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ABSTRACT
Thermally-enhanced polymer composites are a promising

alternative to exotic metals in seawater heat exchanger appli-
cations due to the low cost and corrosion resistance of base
polymers and heat transfer rates competitive with corrosion-
resistant metals such as titanium or stainless steel. While the
properties of thermally-enhanced polymer composites are well-
suited for heat exchanger applications, fiber orientation has a
strong influence on the structural and thermal performance of
the manufactured components. In this study, a method of cre-
ating samples, sectioning and polishing them for imaging, mi-
croscope sampling for the identification of fibers, image process-
ing to characterize fiber orientation, and finally comparison to
predictions from computer-aided engineering (CAE) software is
demonstrated for collecting experimental information on fiber
orientation of molded parts. Understanding fiber orientation in
injection-molded polymer heat exchangers is important for en-
suring ideal heat transfer and structural performance and this
study presents an experimental methodology for determining the
influence of injection molding process parameters on fiber orien-
tation in thermally-enhanced polymer composite geometries.

1 INTRODUCTION

The utilization of polymers in heat exchangers is attractive
due to their relatively low cost and weight, lower fabrication
energy and lifecycle energy use than equivalent metal heat ex-
changers [1], and corrosion and fouling resistance [2]. The in-
troduction of new thermally-enhanced polymer composites and
manufacturing processes has led to renewed interest in polymer
heat exchangers and emerging applications previously supported
only by heat exchangers made of exotic metallic alloys. Indus-
trial applications which utilize seawater as a cooling medium
for heat exchangers traditionally require exotic alloys to sur-
vive the corrosive environment, leading to dramatically increased
costs and processing requirements. Polymer composites utiliz-
ing thermally-enhanced fillers, such as pitch-based carbon fiber,
have led to orders of magnitude improvement in overall thermal
conductivity, making them competitive with corrosion-resistant
metals such as titanium and copper-nickel alloys. [3]

In thermally-enhanced and other fiber-filled composites,
fiber orientation can play an important role in determining the
material properties of created parts. Thermally-enhanced fibers
exhibit thermal and structural properties that are order of magni-
tudes higher along the length of the fiber compared to transverse
to the length of the fiber. Therefore fiber alignment can lead
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FIGURE 1: The effect of processing parameters on part perfor-
mance due to fiber orientation.

to anisotropic material properties that must be accounted for in
the design stage. In injection molded parts, many factors affect
fiber alignment, including the geometry of the part and injection
molding processing parameters, such as melt flow rate. Figure 1
below demonstrates the fiber orientation process that must be un-
derstood in order to properly design for fiber orientation in injec-
tion molded parts in order to reach desired performance goals.

Using finite element analysis to estimate fiber orientation
has been well developed for traditional polymer composites and
is integrated with the industry-leading injection molding simu-
lation environment Moldflow R©. The basis for this analysis is
primarily the Folgar-Tucker model, developed as a process of
modeling fiber orientation and how competing phenomena in in-
jection molding affect it. This model has been rigorously tested
and reinforced with experimental findings for traditional poly-
mer composites but it is useful to study the utility of this model
in new thermally-enhanced composites.

This paper presents a methodology for collecting and ana-
lyzing samples to determine fiber orientation in relatively large
sections and develop both a qualitative and quantitative compar-
ison to Moldflow R© predictions. While this approach is not nec-
essarily new, the goal of developing a more global understanding
of fiber orientation in sample parts is generally counter to the
recent progression of more precise and intricate measurement of
fiber orientation that is not suitable for rapid testing and large test
regions.

2 RELATED WORK
2.1 Fiber Orientation

The Folgar-Tucker model for fiber orientation in concen-
trated suspensions, [4], provides the foundation for predicting
fiber orientation in injection molding. This model uses param-
eters such as shear stress, viscosity, and velocity flow field to
determine how fiber align as the injection molding process pro-
gresses. This model has been rigorously studied and is the ac-
cepted prediction method in industry-standard injection molding
simulation tools such as Moldflow R©.

This model, in its most frequently used form, utilizes ten-
sors to provide a compact representation of fiber orientation [5].
Fundamentally, each fiber is represented as a vector, p, with two
angles, θ and φ , as shown in Figure 2. The vector components
can be found using this representation with Equation 1, shown
below.

FIGURE 2: Vector representing fiber orientation.

