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Abstract 
Knowledge of the fiber orientation distribution (FOD) in injection molded parts is of crucial 
importance for understanding their mechanical behavior. For injection molded components appropriate 
gate design and process conditions are important for optimized material and structural performance. 
Prediction of the mechanical behavior of components based on information of the local microstructure 
requires accurate prediction of the evolving fiber orientation. While in former releases the predictive 
models available in commercial codes typically need major adjustments of model parameters, AMI 
2016 shows a good match of the experimentally determined orientations in most cases. For this 
purpose, a comprehensive experimental investigation has been conducted to evaluate the effect of part 
thickness and melt flow on the developing microstructure. Autodesk Moldflow has been used to 
predict FOD, utilizing mainly the residual strain closure model. Additionally, the part geometry was 
modelled in 3D. Comparison between the predicted and measured orientations on several part positions 
as well as the influence of modified Ci and RSC values on prediction accuracy will be shown 
accordingly. 
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1 Introduction 

Fiber orientation distribution (FOD) and fiber length distribution (FLD) are essential for shrinkage & 
warpage as well as mechanical properties of fiber reinforced polymers. The final FOD is determined 
during the injection molding process by tool design, process conditions and material design. 
Integrative simulation shows a good opportunity to evaluate mechanical properties upfront, assuming 
the former flow simulation provides accurate FOD. However, a comprehensive quantitative 
comparison of simulated results to experimentally determined values is still missing in terms of part 
geometry and simulation parameters [1]. For this purpose computed tomography (CT) investigations 
were carried out using sub-μm CT device. Results obtained with the CT were compared to the 
predicted values for two different geometries. 

2 Methodology 
The Borealis shrinkage tool (in-house development) (see Figure 1) was chosen as a proper tool for this 
investigation as it mimics both main flows in injection molding process, i.e., parallel and radial flow. 
As the shrinkage tool was originally designed for automotive purposes, different thicknesses are 
available, whereby 2 mm and 3.5 mm were taken into account.  In Fig. 1 the two cavities – sector and 
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stripe – are depicted in combination with the fiber orientation measurement locations. Small specimens 
in the dimension of approx.  4 x 4 mm were characterized via CT either for the whole thickness (2 mm 
thick samples) or half the thickness (3.5 mm thick sample). Four different probes of each cavity, three 
along the axis of symmetry (close the gate, centered, end of flow path) and one probe on the cavity 
edge (edge effect) were taken as reference for the experimental-numerical comparison. The 
commercial grade GD301FE from Borealis with 32w% fiber content was used for all samples. 

  

  
Figure 1: Borealis shrinkage tool with two cavities: Sector a) and stripe b) with the fiber orientation measurement 

locations. 
 
2.1 Computed Tomography 
 
The CT scans were done on a sub-µm laboratory CT device Nanotom (GE Phoenix|x-ray, Germany). 
The required voxel size depends on the fiber diameter, the difference in density of polymer and fibers 
and the length of the fibers. Previous studies have shown that a good compromise between resolution 
and size of analysis volume can be obtained by using a resolution of 3 µm voxel size for glass fibers 
with a mean diameter of 13 µm. [2] Using the extended mode (the number of detector pixels is doubled 
in horizontal direction) it is possible to scan the whole cross section of a standard MPS. 
For data analysis an in-house software was used. This allows for the segmentation and characterization 
of each single fiber. It was shown that the fiber orientation can be determined with high accuracy even 
at limited data quality and resolution. [3] 
By extracting start and end point it is possible to calculate fiber orientation, fiber length and other 
geometrical details of every fiber. 

2.2 Process Simulation 

The simulation of the injection molding process was done with Autodesk Moldflow Insight 2016 (AMI 
2016) on a 3D mesh, whereat special attention was taken on the mesh quality of the Moldflow model. 
In particular, a mesh size of around 0.5mm in the relevant sample area was created with the software 
Altair Hypermesh. A resolution of 8 elements through the thickness was taken as a compromise 
between prediction accuracy and applicability to complex components in terms of computational cost 
& feasibility. Important to note is that the mesh layer thickness increases from skin to core, i.e., coarser 
mesh in the core. Moldflow process parameter (e.g. injection speed profile, etc.) fully coincide with the 
test specimen production in the Application Hall (Moldflow MPX system). Two different models are 
available for short glass fibers: Moldlfow/modified Folgar-Tucker (FT) [4] and residual strain closure 
(RSC) [5]. In the fiber orientation prediction models, all parameters can be either calculated 
automatically by Moldflow or default values can be used, i.e., no further input of the user is required. 
However, to match the predictions with the experimental findings, manual adjustment of the 
parameters is possible and in some cases necessary. The coefficient of fiber interaction (Ci), which can 
be adapted in both models from 0 (no fiber interaction) to 0.1, describes the reduced speed of fiber 
alignment due to the remarkably high fiber content in commercial composites.  In the RSC-model 



