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ABSTRACT

Aims: This paper presents an approach for predicting the fiber orientation distribution in plastic
injection composites.

Methodology: By introducing fiber orientation tensor, the average distribution of fibers in the
composite is acquired through injection molding simulation with Autodesk Moldflow Simulation
Insight version 2014. Quantitative fiber orientation distribution along thickness at specific spot is
obtained by image analysis on microscopic photos of samples. The proposed approach is
demonstrated by a car instrument panel made from injection molding of thermoplastics with glass
fibers. Tensile test samples are cut from the instrument panel with an angle of 0°, 45°, 90° to the
fiber orientation at sites where fibers are highly aligned for measuring tensile modulus. The fiber
orientation distribution and its effect on the tensile modulus are investigated.

Results: It is shown that the car instrument panel is heterogeneous in mechanical properties. The
fibers are roughly distributed into three layers along the thickness with each layer having roughly
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aligned fibers.

Conclusion: It is necessary to consider the effect of fiber orientation and thickness layer distribution
on the mechanical properties during numerical analysis of plastic injection composites.

Keywords: Composite; plastic injection; tensile modulus; fiber; orientation.

1. INTRODUCTION

Fiber orientation distribution is a variable
significantly affecting the overall physical
properties, such as stiffness, thermal conductivity
of fiber reinforced composite parts [1]. Injection
molded parts with complex surfaces such as car
instrument panel usually has discrete distribution
of fiber orientation, resulting in strong anisotropy
and heterogeneity in mechanical properties [2].
The accurate prediction of fiber orientation
distribution is vital on the selection of material
parameters in finite element analysis of
composite parts from injection molding [3].

Mechanical property prediction of fiber reinforced
composites has attracted significant attention in
the last decades, starting from unidirectional
composites to general fiber reinforced products.
Gusevet et al. [4] proposed a finite-element-
based numerical procedure to predict the
mechanical and thermal properties of highly
aligned continuous fibre composites. By building
a probability density function based on fiber
length and orientation distribution, Nguyen et al.
[5] developed a methodology to predict the
stiffness matrix of aligned long-fiber injection-
molded thermoplastics. They then extended the
approach to the elastic-plastic regime [6].
Kaleemulla and Siddeswarappa [7]
experimentally investigated the effect of fibre
content and orientation on the in-plane tensile
and compression strengths of laminated hybrid
polymer composites. A model was then proposed
to describe the contribution of these parameters
by regression analysis. An accurate
measurement of fiber orientation and contents is
a prerequisite for the effectiveness of models
developed for the mechanical property prediction
of fiber reinforced composites.

Numerical simulation was applied in the fiber
orientation determination of composites. By
modelling fibers as chains of connected rigid
beads, Londofio-Hurtado et al. [8] simulated the
suspension of fibers in molding and proposed a
mathematical model for predicting final
orientation distribution in molded composites.
Kim et al. [9] calculated the fiber orientation of
fiber-reinforced polymeric composites from

injection molding simulation. Various
experimental approaches were developed in the
past decades for fiber orientation measurement.
Among them, the most often used one is image
analysis technique, starting from the 1980’s [10-
12]. Gadala-Maria and Parsi [13] used digital
image processing technique to measure
orientation distribution of fibers in a plane of a
short-fiber composite. By using a transputer-
controlled image analysis system, Hine et al. [14]
measured the fiber orientation from polished
sections of well-aligned continuous or short fiber
reinforced composites. The effects of fibre
shape, sample orientation and manufacturing
procedure on the orientation measurement
accuracy were investigated. Mlekbusch et al. [15]
presented a computer-aided image analysis
approach to quantify fiber orientation in
thermoplastic polymers reinforced by short glass
fibers. A specimen preparation treatment
technique was proposed for identifying the
interface between the matrix material and fibers
in reflected light microscopic images. Eberhardt
et al. [16] proposed a method for correcting the
systematic measurement error of fiber orientation
in short-glass fiber composites using a confocal
microscope for 2D image analysis of polished
cross-sections. By using a 2D optical technique,
Vincent et al. [17] measured fiber orientations in
a rectangular plaque of short fiber reinforced
thermoplastic from injection molding. Except the
mainstream technology of digital image analysis,
other techniques such as microwave [18], wide
angle X-ray diffraction [19], scanning acoustic
microscopy  [20], X-ray  micro-computed
tomography [21] etc were applied in the
measurement of fiber orientation in composites.

