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Development of the layered structure
in a double-gated glass fiber-reinforced
polypropylene injection molding:
Experimental and simulated results

MC Quintana and MP Frontini

Abstract

The present study aims to experimentally validate numerical simulation of fiber orientation distribution performed by

molding simulation software Moldex3D in a double-gated injection-molded glass fiber-filled (40 wt%) polypropylene box,

by making a detailed comparison of predicted and experimentally measured fiber orientation distribution data.

The modeling approach evaluated in this work consists in the implementation of the Folgar–Tucker rotary diffusion

model with the invariant-based optimal fitting closure approximation for the fourth-order orientation tensor. The

specimen used has a weld line in the center and sharp corners. This investigation characterizes in detail the development

of the through-thickness layered structure at distinctive locations of the specimen. The sensitivity of fiber orientation

distribution and the layered structure to changes upon injection time and melt temperature is also evaluated. The boxes

display the typical layered laminate structure, with fibers aligned in the main flow direction near the walls (shell layer) and

less oriented in the middle plane (core layer). The boxes injected at the lowest melt temperature display an additional

skin layer. Unfortunately, simulation fails in predicting the five layers structure developed under these latter conditions.

The grade of fiber orientation is deemed to be independent of process parameters but not the layered structure.
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Introduction

Injection-molded discontinuous fiber-reinforced ther-

moplastics (FRTs) are widely considered by many

industrial areas because of their specific mechanical

properties, i.e. a high strength-to-weight ratio, especial-

ly by the automotive industry to the reduction of fuel

consumption. However, the actual improvement with

respect to the use of a neat polymer in the performance

of an injection component will depend upon the flow-

induced fiber orientation. When the flow develops with

high shear stresses the fibers tend to align in the flow

direction, whereas a predominantly extensional flow

tends to align the fibers in the principal extension direc-

tion. In consequence, injection-molded FRT compo-

nents exhibit a distinct laminate structure of fiber

orientations across their thickness.1–11

The variations of part properties associated to the

inherent anisotropy produced by the fibers are much

more pronounced in those parts having local

disruptions of the global filling pattern, such as weld
lines (WLs) and sharp corners.10,12–17 This is due to the
fact that the fiber orientation at these geometrical sin-
gularities is fundamentally different from the orienta-
tion in the rest of the part.

Therefore, in order to optimize and control the tech-
nology of injection molding of FRT, it is crucial to
understand and to be able to predict the dynamics
of flow and fiber orientation not only as a function of
material parameters and process conditions, but also as
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a function of the mold geometry and geometrical
flow pattern.

To verify the trustworthy of predictive models
implemented in computational codes, it is necessary
to perform laborious experimental determinations or
measurements.18,19 There are many sound works in
the specific literature which attempted to establish the
correlation between material, processing parameters,
mold geometry, and the resulting fiber orientation in
injected parts. An excellent review on the subject of the
computational studies on fiber orientation in injection
molding of fiber-reinforced composites has been made
by Papthanasiou.10 Despite the great contribution
already made by previous works regarding the compre-
hension of the phenomena, due to the inherent com-
plexity of this relationship, most of the investigations
are still limited to the analysis of rather simple analyt-
ical or standard geometries like the end-gated rectan-
gular plate or the center-gated disk.20–23

Taking into account the above statement, the main
objective of this work is to study the fiber orientation
distribution (FOD) characteristics in a geometry which
displays a WL in the center and has sharp corners that
may constitute a potential lateral boundary effect for
fiber orientation. We have sought to establish through
a detailed experimental study the state of orientation
within these geometric discontinuities and the precision
of the commonly used orientation model (Folgar–
Tucker (FT)) to describe such orientation characteris-
tics. According to traditional usage a default value for
the interaction coefficient (Ci¼ 0.001) has been select-
ed. We also attempt to clearly establish the advantages
and limitations of the prediction approach—FT rotary
diffusion model with modified invariant-based optimal
fitting (IBOF) closure approximation for the fourth-
order orientation tensor—to provide valuable and
novel information that could be used in the analysis
of the orientation state of even more complex pieces.
The fiber orientation pattern along the flow, cross flow,
and through-thickness directions is deeply studied to
denote distinctive fiber orientation zones in the geom-
etry. Besides, the through-thickness layered structure
developed in the box as a function of the location is
particularly analyzed in detail.

