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Multilayer printed wiring boards are widely
used in electronic packaging assemblies.

One critical reliability concern is the
thermal-mechanical strains induced by
temperature change. For example, the in-plane
strain affects the thermal fatigue life of surface
mount solder interconnections, while the out-
of-plane strain affects the mechanical integrity
of the plated-through holes of the printed
wiring boards. For this paper, a systematic
study of the thermal-mechanical strain of
epoxy—glass printed wiring boards, below and
above the glass transition temperatures of the
epoxies, has been carried out. The study
includes measurements of properties of basic
constituent materials (epoxy, glass fabric,
copper), of intermediate building blocks in the
fabrication process, and of final products. The
study has led to a quantitative engineering
model that predicts the average in-plane
thermal-mechanical strain for use in modeling
surface mount components on a printed wiring
board, as well as the average out-of-plane

thermal-mechanical strain for determining
plated-through-hole reliability in thermal shock
processes. The model was verified by two
experimental techniques (measurement by
thermomechanical analyzer, and moiré
interferometry) applied to two epoxy resins
and three glass fabrics, with and without
copper planes. For thermal shock below the
glass transition temperatures of the epoxy
resins, the in-plane and out-of-plane strains
are described by a modified rule-of-mixtures
theory and a biaxial plane stress model,
respectively. For temperatures above the glass
transition temperatures, the in-plane strains
are governed by the copper and glass fabric,
whereas the out-of-plane strains are dominated
by the incompressible fluid behavior of the
epoxy resins. The nonuniform pattern of
thermal expansion in regions populated with
plated-through holes was examined. The
reliability of surface mount solder
interconnections and plated-through holes

is discussed.
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Introduction

Thermally induced strain often dictates the mechanical
reliability of electronic packages associated with multilayer
printed wiring boards (PWBs). Potential reliability
problems include failures in solder interconnections
between the PWB and surface mount components and
failures in the PWB itself. Failures in the solder
interconnections (see the other papers in this issue on
Solder Ball Connect technology) are primarily due to shear
deformation, which is related to the mismatch of in-plane
(x~y plane in Figure 1) thermal displacements between the
PWB and the surface mount components. Failures in the
PWRB itself, including cracks in plated-through holes
(PTHs) and copper foil, cracks in epoxy resin, and
delamination between epoxy-to-glass and epoxy-to-copper
interfaces, are primarily due to tensile deformation, which
is related to the mismatch of out-of-plane (z-direction

in Figure 1) thermal displacements between various
constituents of the PWB. The importance of the in-plane
and out-of-plane strains depends on the overall design,
assembly, and temperature range. For example, the out-of-
plane strain is of particular concern in thick PWBs when
temperature exceeds the glass transition temperatures of
the epoxy resin, 7,”. Sophisticated modeling tools, such as
the finite element method, can be utilized to predict stress
and strain distribution in PWBs [1-3]. To obtain accurate
predictions, the coefficients of thermal expansion (CTEs)
of all component materials as well as the average
thermal-mechanical deformation characteristics of the
PWBs are needed as inputs to the models.

PWBs are designed and manufactured with a variety of
glass fabric types, resins, glass-to-resin ratios, and copper
plane thicknesses to meet the performance and cost
requirements of the user application [4]. Figure 1is a
schematic of a typical manufacturing process flow for a
glass-fabric-reinforced PWB. The process begins with the
impregnation of woven-glass fabric with an epoxy resin to
form an epoxy-glass laminate—in essence, a layer of glass
fabric between two layers of epoxy resin. Several such
epoxy-glass laminates are then sandwiched between
copper foil layers and laminated at elevated temperature
and pressure into an epoxy-glass—copper core. Circuits
are then printed on the core by means of photolithographic
processes, and the core is subjected to hole-drilling and
copper-plating processes, if necessary. The multilayer
PWB is fabricated by stacking several cores, separated
with additional epoxy-glass laminates and copper
foils, and repeating the lamination, hole-drilling,
photolithographic (on the top surface) and copper-plating
processes [4].

New resins and reinforcement fabrics are being
developed to provide specific performance and engineering
cycle-time improvements over the widely used FR-4 epoxy
and E-glass PWBs [5-7]. To achieve cost and engineering
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cycle-time reduction, it is imperative to have the ability to
predict, in the early design stages, both the in-plane and
out-of-plane thermal strains for the PWB, below as well as
above T,”. This information is essential both for assessing
compatibility between the PWB and surface mount
component designs (e.g., leadframe and solder-pad designs
and solder-joint thicknesses) and for predicting the solder
and plated-through-hole reliability of the PWBs. Extensive
work has been done in characterizing CTEs for various
materials and composites in the in-plane direction [8].
Little is known, however, regarding the out-of-plane
expansion, especially at temperatures above T;’.

The focus of this paper is to present a simple
engineering model, accompanied by systematic
experimental measurements and verifications. A three-
dimensional thermal-mechanical model that can predict the
average in-plane and out-of-plane strains for multilayer
PWBs, below and above Tg", is presented. The model
assumes that all individual layers of a PWB composite
behave like isotropic elastic thin plates when temperatures
are below Tg". When temperatures are above T;’, the
epoxy behaves like an incompressible fluid. The effective
in-plane and out-of-plane strains for various epoxy-glass
laminates, below and above T;’, were both numerically
predicted by the model and measured by a
thermomechanical analyzer. Comparisons between
predicted and experimental results are presented. The
effects of the proportions of epoxy, glass, and copper in
the laminates are closely examined.' A moiré interferometry
technique, more accurate than the thermomechanical
analyzer, was adopted to examine the variations of in-
plane strain of a PWB over a larger area. The experimental
procedures of the moiré interferometry are briefly
discussed. Results showing the strain distribution in areas
with and without plated-through holes are presented.
Finally, the implications of the current work for system
reliability are discussed—specifically, how in-plane strain
affects the fatigue performance of solder joints and how
out-of-plane strain affects the plated-through-hole integrity.

