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Fiber reinforced plastic parts manufactured by injection
molding have heterogeneous stiffness and strength be-
havior due to the molding process influence on the fiber
orientations. This paper presents a methodology for de-
termining the process-dependent anisotropic and inho-
mogeneous mechanical properties of injection-molded
parts using a thickness-wise layered homogenization
technique. This technique produces an equivalent lami-
nated meso-scale representation at any location in the
part and enables point-wise application of the existing
laminated plate and shell theories. The methodology is
demonstrated by illustrating property variations in edge-
gated and center-gated plaques. Spatial variations of
elastic moduli, shear modulus, and Poisson’s ratio are
modeled. The model can be conveniently embedded
within finite element structural analyses accounting for
the process-dependent material heterogeneities within
the structure. POLYM. COMPOS., 26:98-113, 2005. © 2004
Society of Plastics Engineers

INTRODUCTION

Effective design of injection molded parts and compo-
nents with fiber-filled thermoplastic materials can only be
accomplished by considering the interactions between the
geometry, manufacturing process, material behavior, and
the mechanical performance of the part. A crucial step in
predicting the part performance is the determination of the
fiber orientations and prediction of the elastic behavior. The
mechanical behavior of short fiber reinforced thermoplastics
has been studied in the past with fiber orientation models
and lamination theories. However, analyses on long-fiber
(when the fiber length is more than the critical shear-lag
load-transfer zone size) reinforced parts plastics are limited.
The morphological characteristics (the fiber length distribu-
tion and the fiber orientation distribution) can vary mark-
edly from position to position within a part. This will result
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in anisotropic as well as inhomogeneous material stiffness
and strength [1, 2]. Studies on obtaining meso-scale repre-
sentations from seemingly random fiber orientation distri-
butions are limited.

Research on modeling the flow and freezing phenome-
non, fiber orientation prediction, and material property de-
termination has met with considerable success concurrent
with the advances in desktop computing. Flow and cooling
phenomenon within a mold have been simulated with vary-
ing degrees of approximations [3, 4]. Crochet et al. [5]
summarized that exact simulations of the flow fields and
fiber orientations in an injection mold are often hampered
by the lack of proper rheological models [6] and fiber
orientation models that account for various interactions
between the fibers and fiber-mold wall interactions. Whelan
et al. [7] discussed various issues related to injection mold-
ing fiber-filled composites and parameters controlling the
molding process. Advani and Tucker [3] determined fiber
orientations using distribution functions and discussed the
effectiveness of such a model in predicting actual distribu-
tions. Bay and Tucker [8, 9] simulated the fiber orientation
in a film-gated and a center-gated disk for generalized
Newtonian fluids in which velocity profiles are not affected
by the fiber orientations. Gupta and Wang [10] presented a
methodology that combined flow simulations with fiber
orientation modeling to predict elastic properties and com-
pared them with experimental observations. Their work
showed agreement between simulated and experimentally
characterized elastic stiffness properties. Drastic fiber
length attrition is witnessed within the molding screw even
before the hot melt enters the mold [11]. Process control and
measures such as preheating the screw are cited to retain the
fiber length at the mold entrance. Eduljee and McCullough
[12] provided a detailed study of the models and relation-
ships for determining elastic properties from descriptions of
composite microstructure. Semi-empirical models such as
the Halpin-Tsai [13] model are reasonably accurate in de-
termining layer stiffness [2]. The Hashin-Rosen [14] direct
method provides effective anisotropic material tensor for
layered structures. More accurate ways of determining fiber
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distribution using coupled thermal and flow analysis with
Jeffrey’s equation are studied by VerWeyst et al. [15].

The methodology presented in this paper determines the
heterogeneity and anisotropy of the elastic properties in
parts molded with fiber reinforced thermoplastics. Figure 1
represents the typical dependencies between the geometry,
process, material, and performance domains. The interde-
pendencies shown in Fig. 1 as solid lines (molding, process,
and material behavior) are considered. The cyclic depen-
dency between the rheological properties of the melt on the
fiber orientations is not considered.