On the other hand, since it is widely established that
injection parameters exert a profound influence on the
morphology of the polypropylene composites,24–26 an
additional objective of the present paper was to evalu-
ate the parametric sensitivity of FOD to changes in
process conditions. Particularly, this study is concerned
about analyzing the effect of injection time and melt
temperature on the final state of fiber orientation, both
in the degree of orientation and in the layered nature of
fiber orientation across the box thickness. We face the
problem by studying the combined influence of the

processing variables, and not their individual contribu-

tion, given that the effects of each parameter in a ther-

momechanical process of this complexity are not easy

to be isolated.

Background

Governing equations and fiber orientation description

The orientation of a single fiber is described by a unit

vector along its axis direction, named p. The orienta-

tion state of a group of fibers is given by a second-order

orientation tensor, Aij, equation (1)

Aij ¼
Z

pipj
� �

wðpÞdp (1)

where w is the probability density distribution function

over the orientation space, defined so that the proba-

bility of a fiber being oriented within an angular range

dp of the direction p is equal to w(p)dp.
The elements of the second-order tensor have a

physical meaning. The value of each of the diagonal

elements of the tensor stands for the relative orienta-

tion in one of the coordinate axes. The sum of the

diagonal terms of the tensor is the unit, and each of

the diagonal values is allowed to vary between 0 and 1.
The evolution equation of the second-order orienta-

tion tensor, proposed by Advani and Tucker,4 is given

in equation (2)

@Aij

@t
þ uk

@Aij

@xk
¼ AijXkj � XikAkj

þ kðAikEkj þ EikAkj � 2AijklEklÞ
þ 2CI

_cðdij � 3AijÞ

(2)

where E and X are the strain rate and vorticity tensors,

respectively; uk is the velocity component; k is a con-

stant that depends on the geometry of the part in this

work k¼ 1, that is the value corresponding to slender

particles; dij is the unit tensor; c is the scalar magnitude

of E; and CI is the interaction coefficient whose value

ranges from 10�2 to 10�3.
Equation (2) includes the theoretical models of

Jeffery’s hydrodynamic (HD),1 for dilute suspensions,

and the Folgar and Tucker’s isotropic rotary diffusion

(IRD),2 that add a rotary diffusivity term (Dr ¼ CI
_c) to

model the randomizing effect of fiber–fiber interac-

tions. In general, the combination of the HD model

with the IRD model is called the standard FT orienta-

tion equation, which is expressed in the second-order

orientation tensor Aij.
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For the fourth-order tensor Aijkl, a closure approx-

imation, which allows to expressing Ajkl in terms of the

components of the second-order tensor Aij, is needed in

order to obtain a closed set of equation.

Experimental

Material

The material of this study is a 40 wt% glass fiber-filled

polypropylene, grade name Hostacom G4 R01 pro-

duced by Lyondell Basell. Material properties are

given in Table 1. These properties are extracted from

Moldex3D material database and are provided by the

manufacturer.

Injection molding: Cavity geometry and

processing conditions

Injection-molded box geometry and its dimensions are

shown in Figure 1. The base of the box (bottom plane)

is 70 mm by 130 mm, the height of the wall is 15 mm,

and the part thickness is 1.4 mm.
The boxes were injected in a hot runner injection

machine Klockner-Ferromatik Desma FM20 of clamp-

ing force 200 kN. For further technical details on the

injection of these specimens—which was done in a pre-

vious work—the reader is referred to Gamba et al.16

The values of the injection molding parameters are

listed in Table 2.
Four different processing conditions arise of the

combination of the melt temperatures (Tm) 250 and

280�C and the injection times (ti) 0.5 and 1.5 s (see

Table 3).

Samples location and preparation

Figure 2 shows the location of the samples taken from

the boxes for examination of fiber orientation. One box

per processing condition was randomly selected and its

bottom plane was transversely divided into three

regions of interest, namely: region 1—the entrance

region, at the injection point (IP) zone; region 2—the

lubrication region, located between IP zone and WL

zone; and region 3—the WL zone. In order to deter-

mine if fiber orientation is affected by the presence of

the box walls, the above referred regions (regions 1–3)
were further subdivided longitudinally into two zones,
namely center and border zones. As a result of the
divisions, a total of six samples were obtained for
each processing condition.

Table 1. Material properties.