Thermal-mechanical strain characterization
In this section, a simple engineering model is presented.
Epoxy-glass laminates, with and without added copper foil
layers, were chosen as an example. The methodology is
extendable to a wider range of multilayer composites, as
long as the assumptions (stated in the following sections)
are satisfied.

For simplicity, the thermal-mechanical strains of the
epoxy-glass laminate are expressed in terms of effective
coefficients of thermal expansion (CTEs), defined as the
average thermal-mechanical strains per unit change in
temperature (ppm/°C or 10 ~°/°C). The in-plane effective

1 In this paper, ‘“laminate’ may refer to a simple epoxy-glass-epoxy structure or
to such a structure with an additional copper plane.
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Schematic showing a typical process flow for a multilayer printed wiring board
through holes.
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CTEs, below and above T;’, are denoted by e, and &,
respectively, while the out-of-plane effective CTEs are
denoted by @, and &,, respectively. The caret refers to
temperatures above T;".

® In-plane effective CTE for temperatures below T,”

For a composite with n isotropic thin layers, let E,, »,, and
a, respectively denote Young’s modulus, Poisson’s ratio,
and the CTE for the ith layer of material (i = 1, n). If the
edge effects are ignored, the effective in-plane Young’s
modulus for the composite, E;’Z , and the effective in-plane
CTE, a;’;f » can be expressed as functions of E,, «,, and
volume fractions, V, (volume occupied by the ith layer

divided by the total volume of the composite), as

Eﬁf = 2 EV, (1)
i=1

and

ol = T @)

Equations (1) and (2) are the so-called “‘rule-of-mixtures”’
and ““‘modulus-modified rule-of-mixtures.”” These
elementary relations are commonly used for engineering
estimates of elastic composites [8]. Note that Poisson’s
ratios ¥, do not appear in these equations. Hill [9] and
Schapery [10] have shown that for a two-component

(n = 2) unidirectional-fiber composite system, the
approximations of Equations (1) and (2) deviate from exact
solutions by terms that are proportional to (v, - vz)2 and
, — V,, respectively. While the effect of Poisson’s ratio
on the accuracy of Equation (1) is typically very small,
the effect on Equation (2) is not always negligible. For
example, Schapery [10] has shown that when

12

(a,, E,, v)) = (60 ppm/°C, 3 GPa, 0.382)
and
(a,, E,, v,) = (4.9 ppm/°C, 67.6 GPa, 0.2),

the maximum deviation of Equation (1) from the
exact solution is less than 3.4%, whereas the maximum
deviation of Equation (2) can be as much as 30%.

When applying Equations (1) and (2) to calculate the in-
plane effective CTE of an epoxy-glass laminate (with or
without copper foil), we make the following idealizations.
First, woven-glass-fabric layers, epoxy-resin layers, and
copper foil layers are all treated as individual isotropic thin
plates. Rigorously speaking, woven-glass fabric is at best
orthotropic. However, moiré interferometry measurements
(discussed in a later section) on cross-ply (90° rotation
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between adjacent layers) epoxy-glass laminates indicate
very little CTE anisotropy between the x and y directions,
with no observable shear distortion. This implies that
transverse (in-plane) isotropy is a reasonable assumption,
at least with regard to the CTE. The selection of out-of-
plane modulus and CTE for the glass, on the other hand,
has little impact on the accuracy of the out-of-plane CTE
prediction, since the out-of-plane expansion is dominated
by the epoxy. Therefore, without loss of generality,
woven-glass fabric can be treated as isotropic with regard
to the CTE.

The second idealization is neglecting the effects of
different Poisson’s ratios. That is, all materials—hence the
composite—are assumed to have the same Poisson’s ratio
(v, = v = v, for all i). As previously mentioned, this is
a good approximation when Poisson’s ratios are close
(e.g., Poisson’s ratios of both copper and epoxy resin
are approximately 0.3); however, when Poisson’s
ratios are very different (e.g., Poisson’s ratio of glass is
approximately 0.18), the effect can be significant. Here, it
is assumed that the effect of different Poisson’s ratios can
be accounted for by a set of penalty functions, described
as follows.

The third idealization is that a set of penalty functions
can be assigned to compensate for the deviations of
epoxy-glass laminates and their internal interfaces from
the elastic idealizations of Equations (1) and (2) and the
previous two idealizations. Such deviations include the
effect of different Poisson’s ratios, variance from bulk
properties due to small size and irregular geometry, loss of
interfacial adhesion, formation of voids, localized inelastic
deformation, etc. These factors depend upon material
combinations, local geometry (e.g., type of glass fabric),
coupling agents (adhesion promoters), surface treatments,
and process conditions. They are, in general, very difficult
if not impossible to quantify. In the present work, a
phenomenological approach is adopted. The collective
influences of these factors are quantified by means of a set
of engineering parameters (penalty functions) whose values
are directly determined by experiments.