FIGURE 3: Example tensor values.

p1 = sinθ cosφ

p2 = sinθ sinφ

p3 = cosθ

(1)

With each fiber defined as a vector, the most common repre-
sentation of fiber orientation is the probability distribution func-
tion for orientation, ψ . This distribution is then presented con-
cisely as a second-order tensor using Equation 2 over all direc-
tions. The tensor value represents the overall orientation distribu-
tion of a sample region and Figure 3 demonstrates some example
tensor values.

ai j =
∮

pi p jψ(p)dp (2)

While some fiber measurement schemes use three-
dimensional information to determine fiber orientation [6, 7],
the majority of methods utilize imaging two-dimensional cross-
sections and determining fiber orientation from these sections.
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FIGURE 4: Fiber cross-section for determining orientation.

FIGURE 5: Issue resolving sign of out-of-plane angle using sim-
ple cross-section.

Using the fundamental geometry of fibers and the vector repre-
sentation described previously, the fiber orientation of a given
fiber can be determined based on the dimensions of the elliptical
cross-section, shown in Figure 4, and is detailed in Section 4.4.
While this method is very useful for determining fiber orientation
from simple cross-sections, there exists ambiguity in determin-
ing the out-of-plane angle for a given cross-section, as shown in
Figure 5. This affects values for two of the six tensor compo-
nents, a13 and a23, and should be taken into consideration when
evaluating fiber orientation measurements.

2.2 Experimental Methodologies
Much work has been done on developing methodologies for

increasingly more accurate measurement of fiber orientation in
test samples. There are three primary components of experimen-
tal measurement that have received significant attention: section-
ing techniques, imaging methods, and image processing algo-
rithms.

Sectioning Techniques. The development of sectioning
techniques has progressed primarily with the goal of providing
the most useful information for image processing. Initial meth-
ods used sectioning and polishing technologies from traditional
experimental applications and used single sections of a region
of interest to develop an understanding of the accuracy of fiber
orientation predictions for the sample [8, 9].

The progression from this simple sectioning technique
has generally been used to develop a more accurate three-
dimensional representation of fiber orientation by using methods
such as multiple slice sections or sections at multiple angles. Us-
ing multiple slices that are minimal thickness apart allows the
direction of fibers to be tracked and used to accurately deter-
mine the out-of-plane orientation components [10–12]. While
this method offers more precision with a fully-resolved 3D ori-
entation, it is a more intensive process due to its requirements for
aligning the results from the multiple sections through the use of
complex registration schemes or other alignment methods. Us-
ing sections at multiple angles can provide significant informa-
tion for determining fiber orientation and allows a much better
understanding of how fiber orientation changes throughout the
sample [13]. While this is valuable, preparing multiple sections
introduces significant complexity and labor into the experimen-
tal process and may limit the size of sections and therefore the
useful area that can be studied.

Imaging Methods. With the sample geometry sectioned
and polished for imaging, there are many options that have been
explored for measuring fibers in a test section. The original and
most common method is optical microscopy [10, 12, 13]. This
method is attractive due to its high availability and lack of com-
plexity for quickly implementing sampling methodologies but
its primary drawback is that it is difficult to measure out-of-
plane orientation components due to the strictly two-dimensional
imaging behavior, although this has been resolved through the
use of advanced sectioning methods.

Other imaging methods that have been investigated include
X-rays [14], Scanning electron microscopy [15,16], and confocal
microscopy [17]. X-ray imaging is potentially useful for nonde-
structive testing but often requires complex sectioning for useful
results and may require substitution of materials that are read-
ily X-ray compatible. Scanning electron microscopy provides a
remarkably detailed image of fiber orientation and through ad-
vanced methods, such as Shadow SEM Analysis [16], out-of-
plane orientation can be determined using a single section. Un-
fortunately the high magnification utilized in SEM analysis is
not suitable for measuring fiber orientation over large sample
sections. Confocal microscopy uses clever imaging techniques
to extract three-dimensional orientation information from two-
dimension images and is therefore useful for single sectioning
methods but it lacks availability and may be too complex for gen-
eral experimental usage.

Image Processing Algorithms. Initial image processing
techniques often used manual fiber identification [13] for pro-
cessing but more powerful computing platforms and image pro-
cessing techniques have dramatically advanced the process and
led to significant automation. The ability to sample large areas
was improved with the use of image analysis tools to align and
order sequentially collected images and the ability to analyze
fiber orientation in real time [10]. Recent work has led to in-
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tricate identification and visualization of the three-dimensional
fiber orientation of test samples [6] and represents the advancing
accuracy of fiber orientation measurement.