However, the measurement of number of fibers
and their individual orientation in large injection
molded fiber reinforced composites is still
unresolved. This paper presents an approach for
predicting the fiber orientation distribution in
plastic injection composites. By introducing fiber
orientation tensor, the average distribution of
fibers in the composite is acquired through
injection molding simulation with Autodesk Mold
flow Simulation Insight version 2014. Quantitative
fiber orientation distribution along thickness at
specific spot is obtained by image analysis on
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microscopic photos of samples. The proposed
approach is demonstrated by a car instrument
panel made from injection molding of
thermoplastics with glass fibers. Tensile test
samples are cut from the instrument panel at
sites where fibers are highly aligned for
measuring tensile modulus. The fiber orientation
distribution and its effect on the tensile modulus
are investigated.

2. MATERIALS AND METHODS
2.1 Theoretical Basis

The spatial orientation of a single fiber in fiber
reinforced composites can be described by a
directional unit vector which is parallel to the fiber
[22], as shown in Fig. 1. The Cartesian
components of p are

Xl
Fig. 1. Fiber orientation vector

sinfcosep
p=| sinBsingp (1)

cost

Where 6 and ¢ are the angles between the
fiber and the z- and x-axes, respectively.

For injection molded fiber reinforced plastic parts,
the global mechanical properties are usually
heterogeneous and are mainly dependent on
fiber orientation and distribution. A fiber
orientation tensor is applied to describe the fiber
orientation state. It is described by forming
dyadic products of a number of fiber directional
vectors p and integrating over all directions,

weighting the product with a distribution function
v(p).

ay = p.p,ppiy (P)dp (2)
P

..., l'indicates
The

The number of subscripts i, j, k,
the rank of the fiber orientation tensor.

distribution  function l//(p) denotes the

probability of a fiber being oriented between the
angles 6, and (6, +d@) and ¢, and (¢, +dg,).

Since one end of a fiber is indistinguishable from
the other end, the distribution function is even,

ie., l//(p)=l//(-p). So the result of integrations

over the multiplication of odd number of fiber
directional vectors p is zero. Consequently,

only integrations over the multiplication of even
number of fiber directional vectors p are used

in the definition of the fiber orientation tensor.
Take a second-rank tensor as an example, the

fiber orientation tensor a; is a second order
symmetric tensor [22] which can be defined as

a4y =< pp; >= J.pip,-!//(p) dp (3)
P

The orientation tensor can be diagonalized and
its state is described in Fig. 2 [23]. Fig. 2(a)
represents a plane uniaxial arrangement in which
fibers are aligned along a single direction; Fig.
2(b) represents a biaxial arrangement in which
fiber are evenly distributed and oriented along
two principle directions. It also represents the
state of a random distribution in the plane. Fig.
2(c) represents that fibers are evenly distributed
and oriented along three principle directions or
the state of a 3D random distribution.

2.2 Structure and Materials

Fig. 3 shows a car instrument panel made from
PP-LGF20 (Polypropylene +20% long glass
fiber) by injection molding. The overall dimension
of the instrumental pane is 650 mm x 1450 mm x
350 mm with a basic thickness of 2mm. The
shape of the instrumental panel is irregular with
local curvature changing significantly. The
material properties of the PP-LGF20 related to
injection molding are listed in Table 1. The
diameter and length of glass fibers in the grains
are 16 ym and 15 mm, respectively.

2.3 Plastic Injection Simulation with
Autodesk Moldflow Simulation Insight
Version 2014

The fiber orientation of car instrument panel is
calculated by the fiber orientation module in
Autodesk Moldflow Simulation Insight version
2014 with Midplane mesh. The gate number,
location and process parameters in the
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simulation are set to be identical to the real
injection molding process.