Another assumption made in this analysis is that the
part-to-part variation in the fiber morphology due to non-
deterministic (stochastic) variability in the material, mold
temperature profiles, and process parameters is negligible.
However, these variabilities (if not suitably controlled) can
affect the fiber morphology. The methodology presented
here can form the deterministic simulation core of a Mon-
tecarlo simulation to study the influence of the parameter
variability on the fiber morphology, but such analysis can be
significantly burdensome computationally and is considered
beyond the scope of this work.

HETEROGENEOUS MATERIAL BEHAVIOR
MODEL

The material behavior is modeled using the following
steps (Fig. 2):

Rheological

o .

Y

¥

Mechanical
Properties

Dependencies between domains affecting FRTP composite part performance.

1. The injection molding process is simulated (coupled
flow and thermal analysis) which is followed by post-
processing the flow data for obtaining the fiber orienta-
tion distributions.

2. Optimal parameters for the thickness-wise lamination
model (layer thicknesses and effective fiber orientations
within each layer) are obtained from the fiber orientation
distributions.

3. The stiffness and strength behavior of the material is
obtained from the fiber and matrix constituents and the
layered mesostructured obtained in the previous step.

Process Simulation

The injection molding process is simulated simulta-
neously with mold cavity filling and cooling of the plastic
within the closed mold. In finite element based simulation
techniques, the part geometry is descretized, fluid flow and
thermal equilibrium of the melt within the part is deter-
mined, and a moving flow front is tracked as the part is
filled. The melt entrance points are defined on the part
representing the gates. Runner and cooling systems are
molded to simulate the local thermal characteristics of the
mold tooling.

In this study, a 228.6 mm X 228.6 mm (9 in X 9 in)
plaque mold is considered as an example to illustrate the
methodology. The geometry and the coordinate system for
this example part are shown in Fig. 3. Experimental work on
the fiber orientation measurement [1] and elastic properties
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FIG. 2. Schematic of the process-microstructure-property modeling.

[2] of plaques produced from this mold were reported
earlier.

The process simulation is conducted by solving the con-
tinuity Eq. 1, the momentum balance Eq. 2, and the energy
Eq. 3. 1f V; are the components of velocity at any point, o;
is the stress tensor, and €; is the associated strain tensor.

V,=0 (M)
pVi, = 0y, )
pC,(T, + VT,) = (KT.),; + €0
3)
Vi, + Vi
€§= " 5

The constitutive equations for fluid flow describing the
rheology of the polymer melt are described based on the
Carreau-Cross viscosity model empirical constants (B, ,,
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FIG. 3. Geometry of the plaque and locations where properties are
determined.

7., and B) and pressure (p) and temperature (7). They are
the following:

T’O(T9 p)
T’ .3 =T 4
(T, v, p) o “)
1+ TT
(T, p) = Be"Te. 5)

The boundary conditions for the problem include a fluid-
model boundary which describes the slip/no-slip conditions
with the common assumption of no-slip resulting in:

@mold — wall : V; = 0. (6)

The mold wall temperature or flux is held constant by
specifying that:

cT,,+dT, +e=0. @)

The flow front is usually tracked with the use of marker
functions and the mass balance Eg. § given by:



TABLE 1. Properties of the resin.

Density (p) 1200 g/m?

Polymer specific heat (C,)
Thermal conductivity (K)

1946.83 J/Kg-K
0.203475 J/m-sec-K

Viscosity model % = 40000
(Carreau model) B = .0024618, T, = 7140
Transition temperature (7,) 417.15°K
Fiber weight fraction 0.5
Fiber aspect ratio (o) 50
Melt temperature (7,) 488°K
Mold temperature (7,,0) 316°K
ax ax
SV L =0. (8)

The simulation of the injection molding process is con-
ducted using the Moldflow [16] simulation software. The
thermoplastic material used in the simulations is a glass-
filled polypropylene. The material properties are given in
Table 1.