3 PROBLEM DEFINITION
Based on the progress that has occurred in developing exper-

imental methods for measuring fiber orientation, and the various
advantages and limitations that are associated with them, along
with the specific motivation for this project, the following goals
were identified for developing the experimental methodology for
this study:

1. Low Magnification: Use standard, relatively low-
magnification, light microscopy to collect image samples
due to its high availability and ability to sample large test
sections.

2. Single Sample Section: Use a single section and standard
polishing technique to prepare samples for imaging to en-
sure that the process can be applied to a large variety of ma-
terials and reduce the complexity of preparing samples.

3. Use Goal Material: Use the target material for the sample
geometry in its applied form rather than specially-designed
materials with tracers or other unique fillers so that results
represent the behavior of the final product.

4. Control Tensor Region: Provide granular control of the
tensor calculation region size in order to provide both global
and local representation of the fiber orientation across the
sample geometry.

5. Standardized Tools: Use standardized image processing
and tensor calculation techniques to take advantage of com-
mon understanding and build upon established methods.

4 APPROACH
The approach developed for this project is divided into two

primary sections: the experimental setup for collecting fiber ori-
entation information and the image processing framework for
interpreting the found fiber orientation information. The pre-
sented approach presents the experimental procedure required to
compare the fiber orientation information for a sample geometry
to simulation predictions using both qualitative and quantitative
methods.

4.1 Experimental Setup
Sectioning and Polishing. Due to the destructive nature

and labor intensity of sectioning samples, a single sample sec-
tion methodology was chosen for this study. Therefore, careful
consideration must be given to selecting a sample section that
will provide the most useful information about the fiber orien-
tation behavior in a sample geometry. For methods where large
areas can be sampled, the section that gives that largest sample

region may be the best choice although any particular regions of
interest should be accounted for. Traditionally, small test regions
are selected to measure the fiber orientation in a particular loca-
tion while large test regions can be used to analyze more com-
plex behavior, such as how far from the injection location that
fibers reach a certain level of alignment, and other properties that
contribute to a more global understanding of the fiber orientation
in a test part. After selecting a suitable test section, a grinding
and polishing procedure is used to prepare the test sample. This
procedure was developed following traditional best practices, de-
signed to use standard polishing equipment, and was formulated
based on the work of [18] and [19] to ensure a uniform, highly
polished section for microscope imaging.

Microscope Imaging. The microscope chosen for this ap-
proach was a traditional light microscope with polarizing filter
technology. Reflected light was chosen to alleviate the need for
thin slices that are required for transmitted light. The polarizing
filters were used to take advantage of the differing characteris-
tics of the fibers and the surrounding matrix material, and were
adjusted to reinforce the reflected light from the fibers and light
absorbed in the polymer matrix. This method was shown to pro-
duce high contrast for carbon fiber filled polymer composites and
should be useful for most fiber-filled polymers with significant
differences between the fiber and matrix materials. A relatively
low magnification of 5x was chosen to provide a clear picture of
the fibers in the matrix while providing a wide enough view in
order to sample large sections.

4.2 Fiber Orientation Comparison Framework
A fiber orientation comparison framework was developed to

take large sample sections consisting of many microscope im-
ages, analyze and determine fiber orientation for the entire sam-
ple, and then compare these results with simulation predictions.
Details of this process include the goal of controlling the exam-
ined size for making fiber orientation measurements and devel-
oping both a local and global understanding of fiber orientation
for comparison to predicted values. This framework progresses
as a six-step process and is presented below.

Step 1. Initialization. The initialization stage is primar-
ily used to define the connection to microscope images and cus-
tomize image processing settings for the particular application.
It is also used to define the relationships between the microscope
images and how they correspond to the overall test section to
ensure the individual results properly correlate to the overall be-
havior.

Step 2. Perform Image Processing on Original Images.
Image processing, detailed in Section 4.3, is applied to all of the
original microscope images to extract raw orientation informa-
tion for all of the fibers found in each image.