Modulus E1 (fiber direction) (GPa) 7

Modulus E2 (transverse direction) (GPa) 4

Shear modulus G (GPa) 1.45

Poisson’s ratio 0.38

Fiber length/diameter (L/D) 30

Fiber weight percentage (%) 40

Figure 1. Injection molding box geometry and dimensions. IPs
and WL.

Table 2. Injection molding parameters.

Melt temperature (Tm, �C) 250 and 280

Injection time (ti, s) 0.5 and 1.5

Injection pressure (Pi, MPa) 3

Holding pressure (Ph, MPa) 1.8

Mold temperature (Tmold, �C) 50

Table 3. Processing conditions.

Condition Tm (�C) ti (s)

(i) 250 0.5

(ii) 250 1.5

(iii) 280 0.5

(iv) 280 1.5

Figure 2. Samples location and observation direction.
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The samples were cut using a handsaw and mounted
(glued) on individual supports, identifying its position
relative to the directions 1 and 2, as indicated. Then
they were subjected to successive stages of metallurgical
polishing (sandpaper of progressively smaller rough-
ness) to achieve a microscopically smooth surface.
Each sample was subjected to four stages of polish-
ing—approximately until its midplane—giving as a
result four cross sections per sample to be microscop-
ically analyzed.

The relative through-thickness position of the ana-
lyzed polished cross sections, i.e. in direction 3, is
denoted as “z/H,” being “z” the position of the 1–2
plane in direction 3 and “H” the thickness of the sam-
ples. In the successive figures, location of the layers is
also denoted with the letter “L” followed by the
number of the layer analyzed.

Measurement of fiber orientation: Method of ellipses

The remaining surface of each stage of polishing was
examined and photographed using a reflective light
optical microscope Olympus BH2. The enlargement
of micrographs was 1:50. The sections of the fibers
appear in the images as circles if the fibers are aligned
in a direction perpendicular to the polishing plane, rec-
tangles if the fibers are parallel to the polishing plane,
or as ellipses otherwise.18,19,27 The out-of-plane orien-
tation angle h is derived from the major M and minor
m axes of the ellipse as shown in equation (3)

h ¼ arcos
m

M

� �
(3)

The in-plane orientation angle / is defined by the
major axis of the ellipse and the selected reference axes,
direction 1 in our case (see Figures 2 and 3).

Angles h and / were determined by digitizing the
coordinates of the end points of the major and minor
axes of the ellipses using an image analysis tool
(Image J).

The Cartesian components of the vector p as a func-

tion of h and / are given in equations (4) to (6)

p1 ¼ sinh � cos/ (4)

p3 ¼ sinh � sin/ (5)

p3 ¼ cosh (6)

The components of the second-order tensor for a

group of n fibers are calculated as a function of p as

shown in equation (7)

aij ¼
X
n

pið Þn pj
� �

n
(7)

After image processing and calculation, the average

orientation tensors layer by layer in direction 3 were

obtained. The results are displayed in this work in line

plots of the principal components of the orientation

tensor as a function of the through-thickness position,

in order to be compared with the predicted values.

Numerical simulation

Implementation details

Moldex3D CFD software was used to perform the

three-dimensional fiber orientation simulation concur-

rent with the mold filling analysis on the same finite

element mesh. For filling simulation, material proper-

ties were obtained from Moldex3D materials database

(see Table 1), and the process setting was made accord-

ingly to the real process parameters (see Table 2).
FT model has been implemented for the prediction

of the fiber orientation state and the computation of

the components of the second-order orientation tensor.

This model gives acceptable accuracy for the prediction

of fiber orientation in concentrated (semidiluted)

Figure 3. Fiber orientation at the entrance region (center region 1). Left: experimental results. Right: simulation results.
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suspensions.2 As explained in the “Background” sec-
tion, the FT model takes account of fiber–fiber inter-
action by means of an IRD term (Dr ¼ CI c).
Regarding the interaction coefficient CI, there have
been several attempts to establish an empirical model
for its value, but still there is not an accepted method to
find this parameter.19 There is not yet a detailed model
that describes the transient interactions between
fibers.28 However, through the experimental evaluation
of the interaction coefficient by fitting the predictions
to fiber orientation data from injection molding, has
been stated that the range of values for CI is from
10�2 to 10�3.29 Since experimental orientation showed
up to be highly oriented and taking i to account that
low values of interaction coefficient represents highly
aligned states, CI was taken as 0.001.