Equations (1) and (2) are modified to include the penalty
functions:

eff —
Ef = X PEV, (3)
i=1
and
G.ai EV.
eff i=1
ax-y = _Eiff . (4)
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A pair of penalty functions, P, and G,, is needed for each
material. They depend not only on the material in the

ith layer, but also on the materials in the neighboring

i — 1andi + 1 layers, to account for any interfacial
characteristics associated with the ith layer. For example,
the core depicted in Figure 1 is an eight-layer composite
consisting of copper—epoxy-glass-epoxy-epoxy-glass—
epoxy-copper. Three pairs of penalty functions are needed
to describe this core: one for the copper layers, which
depends on the copper and interactions between copper
and epoxy; one for the glass, which depends on the glass
fabric and interactions between glass and epoxy; and

one for the epoxy, which depends on the epoxy itself,
interactions between epoxy and copper, and interactions
between epoxy and glass fabric. For most PWBs, these
three sets of penalty functions are sufficient to describe the
in-plane CTE. If more materials are included, the number
of penalty functions increases accordingly.

These penalty functions can be determined by a series
of experiments. For example, to determine the penalty
functions for a given glass fabric (interfacing with a given
epoxy), first measure Young’s modulus and the in-plane
CTE of the glass fabric and of the epoxy; then, fabricate a
laminate using the glass fabric and epoxy, and measure the
effective Young’s modulus and the effective in-plane CTE
of the laminate; finally, determine the penalty functions
by simultaneously fitting Equations (3) and (4) to the
measured modulus and CTE values. The same process can
be repeated to include other proportions of epoxy and
glass, material sets, and configurations. The numerical
fitting process is somewhat arbitrary, since the number of
equations is less than the number of unknowns [e.g., for a
two-component system, there are two equations, (3) and
(4), versus four unknowns (P, G,, P,, G,)]. The penalty
functions may not be unique; however, they should be
chosen so that the same set of functions can provide
““best-fit”” correspondence to all of the measured data. The
penalty functions can be as simple as a set of constants or
as complex as a set of functionals that depend on local
parameters, such as material combination, local geometry,
dimension, and interfacial characteristics. For a given
material set corresponding to a given process, the same
penalty functions should be used. The penalty functions
are independent of global parameters, such as volume
fraction, stacking sequence, total PWB thickness, and
structural symmetry. In the special case in which there are
no deviations from bulk properties, no defects, and no
localized inelastic deformations, the penalty functions
would be simply 1, and Equations (3) and (4) would reduce
to Equations (1) and (2). In the special case in which the
effective in-plane Young’s modulus and CTE of the
composite show the same dependence on Young’s moduli
and the volume fractions of the constituents, P, = G, for all i.
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® In-plane effective CTE for temperatures above T

The in-plane effective CTE for temperatures above

T, (&jff ) can also be obtained by Equations (3) and (4),
except that the proper ““modulus” and CTE corresponding
to high temperatures must be used for all layers. For
example, above T;’, Young’s modulus for epoxy is not
defined, since epoxy is no longer a solid. However, epoxy
still maintains a finite resistance to deformation. Tensile
test results show that the “modulus” (defined as the
initial slope of the stress—strain curve) of epoxy above

T;" is very low (approximately 0.07 GPa) and continues
to decrease as temperature increases. Therefore, the in-
plane CTE of the laminate is dominated by Young’s
moduli and the CTEs of the glass-fabric and copper
layers, which are nearly unchanged at high temperatures
(e.g., at 260°C).

® Qut-of-plane effective CTE for temperatures below T:’
The out-of-plane expansion of a composite includes
contributions from epoxy, glass fabric, and copper. It
consists of free thermal expansion as well as mechanical
dilatation due to in-plane stresses associated with in-plane
mechanical constraints from the glass fabric and copper.
The magnitudes of the in-plane stresses are proportional to
differences in CTE values between the epoxy and the
epoxy-glass (copper) laminate in the in-plane direction.
In the following, a biaxial plane stress model is used to
estimate the in-plane stress in the epoxy. Once the stress
value is determined, the out-of-plane strain for the epoxy
and the laminate are readily determined, as described
below. Let E“ and «” denote Young’s modulus

and the CTE of the epoxy resin, respectively. The
thermal-mechanical strain components in the epoxy resin
of an epoxy-glass laminate produced by a temperature
increase AT can be written as

e, = a”AT + % ~ (o, + 0,)
or Ty ¥
€, =a AT+—E—;—E'_”(UXX+O-ZZ)’
o, v
€= @A+ - (0, + a0,
€,=¢€,=€, =0, %)

where € and o respectively denote the strain and stress
tensor components, and v is the same Poisson’s ratio
described above in the section In-plane effective CTE for
temperatures below T? . Since the in-plane strain
components of Equation (5) must be equal to a;g AT

as given in Equation (4),

€, =€, = afg AT. (6)

Assuming a uniform biaxial compressive plane stress —o,
we can write
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Incompressible element as it undergoes uniform and nonuniform
thermal expansion.

o,=0,=-0, o,=0. 7

From (5)(7), we have

ag

E'-J (1 - V)’ (8)

(a7 — o) AT =

and the biaxial compressive stress o in the epoxy resin can
be estimated as
(a — a;{z ) ATE®
o=——"""
(1-»)
Combining Equations (5)—(9), we can derive the effective

CTE of the epoxy in the out-of-plane direction, including
thermal and mechanical strains, as

©)

&, 2v (a” — afg)
¢ T, (10

% Tar~ ¢ -

In a typical PWB, the out-of-plane expansion also includes
contributions from the glass and copper. The overall
effective CTE in the out-of-plane direction can be
approximated by

af = V@™ + Vel + VIl (11)

z

where V and a respectively denote the volume fractions
and CTEs for the corresponding materials.

