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Abstract

As mechanical properties of short fiber reinforced thermoplastic injected components depend on flow induced fiber orientation, there is

considerable interest in validating and improving models which link the flow field and fiber orientations to mechanical properties. The

present paper concerns firstly the observation and quantification of fiber orientation in a rectangular plaque with adjustable thickness and

molded with 30 and 50 wt% short fiber reinforced polyarylamide. An automated 2D optical technique has been used to determine fiber

orientations. A classical skin (with orientation parallel to the flow)–core (with orientation perpendicular) structure is observed for thick

plaques (thickness greater than 3 mm) but the core region is fragmentary for thickness less than 1.7 mm. It is shown that the gate design and

different levels of fiber interactions, due to different fiber concentrations, are responsible for these observations. Secondly, computer

simulations of flow and fiber orientation are shown. The agreement with the actual data is good, except in the case of the core for thin plaques.

The limitations that have to be resolved come not only from the standard fiber orientation equations, but also from the flow kinematics

computation.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Fiber reinforced thermoplastics are semi-products

obtained by mixing polymer and fibers in an extruder, and

pelletizing. The fiber content is generally between 20 and

50 wt%, the fiber length is around 500 mm, and the diameter

around 15 mm. They can be processed like any other

thermoplastic, by injection molding for instance. As

mechanical properties depend on flow induced fiber

orientation, there is considerable interest in establishing

relationships between flow and orientation, and numerically

predicted fiber orientation to mechanical properties. The

present paper concerns the observation and computation of

fiber orientation.

Most observations in injected parts show two skin layers
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with preferential orientation parallel to the flow direction,

and a core region with orientation perpendicular to the flow

and in the plane of the part (see a review in Ref. [1]). It is

known that in a pure shear flow, fibers orient mainly in the

flow direction, whereas in extensional flows, they orient in

the direction of extension. Most injected parts have a nearly

constant thickness, which is much lower that the other

dimensions. Therefore, shear deformations are dominant,

and this explains the skin layers. A divergent flow is

responsible for the core layer. This happens at the gate that

is at the junction between the feeding channel and the cavity

itself, whose cross-section is larger than that of the channel.

Section 2 will present measurement and quantification of

fiber orientation.

Prediction of fiber orientation during injection molding is

an important challenge. Local anisotropic mechanical

properties can be deduced, improving structural compu-

tation precision for part design. The motions of individual

fibers, or of a lot of fibers interacting with each other, have

been studied both experimentally and theoretically. Section

3 will present fiber orientation computations used in

injection molding.
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2. Observation and quantification of fiber orientation
2.1. Material and molding conditions

Two commercial polyarylamide samples provided by

Solvay with short glass fiber weight fractions of 30% (Ixef

1002) and 50% (Ixef 1022) were investigated. They will be

called PAA30 and PAA50. The fiber diameter is 10 mm, and

the average length is 200 mm. Moldings were performed in a

fan-gated rectangular mold 200 mm long and 40 mm wide,

as shown in Fig. 1. Its thickness can be varied: 1.1, 1.7, 3,

5 mm. The gate region geometry is indicated on Fig. 1(b)

and (c).

The standard molding conditions are: flow rate: 15 cm3/s;

mold temperature 130 8C; melt temperature 40 8C; packing

pressure: 40 MPa; packing time: 15 s. Other molding

conditions have been tested by changing one parameter,

the other ones remaining at the so call standard value. The

flow rate was set to 6 and 24 cm3/s, packing pressure to 10

and 85 MPa, mold temperature to 80 8C and packing time

25 s. These variations of injection conditions did not affect

the fiber orientation distribution whatever the location or

fiber concentrations. Therefore, in the following, the results

for the standard condition only will be presented.
2.2. Measurement of fiber orientation