Step 3. Combine Image Results and Subdivide into Ten-
sor Regions. With the raw fiber orientation information found
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for each image, the results are combined to form the overall sam-
ple section. This includes cropping original images to remove
any overlap or other requirements for resizing and arranging re-
sults information to properly correspond with positioning in the
test section.

With the sample section reconstructed from its component
images, it is then subdivided into regions for tensor analysis.
This method was chosen instead of using the original image re-
gions to calculate tensor values in order to provide more control
of the tensor region size. This control over the resolution of mea-
sured tensor values allows better comparison to predicted values
due to the ability to find both local and global information using
high-resolution and low-resolution tensor regions, respectively.
It can also be used for measurement quality control such as en-
suring there is sufficient fiber information in a selected tensor
region for accurately determining tensor values.

Step 4. Calculate Tensor Values. Using the defined tensor
regions, tensor values are calculated to represent fiber orienta-
tion, described in Section 4.4.

Step 5. Subdivide Simulation Results and Sample Tensor
Values. Using the same defined tensor regions as the experimen-
tal results, subdivide the simulation results. The tensor values
are then sampled in these tensor regions to determine the ten-
sor values corresponding to the found experimental values. The
simulation results present the tensor components as a continuous
value across the tensor region so a representative tensor value is
found by sampling multiple points within the tensor region and
determining the average tensor value for each region to compare
with the measured experimental values.

Step 6. Compare Experimental and Simulation Tensor
Values. With both measured experimental tensor values and pre-
dicted tensor values, the fiber orientation information is com-
pared across the sample section, shown in Section 4.5.

4.3 Image Processing Algorithm
The image processing algorithm was developed using open-

source tools (OpenCV) and standard techniques to build upon a
common and well-developed foundation for the image process-
ing framework and allow wide availability for potential applica-
tions. Additionally, the algorithm was designed to be flexible to
changing sample materials that can lead to varying contrast be-
tween fiber and matrix materials, fiber size, and other properties
to ensure that the goal materials for varying applications can be
used. The steps below outline the major stages of the develop
image processing algorithm.

Step 1. Resizing, Down Sampling, and Smoothing. This
step is used to define a common set of input image parameters
and prepare the raw microscope image for processing. The im-
age resizing and down sampling (performed via Gaussian Pyra-
midal decomposition) are used to ensure that the measured fibers
are within a defined general size for consistent processing in sub-

FIGURE 6: Progression of image processing algorithm for iden-
tifying fibers, described in Section 4.3.

sequent steps. The smoothing is performed to remove noise that
can be introduced from the microscope and camera system.

Step 2. Feature Extraction. To better differentiate between
fibers and the surrounding matrix material, feature extraction is
performed on the prepared microscope image. This process, de-
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veloped in the field of mathematical morphology and known as a
top-hat transformation, uses a defined structuring element to ex-
plore the image to find areas that the structuring element fits into
that are brighter than their surroundings. The structuring element
is sized so that it is smaller than the general fiber size and isolates
the fibers from the dark matrix background.

Step 3. Thresholding. With the fibers well defined from the
background material, a thresholding operation is applied to sep-
arate the image into light areas representing fibers and dark areas
representing the matrix material. After the thresholding applica-
tion is complete, the areas of the image that contains fibers have
a value of 1 and all other areas are 0, allowing for more pre-
cise application of image processing techniques in the following
steps.

Step 4. Edge and Shape Detection. Edge detection is then
applied to identify all of the transition regions between fiber and
matrix values. Shape detection is then used to locate continuous
edges, saving each contour as a sequence of points.

Step 5. Fit Ellipses to Detected Shapes. Finally, each
contour is processed and if it has greater than six points a two-
dimensional box is fit such that it is the minimal size containing
the contour and is represented by an ellipse for the processed im-
age. Each ellipse denotes a fiber found in the processed image
and its geometrical properties are saved for use in calculating the
fiber orientation information for the sample.

Using the developed image processing algorithm, the sup-
plied microscope image is analyzed and each fiber is isolated
and marked with an ellipse. This set of ellipses representing the
found fibers is the output of the algorithm and contains the ge-
ometric information necessary for calculating fiber orientation
tensor values for the measured area.

