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ABSTRACT

The thermomechanical deformation of plated-through-holes (PTHs)
in multilayer interconnection boards (MIBs) has been examined with the
aim of developing a suitable test methodology for evaluating the long
term reliability of electroless copper PTH structures. The concern
over PTH reliability comes from the large Z-direction
(through-thickness) thermal expansion coefficient mismatch between the
epoxy-glass and copper which generates stresses when the MIB is
subjected to a temperature change.
| Analytical and finite element modeling of the PTH is used to
calculate the stresses and strains in the copper barrel section of the
PTH. A test methodology and failure criterion were developed to allow

critical evaluation of the influence of significant design and

material parameter changes on the cyclic strain fatigue life of PTHs.

The use of acoustic emission techniques to monitor the fatigue tests
revealed that when delamination along the copper/epoxy-glass interface
occurred, it was invariably linked to reduced life, A constitutive
relatioﬁship relating the cyclic life as a function of applied cyclic
strain was derived from the results.

Also discussed are several analytical techniques used in
investigating the cause of the reported low ductility of electroless
copper. It was found that electroless copper is an inherently ductile
material with the reported low ductility believed to be an artifact of

the technique used to evaluate the ductility of the material.




I. INTRODUCTION

The demands for increased performance of large computer systems

,have.produced a corresponding increase in the complexity of printed

circuit boards. The natural evolution of single-sided and dou-
ble-sided printed circuit boards has led to the development of the
multilayer interconnection board, or MIB, which has been used
‘extensively in the high density electronic interconnection/packaging
industry. With the increased complexity and packaging density of the
MIBs, the demand for more numerous and reliable interconnections hasg
grown in proportion. In general, the interconnection of the various
conduction layers in MIBs is accomplished by means of copper
plated-through holes (PTHs). A schematic diagram showing the typical
interconnections in a MIB is given in Figure 1.

Although the concept of the plated-through-hole (PTH) has been
accepted and widely utilized in the electronic iﬁterconnection/
packaging industry, it is well known [1-3] that the majority of
electrical continuity failures associated with multilayer
interconnection boards are due to PTH failures., Such failures have
been associated with the fact that the epoxy-glass composite
substrates, currently used in MIBs, have a coefficient of thermal
expansion in the board thickness direction that is several times
larger than that of the copper PTH; this mismatch in thermal
coefficients is generally believed to be responsible for the
thermomechanical deformation and fracture of PTHs, Accordingly,
pessimism in the industry regarding the PTH reliability has created

increased interest in understanding the PTH Structure and its
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Figure l: Schematic diagram of a multilayer interconnection
board showing typical intercomnections (after
Seraphim [5]).




thermomechanical response. A typical cross-section of a PTH
barrel-land structure is shown in Figure 2.

The thermomechanical failures of plated through holes in MIBs are
of two principal types: 1) PTH barrel cracks extending around the
circumference of the barrel, and 2) interfacial fractures occutrring at
the junction of interplanar copper lands and the PTH barrel. The
thermal stimuli for these thermo-mechanical failures are generally the
result of either a soldering transient of up to 250°C during the
initial MIB make up, OT due to in-service thermal cycling associated
with normal on/off procedures.

Recently, the interconnection/packaging industry replaced the
usual electro-plated copper technology, for producing MIBs, with a
‘hew, economical electroless copper plating technique. This electro—
less plating process allows for metal films to be deposited‘directly
on to non-metallic substrates after a simple surface activation
treatment.

Unfortunately, the ductility of electroless copper (n2-7%) [4]
is generally less than that of electroplated copper (v12-20%) [1],
even though copper is intrinsically a ductile material. Since the
ductility of electroless copper is 3 to 10 times less than that of
electroplated copper, MIBs plated with electroless copper are

significantly more susceptible to PTH barrel cracking. As such, the

lower ductility of electroless copper permits jess tolerance in the

PTH to the thermal strain associated with thermal transients.
To develop and manufacture economical multilayer interconnection

boards with high PTH reliability, it is necessary to identify the




Figure 2: Optical micrograph showing a typical PTH structure
from an IBM 3081 processor unit.







influence of design, process, and material parameters om the reliabil-
ity of PTHs in MIBs. Furthermore, the complex and highly variable

nature of PTH manufacturing processes and electroless copper deposi-

- tion makes assessment of the influence of these various parameters

difficult from an empirical point of view. An understanding of basic
failure mechanisms in an actual PTH structure is required in order to
develop an experimental program which allows accurate assessment of

the influence of these parameters on PTH reliability.




II. BACKGROUND

2.1 MIB-PTH STRUCTURE AND RELIABILITY

Recent developments in printed circuit technologies have permit-
ted the manufacture of multilayer interconnection boards (MIBs) with
greater circuit capacity and increased response speed. Seraphim [5]
has described the basic design and manufacturing processes of the MIB
for the IBM 3081 Processor Unit. Plated-through-holes (PTHs) are used
for the interconnection of interplanar copper circuits with logic
service terminals. The PTH is drilled in a two-stage mechanical
drilling process, followed by abrasive and chemical cleaning to remove
residual epoxy material. A through-hole aspect ratio of 11:1 is used
and plating the hole is accomplished in an electroless copper bath.
The plating process is carefully controlled to reduce impurity levels
to ensure good copper quality.

IBM's 3081 multilayer interconnection board is believed to be the
largest MIB currently being manufactured in the electronic
interconnection/packaging industry (600 mm x 700 mm) with some 40,000
PTHs in each of its four boards. Since the failure of a singie PTH

may result in a computer shutdown, it is apparent that extremely high

reliability is essential. Statistically, if only one in a million PTH

failures occur, a relatively small number of processor units would be
involved in generating a failure.

The principal factors to be considered with respect to PTH
failure mechanisms are: 1) nominal stresses and strains due to
thermal transients in well manufactured MIB-PTHs, 2) stress concen-

trations which result in local stress and strain amplification and 3)




the level of local ductility of the copper plating available to resist
these stresses and strgins. Clearly, an understanding of the relative
importance and interdependence of these factors is necessary to assess
PTH reliability.
2.1.1 PTH Failures

Tt is widely known that PTH failures can result from the
thermomechanical deformation due to the thermal expansion coefficient
mismatch between the epoxy-glass matrix and the copper PTH; such
strains are generated by thermal transients during soldering
operations.

The failures of PTHs associated with the soldering transient are
of two principal types: 1) barrel cracks extending around the circum-
ference of the PTH, and 2) fractures in the vicinity of the interface
created by interplanar copper (land)-PTH barrel junction. Less-widely
known is the deformation in the PTH resulting from long term thermal
cycling associated with in-service unit on/off operations. For long

term thermal cycling, Oien [2] states that "if a PTH barrel remains

uncracked during the initial soldering transient, it will gemerally

require hundreds of rather severe thermal cycles to produce cyclic
fatigue cracking of the barrel." In other words, defects initially
present or cracks initiated during the soldering transient may
propagate during subsequent thermal cycles. Thus, long term thermal
cycling may be a viable mechanism for PTH barrel cracking.

Some conventional experimental techniques are too insensitive to
detect barrel cracks initiated during the initial soldering transient.

Failure to perceive these cracks may result in the misconception that




subsequent thermal cycling will not produce PTH fracture. Rudy [6]
has developed a highly sensitive electrical technique for detecting
these PTH barrel cracks, a modification of which was used to monitor
copper cracking during cyclic fatigue tests in this study. The
technique developed by Rudy is very uséful for detecting PTH barrel
cracking, but gives mo indication as to whether debonding is occurring
at the epoxy-glass/copper-barrel interface. Oien [2] pointed out that
if debonding of the epoxy-glass from the copper barrel were to occur
it would have a significant influence on PTH deformation. When an

actual PTH structure is stressed in tension, a stress gradient is

developed at the copper barrel epoxy-glass interface which may act to

debond the interface. Since debonding is considered to be highly
detrimental to the integrity of the PTH structure, detection of
debonding is vital for predicting the reliability of the PTH.

2.1.2 PTH Stress Analyses

A simple analytical model has been developed by Oien [3] to
understand the mechanics and thermomechanical deformation of a plat-
ed-through hole. Oien's model is based on a piece-wise linear
approach (see Figure 3) which assumes common displacements between two
1inear elements (one copper, one epoxy-glass) as a function of

temperature. The elastic strain in the copper element is given by:

- A
(aM aCu) T

€ = - (l)
Cu 1+ ACuYCu/AMYM

where dM and ch are the thermal expansion coefficients for the

epoxy-glass matrix and copper, respectively, YM and'YCu the




Figure 3: Oien's [3] simple model for Plated-Through-Hole
Barrel Strains.




elastic moduli of epoxy-glass matrix and copper, respectively, AM and
ACu are the area of the epoxy-glass matrix and copper, respectively, and
AT is the temperature change. Figure 4 shows Oien's calculated barrel
strain versus temperature change from Equation 1.

Oien's model assumes the elements' are straight, of uniform
quality, defect free, and symmetrically stressed. From inspection of
the PTH in Figure 2, it can be seen that all of the aforementioned
assumptions do not describe the geometry and non-uniformity of an
actual PTH structure. When good quality electroplated copper (v20%
‘ductility) is employed, PTHs should be highly resistant to the
formation of barrel cracks in well manufactured MIBs. Oien noted
however, that manufacturing difficulties resulting in thinly plated
regions, stress concentrations and/or material with low ductility may
produce PTH failures.

Ammann and Jocher [17] have made direct measurements of the axial
strain in the PTH barrel during an initial soldering transient. TFor a
16 layer MIB, maximum axial strains near the barrel center were on the
order of 1.7% at 240°C. TFor a 20 layer MIB, as in the 3081, the axial
strain near the barrel center is expected to be slightly higher,
making them more susceptible to failure.

In an effort to improve the reliability of MIB-PTH structures
and expand our understanding of the micromechanics of PTH failures, it
is necessary to determine the effects of selected design and
processing parameters on the deformation of PTH structures. Efficient

evaluation of the effects of design and processing parameter on long

term cyclic life can only be accomplished through accelerated test

11
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programs. The research described here is directed at developing such

an accelerated test program.
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2.2 DEPOSITED COPPER DUCTILITY

Anderson and Wild [8] studied the circumferential PTH barrel
cracks present when electrodeposited copper PTH structures undervent
the thermal transient associated with the soldering process. They
observed that copper foil cracks deVelbped within the relatively weak
columnar grain boundaries of the electrodeposited copper. In general,
foils with less than 1% elongation would crack, while foils with
greater than 1% elongation would not. The authors concluded from TEM
analysis that the only clear difference between the foils was the
presence of a &uplex grain structure in the lower ductility foils as
opposed to the equiaxed structure of the higher ductility foils which
exhibited tensile elongations of over 5%.

Fox [1] has reported elongation data for electroplated copper
with values ranging from 1.5%-20% for various specimen thicknesses.
Tensile and yield strengths were found to decrease with decreasing
foil thickness though no parallel trend was observed for elongation
values. TFox concluded, however, that elongation to failure is not a
good measure of localized ductility because some necking occurs prior
to failure which reduces the nominal elongation. Reduction in area is
a better indication of localized ductility, however, this is difficult
to measure for thin foils. In PTH applications, local ductility is a
more important property than elongation to failure for assessing
reliability.

Electroless copper deposits used in the fabrication of MIBs have
been shown to possess better ductility when certain additives are

incorporated into the plating bath [9,10]. Two general theories exist

14




to explain the effect of these additives on the foil ductility: 1)
the formation and incorporation of copperzo is believed to be the
cause of low ductility additives to serve to reduce the formation of
this specie, and 2) copper deposits become embrittled as a result of
hydrogen gas bubble incorporation with‘ certain additives believed to
serve to reduce the concentration of hydrogen in the deposits.
Although no evidence for the incorporation of copper?_O in electroless
copper has been reported, Nakahara and Okinaka [11] noted the presence
of hydrogen bubbles in copper deposits which reduced foil ductility.
Their observations suggest that reduced ductility originates from
small hydrogen bubbles present within the grains and not from larger
voids present at grain boundaries. The small bubbles within grains
are believed to act as obstacles to planar slip and result in
hardening of the foils.
Electroless copper deposits are produced from plating baths which

are constantly replenished over time. Replenishing the copper is
_generally accomplished by adding copper sulfate. As a result, sulfate
jons accumulate in the bath over time. Homma et al. [12] recently
found that sulfate ions incorporated into the deposits, adversely
affected the ductility of electroless copper foils. Homma and
Mizushima [4] have shown that when sulfate ion concentrations increase
from 0.03 mol/L to 0.24 mol/L in the plating bath, electroless copper
elongations decreased from 7% to 1-2% and tensile strength similarly
decreased to a lesser extent; the presence of carbonate ions also

showed the same tendency.

15




Aycock et al. [9] have used a spiral contractometer to measure
the internal stresses in electroless copper. When certain additives
were used in the plating bath, either a residual compressive or
tensile stress was observed in the copper foils (Figure 5). The
residual stresses were found to become more compressive with increas-
ing foil thickness. Aycock suggests that residual tensile stresses
could contribute to the lower ductility of the deposits. Others
[10,11] have suggested that the presence of internal stresses cause
pores to develop in the channels between the growing grains, thereby
entrapping gases. However, no clear understanding of the

interrelations of internal stresses and pores is currently available.

All of the above investigations fail to fully explain the influ-

ence of certain bath additives, contaminants, or residual stresses on
the ductility of electroless copper. Furthermore, no clear
explanation has been given for the consistently higher ductility
reported for electroplated copper as compared with that for

electroless copper.
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baths (after“Aycock et al. [9]1).




