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Abstract 

The fibre orientation distribution in a material sample of short fibre reinforced polyamide 

extracted from an injection moulded notched plate was analysed using two different methods, 

one based on micro-computed tomography and the Mean Intercept Length concept and the 

other based on the classical optical section method. By the optical method, a good agreement 

with tomography was obtained with a longitudinal section. A poorer agreement was found 

with a transverse section. The two methods are in agreement provided that the most suitable 

section is chosen when applying the optical method, which is where the fibres lie 

predominantly in the section plane. Moreover, results confirm that the analysis based on the 

MIL concept is capable of capturing important information about fibre orientation. 

 

 

1 Introduction 

Knowledge of fibre orientation in injection moulded parts made of short fibre reinforced 

polymers (SFRP) is of great importance because fibre orientation has numerous implications 

on the functional (e.g. warpage after moulding) and mechanical (stiffness and strength) 

performances of the parts. The experimental evaluation of the fibre orientation distribution in 

composites can be performed by different methods [1].  

For the analysis of SFRP, the most commonly employed method is based on the optical 

observation of the elliptical footprints left by the fibres on polished sections of a sample, from 

which the fibre orientation angles can be inferred [2]. When applying this method, the 

dependence on fibre orientation of the probability for a plane to cross a fibre has to be taken 

into account [3, 4]. In some cases issues arise about the accuracy of angle measurements for 

fibres almost perpendicular to the section plane [5], and special techniques are required to 

overcome the ambiguity about the sign of the orientation angle [6-10]. However, its use is 

widespread, thanks to the relative simplicity of the setup required, and the possibility of being 

automated [11]. 

Radiography is another possible approach to the analysis of fibre orientation [12]. It is based 

on the projection of X-rays, thus, it can provide only information on the orientation of the 

projection of fibres onto this plane. These limitations of radiography can be overcome by 

micro Computed Tomography (micro-CT), which is based on a series of radiographic 
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projections taken at different angles. Recently, a method for the analysis of the fibre 

distribution in samples reconstructed by micro-CT has been proposed, based on the Mean 

Intercept Length (MIL) concept [13, 14]. By this method it is possible to characterize the 

internal fibre structure by means of the components of a second order tensor, the MIL fabric 

tensor, and derive useful information about the preferred fibre orientation and the degree of 

anisotropy. This method can be applied to subsets of the reconstructed volume, called 

volumes of interest (VOI). 

In this paper we present the comparison between the results obtained by the optical sectioning 

and the micro tomography method coupled with MIL analysis, applied to the same sample of 

short fibre reinforced polyamide extracted from an injection moulded, notched specimen, of 

the same type as those used to study the fatigue notch effect in a short fibre reinforced 

polyamide [15]. 

 

 

2 Experimental 

The material of the samples was a short fibre reinforced polyamide 6, containing 30% by 

weight of E glass fibres. The material samples used for fibre orientation analysis were 

extracted from injection moulded specimens, having the shape of a small plate with two 

symmetric, round notches of 7.5 mm radius (see Figure 1). This specimen can be injected in 

two different ways: through an edge gate, thus obtaining a longitudinal flow which determines 

a regular fibre orientation pattern, and through a point gate on one side, which causes a more 

irregular fibre orientation pattern, as described in [15, 16]. The specimen type studied in this 

work was that injected laterally, because in this configuration variations of fibre orientation 

across the width of the specimen’s gauge are large, particularly in the core layer (the 

specimen displayed the common layered shell-core-shell structure).  

The original aim of the study was to carry out the micro-CT and image analysis of the core 

layer on exactly the same sample. While there was no issue with the micro-CT of this sample, 

the first image analysis results indicated that the 2D plane chosen for the analysis (the YZ 

plane) was not optimum for reasons already discussed in the Introduction section. Therefore a 

second sample was analysed using the optical technique only, this time imaging the XZ plane. 

The first sample (sample A) was extracted from the first specimen in the proximity of the 

notch located on the same side as the injection gate (see Figure 1a). The sample has the shape 

of a prism of dimensions 3.2 x 4 x 15 mm. The other two regions, for image analysis only 

(and designated samples B and C, see Figure 1b) were extracted from a second specimen, 

belonging to the same batch as the first one. Sample C had exactly the same dimensions as 

sample A, and the same location. Sample B was located next to sample C, with dimensions of 

15mm x 15mm). 

