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SUMMARY

The purpose of this research was to investigate the factors that enhance conductive

anodic filament (CAF) formation in printed wiring boards.  The variables studied were

(1) flux formulation, (2) conductor spacing, (3) operating voltage, and (4) temperature.

A Weibull distribution of failure times due to CAF was observed.  A novel test

circuit was designed and implemented that allowed the mean time to failure to be

determined for boards reflowed with three different fluxes.  This is more realistic and a

distinct improvement over previous research that focused only on unprocessed boards.

The boards in this study had either 0.5 mm or 0.75 mm conductor spacings and at 150V

and 200V.  The boards were aged at 85%RH and a temperature of 75°C, 85°C or 95°C.

It was found that the maximum temperature that the reflow profile reached had a

significant effect on the failure time.  In addition, the flux formulation affected the rate of

CAF formation.  A modified linear aliphatic polyether flux with a chloride activator had a

significantly different activation energy than control printed wiring boards or those

boards processed with a poly(ethylene/propylene) glycol flux or a

poly(ethylene/propylene) glycol flux with a bromide activator.

The addition of bromine to a poly(ethylene/propylene) glycol flux decreased the

rate of CAF formation as compared to poly(ethylene/propylene) glycol without a halide

activator.  The inter-relation between voltage and conductor spacing was quantified as a
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L4/V2 relationship for the plated through hole test pattern used in this study.  A critical

voltage gradient of ~325V/mm for all flux formulations tested was found.  The maximum

temperature of the reflow profile also greatly enhances CAF formation and decreases the

mean time to failure.

Microscopic analysis showed distinct differences in CAF morphology between the

various processed boards.  Control boards had small halo-like CAF formations around a

separated fiber / epoxy interface.  CAF that formed on boards processed with

poly(ethylene/propylene) glycol or poly(ethylene/propylene) glycol with a bromine

activator had a stratified appearance that penetrated well into the epoxy.  Boards that

were processed with the modified linear aliphatic polyether with chlorine activator had a

striated morphology that also penetrated into the epoxy.  All CAFs in this study were

consistently copper and chlorine containing despite the use of a bromine containing flux.

Electron diffraction revealed that a CAF observed in this study was synthetic atacamite.

Stainless steel (i.e., iron, nickel, and chromium) residues were also observed as a result of

drill bit breakage during PTH formation.
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CHAPTER I

PROBLEM STATEMENT & INTRODUCTION

I.1 Importance of Electronic Reliability

On May 19, 1998 a satell ite, Galaxy 4, in geostationary orbit above the United

States failed catastrophically.  The failure disabled automated teller machines, pagers,

credit card terminals, telephone connections and television broadcasts across the United

States.  The failure was “entirely unexpected” and remained unexplained for many

months1 and was eventually traced to whisker formation in a metallic-tin switch designed

to control the flow of electricity to an on-board processor.2  This caused a short circuit,

that disabled the satellite.  The same failure mode accounted for the loss of two other

satell ites; Galaxy 7 and a DirecTV satellite, DBS-1.  Whisker formation has been

thoroughly documented3 as a potential reliability concern for at least two decades prior to

the manufacture of the satellites.  The neglect of the engineers to anticipate the migration

of tin within the switches il lustrates the importance of having a fundamental

understanding of the failure modes associated with electronic products and the interaction

between materials, processes, environment and reliabil ity.

Whisker formation is one form of metal migration that will cause catastrophic

failures of electronic equipment.  Another form of metal migration that can also cause

catastrophic failures of electronic equipment is conductive anodic filament (CAF)

formation.  Recent research, has shown that certain water soluble fluxes (WSF) and hot
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air solder leveling (HASL) fluids contain constituents that enhance conductive anodic

filament (CAF) formation.  If the harmful constituents can be identified, better and more

reliable formulations will be available for the producers and users of electronic hardware.

Other variables that affect CAF formation are conductor spacing, operating voltage,

humidity, reflow dwell time and temperature.

I.2 Statement of Purpose

The purpose of this research is to investigate the factors that enhance CAF

formation.  The variables being studied are (1) WSF formulation, (2) conductor spacing,

(3) operating voltage and (4) temperature.  Quantification of the effect of each variable is

determined through a series of accelerated life tests (ALT), with each ALT consisting of

thirty-two PWBs.  An additional goal of this research is to acquire a fundamental

understanding of the morphology and chemical composition of CAF.

I.3 Tools Applied

In order to determine the effect that the aforementioned variables had on CAF

formation, a printed wiring board (PWB) was designed that had plated through hole

(PTH) conductors that were spaced either 0.5 mm or 0.75 mm apart.  A unique

application of an operational amplifier was used to make electrical measurements.

Custom written software allowed this operational amplifier to analyze thirty two PWBs

simultaneously.  Accelerated testing conditions were achieved using a programmable



3

temperature and humidity chamber.  Failure times were fit to a Weibull distribution, and

mean time to failure (MTTF) determinations were made and correlated with the

aforementioned variables.  Optical microscopy, transmission electron microscopy (TEM),

electron diffraction, scanning electron microscopy (SEM) and energy dispersive x-ray

spectroscopy (EDS) were used to determine the chemical composition and morphology

of the CAF.

I.4 Dissertation Outline

This document is divided into seven chapters and three appendices.  Chapter I

presents a brief introduction and outlines the problem to be studied.  Chapter II reviews

the literature pertinent to the experiments and analyses performed.  Chapter III provides

details of the experimental procedure.  Chapter IV contains the electrical and

microstructural results of the experiments.  Chapter V contains a discussion of the

significance and trends observed in the experimental results.  Chapter VI contains the

conclusions of this research and Chapter VII suggests future work that can extend upon

this research.  Appendix A contains the statistics of failure plots for the PWBs tested

using a designed experiment.  Appendix B contains the statistics of failure plots resulting

from the variability of the reflow profile.  Appendix C contains a comprehensive

compendium of the microscopic observations made throughout this research.
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CHAPTER II

BACKGROUND & LITERATURE REVIEW

II.1 Printed Wiring Board

The printed wiring board (PWB) or “circuit board” has been in use in the

electronics industry for over fifty years.4  The predominant PWB substrate used for the

past thirty years is known as “FR-4,” a term used to describe a flame resistant composite

laminate consisting of an epoxy matrix reinforced with e-glass fibers in an orthogonal

weave, with a glass transition temperature (Tg) of ~130°C.5   Copper surface tracks and

plated through holes (PTH) are generated through standard lithographic and plating

techniques.

II .1.1 Epoxy Matrix

The epoxy matrix of FR-4 is typically composed of polymerized diglycidyl ether

of bisphenol A (DGEBA), with approximately 10% diglycidyl ether of

tetrabromobisphenol A (DGETBA), added to provide fire retardancy in compliance with

Underwriter’s Laboratories fire extinguishment requirements known as UL-94V-0.  This

mixture of epoxy monomers is commonly polymerized and cured using dicyandiamide

(DICY), .

