A Multilayer PCB Material Modeling Approach Based on Laminate Theory
Sven Rzepka”, Frank Kriimer", Oliver Grassmé”, Jens Lienigz)
b Qimonda Dresden GmbH & Co. OHG, Dresden, Germany
? Dresden University of Technology, Institute of Electromechanical and Electronic Design, Germany
Sven.Rzepka@Qimonda.com

Abstract
After surveying the laminate theory, this paper presents a field proven 3-steps concept for modeling printed
circuit boards (PCB). First, the behavior of the single plies is studied by means of a 3-D detailed model
representing a typical cell. Afterwards, the laminate theory is applied to transfer the material data deter-
mined in the first step to a 3-layers model, which eventually allows modeling full PCBs in regular FEM
simulations of complete electronic modules. Finally, the model of a 10-layer PCB is assembled and corre-
lated to experimental data within the temperature range from 25°C to 150°C. Numerous experimental tests
validate throughout the study that the model build-up this way is able to capture reality within a 5% accu-

racy band.

Introduction

In electronic packaging, the simulation of me-
chanical and temperature cycling tests is a typical
tasks of virtual prototyping. Its major goal is to as-
sess the risk of interconnect failures in the solder
joints between PCB and component induced by
these loads. However, the accuracy of these as-
sessments does not only depend on the solder mate-
rial model but also on that of the PCB. Therefore, a
target of 5% has been set as maximum difference
between measurement and simulation results in vali-
dation studies of the PCB models.

Currently, fully isotropic or globally orthotropic
approaches are widely used in modeling PCBs.
Looking at the cross section of a single ply (Fig. 1),
it already becomes evident that these approaches

Figure 1: Cross section of a single ply of type 7628
and the measurements of a fiber bundle in
Y direction.

may often not be sufficient to meet the 5% accuracy
criterion. The complex mechanical behavior of a
full PCB, which typically consists of five to nine
plies and n+1 electrical layers in addition, mostly
requires adequate models to account for the lami-
nate structure of this stack.

This paper presents a field proven 3-steps con-
cept based on the laminate theory [3]. After survey-
ing this theory, the behavior of the single plies is
studied by means of a 3-D detailed model [2]. Af-
terwards, the laminate theory is applied to model
these plies in an efficient way. Finally, the model of
a 10-layer PCB is assembled and correlated to ex-
perimental data within a wide range of temperature.
Numerous validation results show that the 5% accu-
racy criterion is met throughout the study.

The Laminate Theory

The thickness of a PCB is very small as com-
pared to its width and lengths. Hence, it could be
described by 2-D models like membranes or plates.
In addition, however, a PCB is composed of a soft
matrix material, usually epoxy resin, reinforced by
layers of glass fibers. This makes it a typical repre-
sentative of the laminate materials also showing
their characteristic anisotropic behavior. The stiff-
ness parallel to the fibers is much larger than per-
pendicular to them. In addition, laminate films are
much stiffer in tensile mode than in bending mode
because the reinforcing fibers are not distributed
uniformly across the film thickness but concentrated
in the middle of each ply. In reality like a free drop
event, bending and tension always occurs simulta-
neously. Likewise, realistic models must be able to
capture both effects at the same time.
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The laminate theory [3] exactly accounts for this.
It was developed based on Timoshenko general
plate theory and combines the membrane and the
plate states. The membrane loads are only acting in-
plane causing tensile or shear deformations. Here,
stresses are related to strains. The plate loads are
acting perpendicular to a plane causing bending. In
this case, moments are related to curvatures.

In the perfectly symmetric case, i.e., when the
plies above the center plane are mirror-identical to
those of the lower half of the stack, the membrane
and plate states are independent of each other. Oth-
erwise, they are coupled. Physically, this causes the
laminate to bend even when hanging a weight on it
actually causing a perfect tensile load. The softer
side of the laminate would still extend more than the
stiffer side. = Mathematically, couple terms are
needed to account for this effect.

Being an analytical method, the laminate theory
is based on some assumptions more. The most im-
portant ones are:

1. Each layer has a uniform thickness and homoge-
neous or quasi-homogeneous material properties.

2. The material behavior of each layer is linear elas-
tic in both modes, tension and bending.

3. The thickness of the laminate stays constant dur-
ing the deformation and the deformations is
small compared to the thickness. As conse-
quence, the normal deformation in Z direction
and the shear deformation YZ and XZ vanish.

