
HAL Id: hal-01716282
https://hal.science/hal-01716282

Submitted on 15 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A Simplified Method to Determine the 3D Orientation
of an Injection Molded Fiber-Filled Polymer

G. Regnier, D. Dray, Eric Jourdain, Sabine Le Roux, Fabrice Schmidt

To cite this version:
G. Regnier, D. Dray, Eric Jourdain, Sabine Le Roux, Fabrice Schmidt. A Simplified Method to
Determine the 3D Orientation of an Injection Molded Fiber-Filled Polymer. Polymer Engineering and
Science, 2008, 48 (11), pp.2159-2168. �10.1002/pen.21161�. �hal-01716282�

https://hal.science/hal-01716282
https://hal.archives-ouvertes.fr


A Simplified Method to Determine the 3D Orientation
of an Injection Molded Fiber-Filled Polymer
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In short-fiber reinforced composites, it is widely
accepted that the fiber orientation plays an important
role on their overall physical and thermomechanical
properties. To predict the properties of such composite
materials, a full 3D fiber orientation characterization is
required. A variety of destructive and nondestructive
techniques have been developed, but all the methods
have the same common point that they are very tedi-
ous and time consuming. Knowing that the fiber orien-
tation induced by the flow remains mainly in the flow
plane, an easier method has been performed for injec-
tion molded fiber-filled polymers. It is based on the
simple 2D SEM image analysis of a specific 458-oblique
section plane. Then, the indetermination of fiber orien-
tation from an ellipse mark analysis does not exist any-
more. This novelty also turns out to be much more
accurate. To achieve measurements over large com-
posite samples, the method has been fully automa-
ted.

INTRODUCTION

In short-fiber reinforced composites, it is widely accepted
that the microtexture plays an important role on their overall
physical and thermomechanical properties. Among the pri-
mary microtextural parameters (such as fiber volume frac-
tion, aspect ratio, or distribution), the fiber orientation is one
of the most significant variables, as it governs the anisot-
ropy of the composite. It strongly influences the macro-
scopic material behavior, especially its stiffness, thermal
expansion, thermal conductivity, and viscosity [1–3].

The processing route highly controls the fiber orienta-
tion distribution. In the particular case of injection-molded
polymers, two stages are successively followed: polymer
filling into the mold cavity and polymer cooling under
pressure, which generates a post-filling and aims at reduc-

ing the part shrinkage. A typical shell-core structure of
the fiber distribution is induced by the flow results, where
the fibers tend to align with the injection direction at skin
and lie perpendicular to it at core [4, 5]. For such orienta-
tion-dependent material properties, the use of microme-
chanic models [6] enables to link the predicted local fiber
distribution [7] to the local material behavior. In particu-
lar, to predict the properties of such composite materials,
many theories begin by studying the properties of the uni-
directional composite, then resort to an orientation averag-
ing procedure [1, 8, 9] that requires a full 3D fiber orien-
tation characterization. Therefore, methods for measuring
the 3D distribution of filler inside the matrix are clearly
of great importance.

Several techniques are based on radiation absorption.
They include scanning contact microradiography [10],
transmission light microscopy [11], microwave absorption
[12], and the promising X-ray microtomography imaging,
which is still very expensive and time consuming [13].

Other more original techniques are based on acoustic
microscopy [14], light diffraction [15], or X-ray diffrac-
tion. The latter technique could be applied to the particu-
lar case of semicrystalline fibers such as polyaramid
fibers, where the 3D fiber orientation can be determined
from pole figures [16].

Nevertheless, the majority of the works, which are
done on the fiber orientation determination induced by
polymer processing, is based on reflection microscopy
analysis. Among the different techniques, the most simple
is the optical reflection microscopy [17–19], but it only
provides the 2D orientation information in its most simple
analysis, which is generally not sufficient. The use of con-
focal laser scanning microscopy [20, 21] gives cleverly
the access to 3D fiber orientation distribution (FOD),
although this technique seems difficult to perform. Some
improvements on reflection microscopy analysis may ena-
ble 3D FOD. We have worked in this direction, and the
experimental procedures are presented in the following
section. A specific scanning electron microscopy (SEM)
image analysis, firstly described by Avérous et al. [22],
has been developed. The results of 3D fiber orientation
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states are shown in the form of probability distribution
functions or of components of orientation tensors in the
section on SEM Shadow Method Analysis. Finally, still
based on SEM analysis, this article presents a simplified
technique for experimental determination of 3D orienta-
tion state, in the particular case of injection molded fiber-
filled polymers (the Simplified 3D Method for Injection
Molded Parts section): the principle consists of 2D image
analysis on preferential sectioning to get much more
faster and accurate measurements.