For the fourth-order orientation tensor closure,
Moldex3D includes three methods: Hybrid (Original
Moldex3D fiber orientation calculation solver model),
orthotropic fitted closure approximation (ORE), and
IBOF closure approximation. The IBOF model is
implemented in this work since it has been demonstrat-
ed that it is able to improve the problem of fiber ori-
entation tensor overestimation that occurs when using

the hybrid model and it requires a shorter computation
time than ORE model.30,31

Results and discussion

Qualitative description of fiber orientation along
main and cross flow directions

Figures 3 to 5 present the qualitative comparison of
predicted and experimental FOD along the main flow
direction for regions 1–3. The analysis is done for the
1–2 plane located at z/H¼ 0, i.e. at the bottom plane of
the boxes and is focused on its central zone. The results
are shown only for one condition Tm¼ 280�C and
ti¼ 0.5 s, since the results obtained for the other con-
ditions are analogous. The images on the left are the
processed images—by means of the image analysis soft-
ware—of the micrographs taken at the analyzed plane,
while the right images correspond to the simulated
results, in which the orientation of the short lines
indicates the most favorable orientation direction and
the displayed gray value represents the degree of orien-
tation in that direction (a darker gray value means
more oriented). The border zone is displayed shaded

Figure 4. Fiber orientation at the lubrication region (center region 2). Left: experimental results. Right: simulation results.

Figure 5. Fiber orientation at the WL region (center region 3). Left: experimental results. Right: simulation results.
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in simulated images because it is not taken into account
in this part of the study.

From the observation of the experimental and the
simulated fiber orientation patterns, it can be seen that
fibers follow a radial divergent flow path (as in a center-
gated disk) that starts at each IP and ends with the
contact of the flow fronts at the WL zone. As it is
explained in the specific literature,10 the orientation
pattern is the result of the combination of shearing
flow that tends to align fibers in the direction of flow
and in-plane stretching flow that tends to align fibers in
the stretching direction. In our case, the stretching axis
is perpendicular to the radial flow direction.
Accordingly, along the flow direction, three regions
where fibers follow a preferential direction can be dis-
tinguished: The entrance region, where fibers align
evenly in the main and cross flow directions—this cor-
responds to the radial alignment in a polar coordinate
system; the lubrication region, where fibers orient par-
allel to the main flow direction; and the WL region,
where fibers are aligned in the cross flow direction.
As it can be appreciated, each of this distinctive align-
ment zones corresponds to regions 1–3 in which boxes
were divided to do the experimental measures.

Regarding to the cross flow direction, two analyses
are carried out: the change of the fiber orientation with
respect to the distance to the longitudinal center of the
boxes and the fiber orientation at the WL.

Figures 6 to 8 show the comparison of predicted and
experimental FOD along the cross flow direction for
regions 1–3. The analysis is also done for the 1–2 plane
located at z/H¼ 0, but it is focused on the border zone
of the boxes. The results shown correspond to the same
condition chosen in the flow direction analysis in order
to be compared. Here, the images on the left are the
simulated results—the central zone is shaded in this
case—and ones to the right are the experimen-
tal results.

The images show that as the distance to the center
zone increases, the fibers change gradually their orien-
tation from being aligned along the flow direction to
being aligned along the cross flow direction following
the radial divergent flow path (see Figures 6 to 8 with
respect to Figures 3 to 5 for comparison). This is due
to the fact that the elongational stresses become pre-
dominant over the shear stresses toward the edge.
In addition, the through-thickness layered nature of
the fiber orientation also changes with the radial

Figure 6. Fiber orientation at the entrance region (border region 1). Left: simulation results. Right: experimental results.

Figure 7. Fiber orientation at the lubrication region (border region 2). Left: simulation results. Right: experimental results.
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distance to the IP: the proportion of fibers oriented in
the main flow direction decreases until most of the
fibers align in the cross flow direction upon reaching
the edge of the box. The variation in the through-
thickness orientation along the cross flow direction
can be seen in Figure 9, which corresponds to the sim-
ulated fiber orientation for a 2–3 plane located at an
arbitrary position at the lubrication region. In the
figure, it can be seen the transition between fibers ori-
ented along flow direction (dots), fibers less oriented
along flow direction (short lines), and fibers completely
oriented along the cross flow direction (longer lines).