The most widely used technique for fiber orientation

characterization in molded parts consists in observing a

polished cross-section, either by optical or scanning

electronic microscopy. These observations give a rough

idea of the fiber state, and quantification is very important to

compare efficiently the different patterns. Cylindrical fibers

making a certain angle with respect to the cutting plane

appear as ellipses. The measurement of the semi-axes of the

ellipse allows the quasi-3D reconstruction of the fibers

included within a cross-sectional area of material, whose
Fig. 1. Geometry and dimensions of the cavity, and positions of observation

A, B and C (a). Gate region cross section in the plane (x, z) for a 1.7 mm

plaque (b) and a 5 mm plaque (c).
size is typically cm!cm. Another technique is confocal

laser scanning microscopy, which enables non-destructive

3D optical sectioning. The ellipses can be followed for a

small distance, typically 20 mm, into the material. The

displacement of the center of the ellipses leads to the fiber

orientations. More recently, X-ray microtomography has

been applied to reinforced thermoplastics. This technique

enables the 3D reconstruction of most of the fibers within a

small volume of material, whose size is of the order of

20 mm3. From these X-ray data, complete fiber character-

izations (including fiber orientation, length, curvature and

fiber–fiber spatial statistics) can now be obtained. Reviews

of all of these available techniques can be found in Ref. [2].

Cross-sections in planes (y, z) perpendicular to the flow

direction of the polyarylamide plaques were polished and

observed by optical reflection microscopy. Fig. 2 shows a

typical photomicrograph. It is possible to distinguish a thin

central region, where the ellipses are elongated, and two

large surface regions, where the fiber cross-sections are

mostly circular. The measurement of the axes of the ellipses

a and b leads to the orientation angles q and f (Fig. 3).

A concise representation of the orientation of a large

population of fibers is the second order orientation tensor [3]

defined as:

aij Z

ð

p

pipjjðpÞdp (1)

where p is a unit vector parallel to a fiber, with components

pi, which are related to the angles q and f, and j(p) is the

orientation distribution function, such that jðq;fÞsin qdqdf

is the probability of finding a fiber between angles q and qC
dq and f and fCdf.

The orientation tensor is symmetric and a11Ca22Ca33Z1.

The diagonal components represent the strength of

orientation in the respective directions. For instance,

a33Z0 (respectively 1) means that fibers are perpendicular

(respectively parallel) to direction 3. Random in space

(respectively in plane) orientation leads to diagonal

components equal to 1/3 (respectively 1/2).

There are several kinds of measurement and sampling

errors which limit the precision of the image analysis

system. The value of the angle f is known with an

uncertainty of p (Fig. 3). Consequently the sign of a13 and

a23 is not known. Moreover, the probability of cutting a fiber

is more likely when the fiber is perpendicular to the cutting

plane than when it is parallel to it. Therefore, the

contribution of a fiber of length L and diameter d with an

angle q with respect to the normal to the cutting plane must

be weighted by a function F(q) defined as [4]:

FðqÞ

Fð90Þ
Z

1
L
d
cos qCsin q

(2)

where F(90) is the weighting function at qZ908. The weight

average value of aij obtained from the measurement of n



Fig. 2. Polished cross section in the (y, z) plane.
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fibers of orientation pki becomes:

aij Z
1

n

Pn
kZ1 p

k
i p

k
j FðqkÞPn

kZ1 FðqkÞ
(3)

The quantification was based on digitized images in the

(y, z) plane of 20-mm wide cross sections across all of the

thickness, corresponding to about 50,000 fibers for a

thickness of 1.7 mm. The precise operations are described

in Ref. [5].
2.3. Results

Values of azz are very close to 0 which means that fibers

are almost parallel to the plane of the plaque. This is a

classical result for most injected parts, where the thickness

is small compared to the other dimensions. Moreover, non-

diagonal components of the orientation tensor are close to

zero, so that the (x, y, z) reference frame is a principal frame.

Therefore, only axx will be represented in the following.

Fig. 4 shows the fiber orientation distribution for PAA50

for 1.1–5 mm thick plaques, in location C (Fig. 1 for the

positions of observations). Above 3 mm a skin–core

structure is observed. Similar results have been obtained

for the other locations A and B. Both skin and core are quite

well oriented, in the flow direction with axx larger than 0.8

for the skin, or perpendicular with axx around 0.2 for the

core. For 1.1 and 1.7 mm thick plaque, the orientation

distribution is very different. Fibers are quite well oriented

in the flow direction throughout all the thickness.

