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Abstract 
This paper presents an experimental-modeling approach to predict the elastic 

properties of long-fiber injection-molded thermoplastics (LFTs). The approach accounts 
for fiber length and orientation distributions in LFTs. LFT samples were injection-molded 
for the study, and fiber length and orientation distributions were measured at different 
locations for use in the computation of the composite properties. The current fiber 
orientation model was assessed to determine its capability to predict fiber orientation in 
LFTs. Predicted fiber orientations for the studied LFT samples were also used in the 
calculation of the elastic properties of these samples, and the predicted overall moduli 
were then compared with the experimental results. The elastic property prediction was 
based on the Eshelby-Mori-Tanaka method combined with the orientation averaging 
technique. The predictions agree reasonably well with the experimental LFT data. 

Background 
Long-fiber injection-molded thermoplastics have generated great interest within the 

automotive industry since these materials that have already been used for semi-
structural applications are now candidate materials for structural applications to reduce 
vehicle weight.  LFTs offer much better mechanical performance than the short-fiber 
counterparts since long fibers owing to higher fiber aspect ratios considerably increase 
the composite stiffness and strength, and enhance creep and fatigue endurance [1-2]. 
Although LFTs have been commercially available for nearly twenty years and have been 
used in the automotive industry for more than fifteen years [3], there exists little 
experimental and modeling work on these materials.  The objective of our research is to 
develop computational tools to assist in development of LFTs for automotive applications 
[4-6]. To use LFTs for structural applications, it is essential to be able to (i) predict the 
as-formed LFT microstructure as a function of the constituents’ properties and 
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characteristics as well as processing parameters, (ii) predict their thermoelastic 
properties and nonlinear responses as a function of the microstructure, and (iii) develop 
characterization methods to obtain all the key microstructural data for the model 
validation.  This paper presents the state-of-the-art of process-linked-property prediction 
by applying the current process model to simulate the injection-molding of long glass 
fiber filled polypropylene and then utilizes the predicted LFT microstructure to compute 
the effective elastic properties of the final composite [4-6]. 

In order to predict the orientation state due to an injection molding process, the 
equations of balance of mass, momentum, and energy must be solved so that a velocity 
field can be computed. In a flow/orientation decoupled approach, the orientation state is 
determined using the velocity field that is computed as if fibers were absent. The Folgar-
Tucker model has been used for more than two decades to simulate the flow-induced 
fiber orientation in short-fiber systems [7]. This model contains a parameter named  
accounting for the fiber-fiber interaction in non-dilute fiber suspensions. Applying the 
Folgar-Tucker model to LFTs shows that this model cannot capture fiber orientation in 
these materials. For instance, it cannot predict the larger core that exists in the 
skin/shell/core orientation layer structure of LFTs. Recently efforts have been made to 
improve the Folgar-Tucker model for concentrated suspensions in which intense 
fiber/fiber interactions slow down fiber rotation.  An additional factor was then introduced 
to slow down fiber rotation, and the improved model is defined as the reduced strain 
closure (RSC) model [8]. In this paper, the RSC model was used to predict the fiber 
orientation in LFTs. 

IC

The current approach to predict the elastic properties of a discontinuous fiber 
composite includes two steps. The first step computes the elastic stiffness of a 
“reference” composite that contains unidirectional (UD) fibers having the same features, 
volume fraction and length distribution as for the actual composite. In the second step, 
the stiffness of the actual as-formed composite is obtained from the stiffness of the 
reference composite that is averaged over all possible orientations using the orientation 
averaging technique [9-10].  There is a large body of literature addressing the 
computation of the elastic stiffness for the aligned fiber composite using 
micromechanical modeling or numerical simulations of a composite representative 
volume element. To date, the Eshelby’s equivalent inclusion method [11] combined with 
the Mori-Tanaka model (EMT) [12] is one of the most effective models in terms of 
accuracy and efficiency of the prediction [13-17]. This paper employs the EMT 
formulation developed in [16-17] to compute the stiffness of the UD composite that 
contains a fiber length distribution. The orientation averaging method [9-10] is then 
applied to compute the stiffness matrix of the actual LFT composite containing a fiber 
orientation distribution (FOD). 