With these assumptions, the general Hooke's law
is reduced to two dimensions so that all three stiff-
ness matrixes (membran, plate, coupling) just con-
tain 3x3 elements: two in-plane tensile components
and one shear component.

On the way to establishing the stiffness matrixes,
the engineering constants of each individual layer
are transformed into so-called reduced stiffness co-
efficient [4]. Finally, the 3x3 stiffness matrixes are
filled with these coefficients.

Each ply k is orthotropic so that the material ma-
trix is symmetric. In addition, there is no interaction
between normal and shear coefficients. Therefore,
the matrixes have only four non-zero independent
coefficients as defined by eq. 1.

Now, the reduced stiffness coefficients of the
matrix O, are known for every single layer with re-
spect to its local coordinate system, in which x and y
are the orthogonal axis. However, the orientation of
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all layers must refer to a common global coordinate
system before the overall behavior of a laminate can
be calculated (Fig.2). The alignment required is
done by a transformation matrix 7}, which converts
the set of material properties based on the local x-y

coordinate system (@, into those ékbased on the
global X-Y system, eq. 2.
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This matrix of the reduced stiffness of layer & in
global coordinates allows calculating the membrane
and the plate stiffness matrixes, A; and Dy, respec-
tively, as seen in equation 3 and 4.
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The coupling matrix By is a direct combination of
the terms leading to equations 3 and 4. It constitutes
the actual expansion of the general plate theory into
the laminate theory.
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Figure 2: Single layer £ with the coordinate system
(x y z)! rotated by an angle ¢ to the lami-
nate with the global axes (X Y Z).
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Since the material properties are assumed con-
stant across each layer's thickness /4, the integral
across the N layers of the laminate stack turns into a
sum. Thus, the elements A;, By, and Dj; (with i, j =
1..3) of the full laminate's stiffness matrixes can be
calculated as follows:

N —
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where each layer stretches between z;; and z.
The heights z; are related to the neutral plane of the
laminate stack. This results in positive and negative
values. Therefore, the elements of the couple stiff-
ness matrix vanish for symmetric laminate stacks so
that the membrane and plate properties are then in-
dependent of each other. Usually, this case is ap-
proached by the real PCB stacks.

Finally, effective material properties of the full
laminate stack can be derived by inverting the mem-
brane stiffness matrix A and the plate stiffness ma-
trix D, respectively, which results in the compliance
matrixes a and d. This can be done easily if the cou-
pling matrix is vanished due to symmetry within the
stack. Then, the most important laminate properties
can be calculated as follows:
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Figure 3: 3-step PCB modeling approach

The tensile stiffness Ey and Ey of the laminate (to
be seen as effective Young's modulus along X and Y,
respectively) as well as the bending stiffness Fy and
Fy (effective flexural modulus) will subsequently be
used to check the simulation results against the ana-
Iytic model. The match should always be very close
as long as the assumptions of laminate theory listed
at the beginning of this section are applicable.

FEM Modeling Approach

Although the PCB itself may be modeled quite
precisely by a 2-D analytic approach, 3-D FEM
models are usually required to capture the behavior
of electronic modules under reliability test condi-
tions adequately. To be consistent, a 3-D FEM rep-
resentation of the PCB is needed as well. Hence,
the goal of this paper is to present a 3-steps method,
by which accurate PCB FEM models can be estab-
lished efficiently based on the laminate theory.

Figure 3 depicts the three modeling steps. First,
a detailed model is created. It covers a representa-
tive cell of a single ply. The data of the materials
involved, i.e., the glass fiber bundles and the epoxy
resin, is obtained from measurements and validated
by simulating these measurement tests. The simula-
tion results for the full cell are also validated by
comparing to real tensile and bending experiments
each performed on single ply samples along both
fiber directions. Afterwards, the detailed model is
used to determine all nine orthotropic material con-
stants by simulating basic tensile and shear tests
avoiding further real tests.