DGEBA and DGETBA are manufactured from petrochemical derivatives. They

have many applications in electronics, ranging from the epoxy used in composite
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substrates to encapsulants for integrated circuits.4  When used as a matrix material for

PWB laminates, the number of repeat units of DGEBA and DGETBA is typically in the

range of two to three.  This degree of polymerization allows easier handling and affords

the epoxy with the suitable dryness for PWB lamination.5  FR-4 PWBs are extremely

diverse in their preparation, applications and uses.  They can be prepared as single-sided

or double-sided laminates. For increased density, multilayer boards (MLB) are

manufactured by laminating together several layers of “B-stage” (i.e., partially cured)

epoxy and patterned circuit layers.  MLBs may consist of a dozen or more layers of

circuitry within a single substrate.5

II .1.2 E-Glass Fiber Reinforcement

The epoxy matrix in FR-4 is reinforced with “e-glass” fibers to strengthen the

laminate and add stiffness.  E-glass is so named because the fibers have very desirable

and stable electrical properties.  It is an especially pure type of the common calcium-

alumino-sil icate fiberglass.  A silane coupling agent6 or “sizing” is used to promote

adhesion between the e-glass fiber and epoxy matrix.7

II .1.3 Plated Through Hole Formation

There are two basic types of component attachment technologies: (1) through-

hole and (2) surface-mount.  As their names imply, through-hole components have leads

which pass through a hole in the PWB and are attached to the PWB with solder, while

surface-mount components are connected directly on the surface of the PWB.
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Holes in laminates must be either punched or drilled.  Punching is very rapid but

produces large stresses in a laminate.  Laser or mechanical drilling can be used.  Laser

drilling stresses the laminate less, but costs more than mechanical drilling.  Thus, it is

used predominantly for the newer high density interconnect (HDI) boards.  Once the hole

is formed, electrolytic or electroless plating with copper forms the conductive plated

through hole (PTH).8

II.2 Fluxes

Solder will not wet circuit elements and form suitable mechanical or electrical

joints if the metallization has oxides, fingerprints or other surface contaminants.  To

remedy this, a flux is applied prior to soldering.  The three main functions of a flux are:

1. Chemical Function: The acids and other compounds within the flux remove any

fingerprints, dirt, oxidation or tarnish that may be on the surfaces that are to be

soldered.  These oxides and other impurities dissolved in the flux are displaced by the

molten solder during soldering.  The flux also inhibits oxidation of the freshly cleaned

copper as it is heated during soldering.9

2. Thermal Function: The flux acts as an efficient medium for heat transfer during the

soldering process.9

3. Wetting Function: The flux reduces the surface tension between the solder (typically

63% Sn - 37%Pb) and base metal (typically copper), thereby improving wetting and

joint formation.9
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Fluxes contain four types of ingredients.  The first, activators, may be highly

corrosive acids, basic amines, or mildly reactive organic acids.  They serve to remove the

oxidation or tarnish on the base metal.  The activators may be aggressive at soldering

temperatures but are minimally corrosive at room temperatures.9

Solvents are another flux constituent.  The solvent dissolves the other flux

ingredients and carries them to the base metal surface.  During the preheat stage of

soldering, the solvent volatilizes and evaporates.  The solvent may be water, but is

typically an alcohol, aliphatic hydrocarbon, terpene hydrocarbon, glycol, glycol ester or

glycol ether.9

The vehicle is a third constituent of fluxes.  It coats the base metal and carries

away the fluxing reaction products.  Also, the vehicle often acts as the heat transfer

medium and serves as a barrier to keep air from causing oxidation when it comes in

contact with the metal cleaned by the activators.  The vehicle may be a resin, rosin,

glycerol, glycol, polyglycol, or polyglycol surfactant.9  Alternately, for the newer low

solids flux formulations, (see: §II.2.2) the vehicle may be the solvent itself.

The final category contains all the remaining components of the flux.  These may

be thermal stabilizers, corrosion inhibitors, surfactants, or rheological control agents.

They may also include tackifiers, plasticizers used in solder pastes or foaming promoters

used in wave soldering applications.9
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II .2.1 Resin / Rosin Flux

There are three main families of fluxes.  The oldest family is resin / rosin fluxes.

Rosin is a hard, natural material that consists of isomers of abietic acid, pimaric acid,

some fatty acids and terpene hydrocarbons.  Rosin is commonly extracted from pine tree

stumps.  Rosin and resin fluxes differ in that a rosin flux is a sub-member of the broader

resin flux category.  Additionally, resin may refer to chemically modified rosin or a

synthetic resin used in a flux formula.  Resin / rosin fluxes liquefy readily at soldering

temperatures, effectively remove oxidation and solidify upon cooling thereby entrapping

and immobil izing any remaining contaminants and providing a generally hydrophobic

coating.

II .2.2 Low Solids Flux

Some commonly used fluxes are called no-clean, low-solids or low-residue

fluxes.  These have a very low solids content, typically 5 - 8 wt% when first developed in

the mid-1980’s and 1 - 4 wt% range presently.  Often the flux residues are left on the

PWB after production,  (hence the “no-clean” nomenclature) provided that they are not

corrosive when processed correctly and do not interfere with subsequent manufacturing

and testing procedures.

II .2.3 Water Soluble Flux

Another flux family and the focus of this research, are water soluble fluxes

(WSF).  These fluxes consist of any of a wide range of halide, organic acid or amine
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containing activators with an alcohol or glycol solvent and frequently with a polyglycol

vehicle.9  Due to the highly corrosive nature of these fluxes, a post-soldering cleaning

step is required to remove WSF residues.

WSFs have gained widespread favor among manufacturers because they offer

more consistent solder joint reliabil ity as compared to the other flux families.  As their

name implies, WSFs can be cleaned with plain water.  This allows for an environmentally

benign and very economical process.  Alternately, WSFs may be cleaned in water with a

small amount (~2%) of detergent, which improves cleaning, but disposal of the cleaning

fluid may be complicated greatly or even prohibited if the detergent has a high biological

oxygen demand (BOD).  Whichever method is chosen, it is essential that all WSF

residues be removed from the PWB.  Cleaning is more diff icult when the PWB has

components with a small standoff distance owing to the inabil ity of the cleaning liquid to

penetrate under the component and remove the corrosive residues.10  If these residues are

allowed to remain on the PWB, corrosion and electrical malfunctions could occur.

II .2.4 Hot Air Solder Leveling Fluids

When PWBs are shipped from a board manufacturer, the copper circuitry is often

“pre-coated” with solder.  This solder protects the circuitry from oxidation during storage

and also facilitates component attachment during manufacture.  In solder plating and

leveling process, a water soluble hot air solder leveling (HASL) fluid is used.  HASL

fluids are similar in composition to WSFs.  HASL fluids serve essentially the same

function as a flux performs during soldering.  That is, they remove oxides and promote
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adhesion between the base metal and solder.  However, in contrast to WSFs, a HASL

fluid wil l have a much higher flash point (i.e., > 400°C) in order to survive the higher

temperature HASL process.