Fiber Orientation Analysis

The microstructure of the injection molded composite
material is influenced by several parameters particularly the
flow field of hot melt within the mold, mold temperature
fields, part geometry, and part thickness. The problem of
fiber-orientation determination in melt flows is well studied.
Determination of the fiber orientation distributions is often
carried out using computational flow and thermal models
[17, 18]. Advani and Tucker [3], and later Bay and Tucker
[8], described the theory of using probability distribution
functions and Jeffrey’s equation [19] to determine the ori-
entation distributions of fibers during injection molding.

Da, . .T . .
Dr T QiAo AV 2y +ay 0 y; — 2a,:
¥; +2D(I1 = 3a,) (9)

An averaged fiber orientation tensor describes the orien-
tation of the fiber at any instant in the flow (Ref. 10) using
a second order orientation tensor, a,. Equation 9 shows the
relation between the vorticity tensor (7y,;) and strain rate
tensor (@;;). The second order orientation tensor depends on
a fourth order orientation tensor, a,, which is typically
written in terms of using a, with the help of a hybrid closure
function. (For more details, see Refs. 3, 8, or 20).

If a and b are major and minor radii of the ellipsoidal
particle then the shear (¥) and rotational components (@) of
the strain tensor are given as:

' av_,+av,. RAZERIAY
Vi 9x, " ax, i 9X, 0X,

w

(10)

_(a/b)* =1
A=y 1 (D

The rotary diffusivity D,, is typically approximated [21]
using an interaction coefficient, C,,

D, = Cpy. (12)

The appropriate value for C; to model fiber interaction is
of debate and Ref. 15 focuses on the determination of this
value. For this analysis we use C;, = 0.001. The typical
fiber orientation analysis output is shown at different com-
putational layers for the molded plaque shown in Fig. 3. The
figure shows one of the components of the planar fiber
orientation tensor, a,,, in the corresponding direction, 6,
such that the cross component, a,;, = a,; = 0, and the
other component is computed from the fact that the trace of
the orientation tensor is one. These plots are representative
of the orientation information shown by the process mod-
eling software used in this effort. Note that this plot shows
the value of a,,, which need not be the largest orientation
tensor component, and the plot is on the scale of 0 to 1.
Hence, a value of a;; = 0.5 implies that a,, = 0.5.
Therefore, random planar orientations, where every orien-
tation angle has the same probability in the orientation
distribution, are evident.

The orientation data is rescaled on a vector plot such that
the length of the vector shows the probability of distribution
(zero corresponding to random distributions and maximum
for aligned) and the direction showing the angle with max-
imum probability. Figure 4 shows the orientations at differ-
ent layers after the described rescaling. Four points are
identified on the plaque, designated as A, B, C, and D. The
orientation distributions at these points at different layers
above the midplane in the plaque are shown in Fig. 4. The
orientation distributions show that while the fiber orienta-
tions near the midplane of the plaque are similar, they differ
considerably with those near the surface of the plaque. For
example, at location A, the maximum probability of fiber
orientation occurs at around O° near the midplane while the
maximum occurs at 90° near the surface.

Thickness-Wise Equivalent Lamination Model

A common homogenization approach, such as the one
described in Ref. 10, utilizes thickness-wise homogeniza-
tion for computing the elastic stiffness and thermal expan-
sion coefficients. Also, the homogenization is based on an
artificial computational layering (eleven in this case) and
does not account for the physical microstructure of the
composite. The physical microstructure shown by the ori-
entation distributions in Refs. 10 and 1 resemble layered
structure where the fibers near the surface are predomi-
nantly oriented in one direction and near the center in
another. Any homogenization, therefore, is more rigorous if
such a structure is recognized in the microstructure.
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FIG. 4. Simulated fiber orientations at five layers above midplane for a plaque.