4.4 Tensor Calculation
With the set of ellipses representing the found fibers from

the image processing analysis, the fiber orientation tensors for a
defined region can be calculated. Using the ellipse formulation
shown in Figure 7, the required ellipse properties, such as minor
and major axis length (m and M, respectively), can be calculated
using Equations 3-5.

m =
√

(x3 − x4)2 +(y3 − y4)2 (3)

X = x2 − x1,Y = y2 − y1 (4)

M =
√

X2 +Y 2 (5)

With each fiber fully defined as an ellipse, the tensor val-
ues can be calculated for the fibers contained within a specified
region using Equations 6 and 7 and Table 1. In Equation 6, ai j
represents the overall tensor component for the region, and (ai j)n
represents the tensor component for the nth fiber (shown in Ta-
ble 1). Fn is a weighting function used to cope with the biasing

FIGURE 7: Elliptical fiber cross-section for determining orienta-
tion.

that can occur due to fibers lying predominantly perpendicular
to the sample section being more likely to appear in the specifed
region.

ai j =
∑(ai j)n Fn

∑Fn
(6)

Fn =
Mn

mn
(7)

TABLE 1: Tensor components for a single fiber.

Tensor component
for nth fiber

Representation with
measured geometrical
parameters

(a11)n
X2
(

1
M2 − m2

M4

)
(a12)n = (a21)n

XY
(

1
M2 − m2

M4

)
(a13)n = (a31)n

X
√

m2

M4 − m4

M6

(a22)n
Y 2
(

1
M2 − m2

M4

)
(a23)n = (a32)n

Y
√

m2

M4 − m4

M6

(a33)n
m2

M2

4.5 Comparing Experimental and Simulation Results
While the fiber orientation for the experimental sample is

useful by itself, for the purpose of this study it is most valuable
and informative when compared to predicted values in order to
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refine the prediction methodology to more accurately represent
actual behavior. There are four primary aspects that were con-
sidered when developing the comparison approach: quantitative
and qualitative comparison and local and global understanding.
The varying tensor calculation region, discussed previously in
Section 4.2, provides the foundation for determining the overall
local or global representation of the results but the quantitative
versus qualitative understanding is more dependent on how the
results are presented.

Quantitative and Qualitative Comparison. By measur-
ing fiber orientation information for both experimental and pre-
dicted samples, a wide variety of both quantitative and qualita-
tive comparisons can be made. Examples of qualitative com-
parisons include determining geometry changes that lead to di-
vergence between predicted and actual fiber orientation, under-
standing how long after geometry changes it takes fibers to reach
reasonable alignment, discovering limits for processing condi-
tions at which prediction performance diminishes. When fiber
orientation tensor values are known, quantitative values can be
determined or assigned for each of these qualitative comparisons
and have potential uses such as calculating the ratio between the
change in angle for a geometry and the rate of prediction diver-
gence, measuring the distance to reasonable alignment from a
point of interest, or determining bias values based on processing
conditions. Therefore, having measured fiber orientation values
across a large sample region allows for powerful quantitative and
qualitative comparisons that can be useful for designers and in
the development of tools to integrate experimental studies with
simulations for more accurate and useful predictions.

Local and Global Understanding. By designing the image
processing framework to locate fibers even at low magnification,
much larger sample cross-sections can be used to form a much
more global representation of fiber orientation over complicated
geometries. Recent work with fiber orientation has trended to-
wards much more precise understanding of fiber orientation us-
ing very high magnification sources such as SEM. While this is
very useful for understanding how to improve fiber orientation
prediction and are invaluable to improving simulation predic-
tions, this has a very limited understanding of the overall fiber
orientation behavior in sample geometries. This study makes use
of relatively low-magnification imaging and widely-used image
processing software to create a more global perspective of the
fiber orientation in sample geometries. While these techniques
do not necessarily have the same accuracy as high-magnification
methods, the loss in accuracy is made up for by having a much
more complete understanding of the overall fiber orientation be-
havior and how it potentially affects simulation predictions, pro-
cessing decisions, and design choices.

FIGURE 8: L-Channel mold with parts.

FIGURE 9: Sectioning plane for test geometry.

4.6 Experiment Details
Test Geometry. An L-channel shape was chosen due to the

highly uncertain behavior that occurs in the corner region and its
prevalence in component design and specifically heat exchanger
design. This geometry is useful for understanding how process-
ing conditions and geometric properties can affect fiber orien-
tation behavior in a drastic flow change and determining more
complex phenomena such as how far from the corner it takes for
the fiber orientation behavior to settle to a more consistent and
well-aligned situation. This test geometry along with part of the
injection mold used to create it are shown in Figure 8.