Figure 10 shows another result that arises from the
experimental and simulated results observation con-
cerning the border region. This is that the fibers do
not align with the joint between the base and the wall
of the box, i.e. in direction 1, when it reaches this edge,
but its orientation continues to be along the cross flow
direction. Note that this is different from what it was
observed by Papthanasiou10 for the center-gated disk—
that also has a radial divergent flow pattern as men-
tioned earlier—who described that fibers align in the
border direction.

Figures 5 and 8 show the fiber orientation at the WL
region—accordingly to the observation direction indi-
cated in Figure 2—for the center and border regions,
respectively. It can be seen that the fibers align predom-
inantly in the cross flow direction from the center to the
border regions, as a consequence of the volcano-like
mechanism which creates orientation at 90� angle to
main polymer flow direction. The experimental image
in Figure 5—that to the left—displays some fibers ori-
ented out of plane—that appears as dots—at the pre-
cise region where the two flow fronts impinge head-on.
The orientation of the fibers has been found to be
transversal to the main flow direction not only across
the entire width of the WL but also through its thick-
ness, meaning that the gap-wise structure of different
fiber alignments is not distinguishable here. This can be
seen clearly in Figure 11 that shows the simulated fiber

orientation for a 2–3 plane located at the center of the

WL region.

Experimental through-thickness FOD

Due to the shearing/stretching nature of radial flow,

extensively explained in literature,3,5–10 the fibers tend

to align following the cross flow direction near the mid-

plane of the injected part—i.e. transversally—forming

the core region, but aligned with the main flow direc-

tion near the surface of the part—i.e. radially—forming

the shell region. Besides the shell–core–shell structure,

a thin layer of in-plane randomly oriented fibers is

sometimes found at the surface of molded parts, imme-

diately adjacent to the mold surface. This lower orient-

ed region, named skin layer, is caused by fountain flow

near the melt font which moves material (including

fibers) from the core to the cavity walls where it freezes

before gap-wise shearing is able to align the fibers

in the flow direction.6,10 Given the through-thickness

distribution of fiber orientations, the short fiber-

reinforced box studied has a gap-wise layered nature.

Figure 9. Predicted through-thickness fiber orientation along
the cross flow direction at the lubrication region.

Figure 8. Fiber orientation at the WL region (border region 3). Left: simulation results. Right: experimental results.
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Figures 12 to 14 display typical features of the exper-
imental measured through-thickness fiber orientation
for the three regions of interest. The important orien-
tation descriptors are the orientation tensor compo-
nents: a11, a22, and a33 corresponding to the flow, the
cross flow, and the thickness directions, respectively. In
general, a high value of a11 indicates a large fraction of
fibers oriented in the flow direction, a high value of a22
indicates a large fraction of fibers oriented in the cross
flow direction, whereas a near-zero value of a33 would
indicate little or no orientation in the thickness direc-
tion. In these figures, the vertical lines at the beginning
and at the end of the through-thickness profiles of the
principal components of the orientation tensor were
drawn so that it would be possible to better understand
the proportionality between them.

Therefore, the general observations regarding the
experimental values of the principal components of ori-
entation tensor are as follows:

1. At the entrance region, region 1, the values of the a11
and a22 components of the orientation tensor are
close (�0.5) due to the initial radial divergent flow
pattern followed by the fibers. The near-zero value
of the a33 component indicates that at this region
there are some fibers still aligned in the thickness
direction (see Figure 12).

2. At the lubrication region, region 2, a layered struc-
ture is observed. The high values of the a11 compo-
nent (�0.8) are found near the walls of the box and
the low values of a11 (�0.3) are found near its mid-
plane, i.e. z/H¼ 0.5. The trend in the values of the a22
component is inverse to that of the a11 component.
The value of the a33 component is practically null,
indicating a planar fiber orientation (see Figure 13).

3. At the WL region, region 3, the a22 component of

the orientation tensor displays its highest value

(range from �0.6 to �0.9) due to the transverse

alignment of the fibers. The variation profile of the

a11 component through the thickness direction is

flatter than in region 2, and in addition the value

of this component is the minimum of the three

regions. As in the entrance region, the a33 compo-

nent has a near-zero value (�0.1). The alignment of

the fibers in the thickness direction at this zone is

associated to a “pole vaulting” phenomenon—which

takes place when the flow fronts enter in contact—

that orientates them out of the main flow plane12–17

(see Figure 14).

Figure 10. Comparison of fiber orientation at the edge of the specimen in radial divergent flow geometries. Left: disc displaying edge
alignment. Right: joint between box’s base and wall without edge alignment.