The disappearance of the core region for thin plaques can
Fig. 3. Definition of the orientation angles (q, f) of a fiber.
be evaluated more precisely by the representation shown in

Fig. 5. The grey level gives the local value of the component

axx of the orientation tensor for about 50 fibers. Black is for

fibers perpendicular to the x-direction, and white for fibers

parallel. For 3 and 5 mm plaques, the core region appears

continuous, even if variations between 0.1 and 0.5 can be

observed. For the two other thicknesses, in the core, one

observes dark regions with grey level corresponding to axx
lower than 0.3, and large white regions corresponding to axx
around 0.9. This variation does not appear on Fig. 4, because

of averaging throughout the width of the sample (20 mm).

Another strategy could have been to study several samples

with a smaller width, and to average over these samples in

order to have the same number of fibers and so the same

sampling quality. The comparison of two samples shows

that the positions of the clear and dark areas over the 20 mm

width of the samples are not the same, so this methodology

should have probably lead to the same kind of results.

The evolution of axx along the 1.7 mm thick plaque is

presented in Fig. 6 for the three locations A, B, and C

indicated in Fig. 1. For PAA50, fibers are oriented in the

flow direction with axx included between 0.7 and 0.9 in the

whole thickness, whatever the position along the plaque. For

PAA30, large layers near the surface have an orientation

parallel to the flow, with axx around 0.7–0.8, whereas in the
Fig. 4. Evolution of axx in the thickness for PAA 50 in position C for the

four cavity thicknesses: 1,1 (:), 1,7 (6), 3 (B) and 5 (,) mm.



Fig. 5. Intensity of fiber orientation in the flow direction for four cavity thicknesses. White means axxZ1, black axxZ0. Position C, PAA 50. The width of the

observed area in the y direction is around 10 mm.
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center, the values are between 0.35 close to the gate and 0.5

far from it.

As shear flow in the plaque cannot explain the transverse

orientation in the core for 3 and 5 mm PAA 50 plaques, and

for all PAA 30 plaques, we have studied in more detail the
Fig. 6. Evolution of axx in the thickness for PAA 50 (a) and PAA 30 (b), for

the 1.7 mm thick plaque, in positions A (B), B (,) and C (6).
entrance region. Fig. 7 shows axx values at the plaque

entrance, that is for xZ5 mm, for the PAA 50. A core region

with orientation intermediate between planar isotropy

(axxZ0.5) and transverse to the flow direction is visible,

especially for the thickest plaque. Observations show that

this core orientation is created in the triangular region in the

top view of the plaque (Fig. 1(a)), also called ‘diverging

region’ on Fig. 1(b) and (c). Indeed, it is converging in the

(x, z) plane, and diverging in the (x, y) plane. It is known that
Fig. 7. Values of axx for the PAA 50, at xZ5 mm from the plaque entrance,

in the (y, z) plane. (a) 1.7 mm thick plaque. (b) 3 mm thick plaque.
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a convergent (with positive elongational rate) leads to an

orientation parallel to the flow, whereas a divergent (with

negative elongational rate) leads to a perpendicular

orientation. This last effect is predominant. The transverse

orientation is not too much disturbed until the entrance of

the plaque. Similar results have been observed for PAA 30.

After the gate, the flow is dominated by shear

deformations. For the 3 and 5 mm thick plaques, they are

not high enough to reorient fibers in the flow direction in the

core, which explains why axx is around 0.2 in zone C for

both materials (Fig. 8). For the thin plaques, the shear rate is

much higher, and fibers get quickly reoriented in the flow

direction, with axx larger than 0.7 in the core in location A

and downstream (Fig. 6(a)). The behavior of the PAA 30 in

the 1.7 mm plaque is very different. There is only a tendency

of reorientation in the core, with axx between 0.35 and 0.5

(Fig. 6(b)).