Table 1. Physical properties of PP-LGF20

Property (units) Value
Melt density (g-cm*g 0.8539
Solid density (g-cm™) 1.0276

Ejection Temperature (°C) 101

Maximum shear stress gMPa) 0.25
Maximum shear rate (s™ ) 100000
Melt Temperature (°C) 230
Mold Temperature (°C) 55
s == K2 FE-F 32;5-{;:\ K2 e
:‘:“:‘j ‘ZEIE‘[ @/J N T
Fiber |[—= a7 A
=== EEx /
l Xy i, ; X, ’/33 * X,
Tensor . ooy (V2 0 0 3 0 0
2={000 &= 0 V20 a=0 V30 ‘
000 Lo o o Lo 0 13

(a) (5) (e}

Fig. 2. Geometric description of orientation
tensor [23]

Fig. 3. The instrument panel structure

2.4 Sample Preparation and Tensile Test

Three instrument panels are cut into 26
rectangular pieces with size of 80mmx15mm, in
which the strong fiber orientation is according to
the model in Autodesk Moldflow Simulation
Insight version 2014. The rectangular pieces are
cut with an angle of about 0°, 45° and 90° to the
fiber highly aligned orientation as shown in Fig. 3
with white rectangles. Panel surfaces where ribs
and mandrel grooves lie are avoided. Then the
rectangular pieces are cut into S3A (DIN 53504)
standard tensile testing samples. The samples
are kept in an incubator for 80 hours to eliminate
internal stresses.

The samples are tested by a tensile testing
machine (INSTRON-5567) with a speed of
1mm/min. The strain in the gauge length is
measured by a video extensometer (INSTRON
2663-821).

2.5 Microscopic
Observation Method

Metallographic

Due to the small feature size of glass fibers and
the tremendous number of fibers in each cross-
section along the thickness of the tensile testing
samples, it is impractical to count the number of
fibers in the cross-section by hand and to record
the cross-section area of each fiber. The fiber
orientation can be predicted based on its
projection cross-section area on the plane. In this
study, the gauge length of samples are mosaiced
along the vertical direction, and then grinded,
polished, and photographed under a microscope
(ZEISS). Based on a home-made program and
by using image processing software Image Pro
Plus, the microscope photos are analyzed to
calculate the number and cross-sectional area of
fibers, which quantitatively represent the
distribution of glass fibers along the thickness in
the samples.

3. RESULTS AND DISCUSSION

3.1 The Average Fiber Orientation in the
Instrument Panel

Fiber orientation is the main factor affecting the
global mechanical properties of fiber reinforced
composites. Autodesk Moldflow Simulation
Insight version 2014 can predict the movement of
fibers in the entire molding process and thus the
distribution of average fiber orientation through
thickness. The large surface of the glass fiber
reinforced instrument panel is the major part that
provides support and endures impact. To
implement CAE (Computer Aided Engineering)
analysis on the instrument panel, it is necessary
to provide an accurate material parameters for
the large surface as inputs. Fig. 4 shows the
distribution of average fiber orientation through
thickness of a sample sliced from the large
surface region.

In Fig. 4, each element has a cross, which
represents the average fiber orientation in the
element. The longer the edge of the cross, the
larger the possibility of the fiber orienting along
the direction of that edge. The color scale from
blue to red in Fig. 4 denote the degree of fiber
alignment. The blue color, green, yellow and red
color represent that the fibers' distribution is
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random, slight alignment, mild alignment and
high alignment, respectively. It can be seen from
Fig. 4 that in regions (a), (b) and (c), the fiber
orientation alignment is very high with a degree
of fiber orientation about 0.95. So samples can
be cut with an angle of 0° 45° or 90° to the
direction where fibers are highly aligned; on
contrast, the degree of fiber orientation in region
(d) is only about 0.5, which stands for a random
fiber orientation distribution.