 

 
(a)                                                                            (b) 

Figure 1 – (a) Position and dimensions of sample A; (b) Position and dimension of sample B and C 
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Sample A was first analysed by micro-CT, then observed by the optical method. The face 

observed at the optical microscope was parallel to the YZ plane and coincided with the 

outermost surface in the X direction. The other two samples (samples B and C) were analysed 

by the optical sectioning method. Sample B was machined in order to reach a layer located at 

1.6 mm from the top surface, thus coinciding with the plate’s midplane, in order to analyse 

the fibre orientation in the core layer. Thus, the observed face of sample B was perpendicular 

to that of sample A which was analysed by the optical method. The observed face of sample C 

was that parallel to the YZ plane, and therefore parallel to that of sample A, with an offset of 

approximately 2 mm towards the negative X direction. Sample C was used to check if the 

fibre distributions in sample A and sample B were comparable, as explained in the following 

sections. 

 

 

3 Methods 

3.1 Optical method 

In the optical method, 2D polished sections are taken from the area of interest and then 

evaluated using an in-house image analysis facility developed at the University of Leeds [for 

example 11]. Each fibre that meets the 2D section is seen as an elliptical footprint and 

measuring the ellipticity of these images allows the two polar angles,  and , that specify the 

orientation of each fibre (with respect to the sectioned plane) to be determined.  

 

 
 

 

(a) (b) (c) 
Figure 2 – (a) Definition of angles   and  (b) for the YZ plane (samples A and C); (c) definition of angle  for 

the plane XZ (sample B) 
 

As different samples (and section planes) were analysed in this study, the local definition of 

the angles  and  also varied. For sample A and sample C, the face to be analysed was 

parallel to the YZ plane. Therefore  was defined the angle to the X axis and  the angle 

formed by the projection of the fibre onto the YZ plane with the Y axis (Figure 2a,b). For 

sample B, the analysed face was parallel to the XZ plane, therefore  was defined as the angle 

to the Y axis, whereas the angle  was defined as the angle formed by the major axis of the 

elliptical footprint with the X axis (Figure 2c). 

 

3.2 Tomography coupled with Mean Intercept Length analysis 

The internal structure of sample A was acquired by micro-CT scans at the SYRMEP beamline 

of Elettra synchrotron (Trieste, Italy). This beamline is equipped for high-resolution micro-

CT, with a maximum achievable resolution of approximately 9 micrometres at the time of the 

measurements. The high spatial coherence of the synchrotron light source allows for 

enhancing the contrast at the edges of glass fibres by applying Phase Contrast (PHC) imaging 

techniques.  

2a

2b

Z

Y



 = cos-1 (b/a) 
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The volume of sample A was reconstructed and analysed by applying a method based on the 

Mean Intercept Length (MIL) concept (MIL 3D). This method has been thoroughly described 

in previous papers [14, 15]. In order to describe local properties of prescribed dimensions, a 

portion of the entire reconstructed volume is analyzed, called Volume of Interest (VOI). The 

method allows for defining a second order tensor, called the MIL fabric tensor, having 

principal components T1, T2 and T3 , which are related to the fibre orientation: the first 

principal direction, associated to the first principal component T1, indicates the direction of 

preferred fibre orientation within the observed VOI. The method can also be applied to planar 

images (MIL 2D) and it was applied to the same image of sample B which was analysed by 

the optical method, as it is shown in Figure 3, where the polar graphs of the MIL values are 

superimposed to the corresponding VOIs. MIL values are evaluated using Quant3D software 

[17]. 

 

 
 

Figure 3 – MIL 2D polar graph superimposed to the corresponding VOI extracted from the image analysis of 

sample B 

 

 

4 Results and discussion 

Figure 4 shows the results of an image analysis scan of the surface of sample A (YZ plane). 

The results are presented as a grey scale map of the average value of the second order tensor 

<cos
2
X>, where the scanned region was divided into small cells for averaging (100 x 20 

cells). A light colour shows that the fibres are preferentially aligned to the X axis in that 

region while a darker colour shows preferred orientation along a different axis. The notch root 

is located at the left of the scanned region. 

 

 
Figure 4 - Map of the value of the second order orientation tensor (<cos

2
X>) across sample A (YZ plane). The 

notch root is on the left. 

 

The results show that in general the fibres are aligned in the flow (X) direction, but that there 

is a centrally located core region (close to the notch root) with preferred orientation along the 

Z axis. 

Z

Y

X
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To enable comparison with the micro-CT analysis the values of the angle  (angle to the X 

axis) were determined along the sample length. The most interesting region of the sample is 

along the centre so a portion of the surface corresponding to the core layer was selected 

(between 40% and 60% of the sample thickness) and subdivided into smaller areas. The most 

frequent value of  within each area, max, is plotted in Figure 5 as a function of the distance 

from the notch root of the centre of each area. For comparison, results obtained by the MIL 

3D (MIL, angle between the first principal eigenvalue T1 of the MIL fabric tensor) are 

superposted. In this case the agreement between the absolute values of MIL and max is not 

perfect although the peak positions are similar. 

