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Abstract 

Short and long fiber reinforced thermoplastics are a feasible alternative to develop lightweight 
materials for semi-structural and structural applications, respectively. These composites present 
a layered structure showing a complex tridimensional structure along the molding, created 
during the forming stage.  The details of short fiber orientation in a center-gated disk with 
diameter of 1.38 mm were obtained in several regions including the gate and advancing front.  
Several modifications were introduced in the method of ellipses to obtain unambiguous 
orientation of 30 % short glass-fiber PBT.  The unambiguous Arθ component was successfully 

obtained with the modified method. The results also showed an asymmetric distribution of fiber 
orientation that gradually washout as the flow progress. In addition, the initial orientation 
measured at the gate presented a fiber distribution different from the random orientation that is 
assumed in literature for a center-gated disk.  Additionally, the initial results of this modified 
method to assess the complex structure of a 30 % long glass-fiber PP end-gated plaque are 
shown. 

Background 

Short and long fiber composites have generated commercial interest in the manufacturing of 
lightweight parts used in semi-structural and structural applications, respectively.  The improved 
mechanical properties in these materials are defined by the tridimensional structure of the 
fibers, established mainly during the forming stage of the parts due to the flow-induced 
orientation.  In the case of short fibers (i.e. l < 1 mm, where l denotes the length of the fiber), 
they are rigid particles and the structure is well characterized by simply the orientation of the 
fibers.  In the case of long fibers i.e. l > 1 mm, their characterization is more complex due to the 

semi-flexibility of the fibers given by its length.  However, a reliable and cost-effective 
experimental method to quantify the final three-dimensional (3D) orientation state in short fibers 
and account for the semi-flexibility description of long fibers, is not available. 

The evaluation of the internal structure in short fibers is easier and mature when compared 
with the long fibers.  Optical1 and irradiation2 methods are the standard methods to evaluate the 
fiber orientation of short and long fibers, respectively.  A complete review of additional methods 
can be seen elsewhere3.  The optical methods use two-dimensional (2D) data and stereological 
principles to obtain an incomplete 3D description of orientation within the part.  This 
incompleteness in orientation can be attributed to the geometrical limitations inherent to the 2D 
method used to quantify the orientation, known as the method of ellipses3.  This limitation is 
commonly referred to as an ambiguity problem because one of the angles used to describe the 
fiber orientation cannot be determined unambiguously3.  In spite of this limitation, the simplicity 
and reduced cost has made the method of ellipses, the preferred method to evaluate fiber 
orientation. 
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The irradiation methods used in the characterization of long fibers are non-destructive 
techniques able to give a complete 3D representation of the orientation.  However, these 
methods require extremely expensive equipment, which has limited their applications in detailed 
and complete studies4.  Recently, based on the assumption of rigid long fibers, the method of 
ellipses have been used to characterize long fibers in several positions of end-gated5 and 
center-gated6 molded parts. 

In the last 15 years, several experimental techniques claiming the elimination of the 
ambiguity have been developed 3,7.   One of these techniques claimed a simple solution of the 
problem using a method named shadow - scanning electron microscopy (SEM) introduced by 
Averous 8 and recently used by Reginer et al. 9.  However, use of SEM increases the cost and 
problems associated with SEM.  Therefore, an analogous approach based on the shadow 
tracking method is proposed here.  The advantage of the proposed method is the use of 
reflection optical microscopy to acquire the micrograph.  This has the benefits of cost reduction 
and greater simplicity of the method.   The correct direction of the fiber is determined based on 
the location of a shadow at an extremity of the ellipse. 

The objective of this paper is to develop a simple and unambiguous method to obtain the 
tridimensional structure of short and long fibers in fiber reinforced composites.  Firstly, the 
elimination of the ambiguity problem is addressed by introducing simple and inexpensive 
modifications to the method of ellipses.  Secondly, the modified method of ellipses is extended 
to capture the bending of the long fibers.  In the new procedure, the semi-flexibility of the fiber is 
obtained by constructing a tridimensional end-to-end vector based on the elliptical footprints 
found in multiple planes evaluated through the thickness of the part.  The initial results of this 
approach to determine the structure of long fibers are shown. 