The use of a layered model to represent the fiber micro-
structure within an injection molded composite requires that
several critical parameters be established. The orientation of
the fibers within each of the layers and the volume ratio
between the inner and the outer layers (shell-to-core ratio)
and the characteristic fiber length are among these critical
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parameters. The fiber orientation within any layer is influ-
enced by the flow profiles with the thermal characteristics of
the mold influencing the shell-to-core ratio.
For example, Fig. 4 shows clear change in the orientation
distribution of the fiber (at the center of the plate) at layers
0.243 T/2 to 0.685 T/2. Recognizing at least two



TABLE 2. Orientation tensor component and direction of maximum
orientation distribution (6,,) at four locations.

Loc-A Loc-B Loc-C Loc-D
Thickness
position 0, @), 0, (@), 0, @), 6, (@),
0.000 179 0.882 4.13 0.834 6.52 0.825 122 0.901
0.123 179  0.819 424 0.806 6.63 0.809 122  0.884
0.243 179  0.65 456 0.718 6.89 0.763 120  0.831
0.360 178  0.297 5.61 0.516 7.51 0.655 114  0.725
0.474 91.6 0245 16.8 0.125 942 0441 100 0.611
0.583 89.8 0.565 89.3 0475 42 0.078 842 0.667
0.685 88.1 0.611 90.5 0.673 91 0.518 81.1 0.717
0.779 85.7 0.602 90.7 0.703 92 0.629 80.4 0.732
0.864 82 0553 865 0.644 913 0.694 709 0.709

layers for this microstructure produces two different ho-
mogenized stiffness matrices, one for the central core layer
and another for the skin layer. Homogenization without this
distinction provides a single anisotropic stiffness that will
be an averaged value of the two layers. Experience with
laminated composites shows that such a homogenization is
inaccurate especially when predicting the failure modes.

The most dominant delamination failure mode cannot
even be considered in the modeling without the recognition
of a layered microstructure. Therefore, we formulate a
methodology to determine the existence, layer thickness,
and effective orientation within each layer. The methodol-
ogy uses a nonlinear programming (NLP) technique and
therefore the number of layers (which is an integer) are
assumed apriori to eliminate the need of mixed integer
non-linear programming (MINLP). Although the example
shown here uses three layers, the maximum number of
layers is restricted by the number of collocation points in the
numerical analyses for fiber orientation and the computa-
tional resources.

The thickness-wise layering methodology entails using
the fiber orientation distributions to determine the optimal
number of layers (which are assumed in this case to be
three—two shell layers and a core layer), a thickness of each
layer (T, T,), and the effective orientation in each layer (6,
and 0_.). The quality of the solution depends upon the
number and positioning of thickness-wise collocation points
in the process modeling and fiber orientation. A finite ele-
ment mesh is utilized to determine the spatial variation of
the fiber orientation throughout the part. The analysis de-
scribed here is carried out at every integration point.

The fiber orientation analysis determines a, at several
computational layers above the midplane of the part. The
output is in terms of the tensor orientation data about a
principal axis at every integration point on a finite element
grid. Table 2 shows the a,; component of the edge-gated
plaque at four different locations (Fig. 3). At several loca-
tions above the midsurface of the finite element, the table
shows the magnitude and the orientation direction with
maximum distribution probability, a,; and 6,;, respec-
tively. The thickness position, 0.0, corresponds to the mid-
plane of the plaque. It is clear from this table that a three-

TABLE 3. Parameters for the layered meso-scale model.

Volume fraction

Vi
Fiber aspect ratio a = 1ld
Core fraction T,
Effective core orientation 0.
Effective shell orientation 0,

layer, shell-core-shell structure exists for these process
conditions. This drives the three layer assumption and elim-
inates the computational burden of MINLP to determine the
effective number of layers. The objective now becomes
determining the effective orientations in the shell/core lay-
ers and the layer thickness. For this we use an NLP error
minimization technique. The parameters required for the
using the three-layer model (Table 3) are obtained from the
simulation output using an error function.