0.9940 PN

{d)

Fig. 4. The average fiber orientation tensor

3.2 Influence of the Thickness on the
Fiber Orientation Stratification

Observations on fiber reinforced plastic injection
parts show that along the thickness, there exist
two skin layers in which fibers have a preferential
orientation parallel to the flow direction, and a
core layer in which fibers prefer to an orientation
perpendicular to the flow direction. 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 [24,25].
Vincent et al. [17] studied short-fiber reinforced
injection products. Their results show that when
the thickness is greater than 3mm, there will be a
three layer distribution with regard to fiber
orientation, and when the thickness is less than
1.7 mm, the stratification is not obvious. There
are few reports regarding fiber stratification in
long glass fiber reinforced plastic injection parts.
Figure 5 shows the half cross section of a
sample cut from the instrument panel. It can be
seen from Fig. 5 that there are two layers: a skin
layer and a core layer. In the skin layer, the area
of each fiber is very small, so the fiber orientation
is about perpendicular to the cross section plane
of the sample. In the core layer, the area of each
fiber is very large and with long strip shape, so
the fiber is in the cross section plane and along
the strip direction.

Totally 26 samples are cut from each panel at
various locations resulting three samples at the
same location of the three panels. Measured
values such as thickness and elastic modulus of
the three samples are averaged to represent the
respective value at that location. It shows that the
maximum thickness of the panel is 2.38 mm and
the minimum thickness is 1.68 mm. Figure 6
shows part of the thickness measurements In Fig.
6, the total height of the column is the total
thickness of the sample. The number of sub-
columns represents the fiber stratification along
the thickness. As can be seen in Fig. 6, with
regard to fiber orientation distribution, most
samples can be divided into three layers along
the thickness. A few can be divided into five
layers. Some of the samples have no obvious
stratification (see sample 1 and 6 in Fig. 6). It can
also be seen in Fig. 6 that most of samples have
a core layer with large thickness. In injection
molding, when encountering with the cold mold,
the surface layer of fluid quickly cools down to
solidification and thus generates a great shear
force which aligns the fiber to the flow direction
and results in a relatively consistent fiber
orientation in the skin layer. However, the shear
force is limited to the place near the mold surface
only, so the sample's skin layer is thin. In the
core layer where shear force is small, the fiber is
easy to randomly deflect its direction and brings
out unobvious fiber stratification. This can be
verified by microscopic images of some samples'
cross section.

/

skin

core

Fig. 5. Microscopic image of sample section

3.3 The Relationship between Fiber

Orientation and Elastic Modulus

It is shown in the tensile tests that most samples
from the instrument panel have a very small
fracture strain of about 0.03. Only a few can
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reach to 0.06. The experimental stress-strain
curves vary greatly with the highest modulus of
elasticity achieving 4683MPa and the minimum
being 1962MPa. Fig. 7 shows the averaged
elastic modules of the 26 samples from various
locations. It can be seen from Fig. 7 that most of
the elastic modules fall into the medium region.
Representative  stress-strain  curves  with
maximum, medium and minimum elastic
modulus, respectively, are shown in Fig. 8.

Image Pro Plus software is used to identify the
number of glass fibers and their individual cross-
section areas on the plane by analyzing the
microscope images, as shown in Fig. 9. The

that the fiber is perpendicular to the plane. Table
2 shows some typical cross-section areas
corresponding to specific angles between the
fiber and the plane. Table 3 lists the elastic
modulus of some samples along with the number
of fibers and cross-section area distribution in
each sample. Fiber numbers are counted in a
sample region of 10 mm? As demonstrated in
Table 3, the elastic modulus of the glass fiber
reinforced plastic panel changes greatly with
locations and directions. The maximum value is
2.39 times of the minimum value.