® Out-of-plane effective CTE for temperatures above T,
When the temperature is above Tg”, the epoxy expands
at a greater rate (& > ). If there is no external
constraint, the expansion is uniform in all directions. For
epoxy-glass—copper composites, the in-plane expansion
has been observed to be much less than the out-of-plane
expansion because of the presence of glass fabric and
copper foil, which have relatively lower CTEs and higher
Young’s moduli, even at high temperatures. If the epoxy
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is modeled as an incompressible fluid above T,", the total
volume change should be identical regardless of whether
the expansion is uniform or nonuniform.

Let I° denote the initial volume of a cubic epoxy
element, as shown in Figure 2. If V* and V™ denote the
respective volumes of the same element after a uniform
and a nonuniform thermal expansion corresponding to a
temperature increase of AT, and 8“ and §™ denote the
respective changes in linear dimensions,

V=4’
V'=a’+38%’,
Vi =al+ (8] + 8 + 87)a’, (12)

Assuming that the element is incompressible (V* = V™)

and that the in-plane expansion is known (8 = 8™ =

¥y
A eff . . . s 0
aXAyaAT), we can derive the following relationships:

36" = 2aaAT + 6%,
8™ = 3a“aAT ~ 2&7aAT,

8"“
rer _ % rer _ Aaeff
@ == (3a 267)- (13)

Thus, the overall out-of-plane effective CTE of an
epoxy-glass laminate at temperatures above T,” can be
approximated by Equation (9), using & from Equation
(13) in place of &, and appropriate values for the copper
and glass fabric.

In summary, the in-plane and out-of-plane thermal-
mechanical strains, below and above T;’, can be described
completely by Equations (3)—(13).

The validity of the model is subject to a number of
restrictions. For example, whether materials can indeed
be treated as isotropic elastic thin plates, whether the
collective effect of Poisson’s ratios and interfacial
properties can be described by a single set of penalty
functions, whether the plane stress is a good
approximation to the state of stress in the laminate, and
whether materials truly behave like incompressible fluids
when above the glass transition temperature or melting
point. It will be shown that these assumptions are indeed
good approximations; therefore, the model gives good
predictions in the case of woven-glass-reinforced
laminates.

Experimental and numerical studies

A systematic plan was defined to quantify the thermal
deformation characteristics of PWBs. Samples were
fabricated to represent each step of the multilayer PWB
fabrication processes, as depicted in Figure 1, including
epoxy-glass laminates, epoxy-glass—copper cores,
multilayer boards, boards with plated-through holes, and
boards with solder-filled plated-through holes. Two epoxies
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Table 1 Basic material properties used in calculations.

Material Poisson’s ratio Specific gravity Below T,” Above T,
v p "
Young’s modulus E CTE a Modulus E CTE &
(GPa) (ppm/°C) (GPa) (ppm/°C)

Copper 0.35 8.96 117 17 117 17
E-glass 0.35 2.54 72.4 5.3 72.4 5.3
FR-4 0.35 1.35 2.4 58 0.07 180
High-T, 0.35 1.55 2.4 52 0.07 175

in combination with three types of glass fabrics were used
in the current study. The first epoxy, a Ciba-Geigy FR-4
resin (T, = 125°C), consists of a mixture of brominated
diglycidyl ether of bis-phenol A and an epoxidized cresol
novolac with dicyandiamide as the hardener. The second
epoxy, a Ciba-Geigy resin (T," = 175°C) with higher T,
(called “high-T,” in the remainder of the paper), consists
of an epoxidized cresol novolac and tetrabromobisphenol A
hardener with 2 methyl imidazole catalyst. The three

glass fabrics are E-glass types 106 (24.7 g/m®), 1080

(49.2 g/m?), and 1675 (96.3 g/m®), each with varying yarn
type and weight but the same surface treatment. In all
cases, cross-plying and structural symmetry were practiced
in preparing the laminates.

The effective CTE of each sample was measured by a
Perkin-Elmer Series 7 thermomechanical analyzer (TMA).
The temperature range, 20-260°C, covers temperatures
below and above the T of both epoxies. At least three
measurements were performed for each sample in
the in-plane and out-of-plane directions. Resin weight
percentages were determined by burning off the epoxy and
measuring the weight of the glass that remained. Young’s
moduli of glass fabric and copper foil were measured
by tensile test, at 20°C and 260°C, using an MTS-810
hydraulic machine with an environmental chamber. The
moduli of the epoxies were measured at five different
temperatures: 20°C, 50°C, 100°C, and the T:’ + 10°C
(i-e., 115°C and 135°C for the FR-4; 165°C and 185°C for
the high-T, resin). Three tests were performed at each
temperature; TMA and tensile test results indicated that
the modulus and CTE values for the glass and copper
remained almost unchanged between 20°C and 260°C.
For the epoxies, the modulus and CTE values showed
less than 10% variation between 20°C and 100°C; when
temperatures were within +10°C of T.”, a decrease of the
modulus values and an increase of the CTE values were
observed; beyond the transition region, the CTE values
remained nearly constant, while the modulus value
dropped to 0.07 GPa.