II .3 Electrochemical Migration

Electrochemical migration (ECM) can occur on PWBs that are exposed to

moisture and an electrical field.  In the presence of moisture, the electrochemical

reactions that can occur at the anode are given in Equations 1 – 3.  Equations 4 – 7 detail

the electrochemical reactions that can occur at the cathode.

−+ ++→ eHOOH 22
2

1
22 (1)

−+ +→ eCuCu 1

(2)

−+ +→ eCuCu 22

 (3)

−− →++ OHeOHO 442 22   (4)

22 222 HOHeOH +→+ −−

      (5)
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CueCu →+ −+ 22

        (6)

CueCu →+ −+

        (7)

The preferred species in the case of copper in Equations 2 and 3 will depend upon

the anion that is present.  In water, Cu+2 is the preferred species except when Cl- is

present.  In this case the formation of the CuCl2
- favors11 the formation of Cu+ rather than

Cu+2.

One form of ECM is dendritic growth where electrolytic dissolution of the metal

occurs at the anode and reduction of the metal ions occurs at the cathode.  As these

surface dendrites grow, their effect on the total insulation resistance (IR) of the PWB is

minimal until they are very close to the anode.  At the point of bridging, the dendrite will

quickly “burn out” owing to the high current that flows through it.  Another form of ECM

and the focus of this research, is conductive anodic filament formation.

II .4 Conductive Anodic Filament Formation

II .4.1 Discovery of Conductive Anodic Filament Formation

Beginning in the mid 1970's and continuing through today, the wiring density of

electronics has increased rapidly.  Electronic equipment is also required to operate in

outside areas where elevated temperature and humidity are uncontrolled.  While
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investigating the reliabil ity concerns that might result, researchers at Bell Labs

discovered a new failure mode.12, 13, 14, 15, 16, 17, 18   This failure mode is characterized by an

abrupt, unpredictable loss of IR between conductors that are held at a potential

difference.  The filament, now termed conductive anodic filament (CAF), is a result of an

ECM process that initiates at the anode and proceeds along separated fiber / epoxy

interfaces.19, 20, 21, 22  Just prior to this 1976 “definition” of CAF, DerMarderosian et al.23,

24 had noted a similar failure mode.  They observed that a filament penetrated between

two different layers in an MLB from anode to cathode.  They termed this failure mode

“punch-thru.”  Punch-thru is similar to CAF, except the filament grows between circuit

layers rather than along a fiber.

CAF is easily differentiated from dendrite growth.  In dendritic growth, metal ions

go into solution at the anode but plate out at the cathode, growing in needle or tree-like

formations across the surface of the PWB.  In contrast, CAF growth emanates from the

anode.  Furthermore, CAF contains copper and a halide ion (typically chloride) rather

than pure metal as in the case of dendrites.  Additionally, dendrite growth is a surface

phenomenon, while CAF is a subsurface phenomenon.

In a typical PWB, there are surface tracks of copper metallization and copper

PTHs that provide component insertion points as well as electrical contact between the

PWBs top and bottom surfaces.  A CAF may bridge two surface tracks, two PTHs, or a

PTH and a surface track.  Figure 1 details these pathways graphically.  The subsurface

deposits of corrosion byproducts emanate from the anode and eventually progress toward

the cathode via a separated fiber / epoxy interface.
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Figure 1. Schematic Representation of CAF Pathways (Dimensions

Exaggerated for Clarity) (a) PTH to PTH, (b) PTH to Track, (c)

Track to PTH, (d) Track to Track.

The initial Bell Labs researchers12, 13, 14, 15, 16, 17 detailed a model for the

mechanism by which CAF formation and growth occurs.  The first step is a physical

degradation of the fiber / epoxy interface.  When moisture absorption occurs, it creates an

aqueous medium along the separated fiber / epoxy interface that provides an electrolytic

pathway and facilitates the transport of corrosion products.  The second step,
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electrochemical corrosion, results because the absorbed water acts as the electrolyte, the

copper circuitry becomes the electrodes and the operating voltage serves as the driving

potential.  The second step occurs sequentially rather than in parallel with the first step.

The researchers further noted that the generation of acidic H+ ions at the anode (Equation

1) and basic OH- ions at the cathode (Equations 4 and 5) creates a pH gradient between

these electrodes.

A Pourbaix diagram25 (Figure 2) is a tool for viewing the inter-relation between

pH and corrosion.  The diagram reveals that in the region of pH 7 - 11, copper is

passivated and corrosion will not occur.  However, for pH below 7 corrosion will occur at

potentials greater than 0.2V.  In the case of CAF formation, electrochemical reactions

generate acidic H+ ions at the anode causing the local pH to drop and the corrosion

products to become soluble.

 The corrosion products created at the anode travel along the separated fiber /

epoxy interface and are attracted to the cathode, which is basic.  However, at a pH greater

than 5, the solubility of corrosion products declines rapidly, with the reaction products

becoming nearly insoluble at pH ≈8.6.26  Thus, when the copper ions reach this region,

they become insoluble and deposit at the separated fiber / epoxy interface.  The copper-

bearing filament known as CAF, then, is a copper salt, which appears to grow along the

interface.
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Figure 2. Simplified Pourbaix25 Diagram for Copper.

Lando et al.13 determined that the filaments appeared most often in the PTH-PTH

test pattern configuration (Figure 1a), apparently as a result of the direct contact of

copper and fiber / epoxy interface resulting from the hole drill ing and plating process.

The track-track configuration (Figure 1d) was the least susceptible to filament growth and

increasing the spacing between conductors lowered susceptibil ity further.16  The addition

of a “buttercoat” (a layer of epoxy resin without fiber reinforcement between the

conductors and the PWB surface) further decreased CAF formation frequency emanating



16

from surface tracks.  This reduction is apparently a result of the lack of fiber / copper or

fiber / surface interfaces that could initiate debonding and lead to filament growth.

Finally, the frequency of filament growth in the track-PTH (Figure 1b) and PTH-track

(Figure 1c) configurations had intermediate lifetimes compared to the other conductor

configurations.

II .4.2 Numeric Models of CAF Formation

Welsher et al.16 determined that when the PWB is exposed to thermal transients,

such as during multiple soldering steps, the time to failure associated with CAF decreased

by nearly a factor of two.  The application of an intense thermal transient served to speed

the debonding of the fiber / epoxy interface as a result of a mismatch between the

coefficients of thermal expansion (CTE) of the fiber and epoxy.  They also reported that

the mean-time-to-failure (MTTF) obeys an Arrhenius relationship in the 50 - 100°C

range.  Furthermore, the humidity dependence seems to be material lot dependent.  Time

to failure (tf) results show a strong dependence on relative humidity that roughly obeys

Equation 8 and are inversely proportional to applied voltage according to Equation 9.

