation and demonstrate its usefulness.
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