Test Material. In order to most accurately reflect the behav-
ior of the proposed heat exchanger design, the material selected
for the proposed design was used for this test geometry. This ma-
terial is a commercially-available carbon-fiber filled Nylon 12,
PolyOne NJ-6000 TC Black. The manufacturer-recommended
injection molding processing conditions along with the injection
molding machine specifications were used to determine the pro-
cessing conditions for manufacturing the test samples, detailed
in Table 2.

Experimental Procedure Details. The cross-section at the
midplane of the longest direction, demonstrated in Figure 9, was
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TABLE 2: Processing conditions for test sample.

Processing Condition Value Units

Injection Pressure 164 MPa

Injection Flow Rate 12 cm3/s

Melt Temperature 285 ◦C

Mold Temperature 30 ◦C

FIGURE 10: Example of collected microscope image with image
processing results overlaid on lower half.

chosen because it provided the most information on the over-
all fiber orientation of the geometry in a single cross-section,
a goal of the developed approach. A polishing apparatus was
constructed to provide a precise polishing base and improve sur-
face uniformity and quality and the polishing routine described
in Section 4.1 was utilized to polish the experimental samples.
With the sample sectioned and polished, it was microscope im-
aged to collect raw fiber orientation information. Based on an
exploratory analysis, a microscope setup was chosen that sup-
plied the most contrast between the fibers and surrounding ma-
trix, with the fibers reflecting the supplied light and appearing
white in the collected images and the matrix absorbing the sup-
plied light and appearing black. Based on this procedure, Fig-
ure 10 demonstrates a microscope image collected for the test
section.

5 RESULTS AND DISCUSSION
Simulation Framework. Using the processing conditions

outlined in Table 2, Moldflow R©, the industry-standard injection

molding simulation tool, was used to predict fiber orientation in
the sample L-channel geometry. The fiber orientation analysis
component of Moldflow R© presents the results as either the three
principle tensor values or the six tensor components in the global
coordinate frame. The principle tensor values are a representa-
tion of the fiber orientation tensor in a special coordinate system
in which the shear tensor components (txy, txz, and tyz) are zero
and is useful for gaining an understanding of the magnitude of
the primary tensor components with respect to the polymer flow.
For this study, the calculated tensor components are determined
with respect to the global coordinate frame and therefore the pri-
mary tensor values can not be used and rather the full tensor com-
ponent representation must be used.

Figure 11 shows the tensor components in the corner region
of the L-channel geometry in which the polymer flow experi-
ences a significant velocity change, which is the condition under
which a higher level of uncertainty is expected in the predicted
fiber orientation values. Thus, it provides the best location to
compare the predicted fiber orientation tensor values with the
measured ones. To create a continuous representation of the ten-
sor components at this location, multi-linear interpolation on the
calculated tensor components at each node. This is useful for the
comparison framework because the tensor values can be deter-
mined for any tensor region regardless of its size and position.

Comparison Results. The L-channel was sampled at 5x
magnification and analyzed across the shown region. A sample
image with the processed results is shown below. The image
processing framework was effective in identifying most of the
fibers in the sample images and was used to successfully develop
tensor plots for comparison to Moldflow R© results.

First, a more global understanding of the fiber orientation
behavior in the corner region of the L-channel was investigated.
Figure 12 shows the experimental measurements with a real-
tively coarse tensor region size substituted for overlayed the
Moldflow R© predictions in Figure 11, where the Moldflow R© pre-
dictions are retained where the flow enters from the top of the
corner and exits to the left. Only the primary tensor components,
txx, tyy, tzz, and txy, are shown since they are most representative of
the fiber orientation in this region and it is not possible to resolve
the signs for the remaining out-of-plane components. In the color
scale, blue represents a component value of 0 (no alignment) and
red represents 1 (full alignment).

It is shown that throughout the sample, the level of corre-
lation varies greatly. There are regions which the predicted and
experimental values match closely and others which the values
diverge greatly. Although this result is significant, it should not
be assumed that either the Moldflow R© prediction is incorrect or
the measurement is invalid. The L-channel geometry was chosen
specifically due to the very high uncertainty that occurs in the
sharp velocity change and the difficulty that arises in simulating
this behavior. Therefore, these findings do not suggest that there
are underlying flaws in the employed Moldflow R© fiber orienta-
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tion models, just limitations in highly uncertain flow situations
for which predictions may be insufficient and measured values
should be used instead.