Modeling Approach to LFTs 
This section describes the key steps in the computation of the elastic properties of a 

LFT composite that include a description of fiber length distribution, prediction of fiber 
orientation, and computation of the elastic properties. 

Description of Fiber Length Distribution 
 Important fiber length attrition occurs during the injection molding process. As a 
consequence, the remaining average fiber length is much less than the initial length of 
the thermoplastic compounds used for injection-molding. There is a fiber length 

Page 2 
 



distribution (FLD) in the final composite that needs to be determined for property 
prediction.  A common description of the length distribution is the probability density 
function (PDF) f(l) defined such that the probability of a fiber having a length between l 
and l+dl is f(l)dl. This function must be normalized such that 
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Similar to Eq. (2), the discrete approximation to  using the experimental/histogram 
data is 
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The measurement of fiber lengths in LFT samples shows that the actual fiber length 
distributions are unsymmetrical and exhibit a shape having a sharp peak in the short 
fiber range and a long “tail” towards the long fiber range ( > 1mm).  The two-parameter 
Weibull’s distribution function can be used to represent an experimental FLD. The 
Weibull’s probability density function is given by: 
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where b and c are the shape parameters. 

Prediction of Fiber Orientation 
The flow-induced fiber orientation is predicted by the RSC model described in [8]: 
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where  and  are the second and fourth-order orientation tensors, respectively. ijA ijklA ijω  
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is the vorticity tensor, and ijγ&  is the rate of the deformation tensor whose scalar 

magnitude is γ& . ijδ is the identity tensor. κ  and  are material constants; IC κ  depends 

on the fiber aspect ratio, and  is called the interaction coefficient. SRF is an empirical 
factor that is introduced to slow down fiber rotation in concentrated fiber suspensions. A 
closure approximation is necessary to estimate  from . Equation (6) was 
established for short-fiber systems and has been a first step to improve the Folgar-
Tucker model in order to predict fiber orientation in concentrated suspensions.  This 
paper assesses the applicability of Eq. (6) for fiber orientation prediction for LFTs. 

IC

ijklA ijA

Prediction of Elastic Properties 
The stiffness matrix of a unidirectional (UD) fiber composite containing a fiber length 

distribution is given by: 
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where is the stiffness matrix of the UD fiber composite having the aspect ratio 
l/d. is the probability density function that can be expressed for number or weight of 
fibers. In this paper  for weight of fiber lengths (

)/(* dlCijkl

)(lp
)(lp )()( lwlp = ) is used in the 

calculation of the composite elastic properties.  The Eshelby-Mori-Tanaka (EMT) method 
developed in [16-17] was applied to compute , and after the calculation of the 

resulting  using Eq. (7), the elastic stiffness of the actual composite having an as-
formed fiber orientation state is computed using the orientation averaging method [9-10]: 
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where the coefficients  (i = 1, 5) are related to the stiffness components of the UD 
transversely isotropic composite (Eq. (7)). These coefficients are given in [9-10]. 

iB

 

Results and Discussion 
Long glass fiber/polypropylene compounds were procured from Montsinger 

