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Abstract. Due to increasing economic and ecological demands in today’s industries 
the efficient use of existing resources becomes more and more important. One focus 
here is the consistent further development of lightweight construction concepts with 
new design approaches, advanced manufacturing technologies and the use of new 
materials. Especially the automotive industry is searching for efficient, low-price 
structures with short manufacturing times. Therefore, fiber-reinforced 
thermoplastics are currently used for designing non-structural parts like bumper 
beam carriers, rear luggage covers or front end carriers. New manufacturing 
concepts which enable continuous fiber reinforcement of thermoplastic parts based 
on injection molding enhance the use of thermoplastic composites for structural 
parts with a high load capacity. Characterizing the materials behavior in detail such 
that damage tolerance is predictable requires a reliable monitoring of material 
properties already during the development of manufacturing technologies. In order 
to identify and evaluate production-related defects, a non-destructive testing is 
necessary. Due to its ability of exact three-dimensional cross sectional imaging of 
entire parts, X-ray computed tomography (CT) is the ideal technology for analyzing 
internal structures of thermoplastic composites.  
 In this paper, results of methodical examinations based on computed 
tomography measurements are presented. The main scope of these examinations was 
the determination and visualization of relevant morphological material properties 
like proper fiber orientation and straight alignment of spread fiber bundles within 
continuous fiber-reinforced thermoplastics. For that purpose laminate specimens 
manufactured by a press process as well as injection molded parts with integrated 
continuous fiber reinforcement were tested. The X-ray CT scans were carried out on 
a RayScan 200E CT-system using 3D cone beam CT. Several defects caused by the 
manufacturing process were detected and analyzed with 3D image analysis methods 
in order to identify relevant process parameters influencing the defects 
characteristics. 
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1. Introduction  

Thermoplastic composites are widely used in today’s industry. Due to their diversity of 
adjustable properties highly optimized and customized products can be offered. Defining 
the material properties of composites is closely linked to their individual manufacturing 
process. This leads to a huge variety of different composites as well as different 
possibilities to produce them. Non-destructive testing methods are commonly used as 
quality assurance instruments. Defects like delamination, porosity, undulations and fiber 
breakage can be more or less detected by X-ray Computer Tomography, Ultrasonic, 
Thermography or Shearography [1] [2]. Due to its ability of exact three-dimensional cross 
sectional imaging of the entire part, X-ray computed tomography (CT) is an ideal 
technology to characterize the quality of the manufacturing process of thermoplastic 
composites [3]. Especially the determination of the fiber orientation of continuous fiber-
reinforced plastics is an important parameter to evaluate the manufacturing quality [4]. 
Even a difference of 5° reduces the tensile strength of a laminate about 15% [5] which is in 
high performance lightweight constructions a critical and relevant aspect which has to be 
considered accurately. 
 

2. Materials and Methods  

2.1 Manufacturing Process 

While analyzing thermoplastic composites the understanding of manufacturing processes is 
essential. On the other hand it is also important to monitor and accompany the development 
of the production processes by considering the structures to get further improvement. 
Therefore a composite girder with local reinforcing UD-sheets is analyzed by X-ray 
computed tomography to improve the production process of structural parts by hybrid 
injection molding. This process combines the advantages of thermoforming UD- and 
organic sheets with the manifold geometry and design possibilities which are enabled by 
classical injection molding. The examined composite girder, shown in Figure 1, is a typical 
demonstrator structure to show the advantages and lightweight potential of this novel 
technology.  

 
Figure 1: Composite girder as technology demonstrator structure 

The hybrid injection molding process which is pictured in Figure 2 is done in a fully 
automated production cell on a KM 200 injection molding machine. The production cell 
consists of a robotic arm to handle the laminates, an infrared heating station and an 
injection molding system with an experimental injection mold tool. Also the manufacturing 
process is divided into four main procedures: handling, preheating and thermoforming of 
the semi-finished parts and finally the injection molding itself. First a trimmed organic 
sheet of continuous glass fiber-reinforced polyamide 6 (PA6) is taken from its storage by a 
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robotic arm and moved to an infrared heating station (a). There the laminate structure is 
consistently heated up to its optimal forming temperature (b). Afterwards the heated 
laminate is inserted into the mold (c) and thermoformed by closing the mold. In a following 
injection molding step polyamide 6 (PA6) with short glass fiber reinforcement is injected to 
add a ribbed structure. After consolidation the mold opens again to eject the finished part 
(d). To reduce the production cycle time the heating step is done while consolidating the 
previous part. 

 
Figure 2: Manufacturing of composite girder by hybrid injection molding process 

The performed test series consists of specimens with different lay-ups of the 
inserted organic sheets. The examined four balanced laminate configurations are shown in 
Table 1. Except for the different layer types the manufacturing parameters were kept 
constant to ensure that they have no influence on the results. 