In the numerical calculation, for the sake of simplicity,
we made the following idealizations for the material
properties of the epoxies. First, the transition of CTE near
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T* was ignored (i.e., CTE was assumed to have one
constant value before T;' and another constant value after
T."). Second, the modulus was also assumed to have a
constant value before T¢" and another constant value after
T;”. Finally, the small variation of specific gravity with
respect to temperature change was ignored. These
idealizations were made, since they greatly reduced the
complexity of the calculation without affecting the
accuracy of the overall CTE predictions. The effect of the
transition region of the CTE on the overall thermal strain
can easily be assessed, using the current scheme
[Equations (12) and (13)], by a lower-bound analysis
(assuming that T,” is 10°C above the actual T.") and an
upper-bound analysis (assuming that T:’ is 10°C below the
actual T,"). The selection of modulus values for the
epoxies at temperatures above T;’ has little impact on
CTE predictions, since in-plane thermal strain (above T")
is dominated by the copper and glass, whereas out-of-plane
thermal strain does not depend on the modulus. Material
properties used in the calculations are listed in Table 1.

In determining the penalty functions for the in-plane
CTE prediction, we assumed, for simplicity, P, = G, for
all materials. That is, the effective CTE and modulus were
assumed to have the same dependence on Young’s moduli
and volume fractions of the individual constituents. This
simplification enabled us to determine the penalty function
P for each material by simply fitting Equation (4) to the
measured CTE data, rather than simultaneously fitting
Equations (3) and (4) to determine P and G. It will be
shown that reasonable in-plane CTE predictions were
obtained, even with this simplified assumption (if P
and G are treated separately, predictions can be further
improved). On the basis of this assumption, it turned out
that the same set of constant penalty function values can
be used to describe both of the resin systems and all
three glass fabrics. The penalty constant for the epoxies
(interfacing with copper or glass) was 1; for the glasses
(interfacing with epoxy) it was 0.23; and for the copper
(interfacing with epoxy) it was 1. These three constants
were used throughout the calculations.

The experimental measurements and numerical

predictions of the effective CTE values are summarized 627
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Table 2 Effective CTE: Experimental measurements and numerical predictions (in parentheses).

Laminates Fraction of resin, ' Below T; i’ Above T; i
excluding copper
by wt. by vol. in-plane out-of-plane in-plane out-of-plane
FR-4-1675 0.51 0.66 17-18 63-67 6-8 361-386
(17.0) (63.5) (7.0) (350)
FR-4-1080 0.59 0.73 19-20 57-73 5-10 366-395
(20.2) (67.5) (7.0) (386)
FR-4-106 0.64 0.77 20-21 70-75 6-7 399-420
(22.5) (69.3) (7.0) (406)
FR-4-1675 0.50 0.65 16-17 53-54 12-17 303-312
(4 @10z Cu)® (16.6) (59.7) (15) (312)
FR-4-1080 0.61 0.75 19 69-70 12-13 379-390
(4 @10z Cu)® (19.0) (66) (15) (384)
FR-4-106 0.70 0.81 20-21 70-78 12-15 387-411
(4 @1 0z Cu)® (20.8) (68) (15) (398)
High-7,-1080 0.63 0.74 19-21 59-67 9-10 382-389
(20.1) (67.1) (9.0) (388)
High-T,-106 0.66 0.76 20-22 67-79 8-10 399-425
(21.5) (67.8) (9.0) (399)

628

1Weight and volume percentages varied from sample to sample by +1%.

Four layers of 1-oz copper (approximately 36 um thick) evenly distributed in the epoxy-glass laminate.

Table 3 Temperature domains used in calculating average
CTE values.

interactions with epoxy are quite similar; furthermore,
penalty functions do not depend on the volume fraction
(or thickness) of the glass, at least within the range of the

Epoxy resin Bel‘f% T Ab":’é T laminates tested (volume fraction of the glass between 19%
© S and 35%). Third, a penalty function of 1 for the copper

FR-4 20-100 150-250 implies that the current copper surface treatment gives

High-T, 20-100 200-250 good adhesion, which permits one to apply the modulus-

in Table 2. Entries for TMA data are given as ranges of
values, whereas numerical predictions are given as single
numbers in parentheses. Each TMA measurement
comprised a continuous determination of effective CTE
values for all temperatures from 20 to 260°C. The
temperature domains considered to be ““below 7,

and ““above T;"”’ are given in Table 3. For each of the
measurements made on a sample, an average CTE

value was calculated over each of the two appropriate
temperature domains given in Table 3. Each entry in Table
2 for the range of CTE values comprises the minimum and
maximum of the corresponding averages, over all the
samples. Good agreement is observed between
experimental data and numerical predictions: Except

for the in-plane CTE above T,, all discrepancies are
within 5%.

Several conclusions can be drawn. First, the fact that
the same set of penalty constants equally described both
epoxies indicates that both epoxies interact similarly with
the glass fabric and copper. Second, the fact that the same
penalty constants equally described three types of glass
cloth indicates that all three fabric styles and their

T. Y. WU, Y. GUO, AND W. T. CHEN

modified rule-of-mixtures theory, whereas a penalty
function of 0.23 indicates that the properties of woven-
glass fabrics are quite different from those of bulk glass,
and that the interfacial adhesion coverage might not be
complete. It is speculated that the in-plane CTE of
epoxy—glass laminate can be further reduced if the glass
fabrics are improved (e.g., fewer voids and better surface
treatment). Finally, the validity of the engineering model
and its associated simplifying assumptions is demonstrated
by the excellent correlation between model predictions and
measurements in Table 2.