In the second step, the material properties pro-
vided by the detailed model are transferred to a 3-
layers model, which eventually allows modeling full
PCBs as needed in the simulations of electronic
modules. In this model, the effect of the reinforcing
glass fiber fabric is captured by the middle layer of
each single ply while the outer layers of this ply
consider isotropic resin only. After some calibra-
tion, each 3-layer stack is able to model the anisot-
ropic behavior of the corresponding ply.

Finally, the model of the full PCB stack is cre-
ated by piling up the three layer models accordingly
supplemented by the conductive metal layers in be-
tween.

If the PCB consists of different ply types the
steps one and two have to be executed repeatedly.
Still, this 3-step toolbox approach proposed here is
seen as the most efficient method of setting up pre-



cise PCB models. Creating and validating 3-layers
models of the six different ply types and assembling
them to full PCB models requires much less effort
than measuring the complex properties of all the
70 PCBs currently being in use at Qimonda com-
posed out of these six ply types.

The Detailed Model

The material of the reinforcing fibers is E glass
in all plies and the weaving technique is always the
same as well (simple, denim like fabric). However,
the number of fibers per bundle and the pitch of the
bundles are specific to the ply type coded by a four-
digit number, e.g., 1080, 2116, or 7628. Some ply
types also show substantial differences between X
and Y direction (e.g., ply 7628). Even when focus-
ing on one ply type, differences are possible as the
resin material and the total thickness of the ply can
be varied meaning the resin content can be changed
to adjust the final stiffness of the particular ply to
specific requirements.

The detailed FEM model covers two pitches of
the fiber reinforcement in both directions (X and Y).
The fiber bundles themselves are unidirectional re-
inforced mixtures of glass and epoxy. However,
they are not perfectly straight but wavy (fig. 4a).
Aligning the local element coordinate systems ac-
cordingly still allows accounting for the high stiff-
ness along the axis of the fiber bundle and the lower
stiffness normal to it easily. The transformation of
the material properties into the global coordinate
system is later on performed by the FEM code
automatically. The complete model consisting of
the fiber fabric and the resin is shown in figure 4b.

Figure 4: Detailed FEM model (ply type 7628)
a) Glass fiber fabric with its element coor-
dinate system, b) Complete model with
the global coordinate system

Because of their arbitrariness in orientation and
shape, the fiber bundles as well as the volume of
pure resin in between are meshed with tetrahedral
elements. Considering parameters for all input de-
tails, this model is flexible to represent any single
ply by a typical cell.

The material data of the fibers' E glass such as
Young's modulus Eg,, is very stable across the
typical temperature range electronic modules oper-
ate. In addition, it is well documented [1]. The
temperature dependent Young’s modulus Eg,,,, of
the resin type ITEQ-IT150 was measured.

The fiber bundles consist of a mixture of glass
fibers and epoxy. Knowing the Young's modulus of
both constituencies, the glass volume content vjgys
can be extracted from tensile tests, which measure
the effective Young's modulus of the fiber bundles
Epunae along the fiber axis, by applying the rule of
mixture [3] and [4], equation 8.

E Bundle — leasx E Glass + (1 - leam )E Epoxy (8)

No reinforcement effect occurs in the directions
perpendicular to the fiber axis. Here, the bundles
behave like epoxy.

As example, samples of single plies are tested.
A glass volume fraction of vg,,=70% was deter-
mined for the ply type 1080 based on the tensile test
results. Afterwards, a three point bending test was
simulated based on this model. As shown in table 1,
the simulation results match the measured values
quite closely. Then, a 132 um thick ply of type
2116 was chosen as second example. Here, the
glass volume fraction in the fiber bundles calibrated
by tensile test results was fixed to 66%. Without
further changes, the detailed model was again able
to match the bending measurement results very well,

Table 1: Stiffness of ply type 1080 (Simulation is
based on the detailed FEM model assuming 70%
glass volume fraction in the fiber bundles)

Tensile stiffness | Bending stiffness
Ey in [GPa] Fy in [GPa]
Measurement (M) 12.0 5.1
Simulation (DM) 11.8 53
Relative Error
(DM —M)/M -1.7% 3.9%




Table 2: Stiffness of a 132 pm thick ply, type 2116
(Simulation assumes 66% glass in the fiber bundles)

Tensile stiffness | Bending stiffness
Ey in [GPa] Fyin [GPa]
Measurement (M) 14.8 6.1
Simulation (DM) 14.9 6.3
Relative Error
(DM — M)/ M 0.7% 3.3%

table 2, although the magnitude was quite different
with respect to both, the other ply type Fx(1080) and
the tensile stiffness Ex(2116). Therefore, the model-
ing approach seems to be valid and accurate.