The three-layer model assumes a constant effective ori-
entation, 6, or 6. (albeit these parameters have unknown
values at this stage), in each of the three layers. This is
equivalent to setting the value of a, such that the effective
orientation angle is either 6, or .. In the tensor orientation
representation scheme, such orientations at any point are
characterized by (a,),; = 1 or (a,),, = 0 and the principal
direction corresponds to the layer orientation.

p = cos 6i + sin 0j (13)
, 1
bij = (az)ij D) 8ij (14)
, 1
flj(p) =PiP; — 2 51/ (15)
1 2 ,
f(p,ay) = e at ;b,jfb(P) +0(@,) +---  (16)

We now define the fiber orientation distribution function,
f(p), for planar orientations which provide the value of the
distribution function from both the simulation results and
with the ideal three-layer structure with the unknown effec-
tive orientations. 6 (in Egq. 13) is any angle and i and j
represent the unit vectors of the reference axis about which
0 is measured.

1 N
Error(tc, 0,, 0,) = 1/ 2>, (f3(milN) — fi"(milN))?

P
t=0i=0

aoos  [ift>1c [ =flp,a,=1@ 6*=0,)
Fr0) = {ift<tc 2 =fpa,=1@p =0) 17
£7(6) = f,"(p, ay"). (18)

An error function, Error( ), is defined as the root-mean-
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TABLE 4. Microstructural parameters determined through error
minimization.

Location T, 0. 0,
A 0.47 0.00 86.20
B 0.36 431 102.27
C 0.36 6.62 130.67
D 0.58 120.37 78.09

square difference between the value of the fiber orientation
distribution function as obtained from the process modeling
computed by the process simulation and the fiber orientation
distributions expected by the three-layer model. Using a 1°
step (i.e., N = 180), the values of the fiber orientation
distribution function are obtained using the simulation re-
sults (using a, from simulation) and those idealized from
the three-layer model. Equation 17 shows the error function
used in this analysis. The function compares the orientation
distributions obtained from the process modeling with the
corresponding ones from the three-layer model. The orien-
tation distribution functions jff are for the three-layer model
while f;i’" corresponds to that obtained from the simulation.
The orientation distribution functions for the three-layer
model are determined with an aligned orientation tensor
(i.e., a, = 1) and with the orientation at which the distri-
bution function is maximum, 6, being either the skin ori-
entation (6,) or the core orientation (6,.). The position
vector (p) is determined from the orientation angle (6) using
Eq. 13. The problem of estimating the parameters of the
three-layer model is now posed as an unconstrained mini-
mization problem. The microstructural variables, ¢., 0., and
0,, are varied as independent variables in the minimization
procedure, and those values minimizing the error function
(Eq. 17) are obtained. A sequential quadratic programming
technique is utilized to determine the best-fit microstructural
parameters. The sequential quadratic programming method
as implemented by FSQP [22] was computationally less
intensive and was found to converge to local minima and
produce convergent estimates for the microstructural pa-
rameters. The minimization procedure took approximately
30 seconds of CPU time on a Digital Alpha work station
3000/300 for each point.

The results produced by the FSQP algorithm for micro-
structural parameters at the four locations on the plaque are
shown in Table 4. The core ratio is higher at the center of
the plaque and the effective orientations are nearly perpen-
dicular to each other matching the in-flow and cross-flow
directions. The orientations are closer to each other towards
the edge of the plaque representing more aligned fiber
distributions throughout the thickness of the plaque. Earlier
experimental investigations [1, 2] using the process param-
eters simulated in this paper show that the skin core ratios
vary between 20—40% of the thickness and compare well
with the predictions given in Table 5.
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TABLE 5. Elastic properties predicted at various locations.