Observations have also been made near position C, at xZ
160 and 5 mm from the plaque edges. For the PAA 50, and

the 1.7 mm plaque, the intermittent core region visible on

Fig. 5 disappears. All the fibers are aligned parallel to the

wall, showing the effect of fiber–wall interactions.
3. Modeling of fiber orientation

Jeffery [6] obtained the equation of motion of a single

particle in a Newtonian fluid. In a pure shear flow, fibers

rotate periodically. The rotation velocity is high when fibers

are perpendicular to the flow, and low when they are

parallel. They spend much more time near the flow direction

than perpendicular to it. In elongational flows, fibers tend to

a stable equilibrium position. Folgar and Tucker [7]

modified the previous theory by introducing a diffusion

term accounting for fiber orientation in non-dilute concen-

tration. The equation reads:
Fig. 8. Evolution of axx in the thickness in position C of the 5 mm plaque for

PAA 50 (6) and PAA 30 (&).
da2
dt

ZUa2 Ka2UClð_3a2 Ca2 _3K2_3 : a4ÞC2CI
_�3ðIK3a2Þ

(4)

where lZ ðr2K1Þ=ðr2C1Þ, and r is the fiber aspect ratio,U

and _3 are the vorticity and rate of strain tensors, CI is the

interaction coefficient, a4 is the fourth order orientation

tensor, which is defined as aijklZ
Ð
p pipjpkpljðpÞdp. In a

shear flow, the orientation tends to a steady state. The

orientation distribution is narrow for small CI, and broad for

high CI.

There are two main issues concerning the orientation

equation. First, a4 must be expressed as a function of a2
using a closure approximation. The quality of the results

depends on this approximation. The simple quadratic

closure approximation is exact when fibers are perfectly

aligned, and the linear closure is exact for random

orientation. More and more precise approximations have

been developed, based on the natural [8] and orthotropic

closures [9]. Second, CI values must be specified for each

material. It can be determined by fitting the computation to

observations [7,10]. The values are in the range 10K2 to

10K4. The relation between CI and the suspension

characteristics is not well established. CI may depend on

the inter-fiber spacing, and even on fiber orientation leading

to anisotropic diffusivity [11–15].

The velocity gradients needed in Eq. (4) are usually

obtained from classical flow computations based on an

isotropic viscous behavior, namely a shear-thinning beha-

vior. Most computations are based on the Hele Shaw

equations for thin cavities (see for instance [8,16–18]). Full

3D computations are few in number [19].

Fig. 9 shows the comparison between the computation

and the measurements shown in Section 2. The computation

has been carried out with the MoldFlow software package,

assuming the lubrication approximations in non-isothermal

conditions. The value of CI was obtained from the

semi-empirical relation with the fiber concentration and
Fig. 9. Evolution of axx in the thickness in position C for PAA 50 for the

1.7 mm plaque, computed (- - -) and measured (6), and for the 5 mm

plaque, computed (—) and measured (:).



Fig. 10. Isovalues of fiber orientation tensor during filling of a tubular

cavity.
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aspect ratio obtained by Bay [20]. A mean fiber aspect ratio

of 20 has been used, so that CI is 0.0018 for PAA30, and

0.0002 for PAA50. A hybrid closure approximation [21] has

been used. The initial orientation is specified at the

connection between the channel and the diverging region.

It is referred as a ‘standard’ skin core orientation very

similar to what have been experimentally obtained for the

PAA 50 in position C for 5 mm plaques (Fig. 4). The

sensitivity to this initial orientation is weak. For all the

tested situations, the computation predicts that the fibers are

almost in the plane of the plaque, with very low values of

azz, in agreement with the observations. The variation of the

molding parameters hardly changes the predicted orien-

tation, as seen in the experimental data. For the 5 mm

cavity, the computation predicts correctly the core region

for both materials (Fig. 9 for the PAA50). The small

difference in the level of axx in the surface can be reduced by

modifying the interaction coefficient CI, without any

modification of the core region. For the 1.7 mm cavity,

Fig. 9 shows that the computation is correct at the surfaces,

but it predicts a core region which was not observed, except

locally (Fig. 5). The disagreement may come from the thin

flow approximation, which is unable to take into account the

complex flow in the gate region between the feeding

channel and the plaque, but also from the orientation

equation itself. This is confirmed by the fact that in position

A, that is close to the plaque entrance, for the 1.7 mm

thickness sample PAA30, the computation predicts a very

large core region, much larger than the observed one.