Technologies. Injection-molding was carried out for the center-gated disk and ISO-
plaque geometries. The 13-mm pellets were injected using two different volume flow 
rates (16.4 cc/sec and 131.1 cc/sec) in order to study the effect of the injection speed on 
the composite microstructure. In this paper, a center-gated disk formed under fast fill 
conditions and an ISO-plaque injection-molded under slow fill conditions are analyzed. 
The weight fraction of glass fibers for both geometries is 40%. This corresponds to 
19.2% fiber volume fraction. The center-gated disk is 3 mm thick and has a diameter of 
177.8 mm. The ISO-plaque is also 3mm thick, and is 90 mm long and 80 mm wide. 
Three regions denoted as A, B, and C located at 6 mm, 34 mm, and 64 mm on the 
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center-gated disk, and at 15 mm, 45 mm, and 75 mm on the ISO-plaque, respectively, 
were considered for fiber length and orientation measurements. A population of 2000 
fibers was taken in each region for fiber length measurement [6]. Tensile specimens 
were cut from the injection-molded samples for mechanical testing in order to obtain the 
longitudinal and in-plane transverse moduli. In the ISO-plaque, tensile specimens were 
cut along the sample longitudinal and in-plane transverse directions while in the center-
gated disk, the specimens were cut along two perpendicular radial directions. 

Fiber Length Distribution Results 
For the each type of specimens, similar FLD results have been obtained at the three 

above-mentioned regions. Therefore, the FLDs for the regions B are illustrated in this 
paper. Figures 1 and 2 show the FLDs in terms of number of fibers vs. fiber length and 
the probability density function for weight of fibers for the center-gated disk. These FLDs 
are the results corrected using a method explained in [6] to obtain an unbias length 
distribution from the raw data. This method considers the experimental sampling region 
specified by the diameter, d.  On these figures are also presented the Weibull’s fits. The 
FLD results for the ISO-plaque are illustrated in Figs 3 and 4. For both specimens, it is 
obvious that the Weibull’s distributions for number of fibers can only represent the actual 
distributions in an average manner and cannot capture the peaks of these distributions.  
However, the Weibull’s fits for the PDFs for weight of fibers capture the actual FLDs very 
well. 

 

Figure 1:  Corrected FLD in terms of number of fibers vs. fiber length for the center-gated disk. 
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Figure 2:  Corrected FLD in terms of PDF for weight of fibers vs. fiber length for the center-gated disk. 

 

Figure 3:  Corrected FLD in terms of number of fibers vs. fiber length for the ISO-plaque. 
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Figure 4:  Corrected FLD in terms of PDF for weight of fibers vs. fiber length for the ISO-plaque. 

 

Fiber Orientation Distribution Results 
Figures 5 and 6 present the predicted and measured through-thickness values for 

the components of the second-order orientation tensor for the region B of the center-
gated disk. The results for the ISO-plaque are given in Figs 7 and 8. The predictions 
were performed using the RSC model implemented in ORIENT, a finite difference code 
developed at the University of Illinois [18]. On these figures is presented the z-coordinate 
normalized by the specimen thickness h. The SRF and  parameters identified for both 
specimens are 30 and 0.03, respectively. The measurements were carried out using the 
method developed in [19].  The correlation of results shows that only the predictions for 

 are reasonably good while the values are under-predicted, and this leads to the 
over-predictions of  since

IC

11A 22A

33A 1332211 =++ AAA .  is poorly fit for both specimens. 31A

Results for Elastic Properties 
 The elastic modulus of glass and polypropylene used in the computation are 73 GPa 
and 1.5 GPa, respectively. Poisson’s ratios are 0.25 for glass fibers and 0.4 for 
polypropylene. The fiber length and orientation distributions given in Figs 2, 4-8 were 
used in the computation. The results for the center-gated disk and ISO-plaque are 
illustrated for the moduli  and  in Figs 9-12, respectively. As the Weibull’s FLDs 
for weight capture the actual FLDs very well, the predictions using these Weibull’s 
distributions are indistinguishable from those using the actual FLDs. Also, since the 
predictions for  are good, these result in good predictions for the modulus . 