Applying the calibrated and validated models,
the nine independent parameters characterizing the
plies' orthotropic material properties are determined
by simulating basic shear and tensile tests. Of
course, the accuracy of the data generated this way
directly depends on the accuracy of the input pa-
rameters. In case of Young’s modulus, the parame-
ters have just been validated. The Poisson ratio of
the epoxy was set to 0.27 in the range below glass
transition temperature based on the wide spread data
found in literature [5], [6]. Applying eq. 8 with the
Young’s moduli replaced by the Poisson's ratios, v,
and v, i.e., the effective Poisson's ratio of the fiber
bundle in the direction influenced by the reinforce-
ment along x, are calculated out of the Poisson ratio
of the E glass (0.20) [1] and epoxy. The remaining
Poisson ratio v,, is equal to the value of pure epoxy
since the glass fibers have no influence here. The
shear modulus of the fiber bundle is then calculated
by applying the rule of mixture accordingly, eq. 9,
with Ggass and Gy, denoting the shear moduli of E
glass and epoxy resin, respectively.

_ GEpoxy ’ GGlass
(1 - leass )GGlass + leass ’ G

©))

XY
Epoxy

The modulus Gy, has the same value like Gyy be-
cause the effect of the reinforcement is identical in
both cases. However, the shear modulus of the re-
maining Y-Z plane is different. Gy, is equal to
Gepoxy, the epoxy shear modulus, because the bun-
dles are not reinforced along their width. Having
defined all input parameters by now, the basic test
can be simulated as listed in table 3 in order to

quantify the effective set of the nine material pa-
rameters for the complete ply layers. The results of
these simulations are to be transferred to the 3-
layers model afterwards. This is described in the
next section.

The 3-Layers Model

The detailed model allows explaining the differ-
ences in tensile and bending stiffness as effects of
the composite structure of the single ply. It also al-
lows determining the nine engineering constants of
this orthotropic material. However, the detailed
model cannot be applied to a full PCB. It would
require way too many elements causing excessive
computational efforts. Therefore, a model is now
introduced, in which the thickness of the ply is split
into just three layers, which may even be combined
in a single finite element by means of the multilayer
option of 3-D finite element like ANSYS element
Solid46 or Solid186 [7]. This way, complete PCBs
can be modeled as correctly and inexpensively as
needed in industrial simulations of drop or thermal
cycle tests of regular electronic modules.

The two outer layers of this model, i.e. the top
and the bottom layers, represent the pure resin of the
ply whereas the middle layer models the mixture of
the glass fibers and the resin. The material models
for the outer layers are readily available. The effec-
tive engineering constants for the middle layer need
to be determined specifically for each ply type. This
can also be done easily by applying the detailed
model as described before. However, the thickness
of the middle layer is the key parameter of this
model approach requiring some further considera-
tion.

The classical laminate theory considers plies
with a uni-axial reinforcement by straight fibers [3].

Table 3: Summary of the necessary simulations for a
complete data set of the orthotropic single plies

Test Determined material properties
Tensile along X Ex, vxy, vxz
Tensile along Y Ey, vyx, vyz
Tension along Z Ez vzx, vzy
Y-Z Shear Gyz
X-Z Shear Gxz
X-Y Shear Gxy




In this case, the thickness of the middle layer may
be set equal to that of the reinforcing fibers, #Giass.
Consequently, a thickness of two fiber bundles
might be assumed in the case of PCB plies, in which
a woven glass fabric reinforces the laminate in two
dimensions. At the first glace, this simple approach
seems valid, as the real plies are always thicker than
the fiber bundles at their crossings. However, simu-
lation results prove this approach incorrect. Even
after calibrating the resin-to-glass ratio in the middle
layer along both fiber directions separately, the 3-
layer model can still just match the tensile or the
bending stiffness results computed by the detailed
model but not both kinds of stiffness at the same
time, table 4.