2.3 EXPERIMENTAL TECHNIQUES

2.3.1 Acoustic Emission

Acoustic emission (AE) corresponds to high frequency stress
waves generated by the rapid release of strain energy that occurs
within a material during crack growth, plastic deformation or phase
transformation. As such, AE can provide current information about the
ongoing microscopic processes of fracture. AE analyses of fatigue and
fracture toughness tests, stress corrosion cracking, hydrogen
embrittlement, twinning deformationm, martensitic phase
transformations, deformation processes in welded joints, and other
tests are becoming increasingly useful as a research tool. On a more
practical side, AE testing is used as a non-destructive inspection
method and has been applied in quality control systems. Because AE
inspection is limited to the detection of an active flaw, AE testing
must be applied while the material or structure is subjected to
stress. Its ability to detect dynamic flaws makes AE a tool of
increasing importance for monitoring crack growth and predicting life
in components under stress.

Current AE technology employs transducers and amplifiers to
detect the very faint stress waves emitted upon the release of strain
energy within a material. Figure 6 shows a schematic diagram of an
acoustic emission event and some pertinent features which may be used
for its characterization. To this end, acoustic emission (AE)
technology will be used in this study to elucidate information
regarding copper deformation and debonding from the substrate during

cyclic fatigue tests.
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Figure 6: Schematic diagram of an acoustic emission event
showing various features which may be used for its
characterization.
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2.3,2 Microscopy

Grain boundary embrittlement in metals can have a very
detrimental effect on the mechanical properties of the material,
particularly strength and ductility. The embrittlement phenomenon has
been attributed to intergranular segregation of impurities to the
grain boundaries, which is believed to reduce boundary cohesion. In
the past, indirect techniques were used to study grain boundary
segregation. The major disadvantage of these techniques is that they
all require a prior knowledge of the segregating element as these
techniques cannot distinguish the species that are segregating. Such
indirect techniques rely on the measurement of the result of segre-
gation. Usually these techniques are only qualitative in nature,
except for those based on the measurement of grain boundary energy.
gome of the indirect techniques are metallographic effects,
microhardness measurements, kinetic effects, x-Tay lattice parameter
measurements, electrical properties [13] and grain boundary energy
versus composition measurements [141.

Direct techniques involve the actual identification of the
segregating species as well as quantitative measurement of the compo=
gition of the grain boundary. Two major direct techniques currently

used are Scanning Transmission Electron Microscopyl(STEM) with Energy

Dispersive X-ray Spectroscopy (EDS) and Auger Electron Spectroscopy

(AES).

i) Analyfical Electron Microscopy

In recent years, the Analytical Flectron Microscope (AEM)

has shown increasing usefulness in studying the chemistry of
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materials. The AEM, which refers to a STEM with EDS, allows for the
jdentification and quantification of chemical species of atomic number
11 oxr greater. STEM allows the grain boundary to be viewed at high
magnification, and by positioning the electron beam (vhich may be as
small as 208) on the boundary, chemical analysis may be obtained by
detecting the x—réys emitted by the sample. An x-ray spectrum, a plot
of x-ray intensity VS. x-ray energy, can be generated from this
analysis. This spectrum usually contains a number of x-ray peaks of
specific energy corresponding to the elements present in the specimen,
superimposed on a low level of background signal. In order to
quantify such data, the peak intensities must be extracted from the
EDS spectrum and converted to compositions using the C;?ff—Lorimer
ratio technique [15]. The AFM has been used to study gfain boundary
segregation in copper-bismuth [16,17] and in iron-3 wt% nickel with
phosphorus and tin segregation [18-20]. The advantage of this
technique is that the boundary need not be disturbed; thus, the
technique may be used for systems that do not fracture intergranularly
and the quantification of the x-ray data is easily achieved (21]. The
disadvantages of AEM mainly involve the technique of specimen
preparation and the x-ray spatial resclution.

ii) Auger Electron Spectroscopy

AES has become an important tool in the study of grain

boundary segregation because of its high depth resolution and its
ability to detéct small amounts of a species. The analysis is carried
out in a high vacuum after the sample has been fractured. The exposed

fracture surface is then illuminated by an electron beam of 1-3 keV.
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Auger electrons emitted by the sample are of low energy and,
consequently escape.from only the first few atom layers beneath the
surface. As such this technique is very surface sensitive. Auger
electrons have discrete energies characteristic of the species from
which they were emitted. The Auger electrons are detected and
displayed as sharp peaks in the energy derivation of the secondary
electron spectrum. AES has been used to investigate segregation in
copper-bismuth [22-24] in iron-3 wtZ% nickel with additions of
phosphorus or tin [19] and in iron-tin [25] amongst others.

The main advantage of AES is its ability to identify the surface
active species or species on the exposed grain boundaries. The major
disadvantage of AES is the requirement that the sample be fractured to
ékpose the grain boundary. This 1imits the technique to those systems
in which the segregant causes greatly reduced grain boundary cohesion.

2.3.3 Strain Analysis Through Convergent Beam Electron Diffraction

In recent years, the development of instruments such as the
AEM, which provides the ability to form focussed convergent electron
probes, allows convergent beam electron diffraction (CBED) to be
performed. When the parallel incident electron beam is made to
converge at the specimen, the well defined spots in the parallel beam
diffraction patterns are replaced by discs whose radii are
proportional to the angular convergence of the incident beam. The

discs in the CBED pattern may contain patterns of fine lines (dark or

defect in the transmitted spot and bright or excess in the higher

order zone spots) which are termed High Order Laue Zone lines or HOLZ

lines.




The HOLZ lines represent elastic scattering effects corresponding
to reflections in upper Laue layers, which occur in the intensity
discs in the CBED patterns when the electron beam is accurately

aligned parallel to certain zone axes [26]. The overall symmetry of

these lines reflects the three-dimensional symmetry of the crystal

structure from which they arise [27].

The position of the HOLZ lines is sensitive to the lattice
parameter of the crystal and the electron wavelength of the illuminat-
ing beam. The sensitivity of HOLZ lines to the lattice parameter,
thereby makes composition measurement possible through lattice
parameter shifts [28,29]. Since the lattice parameter changes with
lattice strain, HOLZ line positions can be used also to characterize
residual strains in the lattice.

In order to perform absolute lattice parameter determinations
using CBED patterns, a simulation technique was developed by Ecob et
al.[26]. This technique requires a calibration specimen of known
lattice parameter. Since the lattice parameter is known, the kV (and
therefore wavelength) is then varied in the simulations to achieve
good agreement between calculated and measured patterns. One
difficulty of this technique is that, since dispersion effects are not
accounted for, each different zone axis will have a unique value of
the electron wavelength associated with it. 1If proper calibration
techniques are used, the absolute lattice parameter may be measured to

an accuracy of 2 parts in 10,000.




2.4 SUMMARY

At the present time there is no standard test method for evalu—
ating the influence of design and processing parameters on the cyeclic
fatigue life of electroless copper in plated—through—holes. Further-
more, TO definitive experiment has been described for testing thin
metallic foils involving compressive loadings. Many studies have
examined the thermomechanical deformation of the PTH structure during
the initial soldering thermal transient; however, little attention has
been given to the effects of long term thermal cycling on the PTH
integrity.

Various methods have been developed for monitoring PTH barrel
cracking, which have yielded varied success. Although some attention
has been given to the thermomechanical debonding of the copper barrel
from the epoxy-glass matrix, these studies have used post-mortem
examinations of the interface to elucidate information regarding the
debonding process.

There is much disagreement in the literature as to the origin of
the reported low ductility of electroless copper. Numerous studies
liave identified various possible sources for this lower ductility and
the elimination of these sources has yielded slightly improved
properties. However, in some cases these ductilities have remained
considerably lower than those reported for electroplated copper.

The objectives of this thesis are as follows:

1. Analyze the thermomechanical deformation of the PTH structure

using analytical and finite element techniques.
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2. Develop a suitable test methodology and failure criterion for
evaluating the cyclic fatigue life of electroless copper in PTH
applications.

3. Having established a test methodology, evaluate the influence

of certain design, processing, and material parameters on the

cyclic fatigue life of plated-through-holes.

4. Evaluate the usefulness of acoustic emission techniques for
monitoring the failure mechanisms during cyclic fatigue testing.
5. Investigate the origin of the low reported ductility of

electroless copper in PTHs.




EXPERIMENTAL AND ANALYTICAL PROCEDURES

3.1 PTH STRESS ANALYSES

3.1.1. Analytical Approach

In order to develop a better‘understanding of the PTH
stress-strain relationship as a function of temperature, 2 simple;
two-dimensional 1inear elastic stress analysis of the PTH structure
was conducted. This stress analysis is an expansion of Oien's model
and includes geometrical consideration of the PTH barrel-external land
structure. The basic assumptions used in this analysis have been
presented elsewhere [30], but will be restated below for clarity.

Assumptions:

1. The proportional 1imits of the materials involved are not
exceeded (i.e. only elastic strains are allowed) . :

2. Thermal coefficient mismatch in the ng" (thickness) direction
is the primary cause of PTH stress with thermal effects of
coefficient mismatch in the X and Y directions being minimal.
Delamination between PTH structure and the epoxy-glass material
is not considered in this analysis (see Figure 7).

3. The displacement of the PTH terminal area (lands) increases
1inearly from an amount € at the barrel to UM'AT at the land end;
the curvature of the terminal area, associated with its
deflection, is assumed to be negligible (see Figure 8).

4. The sfresses are distributed uniformly throughout the PTH

cross section (i.e. no stress concentrations or asymmetry).




Epoxy-Glass
PTH Barrel

PTH cross section (after [301).

Figure 7:
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Notation:

cogper‘Barrel

Area

Flastic modulus

Thermal expansion coefficient.

Elastic stress
Flastic strain

Epoxy-Glass Matrix

Area

Elastic modulus

Thermal expansion coefficient

Elastic stress

Elastic strain
Analysis
1. Assume barrel strain (thermal + elastic) = €; free barrel
strain would be ab-AT (thermal only). Therefore, the barrel
force (temsion) = Y A {s—ab'AT}
2. .The matrix strain varies from the barrel strain (e) near the
barrel to uMoAT at the end of the land; thus the average elastic

matrix strain (EM) is:

(a+aM AT)

ey = {ay AT - ————ZT————}

average total strain




o AT _ F
Matrix Force = Yy Ay {————2——- 3 } (4)

(compression)

3, The forces are numerically equal:

aM AT _ c
Y Ay {e—abAT} = Tby — 3 (5)
leading to
_ A + ZY,DA.D b . AT ©
Ty * oy
Since Am >> Ab it can be assumed the area of the copper barrel is:
Ab ~ mdt and the area under the external land 1is: (7
d2 d?.
R A
=7 2 T2 )
4. Barrel Elastic Stress

o, = Yy {a—ab°AT}

b
°b=Y Y#\Ma +2YbAba AT—YMAMOL AT - ZYAbb
R T T
o) YMAM
g, = Y {/
b YMAM ¥ I A
(a g, )
op = Yy {—3 ?\,b_ 2y (8)
1+2 _L—
Ny
o./% = v
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The total barrel strain is then shown to be equal to the elastic

strain plus the free thermal expansion of the copper:

= g ¥ abAT (10)

This total copper barrel strain is plotted in Figure 16 against

;emperéture change above ambient f£rom 0 to 100°C.

3,1.2 Finite Element Analysis (FEA)

A more accurate stress analysis of the PTH structure and the
cyclic strain fatigue specimen gage section was conducted using the
APES [é_xisymmetric/glanar Elastic _§_tructures] £inite element computer
program. APES incorporates 2 high order jsoparametric element with
assumed bicubic displacements and can be used for plane strain, plane
stress and axisymmetric structural behaviors. The program enables the
solution of complex two-dimensional structural problems with less time
and greater accuracy than most other public domain programs.

Tdealizations of the PTH structure were developed for FEA. One
PTH idealization shown in Figure 9 contains an external land, while
the second jdealization (Figure 10) contains both an external and
internal land. Both idealizatioms model the PTH structure from the
MIB midplane to one MIB surface.

Four basic assumptions are needed for the elastic stress analysis

of the PTH structure by finite elements:
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AXIS OF SYMMETRY

Epoxy-glass

matrix T

«—L—Cu barrel

#] containing one external

FEA PTH idealization

land.

Figure 9:
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Figure 10: FEA PTH idealization #2 containing one external
1and and one internal land.




1. The material behavior is limited to linear elastic responses

(i.e. no plasticity, an APES 1imitation).

9. pPerfect adhesion exists between the PTH structure and the

epoxy-glass matrix (i.e. no delamination) .

3. The PTH wall is smooth and of uniform thickness (this assump-

tion is for simplification of the analysis and is not a

1imitation of APES).

4. Thermal expansion is based on isotropic thermal expansion

coefficients with the Z-direction® property being the primary

cause of stresses within the PTH. (The need to consider an

jsotropic thermal expansion coefficient is a limitation of APES.)
Thermal loading was applied to the PTH idealized model by introducing
a constant temperature for every element. Various results from the
FEA can be graphically represented and superimposed on the idealized
model such as X, ¥» and Von-Mises stresses, deflected structure, and
strain energy density. The graphical representations of these results
for both PTH idealizations, at various temperature changes in the MIB,
appear in Appendix 1. Furthermore, the average and highest copper
barrel y-strains for both idealized conditions are plotted versus

temperature change (°Cc) in Figure 16.

*for the MIB, the through thickness direction corresponds to the
7-direction while in the FEA, it corresponds to the y-direction.