( ) b
f Hat
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d
ct f  (9)
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H is the relative humidity, V is applied voltage and a, b, c and d are positive

material dependent constants.  [Note:  In equations, to prevent confusion with the

Universal Gas Constant “R,” (8.314 J/K·mol) the more common “RH” designation for

relative humidity will be designated simply as “H.”  However, “RH” wil l be used in the

text to abbreviate relative humidity.]

Welsher et al.15 performed experiments on PTH-PTH patterns with a 75 mil

spacing biased at 200V to ascertain the effect of temperature, humidity, applied voltage,

conductor spacing and substrate material choice.  They identified a composite of triazine /

glass as a resistant material.  Triazine is a thermosetting resin made by reacting DGEBA

with a cyanogen halide (rather than reacting it with DICY as in FR-4).  They found that

lifetimes were twenty to thirty times greater for triazine as compared to typical FR-4.

Welsher et al.15 performed delayed bias application tests that confirmed the two-

step sequential (rather than parallel) process proposed for CAF formation.  In particular,

the rate-limiting step involved fiber / epoxy interfacial degradation and moisture

absorption.  This degradation is a function of temperature and relative humidity.  The

interfacial degradation is followed by a very rapid electrochemical corrosion step that is

an inverse function of the electric field (V/L) as well as a function of temperature and

humidity.  They also understood that the spacing between conductors (L) must be bridged

by the filament so that the time for the second sequential step would be proportional to

L2/V.  Their data confirmed that CAF in PWBs, particularly those with closely spaced

PTHs, is a potentially serious reliability problem.  Combining Equations 8 and 9, they

developed a model shown in Equation 10 for the MTTF due to CAF.
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Ea is the activation energy for the process, T is temperature (in Kelvin), V is the

applied voltage, L is the spacing between conductors (in mils), kb is Boltzman’s constant

(8.62 x 10-5 eV/K), a and b are material dependent constants and d describes the

temperature and humidity dependence.

Mitchell et al.17 further developed the model to accommodate different conductor

orientations (Figure 1).  If the temperature and humidity dependencies for each step in the

CAF process are equal, then they can both be approximated by a single constant

approximating a(H)b·exp(Ea/kbT).  They produced a revised MTTF due to filament

formation equation that is given in Equation 11.
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Where �  and 
�

 are material dependent constants, �  is a humidity dependent factor

and n correlates with the orientation of the conductors and has a value of four for the

PTH-PTH orientation.
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 Gandhi et al.20 stated that the voltage dependence is closer to an inverse voltage

squared or inverse voltage cubed relationship, rather than the inverse linear relationship

suggested by Equation 9, Equation 10 and Equation 11.

Lahti et al.14 showed that for unprocessed PWBs below 60°C, the failure

mechanism was not thermally activated and the Ea for CAF formation was between 0.0

eV and 0.2 eV.  Above 65°C the Ea was between 1.0 eV and 2.5 eV, which is a much

stronger temperature dependence than was observed below this temperature.  Based on

this change in Ea, they concluded that PWB “ li fetimes exceeding twenty to thirty years

should be achievable” under normal (25 - 30°C and 40 - 50% RH) conditions.  However,

they also discovered that failure rates greatly increased at a critical conductor spacing of

5 mils under their 85°C / 85%RH / 45V test conditions.

Research at the CALCE Electronic Packaging Research Center27, 28, 29, 30, 31, 32, 33

used a “physics-of-failure” approach and found that several factors determined the

formation of CAFi: the operating conditions (humidity, temperature and voltage), the

laminate choice and the spacing and geometry of the conductors.  They developed a

model (Equation 12) that attempts to reconcile these various factors into a single

equation.
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        (12)

                                               

i CALCE researchers prefer to use the term “Conductive Filament Formation” (CFF).
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M is the percentage moisture content, Mt is the percentage moisture content

threshold, a is the filament formation acceleration factor, f is a multilayer correction

factor, n is a geometry accelerating factor, m is the voltage accelerating factor and k is the

conductor shape factor.  A best-fit approach was used to obtain the values for a, f, k, n

and m from their experimental data.  They concluded that the formation of CAF is most

highly dependent on the operating voltage and moisture content of the laminate.  Though

it may appear that the Arrhenius temperature dependence was excluded from their study,

the temperature dependence has been incorporated into the Mt parameter.

The CALCE work also noted that hollow e-glass fibers may pose a preferential

pathway for the metal migration.31  A substantial amount of their results focus on the

susceptibil ity of MLBs to filament formation, particularly under temperature and

humidity cycling.  The cycling serves to accelerate the debonding of the fiber / epoxy

interface.  They noted this was particularly deleterious when a PTH was adjacent to the

debonding.32

Augis et al.18 concluded that the linear accelerating factor extrapolations for the

“very high stress testing” used in earlier work by Bell Labs researchers were not valid.

This is because the models based on the linear acceleration factors would have predicted

a six percent failure rate of a particular product after five years.  They observed that this

catastrophic failure rate was not even remotely evident and thus the model was wrong.

They used demarcation maps34, 35, 36 to understand the degradation mode and proved that
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a humidity threshold exists.  They also noted a wide variability between different lots of

material.

Meeker et al.37 developed a combined statistical and kinetic description of CAF

growth.  They realized that the actual growth mechanism was extremely complicated and

involved many steps and rate constants.   They simpli fied the CAF growth model by

assuming that there are a limited number of rate controlling reactions that dominate the

behavior of the process.  Figure 3 diagrams their approximation of the chemical process

and associated rate constants that were proposed to describe the failure-causing CAFs

between PTHs.  This figure assumes the presence of a voltage to activate the

electrochemical corrosion.  In the example, NaCl is used as the source of the chloride

anion, but other chlorine salts may be possible based on the degradation products of the

epoxy reactants: DGEBA, DGETBA and epichlorohydrin.  However, they37 believe that

the “multiplicity of salts can be ignored.”  The filament is assumed to be CuCl2

containing and RCl designates “ innocuous halides” that have been bound in some way

and are no longer available for reaction.

If the various reactants and product are denoted as Ai, Figure 3 can be simpli fied

into Figure 4 if it is realized that:

1. There is essentially an infinite amount of copper available to ionize.

2. The concentration of copper and copper ions almost instantly equil ibrate

(relative to the right hand  reactions) and remains constant despite changes in

Cl- concentration.
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3. Available NaCl ionizes almost instantaneously to Cl- (relative to the right

hand reactions) and remains ionized when humidity is present.

Cu2+ + 2e-Cu

{k4}

{k5}

Na+ + Cl-NaCl

{k6}

{k7}

+

{k1}

{k3}

CuCl2

{k2}
RCl

[A1]

[A2]

[A3]

Figure 3. General Chemical Model of CAF Formation.