Figure 11. Predicted through-thickness fiber orientation along
the cross flow direction at the WL region.
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The through-thickness layered nature of the fiber

orientation is only explained for the lubrication

region—the fully developed flow zone—since it

emerged from the previous analysis that the through-

thickness profiles of the a11 component for the entrance

and WL regions are substantially flat, meaning that the

laminate fiber structure is not as much distinguishable

as in region 2. Thus, the explanation is referred to in

Figure 13 which displays the plots of the principal com-

ponents of the orientation tensor as a function of the

through-thickness position corresponding to this

region. For the definition of the general shape of the

a11 component, two vertical dashed lines labeled 1 and

2 are drawn in Figure 13, and the interceptions of these

lines with the a11 values are used to define the layered

structure. For clarity purpose, the through-thickness

positions z/H for which the a11 values are maximum

and minimum, respectively, are referred to as maxi-

mum and minimum z/H. Line 1 is set between z/

H¼ 0�L1 and maximum z/H (only for conditions in

which maximum a11 value is not at z/H¼ 0), see the a11
profile for conditions (i) and (ii). Line 2 is defined

between maximum and minimum z/H, so this line is

drawn for all the conditions. Between z/H¼ 0 and the

line 1 the skin region is located. The shell region is

between the line 1 and the line 2 and core region started

at the line 2.
The experimental orientation distributions for con-

ditions (i) Tm: 250�C, ti: 0.5 s and (ii) Tm: 250�C, ti:
1.5 s exhibit the classic five-layered laminate structure
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Figure 12. Experimental through-thickness FOD at the entrance region. (a) Condition (i), (b) condition (ii), (c) condition (iii), and (d)
condition (iv).
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Figure 13. Experimental through-thickness FOD at the lubrication region. (a) Condition (i), (b) condition (ii), (c) condition (iii), and
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with two skin layers, two shell layers, and one core

region between the shell layers (see Figure 13, condi-

tions (i) and (ii)). Whereas the orientation distribution

for conditions (iii) Tm: 280�C, ti: 0.5 s and (iv) Tm:

280�C, ti: 1.5 s is a three-layer laminate structure with

two shell layers and one core between the shell layers

(see Figure 13, conditions (iii) and (iv). The presence of

the skin layer is directly associated to the process con-

ditions. Particularly, it depends on cooling rate and

filling time.6,10 Several works indicate that lower melt

temperatures lead to formation of thicker frozen

layers.6,10,24–26 Accordingly, in our case, frozen layers

only appear in those samples injected at the low melt

temperature (250�C). At the high melt temperature

(280�C), heat transfer time is enough for the fibers to

be aligned with the flow before they are frozen in the

polymer. On the other hand, it is expected that an

increase in the injection time will produce the same

effect as a decrease in temperature,10,24–26 i.e. a thicker

frozen layer; however, the opposite effect was found in

the experimental measurements of fiber orientation:

sample injected under condition (i) presents a thicker

frozen layer than sample injected under condition (ii)

(slower injection speed) (see Figure 13, conditions (i)

and (ii)).

Influence of process conditions on FOD

To study the variation on the degree of fiber orienta-

tion induced by changes in the processing parameters, a

quantitative analysis of the sensitivity of the experi-

mental a11 values as a function of the different combi-

nations of the melt temperatures 250 and 280�C and

injection times 0.5 and 1.5 s is done. For this purpose,

Figure 14 displays the maximum, minimum, and

through-thickness average values of the a11 component

obtained for each process condition at regions 1–3.
As a general remark, no appreciable changes are

found in the average value of a11 calculated for the

different conditions at any of the three regions of inter-

est, Figure 15. It is found that minimum a11 values at

region 1 are lower for conditions (iii) and (iv) than for

conditions (i) and (ii). This could be explained based on

previous discoveries24–26 which postulate that a higher

melt temperature increases the grade of transversal ori-

entation, and thus, produces a decrease in the a11 value.

On the other hand, the maximum a11 value at the

region 2 is higher for condition (i) than for the remain-

ing conditions. Accordingly with the results found by

other authors,10,24–26 higher melt temperatures and

lower injection times lead to an increase in fiber

orientation.
The maximum and minimum values of the a11 com-

ponent at the WL region show no significant variation

due to changes in the processing condition. This is par-

ticularly important due to the fact that one of the many

recommended ways to improve WL entanglement is to

increase the melt temperature,17 but in our case, this

change did not produce an appreciable decrease in fiber

orientation such as that produced in the entrance

region before the same variation.