TENSILE AND CYCLIC STRAIN FATIGUE EXPERIMENTS

3.2

3.2.1 Monotonic Tensile Tests
Tension testing of the copper foils was conducted as

prescribed by ASTM E345-81 for the testing of metallic foils in
‘thicknesses of less than 0,150 mm (0.0b6 in). Type A specimens were
used with a two inch gage length, and a nominal thickness of 0,0305 mm
(0.0012 in). Load—displacement traces were recorded on a Linseis X-Y
recorder and loading was conducted at 3 MPa/sec. The yield strength
was determined by the 0.2% offset method from the resulting
stress-strain curves. Representative stress—etrain curves for the
materials tested are shown in Figures 20 and 21, and the yield

strengths, tensile strengths reduction in area, total elongation and

true fracture strain are reported in Table 3.

3,2.2 Tension-Tension Fatigue Tests

The copper foils were tested in tension-tension fatigue on
an Instron electrohydraulic closed loop test system. All tests were
conducted under. load control at a frequency of 20 Hz. The copper
foils were tested at room temperature (approximately 70% relative
humidity) and the test results are plotted in Figure 27.

3,2.3 C clic Strain Fatigue Tests

Specimen Development
One major aim of this research project was to develop a test
methodology for the study of the cyclic strain fatigue properties of
electroless copper. Information gathered from cyclic strain fatigue

studies involving uniaxial, fully—reversed, strain controlled tests

can be used to derive a relationship between total strain and life
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similar to that of the Coffin-Manson Relationship. In such testing, a
single fatigue cycle jnvolves both tension and compression strain
excursions of equal magnitude. The fact that the copper samples in
this study take the form of 0.0305 mm thick foils, imposes significant
experimental difficulties for cyclic sfrain fatigue testing since one
must guard against the possibility of buckling. For this reason,
reversed loading of the thin copper foils required the presence of
some supporting substrate.
Several factors were considered in choosing the proper substrate
material and are summarized as follows:
substrate elongation
electrical conductivity of the substrate
acoustic properties (AE attenuation, AE event characteristics,
etc.) of the substrate -
substrate similarity to PC board material
copper/substrate plating compatibility
- mechanical surface properties of substrate
Since potential drop (AV) was to be monitored during the fatigue
tests, for purposes of monitoring damage accumulation in the copper
foil, the substrate choices were reduced to non~conductive materials
(non-metallics); thus, polymer-type substrates were sought. The first

substrates tested were Delrin and Nylon 6 with the copper being plated

on the outside of round hour-glass shaped specimens. The mechanical

properties of these substrate materials appeared adequate, except for
the fact that the specimen geometry allowed for Poisson contractions

so as to pull the substrate away from the copper plating. An analysis
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of MIB geometry and its associated physical properties, reveals that
when the MIB is thermally cycled, the Poisson contractions are small
in directions within the plane of the board. From this analysis, it
was seen that the PTH could be considered a cylindrical specimen for
which the diameter could be approximatéd as the area under the surface
lands (copper rounds plated on MIB surface). This analysis led to the
development of the specimen shown in Figure ll. Note that the copper
is plated on the specimen ends and on the surface of a hole drilled
axially through the specimen center. The plating on the specimen ends
has three important purposes: (1) it provides a site for acoustic
coupling to the copper "barrel" during testing, (2) it provides a site
for electrical coupling to the copper "barrel" during testing, and (3)
it simulates the PTH external lands.

When the MIB is thermally cycled, stress is imparted to the PTH
in the thickness direction by each of three means: (1) shear stresses
between the substrate and copper, (2) tensile and bending stresses
imparted by physical discontinuities at the copper/epoxy-glass
interface, and (3) tensile and bending stresses from the PTH lands
(both internal and external). The first two mechanisms for stress
transmittal are very difficult to model and analyze. Therefore, it
was desirable to match the specimen surface properties to the MIB
matrix surface properties so as to eliminate this uncertainty. To
this end, half inch diameter rods made of FR4 epoxy and chopped fiber

glass were used as the substrate materials. These rods closely model

the MIB matrix composition and morphology in that the fibers are

largely oriented perpendicular to the rod length.
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Figure 11: Strain cycle fatigue specimen with through hole
and specimen ends having been plated with
electroless Cu.
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Test Variables

Several design and process variables used in the production of
well-manufactured PTHs were investigated to assess their influence on

cyclic fatigue lives. Fatigue specimens were produced to incorporate

certain of these design and process variables with a control group

being established to compare the relative influence of each variable.
Table 1 contains the specimen preparations studied. An explanation of
each variable studied follows:

Aspect Ratio (L/D): The ratio of the specimen gage length (L) to

through hole diameter (D). The control aspect ratio was 10:1 and the
variation was 6:1.

Surface Roughness: The finish on the through hole surface. The

control finish was "as-drilled", with two variations, 6 um and 1 um
polished surface being investigated.

Surface Activation: " Prior to electroless plating the through

hole was chemically treated to stimulate grain growth. The mechanism
of this seeding operation is proprietory*; however, two types of
seeding were investigated. The control seeding was termed "Activator
3" with the variation being referred to as "Activator 1".

Copper Quality: This refers to the type of copper plate. The

control copper was uncontaminated electroless copper, with good
ductility, while two variations, contaminated electroless copper (low

ductility) and electroplated copper, were also produced.

*IBM Proprietary Information




Specimen
Name

Aspect
Ratio (L/D)

10:1  6:1

Table -1

CSF Specimen Variables

Surface Roughness

As-drilled

6um

um

Activation

No.

3

No.

1

Copper Quality

Uncontaminated
(good ductility)

Contaminated
(poor ductiility)

Control Group
Aspect Ratio 6:1
6 Micron

1 Micron
Activator {1

"Contaminated"
low ductility

X

X

X

X

X

X




Cyclic fatigue experiments were conducted on an Instron
electro-hydraulic closed loop test system with each sample
experiencing fully reversed loading. Strain control was monitored by
a clip~in displacement gage which was mounted across the specimen gage
section (Figure 12). All tests were ﬁerformed at room temperature
(approximately 70% relative humidity) and at a frequency of 0.35 Hz.

The strain in the specimen gage length was calibrated versus the
clip-in gage for tensile and compressive loading by mounting a
Micro-Measurements strain gage (Model #EA-09-125AD-120) at the gage
center and loading the specimen in tension and compression. Clip-in
gage and strain gage readings were recorded for several loading cycles
and for several speéimens. From Figure 13, it is seen that the
clip-in gage strain was approximately an order of magnitude greater
than the strain gage for the entire strain range (+/-). A finite
element analysis was conducted on the cyclic strain fatigue specimen
to establish a relationship between the average y-strain at the
specimen mid-length for the outermost epoxy-glass element (A) and the
copper element (B) shown in Figure 14. The same assumptions used for
the PTH analysis are applicable; however, in the case of the fatigue
sample thermal loading was replaced by a uniform stress applied at the
specimen end. Copper barrel longitudinal strains were calculated using
the strain calibration curve and the copper:epoxy-glass strain ratio

from the FEA as follows:

= o Ae (11)
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Figure 12: Photograph showing cyclic Strain fatigue set up.
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Figure l4: FEA specimen gage section used to determine
average Y-strain relation between element A and
element B,




where Ae = nominal longitudinal copper strain, a = 0.5 from FEA
copper

and Aesg = strain gage strain.

Acoustic Emission Experiments

Acoustic emissions resulting from the fatigue tests were
monitored with a Physical Acoustics C&rporation (PAC) 3000/3004 Four
Channel AE Analyzer. AE signals were detected with PAC u30s
transducers (resonant frequency of 300 kHz, signal to noise ratio of
23, and capacitance of 184 picofaraday), amplified 40dB by a PAC 1220A
preamplifier and subsequently amplified 35dB by the 3004 analyzer. AE
events were recorded with the PAC RT/DAS data acquisition software
program and stored on floppy disks. Post analysis data discrimination
was performed using the PAC RTPOST program and plotted using the PAC
Superplot program.

From preliminary investigations aimed at identifying the
different types of AE signals that one might expect to monitor during
the fatigue tests, it was considered infeasible to characterize the
numerous types of AE sources present. Therefore, acoustic emissions
during the fatigue tests were recorded to compare the general trend
from one test to another.

AE spectra for each of the tests were recorded with a total
system gain of 75 dB and a threshold voltage of 0.1 volt giving an
actual amplitude threshold of 45 dB. This threshold value eliminated
all noise associated with the hydraulic system. The transducers were
firmly attached to the ends of the specimen as shown in Figure 12, In
order to ensure good acoustic coupling, a thin layer of Dow Corning

High Vacuum grease was applied between the transducer and specimen
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surface. Spectra for each test were plotted as AE events vs. event
amplitude vs. cycles and are shown in Appendix 2.

Potential Drop Circuit

The extent of copper cracking was monitored during the fatigue
tests by following the change in resisfance of the copper plating as a
function of loading cycles. A constant current source of 0.1 Ampere
was applied across the specimen length, and the change in voltage
across the specimen monitored on a Keithley Instruments 148
Nanovoltmeter. With a constant current applied to the specimen, a
change in voltage can be directly converted into a change in

resistance by Ohm's Law:

v = IR
Therefore,

AV

T = AR

In this investigation, four failure criteria were established:

(1) AV = 20 uV * AR = 200 uf
(2) AV = 50 uV > AR = 500 u
(3) AV = 100uV +AR = 1000uQ
(4) AV = 200uV ~ AR = 2000pQ

During the tests, the voltage change was recorded at the fully un-
‘1oaded portion of the cycle. This precludes resistance changes
resulting from elastic straining and thus corresponds to changes in
resistance associated with actual copper cracking and permanent

plastic flow.
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3.3 MICROSCOPY

3.3.1 Light Ogtical Microscopy

After theufatigue tests were conducted, the gage portion of
the specimens were gsectioned on a slow speed diamond saw, and the
cross sections mounted in a standard eold mount. The mounts were then
ground and polished to 2 0.3 ym finish and examined on & Zeiss

Inverted Light Microscope.

3.3.2 Scanning Electron MicroScopy (SEM)

gcanning electron microscopy examinatiohs were conducted on
an ETEC Autoscan Scanning Electron Microscope operated at 20 kV.
Stereomicroscopy was carried out using the technique described by
Goldstein et al. [31] with 3D height measurements of the as-deposited

surface roughness being calculated using the formula [32]:

_ P
Z. " ¥ 2sin(a/2) (12)

Z, is a height difference normal to a plame parallel with the half-way
tilt position petween left and right photos, M is the magnification, P
is ®;~Xp (where X and Xp are the distance between two points A and B

in the left and right photos, respectively) and o is the difference in
tilt angles.

3.3.3 Transmission Electron Microscopy (TEM)

Microstructural examination of electroless copper was
carried out in the transmission electron microscope. Thin foils were
prepared from 3 mm disks punched out of copper foils which were then

mechanically thinned on 600 grit SiC paper to 40 ym. These disks were
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ultrasonically cleaned in ethyl alcohol, and then jet—electropolished
in a Struers Tenupol electropolishing unit. Electropolishing was
carried out in a 66% phosphoric acid/water solution at 10°C with a

polishing potential of 4 volts. The specimens were immediately

cleaned in H20 and rinsed in ethyl alcohol. Several specimens

required ion-beam milling to produce sufficient thin area.
TEM examinations were conducted on a Philips 400T fitted with a
La36 electron source operated at an accelerating potential of 120kvV.

Both undeformed and deformed copper specimens were examined using the

standard Philips single-tilt low background holder.




3.4 ANALYTICAL ELECTRON MICROSCOPY (AEM) AND DIFFRACTION ANALYSIS

Local chemistry of the grain boundaries in electroless copper was
studied using the AEM through Energy Dispersive X~-ray Spectroscopy
(EDS) microanalysis. For the determination of qualitative levels of
residual strain in the electroless copber, convergent beam electton
diffraction (CBED) was used along with HOLZ Line position
measurements,

3.4.1 EDS X-ray Microanalysis

The specimens for microanalysis were pPrepared by ion-beanm
thinning to avoid electropolishing effects which could interfere with
the x-ray microanalysis [33]. The specimens were observed and X~ray
spectra recorded with a Philips EM400T AEM equipped with an EDAX 20°
take-off angle x-ray detector and a Tracor Northern 2000 multichannel
analyzer. The specimens were held in a standard Philips double-tilt,
low background specimen holder; analyses were conducted on grain
boundaries which were tilted to be parallel to the electron beam. The
direction of tilt was always toward the X-ray detector and the tilt
angle never exceeded 15° in order to minimize any spurious x-ray
signals. The electron bean Was positioned on the grain boundary of
interest and x-ray data collected for 300 seconds using a spot size of
5mm and a 50 ¥m thick C2 aperture. Since the purpose of this

analysis was to merely assess whether any grain boundary contaminants

were present in the electroless Copper, no attempt was made to

quantify the levels of any species found as has been done for bismuth
Segregation in copper [16,17]. When coherent bremsstrahlung (CB)[34]

peaks were observed in the X-ray spectra, careful tilting of the
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specimen was required in order to minimize the effects of CB before
further microanalysis could be conducted.

3.4.2 Evaluation of Residual Strain Through Higher Order Laue Zone

(4OLZ) Line Analysis

HOLZ line positionms may be u,sed to determine the lattice
parameter to an accuracy of two parts in 10,000 (recall Section 2.3.2)
Others [26,28,35,36] have shown that <111> zone axis CBED patterns 2are
well suited for lattice parameter determination and are very sensitive
to strain measurements in FCC materials due to the high symmetxy of
the HOLZ lines. The plated—through—hole specimen for CBED analysis
was prepared by careful sectioning of the MIB and ion-beam thinning as

shown in Figure 15.

