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Abstract The thermoelastic behavior of glass fiber-

reinforced resin matrix composites is very important in

several applications such as electronic packaging. Simu-

lation of the composite behavior is complicated because of

the complex nature of woven fiber architecture. In this

study, we have conducted a numerical simulation of elastic

and thermal expansion behavior of woven glass fiber-

reinforced resin matrix composite. The simulations were

compared to experimental data, showing excellent agree-

ment with elastic properties and fairly good results for the

thermal expansion coefficient of the composite.

Introduction

Glass fiber-reinforced resin matrix composites are used in a

variety of applications. In electronic packaging they are

used due to the lightweight, electronic insulation, and

thermo-mechanical stability [1]. The electronic packaging

industry is undergoing significant changes due to the

advent of environmental-benign solders with higher melt-

ing point than Pb–Sn solders [2–5]. The printed circuit

board (PCB), which is typically made of a glass fiber-

reinforced resin matrix composite, will have to withstand

higher reflow temperatures. Thus, it is extremely important

to understand the thermoelastic behavior of the PCB, which

is directly related to the reliability of the electronic

package.

Experimental and numerical investigations have been

made on the thermal and mechanical stability of PCBs

[6–14]. Most of the research has focused on the solder–

PCB interface rather than the PCB itself. Furthermore, the

PCB is usually considered as a homogeneous material.

While the micromechanics of fiber-reinforced polymer

matrix composites has been the subject of many studies

[15–22], it has not been as widely employed to study

thermoelastic behavior. A microstructure-based approach

is necessary to capture the important features of the woven

fiber fabric in the resin matrix.

In this study, we have used finite-element simulations to

model and predict the thermal and elastic properties of a

glass fiber-reinforced resin matrix composite. The micro-

structure of the fibrous reinforcement, and in particular, the

geometry of glass fiber bundle, was explicitly considered in

the simulations. Both the Young’s modulus and the coef-

ficient of thermal expansion were investigated in the

temperature range of 21 to 150 �C. The predicted values

were in good agreement with experimental results obtained

by Isola Laminates.

Finite-element method simulation procedures

In this study, finite-element method (FEM) (Abaqus,

Simulia, RI) was employed to simulate the thermoelastic

behavior of the composites. The FEM model was con-

structed based on the microstructure of woven glass fiber-

reinforced resin matrix PMC as shown in Fig. 1a. The glass

fiber bundle, consisting of many fibers, is embedded in a

resin matrix. Inside the glass bundle there is a very small

fraction of resin. The volume fraction of glass with respect
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to the whole composite is *35% and the volume fraction

of glass fiber inside the glass bundle is around 75%. These

were measured by image analysis of several sections and

also correlated well with data provided by the manufacturer

(Isola Laminates, Chandler, AZ). The fiber bundles can be

modeled in two ways: (a) simplifying the bundle to be a

solid block of glass, and (b) assuming the bundle to be a

composite consisting of 75 vol.% glass fiber. In this study,

models with both ‘‘types’’ of bundles were employed and

compared.

A unit cell of the woven fiber fabric reinforced with

resin was constructed based on the microstructure of the

actual composite (Fig. 1b). In this model, the glass bundle

is modeled as a solid material, either pure glass or a

composite of glass and resin, with elliptical shape. Figure 2

shows details of the finite-element mesh. The mesh type

used was a Quadratic 3D Stress Tetrahedron to conform to

the complex shape of the fiber bundle. Table 1 shows the

thermoelastic properties used for both glass fiber and resin

matrix. These were provided by the manufacturer.

Figure 3 shows the boundary conditions for elastic

deformation and calculation of the Young’s modulus in the

three orthogonal directions. The displacement of the sur-

face normal to the loading axis was fixed. Tensile loading

was applied in directions 1–3, and Young’s modulus cal-

culated. For the thermal simulation, the temperature was

varied from 21 to 150 �C. Figure 4 shows the boundary

conditions for thermal simulation. The displacement of

three surfaces was constrained, and the CTE in each of the

three directions was calculated.

The modeling results were compared with experimental

data. The Young’s modulus of the composites in all three

directions was measured by uniaxial tensile testing of

Fig. 1 (a) Microstructure of

glass fiber-reinforced resin

matrix PMC. The cross section

of glass fiber bundle is elliptical.

Glass fiber bundle contains

about 75 vol.% glass fiber and

the glass fiber has about

35 vol.% with respect to the

whole composite. (b) Unit cell

of PMC for FEM, where the

glass fiber bundle was

simplified into a single fiber.