Table 2. Area of fiber cross section

fiber orientation, which is defined by the angle Fiber orientation Area /um®
between the fiber and the plane, can be 90° 200
determined from its cross-section area on the 45° 282
plane. For example, a cross-section area 30° 340
approximating the fiber sectional area represents
27 F -
[T Upper skin
2a XY Core
) - _ v Lower skin
. 7% H
\g 1.8 7 \ %
M I\ [ J J
-~
212l
%E; y % >
3 06 7 %_ % > %
0.3 / > % % % > %
0.0 e, LA,
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Sample ID

Fig. 6. Layer thickness distribution of samples

Table 3. The measurements of elastic modulus and fiber distribution

Sample Elastic Area<200/um’ 200/um’< Area <340/um® Area >340/pm”
modulus MPa Number Percent Number Percent Number Percent
1 2266.7 306 0.48024 161 0.25308 170 0.26666
2 1962.2 218 0.36704 132 0.22222 244 0.41073
5 4683.3 1241 0.76426 242 0.14884 141 0.08689
9 3145 776 0.70188 157 0.14250 172 0.15561
10 2809.1 846 0.64367 232 0.17624 237 0.18007
15 3571.4 1254 0.74074 241 0.14231 198 0.11695
18 2766.7 787 0.69928 145 0.12857 194 0.17214
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Fig. 9. Software recognition region

In glass fiber reinforced injection molding parts,
the orientation and distribution of fibers are
usually not uniform, depending on the shape of
the part as well as gate design and processing
parameter selection for molding. The elastic
modulus of a certain location in the finished part

is significantly affected by the number and
orientation of fibers at that spot. Hence, it is
particularly necessary to considering the
heterogeneity of elastic modulus in CAE analysis
of injection molding products reinforced with long
fibers.

4. CONCLUSION

By combining fiber orientation tensor and image
analysis technique, an approach for predicting
fiber orientation distribution in fiber reinforced
plastic injection composites is proposed and
demonstrated on a car instrument panel. It is
found that most regions of the panel have three
layers of fiber stratifications along the thickness.
Fiber orientation can be measured base on the
cross-section area of the fibers on the thickness
plane. The car instrument panel s
heterogeneous in mechanical properties with
elastic modulus of a certain location significantly
affected by the number and orientation of fibers
at that spot. The method presented is meaningful
to parameter selection in the constitutive model
of glass fiber reinforced materials for structural
CAE analysis.

ACKNOWLEDGEMENT

The supports from the National Nature Science
Foundation of China (11172171), Research Fund
for the Doctoral Program of Higher Education of
China (20130073110054) and the Scientific and
Technological Innovation Foundation of
Shanghai, China (12521102203) are gratefully
acknowledged.

COMPETING INTERESTS

Authors have declared that no competing

interests exist.

REFERENCES

1. Dunn M, Ledbetter H. Elastic-plastic
behavior of textured short-fiber
composites. Acta Mater. 1997;45:3327-

3340.

2. Khalili S, Farsani RE, Rafiezadeh S. An
experimental study on the behavior of
PP/EPDM/JUTE composites in impact,
tensile and bending loadings. J Reinf Plast
Comp. 2011;30:1341-1347.

192



10.

11.

12.

13.

Peng et al.; BJAST, 7(2): 186-194, 2015; Article no.BJAST.2015.136

Wang R, Yang F, Hao L, Du G, Jiao W.
Optimizing processing parameters of pin-
assisted-melt  impregnation of fiber-
reinforced plastics by numerical simulation.
J Reinf Plast Comp. 2012;31:731-737.

Gusev A, Lusti HR, Hine PJ. Stiffness and
thermal expansion of short fiber
composites with fully aligned fibers. Adv
Eng Mater. 2002;4:927-931.

Nguyen BN, Bapanapalli SK, Holbery JD,
Smith MT, Kunc V, Frame BJ, et al. Fiber
length and orientation in long-fiber
injection-molded thermoplastics—Part |:
Modeling of microstructure and elastic

properties. J Compos Mater. 2008;42:
1003-1029.
Nguyen N, Bapanapalli SK, Kunc V,

Phelps JH, Tucker CL. Prediction of the
elastic-plastic stress/strain response for
injection-molded long-fiber thermoplastics.
J Compos Mater. 2009;43:217-246.