CBED Analysis

The general procedure for producing the CBED patterns -used-in
this study have been outlined by Williams [37]. The STEM mode
technique was used for establishing the zone axis pattern (ZAP) of
jnterest with the spot size being set to provide a focussed 40 nm

probe at the specimen surface and a stationary beam placed on the area

of interest. When the STEM detector was removed, the entire CBED

pattern vas observed at a camera length (CL) of 575 mm, while a CL of
1150 mm was used for viewing the HOLZ lines in the direct disk
(transmitted beam). A 50 um-C2 aperture was used to provide adequate
convergence to obtain good HOLZ 1ine pattermns, while a 10 um C2
aperture was used to produce 2 low magnification CBED pattern with
adequate spot separation for easy indexing. The CBED patterns were

indexed as described by Williams [38].
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Figure 15: Schematic diagram showing MIB sectioning procedure
to remove a PTH section for CBED analysis.




Simulation of HOLZ Line Patterns

The techniques for simulating the HOLZ line patterns in the

direct disk of the CBED patterns have been described in depth by Ecob

et al. [26] and thus only the necessary information with regard to

this study will be discussed here,

The simulation Procedure requires accurate indexing of the HOLZ
lines in the CBED pattern. A computer program, which uses such
information as the crystal structure, lattice parameter, electron
wavelength, zone axis and geometrical considerations, calculates the
positions of the HOLZ Lines in the direct disk and then transmits the
results to a pen plotter.

Dispersion effects may create changes in the "effective" electron
wavelength., Since the simulation technique does not take into
account these effects, some type of calibration is necessary. For
this calibration, well annealed pure copper sample <111> ZAP CBED
patterns were obtained using the conditions described earlier.
Simulations were carried out to determine the best agreement using a
series of different wavelengths. Once the "effective" wavelength for the
<I11> direction wag known, simulations using this wavelength could be
conducted to match experimental HOLZ line patterns by varying the
lattice parameter.

When the lattice parameter and/or the tetragonality of the
pattern was different from the "standard", strain was considered to
exist. Experimental HOLZ line patterns were obtained for various
strain magnitudes by removing specimens from copper foils that had

been strained in uniaxial tension to a known nominal elongatlon. CBED
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patterns for at least 8-10 grains were recorded for each analysis; the
most prevalent patterns were then simulated to infer lattice strain.

3.4.3 Auger Electron Spectroscopy (AES)

The elemental chemistry of copper foil fracture surfaces was

determined using a Physical Electronics Auger Spectrometer. Auger

spectroscopy was performed on both the uncontaminated (good ductility)
and contaminated (low ductility) copper used in this study, and
spectra were recorded at an accelerating potential of 5 kV and a
voltage modulation of 3 eV. Specimens for analysis were
ultrasonically cleaned in tricholoethylene, followed by ethyl alcohol.
Due to the poor rigidity of foil specimens, in-situ fracturing was not
possible; therefore, specimens were fractured in air and immediately
placed into the Auger unit. Although surface oxidation and
atmospheric contamination could not be completely avoided, all other

contamination was minimized.




IV. RESULTS AND DISCUSSION

4.1 STRESS ANALYSES

Oien's analytical model [3] for understanding‘the

effects of the actual PTH structure. Due to the simplicity of Oien's
model it was considered important to de%elop a more accurate PTH model
and stress-strain analysis for assessing the thermomechanical deforma-
tion of the PTH. To this end, an analytical model of the PTH struc-
ture including an external land was developed. The analytical model
assumes a uniform Sstress-strain distribution across the PTH barrel
which does not actually exist in the PTH due to o)) asymmetric load-
i (2) stress concentrations along the PTH wall, and (3) local
variations in copper ductility,

Finite element analysis (FEA) of the PTH structure was algo
conducted to provide information ag to the stress-strain distributions

within the copper barrel. The FEA allows for asymmetric loading of

the PTH idealization ag experienced by the actual PTH which results in

and strains. Furthermore, neither approach accounts for local
variations in the copper ductility which act to locally amplify

Stresses. As a Tesult of thege two limitations, even with the ip-
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probability (i.e. local stresses and strains). However, both analyses
assume that for AT = 0 the stresses and strains are both zero. This
assumption is probably invalid since during the initial through hole
plating, the MIB is submerged in the plating bath held at a constant
73°C. After p}ating'fhg through holes; the board is cooled to room
temperature. Due to the thermal expansion coefficient mismatch, the
PTH barrel experiences a state of residual compressive stress For ;
this case, AT.= -52°C, assuming that room temperature is approximately
21°C. As a result, only temperature changes greater than 52°C should
introduce tensile stresses into the barrel. The actual PTH barrel,
however, is relatively rough which creates shear stresses in the
barrel which are not accounted for. In either case, the time zero
stress state is assumed to be zero for both analyses. The residual
compressive stress state will be considered in further detail later.
It should be‘noted here though that since the models ignore stress
concentrations, the actual local strains are underestimated. On the
other hand, the assumption of a zero strain at time zero overestimates
the actual strains in the PTH since the beneficial influence of the
residual compressive stress is not considered. Thus, the two
simplifications noted above introduce errors that are at least
partially offsetting.

4.1.1 Analytical Model

The basis for developing the analytical model of the PTH was
to establish a relationship between nominal stresses and strains and a
temperature change introduced into the MIB. The analytical model was

designed to incorporate the geometrical effects of an external land.
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The relationship for the average elastic stress in the PTH barrel is

given. by

(a, -0, ) . AT
) M %
o, = Yy AL (8)
1+2 3
u Ay
and the total average barrel strain is given by
(a,~a, ) AT
ey -
sb- I A-b +quT (9)
b
1+2 I
M

The values for the various material properties are given in Table 2.

Before discussing the numerical results obtained for equation
(8), the validity of the ‘equations will be assessed by examining the
boﬁndary limits to the equations. This will be done for the stress
equation but the results can be interpreted for the strain equation by
simple analogy.

1. As AT + 0 the stress ob + 0. This follows directly from the
analysis.

2, As Ay * oy the stress oy 0. This is valid since if there
4is no thermal expansion coefficient mismatch no stresses should be
introduced (i.e. free thermal expansion).

>> i ]
3. YMAM YbAb (i.e. the stiffer matrix forces the copper

barrel to take up the full matrix strain) then ob = Yb (aM-ab AT
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Table 2

Material Properties

Poisson's Ratio Elastic Modulus Thermal Expansign -1
Coefficient (x10 ")°C

X exY z

Copper . . 129.8 129.8 129.8 48.3 . 16.6

Epoxy-Glass . 4.8 6.9 3.4 0.62 . . 86.5 (40-90°C)
. 60.2 (30-40°C)

42.6 (18-30°C)
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since YbAb/YMAM » 0. This seems to be valid since it would be expect-

ed that the barrel strain should become the same as the matrix strain.
4, YbA.b >> YMAM (i.e. the stiffer barrel forces the matrix to
take up the expanded barrel dimensions), therefore YbAb/YMAM »> ®

resulting in:

Yy Ay
M
L e— - . .
Oy Tk (aM ab) AT (13)

This result seems questionable since you would expect Oy + 0 (i.e. to
take up its fully expanded length). On closer inspection, it appears
that this result may be an artifact due to the assumption that the
matrix strain increases linearly from the barrel strain along the

barrel wall to am°AT at the end of the land. Consequently, however

high the barrel stiffness becomes, the matrix

o, — O
strain is M2 b AT with the elastic component averaging

aM—ab aM—ctb
AT. This results in a force of YMAM 5 AT on the barrel

Mand an elastic stress of 0 = Z Ab (aM—ab) AT as found earlier.

The barrel stiffness, however, is only V3 times greater than the
matrix stiffness. Therefore, the elastic barrel stress may be given
by equation (8) and the total barrel strain by equation (10).

Figure 16 presents a plot of the PTH barrel strain versus temper-
ature change as computed from equation 10. Included in Figure 16 are
curves representing the free thermal expansion of the PTH copper and

the epoxy—glass matrix. The elastic strain component for the PTH

copper may be computed by subtracting the free thermal expansion of
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Figure 16: Plot of PTH barrel strain versus temperature
change.




the copper from the curve for the PTH model. The general shape of the
PTH model strain curve is governed by the differential rate of expan-
sion of the epoxy-glass matrix. Even for temperatures well below the

glass transition temperature of the epoxy, the thermal expansion

coefficient changes with temperature. Once again it should be pointed

out that the analysis is performed based on linear material response.
If any plastic deformation of the PTH copper were to occur, the
effective stiffness of the copper barrel to resist further deformation
would be significantly reduced, thereby resulting in larger PTH copper
strains,

By comparison of equation 10 to Oien's strain equation (1), it
can be seen that Oien's model overestimates nominal strains by ~1.7
times those computed by the presented analytical model. This result
seems reasonable since the current model allows for the rotation of
the surface land which effectively relieves some of the barrel strain.
This result is important because significantly lower strains are
predicted from this analyiical model compared to Oien's model which
should result in reasonable improvement in predicted reliability.

4,1,2 Finite Element Analyses

Two finite element idealizations were developed for a
typical PTH such as in Figure 2. The idealizations model the PTH
structure from the MIB centerline to one MIB surface. Idealization 1
(Figure 9) takes into account one external land but no internél lands;
idealization 2 (Figure 10) takes into consideration the addition of
one internal land. The axis of symmetry for the idealizations is

iocated at the center of the PTH as shown in Figures 9 and 10. Due to
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the geometric symmetry of the PTH structure and the incorporation of
thermal loading, the finite element program APES was used throughout
the entire analysis. APES is well-suited for the analysis of
two-dimensional axisymmetric models for which linear elastic
assumption are necessary. One limitation of APES is that isotropic
thermal expansion coefficients must be used for thermal loading
analysis. Because of the greater thermal expansion of the epoxy-glass
in the through-thickness direction (z-direction) of the MIB, the
7-direction thermal expansion coefficient was considered most
significant and &as employed throughout the analysis. However, since
APES is a two-dimensional program, the through—thickness direction (Z)
corresponds to the y-direction analysis results. The stress and
sttrain distributions were calculated in 10°C temperature increments
from 0°C to 100°C. The maximum tensile stress for both idealizations
was located at the MIB centerline along the PTH inside diameter. For
PTH idealization 1, the maximum tensile stress is approximately 15 MPa
for the first 10°C temperature change from room temperature , 21 MPa
for each 10°C from AT = 10°C to AT = 30°C and 29 MPa for each 10°C
from AT = 30° to AT = 100°C. Forx PTH idealization 2, the maximum
tensile stresses are 30 MPa, 42 MPa and 58 MPa per 10°C for each
temperature interval. A series of stress distributions for each
jdealization and at several ATs are given in Appendix 1.

Figure 16 reveals the FEA-results for both idealizations along
with the previously reported results of the analytical model. The

first curve to discuss is 1abeled "FEA Ave. PTH Barrel Strain" which

is the curve of the Y-direction copper barrel strains averaged over
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the barrel length. The averaged strains from both idealizations fall

on one curve and suggest that some regions of the copper barrel are
subjected to lower stresses when an internal land is incorporated into
the structure; in this case, the maximum tensile stress at the MIB
centerline is twice as great as in ide-alization 2. Trom the FEA
stress results it was determined that the barrel region just below the
internal land junction goes into compression along the inside diameter
of the PTH. This is the comsequence of the bending moment on the
internal land which is imposed by the epoxy~-glass expansion in the
region below the 1and. The deflected structure diagrams for
jdealization 2 (Figure 17) shous the effect of the deflected internal
land on the PTH barrel; by comparison with Figure 18 (the deflected
structure for ijdealization 1), the deflection introduced by the
internal land can be seen clearly.

The FEA curve for the average Y-direction Barrel strain lies
nQ,02% strain above that obtained from the analytical model. ‘The
slightly smaller strains from the analytical approach are primarily
the consequence of the limitations in the analytical model to
accurately describe the displacements of the PTH barrel-land
structure.

Since the average Y-direction barrel strains from the two
idealizations are approximately the same, and recognizing that the
maximum tensile stress for idealization 2 is a factor of two greater
than idealization 1, the maximum Y-direction strain in the PTH barrel
was considered more important for the purpose of predicting barrel

damage. Once again, the maximum tensile stress and strain of the

62




P e e e e e
S ——

r idealization 2.

Deflected structure fo

Figure 17:




—t
[=]
@]

-~
8]
3]
N

ot

—
o
U

g

-
g
o)

e
Q
]
=

fw)
(3]
=
I

o
[7)]
=]
o

o~

Es)
3]
[\}]

—i

Uy
0]

(=]

Figure 18

64




m

barrel is located along the inside diameter at the MIB centerline,

The highest strain from idealization 1 (curve labeled "PTH w/o Land")
and the highest strain from idealization 2 (curve labeled "PTH
w/Land") are also plotted in Figure 16. For both idealizations, these
curves are significantly higher than tﬁe average barrel strains. It
should be noted that for the case when an internal land is
incorporated (idealization 2), the highest barrel strain increases at
about the same rate as the free expansion of the epoxy-glass

composite, although the actual strain lags slightly behind the free

o\

expansion of the barrel.

The finite element technique also allows for easy determination
of the initial PTH barrel stress distribution as a result of the
plating process. The plating bath temperature is 73°C. Therefore, a
MIB PTH plated at this temperature would develop residual compressive
stresses upon cooling to room temperature (21°¢), (i.e. for a AT =
-52°C). Thus, the initial stress state of the PTH structure is
assumed to be determinable from FEA by introducing a temperature

" change of -52°C. For idealization 1, the maximum.compressive stress
is “154 MPa and the average compressive stress is V70 MPa. For
idealization 2, the maximum compressive stress is “320MPa and the
average compressive stress is V144 MPa.