{k 1
}

{k 3
}

{k
2 }

[A1]

[A2]

[A3]

Failure Causing 
Copper Chlorine

Compound

Innocuous
Chlorine

Compound

Cu+2

Na+-

Cl-

Figure 4. Simplified Chemical Model of CAF Formation.
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  The presence of moisture, heat, electrical charge and salts create anions that react

with copper ions to produce copper compounds such as copper chloride, copper bromide

and copper sulfate (i.e., A1 to A2 with a rate constant k1).  These copper compounds

precipitate from solution and form conducting filaments or may dissolve back into

solution, with the understanding that the dissolution of the filament can only happen at its

surface (i.e., A2 to A1 with a rate constant k3).   Anions can also react with other

compounds in the PWB and create non-conductive compounds that are not harmful (i.e.,

A1 to A3 with a rate constant k2).  As denoted, this reaction is not reversible and

effectively traps the anions in an “ innocuous” (i.e., unavailable for chemical reactions)

state within the epoxy.  The rate (dAi / dt) at which the various reactions proceed can be

represented by Equations 13 - 15, where �  represents the surface area to volume ratio of

the precipitate.

By analysis of the test data, the authors37 concluded that for their model to be

accurate, k1 >> k3 and k2 >> k3 and thus the model could be further simplified to Figure 5.

Using differential equations and assuming that a filament will form when A2 reaches

some critical value when the filament creates a conductive pathway, they were able to

derive a relationship (Equation 16) for the amount of CAF (A2) at any time, t.

( ) vAkAkk
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dA
23121
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 (14)
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Compound
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Chlorine

Compound

Cu+2

Cl-

Figure 5. Further Simplification of the Chemical Model of CAF Formation.

II .4.3 Moisture Absorption and CAF Formation

Augis et al.18 suggest that there is a relative humidity threshold, below which

CAF formation and growth will not occur.  They base this suggestion on the many factors

identified by the early Bell Labs researchers and additional information such as the

reversibil ity of the hydrolysis of the silane coupling agent.6  They found that, for a 50 V

circuit operating at 25°C, the critical relative humidity for CAF formation was near 80%.

Additionally, they developed a quantitative model shown in Equation 17 that predicted

this critical threshold value.
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The constant c (a measure of the rate of CAF formation) was found to be 6.9x10-4

for a failure probabil ity of 0.5%.

Liu et al.38 analyzed several laminate materials (FR-4, BT and Dricladii) and

showed that FR-4 has the greatest aff inity for moisture absorption.  In addition, FR-4

moisture absorption increases as temperature increases.  They reported that high levels of

moisture within the laminate could lead to serious reliabil ity concerns, such as internal

shorts, metal migration, delamination, a change in dimensional stabil ity and poor

electrical and mechanical performance.  They hypothesized that moisture is drawn into

the laminate at a variety of times during the PWBs lifetime, including storage,

manufacture, transportation and use.  They reported an 8°C decline in Tg with each 1

wt% increase in moisture content.  De’Nève and Shanahan39 also studied moisture

absorption by epoxy resin and similarly found that a 1 wt% water absorption led to an

8°C decrease in Tg.

Liu, et al.40 also found that FR-4 absorbed twice as much moisture as Driclad.

They attribute this difference in moisture uptake to Driclad’s less hydrophilic functional

                                               

ii Driclad™ is an IBM proprietary high Tg substrate material.
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groups and higher Tg for Driclad.  Failure sites occurred in the FR-4 PWBs during the

SIR testing of the laminates.  Fourier transform mass spectroscopy (FTMS) coupled with

a plasma etch was used to analyze these failure sites which consisted of internal shorts

between power planes and PTHs.  The presence of copper, oxidized from the plasma, was

visible on the exterior of the reinforcement fibers.  Also, chloride ions were observed in

the negative ion mass spectrum.  Although they did not specifically recognize these

copper regions as CAF, their data exhibit characteristics similar to those of CAF.  This

study40 confirmed that copper deposits had formed at the fiber / epoxy interface and

showed conclusively that the interface provides the path most responsible for the

electrical failure.  This was observed particularly in regions with many PTHs.  It was

theorized that the punching or drilling of a PTH led to delamination of the fiber / epoxy

interface at the PTH.  This delamination creates an initiation point and a path for ion and

mass transport.  They conclude that a lowering of the moisture uptake affinity of the

laminate accompanied by the use of a hydrophobic coupling agent offer the most

favorable resistance to moisture related failures.  They further suggest that improvement

of interface integrity or the total elimination of the glass cloth reinforcement may

effectively depress or eliminate this copper migration.

Takahashi41 confirmed that water diffusion is the rate-limiting process for IR loss.

He found that saturation time varied inversely with the square of board thickness.

Additionally, the primary conduction path appeared to be along the fiber / epoxy

interfaces.  He concluded that the minimum amount of time required for catastrophic SIR

loss is approximately fifty hours.  He attributed this to the time required for water to
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penetrate the glass fiber mats.  He suggested that dissolved water released or mobilized

conductive species that may be present in the laminate.

Lefebvre42 expanded upon this concept of moisture causing a breakdown of the

interface.  An abrupt loss of adhesion was noted when the epoxy is equilibrated in air

whose relative humidity is in excess of a critical value.  This critical relative humidity is

defined as the point at which there is a surge in moisture pickup.42  They determined that

an irreversible loss of adhesion occurs and the polymer chain became permanently altered

when this critical relative humidity was exceeded.

II.4.4 Substrate Influence on CAF Formation

Lando, et al.13, 17 compared FR-4 with several substrates: G-10 (a non-fire

retardant epoxy / woven glass material), Polyimide / woven glass, triazine / woven glass,

epoxy / woven Kevlar and finally polyester / woven and chopped glass.  Similarly,

CALCE27, 32, 30 performed extensive experimental comparisons among the substrates:

bismaleimide triazine (BT), cyanate esters (CE) and FR-4.  In addition, Ready52

compared the CAF susceptibilities of FR-4 with CEM-3 (a substrate similar to G-10

except with chopped glass) and MC-2 (a blended polyester and epoxy matrix with woven

glass face sheets, and a chopped glass core).  Of all materials tested by these

investigators, the BT material proved to be most resistant to CAF formation.17

Conversely, the MC-2 substrate proved to have the least resistance to CAF formation.  To

insure immunity to CAF, the laminate of preference is BT.  However, there is a

significant cost penalty to consider.  The susceptibility of the materials is detailed in
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Table 1, but also greatly depends on factors such as conductor configuration, conductor

spacing, the presence of a conformal coating, use environment, storage conditions, etc.

Table 1. Substrate Susceptibility to CAF.

Substrate Susceptibility to CAF

MC-2 Very High

Epoxy / Kevlar Moderate

FR-4 Moderate

G-10 Low

CEM-3 Low

CE Very Low

PI Very Low

BT Immune

II .4.5 Voltage - Spacing Influence on CAF Formation

Another critical factor used in determining CAF susceptibil ity is the “voltage

gradient” that the assembly experiences.  By normalizing the applied voltage over a

standard distance, a comparison between different assemblies with different pitch and

operating voltages can be established.  This normalization procedure is most graphically

demonstrated by example.  An assembly containing a +20V power plane with an adjacent

PTH biased at -20V has a potential difference of 40V.  This is not considered a high
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potential difference for an electronic assembly.  However, the 5 mil separation between

the power plane and the PTH creates a voltage gradient of 8 V/mil.  Figure 6 reveals the

circuit failure that occurred when a CAF bridged the 5 mil spacing.21  Minimizing voltage

gradients is essential to reducing CAF formation. Using the physics-of-failure approach

CALCE researchers showed33 that the velocity of the migrating ions is proportional to the

ionic mobility  and the voltage gradient.