11E 22E
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However, the under-predictions for  lead to under-predicting . Tables 1 and 2 
provide the overall elastic properties predicted for the center-gated disk and ISO-plaque, 
respectively. The overall elastic properties of the specimen can be determined by 
considering the specimen as being formed by a stacking sequence of composite layers 
having the same thickness. Each layer is characterized by an orientation state (see Figs 
5-8). The same tables also provide the results computed using the Weibull’s FLDs and 
the experimental results. There are good correlations between the experimental results 
and the moduli computed based on the corrected experimental FLDs (Figs 2 and 4) and 
the experimental FODs. The use of the Weibull’s FLDs and the experimental FODs also 
has provided good predictions. However, the use of the predicted FODs can only 
provide acceptable predictions for the modulus . As previously mentioned, the less 
accurate prediction of  has not allowed to accurately predict the modulus . 

22A 22E

11E

22A 22E

 

Figure 5:  Predicted and measured orientation tensor components and  for the center-gated disk. 11A 22A
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Figure 6:  Predicted and measured orientation tensor components and  for the center-gated disk. 33A 31A

 

Figure 7:  Predicted and measured orientation tensor components and  for the ISO-plaque. 11A 22A
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Figure 8:  Predicted and measured orientation tensor components and  for the ISO-plaque. 33A 31A

 

Figure 9:  Predicted thru-thickness variation of the modulus for the center-gated disk. 11E
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Figure 10:  Predicted thru-thickness variation of the modulus for the center-gated disk. 22E

 

Figure 11:  Predicted thru-thickness variation of the modulus for the ISO-plaque. 11E
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Figure 12:  Predicted thru-thickness variation of the modulus for the ISO-plaque. 22E

 

 

Table I:  Elastic properties for the glass/PP center-gated disk 
Property 

(MPa) 

Predictions 

(experimental FOD 
& FLD) 

Predictions 

(Predicted FOD & 
experimental FLD) 

Predictions 

(experimental FOD 
& Weibull’s FLD) 

Experiments 

11E  5543 5730 5533 4737 

22E  7703 6265 7686 6840 

33E  3069 3127 3068  

12G  2123 2032 2120  

13G  951.4 1266 951.1  

23G  1014 1188 1014  
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Table 2:  Elastic properties for the glass/PP ISO-plaque 
Property 

(MPa) 

Predictions 

(experimental FOD 
& FLD) 

Predictions 

(Predicted FOD & 
experimental FLD) 

Predictions 

(experimental FOD 
& Weibull’s FLD) 

Experiments 

11E  5786 5973 5766 5357 

22E  7568 5874 7537 8012 

33E  3085 3158 3082  

12G  2086 1998 2079  

13G  957 1321 957  

23G  1019 1202 1019  

 

 Summary and Next Steps  
This paper has developed a rigorous methodology to determine the elastic properties 

of long-fiber injection-molded thermoplastics. This methodology combines process 
modeling and micromechanical modeling based on the Eshelby-Mori-Tanaka model with 
experimental characterization of fiber length and orientation distributions. It has been 
shown that it is important to obtain an accurate fiber orientation distribution and a 
realistic fiber length distribution to accurately predict the composite properties.  The 
current fiber orientation model cannot predict the fiber orientation in LFT samples to a 
level of accuracy needed for accurate property prediction. Therefore, research is 
ongoing to develop a fiber orientation model for LFTs. The developed methodology has 
been validated via experimental verification of the longitudinal and transverse moduli 
determined for long glass fiber injection-molded polypropylene specimens. The use of 
the corrected FLD for weight of fiber lengths and the experimental FOD has allowed 
reasonable predictions of the elastic properties for the studied glass/PP specimens. The 
Weibull’s FLD can well capture the actual FLD for weight of fibers, thus the use of the 
Weibull’s distribution for weight has led to practically the same results as those obtained 
using the actual FLD.  

 
The next steps in our work will focus on (i) completing the development of a fiber 

orientation model for LFTs, (ii) linking process modeling to structural modeling for the 
analyses of LFT structures, and (iii) modeling the nonlinear behaviors due to damage 
and plastic deformation of LFTs. 
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