Location Eyy Eyy Ez; Gy, Gzy Gyy vxy Vyz  Vzx

773 619 420 371 200 282 024 056 0.68
773 621 420 371 208 276 024 057 0.68
9.03 526 422 323 189 363 021 057 0.85
5.15 938 422 290 373 219 0.086 0.87 0.63

gaQw»>

Stiffness Modeling for the Layered Structure

The material property model is based on a layered struc-
ture in which each layer contains fibers oriented in a char-
acteristic direction. This reduces the number of microstruc-
tural parameters and also helps identify existence
characteristic morphologies, such as a shell/core structure.
A 3-D anisotropic stiffness matrix is determined based on
layer thickness and characteristic orientations within each
layer. Since a layer microstructure is determined from fiber
orientation analysis, the present approach is equally appli-
cable if classical laminate plate theories are used.

The injection molded composite is moldeled as a three
lamina symmetric structure with different properties as
shown in Fig. 5. The fiber volume fraction is assumed to be
constant and homogeneous through the part. A characteris-
tic orientation of the fiber is identified in the shell layer (6,.)
as well as in the core layer (6,). The relative percentage of
shell and core across the thickness is termed as the core ratio
(t,). The input parameters for the three-layer model are
summarized in Table 4.

The stiffness of any layer of the composite is evaluated
from the characteristic fiber length and the orientation of the
fiber with respect to reference axis. Halpin-Tsai relation-
ships (Eg. 19) are used to determine the elastic stiffness for
each of the layers. The stiffness of each of the layers is then
transformed to the reference axes. The Halpin-Tsai relation-
ships for determining the effective transversely isotropic
material properties are given as follows:

1 +2(/d)m;v 1+ 21,
1= (f/ f)nL fEm Ey=E;= anE
I =y 1 = vy
1 + 2ngv,
G, = 31—1_7%10_ m

vp= vy = vVt vV, v =, (19)

Ey £y 1
Fm -1 Fm -1 7 1 .
E, d; E, G,,

Several different models can be employed to deter-
mine the effective macroscopic elastic properties of the
composite. Classical laminated plate theories and effec-
tive homogeneous anisotropic material approximations
are the two appropriate choices for modeling the material



FIG. 5.

properties. In this paper, the material is considered as a
homogeneous and anisotropic continuum and the proper-
ties of the composite are determined via a combination
stiffness and compliance averaging. The determination of
the characteristics orientation for the shell and the core
layers is crucial for layered structure models to be rea-
sonably accurate. If these parameters are determined with
confidence, the layered structure representation allows
the use of several mechanical models for laminates for
performance analysis.

Consider the application of strain, € = 1, in the X
direction to the three-layer model while the displacements
of the outer surface of the body in all the other directions are
constrained. Five unknowns, namely, C,;,, i = 2...6 in
Eq. 22, can be determined using the following strain and
stress relations (Eq. 21) between the layers.

c c _ _S
€xx = €xx = €xx

c c _ S
Eyy — €yy = Eyy

€, =€)+ e,l—t
zzZ ZZ( ) ZZ( ) (21)

Oy = o5kt + o3yl — 1)

Gy Ugytc + Of/y(l —1.)

c C _
Oz, = 0z = 0§z~

Using the above relationships between the stress and
strain in shell and the core lamina and the averaged com-
posite stresses and strains, the following relationships can
be derived for the components of the composite stiffness
matrix:

Schematic of the three-layer model.

VS

VYHCh — Ch)?

RO eN
Vs(Cty — C)
Cl = Cl = O owes (22
12 22 VSC + Vchz ( )
B W S
Cl = pgw O ¥ g O
N VIVI(CY, = CL)(Gss — C)
(V' +vIH(vey, = vien)

By the application of strain along the Y axis and constrain-
ing the displacements in the remaining two axes, C,, can be
obtained. Similarly loading along the Z direction gives C,;
and C;5 the following:

(V* + VNG,

2VCeL + VG,
. vi(Cl, — C},)
G = C = G %
ViCh + VG,
VW VS (23)
cf = Cls C;
Vo Cn Tty G
I VSVW(C;vz - iz)( 2 53)
(V + VIV, = Vieyy)
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FIG. 6. Variation of the fiber orientation along the line BB.