FIBER ORIENTATION DETERMINATION USING
REFLECTION MICROSCOPY ANALYSIS

Fiber Orientation Modeling

The orientation of an individual fiber can be defined
by 2 angles y and / or by Cartesian components of a vec-
tor ~p aligned parallel to the fiber in a system of axes
where the axis Z is normal to a section plane (see Fig. 1):

~p ¼ ðsin y cosf; sin y sinf; cos yÞ: (1)

For millions of fibers, it is impractical to specify the
orientation of each fiber and an alternative is to use
the probability distribution function w(y,/) [1], which
describes the probability of finding fibers with orientation
(y,/) in the specimen [23]. The probability that a fiber
will be oriented between the angles y1 and y1 þ dy and
/1 and /1 þ d/ is defined by:

Pðy1 % y % y1 þ dy;f1 % f % f1 þ dfÞ
¼ cðy1;f1Þ sin y1dydf: ð2Þ

Because two fibers at angles (y,/) and (y 2 p,/ þ p)
cannot be distinguished, the function has the following
symmetry: wð~pÞ ¼ wð&~pÞ. The probability distribution
function is a density function and, therefore, subject to a
normalization condition:

Zp

0

Z2p

0

cðy;fÞ sin y dy df ¼ 1: (3)

However, the variation of probability as a function of
either one of the two angles, what leads to the calculation
of probability functions Py(y) and P/(/), can also give
interesting information concerning the distribution of
fibers. The experimental identification of these functions
often leads to discrete distribution functions.

Although probability density functions provide a com-
plete characterization of fiber orientation, they hold a con-
siderable amount of information, and any calculation
based on these data are highly computationally intensive.
That is why the tensor description, which is a compact,
general, and short formulation, is more widely used for
fiber orientation characterization, especially in microme-
chanics models when the fiber orientation is taken into
account. The second- and fourth-order orientation tensors
[a2] and [a4], respectively, are generally needed [24], and
they are calculated by forming dyadic products of the
vector ~p. The components of the second- and fourth-order
orientation tensors are:

aij ¼
Z

O

pipjcð~pÞd~p and aijkl ¼
Z

O

pipjpkplcð~pÞd~p (4)

For a finite fiber number n, the global orientation ten-
sors of a sample are obtained by averaging all individual
fiber orientation:

aij ¼
1

n

Xn

k¼1

akij ¼
1

n

Xn

k¼1

pki p
k
j and aijkl ¼

1

n

Xn

k¼1

pki p
k
j p

k
kp

k
l : (5)

For an individual fiber k, the coefficients of the second
order orientation tensor [akij] are equal to the well-known
values:

akij

h i

¼
sin2ykcos2fk sin2ykcosfksinfk sinykcosykcosfk

sin2ykcosfksinfk sin2yksin2fk sinykcosyksinfk

sinykcosykcosfk sinykcosyksinfk cos2yk

2

4

3

5

(6)

It is worth noting that the order of the orientation ten-
sor is a way of changing the detail of the distribution
description. It is clear that the use of second-rank orienta-
tion tensor is a reducing approach, as only five independ-
ent components characterize the orientation. Besides a
second-rank orientation tensor does not lead to a unique
distribution of fibers (whereas a given distribution leads
to a unique orientation tensor). On the other hand, they
represent a useful tool when modeling, because they are
easily integrated in equations of mechanics.

It must be pointed out that for any fiber, the probabil-
ity of intersection with a section plane normal to axis Z
decreases when the misalignment angle y increases and
the fiber length reduces (see Fig. 1), leading to progres-
sive undercounting of fibers when the angle y increases.FIG. 1. Definition of fiber orientation.