The primary out-of-plane fiber orientation tensor compo-
nent, tzz, is negligible in the Moldflow R© predictions but not in
the experimental findings. This signifies an important design im-
provement in the out-of-plane thermal performance and could
lead to improved application results compared to the simulation
predictions. The conservative fiber orientation models did not
predict out-of-plane orientation for the in-plane velocity change
and therefore design changes that could have been introduced
to improve out-of-plane alignment would not have registered in
simulation predictions. This represents the importance of incor-
porating experimental fiber orientation measurements during the
design phase to ensure the heat exchanger that best utilizes fiber
orientation can be created.

Next, the exit region of the test sample was investigated us-
ing a high-resolution tensor region, shown in Figure 13. This
investigation allows for a more detailed comparison of the
Moldflow R© predictions and experimental values both for the exit
orientation and the transition within the corner region. Again,
differences between predicted and measured values should not
be used to disregard either value. Instead, experimental findings
can be used to bias or refine predictions in certain geometries and
other instances in which it is found that they diverge.

Based on the findings shown in Figure 13, the following gen-
eral conclusions can be drawn for this example. Iinsufficient fiber
information was collected along the left edge of the region to
accurately determine tensor components for the left-most tensor
regions. The primary out-of-plane tensor component, tzz, shows
little variation across the section but the simulation predictions
are too conservative in assuming no out-of-plane alignment and
there is poor agreement with the measured values. txx and tyy
correspond most directly with the direction of flow for the poly-
mer and show relatively poor agreement in the central region at
the exit of the corner while the surface areas at the inside and
outside of the corner have strong agreement between predicted
and measured values. This indicates a high level of uncertainty
at locations away from the mold walls and generally increasing
uncertainty with increasing radius from the interior of the cor-
ner. For this example, it would be valuable to use experimentally
measured values for centrally located regions in geometries with
rapid velocity changes while predicted values should be suffi-
cient for the remainder of the test region. Qualitatively though,
all of the experimental components appear to show variations
within this region that are similar to the predictions, which in-
dicates that it is possible to utilize the Moldflow R© simulations to
understand the effects of molding features on relative changes in
fiber orientation. However, more accurate absolute quantification
using the simulations does not appear to be feasible.

6 CONCLUSIONS
Thermally-enhanced and other fiber-filled composites that

have been introduced into the polymer marketplace can lead to
dramatic improvements in material properties, including thermal
conductivity and structural factors, but these properties are af-
fected by the fiber orientation within the component. This study
presents an approach to experimentally measure and calculate
the fiber orientation information for sample parts and demon-
strates a comparison framework for comparing measured values
to fiber orientation values predicted by the industry-standard in-
jection molding simulation tool Moldflow R©.

Previous work in experimentally determining fiber orienta-
tion was found to have three primary focuses when develop-
ing experimental methodologies: sectioning techniques, imag-
ing methods, and image processing algorithms. The developed
method successfully measured fibers in a simple section using
traditional light microscopy and relatively low magnification and
calculated fiber orientation tensor values at both high and low
resolution for both a global and local understanding of fiber ori-
entation. This allows the method to be applied to a range of fiber
orientation measurement applications and reduces many barriers
to implementation in many environments.

This study successfully developed a fiber orientation mea-
surement framework for comparing experimental results to simu-
lation predictions for injection molded thermally-enhanced poly-
mers. This is useful for studying advanced materials for which
the applicability of more traditional prediction tools is unknown.
Additionally, the flexibility of the developed method allowed
large sections to be studied while determining fiber orientation
at granular levels to develop both a global and local understand-
ing of fiber orientation in the test sample. The tool uses tradi-
tional tools and open source methods to maintain availability for
broad audiences. The developed method is useful for overall test-
ing, such as manufacturing verification of expected overall fiber
orientation in sample parts and is useful for determining a qual-
itative understanding of the fiber orientation behavior as well as
generating qualitative results for direct comparison to simulation
results.
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(a) txx. (b) tyy. (c) tzz.

FIGURE 11: Moldflow R© tensor component results.

(a) txx. (b) tyy. (c) tzz.

FIGURE 12: Tensor results.

(a) txx. (b) tyy. (c) tzz.

FIGURE 13: Detailed tensor results.
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