+20V
Power
Plane

Component
Through hole

0.005”

CAF

(cross-section of failed circuit board)

Figure 6. Catastrophic Failure due to a CAF Blowout of Layers Six and Seven

of a Fourteen-Layer MLB.

II .4.6 Polyglycol and WSF Influences on PWBs and CAF Formation

It has been shown that polyglycols diffuse into the epoxy during soldering and

degrade insulation resistance.43, 44, 45  This absorption occurs when the PWB is above its

Tg, where elevated temperatures and a more “open” structure facilitate diffusion.  This

polyglycol absorption has been shown to reduce performance by increasing moisture
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uptake by the substrate.46   Jachim, et al.47 were the first to link the use of polyglycols in

soldering fluxes and fusing fluids to increased susceptibil ity to CAF formation.

Furthermore, Ready, et al.21 detail a field failure, which occurred on only certain

production lots.  They show that this failure resulted from the use of a polyglycol

containing HASL fluid during production.  This fluid also contained hydrobromic acid

that diffused into the brominated epoxy substrate resulting in an increased bromide

concentration in the PWB.  Both of these constituents increased the assembly’s

propensity for CAF formation by enhancing moisture absorption and providing an

appropriate anion for the electrochemical reaction.

Diffusion of polyglycols into the PWB occurs during soldering. Since the

diffusion process follows an Arrhenius behavior, the length of time the PWB is above the

Tg will have an effect on the amount of polyglycol absorbed into the epoxy and that, in

turn, will affect its electrical properties.  Brous44 linked the level of absorbed polyglycol

in a PWB to surface insulation resistance (SIR) measurements.  Jachim47 reported on

WSF treated PWBs that were prepared using two different thermal profiles.  Those which

experienced the thermal profile with higher temperatures exhibited a SIR level that was

an order of magnitude lower than those processed under less aggressive thermal

conditions.  It is clear that the higher the soldering temperature, the greater the polyglycol

absorption.  Similarly, for each thermal excursion that occurs, the fiber / epoxy interfaces

within the PWB are weakened due to different thermal expansion characteristics of these

two materials.  Likewise, the PTH and the PWB laminate material wil l experience

stresses due to a CTE mismatch, which may induce delamination.
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Zado43, 45 was the first to identify the deleterious nature of unremoved WSF

residues.  In 1983, he reported on the effect of various constituents of WSFs on SIR.  He

noted that for WSFs, PEG was the most common flux vehicle at the time.  Additionally,

he determined that polyglycol esters and ethers used to process the PWBs produced a

lowered SIR value.  Furthermore, he proposed that PEG became hydrogen bonded to the

epoxy when the PWB was heated to soldering temperatures.  Upon cooling, the PEG

became “locked” within the polymeric structure.  He showed that the hydrophylicity of

the epoxy increases when PEG remained in the PWB.  He also showed that a change in

relative humidity from 55% to 75% resulted in a slight degradation of SIR, but an

increase from 75% to 85% decreased SIR by two orders of magnitude.  He did not see a

similar effect when polypropylene glycol (PPG) was used.  He concluded that the steric

hindrances between PEG and the epoxy were the primary reason that PEG exhibited

these SIR decreases while PPG did not.

Work done by Dr. Jack Brous at Alpha Metals46 extended the base of

understanding of the deleterious effect that WSF residues posed to PWB SIR.  His

research showed that SIR is affected by the (1) degree of absorption of flux constituent,

(2) hygroscopicity of absorbed flux constituent, (3) volatil ity (vapor pressure) of

absorbed flux constituent, (4) effectiveness of cleaning process, (5) temperature and

humidity, and (6) presence of water soluble ions on the PWB surface.  He tested several

materials frequently used in WSF formulations: glycols, polyglycols, glycol ethers,

polyglycol surfactants, polyols and glycerine.  He found that polyglycols (particularly

those with lower molecular weights) are strongly hygrosopic and that significant amounts
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of moisture absorption can occur within twenty-four hours if a critical humidity level is

exceeded.

Brous confirmed that polyglycols diffused into the PWB during the elevated

temperature of soldering operations.  Furthermore, he confirmed that (in general) lower

molecular weight polyglycols are more highly absorbed into the substrate.  His

investigations of various polyglycols showed that PWBs treated with them gave SIR

values that were initially low (108 - 109Ω at 35°C / 90%RH).  For many polyglycols,

these SIR values rose appreciably (by an order of magnitude) over short time periods as

the polyglycols diffused out of the epoxy.  However, polyethylene glycol (PEG) SIR

values did not increase appreciably.  He believed this was indicative of a trapping of the

PEG within the polymeric backbone, which prevented its diffusion out.

Brous46 further stated that if hygroscopic contaminants are present on the surface,

a conductive condensed film of water will deposit across the surface, possibly initiating

electrolytic oxidation at the anode and reduction of the metal ions at the cathode.  He

found that when the epoxy / glass laminate absorbed polyglycols, the laminate became

hygroscopic.  He also found that under exposure to high temperatures in the soldering

process, many of the polyglycols appear to be capable of penetrating the surface

sufficiently to be retained by the PWB through the cleaning step.

Zado43, 45 studied the effect of non-ionic WSF residues, such as PEG on SIR.  Test

PWBs treated with PEG and cleaned in an aqueous medium showed reduced SIR values,

while PWBs treated with the other flux constituents gave SIR levels equivalent to

unprocessed PWBs.  He concluded that the cleaning step was ineffective in removing the
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polyglycol.  Since the polyglycol rapidly diffuses into the epoxy at temperatures above

Tg, diffusion out of the epoxy at temperatures below the Tg is expected to take much

longer.

Brous44, 46 studied several solvent combinations for removing PEG and other

polyglycols from PWBs and determined that soaking the PWB in acetonitrile for twenty-

four hours provides the best removal process.  Ionox FCR (Kyzen) has also been

successfully used to remove polyglycol residues from PWBs processed with HASL

fluids.  Some laboratory tests48, 49 have used 75% isopropyl alcohol and 25% deionized

water at 80°C for one hour to remove polyglycols and other ionic contaminants from

processed PWBs.  Bent, et al.50, 51 studied PWBs processed with PEG and several other

polyglycols and noted that no CAF was observed with PEG treated PWBs.