Table 1: Specimen identifier and layer structure 

Specimen identifier Type designation Layer structure 

KM200-UD unidirectional plies [0°]8 

KM200-WV balanced angle plies [-45°/+45°/-45°/+45°]S 

KM200-KV cross plies [0°/90°/0°/90°]S 

KM200-QI quasi-isotropic plies [0°/+45°/-45°/90°]S 

   

2.2 Computed Tomography 

X-ray computed tomography (CT) is an imaging method based on X-ray attenuation 
which allows exact three-dimensional cross sectional imaging of an object under 
investigation. It is based on the assumption that a cross section of an object can be 
computed out of a finite number of measured radiographic images (projections) of the 
object taken from different directions. Usually, X-rays are produced by X-ray tubes and 
measured with X-ray detectors. Both components have to be moved along a well -known 
trajectory such that the object is measured from many different directions (projection 
angles). The most common trajectory used with CT in non-destructive testing (NDT) 
applications is of circular type which means that X-ray source and X-ray detector are both 
moved along a circular trajectory around the object. For practical reasons in NDT 

a) 

d) 

b) 

c) 
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applications a rotary table (see Figure 3) is used to rotate the object instead of moving X-
ray source and X-ray detector. 

 
Figure 3: Schematic view of a 3D cone beam CT setup 

Depending on which type of detector is used (flat panel detector or linear detector 
array) this scan method is either called 3D cone beam CT or 3D fan beam CT. There are 
many other scan methods available which all have in common to maximize the diversity of 
different projection angles in a divergent beam setup. It depends on the flexibility of the 
underlying manipulation system what kind of scan methods can be used. All components of 
a CT system (X-ray source, X-ray detector, manipulation system, and reconstruction 
system) have several parameters which have to be optimized for achieving an optimal 
image quality. The most important parameters are high voltage and current of the X-ray 
source, the integration time of the detector and the number of projections taken during the 
scan. 

The process of computing a cross section out of a finite number of measured 
radiographic images is called 3D reconstruction. There are several ways of performing a 3D 
reconstruction. The most important method is called filtered backprojection where – as its 
name indicates – the projection values of a projection image are digitally filtered and back 
projected to a uniform grid. The grid describes the measuring zone or also called field of 
view in spatial domain by subdividing the space into different and most likely equidistant 
voluminous elements called voxels. Each voxel describes the mean attenuation of a 
corresponding region inside the field of view. The size of the voxel is a free parameter. The 
most common way to set the voxel size is dividing the pixel size by the geometrical 
magnification.  

 

 
Figure 4: CT system RayScan 200 E with front-end carrier as demonstration component 
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The CT system used here is a RayScan 200 E industrial computed tomography 

system equipped with a 230 kV open micro-focus X-ray source and a 2048² pixel flat panel 
detector with 200 µm pixel pitch. The high precision manipulation system is based on 
granite and has 6 automatic axes for maximum scan setup flexibility (see Figure 4). Beside 
3D cone beam CT, the RayScan 200 E supports other circular trajectories like 3D helical 
CT and 3D Region of Interest CT as well as planar scan methods like Transversal CT. 

 
 

 
Figure 5: Illustration of the three CT-scanned sections of the composite girder 

Analyzing the manufacturing process and the specimen geometry three main foci 
were identified on the composite girder specimen. First it has to be verified if the 
thermoforming process influences the fiber orientation of the continuous fiber reinforced 
structure. Therefore a fiber orientation analysis is performed on the non-reshaped top of the 
composite girder as well as on the reshaped edges. Another point of attention is the flow 
line where two molten material flows meet. The shape of flow line and the connection of 
injection molding material to the continuous fiber reinforced structure are of particular 
interest. To analyze these main scopes three different 3D cone beam CT-scans were carried 
out. The focused sections of the composite girder are illustrated in Figure 5 and Table 2 
shows the corresponding scan parameters. 

Table 2: Used scan parameters 

Scan section 
Voltage [kV] / Current [µA] / Integration time 

[ms] / Number of projections 
Voxel size [µm] 

1   overview 100 / 150 / 2000 / 1440 59 

2   flow line 80 / 150 / 5000 / 1440 10 

3   edge 100 / 150 / 3000 / 1440 15 
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3. Results from CT 

3.1 Fiber Orientation Analysis 

The fiber orientation analysis is done by the CT Data visualization and analysis software 
VGStudio MAX 2.2 by Volume Graphics. To determine the fiber orientation angles the 
specimen was aligned with the section of interest in xy-plane. Afterwards the analysis was 
performed by plane projection mode with the xy-plane chosen as plane normal. As a result 
a histogram shows the absolute quantity of determined fibers with angles in the range of 0° 
to 180° as shown in Figure 6 b).  