additionally to Ci, the RSC parameter can be chosen to enhance prediction capability between 0 and 1. 
It is worth noting that no automated procedure has been developed to calculate the RSC parameter, but 
0.05 is used as default value instead. However, to find the best model parameters, an optimization 
routine was developed that allows for automatic runs of numerical simulations and comparison to 
experimental results.  

3 Results 

Utilizing CT it is possible to detect all fibers within the relevant samples, which allows to precisely 
calculate the fiber orientation of each single fiber and consequently also for the whole probe. Figure 2 
shows the fiber orientation tensor along the flow direction A11 for the sample taken at the center of the 
sector (A) and stripe (B). Obviously, the parallel flow of the stripe cavity results in higher A11 values 
compared to the sector.  Not only the thickness of the shear layer increases, but also the minimum A11 
values in the core stay at higher levels.

 

Figure 2: Fiber orientation A11 for samples 2 (A, Sector) and 6 (B, Stripe) at 2mm thickness. 

The optimization routine itself is coded by Matlab software, which starts automatically the necessary 
loops of numerical simulation. Ci is optimized first with a constant default value of RSC. Reading in 
the fibre orientation measured by CT and those computed by Moldflow, the A11 matrix over width and 
thickness is plotted and an average error is calculated. This was considered as the relevant factor for 
optimizing fiber model parameters. 

In Fig. 3 the former described average error is plotted as a function of Ci for the samples 2 and 6, 
which are both positioned at the center of the respective cavity. The default values (Ci = 1.92E-2 & 
RSC = 5E-2) are pointed out by the black markers. A low Ci-Value of 1E-5 – almost no fiber 
interaction – overestimates the fiber orientation in the relevant shear layer, while a high Ci-value of 
1E-1 flattens the whole profile on an average A11 value of approx. 0.5. In contrast to former software 
releases, AMI 2016 shows a good correlation to measured values. Improvements are possible for radial 
flow but depends on the position (end of flow) and on the application (load case). Samples taken from 
stripe (parallel flow) show generally a much lower average error. The optimized Ci value ranges from 



1.92E-2 (default value) to 5E-2, while RSC value stays at the default value of 0.05. Just seldom (e.g. 
Sample 3) the standard Folgar Tucker Model shows better results. 

 
Figure 3:  Average deviation as a function of Ci for Samples 2 & 6 as well as the predicted and measured A11 

over thickness at center position for selected Ci-values of Sample 2. 
 
To investigate the effect of flow length, samples were also characterized at different part positions – 
start flow (close to gate), mid flow (center) and end flow (end of cavity). Additionally, part thickness 
was also taken into account. In Fig. 4 the fiber orientation A11 is plotted as a function of normalized 
part thickness for radial and parallel flow. The evolution of the fiber orientation with flow length in the 
experiment is nicely captured by the process simulation, using default parameters. For the radial flow 
dominant sector, the characteristic core area is also well described for the 3.5 mm thick cavity. In 
contrast to this finding, for the stripe the orientation in the core can only be predicted to a lesser extent. 
It is also worth mentioning that no influence of the flow length and part thickness on the numerical 
result was found. Usually larger part thickness not only results in lower fiber orientation A11values in 
the core but also increases the core width. However, this behavior can only be seen for the radial type 
of flow. As the mesh resolution in the core is worse compared to the skin, predictions of the core layer 
fiber orientation need to be handled with care. 



 
Figure 4: Influence of flow type and normalized part thickness on the Predicted and measured fiber orientation 

  (A11 as a function of thickness at center position). 

4 Conclusions 
Computed tomography was used to determine fiber orientation as a reference for simulation models. 
Data quality and applied resolution allow for a high accuracy of the orientation tensor. The latest 
release of Autodesk Moldflow Insight has provided accurate results and overall good match to the 
experimental fiber orientations. Further improvements may focus on a better representation of the core 
layer and the influence of part thickness. This can be done changing the layer thickness distribution or 
by increasing the total number of layers. Nevertheless, further studies are required to identify model 
prediction capabilities for the entire part thickness. 

Consequences on shrinkage & mechanical part behavior may also be affected by the results and to be 
considered in further studies. 
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