II .4.7 Chemical Composition of Conductive Anodic Filament Formation

Augis et al.18 noted that the filaments always contain copper and sometimes

contain chlorine or sulfur.  Research by Ready et al.21, 52 indicated that CAF generally

contains copper and chloride but may also contain bromide when a bromine containing

WSF is used.  Meeker et al.37 also identified that other anions could be present in the

CAF.  Most notably, they identified bromine and sulfur ions as being present in some

specimens.  CALCE research mistakenly identified an x-ray peak (Figure 6 of their work)

as a CAF containing aluminum, when in fact the CAF contained bromine.30  This

misidentification has occurred in other research53  and arises because the energy of the
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difference is so small that it is virtually impossible to distinguish the two elements.  In

order to differentiate between these two elements, it is necessary to look to the bromine

���
1 line at 11.924 kV.

II .5 Linear Circuit

The SIR measurement method presently specified in J-STD-00454 is an ECM test

which should be able to detect both surface SIR degradation and subsurface CAF

formation.  The test method has two major limitations55  (1) The test method takes SIR

measurements at discrete and widely separated intervals (i.e., 24, 96 and 128 hours).  (2)

It does not provide for a prompt termination of bias when ECM causes an electrical short

circuit.  This allows dendrite or CAF blow-outs to occur destroying the short.

A “ linear circuit” (LC) has been developed56 to overcome the deficiencies of J-

STD-004.  Figure 7 is an electrical schematic of the LC.  The IR of the test pattern (i.e.,

interdigitated comb, PTH-PTH, etc.) is depicted as a variable resistor (RECM).  The LC is

essentially an inverting operational amplifier or op-amp (Figure 8). 57   In the LC, the

feedback resistor (Rf
��� ��� 	 
�� 
 � ����� ����� ��������� � � � � � ��� � !

1 "$# % & '�(*) +-, .0/-1 2�3*465�+ (-%�7 ECM

and the additional resistors and capacitors are filters used to reduce high and low

frequency noise.  The theoretical gain (Vout / Vin) of the LC is plotted in Figure 9.

A test pattern with good resistance characteristics will have a high initial IR

(RCAF).  As ECM forms and bridges between anode and cathode, the value of RECM

decreases.  The value of RECM 8�# + +:9�; .�5�, .0<�& ) ; =�4 > ?@? A�B�C DFE ? > D�?�G�H�E A�G�I ? C D�J-KML@A�C E N�I G�O
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(and resulting decrease in op-amp gain) causes the LC to reduce the current flowing

through the ECM so that the dendrite or filament does not blow out.
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Figure 7. Electrical Schematic of Linear Circuit.
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Figure 8. Inverting Op-Amp.
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Figure 9. Theoretical Gain of Linear Circuit (Figure 7) as a Function of RECM.

While the LC can be used directly to detect surface dendrites, CAF formation

must be monitored indirectly.  The reason for this is because the semiconductor devices

within the LC are limited in voltage to 15V and can not survive the higher voltages

required for CAF initiation and formation

II .6 Accelerated Life Testing

To ensure reliable electronics, manufacturers must test assemblies to failure under

“accelerating conditions” of elevated temperature, humidity and bias (THB).  As a result,
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failure occurs in days or weeks rather than years.  Using extrapolation techniques, the

operating (i.e., “normal” ) lifetime can be inferred from the results of this accelerated li fe

test (ALT).  Typical operating environments58, 59, 60, 61 are depicted in Figure 10.
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Figure 10. Typical Environmental Conditions Assumed by Equipment Designers.

The “ Central Off ice” is the Environmentally Controlled Portion of a

Building.  “ Customer Premises” Includes The Areas of a Building

That are not Environmentally Controlled, (i.e.,  Mechanical Rooms).

The Geographic Locations are Outdoor Conditions.
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For accurate reliability assessment, a statistically significant number of PWBs

must be tested to failure at varying ALT conditions and the activation energy for the

failure mode must be determined.  The Arrhenius62 relationship for a temperature

dependent process is shown in Equation 18.







−

=
Tk

E
kk

B

a
oT exp

(18)

At temperature T, the reaction rate is given by kT and ko is an empirical constant.63

By comparing the reaction rate at two or more test temperatures, the Ea for the process

can be determined from a plot of ln(kT) versus 1/T.  The “y-intercept” is ln(ko) and the

slope of the line is -(Ea / kB).

Elevated humidity also causes a stress on the assembly and must be accounted for.

This effect can be described by Equation 19.63

{ }b
oH HCkk ⋅= exp

(19)

The reaction rate is given by kH and earlier work18, 64, 65 found 1 < b < 2.  The

measurement of the reaction rate at a constant temperature but under two or more

different humidity conditions allows determination of ko and C.

In order to extrapolate ALT data back to service conditions, an acceleration factor

(AF) must be calculated and its general form:
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t
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. (20)

Where Ss is the rate of failure at service conditions due to a given stress (i.e., temperature,

humidity, bias, etc.) and St is the failure rate under the accelerated test conditions due to

the same stress.  For a combined temperature and humidity stress, AF has been proposed

to have the form:66
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One model for accelerated life testing modifies the Eyring model, originally

developed for moisture-induced corrosion in biased plastic semiconductor packages,67

and considers the combined effect of temperature, humidity and bias voltage.  This model

gives the time at which fifty percent of parts have failed, where
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A, B, C and D are empirical constants and V is the bias voltage.  A slight variation68 of

this model incorporates a variable function of voltage and is
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II.7 Statistical Theory of Reliability

II.7.1 Reliability Analysis

Reliability analysis is the study of a distribution of lifetimes.69  Analysis of the

distribution allows questions about such quantities as survivability, expected lifetime and

MTTF to be answered.  Life distributions can take many forms, but the most common

forms for characterizing them are the probability density function (PDF), cumulative

distribution function (CDF), the reliability (or survival) function and the hazard rate.70

The likelihood that an event occurs at time t is given by the PDF, designated f(t),

where

∫
∞

∞−

= 1)( dttf

1)(0 ≤≤ tf
. (24)

The CDF, F(t), describes the probability that an item with a PDF of f(x) will have failed

by a given time t, where
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The reliability (or survival) function, R(t), represents the probability that an item will not

have failed by time t and is
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The hazard rate, 
� � � � �

is the rate at which a functioning item at time t will fail in the next

increment of time, dt.  The hazard rate is also known as the failure rate, the instantaneous

failure rate or the conditional failure rate and is written as
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.          (27)

Some distributions have hazard rates that increase (i.e., “wear-out” ), decrease (i.e.,

“ infant mortality” ) or are constant (i.e., “useful li fe”) with time.  Some distributions

contain all three regions at different stages of life.71
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II.7.2 Distribution Functions

The lognormal distribution is commonly used in reliability work to describe

failure distributions due to accumulated damage (i.e., a defect gets progressively worse in

service until it finally causes failure).  In particular, it is very suitable for modeling

semiconductor degradation failure mechanisms.71  For the lognormal distribution, the

probability distribution is given by Equation 28, the cumulative distribution is given by

Equation 29, the reliability function is given by Equation 30 and the hazard rate is given

by Equation 31.
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The shape parameter (σ) is analogous to the standard deviation of the normal distribution.

The scale parameter (µ) is analogous to the mean of the normal distribution.  The

threshold parameter (γ) is the minimum value of t which is present in the population.