To correct this bias, a weighting function must be applied
to the measured data of each fiber k, and various forms of
this function have been proposed by different authors
[25–27]. In all cases, the function depends on the fiber
length L and diameter d or on its aspect ratio L/d. In the
simplest way [21], the probability F that a fiber k of finite
length L and diameter d will intersect a section plane at
the angle yk is determined by a simple geometry analysis
(see Fig. 1):

FðykÞ ¼
1

L cos yk þ d sin jykj
: (7)

The correction must be considered whatever the chosen
type of orientation characterization. In particular, for dis-
crete distribution functions, the probability Py of finding a
fiber around angle y (for 2p/2 % y % p/2 and m inter-
vals) is estimated by counting all the fibers around the
angle y (y2p/m % y\ yþp/m), and by dividing it by the
total number of fibers in the specimen. It can be shown
[21] that Pycorrected, an unbiased estimate of the probabil-
ity Py, has to be weighted as:

pycorrectedðyÞ ¼
PyðyÞFðyÞPm

i¼1 PyðyiÞFðyiÞ
: (8)

The components aij of the unbiased estimate of the
second-rank orientation tensor must be weighted as:

aij ¼
Pm

k¼1 FðykÞakijPm
k¼1 FðykÞ

: (9)

The unbiased fourth-rank orientation tensor can be
determined in the same way.

Fiber Orientation Determination from Reflection
Microscopy Analysis

If a cross-section normal to axis Z is considered, the
intersection of a fiber with a section plane is an ellipse
(see Fig. 1). The use of an image analysis software ena-
bles to identify each fiber as an ellipse and automatically
determines the ellipse center coordinates (xc,yc), its major
and minor axes a and b respectively, as well as its in-
plane orientation angle /. However, an ambiguity remains
as for the orientation of the fiber, which can have two
equally possible positions: a fiber oriented at þy and 2y
(equivalent to 2y þ p) yields the same cutting ellipse;
so, the sign of angle y stays undetermined. Consequently,
some components of the second-rank orientation tensor
(namely the off-diagonal components a13 and a23, see Eq.
6) remain undetermined. As a consequence, the whole ori-
entation state cannot be fully described by the information
from one cross-section, unless a priori knowledge of a
specific fiber orientation distribution is supposed. To

remove this ambiguity on the sign of y, a variety of de-
structive and nondestructive techniques have been devel-
oped for measuring FOD. Some authors then suggest
deriving 3D FOD by combining data from two orthogonal
plane sections [25] or from two inclined cross-sections
[28]; others claim that three orthogonal sections are
required [20]; eventually others propose to perform two
consecutive closely spaced cross-sections of a specimen
[29]. The experimental implementation of these last
approaches is practically time-consuming and difficult,
as the specimen must be removed between two section
analyses.

Another variety of methods consists in guessing the
orientation of the fiber under the matrix. A specific opti-
cal technique was proposed to obtain three-dimensional
FOD [30], whereby a transparent matrix with opaque
fibers is observed with an optical microscope. The
requirements for the material colors and the depth restric-
tion highly limit the use of this method. Confocal laser
micrography is without any doubt an efficient method
[20, 21], but the method requires a very specific equip-
ment. Then, a 3D fiber orientation by shadow SEM analy-
sis was first introduced by Avérous et al. [31] and
reworked by Saint-Martin et al. [32] and Wesselmann
[33]. This latter methodology, which has appeared to us
less tedious, has been developed and is presented in the
next section.

Principle of 3D Fiber Orientation Determination
by Shadow SEM Analysis

As a first remark, both phases often appear of the same
color with optical microscopy, while the images obtained
by SEM always show a higher fiber/matrix contrast with
a well-defined interface. Very well polished samples
should be observed via a source of retrodiffused electrons,
in which nearly a binary image is obtained, where the
fibers appear in white on a dark background. If a high
voltage tension is applied (typically 20 kV), a grey
shadow appears at one of the extremities of the ellipse
(see Fig. 2), due to the low amount of matrix covering
the fiber. Then the method consists of observing the same
SEM image with two different thresholds by the mean of

FIG. 2. Determination of the sign of angle y thanks to the fiber

shadow.



the image analysis system: a low threshold that includes
the shadow in the fiber image, and a high one that
excludes it (see Fig. 2). Some mathematical morphology
operators, such as erosion-reconstruction, are then used to
remove the small incomplete fiber ellipses on the binary
image.

