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Abstract. Short glass fibre reinforced polymers (SGFR) are increasingly used in 
automotive industry for the replacement of metals since they provide a significant 
reduction of weight. Parts with anisotropic fibre orientation were produced during 
the injection moulding process. Local microstructure parameters such as fibre length 
and orientation are decisive for the damage behaviour of the injection moulded 
parts.  
 Damage type and propagation investigation are necessary for better 
understanding of material behaviour under stress. X-ray computed tomography 
(XCT) is a suitable non-destructive method to characterise internal defects in SGFR 
specimens. With an interrupted in-situ XCT tensile test three dimensional damage 
propagation in SGFR can be observed. 
 In this study an interrupted in-situ computed tomography technique was used 
to quantify the main damage mechanism in polyamide specimens with a glass fibre 
content (PAGF) of 15 and 30 wt%. Double notched adapted miniature tensile 
specimens were cut from a plate in two orientations, 0° and 90° relatively to the melt 
flow. Therefore the tensile force was applied parallel and perpendicular to the 
expected main fibre orientation (0° respectively 90°). After every force step, a XCT 
scan with a voxel size of (2 µm)3 was performed to detect the internal defects. Four 
different defect types were classified: matrix fractures, fibre pull-outs, fibre/matrix 
debondings and fibre fractures. Fibre pull-out was the dominating defect type. 
Defects were mainly induced in the shear region of the 0° specimens. The core 
region showed nearly no defects at the last load step before breakage. 
 Summing up the results show that visualisation and quantification of the defect 
volume and mechanism at certain load steps was possible with this method. Clear 
differences between damage induction of the 0° and 90° specimens were observed. 

Introduction  

Fibre reinforced polymers are of interest in many different industrial sectors. Especially 
short glass fibre reinforced polymers (SGFR) are increasingly used in automotive industry 
for the replacement of metals.  Due to high material requirements, in terms of mechanical 
and physical properties, it is necessary to have a closer look on the microstructure of such 
SGFR polymers. The structural properties are mainly determined using three-dimensional 
fibre orientation and fibre length distribution. To understand the material behaviour under 
stress, a microstructural investigation of the damage type and damage propagation is 
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necessary.  X-ray computed tomography (XCT) is widely used for scientific and industrial 
applications. A good overview on XCT is given in the book of Carmignato et. al [1].  It is a 
suitable non-destructive method for qualitative and quantitative characterization of filled 
polymers. For the quantification of the damage mechanisms interrupted in-situ XCT 
technique can be used. Due to a quasi-static tensile test until fracture the defects occurring 
at each loading step can be detected and classified in four different types [2]: matrix 
fracture, fibre pull-out, fibre/matrix debonding and fibre fracture. 

 
This work presents an approach for the quantification and visualisation of different defect 
types. Also the damage evolution can be investigated, due to stepwise increase of the 
loading. We report on a workflow for appropriate measurement, segmentation and 
characterization of such fibre filled materials. Furthermore a direct comparison of defect 
type and defect volume for different material systems is presented and discussed. 

1. Experimental  

1.1 Material and Specimen  

Short fibre reinforced polymer specimen were investigated, differing in glass fibre content 
and fibre orientation. The matrix material was polyamide 6.6 reinforced with 15 and         
30 wt% glass fibres (PAGF). Double notched adapted miniature tensile specimens were cut 
from an injection moulded plate in two orientations relatively to the melt flow respectively 
expected main fibre orientation (FO) (figure 1). Thus the tensile force was applied parallel 
to the main fibre orientation for a 0° test specimen and perpendicular for a specimen with 
expected main fibre orientation of 90°. The injection moulded plates are approximately      
2 mm thick and were conditioned at 50 % moisture content. 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 
 

(b) 
Fig. 1. (a) Sketch of adapted miniature tensile specimen (dimensions given in millimetre) (b) Part of an 

injection moulded plate with five miniature tensile specimen oriented 90° to the melt flow direction. 
 

1.2 High Resolution XCT  

The specimens were scanned at the Nanotom 180 NF XCT device (GE phoenix|x-ray, 
Germany) with a voxel size of (2 µm)³ at certain load steps. This system uses a sub-µ-focus 
X-ray tube and a 2304 x 2304 pixels flat panel detector (Hamamatsu). The scanning time 
was approximately 190 minutes per load step. Molybdenum was used as target material. 
The reconstruction of the data was done with the software phoenix datos|x 2 reconstruction 
(GE phoenix|x-ray, Germany). 
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1.3 In-situ tensile testing stage  

The CT500 in-situ tensile stage (Deben, UK) was used to apply the tensile load (figure 2). 
The specimens were mounted mechanically by clamps. Main specifications of the 
tensile/compression stage can be found in table 1.  All experiments were performed at room 
temperature. 

 

 

 

  

Table 1. Specification of tensile stage CT500 
(Deben) 

 

  
 

Specifications  

Max. load 500 N 

Max. motor speed 1 mm/min 

Modes tensile/compression 

Max. extension 10 mm 

Accuracy 1 % of full scale range 

Weight approx. 1.0 kg 
(a) (b)  

Fig. 2. (a) Tensile stage in front of the X-ray 
source (b) mounted specimen with red rectangle 

indicating the measurement area 

 

 
As preliminary tests show and as explained by Sause et al. [3] the loading of the specimen 
need to be performed in displacement-controlled mode, which implicates constant strain. A 
displacement of 0.2 mm/min was applied by the servo motor of the stage until the 
experimentally defined peak force was reached. Stable conditions, as well as no 
movements, during the scanning time are crucial for a reconstructed volume without 
artefacts and required for the segmentation of the defects. Therefore, an experimental 
determined delay time of approximately 30 minutes and for higher load levels of up to 90 
minutes between the peak force and the start time of the scan was applied. During this, so 
called relaxation time, the force decreases significant. An example for such a loading curve 
is presented in figure 3. 
 