Description of Fiber Orientation in Composites 

A short fiber is assumed as a cylindrical, rigid, straight rod.  Therefore, its spatial orientation 

can be described using spherical coordinates with the azimuthal () and zenith () angles as is 
shown in Fig. 1.  These angles are used to construct an orientation unit vector p parallel to the 
backbone of the particle defined as 

 1 1 2 2 3 3p p p  p δ δ δ  (1) 

where the components are defined as: 

 
1 2 3sin cos      sin sin      cosp p p        (2) 

The orientation of a population of fibers can be described using orientation tensors, as 
proposed by Advani and Tucker 10.  The second order orientation tensor (A) is the most widely 
used tensor representation of the orientation state in the thermoplastic composite literature.  

 ij i jA p p A  (3) 

where _  represents the ensemble average of the dyadic product of the unit vector p over all 

possible orientations at a certain position and time.  Experimentally, the unbiased weighted-
average second-rank orientation tensor is computed by 11  
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Figure 1.  Orientation components for a single fiber description. 

where Fn is a volumetric weighting function used to transform the orientation measured over the 
polished plane into the volume of the composite. The simplest and commonly used weighting 
function is described by Bay and Tucker11.  In this model the correction is inversely proportional 
to projected fiber surface 12 and is described by  
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where dn is the diameter of the n-th fiber ar is the aspect ratio.  

Method of Ellipses 

The method of ellipses3 is a 2D technique commonly used to characterize orientation in 
short fiber composites.  A specimen taken from a region of interest in a composite is cut, 
mounted, and polished using common metallographic techniques.  The sample is plasma 
etched for a long time and gold sputtered to increase the contrast between the matrix and fibers.  
Then a reflective optical microscope is used to acquire the images of the surface of the 
sample13.  The resulting image has multiple elliptical footprints representing fibers cut by the 
surface plane of the polished sample. 

Five geometrical parameters are measured from each ellipse and subsequently used to 
construct the vector of orientation.  Fig. 2 can help to visualize the parameters directly 
measured from each ellipse.  The fiber position is determined from the horizontal and vertical 
center of mass (hc, vc) of the ellipse.  The remaining parameters are the minor (m) and major 

(M) axis of the ellipse and the azimuthal angle () defined with respect to the x1-axis and M.  
Due to the 2D nature, the azimuthal angle is commonly referred to as the in-plane angle while 

the out-of-plane angle has been commonly used to refer to . Using geometrical principles, the 
out-of-plane angle is determined by: 

 1cos
m

M
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Figure 2. Definition of five geometrical vc, hc, m, M, and ϕ parameters measured in each ellipses to extract the 
orientation information. 

Ambiguity Problem in Short Fiber Orientation 

An intrinsic limitation in the method of ellipses is the inability to give complete information 
about the orientation of the fiber11.  The problem is that any detected ellipse can represent fibers 
inclined in two possible directions.  Fig. 3 depicts the problem of ambiguity for two fibers with 
identical ellipses.  The perspective views show clearly the differences between these two fibers 
on a Cartesian coordinate system.  However, the geometrical transformation in the method of 
ellipses requires the use of spherical coordinates which causes the ambiguity.  Both fibers have 
identical out of plane angle, θ; but the in-plane angle is ambiguous because the ellipse cannot 

distinguish between an in plane angle is ϕ or ϕ + . 

The ambiguous angle affects the estimation of some components of the orientation tensor.  
Consider the analysis for a polished plane-12 in order to show the effect of ambiguity.  After use 
the Eq. (4), the major components and the A12, are completely determined, consequently they 
are not affected by the ambiguity of ϕ.  However, the sign of the A13 and A23 orientation 
components still remain undetermined for every individual fiber. 

 

Figure 3. Ambiguity in fiber orientation.  The fiber drawn using continuous line has identical elliptical footprint and out-

of-plane angle as the dashed-line fiber, but they differs in out-of-plane angle. ϕ and ϕ + , respectively. 
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Correction of Ambiguity by Using the Methods of Shadows 

A controlled plasma etching is used to excavate the polymer matrix surrounding the fibers an 
exposing their tip.  The extreme of the fibers exposed to the air has a dark color that we called 
shadow and is located at one of the extremes of the major axis of the elliptical footprints.  In the 
proposed method, the presence and location of the shadow is confirmed manually after the step 
of characterization using the method of ellipses.  Fig. 4 can help understand the implementation 
of the in-plane angle correction based on the location of the shadow.  How these shadows are 
related to a fiber and how the in-plane angle is corrected are shown using a perspective and 

stop view in Fig 4(a) and (b).  As noted in Fig 4(a) when the shadow is located with a shift of  

(s = m +   ) with respect to the measured in-plane angle (m), no correction is required (corr = 

m).  However, when in Fig 4(b), the correction of corr = m +  is required because shadow and 

the measured in-plane angle (s = m ).  This convention is based on the fact that when a 
shadow is present, its contour will be located in an underneath or sub-surface plane.  No 
correction in the in-plane angle is introduced when a footprint is absent of shadow or its 
presence is practically imperceptible. 