In the overview section scan, seen in Figure 6 a), the influence of hybrid injection 
molding process on the fiber orientation of the inserted organic sheets can be detected. It 
appears that specimen KM200-UD, KM200-WV and KM200-KV have no or only a slight 
displacement of their proper fiber angles. Solely KM200-QI shows an angular deviation of 
-3 to 4 degrees. That is why the focus of fiber orientation analysis is put on evaluating 
specimen KM200-QI here. Figure 6 b) depicts the integral amount of fibers against their 
orientation angle in the top section of the composite girder. The peaks of the curve 
represent the orientation angle with the largest amount of fibers. The red peak representing 
the fiber orientation of the both 0° layers is high and slim. This implies a low angular 
deviation with minimal variation. On the contrary the deep blue peak representing the fiber 
orientation of the two 135° layers (equal -45° layers) is much lower and wide. This means 
fewer fibers are in an optimal orientation and the variation of fiber angles is accordingly 
high. The evaluable integral angular deviation of the -45° layers is -3 degrees. 

 
Figure 6: a) Overview section scan with b) its integral fiber orientation analysis of KM200-QI 

These fiber orientations of the top of the composite girder can be compared to the 
fiber orientations of the reshaped edges analyzed in the edge section scan in Figure 7 a). 
Using VGStudio MAX 2.2 the fiber orientation angle can again be evaluated integrally seen 
in Figure 7 b). Compared to the overview section scan it appears that the peaks of the inner 
layers (+45°, 90° and -45°) are much lower and wider than the ones of the top section. That 
means there are fewer fibers in the proper orientation and the variation has increased. This 
results in an evidently higher angular deviation of -16 to 9 degrees. Also remarkable is that 
the outer 0° layers are less influenced by the process than the other layers.  

0° 
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Figure 7: a) Edge section scan with b) its integral fiber orientation analysis of KM200-QI 

As the edge section scans are showing a high variation of fiber orientation angles 
the orientation of each single layer is determined and summarized in Table 3. That way the 
differences between the different lay-ups of the 4 specimens under investigation could be 
determined. It appears that KM200-UD and KM200-KV have considerable fewer angle 
deviations than the other tested layer types. Also noticeable is that the inner layers have 
more deviation than the outer layers which are barely influenced. Watching the red marked 
symmetry line of the layer structures it is evident that the angular deviation is also nearly 
symmetric. 

 
Table 3: Influence of layer structure to the angular deviation of each single layer at the edge 

Layers 
KM200-QI  KM200-KV  KM200-WV KM200-UD 

fiber 
angle [°] 

angular 
dev. [°] 

fiber 
angle [°] 

angular 
dev. [°] 

fiber 
angle [°] 

angular 
dev. [°] 

fiber 
angle [°] 

angular 
dev. [°] 

1 0 0 2 2 137 2 0 0 
2 56 11 89 -1 42 -3 0 0 
3 116 -19 2 2 130 -5 0 0 
4 85 -5 89 -1 57 12 0 0 
5 85 -5 89 -1 57 12 0 0 
6 114 -21 2 2 135 0 0 0 
7 57 12 89 -1 42 -3 0 0 
8 0 0 2 2 139 4 0 0 

 

3.2 Forming Result at the Beveled Edge 

Besides the fiber orientation the edge section scan also shows the deformation zone of the 
corner. According to a composite-based design the corner is designed as a beveled edge to 
assure a better forming result. Considering the fiber orientation at this bevel can be a good 
benchmark for the quality of the forming process. Figure 8 visualizes the different fiber 
orientations at the bevel and emphasizes the differences between the examined laminate 
structure types. With changing the layer structure the shaping quality of the bevel varies. A 
well-formed beveled edge can be seen at specimen KM200-WV which has a proper fiber 
orientation with straight fiber bundles and without kinking fibers. The specimens KM200-
KV and KM200-UD also have an optically well-formed bevel. But considering the fiber 
orientation there are buckled and folded fibers which decrease the mechanical properties. It 
also can be noticed that the space resulting of the fiber shifting is filled with matrix material 
or air (seen light grey or black in CT-scan). Only specimen KM200-QI does not form the 
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bevel correctly which results in an incorrect geometry of the composite girder. The out-of-
plane buckling of the fibers prevents a proper shaping and can lead to kinked or folded 
fibers which reduce the mechanical properties.  