By fitting ellipses to the fiber cross-sections observed
within these thresholds, we can obtain the respective
ellipse characteristics. The displacement vector of the
ellipse centers ClowChigh

!!!!!!!
is evaluated for each matched

fiber and with a rule determining in which condition the
angle y is positive or negative.

Experimental

Composite plaques (60 3 60 mm2 squares) of two dif-
ferent thicknesses e (namely e ¼ 1 and 3 mm) were injec-
tion molded on the DK Codim 175-400 injection press,
through a fan-gate of 0.8 mm for 1 mm-thick plates and 2
mm for 3 mm-thick plates. The material pellets were sup-
plied by Solvay1 and two grades of glass fiber filled pol-
yarylamide are considered: IXEFTM 1002 that contains 30
wt% of glass fiber and IXEFTM 1022 that contains 50
wt% of glass fiber. The diameter of fibers is 10 lm and
the mean fiber length after injection is about 0.25 mm.
The samples for fiber orientation analysis were taken in
the center of the plate at 20 mm from the gate.

The reliability of fiber orientation data highly depends
upon the quality of the surface preparation of the sample.
Pressure, time, and disk rotation speed during each polish-
ing stage, as well as the grade of the first polishing disk
are important parameters to reduce cracking of the fibers
and to enhance the contrast in preparation for image anal-
ysis. For polyarylamide composites, the best polishing
protocol is described in Table 1.

To measure the fiber orientation, a section plane is cut
(at different possible angles) through the plaque and con-
sequently two systems of axes must be distinguished: the
global injection coordinate system, namely (1,2,3), where
direction 1 represents the flow direction, direction 2 the
transverse direction and direction 3 the thickness direc-
tion, and the section plane system of axes, namely (X,Y,Z)
where Z is normal to the section plane and X in the plane
(1,2) of the injection molded plate (see Fig. 3). The result

is that the orientation data (y,/)X,Y,Z of a fiber measured
with respect to a section plane will have to be trans-
formed to the frame of reference, so that this same fiber
is characterized by angles (y0,/0)1,2,3 in the injection sys-
tem of axes. The values of y span the [0,p] range and /
span the [2p/2,p/2] range, so that the whole space is
covered.

For hundreds of fibers though, it is impractical to man-
ually specify the orientation of each fiber and to identify
the matching ellipse pairs. To facilitate these tasks, an al-
ternative is to automate the process of localization and
fiber center following. For this reason, an in-house pro-
gram was then developed with the use of Matlab1 soft-
ware coupled to the image analysis system Micro Vision
System1 to automate the procedure of collecting data on
many fibers efficiently. The software was validated with
well-chosen computer-generated images.

For injection molded plates, the thickness of the sec-
tion plane was divided into several successive layers. The
orientation results on each layer are determined by six
images analyzed separately. Each image has a dimension
of 0.27 3 0.20 mm2, is defined by 400 3 300 pixels, and
contains about 70 fibers. To have a more precise fiber
counting, the images can be stitched [19]. We proceed as
follows: an overlap of 0.05 mm (75 pixels) between the
images is set. At present, the partially seen fibers on the
image edges are removed manually to avoid errors, but
the overlap of the adjoining image should allow taking into
account most of the fibers eliminated manually (only fiber
centered on the overlap zone with a y angle larger than
788 cannot be counted). All fiber characteristics are stored
(coordinates in the sectioning plane and orientation), so
that it is easy to eliminate the fibers counted twice.

For the SEM shadow technique, there is a difficulty to
identify the ellipses belonging to the same fibers within
the two binary images. This identification is performed by
using the two fiber datasets and looking for the minimum
differences between ellipse center coordinates (xc,yc).
Practically, two ellipses correspond to the same fiber if
Dxc and Dyc are smaller than 0.2d, where d is the diame-
ter of the fiber.

SEM SHADOW METHOD ANALYSIS

In this section of the article, sectioning is performed
perpendicular to the injection direction. It is worth noting

TABLE 1. Polishing protocol for polyarylamide composites.