These differences can be explained by considering that by the MIL method, the whole volume 

is analysed, whereas by the optical method only the surface is analysed, and that the accuracy 

of measurement of angle  by the optical method is known to be less accurate when fibres are 

almost perpendicular to the plane over which fibre footprints are analysed. These two 

explanations were then investigated by analysing a section of sample B parallel to the XZ 

plane by both the optical and the MIL method. 

 

 

Figure 5 – A comparison between values of the angle theta evaluated by MIL and by the optical method in 

sample A (YZ plane). 

 

Before proceeding to the analysis of sample B in the XZ plane, it was necessary to establish if 

fibre orientation distributions in sample B and sample A were similar (in the YZ plane). This 

was done through sample C, which has a face in common with sample B (YZ plane). First, the 

fibre orientation distributions on the same surface of sample A and sample C, as obtained by 

the optical method, were compared in terms of values of <cos
2
X>, which are reported in 

Figure 6. It clearly appears that the two samples have very similar orientation patterns, 

although they are extracted from two different specimens. Therefore also sample B, which has 

a surface in common with sample C, can be considered homogeneous with sample A, thus 

allowing for comparison of fibre orientation distributions of the two methods. 
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Figure 6 – comparison of fibre orientation between sample A and sample C 

 

Moreover, before proceeding with sample B, the values of the angle x evaluated by direct 

analysis of the surface of sample B (MIL 2D) and those of the same angle, evaluated as the 

projection onto the XZ plane of the first principal direction of the MIL 3D fabric tensor in 

sample A are compared in Figure 7. Although obtained on two different samples, the values 

are in good agreement. 

 

 

Figure 7 – values of the angle x obtained by 2D MIL analysis of Sample B and the corresponding values 

evaluated by 3D MIL analysis of sample A 

 

The definition of the angle  evaluated on the XZ plane by the optical method coincides with 

that of angle x used in both the 2D and the 3D MIL method. Therefore it is interesting to 

compare the values of max obtained by the analysis of sample B by the optical method and 

those obtained by applying the 2D MIL method on the same image of Sample B used for the 

optical analysis. This comparison is reported in the graph of Figure 8 where values of max 

and x are plotted as a function of the distance Z form the notch root. On the basis of the 

results of the comparison between MIL 2D and MIL3D reported in the preceding section it is 

possible to affirm also that a very good agreement exists between x evaluated by MIL 3D 

and max evaluated by the optical method.  

 

0

0.2

0.4

0.6

0.8

1

0 3 6 9 12 15

<c
os

2


X
>

distance from the notch root (mm)

Sample C

Sample 15Sample A 



ECCM15 - 15
TH

 EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012 

 

7 

 

 
Figure 8 – Comparison between the values of angle max evaluated by the optical method and of angle x 

evaluated by MIL 2D, as a function of the distance from the notch root in sample B 

It can therefore be concluded that the poorer agreement seen in Figure 5, between the angle  

from the MIL method and the angle  from the optical method (YZ plane), is due to the errors 

in calculating  when the fibres meet the sectioned plane at a small angle. When the most 

appropriate sectioned plane is used for the optical method (the XZ plane with the fibres 

mainly in the sectioned plane) then the agreement between the two methods is excellent. 

 

 

5 Conclusions 

The fibre orientation distribution in a material sample of short fibre reinforced polyamide 

extracted from an injection moulded notched plate was analysed using two different methods, 

one based on micro-CT and the MIL concept and another based on the classical optical 

section method. 

The comparison was carried out with reference to the preferred fibre orientation, i.e. the fibre 

orientation angle occurring with the maximum frequency within the observed volume/area 

(the method based on micro-CT analyse volumes, whereas the optical method analyses 

surfaces). The analysis was limited to the core layer in proximity of one of the notches, where 

large variations in fibre orientation were expected. 

A first comparison between micro-CT and the optical method applied to a transverse section 

(i.e. the specimen’s gauge section) showed non negligible differences which were attributed 

to the low accuracy of the optical method in measuring the orientation angles of fibres almost 

perpendicular to the observed surface and to the ambiguity of the sign of the angle. 

To confirm this, the optical method was applied at the same location, but on a surface parallel 

to the core layer (a longitudinal section corresponding to the midplane of the specimen), the 

agreement between measurements based on MIL and those obtained by the optical method 

was very good. In facts, the analysis of the fibre orientation in the longitudinal midplane is 

free from both the ambiguity of the sign of the measured angle and the low accuracy affecting 

the measurements in the transverse section. 

The results confirm the assumptions made to explain the differences observed in the first 

analysis and allow for concluding that, provided the right section plane is chosen for the 

optical method, the two methods give very similar results in terms of preferred fibre 

orientation. The choice of the method has to take into account that the optical method requires 

a simpler experimental setup but is fully destructive, whereas micro-CT results into non-

destructive method (at least partially), but requires more expensive experimental facilities.  
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