Data in Table 2 are presented in more detail in the
following figures. The effective CTEs (in-plane and out-of-
plane) of the epoxy-glass laminates versus the resin weight
percentage are shown in Figure 3 and Figure 4.

Figure 3 gives the thermal expansion characteristics for
temperatures below T;". The out-of-plane effective CTE is
about three times greater than the in-plane value. The CTE
also increases as the percentage of resin increases. The
difference in predicted CTE values between the two epoxy
systems is only marginal (less than 5%). The high-T, resin
shows slightly lower CTE than the FR-4. The TMA data
are plotted on the same graph, for comparison.

IBM J. RES. DEVELOP. VOL. 37 NO. 5 SEPTEMBER 1993



v FR+4 resin measured

—————— FR-4 resin predicted
g0} o High-T, resin measured °
ngh‘Tg resin predicted v oo o

Effective CTE (ppm/°C)

50 60 70

Resin weight fraction (%)

Effect of resin weight percentage on the effective CTE of epoxy—

glass laminates, for temperatures below T3

% Out-of-plane

& 300
v FR-4 resin measured

E ————— FR-4 resin predicted

2 200§ ©  High-T, resin measured

3 —— High-T, resin predicted

E [

100 |-
In-plane
0 b=y e e 000 e Fe00 ]
50 60 70

Resin weight fraction (%)

Effect of resin weight percentage on the effective CTE of epoxy—
glass laminates, for temperatures above T;’.

The effect of resin weight percentage on CTE at
temperatures above T, is given in Figure 4. Again, both
epoxy resins show similar behavior. Note that the out-of-
plane effective CTE above 7" is more than 300 ppm/°C.
This is five times higher than the out-of-plane CTE at
temperatures below T.”. On the other hand, the in-plane
CTE above T does not vary with resin weight percentage
and is actually lower than its counterpart below T,". This
confirms that above T;’, epoxy becomes a soft, viscous
fluid, which has little effect on the in-plane CTE of the
laminate. However, the incompressible nature of the fluid
leads to a much higher expansion of the laminate in the
out-of-plane direction, since it is confined by the glass
fabric in the in-plane direction. This information is
important in assessing the reliability of plated-through
holes in a thick PWB when high-temperature processes
such as vapor-phase soldering or wave soldering are
required, since high CTE in the out-of-plane direction
implies more strain in the plated-through holes as a result
of temperature excursions.

The effect of copper planes on CTEs for the FR-4
composites (with four layers of 1-0z copper evenly
distributed in the composites) is presented in Figure 5. The
effective CTE is slightly lowered because of the presence
of copper, but it follows the same trend as the data
presented in Figures 3 and 4. Again, good agreement is
observed between the model predictions and TMA
measurements.
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Effect of design features: Thermal strain
distribution of a multilayer PWB

The previous sections describe the effective CTE of
epoxy-glass laminates that have no design features, such

T. Y. WU, Y. GUO, AND W. T. CHEN

629




630

peiang, |

;

Moiré interferometry fringe patterns of an FR-4 multilayer lami-
nate: (a) x-displacement field, CTE(x) = 19.8 ppm/°C. (b)
y-displacement field, CTE(y) = 19.8 ppm/°C. The fringe fre-
quency is proportional to the thermal expansion of the laminate.
The grating size is 25 X 25 mm, and the applied temperature
change is 60°C.

as plated-through holes and signal lines. Two questions
remain unanswered. First, how does this measured CTE
compare with the CTE of an actual multilayer PWB?
Second, how do the design features affect the CTEs of a
typical PWB?

T. Y. WU, Y. GUO, AND W. T. CHEN

The TMA measures the thermal strain (effective CTE)
of a small, specially prepared specimen over a range of
temperatures. Real PWBs are highly complex structures
and contain a variety of design features such as signal
lines, pads and lands on signal and power planes, internal
vias, and drilled and plated-through holes. A technique
known as moiré interferometry [11] has been adopted
to measure the distribution of thermal-mechanical
displacements and strains over the entire surface of PWBs,
with specific attention to regions with plated-through holes.
Knowledge of the thermal-mechanical strain over the
plated-through-hole regions is particularly important, since
surface mount components are often mounted over such
regions.

The principle of moiré interferometry is similar to
that of the geometric moiré method [11]. Epoxy gratings
(20-30 pm thick) are imprinted on samples at a reference
temperature, and measurements are conducted on the
grating area before and after load application (heating or
cooling). The general procedure of creating specimen
gratings and conducting measurements is discussed in [12].
The fringe patterns obtained by moiré interferometry in
the experiments described here are contour maps of
displacements due to thermal loading (no external
mechanical load). The amount of displacement depends
on temperature change and the CTE value of the tested
material.

In our experiments, specimen gratings of 1200 lines/mm
were used, providing a displacement sensitivity of 0.417 um
per fringe order. Usually, centers of both dark and bright
fringes can be used for displacement calculation; thus, the
displacement resolution is 0.208 pm. The resolution of the
CTE measurement is directly related to the displacement
resolution of the experimental technique. The CTE value
can be determined as follows:

CTE = — + — (14)

where AL, L, and AT denote the thermal displacement,
initial length of the grating area, and temperature change,
respectively. With a displacement resolution of 0.208 um,
initial grating size of 25 x 25 mm, and AT = 60°C, this
translates to an average CTE resolution of =0.13 ppm/°C.
Some experiments were conducted on epoxy-glass
composites without any design features, to measure
CTE variations in the x and y directions over large areas
(5-20 cm®). Figure 6 shows fringe patterns of a typical
FR-4 multilayer composite after a temperature change of
60°C. The initial fringes were canceled by adjusting the
interferometer, so that the fringes shown in the figures
are directly related to thermal displacement. The fringe
patterns are fairly uniform. Average CTEs in the x and y
directions show similar values. The wavy shape in the
fringes indicates local mismatches of material properties
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between the glass fabric and the epoxy resin. However,
these localized variations do not affect the average CTE
value. These fringe patterns are typical for a wide range of
composites, with thicknesses varying from 0.25 mm to 8 mm.
When cross-plying is used, the difference between the

CTE values in the x and y directions is, in general, within
1 ppm/°C.