Polishing

disk grade

Speed

(m/s)

Pressure

(N/mm2)

Time

(min)

Specific

conditions

800 2.6 0.42 2 Water

1200 2.6 0.42 2 Water

2400 2.6 0.08 4 Water
4000 2.6 0.08 4 Water

OPS 1.6 0.01 5 –

OPS: colloidal silica suspension (0.04 lm particles).

FIG. 3. Two sectioning planes whose normals are (sin b, 2cos b,
0)1,2,3 for the plane on the left of the figure and (sin a, 0, cos a)1,2,3 for

the plane on the right of the figure.



the importance of the correction factor F (Eq. 7) on angle
y: when sectioning is performed perpendicular to the flow
direction and due to the core-shell structure of the distri-
bution, there is an undercounting of fibers at the core (as
the fibers lie in the section plane) and an overcounting at
skin (as they are perpendicular to the section plane).

The measured FOD for 1- and 3-mm-thick plates of 30
wt%-fiber reinforced polyarylamide are described in Fig.
4. The thickness was divided into seven successive layers
for 1-mm thick plates, 21 layers for 3-mm thick plate, but
only the fiber distribution at skin (z ¼ 0.07 mm from the
plate’s surface) and at core (z ¼ 0.47 mm for 1 mm-thick
plate and 1.57 mm for 3 mm-thick plate) is shown in Fig.
4. As expected, it clearly appears that y0 values are mostly
equal to p/2, which means that the fibers lie mainly in the
injection plane. Besides, the calculation of the global sec-
ond-rank orientation tensor of the sample confirms this
fact, as the a33 component has a very low value (close to
0) for both polyarylamide grades (Table 2).

At core, /0 tends to 690 for 3 mm-thick plates, then
fibers tend to be normal to flow direction. This core-shell
structure, which is very pronounced for 3 mm-plates, does
not exist for 1 mm-plates. However, conclusions as for
angle /0 are not so obvious: the variation of /0 values in
the skin through thickness (see Fig. 4) would imply that
during injection, the fibers are not oriented in the flow
direction, but are somehow deviated at 6308 from direc-
tion 1. This fiber orientation distribution was not con-
firmed by observing polished crossed section parallel to
the injection plaques in the skin region: only a maximum
for P/ appears in the flow direction. One may rather sup-

pose that a systematic measurement error of our image
analysis system is implied when sectioning is performed
perpendicularly to the flow direction.

Two main linked reasons can explain this systematic
error, but in any case the principle of the shadow method
is not in question. As most of the fibers are oriented in
the flow direction after injection, they consequently
appear as circles or quasicircles in a section plane perpen-
dicular to flow direction. Firstly, let us consider a single
fiber cut in this classical section plane normal to flow
direction. The fiber direction in the injection axis refer-
ence (1,2,3) is given by the two angles /0 and y0, which
can be determined by the measurement of ellipse dimen-
sions d, a, and / in the normal section plane (see Fig. 1):

tanf0 ¼ 6 cosf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a

d

# $2
&1

r

cosf0 ¼ sinf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1& d

a

% &2
s

:

(10)

A small variation of the dimension ratio d/a induces a
large variation of /0 and y0 angle. The derivatives of /0

and y0 with respect to d/a are even infinite for d/a ¼ 1. In
Fig. 5, the possible deviation of /0 is determined for
fibers, which lie in the injection plane, according to Eq.
13 and our measurement errors for ellipse dimensions (6
0.6 lm). For a given value of angle /0, the lower and
upper error limits are defined for a minimum and a maxi-
mum possible ratio d/a due to the measurement error. A
large deviation can be made for low values of /0, that is

FIG. 4. SEM shadow technique: corrected fiber length FOD as a function of either one of the two angles

/0 and y0 of 30% fiber-filled polyarylamide plates; cutting section plane normal to flow direction. Left

graphs: FOD for 1 mm-thick plates; right graphs: FOD for 3 mm-thick plates.



for values of d/a close to 1. A maximum error occurs at
about 308: it corresponds to the maximum value of the
lower limit for which the measured ratio d/a can be equal
to 1. Secondly, the limited and discrete resolution of the
digital camera contributes also to this systematic error.
The magnification of the image is such that 16 pixels cor-
respond to the fiber diameter. If we suppose that major
and minor axes differ by only one pixel, it is then very
unlikely that the calculated value of angle /0 will be less
than arcos(15/17) ¼ 288.