 

Figure 4. In-plane angle determination for fiber inclined toward (a) right and (b) left hand side.  The in-plane angle for 
each case is observed on a projection in the rz-plane for each case. 

Materials and Methods 

A 75% short shot center-gated disk of 30wt% short glass fiber PBT with average mass of 
18.09 g, average internal diameter (ri) of 2.97 mm, average outer diameter (R) of 51.34 mm, 
and average thickness (2h) of 1.39 mm were molded.  The filling time of the part was 
approximately 1 s and the injection pressure was estimated to be 20 MPa.  The weighted 

average length of the fiber was 364m.  

The disk was cut at several locations, one along a line of constant θ and three additional 
cuts tangent to r to obtain specimens containing the initial orientation, 10%, 40% and 90% of (R-
ri) .The initial orientation of the fibers was experimentally determined at the gate using method 

of ellipses [4] with a modification to obtain unambiguous orientation.  The specimen was 
metallographically polished in r,z-planes, plasma etched for 40 mins, and gold sputtered.  A 
single-column of images were taken using reflective optical microscopy (20X) with a motorized 
stage.  The images were stitched and the ϕ , θ and the relative position of the shadow were 
obtained using an in-house program written in Matlab.  Then, the A was computed using Eq (4-
5) and the corrections due to the shadow.  The orientation was determined in a similar manner 
along the gapwise direction at 10%, 40% and 90% of (R-ri). 
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Results and Discussion 

Ambiguity Correction  

Correct values of Arθ are important to completely describe the 3D fiber orientation in the 
center-gated disk.  Values of Aθz ≈ 0 were found at all locations in the disk, for this reason is not 
considered its analysis is not considered in this section.  The off-diagonal component Arθ 
represents the average tilt of the fibers projected on the rθ- plane, have structural implications.  
Therefore, three possible conditions can be described by the Arθ :  Arθ ≈ 0, Arθ > 0, and Arθ < 0 
denoting no tilting, tilting in counter-clockwise direction, and tilting in clockwise direction, 
respectively.  The example illustrated in Fig. 5 can help to understand the structural importance 
of Arθ.  When the ambiguous angle is used the values of are assumed to be positive, which 
imply that all fibers are tilted in one direction and Arθ > 0.30 as shown in Fig. 5(a).  However, 
when the unambiguous angle is corrected the fibers tend to be tilted in positive and negative 
directions as shown in Fig. 5(b). Therefore, the distribution of fiber in both direction causes 
values of Arθ ≈ 0.  

 

Figure 5.  Structural information related to the Arθ components based on (a) no correction of the in-plane angle and 
(b) correction of the in-plane angle using the information of the shadows 

The effect of the ambiguity correction on Arθ at several radial locations was determined by 

comparing the orientation obtained using the standard method of ellipses (sMoE) and the 
proposed method (mMoE).  The sMoE approach only takes into account elliptical footprints with 
ambiguous ϕ while mMoE includes all footprints with unambiguous ϕ.  In Fig. 6, a significant 
difference in Arθ in the gate region between sMoE and mMoE can be seen at all z/H locations.  
In this figure, the nearly flat orientation profile with approximately constant Arθ values, i.e. Arθ ≈ 
0.30 obtained by sMoE contrasts markedly with the asymmetric profile having fluctuations with a 
mean of Arθ ≈ 0 obtained from mMoE.  Similar features in Arθ profiles were found at all radial 
locations for both sMoE and mMoE approaches. 
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Figure 6. Effects of ambiguity in Arθ evaluated by the standard method of ellipses (sMoE) and the proposed 
(mMoE) approaches at the gate region of a center-gated disk 