The distribution of the in-plane CTE of a multilayer
PWB over areas that have various surface and internal
features is shown in Figure 7. It can be seen that the area
with plated-through holes has higher CTE values than the
rest of the board. Measurements were performed in areas
with plated-through holes, with and without solder fill.
Results showed a 1.0-1.5-ppm/°C increase of the CTE
values in the area with holes over areas without holes.
This indicates that the hole-drilling process partially
relieves the constraint of the glass fabric and copper foil,
which implies that the values of the penalty functions for
glass fabric (interfacing with epoxy) are decreased after
the hole drilling. This is consistent with cross-sectional
observations in which epoxy-glass interfaces showed
microcracks after the hole drilling. It is speculated that
other hole-drilling processes (with different speed, drill-bit,
temperature, etc.) will lead to other sets of penalty
functions. However, more investigations are needed in
order to quantify this effect. After the plated-through holes
were filled with solder, another 1.0-1.5-ppm/°C increase in
CTE was observed. This increase is due to the higher CTE
of solder, which is around 28 ppm/°C. This 2.0-3.0-ppm/°C
increase of the in-plane CTE value after hole drilling and
solder fill depends on factors such as process conditions,
solder type, plated-through-hole geometry, and copper-
plating thickness. The value of the increase may vary from
PWB to PWB. However, since surface mount components
are assembled over different locations on the PWB, the
effects of the plated-through holes and solder fill on
in-plane CTE should be included in strain modeling
associated with component-PWB CTE mismatch.

Reliability issues related to PWB

® Thermal fatigue life of surface mount interconnection
In the choice of interconnections from modules (first-level
packages) to second-level packages, such as PWBs and
flexible substrates, one of the prime considerations

is the reliability of the interconnection system. The
interconnection reliability depends not only upon the
interconnection materials and processes, but also upon the
properties of the first- and second-level packages being
interconnected.

Solder Ball Connect (SBC) [13] (in addition, see other
SBC papers in this issue), also known as ball grid array, is
a prime example of an area array surface mount assembly
in which solder bridges connect the metallized areas of the
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In-plane CTE distributions of a multilayer printed wiring board
with solder-filled plated-through holes: (a) Fringe pattern in the x
direction. (b) CTE values in the x and y directions.

modules and the board. The solder geometry depends on
the composition of the solder ball, the solder volume, the
solder wetting and flow process, and the geometry of the
solder pads on the module and board. Although numerous
analyses and reviews have been published regarding
fatigue failure of solder interconnections due to thermal
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cycles [13, 14], much less has been published on the
design, material composition, and processes of the first-
and second-level packages which govern the mechanical
properties that affect the reliability of the interconnection
system. The focus of this section is to illustrate the impact
of the in-plane CTE of the PWB on the reliability of SBC
and other surface mount interconnections.

Typical solder interconnections—for example, the well-
known C-4 (controlled collapse chip connection) [15]—are
area arrays of spherical solder balls with round pads on the
two ends of the solder joints. Norris and Landzberg [16]
reported a quasi-empirical model for C-4 that is based
upon the well-known Coffin-Manson [17] relationship
between fatigue life and cyclic plastic strain amplitude,
with two factors added to account for the temperature-
dependent creep and relaxation behavior of solder: a factor
to model the increase of fatigue life® with frequency, and a
factor to model the decrease of fatigue life with maximum
temperature. Moreover, Norris and Landzberg assumed
that the cyclic strain amplitude is equal to the average
shear strain for the joint, computed from the difference in
thermal expansion between module and board divided by
the solder joint height. The maximum plastic strain
amplitude occurs at the solder joint farthest from the
geometric center of the array. With this quasi-empirical
model, Norris and Landzberg projected the fatigue life for
an assembly of System/370™ logic chips connected to
a ceramic module. Their analysis was based upon the
assumption that the failure distribution was lognormal and
upon a set of laboratory test data obtained under higher
temperature and higher frequency than field conditions
(normal operating conditions). Their projections were in
good agreement with field data. Since 1969, their basic
methodology, with modifications to account for solder,
microstructure, and deformation mechanics, has been the
mainstay of module solder joint reliability models.

The Norris-Landzberg model for the Coffin-Manson
relationship demonstrates the inherent capability of solder
interconnection materials to absorb high levels of strain
and cyclic creep damage. The same capability could serve
well for much larger solder interconnections, such as SBC.
The Norris-Landzberg model may be stated as follows:

1.9
N = (é) f0.3 o 01D T (15)
= e >
)

where A4 is a material constant, N, is the mean fatigue
lifetime in cycles, f is the cyclic frequency, T, is the
maximum temperature in degrees Kelvin, & is the

Boltzmann constant, and ¢, is the plastic strain amplitude

2 Here, fatigue life refers to the number of cycles to failure. The total temporal
lifetime of solder interconnections actually decreases with frequency. In the
electronics industry, however, fatigue life is often given as the number of cycles to
failure, since it relates directly to the number of on and off cycles a machine or
device can withstand.
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induced by thermal cycling. The plastic strain amplitude
is directly influenced by the lateral movement between
module and board, which must be absorbed by the solder.
The in-plane modulus and flexural rigidity of the module
and board also affect the plastic strain amplitude, as
demonstrated by Hall [18].