Error on orientation data is thus easily performed when
we have to analyze circles. It is possible to reduce the
error by increasing the resolution of the camera (800 3
600 pixels or more is available now) or the magnification.
But for high magnification, an automatic scheme is really
needed to stitch the images together and to take the par-
tially seen fibers into account [19]. As fibers are mainly
oriented in the flow direction in the part skin, the preci-
sion of the orientation determination can be improved
when the angle a between the normal of the sectioning
plane and the flow direction is different from 08 (see Fig.
3) [34]: the fibers, circular in cross-section, will appear as
ellipses. Researchers have thus achieved better angular
resolution on orientation angles y0 and /0 by preferential
oblique sectioning to flow direction, typically in the range
308 to 808 [18].

SIMPLIFIED 3D METHOD FOR INJECTION
MOLDED PARTS

Principle of the Method

Let us consider an angle of 458 between the flow
direction and the normal of the sectioning plane. For eas-
ier handling, it was first suggested to perform sectioning
normally to the (1-2) part plane (left area in Fig. 3) as
Yurgartis [35], instead of an oblique plane section from
the plaque plane (right area in Fig. 3), believing both sec-

TABLE 2. Corrected length fiber tensors for fiber-filled polyarylamide injection molded plates simplified method determination.

Fiber content (wt%) Thickness (mm) Normal direction of section plane Orientation tensor in system axis (1,2,3)

30 1 (1,0,0)1,2,3

0:59 &0:04 &0:002
&0:04 0:37 0:005
&0:002 0:005 0:04

2

4

3

5

30 3 (1,0,0)1,2,3

0:55 &0:02 0:003
&0:02 0:41 &0:006
0:003 &0:006 0:04

2

4

3

5

30 1 (1,0,1)1,2,3

0:79 0:01 0:05
0:01 0:18 0:006
0:05 0:006 0:03

2

4

3

5

30 3 (1,0,1)1,2,3

0:64 0:006 0:04
0:006 0:33 0:003
0:04 0:003 0:03

2

4

3

5

50 1 (1,0,1)1,2,3

0:76 0:07 0:001
0:07 0:22 &0:0008
0:001 &0:0008 0:02

2

4

3

5

50 3 (1,0,1)1,2,3

0:65 &0:04 0:02
&0:04 0:32 &0:01
0:02 &0:01 0:03

2

4

3

5

FIG. 5. Upper and lower error limits of /0 angle for a fiber laying in
the injection plane (1,2) for two sectioning planes: normal to injection

flow (direction 1) and 458 oblique section (right plane of Fig. 3).



tioning were equivalent. However, after careful considera-
tion it turns out that because of thickness, sectioning is
more advantageous.

For one fiber cut in the oblique sectioning plane, the
fiber direction in the injection axis reference (1,2,3) is
given by:

tanf0 ¼ &

ffiffiffi
2

p
cosf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1& d

a

' (2q

d
a

' (
þ sinf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1& d

a

' (2q

cos y0 ¼ 1ffiffiffi
2

p d

a

% &
& sinf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1& d

a

% &2
s0

@

1

A:

(11)

As the image analysis system seems to be more accu-
rate in the determination of /X,Y,Z (a precision of 638 for
d/a\ 0.8 has been determined experimentally), the possi-
ble deviation of angle /0 for fibers, which lie in the injec-
tion plane, are lower than 648 (see Fig. 5), while the
error on angle y0 remains lower than 678. For one fiber,
the maximum error on diagonal terms of the second order
orientation tensor remains less than 0.06 and 0.1 for non-
diagonal terms. If the same standard deviation of orienta-
tion tensor coefficient is supposed for all fibers, the stand-
ard deviation on the mean orientation tensor coefficients
should be roughly the standard deviation determined for
one fiber divided by the square root of the number of
fibers. Then a very precise evaluation of the second orien-
tation tensor can be done with only 100 fibers.