Although the actual compressive stresses are likely to be only a
fraction of these calculated stresses, they represent a significant
portion of the ultimate tensile strength of the electroless copper,

(see section 4.2.1). This analysis suggests that temperature changes
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greater than 52°C would be required in order to introduce tensile
stresses which can contribute to PTH failure.

The finite element technique is also very useful for determining
the effect of delamination along the copper/epoxy-glass interface on
the PTH barrel stress distributiom. Ffom the stress contour plots in
Appendix 1, it can be seen that a large stress gradient exists at the
interface between the PTH copper barrel and the epoxy-glass matrix.
This large stress gradient has a significant influence on the adhesion
along the copper/epoxy-glass interface in an actual PTH. Large stress
gradients were observed for both X and Y(Z) directions which would
tend to delaminate the interface. The effect of a interfacial
delamination on the stress distribution was investigated by
introducing a region of delamination along the interface by breaking
nodal continuity along an element adjacent to the interface (Figure
19). The delamination resulted in a 30% increase in the PTH barrel
stresses along the delaminated region as compared to an undelaminated
interface. Thus, interfacial delamination should significantly reduce
the life of a PTH structure.

Having gained insight into the nature of the thermal response of
a PTH structure based on a simple analytical model as well as finite
element models, attention is nmow given to an evaluation of the tensile

and fatigue test results.
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4.2 TENSILE AND FATIGUE EXPERIMENTS

4.2.1 Monotonic Tests

Tensile tests were conducted on three foil preparations.
Tensile stress—strain curves are shown in Figure 20 for temsile foils
of "good quality" electroless copper that were prepared from two
different plating baths. Tensile foils were also prepared from a’
platiné bath with contaminants intentionally added to produce copper
foils of lower ductility; the stress—-strain curves for these foils
appear iﬁ Figure 21. The microstructures of the uncontaminated and
contaminated bath foils are shown in Figures 22 and 23, respectively.
The tensile results for the three specimen groups are summarized in
Table 3. It is seen that a large difference in tensile properties
exists from one plating bath to another, and that in all cases the
contaminated bath foils possessed lower ductility based on elongation
to failure measurements. * The lower ductility of the contaminated bath
foils is due to the large concentration of point defects present in
the microstructure, Figure 23, as compared to that of the
uncontaminated bath foils.

Calculating ductility from elongation to failure data, however,
may not be a good measure of local ductility since some necking may
occur prior to failure. A better indication of localized ductility is
reduction in area at fracture. For the thin foils, the area of the
fracture surface was determined by measuring the width of the fracture
surface from scanning electron micrographs. Figures 24-26 reveal the

fracture surfaces of tensile foils prepared from the uncontaminated

baths A and B and the contaminated bath, respectively. The drawn
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Copper
Quality

Table 3

Electroless Copper Tensile Properties

Ultimate Percent Percent
Specimen 0.2% Yield Tensile Reduction Elongation
Number Strength (MPa) Strength (MPa) in Area (in 50 mm)

True
Fracture
Strain

Uncontaminated
(Bath A)

Uncontaminated
(Bath B)

Contaminated

1 176.0 260.0
2 180.0 284.0
3 192.0 316.0

156.0 . 200.
158.0 220.
212.0 272.

224.0 242,
242.0 256.
248.0 250.




Figure 22:

Figure 23:

‘TEM micrograph of as-received "good quality"

electroless copper.

TEM micrograph of as-received contaminated "low
ductility" electroless copper.
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SEM micrograph of the fracture surface of
contaminated electroless copper foils.

Figure 26
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appearance of the fracture away from this rough deposit surface

! suggests that the surface roughness acts as stress concentrations
which causes localized straining, and the fractures initiate at the
surface from which the deposit grows. Once localized straining
occurs, the remaining gage length is essentially stress relieved
resulting in low elongations to failure, and high reductions in area.
Tt follows then that if the ratio of surface roughness to foil
thickness is reduced, elongation to failure should increase. Further
discussion of surface roughness and microstructural effects on foil
ductility will be presented in Section 4.3.

4,2.2 Tension-Tension Fatigue

Fatigue tests were performed on "eood quality" electroless
copper by cycling tensile foils under load control at a load ratio of
Pmin/l’max = 0.1. The results of these tests are plotted in Figure 27
with cycles to failure being plotted as a function of the stress range
to tensile strength ratio. These results indicate that for
tension-tension fatigue, electroless copper has good resistance to
fatigue damage, particularly at stress ranges less than 50% of the
tensile strength.

The fracture surfaces of the fatigue foils were examined in the
scanning electron microscope in order to characterize the crack growth
morphology. Figures 28a and 28b are micrographs of the fracture
surface of 2 foil tested at a stress range "“80% of the tensile

strength. The micrographs show fatigue striations eminating from the

initial surface of deposition. From striation spacing measurements,

the fatigue crack growth rate in this region is approximately 1x 107
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Figure 27: Plot of tension-tension fatigue and results for
"good quality" electroless copper.




Figure 28a,b:

SEM micrographs of fracture surface of
electroless copper foil tested in
tension-tension fatigue at n80% of its tensile
strength. Note fatigue striations oriented
normal to the direction of crack propagation
(arrow).







m/cycle. From the Bates and Clark [39] empirical correlation relating

striation spacing to the stress intensity factor range,

2

striation spacing v 6 C%K)

where OK = stress intensity factor range

E = modulus of elasticity.
the stress intensity factor range was calculated to be 20 MPa/m.
Figure 29 shows another region where the striation spacing was
measured to be approximately 7 x 10_7 m/cycle. In this regime, the
Bates and Clark correlation yields 8K v 40 MPa/m. Both of these
results agree well with the fatigue crack growth rate data of Speidel
[40]) for commercial copper alloys. The results from both the
monotonic and cyclic tests of the '"good quality" electroless copper
‘foils indicate that if elongation to failure data is excluded, ;he
mechanical properties are gimilar to those of electroplated and
wrought copper. For the contaminated copper deposits, the lower
ductility and higher yield strength are primarily due to the high
concentration of point defects in the microstructure. Further
discussion of foil ductility and of microstructural changes due to

fatigue deformation will be given in Section 4.3.

4.2.3 Cyclic Strain Fatigue (CSF) Experiments

CSF Specimen Development and Analysis

Of particular interest to this research project was the
evaluation of the long term thermal cyclic life of electroless copper

in MIB-PTH applicatioms. In order to evaluate the cyclic life of
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Figure 29: SEM micrographs of fracture surface of electroless
copper foil tested in tension-tension fatigue
at “80% of its rensile strength. Note fatigue

striations oriented normal to the direction of
crack propagation (arrow).







electroless copper in MIB-PTH applications, it is imperative to
determine several factors which directly affect the PTH structure;
these variables include:
- the initial stress state of the PTH barrel
- the stress-strain distribution within the PTH structure as a
~ function of temperature change in the MIB
- the effect and relevance of the copper/epoxy-glass
interface adhesion
~ the mechanical properties of the materials used in the MIB-
PTH structure.

For the most part, the stress-strain information pertaining to the PTH

‘was obtained through the finite element analyses of Section 4.1.2,

while the mechanical properties of the electroless copper were
obtained from the tensile tests as described in Section 4.2.1. .From
the information gathered in the above sections it was possible to
design a specimen which possessed many of the properties of the PTH
structure. The specimen developed, shown in Figure ll, allows the
copper plated along the through hole wall to undergo compression
without buckling, so as to simulate service conditions associated with
fully-reversed strain cycling.

Finite element analysis of the gage section of the CSF specimen
(Figure 14) revealed that for a uniform load, the strain in the copper
barrel (B) was one-half the strain in the epoxy-glass, located at the
specimen center along the outside diameter (A). Therefore, the strain
in the copper barrel was computed by multiplying the specimen strain,

(calculated from the calibration procedure) by the strain ratio of 0.5
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as determined from FEA of the gage section. No attempt to evaluate
local stress concentrations was included in any of the analyses,

Data Analysis

The CSF properties were obtained for 4 failure criteria
based on the resistance change in the éopper barrel (200, 500, 1000,
and 2000 uf) at each of three copper barrel nominal strains (0.01%,
0.023%, and 0.035%). The data for each failure criterion are given in
Tables 4 to 7.

Figures 30a-d are plots of the cyclic strain versus cycles to
failure for each of the four failure criteria. The results indicate
that for each failure criterion, 1 and 6 micron polished specimens
exhibited the greatest fatigue resistance. The shortest fatigue life
was exhibit by the "low ductility" contaminated electroless copper.
The 6:1 aspect ratio specimens appeared to have better life as -
compared with the control group. This improvement in life is probably
due to reduced copper barrel strains resulting from the change in
sample geometry. No significant change in fatigue life was observed
for the activation processes used in initiating the deposit's growth.
It is interesting to note here that the most significant improvement
in fatigue life was achieved by reducing the surface roughness of the
drilled hole. It should be noted that this also serves to reduce the
level of mechanical adhesion along the copper/epoxy-glass interface
(e.g. 1 and 6 micron polished). By contrast, the lowest fatigue life
occurs in samples containing the lowest ductility of the electroless

copper.
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Table 4

Cycles to Failure 200 uQ Resistance Change

Specimen
Classification 0.010% Strain 0.0237% Strain 0.035% Strain

Control Group 340 259 74
747 160 67

Aspect Ratio 6:1 -1854 223 130
6 Micron Polished 1540 197 50
1. Micron Polished 2540 275

Contaminated 181 103
low ductility

Activator #1 428 148




Table 5

Cycles to Failure 500 u& Resistance Change

Specimen
Classification 0.010% Strain 0.023% Strain 0.035% Strain

Control Group 493 332 109
1371 240 94

Aspect Ratio 6:1 2780 223 190
6 Micron Polished 2606 2717 76.
1 Micron Polished 3810 432

Contaminated 424 208
low ductility

Activator #1 . 808 204




Table 6

Cycles to Failure 1000uQ Resistance Change

Specimen
Classification 0.010% Strain 0.023% Strain 0.035% Strain

Control Group 655 428 74
2718 338 131

Aspect Ratio 6:1 3465 451 262
6 Micron Polished 4270 373 114
1 Micron Polished 5570 648 195

Contaminated 836 322 46
low ductility

Activator #1 1340 256




Table 7

Cycles to Failure 2000 u& Resistance Change

Specimen
Classification 0.010% Strain 0.023% Strain 0.035% Strain
Control Group 1787 598 231
4598 489 180
Aspect Ratio 6:1 6186 754 425
6 Micron Polished 7540 547 180
1 Micron Polished 9862 1014 ’ 280
Contaminated 1678 511 57
low ductility
Activator #1 2417 360 143
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Plot of the cyclic strain versus cycles to failure
for each'of the four failure criterion (a) 200 we,
(b) 500 uQ, (c) 1000 uQ, and (d) 2000 uQ.

Figure 30:
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A separate plot can be generated for each strain range of testing
by plotting the number of cycles required to change the copper barrel
resistance by the amount of each failure criteria versus the
resistance change (see Figures 3la-c). From these plots it appears
that the data fall along approximatelf parallel curves., Since the
curves are displaced vertically from one another by an amount
corresponding to the number of cycles which changes the resistance by
200 uf, it is suggested that once cracking has begun the rate of
subsequent cracking is independent of specimen preparation. However,
it is clearly evident that specimen preparation influences the ini-
tiation process at each cyclic gtrain range. Therefore, reducing the
surface roughness (i.e. stress concentrations) jncreases the cyclic
strain fatigue 1ife because the presence of significant stress concen-
trations essentially bypasses the initiation process. 1In addition,
reducing the ductility of the material (i.e. by using contaminated,
1ow ductility copperi reduces the fatigue life because less plastic
deformation 18 available to resist crack formation. Though neither of
these results are surprising., the importance of these observations
will become more evident in light of the acoustic emission results.

A Coffin-Manson relationship based on the 2000 @ failure
criterion is presented in Figure 32. By plotting the log be/2 vs.
ZNf, where b€ is the total barrel strain, and ZNf ig the total number

strain reversals, & straight line relationship of the form:

pe/2 = 0.4 (znf)"o"‘f’ ) (15)
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Figure 3la-c:

Plot of the number of cycles required to change
the copper barrel resistance by the amount of
each failure criterion versus the resistance
change for each strain range (a) 0.035%, (b)
0.023% and (c) 0.010%.
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can be described. The fatigue ductility coefficient of 0.4 was
determined by extrapolating the curve to the strain intercept at one
load reversal (2Nf = 1).

Acoustic Emission Analysis

Acoustic Emissions (AE) Were.recorded for each CSF (cyclic
strain fatigue) specimen tested to provide information that would
reveal the mechanisms associated with the specimen failure. Figure 33
is a plot of the AE data and resistance change data for the 0.035%
strain range test of a control group specimen. The figure reveals the
number of AE events versus the AE event amplitude versus the number of
cycles (the representative thixd dimension); also shown is the
resistance change versus cycles on a fourth axis. A good correlation
exists between the rapid increase in AE events and the increased rate
of resistance change. Thus, it would appear that the mechanism:
responsible for generating the AE is likely to be linked to the
mechanism creating the changes in resistance. Since the test
frequency was only 0.35 Hz at the strain range 0.035%, for which the
largest number of events was recorded for all specimen preparations,
direct observation of the sequence of events leading to failure could
be made. Figure 34 shows a schematic diagram of the strain cycles,
resistance change, and AE events observed during testing. The diagram
jllustrates that most of the AE events occur during the loading
portion of the strain curve during which time little or no resistance

change occurs. Shortly after the maximum tensile strain is achieved,

a sharp decrease in AE events was observed. Following this sequehce,

a sudden burst of AE was detected which was associated with a
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Figure 32: Coffin-Manson type plot for 2000 uQ resistance
change results. Extrapolating the data to one
cycle yield a fatigue ductility coefficient of

0.4%.
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corresponding jump in resistance. After passing through the
compressive strain region, the sequence was repeated on the following
cycle.