According to eq. (7), the tensile stiffness is in-
verse proportional to the height of the layer while
the bending stiffness inversely depends on the layer
height to the power of three. This means, both kinds
of stiffness would qualitatively show the same
change when the thickness of the middle layer is
reduced but the reaction of the bending stiffness
would be much larger in magnitude increasing the
ratio between the two kinds of stiffness as needed to
match the measurement results (tab. 4). Hence, the
initial assumption of twice the height of the fiber
bundles appears to be the upper limit while the ac-
tual effective thickness of the middle layer, hggr,
must be lower. The lower limit is marked by the
height of a single fiber bundle, as the middle layer is
supposed to accommodate the reinforcement com-
pletely, i.e., the outer two layers shall model resin
only.

Table 4: Computed stiffness of ply 2116 dependent
on the thicknesses of the middle layer

Tensile Stiffness [Bending Stiffness
in GPa in GPa

Ex Ey Fy Fy

Detailed Model (DM)| 14.9 14.9 6.3 6.0

3-LayerModel GL) |15 | 145 | 111 | 110

hytidgaie = 2 tgrass

Relative Error

(3L—DM)/ DM 07% | -2.7% | 76% 82%

3-LayerModel L) |15 | 147 | 6.1 6.0
hytidgdie = RErF
Relative Error

(3L—DM)/ DM 07% | -13% | -3.2% 0%
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Figure 5: Model of the woven glass fiber bundles
Top: Mesh of the detailed model,
Bottom: Regions for determining the aver-
age height

Determining the effective thickness, hgpr, the lo-
cal height of the fiber bundles needs to be consid-
ered. Figure 5 shows the classes of heights by
which the fabric of the glass fiber reinforcements
can be modeled. Based on them, the average height
is computed. Its value is specific to the ply type as
it reflects the exact dimensions of the regions with-
out glass fibers (0), with the full height of one (1)
and two bundles (2), respectively, as well as of all
the adaptive regions in between, which are interpo-
lated linearly. The average height of the fiber bun-
dles may differ between X and Y directions. Ac-
cordingly, the resin content follows inversely.

With the average fiber heights computed, the ef-
fective thickness of the middle layer, hggr, is deter-
mined by matching the measured values of both
kinds of stiffness, tensile and bending, at the same
time. In this optimization iteration, reducing hggr
virtually shifts resin from the middle layer to the
outer layers, which means an increase in effective
stiffness of the middle layer (eq. 8), as the fiber di-
mensions do not change anymore and the overall
volume of the 3-layer structure stays constant. The
result of the optimization listed in lower rows of
table 4 show all pairs of stiffness being within the
5% accuracy band. The small deviations remaining



are caused by measurement scatter, which affected
the results of the detailed model, and the simplifica-
tions of linear interpolation when computing the
average fiber heights. They are acceptable very
well.

A real PCB usually consists of one particular
type of resin only although several types are in use
in general. Sometimes, even the type of glass fiber
fabric is the same in all plies of the PCB so that each
of them is labeled by the same four-digit number.
Still, these plies do not have to behave all identically
as their thickness and hence their over-all resin con-
tent may differ.

The 3-layers model introduced before is able to
account for this variation in resin content easily. If
in reality, the thickness of the individual ply is
changed by adding or removing resin the thickness
of the two outer layers needs to be adjusted in the
model accordingly. The middle layer, which models
all the anisotropic behavior, is not changed. Table 5
shows the validity of this concept as it lists the ten-
sile stiffness of two plies both being of type 2116
but differing in different thickness by 17%. Right
after typing in the correct thickness values, both
models match the measurement results well within
the 5% accuracy band. It really is worth noting that
no further calibration was needed. This marks an
advantage of the 3-layers model over the conven-
tional approach, in which each ply of the laminate
stack is modeled by one layer only. Thanks to the 3-
layers approach, none of material models, i.e. nei-
ther that of the middle layer nor this of the resin,
needed any adjustment although the resin content of
the ply was raised substantially by increasing the ply
thickness so that the ply stiffness was reduced
accordingly. This flexibility of the 3-layers model
concept is very beneficial to the industrial practice.
DMA characterization sequences are needed only