Secondly, when an oblique sectioning is done, the sec-
tion plane has a wider thickness than the plate’s thickness
(e/cos a). As our images have a constant height of 0.2
mm, the number of layers in the whole thickness is larger.
This point is of interest when studying the variation of
the fiber orientation through thickness.

Another point that deserves to be highlighted is as fol-
lows. According to the orientation results on injection
molded plates by shadow SEM analysis (SEM Shadow
Method Analysis section), which are consistent with liter-
ature results [5], we know that most of the fibers lie in
the injection plane. From the distribution of angle y0 in
Fig. 4, we see that all the fibers can actually be contained
between two planes oriented at 6458 from the injection
plane, and what corresponds to y0 values comprises
between 458 and 1358. This observation is actually very
useful, because considering a 458-oblique sectioning
through thickness constitutes a simple criterion for the
determination of the sign of y in the section plane system
of axes (X,Y,Z) (see Fig. 6). Indeed a fiber can have two
possible orientations (y,/)X,Y,Z and (2y,/)X,Y,Z. Once
transformed to the frame of reference, the fiber will also
have two possible values of y0. However, as we have the
condition that y0 [ [458, 1358], only one value will satisfy
it and the sign of y is easily determined without the need
of following the fiber into the bulk material. This implies
that for the fiber orientation measurement, only one image

is required, i.e., no low and high thresholds need to be
applied to the SEM micrograph.

However, the simplified method has a drawback. The
precision of the orientation measurement is not the same
for fibers not lying in the injection plane. The fibers ori-
ented on either side of the injection plane, at 308 and
1208, for example, will appear on the oblique section
plane, respectively, as quasicircles and large deformed
ellipses. Nevertheless, a very small amount of fibers is
concerned for injection molded plates.

This simplified technique is applicable in the particular
case of injection molded plates, because the fibers are ori-
ented around the injection plane. For more complex-
shaped regions of injection molded parts (such the base of
a rib or a boss for example), the method would not be
available anymore, but the shadow SEM technique can be
applied with a sectioning plane in which most of the
fibers are not seen as circles but as ellipses. It is worth
noting that for injected plates, if sectioning was per-
formed normally in the direction (1,1,0), it would not be
possible to apply the technique neither because the fibers
are oriented everywhere in the (1,2) injection plane.

Results

The FOD is studied through the plate’s thickness,
which is divided into several layers. Here again for con-
venience, only the results in the skin layer as well as in
the core layer are shown. For 1 mm-thick plates of 30
wt% fiber-filled polyarylamide plates, the fibers lie in the
injection plane (y0 ¼ 80 2 908) and are preferentially ori-
ented in the flow direction all through the thickness (see
Fig. 7), except in the core region where the distribution is
quite large. For 3 mm-thick plates though, the fibers are
still as a majority included in the injection plane. At skin,
they are mostly oriented parallel to the injection direction,
whereas very few fibers are oriented in the flow direction
at core (see Fig. 7).

The 6308 orientation of the fibers that we observed
when sectioning was performed perpendicularly to injec-
tion direction (see Fig. 4) has completely disappeared.
It proves the systematic measurement error that was

FIG. 6. Possible domain of y angle in the case of injection-molded

plates.



assumed in the previous section and the reason is a
default inherent in the image analysis system when circles
have to be analyzed. Indeed when sectioning is carried
out at 458, as no circle (or very few) appears in the sec-
tion plane, the effect of the bias is much more negligible.

Moreover, the corresponding orientation tensors lead
to higher a11 component compared to sectioning at 908
(Table 2). These results are actually much more realistic,
first because the thinner the injected parts, the more oriented
in the flow direction the fibers are. Beside in-injection-
plane sectioning was performed, and the components of
the measured orientation tensors are in accordance with
the ones obtained with a section plane at 458. For com-

parison, Fig. 8 depicts the variation of a11 components
through thickness for 30 wt% fiber-reinforced polyaryla-
mide, when sectioning is performed in the injection plane,
as well as at 458 and at 908. We clearly see that section-
ing normally to injection flow underestimates the a11 val-
ues, whereas sectioning at 458 yields results that are very
close to the ones we obtain with in-injection-plane sec-
tioning.