The following model has been postulated to describe the sequence
of deformation leading to failure in tﬁe 0.0357% strain range tests.
During tensile loading, the copper barrel begins to delaminate from
the epoxy-glass along the copper/epoxy-glass interface. Shortly after
unloading begins, the now plastically elongated and delaminated copper
barrel begins to buckle; the associated bending stresses then lead to
copper cracking at the center and ends of the delaminated portion of
the copper barrel. It was found earlier from finite element analysis
that when delamination occurs, the stresses at the center and ends of
£he delaminated region are significantly larger than those experienced
over the majority of the barrel. Thus, when delamination occurs, the
fatigue life would be expected to decrease.

A comparison of the AE results for each CSF test, given in
Appendix 2, reveals that in almost every case in which the fatigue
1life of one specimen was shorter than that of another, the number of
AE events was observably greater. For example, the number of AE
events at each strain level recorded for the control group specimens
(Figure 35a-c) was significantly greater than the number of AE events
recorded for the 1 micron polished specimens (Figures 36 a-c).
Correspondingly, the CSF life of the control group specimens was
significantly shorter than the 1 micron polished specimens at all

strain levels.
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Figure 35a-c: Plots of AE data for control group specimens at

each‘strain'raﬁge tested, (a) 0.010%, (b) 0.02%,
~ (c) 0.035%.
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£ the gage sections of the CSF

Metallographic examination O

t delamination of copper/epoxy—glass-

specimens revealed that significan

e that exhibited a large number of

interface was present in every sampl

AE events. Conversely, when relatively few AE events were recorded,

the gage section exhibited little or nb delamination. Figures 37 and

38 show micrographs of portions of the copper/epoxy—glass interface in

the 0.035% strain range specimens of the control group and l-micron

polished, respectively. 1t is evident from these micrographs that

significant interfacial delamination occurred in the control group

specimen, while little or no delamination was observed in the i-micron

polished specimen. In both cases, COPPeT barrel cracks are clearly

evident, the development of which were responsible for the observed

resistance changes.

The observations described above indicate that reduction in the

glass interface reduces the

surface roughness along the copper/epoxy-

tendency for the copper barrel to delaminate. These results are in

t results of Lee et al. [41] where

contradiction to the peel tes

o increase by increasing surface

interface strength was seen t

roughness. It was postulated that mechanical interlocking along the
interface was primarily responsible for the interface strength. This

jon involved in the peel test;

may be true for the stress situat

however, for the stress state of the CSF specimens used in this study,

e the stress state in an actual PTH

this is clearly not the case. Sinc

is more similar to that of the CSF specimen employed here, it is
believed that mechanical interlocking 1is not an important mechanism in

preventing interface delamination. Furthermore, reducing the
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polished specimens
(a) 0.010%, (b)

Plots of AE data for 1 micron
at each strain range tested,
0.023%, (c) 0.035%.

Figure 36a-c:
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interface surface roughness results in

and improved fatigue life.

The gage section of

copper parrel cracking.

reduced stress €

oncentrations

each CSF specimen was also examined in the

In all specimens examined, nume

1y oriented normal to the loading direction

(Figure 39).

‘gcanning electron microscope to0 determine the nature and extent of the

Tous cracks

were observed along the gage length and these cracks were predomi'nant—-

Furthermore

these cracks appear to develop along the grain poundaries and prop-

agate intergranularly (Figure 40). It is pelieved that these cracks

initiate at columnar grain poundaries which coincide with the stress

concentrations jntroduced by the rough inter

110

face.



Figure 37:

Figure 38:

Optical photomicrograph of the gage section of the
0.035% strain control group specimen. Note the
separation along the copper/epoxy-glass interface
as well as the copper barrel crack.

Optical photomicrograph of the gage section of the
0.035% strain 1 micron polished specimen. Note
the good adhesion along the copper/epoxy-glass
interface along with the copper barrel crack.
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4,3 MICROSCOPY

4.,3.1 Surface Roughness

Numerous component failures can be attributed to stress
concentrations associated with surface defects, large changes in
cross—-sectional area, and material processing defects. Such stress

concentrations result in local amplification of stresses and lead to

catastrophic failure or subecritical crack growth.

The stress concentrations associated with electroless copper in
MIB and PTH applications have a significant effect on the mechanical
behavior and component reliability. Although the size of these
defects may be minute compared to those commonly encountered in
larger—-sized components, it is the relative size of these defects to
the foil thicknesses that makes these stress concentrations so
important.

The determination of the size of the surface defects in electro-
less copper in MIBs was conducted with the aid of a scanning electron
microscope. The first method involved examining the electroless
copper layers within the multilayer interconnection board. Figure
41 shows a portion of a copper interconnection plane revealing
numerous defects along the copper surface which is deposited first.
These defects develop because the copper first deposits and then grows
with good parallelism to the roughness of the surface onto which it is
deposited. It appears that the defects may penetrate up to 10 um into
the foil. Since foil thicknesses are approximately 40 um, these

defects may penetrate 25% into the foil thickness.




Figure 41:

SEM micrograph of a portion of a copper

interconnection plane in an actual MIB. Note the
numerous stress concentrations along the
copper/epoxy-glass interface.







The second method of examining the nature of these defects
involved the use of stereomicroscopic analysis of the deposited
surface. StereomicTOSCOPY allows the depth of the defects to be

calculated from the stereo pair by the equation:

_ P
Z, =¥ 72 sin (¢/2) (12)

This technique also allows the width of defects to be determined to
see how far across the foil width they extend. Figure 42a and 42b are
a stereo pair of the deposit surface of the electroless copper foils.
The height difference between certain points on the surface were
;:alculated to determine the surface roughness (see Table 8). The
results show good agreement with the values from the previous method;
however, a single defect does not extend across the full width of the
foil. Therefore, the stress concentrations are less ominous than that
implied from the cross—sectional view of the foil as shown in F;i.gure
41, Howev‘er, the influence of this rough surface on the mechanical
properties of the copper foils should not be underestimated. 1In
section 4.2.1, the fracture surfaces of the tensile foils indicated
that the fractures initiated from this rough surface, and low
elongations to failure resulted. In addition, the tension-tension
fatigue tests (Section 4.2.2) indicated that the fatigue cracks
initiated along the rough deposit surface, and the subsequent crack
growth was away from this surface. From the above discussion it would
appear that the scatter in the results of the tensile tests (i.e.

yield and ultimate tensile strengths and elongation to failure) are
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Table 8

Stereomicroscopy Surface Roughness Determination

Positions _Z_c_(ﬂl
1-5 4
4-6 6
2-8 8
3-9 8
3-6 6
2-5 10
1-9 | 6

Ave. = 6.8 ym
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P

Figure 42: Stereo pair of the deposited surface of
electroless copper foils. The numbered points
indicate locations used for height difference

determinations, the results of which appeaTt in
Table 8. [0L=32°_-25°=7°]
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inhomogeneous as dislocations begin to become tangled and pile-up
along grain and twin boundaries (Figure 46). After 10,000 cycles, the
dislocations have arranged themselves into well-defined cells (Figure
47a,b), and the dislocation demsity has only increased slightly from
that associated with 1000 loading cycles.

It has been previously reported that the formation of dislocation
tangles is important in the stabilization of cyclic hardening [42], as
dislocation tangles behave as sources of mobile dislocations as well
as obstacles to dislocation movement. The observation of twin
boundaries impeding the motion of dislocations and creating
dislocation tangles in electroless cooper suggests that when numerous
annealing twins are present in the microstructure, the twin spacing
is likely to play a dominant role in the mechanical behavior of the
material. The dislocation arrangements observed resulting from
fatigue deformation are similar to those previously
reported for FCC single crystals and polycrystalline specimens [43,44]
and show that cyclic hardening occurs in electroless copper when
subjected to large cyclic stresses.

4,3.3 Analytical Electron Microscopy (AEM)

EDS X-ray Microanalysis

X-ray microanalysis of grain boundaries in electroless
copper foils was carried out in the AEM to determine whether any
impurity elements were segregated to the boundaries thereby
embrittling them. It is postulated that if segregation is to exist in
this material, the segregant species is likely to be sulfur since the

plating bath is replenished with a copper sulfate solutiom.
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Figure 47a,b: TEM micrographs of electroless copper showing
- dislocation arrangement after 10,000
tension-tension cycles, (a) overall dislocation
distribution, (b) dislocation cells.







Furthermore, gince the solubility of sulfur in copper 18 negligibly
small at the plating bath temperature any sulfur that might be
dissolved in the electroless copper foils would 1ikely be located at
grain boundaries.

It is important now to consider the detectability 1imit of sulfur
- in copper when analysis of grain boundaries is performed. gince the
interaction volume of the electron beam contains only a small volume
of the grain boundary, even when significant segregation exists, the
number of xX-rays generated by the segregant is small compared toO the
number generated by the bulk material. Therefore, 2 minimum amount of
segregant must exist om the boundary in order for it to be detectable
above the continuum x-ray background. Michael {451 has determined the
deteCtability 1imit of several segregants in copper to be as low as
0.067 wt% in the interaction volume. If the detectability 1imit for
sulfur is assumed to be 0.1 wt% conservatively larger thap that found
by Michael, the minimum detectable grain boundary sulfur composition
is 1.14 wt%, for a foil thickness of 10004, and operating conditions
of 120 kV and a 508 beam sizeé. These detectability 1imits were

determined using the interaction model of Baumani and Williams (161

assuming 2 108 thick boundary.

Figure 48 shows & typical grain'boundary observed in electroless
copper- The boundaTry has been tilted to be parallel to the incident
beam, and analyses were conducted by positioning the beam along the
poundary plane.

Numerous boundaries im each of several thin foils were analyzed,

the majority of which showed 1o jmpurities to be present. HoweVver,
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during several analyses, small x-ray peaks appeared in the 1-5 keV
energy range of the spectra. The centroids of these x-ray peaks did
not necessarily coincide with the characteristic x-ray peaks for
elements in this region; however, the peak widths often overlapped
different elemental x-ray energies. It was considered necessary to
determine the origin of these peaks before they could be attributed to
impurity elements. Similar peaks have recently been detected in x-ray
spectra in the AEM by Reese, et al. [46] and Spence, et al. [47]. 1t
is theorized that these peaks, termed coherent bremsstrahlung (CB)
peaks, arise due to an electron energy loss effects when analyses are
carried out close to exact zone axes where a distinct periodicity in
the lattice exists. It has been suggested that CB peaks, which are
Gaussian, may either mask, or be misinterpreted as elemental peaks in
x-ray spectra. A method for identifying and isolating these peaks has
been presented by Spence et al. [47]. The problem of CB peaks is
particularly severe in AEM grain boundary segregation studies because
the amount of segregant in the interaction volume is small (<3 wt?),
and the x-ray counting times are long; as a result, the CB peak
intensities can approximate to the expected segregant peak intensity.
The misleading effects of CB can be either the production of
pseudo-element peaks close to true element peak positions, or the
overestimation of the true element peak intensity when the CB peaks
are superimposed on the x-ray peak of the segregant.

A unified theory predicting CB developed by Kurizki and Mclver

[48] has been used to interpret CB spectra [46]. A simplified

" expression for the coherent bremsstrahlung energy is [49]:
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E(kv) = 12.48B/L(1-B cos (90+9) (16)
where B = v/c, § is the detector take—-off angle, and L is the atomic
spacing in the beam direction (1/L=gz in zone axis orientation). L
can be experimentally determined from convergent beam diffraction
patterns containing high order Laue zone rings. gince L values can be
determined for each high order Lauye zone, it is expected that
individual CB peaks will be generated from each high order Laue zone.
For common accelerating voltages used in AEMs (V100 kV) and at typical
atomic spacings (d“0.3 nm) in many important metals, CB peaks occur at
energies from n]-8 keV. Specifically, at 120 keV, Equation (16)
predicts that CB peaks will overlap within (+/- 100 eV) the primary
x-ray peaks from S and bismuth segregants in copper, and P and Sn
segregants in Fe, when analysis is carried out close to any of several

major zomes. For example, sulphur K, (2.308 keV) is overlapped by CB

peaks from copper when close to orientations of [110], [oizi, [114]

and [122].

The predicted overlaps from Equation (16) were sought by
observing CB peaks from commercially pure sample of copper and Fe.
The spectra shown in Figures 49 and 50 were recorded employing a
constant x-ray count rate into an EDAX energy—dispersive x-ray
spectrometer (6=20°). Figure 49 shows spectra froﬁ copper in the
[111] zome axis orientation as recorded at 120, 100, 80 and 60 kV.
Figure 50 shows spectra from Fe recorded at 120 kV for zomne axis
orientations of [1117, [110] and [210]. Note that the CB peak

positions vary with kV for a given zone axis, and also vary with zone

axis for a given kV. True elemental x-ray peaks do not vary as a
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function of either kV or orientation. All the peaks in Figures 49 and

30 coincide with peaks predicted from Equation (16). The segregation
studies entail a further complication; the electron beam interacts
with two grains, each of vhich generates its own CB peaks, Although
AEM x-ray studies are not usually condﬁcted under exact zone
orientations, distinct CB peaks are observed as far as 6° away from
exact zone. Figure 51 demonstra;es the effect of tiltiﬁg away from
the exact [114] orientation on CB peak intensities in copper,

From the above evidence it may appear that CB peaks will almost
always be expected in grain boundary studies, However, if is possible
to choose analysis conditiong (kV and orientation) such that segregant
peaks may be observed unmasked by CB peaks. CB peaks are effectively
absent far enough away from certain zones, and masked peaks can be
verified if the Segregant produces other x-ray lines (e.g., bismuth L
(10.836 kV) is not masked by CB peaks in copper while bismuth M
(2.423 keV) is often masked.