Modeling Strength of the Layered Structure

This layered thickness-wise method lends itself to mod-
eling strength and failure modes using several existing
theories. The strength parameters and the failure criterion
can be applied at each finite element using micromechanics
models for layer macroscopic strength parameters that can
in turn be used in laminational models.

The strength of each layer can now be determined using
micromechanics models [23] from the ultimate stress at
failure values of the fiber (o7,), the yielding behavior of the
matrix materials (o), and the tangent stiffness (E’) in the
hardening regime. For example, the transverse strength
(85,) of a layer can be estimated [23] from the constituent
properties by Egq. 24.

pl

0 0
w min{o{l - (aéz - a;f)l)o-22 o) — () — o )0'22}
n =

oz;1 ’ o)
(24)
), = min{z;i , :Z} (25)
o = VE +0.5(1 fva)(E'" + EN (26)
o = 0.5(E™ + E') @n

VE +0.5(1 — Vo) (E" + EF)
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: E
QI)Z = f m F
VE +0.5(1 — V) (Ef + ED

(28)

L 0.5(E" + E)
” O VE +0.5(1 — Vp)(EF + EY)

o

(29)

Using the values for the E-glass fiber (07, = 3.45 GPA
with a 50-70% strength variation due to processing) and
polypropylene thermoplastic matrix (o'y = 32.4 MPa and
E% = 89.6 MPa and a fiber volume fraction of 18%), the
ply level transverse strength can be determined as 37.82
MPa. The tensile strength of unmodified 30% glass rein-
forced polypropylene is reported to be around 35 MPa and
a flexural strength of 62 MPa (compared to the 41 MPa
predicted by the above model) [24]. Similar analyses can
obtain the longitudinal and the shear strengths for the layer.
Then the layer strengths, the layer orientations and the layer
thickness can be used with laminate failure criterion to
determine the process dependent strength for the injection
molded plastic part [25].

RESULTS AND DISCUSSION

A rectangular plaque geometry is considered for analysis
with two gate configurations and several inlet melt temper-
ature conditions. The variations of the fiber orientation are
shown in a series of figures. Two paths are identified in the
plaque—AA (parallel to the Y-axis in the middle of the



plaque) and BB (along the X axis also in the middle of the
plaque)—as shown in Fig. 3. The fiber orientation and
material property variations are shown along these paths.
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FIG. 7. Variation of the elastic moduli along the line AA.

The results shown here are for edge-gated plaque with
material and process conditions shown in Table 1. A
shell-core-shell structure is evident in the square section
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Variation of the elastic moduli along the line BB.

POLYMER COMPOSITES—2005 107



4e+09 T T

3.5e+09 -

3e+09 -

2.5e+09

2e+09

1.5e+09

Shear Modulus - G4, (GPa)

1e+09 -

5e+08 -

4} 1 1

AlongBB —

0 0.02 0.04

05 T

0.06 0.08 0.1 0.12
Distance (m)

Shear Modulus - Gy,

0.45 |

04

0.35 +

o
w
T

025 |

02

Poisson’s Ratio - v4,

0.15

01

0.05 |

0 £ L

AlongBB —

0 0.02 0.04

0.06 0.08 0.1 0.12

Distance (m)

Poisson’s Ratio vy,

FIG. 9. Shear modulus and Poisson’s ratio variation along BB.

of the plaque and the effective orientation of the fiber in
the shell and core layers are shown in the figure. The
core-shell ratio, core fraction (7,), was determined to be
approximately 0.474 in the square region. The core frac-
tion in the triangular region near the edge gate varied
considerably, which is consistent with the radial nature of
the flow.