Short Fiber Orientation in a thin center-gated disk 

Figure 6 shows the Arr values along the thickness measured at 0%, 10%, 40% and 90% (R-ri) 
for PBT filled with short glass fibers.  In this figure, the Arr profile at the gate (0% (R-ri)) shows 

an asymmetric profile that is different than the random orientation profile, typically assumed in 
numerical simulations of center-gated disc. In addition, several changes in the magnitude and 
distribution of the Arr compared to the orientation at the gate can be observed as the flow 
progress.  The initial asymmetry fades as a function of the radial location.  However, 
experimental results suggest development of a symmetric orientation or stable structure of 
orientation for disks at r ≥ 40% (R-ri) as postulated by Rao and Altan [8].   Therefore, this 
observation suggests the formation of a secondary structure of orientation different from the 
accepted layered structure.   This additional structure which evolves from the gate to about 
40%R along the flow direction has not been previously reported.  The impact of this structure on 
the mechanical properties can be critical to determine areas of weakness around the gate for 
large parts, especially when they have multiple gates. 

 

Figure 7. Evolution of orientation in a 75% short shot showing the washout of the asymmetric initial orientation in a 
center-gated disk. 
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Capturing the Flexibility of the Fibers 

The assumption of rigidity is not necessarily valid for long fibers.  Several theoretical 
approaches have been developed to model the orientation of long fibers14,15.  Experimentally, 
work has been done on the basis of the rigid fiber assumption using the standard method of 
ellipses, due to simplicity of experiments as well as to utilize the description of the orientation 
tensor developed short fibers5,6,16.  Recently, work has been completed utilizing the end-to-end 
vector to indicate orientation15.  However, this work presents some limitations in that it assumes 
a two-dimensional end-to-end vector, whereas this assumption is not necessarily valid in a 3D 
matrix.  Therefore, the three-dimensional orientation as captured by the bead-rod model will be 
collapsed into an end-to-end vector, so as to maintain the same mathematical description as for 
short fibers. 

The experimental approach is to collect images at multiple planes throughout the depth of 
the sample.  By using the modified method of ellipses for each plane, the 3D projection of the 
fiber can be established from plane to plane, as shown in Figure 8. 

 

Figure 8. Representation of a fiber passing through subsequent vertical planes (a), with the red lines serving as 
visual guides, and (b) the application of the bead-rod and end-to-end vectors for the same fiber 

 

This experimental approach is currently undergoing testing and evaluation for an end-gated 
plaque of 1.5 mm thickness.  The height of the sample has been differentiated into 15 vertical 
bins of 100 microns each.  The sample will be polished to the center of each bin for image 
collection, such that the centerline of the sample is located in the middle of the central bin. 

Adaptation of the software to combine images from multiple planes is still under 
development.  However, preliminary results show the assumption of rigidity is not valid for long 
fibers, as shown by the curvature present in Figure 9.  A noticeable amount of fiber clustering is 
also seen.  It is unclear at this point if this clustering is resultant of the flow, or as a product of 
insufficient fiber dispersion prior to injection.  The black spaces throughout the image are voids 
formed within the sample during the molding process. 
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Figure 9. Image captured of long glass fibers at approximately 90% of the flow direction in a end-gated plaque 

 

The following image was taken after 60 minutes of plasma etching, which was done to 
remove a minimal layer of the PP matrix.  Figure 10 shows the curvature of several fibers, both 
in-plane as well as out-of-plane as seen by the elliptical form of the cross-section.  The shadows 
visible at the ends of the ellipses will be used to project the fibers into the subsequent planes 
below as discussed previously in Figure 8. 

 

Figure 10. Fiber curvature and shadows at 20X magnification for an end-gated plaque at 90% of the flow-direction 
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Summary 

The experimental results indicate that the profile of orientation at the gate was asymmetric 
and evolved into a steady layered structure of orientation at a radial location larger than 40% of 
the flow length.  This suggests that the typical assumption of initial orientation as a symmetric 
random profile is not very accurate for a center-gated disk.  An asymmetric profile was also 
found in the Arθ component at the gate.  

A combination of the bead-rod model and end-to-end vector is being evaluated.  By imaging a 
sample at multiple planes throughout the depth, the 3D plane-to-plane projection and orientation 
of a long fiber can be determined.  Imaging software to analyze these multi-plane images 
concurrently is still under development.  However, preliminary results have shown that the rigid 
rod assumption for long fibers is not valid.  The use of the modified method of ellipses via 
plasma etching and shadow tracking has shown to be possible for analyzing the plane-to-plane 
images. 
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