Quantitative comparison of experimental and

predicted fiber orientations along the main, cross,

and through-thickness flow directions

In Figure 16 experimental and predicted through-

thickness averaged a11 component obtained for the

regions 1–3—referred in the images as R1, R2, and

R3—for each process condition is plotted. As it
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Figure 14. Experimental through-thickness FOD at the WL region. (a) Condition (i), (b) condition (ii), (c) condition (iii), and (d)
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was qualitatively explained, the lubrication region

(region 2) is characterized by a highly aligned fiber ori-

entation, thus at this region the a11 value is the maxi-

mum of the three regions. At the WL region, the

alignment of the fibers is mainly transversal to the

main flow direction, being the a11 value at this region

the minimum of the three regions. Predicted results

show the same location of the maximum and minimum

a11 values than in the experimental ones, but orienta-

tion degree is underestimated for region 1, and over-

estimated for region 2. The predicted and experimental

through-thickness average a11 values at region 3 rightly

match for all the conditions.
Figure 17 shows the plots of the experimental and

predicted through-thickness averaged a11 component

obtained for the central and border regions—referred

in the images as central and border—at the region 2

and for each process condition. The fiber orientation

decreases with the radial distance to the IP, thus, the

a11 values are lower for the border region than for the

central one. The experimental and predicted results

show the same decrease in the a11 values, but for pre-

dicted results this change is slightly more abrupt—see

the slopes of the curves.
Figure 18 shows the plots of the a11 component as

a function of the through-thickness position at the

lubrication region and for each process condition.

The comparison of the experimental and predicted

through-thickness fiber orientations is explained

only for the region 2, for the same reason explained

in the “Experimental through-thickness

FOD” section.
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From the experimental results arises that the condi-

tions (i) Tm: 250�C, ti: 0.5 s and (ii) Tm: 250�C, ti: 1.5 s
display a five-layered laminate structure of fiber orien-

tations (skin–shell–core) and the conditions (iii) Tm:

280�C, ti: 0.5 s and (iv) Tm: 280�C, ti: 1.5 s only present

a three-layered structure (shell–core). On the other

hand, it can be seen in Figure 18 that simulation fails

in predicting the skin region for the low temperature

conditions (i) and (ii) and the predicted alignment

structure is three layered for all the conditions. This
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is deduced from the fact that at z/H¼ 0, i.e. at the wall
of the box, the predicted a11 value is maximum consti-
tuting then the shell layer, not the skin which is char-
acterized by a lower a11 value from that of the shell. As
it has been demonstrated, the presence of a closure
approximation for the fourth-order orientation tensor
itself may introduce some error into the simulation
results.30,31 Then, it is the subject and motivation for
a further work to determine if a change in the chosen
approach model will effectively predict the skin layer.

From the analysis of the predicted and experimental
values of the a11 components it is found that:

1. For the boxes injected at a high melt temperature
280�C, the predicted maximum a11 values in the shell
layer match closely with those of the experimental
data (�0.8) (see Figure 18, conditions (iii) and (iv)).

2. For the boxes injected at a low melt temperature
250�C, the predicted and experimental maximum
a11 values are close, but they are located at different
through-thickness positions: predicted maximum a11
values are at z/H=0 whereas experimental values
are shifted to a z position between the bottom and
midplanes of the box (see Figure 18, conditions (i)
and (ii)). This discrepancy is due to the presence of a
skin layer not predicted by simulation.

3. For all of the conditions the minimum a11 values, i.e.
those in the core, tend to be overpredicted by simula-
tion. In our case, the experimental results show that
fibers at the core are highly oriented transversely to
the flow, leading to a lower value of the a11 compo-
nent. The experimental minimum a11 values range
from 0.2 to 0.4, whereas the predicted minimum a11
values are about 0.5. Predicted minimum a11 values
are found at the midplane of the box, giving a sym-
metric through-thickness fiber distribution, while
experimental minimum a11 values are shifted to a z
position closer to the bottom plane of the box.