The fact that fiber orientation has no influence on the

flow is an assumption. It has been shown that the rheology

[22,23], and the velocity in an abrupt contraction [24], are

affected by the orientation of the fibers. Most constitutive

equations ([25,26] for reviews) taking into account the fibers

assume a Newtonian behavior for the fluid, and dilute or

semi-concentrated suspensions. However, molten thermo-

plastics exhibit shear thinning and are viscoelastic, and the

fiber concentration is high (concentrated regime). They can

be written as:

sZKpIC2hI½_3CNp _3 : a4 CNsð_3a2 Ca2 _3Þ� (5)

hI, Np, Ns depend on the fluid viscosity, fiber aspect ratio,

orientation and concentration (when the semi dilute regime

is considered). hI contains all the isotropic contributions

from the fluid and the particles, and Np and Ns contain

anisotropic contributions from the particles. The parameters

appearing in Eq. (5) can be obtained using rheological

investigation [22], but they can be also theoretically

estimated as a function of the fiber concentration and aspect

ratio.

Fig. 10 shows the isovalues of the component of the

orientation tensor corresponding to the flow direction (noted

z) in the filling of a tube cavity. Considering long slender

particles, lZ1, Ns is taken equal to 0, and NpZ19.5. This

value is obtained with Dinh and Armstrong relation [27], for
aligned fibers of length 163 mm and diameter 7 mm, in a

volume fraction 0.16. A Galerkin finite element method is

used, and a penalty treatment of the incompressibility

condition eliminates pressure as unknown [28]. The velocity

is approximated using quadratic basis on six-nodes

triangular elements. The flow domain evolution is obtained

with an arbitrary Lagrangian Eulerian method. The

temperature is also obtained by a Galerkin method. The

orientation is determined by computing the generalized

deformation tensor (see for instance [26] for the relation

between orientation and this tensor) with a characteristic

method coupled with the Galerkin method [29]. The

diffusion term in Eq. (4) is not taken into account. The

isotropic entrance orientation becomes a skin/core structure,

except at the flow front, where the fountain flow takes place.

The orientation at the front is rapidly frozen close to the cold

mold, and this is the reason why in most observations there

is a decrease of the orientation tensor component (Figs. 4, 6

and 8). Even in this simple case, there are some differences

between the coupled and uncoupled flow and fiber

orientation calculations. This is due to the fact that more

the fibers are aligned with the flow direction, smaller their

contribution to the stress field is. Fibers are oriented near the

walls in the flow direction by the shear deformations, which

are maximal here, and much less oriented in the core, where

deformations are weak. There is, therefore, an equivalent

viscosity gradient. The velocity profile is parabolic for a

Newtonian behavior, and becomes flatter with an aniso-

tropic behavior. Larger differences coming from the

coupling can be expected in more complex 3D flows.
4. Conclusions

Even if basic flow induced fiber orientation phenomena

are quite well understood, the details in actual injection

molded components are not so easy to capture. Quantifi-

cation of the observed orientation with the classical 2D

method becomes more and more reliable, even if there are

several sources of uncertainties. Fiber–fiber interactions in

relation to the concentration, and fiber–wall interactions are

key points which can change dramatically the orientation

patterns. The importance of the gate has also been pointed

out. Computer design tools are available, and they already
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give valuable results. The limitations that have to be

overcome originate not only in the standard fiber orientation

equations but also in the kinematics computation. Never-

theless, these calculations can be coupled with an evaluation

of the local elastic modulus in order to predict the

mechanical properties of fiber reinforced composites.
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