Table 5: Tensile stiffness of 2 plies of type 2116,
132 pm and 154 pm thick, respectively

Measure- 3-layers Deviation
from meas-
ment model
urement

132 pm thick:
Tensile stiffness 14.8 15.0 1.4%
£y in [GPa]
154 um thick:
Tensile stiffness 12.8 13.2 3.1%
E'y in [GPa]

3 Element | 19 Element |9 Element
Layers Layers Layers
LO1 60% Cu 36pm 1
[ 2116 96um [ )
LO2 85% Cu 15pm
1. LywH 2.
L0O3 20% Cu 15pm
Lywa 3.
LO4 20% Cu 15pm
LywH 4.
L0OS 20% Cu 30pm
2. 5.

LOA 80% Cu 30pm
2116 120um
LO7 20% Cu 15um
2116 76Qm
LOB 20% Cu 15pm
2116 150um
LO9 95% Cu 15um

EEEE
L10 60% Cu 36um

i

Figure 6: Stack-up of a PCB specimen with 10 cop-
per layers and variants of FEM models

once per resin material and ply type while the addi-
tional variations in resin content are covered by a
simple geometric assessment. Luckily, the model-
ing effort is also not increase when moving from the
1-layer to the 3-layers approach. The multi-layer
elements provided by the commercial FEM codes
usually allow accounting for 200 and more layers.
This is more than needed.

The PCB stack model

The scheme of one particular PCB stack-up is
sketched in figure 6. It consists of 10 copper layers
and 9 ply layers of type 2116 with different thick-
nesses.

In contrast to the plies, whose material behavior
has already been modeled by now, the parameters of
the copper layers are still to be determined. From
the mechanical point of view, these layers may be
seen as mixtures of copper and epoxy. The ratio
between the two constituencies can be determined
from the Gerber data specifically to each layer.
Some of the signal layers contain less than 40%
copper (e.g., layers 03, 04 and 07, 08 in fig. 6). In
addition, the individual traces are so small that they
do not reinforce this layer significantly. Hence, its
behavior is clearly dominated by the epoxy. On the
other hand, power and ground layers (such as layers
02 and 09) are often covered by more than 90%
copper, which basically means full copper films just
being pierced by some small holes, the so-called
anti-pads around the vias. Consequently, these lay-
ers just behave like copper.



Besides these extreme cases, in which the film
can be modeled as either resin or copper only, there
is a range in which the model really needs to ac-
count for both constituencies. When the total
amount of copper exceeds 40%, the film stiffness
really is increased even with the individual traces all
being very small and placed arbitrarily in the plane
of the complete film. On the other hand, the traces
are not able to control the film behavior completely
as they are still just coupled by the soft matrix of
epoxy resin material covering at least 10% of the
layer's volume. Based on the assumptions indicated,
i.e., many very small copper traces are distributed
arbitrarily but homogeneously within the film, the
resulting stiffness can be calculated according to the
rule of mixtures as listed in equation 9 just with the
shear modulus being replaced by the Young’s
modulus and the fiber content by that of the copper.
Based on a Young’s modulus of 127 GPa for copper
and 2.5 GPa for epoxy, the resultant stiffness is
computed as 6.1 GPa for the outermost layers LO1
and L10 as they have a copper coverage of 60%. If
the assumptions made are not valid at all locations
the total PCB area may be split into regions.

In total, the model of the chosen PCB example
consists of 10 effective copper layers and 9x 3 ply
layers. Figure 6 shows three different options for
capturing these 37 layers by multi-layer finite ele-
ments. In the most detailed approach, 19 element
layers allow modeling each copper film and each ply
by one separate element layer. Option 2 stretches
each element across one copper film and its adjacent
ply resulting in nine elements along the PCB thick-
ness. Since the computation time scales roughly
with the square of number of finite elements the
models consists of, option 3 leads to the fastest
simulations as it splits the PCB thickness into three
elements only. However, increasing the complexity

Table 6: Measured and simulated bending stiffness
of a 10 layers PCB

Simulation Result based on models with
Measurement
19 elements | 9 elements 3 elements
18.8 GPa 19.1 GPa 19.4 GPa 19.7 GPa
Deviation
from meas- 1.6 % 2.8 % 4.9 %
urement

to be covered by one element reduces the accuracy
of the numerical FEM result. In particular, models
usually become stiffer when the mesh is coarsened.
The results listed in table 6 clearly show this trend.
The model of 19 element layers matched the meas-
ured stiffness most precisely while the 3-element-
layers model shows the highest stiffness. Still, the
accuracy of the 3-element-layers model is within the
5% tolerance range. Hence, this most efficient
model is a valid option for practical applications.