To have an idea of the influence of the fiber volume
fraction on the fiber orientation, the FOD has been meas-
ured for a higher fiber content (50 wt% fiber-reinforced
polyarylamide). The corresponding histograms for 1-mm
and 3-mm thick injected plates are represented in Fig. 9

FIG. 7. Simplified method: corrected fiber length FOD as a function of either one of the two angles /0 and
y0 of 30% fiber-filled polyarylamide plates. Cutting section plane normal to (1,0,1)1,2,3 vector. Left graphs:

FOD for 1 mm-thick plates; right graphs: FOD for 3 mm-thick plates.

FIG. 8. Simplified method: through thickness variation of a11 measured by three different sectioning, for
30% fiber-filled polyarylamide plates. Left graph: a11 for 1 mm-thick plates; right graph: a11 for 3 mm-thick

plates.



and the corresponding orientation tensors are shown in
Table 2. The difference between the tensor data for the
two materials is less than the measurement error, but sig-
nificantly different fiber orientation distributions in the
thickness can lead to the same average value. Neverthe-
less, this is an interesting result by itself, since it suggests
that macroscopic fiber orientation behavior is not strongly
dependent on fiber volume fraction.

After this, the 3D FOD has been experimentally meas-
ured for 1- and 3-mm thick plates of injection molded
fiber-filled polymers. We can get quite simply the shape
of the distribution all through the part’s thickness. In par-
ticular, it clearly appears that the plaque’s thickness plays
a significant role in the distribution of the fibers into the
matrix, while the fiber content has a much more negligi-
ble influence.

CONCLUSION

The shadow SEM analysis technique enables the effi-
cient three-dimensional determination of fiber orientation
from a single polished section with good accuracy: there
is no longer any ambiguity as to the direction of one fiber
and a complete orientation description can be measured.
The procedure, applicable to any fiber-reinforced polymer
composite, has been fully automated making it possible to
collect results over large areas within relatively fast time
scales. A particular attention has to be given to the inac-
curacy of the orientation determination of fibers, whose
axes are close to the sectioning plane normal. Therefore,

the sectioning plane should not be normal to the main
fiber orientation.

In the particular case of injection-molded fiber-filled
polymer, a particular distribution of the fibers is induced
by the flow and the result is that most of the fibers are
contained around the injection plane (actually they lie
between two planes oriented at 6458 from the injection
plane). Consequently, when an oblique sectioning is per-
formed at a preferential angle (namely 458), a simple cri-
terion can be applied to determine the sign of angle y0

from a single polished section and from a unique SEM
image analysis (or from an optical microscopic image
analysis the image contrast is sufficient): the measure-
ments are faster than by the shadow SEM analysis tech-
nique (less manual processing), and above all these are
easier and more precise. The methodology has been suc-
cessfully applied to obtain 3D fiber orientation distribu-
tion within a set of short glass fiber polyarylamides, with
no biased distribution data for near-zero values of angle
/0: this technique appears to be very effective in reducing
angle measurement uncertainty, especially for fibers ori-
ented in the flow direction.

Local or global orientation tensors can be fully meas-
ured, either by the simplified 2D technique for injection-
molded plane surfaces, or by the shadow technique for
more complex 3D orientation distribution. The image ac-
quisition on SEM is the same for the two techniques, only
the image processing differs. Nevertheless, the use of the
simplified method allows setting a lower voltage tension,
which avoids fiber shadows and defines the fiber outlines
better. These orientation characterization tools are useful

FIG. 9. Simplified method: corrected fiber length FOD as a function of either one of the two angles /0 and
y0 for 50% fiber-filled polyarylamide plates; cutting section plane normal to (1,0,1)1,2,3 vector. Left graphs:

FOD for 1 mm-thick plates; right graphs: FOD for 3 mm-thick plates.



in many micromechanics models, when the fiber orienta-
tion has to be taken into account. However, a different
representation of the fiber distribution can be obtained, as
the FOD is a function of either one of the two angles y0

and /0, depending on the need of the operator.
Nevertheless, it is worth reminding that the reliability

of fiber orientation data is strongly dependent upon the
quality of surface preparation of the sample. Hence, the
results are highly dependent upon the quality of images,
the performance of the analysis system, as well as the
accuracy of the 2D image analysis.
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