 
Figure 8: Bevel shape of the different examined layer structure types seen at the edge section scan 

3.3 Influence of Laminate Structure on Sink Marks 

Sink marks were determined in the injection molded ribbed structure. That means 
continuous glass fibers are imbedded in the injection mold material. This effect can be 
detected in the flow line section scan as well as in the overview section scan. Considering 
Figure 9 a) and b) the influence of the layer structure is apparent. The UD layer structure in 
KM200-UD has a shifting of fibers into the ribbed structure. According to this relocation 
fibers are missing at the top of the specimen where the sink marks can be detected. The 
other examined layer structures do not show sink marks at the flow line section scans as 
exemplary seen at specimen KM200-WV in Figure 9 b). But considering the overview 
section scan of KM200-QI seen in Figure 9 c) it can be seen that there are also fibers 
imbedded in the ribbed structure beneath the actual laminate structure. This appears not 
only at the flow line section but all over the injection molded ribbed structure. A similar 
observation holds true for the overview section scan on KM200-UD. At specimen KM200-
WV and KM200-KV this effect cannot be observed. 

 
 

 
Figure 9: Sink marks of a) KM200-UD and b) KM200-WV in the flow line section scans and c) sink marks of 

KM200-QI in the overview section scan 

KM200-QI KM200-UD KM200-WV 
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4. Assessment and Discussion 

4.1 Influence of Fiber Orientation 

As determined in the tests the thermoforming process leads to deviant fiber orientations at 
the edges. These angular deviations finally result in reduced mechanical properties at 
certain orientation angles as shown in Figure 10. The quasi-isotropic laminate shown in 
Figure 10 a) behaves balanced to axial  (0°), transverse (90°) as well as in plane  shear 
loading as indicated by the components of the 2d stiffness matrix (A11, A22, A12, A66). 
Compared to that, the shifted fiber orientation as measured via image analysis shows a 
direction-dependent behavior (see Figure 10 b). The longitudinal stiffness in axial direction 
(A11) is reduced by 20% and the shear stiffness (A66) by 25% which is a significant 
influence. The real fiber orientation is very important for a load based construction of fiber 
reinforced components. Otherwise the calculated stress maximum is not equal to the real 
stress maximum which can lead to component failure. 

 

 
Figure 10: Quarter polar diagram of a) proper fiber orientation and b) shifted fiber orientation of KM200-QI 

 

4.2 Influence of Laminate Structure on Forming Process 

While analyzing the forming behavior of the inserted laminate structures the fiber 
orientation before and after the thermoforming process is significant. The angular deviation 
between these values is a good benchmark for the quality of the process. It is particularly 
beneficial for this study that only a two dimensional deformation is performed. Shaping a 
corner just requires sliding of the fibers in one plane. Because glass fibers are not stretchy 
the deforming mechanisms in Figure 11 are taking place. From left to right axial and 
traverse inter-ply shear, inter-ply slipping and bending can appear simultaneously during 
the forming process [6]. 

 

 
Figure 11: Deformation mechanisms during thermoforming process [6] 

b) a) 
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Referring to the angular deviation of the different layer structures types 
unidirectional (UD) and cross ply (KV) laminates are most likely reshaped without a 
change in fiber orientation. This results from the high amount of 0° layers in both 
laminates. Because of traverse inter-ply shear, fibers lying parallel to the reshaped edge are 
sliding more easily at each other than such lying across or diagonal to it. This good intra-
ply slipping behavior is also reflected in the low amount of fiber angle deviation in 
KM200-UD. Another good benchmark for the quality of the forming process is the fiber 
orientation at the beveled edge [7]. Bending, axial inter-ply shear and inter-ply slipping 
occur between the reshaped layers. A high and constant inter-ply slipping between the plies 
assures a small angular deviation at the edge and a well-shaped bevel. This can be noticed 
at specimen KM200-WV, where the orthogonally plies reduce the resistance to inter-ply 
slipping [8]. In return this means that laminate structures tend to out-of-ply buckling and 
wrinkling if the layers are prevented from slipping over one another [9].  

As a laminate structure has to fulfill both, a proper fiber orientation at the edge as 
well as a well-formed bevel, a compromise should be reached.  

5. Conclusion 

The described CT-analysis shows the inner layer defects which occur by injection molding 
and thermoforming of reinforced thermoplastic composites. Except for small angular 
deviation in KM200-QI the fiber orientation of the inserted organic sheets at the top of the 
composite girder is not affected by the hybrid injection molding process. 
However thermoforming of the edges have a significant impact on the alignment of the 
reinforcement fibers. Especially balanced angle laminates (WV) and quasi-isotropic 
laminates (QI) show a significant displacement of the fiber orientation in particular the 
inner ±45° plies. In contrast orientation of unidirectional (UD) and cross plies (KV) is not 
affected by two dimensional thermoforming. Therefore a combination of WV as top plies 
and KV as inner plies represents a good compromise between forming stability and 
balanced mechanical properties. This combination will be investigated in further studies. 
Due to its flexibility the RayScan 200 E industrial computed tomography system is very 
suitable for the investigations described here. Further measurements with larger parts will 
also take advantage of planar scan methods like Transversal CT.  
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