A significant amount of work has been published on
surface mount interconnection fatigue (wear-out) for
leadless and leaded assemblies, e.g., [13, 14]. Pertinent to
the current study is the result that the mean fatigue life
is proportional to the reciprocal of the plastic strain
amplitude €, (which is proportional to the difference
between the CTE of the module and that of the board)
to some power, which has been determined to be
approximately 2 for most cases.

To demonstrate the impact of module and board CTE on
the fatigue life of SBC interconnections, we consider an
assembly consisting of a ceramic module on a PWB as an
example. Ceramic modules typically have CTE values
around 7 ppm/°C. If the PWB CTE is 17 ppm/°C, simple
arithmetic shows that a 1-ppm/°C change in CTE for either
the module or the PWB would make a 10% change in the
thermal expansion difference and thus in the in-plane
strain. The Norris-Landzberg model, as described in
Equation (15), would predict a change in fatigue life of
approximately 20%. On the other hand, it is noteworthy
that in Table 2 and Figures 3-5, the in-plane CTE of the
board is actually less at temperatures above T: " than at
temperatures below. This implies that a high-temperature
cycle, such as for a vapor-phase solder process beyond
Tg", does not necessarily create excessive strain on the
solder joints. Also, in Figure 7, one can observe that the
in-plane CTE in areas with plated-through holes (filled with
solder) is 21 ppm/°C, while the rest of the PWB is about
19 ppm/°C. In estimating the fatigue life of solder balls
that are connected to areas with plated-through holes,
using a 19-ppm/°C CTE value for the board leads to an
overestimate of the fatigue life. To accurately assess the
solder damage during thermal shock (sudden temperature
change), it is important to have a thorough quantitative
understanding of the design factors that affect the
thermal expansion characteristics and stiffness of the
PWB.

® Thermal shock strain for plated-through holes
Plated-through holes in PWBs have been observed to
crack during the soldering process. Stress tests have been
developed to simulate thermal shock behavior. In
particular, MIL-STD-202D M107C has been used for
reliability testing of plated-through holes for military
products. The plated-through-hole reliability in PWBs has
been well studied from the perspective of copper-plating
ductility, hole-surface preparation processes, stress-test
methods, and mechanical modeling [1-3]. The tensile
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ductility of copper plating and that of the copper foil
internal to boards vary according to manufacturing
processes, geometry, and temperature [19-21]. Typically,
the ductility can vary from 4 to 12% [19]. How the PWB
construction itself can influence the plated-through-hole
reliability had been little discussed.

An important conclusion from the present study is that
the out-of-plane thermal strain of a multilayer PWB is
primarily due to strain above the glass transition
temperature, T;’. The physical explanation of this
observation is that the epoxy material, behaving like an
incompressible fluid, is primarily constrained in the x-y
plane by the glass fabric and copper, and almost all of the
volume expansion is in the z direction. The thermal strain
is therefore significantly influenced by the percentage of
resin and glass fabric and by T:’. The engineering model,
as presented in Equations (3)-(13), can provide useful
insights into the out-of-plane thermal strain for PWBs
with various resins and glass fabrics. Figure 8 shows the
relation between thermal strain and temperature for the
FR-4 and high-T, resins, with three different glass fabrics.
The out-of-plane CTEs, below and above T:’, are both
assumed to be constant. It is seen that for the FR-4, the
thermal strain at 300°C increases from 6.7% to 7.9% from
the nominal laminate (type 1675 glass, 51% resin by
weight) to the resin-rich laminate (type 106, 64% resin by
weight). On the other hand, the 50°C increase in 7, due to
the difference in resins leads to a 1.5% strain decrease for
type 1675 and a 1.8% strain decrease for type 106, at
300°C.

The out-of-plane expansion of the multilayer laminate
has direct impact on the plated-through-hole strain. Copper
plating in the holes is subjected to tensile or compressive
deformation during the out-of-plane expansion or shrinkage
of the surrounding epoxy. The degree of deformation
depends on factors such as plated-through-hole stiffness,
copper-to-resin adhesion, copper power plane thickness,
and connections between copper power plane and plated-
through holes. This physical phenomenon of in-plane
constraint and out-of-plane expansion is particularly
important to non-solder-filled plated-through-hole design
and the design of internal via connections in multilayer
laminate structures with high-CTE and low-T,” (or melting-
point) epoxies (or other dielectric materials).

Summary

A systematic study of the thermal-mechanical strains in a
multilayer printed wiring board has led to a quantitative
three-dimensional engineering model based upon classical
mechanics and modified rule-of-mixtures theory. This
model was verified by a series of experimental
measurements. With this model, the in-plane and out-of-
plane thermal strains can be accurately predicted from a
knowledge of the proportions of resin and glass in the
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epoxy-glass laminate and the copper construction. The
model provides an engineering tool that can be used

to assess reliability concerns associated with the
printed wiring board, such as fatigue life of solder
interconnections and plated-through holes, in the early
design stage.
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