The fiber volume fraction is

35%, which is identical to the

actual PMC

Table 1 Thermoelastic properties of glass fiber and resin matrix

Young’s modulus

(GPa)

Poisson’s

ratio

CTE

(10-6/�C)

Resin matrix 3.8 0.35 59.0

Glass fiber 73 0.22 5.0

Fig. 2 Mesh details for unit cell

used in the simulations. The

mesh type is a Quadratic 3-D

Stress Tetrahedrom
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dog-bone shaped specimens on a servohydraulic machine

(the direction of interest was machined parallel to the

loading axis). Strain was measured with a clip-on exten-

someter. The coefficient of thermal expansion was measured

with a linear thermal analysis instrument that was employed

to obtain the thermal displacement of the specimens. A glass

pushrod was used for the measurement of the thermal

expansion displacement of the sample. The thermal expan-

sion of the sensing glass pushrod was measured without the

sample being present to subtract the contribution from

expansion of the rod itself. The expansion of the pushrod

was negligible (*0.5 lm from 25 to 150 �C), relative to

that of the CTE of the composites samples and was therefore

ignored. The temperature was continuously cycled between

25 and 120 �C to obtain the CTE.

Results and discussion

The results from purely elastic loading of the woven fiber

fabric-reinforced resin matrix composite are shown in

Fig. 5a. Very good agreement is obtained with the exper-

imental data. Direction 1 has a higher fraction of fibers

along the direction of loading, so it has the highest mod-

ulus. Next is direction 3 which is also in-plane, but has a

lower volume fraction of fibers parallel to its direction.

Finally, direction 2 is the transverse direction, and, thus,

has the lowest modulus. The deformation of the fabric is

quite different from a conventional fiber-reinforced com-

posite because the fibers undulate over and under other

fiber bundles. Stress concentrations are often observed at

the ‘‘cross-over’’ points between fiber bundles [23, 24]

Fig. 3 Boundary conditions for

simulation of elastic

deformation. Tensile load was

applied in directions 1–3 to

investigate the Young’s

modulus in these directions

Fig. 4 Boundary conditions

used for simulation of thermal

expansion
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during tensile loading. The straightening process results in

localized fracture at the cross-over points.

Modeling of the thermal behavior, as mentioned above,

was carried out by assuming a pure solid glass bundle and by

assuming a composite bundle. The composite glass fiber

bundle can be considered as a unidirectional continuous

fiber-reinforced composite, so the elastic and thermal

properties should be anisotropic. In the longitudinal direc-

tion (fiber longitudinal direction), the Young’s modulus, the

fibers, and matrix are in an isostrain condition, so the lon-

gitudinal modulus of the composite, EL, is given by [25]:

EL ¼ EfVf þ EmVm; ð1Þ

where Ef and Em are the Young’s modulus of fiber and

matrix, respectively, and Vf and Vm are the volume fraction

of fiber and matrix, respectively. In the transverse direction

(normal to the fiber longitudinal direction), the Young’s

modulus can be calculated using the isostress model [25]:

Et ¼
1

Vf=Ef þ Vm=Em

: ð2Þ

Similarly the directionality in thermal expansion can be

calculated with Schapery’s analytical model [26]. The

longitudinal thermal expansion, aL, is given by:

aL ¼
afEfVf þ amEmVm

EfVf þ EmVm

; ð2Þ

where af and am are the CTE of fiber and matrix,

respectively. The CTE in the transverse direction, also

calculated by Schapery’s model, is given by [26]:

at¼ð1þmmÞamVmþð1þmfÞafVf�aLðmfVfþmmVmÞ: ð4Þ

Using the above equations, the anisotropic elastic and

thermal properties of the ‘‘composite bundle’’ are given in

Table 2. These composite bundles are, of course,

surrounded by pure resin matrix.

Figure 5b shows the coefficient of thermal expansion

along the three directions. The CTE along the 2-axis is

highest due to the least constraint from the fibers. The

in-plane CTE is significantly reduced along the longitudi-

nal direction of the fibers. FEM predicts the in-plane CTE

values relatively well. Along the 2-axis, however, the FEM

predictions underpredict the experiment. The use of a

‘‘composite bundle’’ as opposed to a solid glass fiber

bundle does improve the prediction. Figure 6 shows the

von Mises stress contour plot during the heating of the

composite. Note that the longitudinal fibers develop a stress

concentration due to severe expansion in the two direc-

tions. This stress is highest in the center of the longitudinal

fibers, away from the constraint imposed by the overlap-

ping fiber bundle.

Summary

A numerical analysis of the Young’s modulus and coeffi-

cient of thermal expansion of woven glass fiber-reinforced

resin matrix composites was conducted. The complex

geometry of the woven structure was captured in a unit cell

model. The fiber bundles were modeled as pure glass fiber

bundles and as anisotropic composite bundles. The values

from finite-element analysis correlated well with those

from experiments.

Fig. 5 Comparison of FEM

predictions with experiment: (a)

Young’s modulus and (b)

coefficient of thermal

expansion. Good agreement is

observed between experiment

and model

Table 2 Thermoelastic properties of composite fiber bundle for FEM

input

Longitudinal Transverse

E (GPa) m a (10-6/�C) E (GPa) m a (10-6/�C)

55.7 0.22 5.96 13.1 0.33 23
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