Temperature dependent material data

Electronic modules may be exposed to tempera-
tures between —65°C and 150°C during test and ser-
vice and even to 260°C during manufacturing. Usu-
ally, the maximum temperature is above the glass
transition region of the PCB resin 7; while the
lower temperature is below it. Still, the PCB model
must be valid within the full temperature range.
Consequently, measurements and modeling need to
cover this range applying all models and methods
explained before.

Figure 7 shows the tensile stiffness of a 154 um
thick ply of type 2116 consisting of ITEQ-IT 150
resin as result of measurements and simulation
within the temperature range between —25°C and
155°C. It is worth noting that only the resin proper-
ties were calibrated during to the simulation while
all geometric model parameters including the resin
content ratio within the fiber bundles were kept at
their values determined at room temperature. This
way, the validity of the model approach was proven
since the measured curve could be matched by simu-
lation well within the 5% tolerance band indicated
in the fig. 7 for most of the temperatures. Only at
Ts, the deviation exceeds this limit reaching up to

10 | llllIl*lllll‘ll.lll--.*T—

Glass Transition Region — ')

Tensile Stiffness Ex in GPa

-25 -5 15 35 55 75 95 35 135 155
Temperature in °C
Measurement = ok =Simulation

Figure 7: Temperature dependent tensile stiffness Ey
of the 154 um thick ply of type 2116



11%. However, experimental results also show in-
creased scatter in this temperature range. Hence, the
accuracy achieved is found sufficient.

With the material data of the single plies at hand,
the PCB can be assembled. Of course, the tempera-
ture dependence of the resin within the copper lay-
ers must be taken into consideration. Below T, this
is done by applying the rule of mixtures (eq. 9) as
mentioned before. As seen in fig,-8, close match
between the measured and modeled results of the
full PCB bending stiffness can be achieved this way
for all temperatures below 7;. However, the PCB
model clearly is too stiff above T (see upper dotted
line in fig. 8). In a second attempt, the PCB stack
was modeled with all copper layers fully replaced
by epoxy. This model is much too soft below the
glass transition range. However, it matches the
measured curve very well above the glass transition
temperature. Obviously, the reinforcing effect of
the copper layers disappears when the epoxy ap-
proaches the rubber state. Most likely, this is the
result of the visco-elastic relaxation within the ep-
oxy. This means, fully disregarding the reinforcing
effect of the copper above T models the limiting
case of complete relaxation within a very short time.
Correspondingly, taking 100% of the reinforcing
effect into account independent of any time below
the glass transition range represents the other limit-
ing case, which is being perfectly stable. As seen in
figure 8, this simple approach to visco-elasticity has
lead to valid modeling results at all temperatures
except for the range of +10 K around 7. Here, a
linear interpolation between the two extreme cases
was able to close the gap, which means 50% of the
reinforcing effect determined at low temperature
(e.g., at room temperature) had to be considered at
Ts. Applying this approach, the modeled stiffness
curve stayed within the 5% tolerance band across
the full temperature range (fig. 8).

Of course, the specific parameters like the width
of the intermediate range of temperature, which was
+10 K in the current example, or the magnitude of
T in general are all specific to the particular con-
figuration within this PCB stack and also depend on
the load conditions - furthermost on the temperature
time profile. Nevertheless, the PCB models created
the way presented here may still be applicable quite
broadly in industrial simulations as the conditions of
interest often do not change so frequently. For ex-
ample, the number of PCB resins used within one
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Figure 8: Measured and modeled temperature de-
pendent bending stiffness of a full PCB

company is limited and often stays stable for some
years. The soldering profile is also kept unchanged
for quite some time. The temperature cycle test
conditions even follow international standards with
most of them having been in place for a few decades
already.