Having identified the origin of the peaks observed‘in the x~ray
spectra obtained during the grain boundary segregation studies further
analyses was carried out under operating conditions such that CB peaks
would not develop. When the previously examined grain boundaries were
reexamined, no peaks other than those corresponding to copper were
observed. The results of the AEM grain boundary study indicates that
dmpurity segregation is not a significant factor affecting the
ductility of these electroless copper foils. However, due to the

large varlablllty in the electroless copper plating process these
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positions: exact [114], 6° and 12° from exact
[114]. Note that at 12° no CB peaks are apparent,
although the overall background intensity is
increased.
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results can only be applied to the electroless copper used in this
study.

4.3.4 Auger Electron Spectroscopy

From the appearance of the fracture surface of "good
quality" electroless copper foils (Figure 24) it is difficult to
assess whether the fracture occurs along a transgranular or
intergranular path. The semi~flat nature of the surface as a whole
suggests that fracture propagates along the relatively large columnar
grain boundaries. 1t was of interest to determine whether these
columnar grain boundaries or other fracture surface regions were
associated with any significant impurity concentration. If impurity
segregation is a significant factor affecting the mechanical behavior
of the copper, the fracture path should be associated with the more
highly segregated regions. Since AES is well suited for determining
the elements associated with the fracture surface due to the high
surface sensitivity of the AES technique, fracture surfaces were
examined with the aid of this instrument.

To avoid contamination of the fracture surface, in-situ
fracturing of the specimen of interest is generally conducted under
the ultra high vacuum of the Auger instrument. In this study, in-situ
fracturing of the electroless copper foils was not possible due to the
low rigidity of the thin foils. As a result, specimen fracturing took
place in open air and the specimens were quickly placed within the
instrument. As a result oxidation and contamination of the fracture

surfaces could not be completely avoided.
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A typical AES scan of the fracture is shown in Figure 52.
Present in the spectra are C and O peaks which can be attributed to
atmospheric contamination, and a C1 peak due to the trichloroethylene
cleaning solution in the specimen preparation. The N peak results
from the epoxy substrate. In addition fo the large expected copper
peaks in the spectra, 2 small sulfur peak is also present. This peak
is the largest sulfur peak observed in any of the AES scans. Even 2
conservatively large estimate of the amount of sulfur present results
in less than 10 ppm Wwt.

The results of the AES study reveal that the fracture surfaces
are not associated with any significant impurity segregation. The
only possible exception to this may be the presence of copperZO.
However, if this oxide was present in large quantity, the oxygen peak
would be expected to be significantly larger, as copperzo contains V33

at% oxygen.

4,3.5 Residual Strain Evaluation Through Convergent Beam Electron

piffraction

Convergent Beam Electron piffraction (CBED) was used to
evaluate residual strain possessed by electroless copper in MIB
applications. In ductile materials, such as copper, strain is not
linearly proportional to stress over the major portion of its
stress-strain response; in fact, strain increases at a much faster
rate than stress. Therefore, residual strain will be evaluated with
no direct relatiom to residual stress level being implied. Residual
strain was evaluated by comparing the absolute lattice parameters

determined from HOLZ line positions obtained from the electroless
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An AES scan of a fracture surface of an -
electroless copper foil showing the presence of
Cu, S, C1, C, N and 0. The C 2nd O peaks can be
attributed to fracturing the foil in the
atmosphere. The C1 peak is the result of cleaning
the foil in trichloroethylene, while the N pea i
due to the epoxy substrate. The S peak represents
the largest amount of 8 detected anywhere across
the fracture surface.
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plated copper to the HOLZ line positions from a commercially pure,
annealed copper specimen. A relative change in HOLZ line position was
considered to represent a measure of the residual strain. It should
be noted that residual elastic strains cannot be evaluated from this
technique as the procedure for produciﬁg thin foils is likely to
relieve most elastic strains. However, any plastic strain introduced
into the copper lattice will be evident as HOLZ line shifts.

In addition to determining whether a particular grain exhibited
residual strains through HOLZ line shifts, a qualitative measure of
the amount of residual strain in a particular specimen was made by
observing the frequency of residually strained grains. This frequency
was determined from the ratio of grains exhibiting residual strain x)
to the number of grains observed (N) in a certain sample, where X < N.

Calibration of the CBED Technique -

The HOLZ line technique may be used for absolute lattice
parameter determination if a calibration is initially carried out
using a specimen of known lattice parameter close to that of the
-unknown specimens. For this purpose, puré. annealed copper was
gelected as the calibration standard. All CBED patterns were recorded
at room temperature for which the lattice i)arameter of copper is
0.36150 nm.

CBED [111] zomne axis patterns containing HOLZ lines were obtained
using the conditions described earlier. [111] patterns possess a high
degree of symmetry which allows small changes in lattice parameter to
result in measurable HOLZ line shifts. Figure 53 is a low magnifica-

tion CBED pattern of pure copper indexed as [111]. A high
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Figure 53: A low magnification [111] CBED pattern of pure
annealed copper with the HOLZ ring indexed.
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£ the central disk of Figure 53 showing the HOLZ

magnification image ©

1ines found in the direct beam of the pattern is shown in Figure 54.
of the [111] HOLZ pattern as simulated

Figure 55 is an indexed example

by a computer.

The lattice parameter of the material, as well as the electron

wavelength must be known in order to simulate the HOLZ patterns. From
x-ray data, the lattice parameter of copper at room temperature is
known to be 0.36150 nm, and this lattice parametex was subsequently

The position of the HOLZ

used in all gimulations for pure copper.

1ines is dependent on the electron wavelength; since the noffective"
electron wavelength varies as a function of crystal orientation, the

Weffective' electrom wavelength for the [111] direction in copper must

be determined through simulations. Figures 56a-f are gimulated HOLZ

patterns for a series of wavelengths ranging from 0.00333 nm to-
0.00336 nm. These wavelengths correspond to accelerating voltages of

121.5 kV down to 119.5 kv. Figure 56c is considered most to be

similar to the HOLZ pattern for pure copper, therefore, & wavelength
of 0.003345 nm, corresponding to an accelerating voltage of 120375

volts, was used in the following simulated [111] patterns for

electroless copper specimens.
ne Analysis

Residual Strain Determination Through HOLZ Li

Having determined the noffective' electron wavelength in the

[111] orientation, subsequent simulations of HOLZ patterns obtained
from electroless copper were performed keeping this wavelength
constant and varying the lattice parameter until a good match was

tortion of the lattice was

In most cases non-symmetric dis

obtained.
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Figure 54

Figure 55:

‘Figure 53 showing t

e central disk in
f the

A high magnification‘image.of th
he HOLZ lines ©

diffraction'pattern.

oLZ lines of the

of the H
propriate

A computer gimulation
Figure 54 with ap

[111] CBED pattern of
indexing.
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Figure 56a-f:

A series of computer simulations of HOLZ
patterns for a lattice parameter of 0.3615 nm
and a range of electron wavelengths (A=0.00333
am to A=0.00336 nm). Figure 56e is considered
to give the best math to the experimental
pattern of Figure 54.
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evident in the HOLZ pattermns, and accurate simulation was achieved
through independent variation of the lattice constants in each of
three unit lattice directions. The degree of asymmetric distortion
was evaluated as the degree of tetragonality or c/a ratio required to
obtained good simulation matching.

Figure 57a shows a [111] HOLZ pattern taken from a specimen of
as—-received electroless copper. This HOLZ pattern is representative
of 80% (X/N = .8) of the grains analyzed from as-received electroless
copper samples. A computer simulated [111] pattern with good match~
ing, shown in Figure 57b, was obtained with a cubic lattice parameter
of 0.3615 nm, the lattice parameter of pure copper at room
temperature. Therefore, 80% of the grains were considered to possess
no detectable lattice strain and the residual stress level could be
considered something less than the yield strength of the copper: 207
of the grains analyzed showed small deviations of lattice symmetry,
however, these lattice distortions were observed only when analysis
was carried out close to grain boundaries where some lattice misfit is
expected. These strains were considered insignificant.

In order to evaluate whether lattice strain could actually be
detected for small deformation using the HOLZ technique, the following
cases were evaluated.

Tensile foils of electroless copper were stressed in uniaxial
tension to different degrees of nominal elongation, then unloaded and
specimens punched out of the gage center. Figure 58a shows a [111]

HOLZ pattern from a foil tested to 0.5% nominal elongation. This HOLZ

pattérn represents n60% of the grains analyzed. The patterns showed a
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Figure 57a-b:

(a) [111] HOLZ pattern taken from as-received
electroless copper representative of 807 of the
examined grains. (b) A computer simulation
[111] pattern showing good matching to (a)
‘achieved through a cubic lattice parameter of
0.3615 nm.
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range of lattice strain as the magnitude of microstrain from one grain
to another vyaries in polycrystalline materials due tO crystal orien~
tation. Figure 58b is a computer simulation of Figure 582 in which
the c/a ratio of 0.996 was required to produce 2 good match. Note the
asymmetry in one of the three sides of‘the pattern. It is interesting
to note that @ 0.5% reduction in one lattice direction produces a
tetragonality (c/a) of 0.995, extremely close to the tetragonality
observed.

Another foil strained to 2% nominal elongation was analyzed, and

Figure 592 shows the [111] HOLZ pattern representative of v15% of the

grains. Note the increased asymmetTy in the HOLZ pattern. gimulation
of this patterm, Figure 59b, required a tetragonality of 1.004. In
this case two lattice constants were yaried in ordeT to obtain good
matching. However, it ig clear from the frequency and degree of HOLZ
pattern changes that small lattice distortions are easily recognized.
The residual strain in the PTH barrel of an actual MIB-PTH was
evaluated using the HOLZ technique by sectioning 2 MIB as shown in
Figure 15 and obtaining [111] HOLZ patterns. Figure 60 shows a
typical micrograph of the microstructure of PTH barrel. Note the
numerous dislocations present in the microstructure. Figure 6la
T shows a {111} HOLZ pattern representative of ~70% of the grains
analyzed. The HOLZ Pattern is very gimilar to that of Figure 58a,
which was obtained from the 0.5% strained foil. A computeT simulation
of this pattern is shown in Figure 61b. Since an observable amount of
lattice distortion was present in the microstructureé of the PTH

barrel, the residual gtress state can be assumed to be at least the
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Figure 59a,b: (a) [111] HOLZ pattern taken from foils tested to
2% mominal elongation. The pattern represents
75% of the examined grains. (b) A computer
simulated [111] pattern for which a c/a ratio of
1.004 was required to achieve good matching.







This result verifies the results
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there is less thermal expansion coefficient mismatch between the
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Figure 60:






Figure 6la,b:

(a) [111] HOLZ pattern taken from the copper
barrel of the PTH structure. The pattern
represents 70% of the examined grains. (b) A
computer simulated [111] pattern for which a c/a
ratio of "0.996 was required to achieve good
matching. This pattern is very similar to those

obtained for 0.5% nominal elongation samples.
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v. CONCLUSIO&S
The thermomechanical deformation of electroless copper
plated—through—holes (PTHs) in multilayer interconnection boards
(MIBs) has been studied in an attempt to predict their long term
reliability. A simple analytical modei has been developed to evaluate
the thermomechanical deformation of plated—through—holes (PTHs) which
takes into consideration the geometry of the PTH structure. Based on

this model, a. simple equation was derived which related the copper PTH

‘barrel stresses and strains to the temperature change introduced into

the multilayer interconnection board (MIB).

Finite element analysis of the PTH structure was also conducted
which provided information as to 1ocal variations in stresses and
strains in the copper PTH barrel, in addition to determining the
location of the maximum copper stress and strain (i.e. the inside
diameter of the barrel, along the MIB centerline). It was determined
that as a result of the plating process, the PTH barrels exist in a
state of residual compression on the order of the yield strength of
copper.

Good agreement was obtained for the average barrel strains
calculated from both the analytical model and FEAs. The slightly

larger strains obtained from the FEA is considered a result of the

‘asymmetric loading allowed in this technique. The inclusion of an

internal copper 1and in the FEA resulted in local strains considerably

greater than the average barrel strain.

Furthermore, the FEA technique was used to evaluate the effect

that delamination (along the copper/epoxy—glass interface) has on the
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copper barrel strains. A delamination was found to amplify the
strains significantly along the region of the delamination.

Tensile tests were conducted on electroless copper foils in order
to evaluate their strength and ductility. It was determined that
elongation toO failure is an inappropriate method for evaluating the
ductility of electroless copper foils since local deformations occur
along the rough deposit surface; the latter serves to reduce the
nominal foil elongation. It would appear that reduction in area at
fracture is a better indication of the intrinsic ductility of the
electroless deposits.

Tension-tension fatigue tests conducted on electroless copper
foils indicated that the foils possesS good fatigue resistance when
tested in this manner. Furthermore, fatigue striations observed on
the fracture surface were used to calculate crack growth rates and
crack stress intensities. Striation spacing results showed good
agreement with published data for wrought copper.