Kaleemulla KM, Siddeswarappa B.
Influence of fiber orientation on the in-
plane mechanical properties of laminated
hybrid polymer composites. J Reinf Plast
Comp. 2010;29:1900-1914.

Londono-Hurtado A,
Hernandez-Ortiz JP. Modeling the
behavior of fiber suspensions in the
molding of polymer composites. J Reinf
Plast Comp. 2011;30:781-790.

Kim E, Park J, Jo S. A study on fiber
orientation during the injection molding of
fiber-reinforced polymeric  composites:
comparison between image processing
results and numerical simulation. J Mater
Tech. 2001;111:225-232.

Polato F, Parrini P, Gianotti G. A new
technique for the measurement of glass
fiber orientation in composite materials.
Adv Compos Mater. 1980;2:1050-1058.

Folkes M, Potts H. A rapid technique for
observing fibre orientation in carbon fibre-
reinforced thermoplastics. J Mater Sci Lett.
1985;4:105-110.

Fischer G, Eyerer P. Measuring spatial
orientation of short fiber reinforced
thermoplastics by image analysis. Polym
Compos. 1988;9:297-304.

Gadala-Maria F, Parsi F. Measurement of
fiber orientation in shortlIfiber composites
using digital image processing. Polym
Compos. 1993;14:126-131.

Osswald TA,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

193

Hine P, Duckett R, Davidson N, Clarke A.
Modelling of the elastic properties of fibre
reinforced composites. |:  Orientation
measurement. Compos Sci Technol. 1993;
47:65-73.

Mlekusch B, Lehner E, Geymayer W. Fibre
orientation in short-fibre-reinforced
thermoplastics |. Contrast enhancement
for image analysis. Compos Sci Technol.
1999;59: 543-545.

Eberhardt C, Clarke A, Vincent M, Giroud
T, Flouret S. Fibre-orientation
measurements in short-glass-fibre
composites--Il: a quantitative  error
estimate of the 2D image analysis
technique. Compos Sci Technol. 2001;
61:1961-1974.

Vincent M, Giroud T, Clarke A, Eberhardt
C. Description and modeling of fiber
orientation in injection molding of fiber
reinforced thermoplastics. Polymer. 2005;
46:6719-6725.

Urabe K, Yomoda S. Non-destructive
testing method of fiber orientation and fiber
content in FRP using microwave. Prog
Polym Sci. 1982;1(1):1543-1550.

Lim S, Kikutani T, White JL, Kyu T. Wide
angle XUray diffraction investigations of
orientation of chopped fibers in fabricated
thermoplastic parts. Adv Polym Tech.
1988;8:325-334.

Lisy F, Hiltner A, Baer E, Katz J, Meunier
A. Application of scanning acoustic
microscopy to polymeric materials. J Appl
Polym Sci. 1994;52:329-352.

Desplentere F, Lomov SV, Woerdeman D,
Verpoest |, Wevers M, Bogdanovich A.
Micro-CT characterization of variability in
3D textile architecture. Compos Sci
Technol. 2005;65:1920-1930.

Advani SG and Tucker Il CL. The use of
tensors to describe and predict fiber
orientation in short fiber composites. J
Rheol. 1987;31:751.

McCullough R. Micro-models for
composite materials-particulate and
discontinuous fiber composites.
(Retroactive Coverage). Technomic
publishing company, Inc, Delaware
Composites Design Encyclopedia.
1990;2:93-142.

Singh P, Kamal M. The effect of
processing variables on microstructure of
injection molded short fiber reinforced



25.

Peng et al.; BJAST, 7(2): 186-194, 2015; Article no.BJAST.2015.136

polypropylene composites. Polym fibore composites. Int Polym Proc.
Compos. 1989;10:344-351. 1991:6:35-41.

Bailey R, Rzepka B. Fibre orientation
mechanisms for injection molding of long

© 2015 Peng et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php ?iid=771&id=5&aid=7984

194