When γ is set to zero, the more familiar two parameter lognormal distribution is obtained.

When γ > 0 no failures can occur between time zero and time γ.  Such a nonzero γ

occurrence may result when an item is manufactured but not put into service for a period

of time following manufacture.

The Weibull distribution is named for Professor Waloddi Weibull, whose seminal

paper72 in 1951 led to the widespread use of the distribution.  In the paper, he derived the

generalization of the exponential distribution that accommodates not only a constant

failure rate but also increasing and decreasing failure rates.  He demonstrated that the

distribution fits many different data sets and yields good results, even for small samples

of the overall population.  The Weibull distribution has found wide use in industrial fields

where it is used to model time-to-failure data.  The Weibull probability distribution is

given by Equation 32, the cumulative distribution is given by Equation 33, the reliability

function is given by Equation 34 and the hazard rate is given by Equation 35.
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One of the main reasons that the Weibull distribution is so popular is that the

equation reduces to other useful distributions for specific values of the shape parameter

(β).  When β = 1, the Weibull distribution is identical to the exponential distribution and

when β = 2.5 the Weibull distribution is a very close approximation of the lognormal

distribution.  When β = 3.6, the Weibull distribution is a very close approximation of the

normal distribution.

The threshold parameter (γ) has the same meaning as that used for the lognormal

distribution.  A downward or upward sloping tail of the Weibull PDF or when β > 6 are
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indications that a non-zero threshold parameter is warranted.   The scale parameter (η) of

the Weibull distribution is also known as the characteristic life.  For any value of the

shape parameter, β, precisely 63.2% of the populationiii  will fail by time, t = η + γ.

The primary justification for the use of the Weibull distribution has always been

its flexibil ity to fit the data from a variety of failure phenomena. In particular,

applications based on a “weak-link” failure (i.e. when the first of many competing faults

will result in the failure of the whole unit) are best represented by Weibull distributions.

It is not a coincidence that if t is distributed in a Weibull fashion, then ln(t) will be

distributed by the extreme value distribution which precisely describes the “weak-link.”

failure mode.

II .7.3 Selection of Modeling Lifetime Distribution

In selecting a li fe distribution model, the approach recommended71 is to use a life

distribution that best fits the data and yields reasonable projections when extrapolating

beyond the range of the data.  If the model chosen does not “work,” then the next

approach is to use models based on previous research in the literature or to use a model

for a similar failure mechanism if no prior model has been documented.

In the past, CAF and other electronic failure mechanisms have been modeled

principally by the lognormal,73 exponential71 and Weibull72 distributions.  The first

detailed study of CAF by Boddy et al.12 found that the failure mechanism followed a

                                               

iii  The  value of 63.2% arises from the equation: 1 - exp(-1) = 0.632.
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lognormal distribution for the central portions of the distribution, but that the tails

deviated significantly from lognormal behavior.

Augis et al.18 noted that when the early Bell Labs research was plotted, the

character of the distribution seemed to be changing as stress (i.e., temperature, humidity,

voltage, etc.) was changing.  In particular, Weibull plots from a single distribution

appeared to result from mixtures of two Weibull distributions, with the proportions

changing as stress changed.

A powerful method of extrapolating accelerated data to life operating condition is

through the use of kinetic models.  Meeker et al.37 found that when statistical methods

were coupled with a kinetic modeling approach, the Weibull distribution gave very good

correlation with CAF MTTF data.

II.8 Design of Experiment

In order to efficiently analyze scientific test data, a method known as design of

experiment (DOE) is used to reduce the amount of test runs and obtain greater

information from the resulting data.  Several texts74, 75 exist detailing the theory of DOE.

Briefly, DOE is an efficient method for exploring trends in an unknown response space.

DOE is the process of planning the experiment so that appropriate data will be collected

and can be analyzed by statistical methods, resulting in valid and objective conclusions

from the data.  There are four basic principals of DOE that will be used in this research.

They are: replication, randomization, blocking and factorial crossing.
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Replication is perhaps the most common form of DOE.  It is simply the repetition

of a given experiment.  Replication has two important properties.  First, it allows the

experimenter to determine the scatter in data.  This experimental error becomes the basic

unit of measurement for determining whether observed differences in the data are really

statistically different.  Second, if the experimental mean and variance are used to estimate

the effect of a factor in the experiment, then replication permits the experimenter to

obtain a more precise estimate of this effect.74  That is, the experimental mean and

variance are usually better determined with a sample population of a hundred than with a

sample population of ten.

Randomization is the cornerstone to DOE: its use nulli fies the impacts of many

factors that are neglected in an experimental design. Randomization is the random

determination and allocation of the experimental material and the order in which the

individual runs or trials of the experiment are to be performed.  By properly randomizing

an experiment, the effects of extraneous factors that may be present are applied equally to

all test samples and “averaged out” of the experiment.74

Blocking is a technique used in the design of an experiment.  A block is a portion

of the experimental matrix that should be more homogenous than the entire matrix and

the conditions of interest in the experiment are compared within each block.74  For

example, if there are PWBs processed with three different WSFs (A, B and C), then the

response of A to a given variable should be due only to the variable under study (such as

temperature or spacing) and not due to some variation within the A block.
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In a factorial design, if  k variables are being investigated and each variable has n

levels (values), a full factorial design requires kn experiments to analyze all possible

combinations of the experimental variables.  For example if three variables are of interest

and each variable is to be studied at three levels, a total of 27 experiments must be

performed to investigate all combinations.

Examining all possible combinations of variables and levels may require a

prohibitively large investment of resources or time. A fractional design eliminates

experimental test runs by omitting selected portions of the complete experiment matrix

that arises during factorial crossing.  The primary drawback of fractional designs is the

reduced accuracy in determination of higher order interactions of variables.  It is well

understood74 that when combined in a fractional design, different variables can affect the

results by main effects (i.e., the effect is solely due to the variable) or by interaction (i.e.,

the effect is due to more than one variable).  If there are k variables that interact with each

other, they interact in a non-additive fashion.  There may be up to “k-way” interactions

among variables in a fractional design.  A robust fractional design is generally able to

discern the main effects from the interactive effects.  To evaluate and compare the effects

of two or more sets of variable conditions within the same experiment, factorial crossing

must be used.  The factorial crossing concept uses the set of all possible treatment

combinations to determine the contribution that each single preparation condition would

have if used independently.75

Two variables are said to be correlated if the results obtained by altering one

variable are similar to the results that would have been obtained if another variable had
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been altered.  The greater the similarity between the results of the two experiments, the

greater the degree of correlation.  Consequently, as the correlation between two variables

in a design matrix increases, the ability of data analysis to distinguish and estimate the

effect of each variable decreases.  When level changes between two variables have

identical results, then the variables are said to be perfectly correlated.  The amount of

correlation can be expressed mathematically as a correlation coefficient, r, which is a

measure of the degree to which the responses to the variables fit a straight line.

Completely uncorrelated terms will have r = 0, while perfectly correlated variables will

have r = 1.76