Along the line BB, the fiber architecture changes from a
[0/90] layered structure at the center to a 90° aligned struc-
ture at the center. This transition is shown in Fig. 6. The
shell orientation is along the direction of the flow (90°) with
minor variations but the core orientation varies from 0°—
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90°. Therefore, the plaque is highly anisotropic at the center
and becomes near quasi-isotropic in the middle. The prop-
erty variations are shown in the next section.

The fiber elastic modulus and Poisson ratio are given by
E, = 72.5 GPa and v, = 0.23, respectively. The matrix
properties are E,, = 2.63 GPa and v,, = 0.38. With a fiber
volume fraction V, = 0.18 and an aspect ratio a = 50, the
effective properties of the molded composite at the four
locations (A, B, C, D) based on the determined microstruc-
tural parameters are given in Table 4.

Variations of the elastic moduli (E,, and E,,) along the
line AA are shown in the Fig. 7. The dotted line indicates
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FIG. 10. Effective core orientation dependence on melt temperature.

the transition from the triangular gate region to the square
section of the plaque. The square section of the plaque
shows the layered structure with the elastic moduli ap-
proximately equal to each other. The accuracy of the fiber
orientation prediction near the gate region is debatable
due to the influence of the gate geometry and the initial
fiber orientation conditions.

The elastic moduli (E,, and E,,), the shear modulus
(G,), and the Poisson’s ratio variations along the line BB
are shown in Figs. 8 and 9. The square section of the plaque
shows the layered structure with the elastic moduli approx-
imately equal to each other. The shear modulus is seen to be
constant with variations attributed to the numerical nature of
the present solution procedure. Figure 8 shows the transition
from a layered structure in the middle to an aligned aniso-
tropic structure at the edges. The moduli in the X and Y
directions differ considerably with the property in the Y
direction (along the flow) approaching the upper bound with
the X direction modulus approaching the lower bound. The
variations in the shear modulus and Poisson’s ratio are
shown in Fig. 9.

The effects of the inlet melt temperature and the gate
location on the material heterogeneity are considered.
First, the influence of varying the inlet melt temperature
within an acceptable range on the material behavior is
determined. The material considered, glass-filled
polypropelene, has an acceptable melt temperature range
of 440°-540°K. The fiber orientation variation in the core
at three different melt temperatures is shown in Fig. 10.

The transition from a layered structure to an aligned

structure is seen for all the three melt temperatures.
Next, a second gate location at the center of the square

region of the plaque is considered. Figure 11 shows the
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FIG. 11. Schematic of the center gate specimen and location of the
coordinate systems.
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FIG. 12. Fiber orientations at four layers above midplane for center gated plaque.

location of the gate and a local coordinate system about
which subsequent results are plotted.

The principal directions and the magnitude of the orien-
tation tensor are shown at several layers in Fig. 12. This
information is obtained from the process modeling and the
fiber orientation analysis.

The moduli and Poisson’s ratio variations are deter-
mined for both lines AA and BB. Figure 13 shows the
variation of the elastic moduli along the line AA. The
properties are anisotropic near the gate and represent that
of a [0/90] layered structure away from the gate. The
same behavior is observed along the line BB as shown in
Fig. 14. The shear modulus and Poisson’s ratio varia-
tions, as a function of the distance from the gate, are
shown in Figs. 15 and 16, respectively. These properties
indicate symmetry of the orientations and variation of the
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property as a funtion of the distance from the gate. The
simulation shows that the gate influenced the properties
of the plaque to about 40 mm. After that distance, the
fiber orientations stabilized to a layered structure for both
the simulated configurations.

The methodology described in this paper translates the
fiber orientation analysis output obtained from process
modeling into a layered thickness-wise fiber morphology.
The significance of fitting the layered meso-scale model
from the microstructural information is that several ex-
isting models for laminated composite strength, damage
progression and delamination can be used for molded
plastics. The error minimization procedure computes mi-
crostructural parameters for a “best fit” laminated struc-
ture at the meso-scale.
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