Cyclic strain fatigue (CSF) experiments were conducted using a
specimen designed specifically for modeling the stress distribution in
a PTH structure. These fests were conducted to allow critical
evaluation of the influence of significant design and material parame-

ters on the long term cyclic life of the PTH. Acoustic emission

analysis was performed during each test in the hope of elucidating the

mechanisms contributing to the copper barrel failure. The results
indicate that the most significant improvement in fatigue life is
obtained by reducing the interface surface roughness. The beneficial

effects of reduced surface roughness are increased interfacial
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strength and reduced stress concentrations. The most detrimental
effect on fatigue 1ife resulted when the ductility of the copper was
reduced.

The resistance change technique is very useful in monitoring
copper cracking, but provides no indicétion of interface delamination.
_Acoustic emission on the other hand, provides a good indication of
when delamination occurs, but it provides little information as to the
cracking process.

1t was found that in all cases when delamination occured along
the copper/epoxy—glass interface, fatigue resistance was reduced.

The results of the CSF tests were used to derive an expression
relating the gtrain range to the number of strain cycles. This
relationship along with the stress analysis results may be used to
conservatively predict the life of a PTH.

Scanning electron microscopy was used to evaluate the surface
roughness of electroless copper deposits. The surface roughness of
these foils constitutes a significant fraction of the foil thickness,
and as such, has 2 significant influence on the mechanical properties
of these foils.

The dislocation arrangements resulting from fatigue deformation
were observed using transmission electron microsScoOpPy: Strain harden-
‘ing mechanisms were observed to operate in good agreement with previ-
ous investigations and no indication of strain hardening deficiencies

were noted which may contribute to low ductility in these materials.

Microanalysis of the grain boundaries in electroless copper was

carried out in the AEM to determine whether any impurity segregation
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was present which may contribute tO lower ductility in these mate-
rials. Mo impurity segregation was found tO exist; howevers it was
found that coherent bremsstrahlung (CB) peaks may be generated in the
AEM x-ray spectra which may either mask O other peaks, 0T be
misinterpreted as elemental peaks. Careful choice of kV and
orientation may minimize the effects of CB, however, the numberT of
grain poundaries available for analysis may be significantly reduced.
Residual strain in electroless copper foils was analyzed using
‘Convergent bBeam Electron piffraction (CBED) and HOLZ line position
measurements. It was found that the residual strain in as—received
electroless copper foils was negligibly small and did not contribute

to reduced ductility. In additiom, the observation of significant

residual strain in the copper barrel of an actual PTH verifies the FEA

results which predicted that the PTH resides in a residual compressive
gtress state on the order of the yield strength of the material.

From the above discussion 1t appears that the lovw ductility of
electroless copper based on elongation tO failure data maybe an
artifact resulting from the fact that 1ocalized deformation located at

the numerous stress concentrations on the deposit surface reduces the

nominal elongation of the gage length. The only evidence of low
ductility in these foils is the small elongations tO failure. All
other evidence such as large reduction in area at fracture, the

presence of strain hardening mechanismss 1O jmpurity segregation and

no gignificant residual strain, indicate that good intrinsic ductility

exists in these foils.
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VvI. SUGGESTIONS FOR FUTURE WORK
This thesis has described both an analytical, as well as a finite

element approach to studying the thermomechanical deformation of PTHs

in MIBs. However, neither approach attempts to model the physically

rough copper/epoxy-glass interface in the PTH. Including 2 model of

this rough surface in either approach should produce more realistic
stress-strain results.

A test methodology has been developed here to evaluate the
influence of certain design and material variables on the reliability
of PTHs. The results of these tests can by no means be completely
conclusive due to the relatively small number of samples of each
variable which were tested. Further tests should be conducted before
the actual influence of each variable can be determined. Also a
betterx understanding of the delamination process may be achieved by
incorporating AE technology into currently used interface strength
tests such as the peel test.

In additiom, the possibility of conducting in-situ SEM fatigue
tests of actual PTHs appears attractive for providing useful

information as to the micromechanisms of PTH deformation.
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~ONTGUR VALUES Y STRESSES  IDEALIZATION #1 AT = -52°C

1-- .e2E+05

2= .20E+05

3-- .1 BE+0S

4-- .16E+05

5-- .14E+05 —

3 . 13E+0S 3
.i1E+05
. 20E~+04
.T2E+04
.S3E+04
.35E+04
.17E+04
.15E+03
.20E+04
.38E+04
.S5E+04
.7SE+04
.S3E+04
.11E+0S
.1 3E+05
.iJE+0S




CONTGUR VALUES VON MISES STRESSES  IDEALIZATION A1 AT = =52°C

{--  .20E-03

9= .12E+04

3--  .23E+04 = b= O
4-- .33E+04 e =N

S--  .44E+04 <:::::::::::) AN
6--  .S4E+04 ?fiii__—-dz/g/f/ﬂ_—i:::;72 //é i
7--  .G5E+04 '

g--  .7SE+04

9--  .BBE+04

10--  .96E+04

11--  .11E+05 e : \i

12-=  .12E+05

13--  .13E+05 A
14-=  .14E+0S

1§--—  .1SE+0S : ]

16--  .1BE+05

17-=  .17E+0S A
18-- .18E+035 2 3

1g--—  .19E+05
20--  .20E+05

s1--  .21E+05

L\
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DEFLECTED STRUCTURE

IDEALIZATION #1 AT = +10°C
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CONTOUR VALUES

.39E~+02
.24E+03
.44E+03
.G4E+03
.B4E~+03
.10E+04
.12E+04
.14E+04
.16E+04
.18E+04
.21E+04
.23E+04
.25E+04
.27E+04
.29E+04
.31E+04
.33E+04
.35E+04
.37E+04
. 39E+04
.41E+04

yON MISES STRESSES

IDEALIZATION #1 AT = +10°C
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CONTOUR VALUES
i-- -, 28E~+04
2-- -.25E+04
3-- -.21E+04
4-- -.18E+04
S-- -.14E+04
6-- -.11E+04
7-- -.73E+03
g-- - .38E+03
9-- -.28E+02
10-- .32E+03
i .68E+03
12-7 .10E+04
13-~ L14E+04
14-- .17E+04
15-- .21E+04
16-- .24E+04
\7-- .28E~+04
18-~ .31E+04
19-- .35E+04
20-- .38E+04

,42E+04

Y STRESSES

IDF.ALIZATION #1 AT = +10°C




DEFLECTED STRUCTURE IDEALIZATION #1 AT = +20°C
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CONTOUR VALUES

'l_.._
2.__
3_._
4_..
S__
6_...
7__

.77E+02

.48E+03

-88E+03
-13E+04
-17E+04
.21E+04
.25E+04

. 29E+04

.33E+04
.37E+04
L41E+04
.45E+04
.49E+04
.53E+04
.S7E+04
.61E+04
.65E+04
.69E+04
.73E+04
.77E+04
.B1E+04

VON MISES STRESSES

IDEALIZATION #1 AT = +20°C
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CONTOUR VALUES

-57E+04
-30E+04
-43E+04
-36E+04
-28E+04
-22E+04
-15E+04
-76E+03
-36E+02
-63E+03
- 14E+04
-21E+04
-2BE+0Q4
-35E+04
-42E+04
-49E+04
-36E+04
-63E+0¢
-70E+04
<77E+04
-84E+Q4

Y STRESSES

IDEALIZATION #1 AT = +20°C
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NEFLECTED STRUCTURE




CONTOUR VALUES

]_._
2_..
3_-
4__
5__
6.__
?.....
8.._
9__
i0--
1--
12--
13-~
14--
15--
16--
17--
18-
19--
20--
21 -~

<12E+03
.72E+03
-13E+04
-18E+04
.25E+04
-31E+D4
.37E+04
<43E+04
.49E+04
.55E+04
.82E+04
-68E+04
.74E+04
-80E+04

-BBE+04

<92E+04
-9BE+04
.10E+05
-11E+05
.12E+05
-12E+03

VON M1 SES STRESSES IDEALIZATION #1 AT = +30°C
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CONTOUR VALUES Y STRESSES  IDEALIZATION f1 AT = +30°C

== -.RSE+04
2-- -.78E~04

3-—  -.GeE+04 —

4--  -.S4E+04 : iﬁii’;’—__—jrj
S--  -.43E+04
6--- -.33E+04
Jee  -.22E+04
g-- -.11E+04
g--  -.85E+02

10-- .Q7E+03

i1-- .20E+04 : ¢
12-- .31E+04 \
13-~ LA1E+04

i4-- .52E+04

15-- .B82E+04

16-- .73E+04

17-- .R4E+04

i8-- .Q4E+04 8
19-- .10E+05

20-- L12E+05

21-- LiZE+0S
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1DEALIZATION §2 AT = -52°C

NDEFLECTED gTRUCTURE
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CONTOUR VALUES VON MISES STRESSES  1IDEALIZATION #2 AT = -52°C

1-- .45E+03
2-- .43E+04
3-- .B1E+04
4-- .12E+05
5-- .16E+0S
6-- .20E+0S
7-- .23E+05
8-- .27E+05
9-- .31E+05
i0-- .35E+05
11-- .39E+0S
12-- . 42E+05
13-~ .46E+05
i4-~ .50E+05
15-- .54E+05
16-- .58E+05
17 -- .61E+0S
18-- .B5E+05
19-- .69E+05
20-- .73E+05
21 -- .77E+05S




CONTOUR VALUES Y STRESSES

IDEALIZATION f2 aT = 252°C

1-- -.54E+0S
2-- ~-.S50E+0S
3--  -.46E+0S
4-- -.41E+0S
5-- -.37E+0S
g-- —.32E+05
7--  —-.2BE+0S
g-- -.24E+0S
g-- -.19E+0S
i0-- -.15E+05
11-- -.11E+0S
12-- -.63E+04
13--  -.20E+04 )
14-- . 24E+04
15-- .67E+04
16-- .11E+05
17-- .15E+05
18-- .20E+05
19-- . 24E+05
20-- .28E+05
.33E+05
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AGNTOUR VALUES VON MISES STRESSES IDEALIZATION #2° AT = +10°C

.R7E+02
.B82E+03
.16E+04
.23E+04
.30E+04
.3RE+04

45E+04
.S2E+04
.E0E~+04
.G7E+04
.74E+04
.E2E+04
.Z9E+04
.06E+04
.10E+05
LI1E+03
L12E+05
.i3E+05
.13E+05
.T4E+0S
.15E+05

O n ~I M (.
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CONTOUR VALUES

]_—
oe-
3;_
4_—
S5--

6--.

7__

8_..

9_.—
10-~
11--
12--
13--
14--
15--
16--
17--
18-~
19--
20--

21--

.63E+04
.55E+04
. 46E+04
.38E+04
.30E~+04
.21E~+04
.13E+04
,45E+03
.38E+03

.12E+04

.21E+04

.29E+04

.37E+04
.46E+04
.54E+04
.62E+04

.71E+04
.79E+04

.88E+04

.06E+04
.10E+05

y STRESSES

IDEALIZATION 72

AT = +10°C




20°C

N #2 AT = +

IDEALIZATIO:

E

DEFLECTED STRUCTUR
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IDEALIZATION #2 AT = +20°C

CONTOUR VALUES VON MISES STRESSES

L17E+03
.16E+04
.31E+04
.4BE+04
.50E+04
,75E+04
.90E~04
.10E+0%
.12E+05
.13E~+0S

SE+05
.i8E+05
.18E+0S
.18E+05
L21E+05
.22E+05
.24E+05
.25E+05
L27E+05
.28E+0S
.30E+0S




~ONTOUR VALUES

i-- -, 3E+05

2-- -.11E+05
3-- -,93E+04
4-- -.76E+04
5-- - .ZQE+G4
5-- -.23E+04
7-- -.:6E+04
8-- -.0jE*03
9-- LT7E+O3
i0-- .24E+04
=" ,41E+04
12-- ,SgE+04
13- .75E+04
14-- Lo1E+04
15-- L11E+05
16" ,12E+GCS
7-- L14E+05
3-- ,16E+05
3-- .i8E+05
:0-- .19E+05

2i-- LZ1E+03

y STRESSES

IDEALIZATION g2 AT = +20°C
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IDEALIZATION §2 AT ™= +30°C

DEFLECTED STRUCTURE
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~ONTOUR VALUES VON MISES STRESSES  mmismioh 02 ar = 4307

1~-- ..EE+03
2-- ..SE+04
3-- LA7E+D4
4-~ .C2E+04
5=~ .J1E+04
65~ .11E+05
Li3E+05
L16E+05
.18E+05
.20E~05
L22E+0S
.24E+05
Lo7E+GS
.2Q8E+05
L31E+05
.33E+05
.35E+0S
.38E+05
.40E+05
L42E+03
.84E+05




~ONTOUR VALUES

.l__
'Z——
3_..
4__
S._..
'v-)-——

-
7 -

8_..
9_.—
i0--
11 -
2=
i3~
V4--

L19E+0%
.16E+05
1 LEX0D
L1 1E+05
.RQE+04

- .G4E~04
-.39E+04

.14E+04
.11E+04
.37€+04
.62E+04
.R7E+04
J11E+03
.1 4E+0S
.16E+05
L19E+05
,21€+05
,24E+05
,26E+0S
.29E+05
.31E+0S

v STRESSES

IDEALIZ

ATION #2 AT = +30°C
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LIST OF ACRONYMS

Plated-through-hole

Multilayer interconnection board
Acoustic emission

Cyclic strain fatigue

Physical Acoustic Corporation

Axisymmetric/Planar Elastic Structures

Finite element analysis

Scanning electron microscope
Transmission electron microscope

Scanning transmission electron microscope
Analytical electron microscopy

Auger electron spectroscopy

Energy dispersive x-ray spectroscopy
Convergent beam electron diffraction
High order laue zone

Coherent bremsstrahlung

Zone axis pattern
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