Therefore, the concept for modeling PCBs is
shown capable of providing accurate results well
within a 5% tolerance band to measured data in an
effective way not only at one temperature but across
the full range relevant in electronics packaging.
This gain in accuracy over existing models, which
may not even able to distinguish between bending
and tensile stiffness, neither requires measurement
efforts exceeding what is acceptable in industrial
practice nor does it lead to excessive simulation run
times.

Conclusions

This paper has presented an industry proven
methodology for a creating accurate PCB models
based on the laminate theory. The methodology
consists of 3 steps. First, a representative cell of
each ply type used within the PCB stack is investi-
gated by a detailed 3-D FEM model. The cell cov-
ers at least one pitch of the woven fiber bundle fab-
ric in both planar directions and the full thickness of
the ply with all the epoxy resin. After the initial
calibration of the material properties of the fiber
bundles, which consist of epoxy being uni-axially
reinforced by glass fibers, this model is ready to de-
termine the parameters describing the effective
orthotropic material behavior of the full ply. The
validation of this calibration was done by comparing
the tensile and the bending stiffness obtained by
measurement and simulation.



Secondly, a 3-layers model is introduced, which
allows the ply properties to be modeled by multi-
layer elements. The middle layer accounts for the
complete glass fiber grid of this ply while the top
and the bottom layers just model isotropic resin.
The effective thickness of the middle layer is calcu-
lated by averaging the fiber bundle geometry within
this characteristic cell and by calibrating both kinds
of stiffness, bending and tensile, to the correspond-
ing measurement results simultaneously. The 3-
layers approach offers an important flexibility with
respect to the total thickness of the ply by which its
resin content is adjusted in reality. Following the 3-
layers approach, the simulation results spontane-
ously meet the accuracy target of maximum 5% de-
viation from measurement even when the ply thick-
ness is changed by 17% without any further material
parameter adjustment done. The variation in the ply
behavior is completely covered by considering the
respective resin thickness values.

In the third step, the complete PCB stack is com-
piled based on the 3-layers models of each ply type
involved in this stack and the copper layers between
the plies. Here, three qualitatively different cases
have been identified with respect to the copper cov-
erage. Below 40% copper content, the layers just
behave like resin, while they behave like full of
copper when the coverage is beyond 90%. When
copper coverage is in between these levels, the ef-
fective stiffness is computed by the rule of mixtures
except for the copper cannot be seen as very small
traces arbitrarily yet homogeneously distributed
within the film. In those configurations, the single
PCB model needs to be split into a few each dedi-
cated to one region, in which either one of the three
cases fully applies.

Validated by a bending experiment, it has been
shown that the 3-layers approach can be applied real
to PCBs. Utilizing the multi-layer option, just three
elements suffice along the PCB thickness although
the example laminate consisted of 37 layers in total.
The accuracy of this effective model clearly met the
5% requirement. Obviously, the limitation of the
classical laminate theory, which is the neglect of
bending moments, is not affecting this multi-layer
approach.

Finally, this modeling methodology was ex-
tended to the full temperature range relevant to elec-
tronics packaging. It was found that the PCB model
developed so far was able to replicate the behavior

seen in the bending experiments up to about 10 K
below the glass transition temperature. Above this,
the PCB was predicted too stiff, although the behav-
ior of all individual plies matched very well with the
measurements. A second PCB model, in which the
copper films were all replaced by pure epoxy, was
able to follow the real behavior at temperatures be-
yond about 10 K above T;. Within the transition
range of temperature, a linear interpolation between
the limiting cases of no visco-elastic relaxation be-
low the glass transition range and complete, fast
relaxation above that range was done. It finally en-
abled the modeled stiffness curve of the full PCB
stack to stay well within the 5% tolerance band
around the measured values across all temperatures.

This way, the 3-steps concept of modeling PCB
based on the laminate theory has been validated.
Utilizing the multi-layer elements provided by the
commercial FEM codes, the resulting 3-D models
allow reliable simulation assessments of full elec-
tronic modules to be performed with very reason-
able computational time.
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