As it is expected a higher interaction coefficient
would produce a randomized effect on the fibers,

lowering its orientations; simulation trials with differ-
ent higher interaction coefficients (0.003 and 0.005)
were done in order to achieve a better fit of the pre-
dicted a11 minimum values to the experimental data.
The results are also presented in Figure 18. It is
found that a higher interaction coefficient produces a
slight increase in the minimum a11 value and lowers the
maximum a11 in a value by an amount that can be
considered negligible. Thus, it can be remarked that
in our work, the adjustment of the experimental mini-
mum values cannot be achieved by the sole variation of
the interaction coefficient.

Figure 19 is presented in order to resume the general
trend in the variation of the experimental and predicted
principal components of the orientation tensor for the
three regions of interest and for the different process
conditions. This figure displays the through-thickness
averaged value of the a11, a22, and a33 components of
the orientation obtained for each processing condition.
As general remarks it can be pointed out that:

1. There is a consistent error in the simulation predic-
tion of the average values of the a11 and a22 compo-
nents of the orientation tensor at the entrance and
lubrication regions, which can be attributed to the
overestimation of the orientation at the core layer.

2. At the WL region, where the alignment of the fibers
is predominantly unidirectional—along the cross
flow direction—and the skin core structure is prac-
tically not distinguishable, it is found that the aver-
age values of the a11 and a22 components are
very close.

3. The out-of-plane orientation is overestimated by the
simulation prediction for all the regions and pro-
cess conditions.

Conclusions

This work aims to experimentally validate the numer-
ical simulation of FOD and the through-thickness lay-
ered structure performed by commercial CFD software
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Moldex3D in a double-gated injection-molded glass
fiber-filled (40 wt%) polypropylene box, processed at
different combinations of melt temperature and injec-
tion time. The second-order orientation tensors have
been deduced from experimental measurements of
fiber orientation applying the method of ellipses and
compared with the predicted ones by the commercial
code. The modeling approach evaluated in this work
consists in the implementation of the FT model
with modified IBOF closure approximation for the
fourth-order orientation tensor. The value of the inter-
action coefficient of the rotary diffusion model adopted
is 0.001.

Regarding the experimental results, the box can be
divided along the main flow direction into three regions
of a distinctively fiber orientation, namely the entrance,
lubrication, and WL regions. At the WL zone, the ori-
entation is predominantly transversal to the main flow
direction. The fiber orientation also changes with the
radial distance from the IP, becoming less oriented
from the central region of the box toward its edges or
border region. At the lubrication region, there is a
through-thickness distribution of fiber orientations.
The boxes injected at the lower melt temperature dis-
play a five-layered laminate structure, skin–shell–core;
while the boxes injected at the higher melt temperature
present a three-layered laminate structure, shell–core.
Process parameters do not strongly affect the grade of
the orientation in any of the regions of interest but
determine the distinctive layer structure of fiber orien-
tation at the lubrication region.

The simulation accurately predicts the radial diver-
gent flow pattern of the fibers and its qualitative orien-
tation along the main, cross, and through-thickness
flow directions but fails in predicting the skin region
developed at the lowest temperature condition tried.
This could be attributable to inherent errors of the
modeling approach introduced by the use of a closure
approximation for the fourth-order orientation tensor.
The ongoing work is devoted to evaluate the accuracy
of different closure approximations and rotary diffu-
sion models.

Predicted maximum values of the a11 components
match closely with the experimental ones, but the min-
imum a11 values tend to be much overestimated for all
the conditions. The fit of the minimum values cannot
be improved by changing the interaction coefficient
as expected.

The out-of-plane orientation is overpredicted for all
the regions and for all process conditions.

The orientation distribution pattern is heteroge-
neous since it varies according to the location in the
specimen. It has been shown that the interaction coef-
ficient of the rotary diffusion model depends not only
on the content and shape of the fibers, but also and

fundamentally on the orientation state. Due to the fact

that the fiber orientation changes along the main, cross,
and through-thickness flow directions, the modeling
approach for the fiber orientation cannot fit all of the

orientation tensor components at every region.
It is usually accepted that in order to obtain easy

assessable fiber orientation parameters that could be
useful to industrial evaluation, it is essential to compre-

hend and to be able to predict the nature of the flow
field inside a mold and the flow-induced variation of

the fiber orientation for effective design of short fiber-
reinforced plastic parts. Nevertheless, our findings
make evident the importance of knowing the experi-

mental distribution of fibers in model pieces that
presents complex geometric features, which allows

establishing the limitations of predictive models that
can be useful to reliably design real industrial pieces,

in which this type of detailed characterization is almost
not possible.
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