 
Fig. 3. Exemplary loading steps and relaxation of the test specimen (a) and 

detailed diagram for load step 1 (b). During the scan the data acquisition was stopped. 
 
Two reference specimen of the injection moulded plate were tested without a CT scan to 
determine the quasi static load steps for the in-situ experiment. The maximum force was 
identified by a continuous increase of the force until fracture occurs. After evaluation of the 

10 mm 

force 
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peak force the second reference specimen was tested with interrupted force steps to 
evaluate the final scan points. These test scans revealed that first defects can be detected at 
approximately 70 % of Fmax. Furthermore, the scan after the loading step of approximately 
95 % of Fmax shows that the specimen movement during the scan disables the possibility of 
defect quantification. Hence, the measurements started at approximately 70 % of Fmax, 
defined by the preliminary tests and were increased in steps of 30 N for the PAGF 
specimen with glass fibre content of 30 wt% and main fibre orientation of 0° respectively 
20 N for all other specimens. This resulted in the percentage load levels for the different 
material systems shown in table 2 to 5.  

 
Table 2. Planned load steps for 

PAGF 15 wt% | FO 0° 
Table 3. Planned load steps for 

PAGF 15 wt% | FO 90° 

 

Load step Force applied 

relative 

percentage to 

reference Fmax 

0 0 N 0 % 

1 230 N 70 % 

2 250 N 76 % 

3 270 N 83 % 

4 290 N 89 % 

5 (fracture) 327 N (Fmax) 100 % 
 

Load step Force applied 

relative 

percentage to 

reference Fmax 

0 0 N 0 % 

1 205 N 67 % 

2 225 N 74 % 

3 245 N 80 % 

4 265 N 87 % 

5 (fracture) 305 N (Fmax) 100 % 
 

 

Table 4. Planned load steps for 
PAGF 30 wt% | FO 0° 

Table 5. Planned load steps for 
PAGF 30 wt% | FO 90° 

 

Load step Force applied 

relative 

percentage to 

reference Fmax 

0 0 N 0 % 

1 280 N 65 % 

2 310 N 72 % 

3 340 N 79 % 

4 370 N 86 % 

5 (fracture) 430 N (Fmax) 100 % 
 

Load step Force applied 

relative 

percentage to 

reference Fmax 

0 0 N 0 % 

1 200 N 67 % 

2 220 N 73 % 

3 240 N 80 % 

4 260 N 87% 

5 (fracture) 300 N (Fmax) 100 % 

 

1.4 Methodology for defect detection and classification  

There are four major steps for defect detection and classification: XCT data acquisition, 
pre-processing, post-processing as well as result analysis and interpretation. The used 
methodology is based on the publication of Rao et al. [4] and is shown in the flow chart in 
figure 4. 
The reconstructed 32 bit data was mapped to 16 bit with the software VG Studio MAX 
version 3.1 (Volume Graphics GmbH). Hence the grey level peak of air (10,000) and 
material (45,000) is always at the same grey value position. The volume of each load step 
was cutted virtually to the same size and manually registered to each other. The adaptive 
rectangular tool was used to get rid of the surrounding air. For the noise reduction, the in 
open_iA [5] implemented gradient anisotropic diffusion filter (GADF) was applied. In VG 
Studio MAX the advanced surface determination tool was used to create a defect mask. 
Therefore an experimentally determined ISO-65 threshold was used for pore segmentation. 
The defect classification tool was developed in-house by Amirkhanov et. al [6] and requires 
a labeled data set of the defects and the position and orientation of each fibre for the 
evaluation. Open_iA was used for labelling the binarised data and the in-house developed 



5 

fibre characterization tool by Salaberger et. al [7, 8] was used to get the information of each 
fibre. The defects were classified as fibre pull-outs, fibre fractures, matrix fractures and 
fibre/matrix debondings. With increasing force the existing defects grow together. 
Therefore, defects bigger than 400 voxels respectively 3,200 µm3 were classified as matrix 
fractures. This threshold was determined experimentally. A matlab script, provided by 
Salaberger, was used to create a defect classified 3D volume for the visualization. 
 

Acquisition of XCT images with (2 µm)3 voxel size and 
reconstruction (32 bit) 

 

32 to 16 bit constant grey value mapping (VG Studio MAX): 

grey level peak air = 10,000 and material = 4,5000 
 

Extracting ROI (VG Studio MAX):  

945 - 1,500 - 880 voxels (x - y - z) 
 

Noise reduction (open_iA): 

gradient anisotropic diffusion filter (GADF) 
 

Advanced surface determination (VG Studio MAX): 

threshold ISO-65 
 

Create inverted of advanced surface (VG Studio MAX) 
 

Pore segmentation tool (VG Studio MAX): 

min. defect size 6 voxel 
 

Binarization of defect segmentation (VG Studio MAX) 
 

Labeling data (open_iA): 

connected component filter  
 

Fibre extraction of GADF filtered volume (Salaberger et. al [8]) 
 

Defect classification (Amirkhanov et. al [6]) 
 

Defect visualization and characterization (Matlab) 

Fig. 4. Methodology flow chart; major steps color-coded: orange – data acquisition, 
green – pre-processing, red – post-processing, blue – result analysis and interpretation 

2. Results  

Each defect is assigned to one of the four defect classes and can be color-coded in the CT 
data. The defects are color-coded as follows: fibre fractures are shown in red, fibre/matrix 
debondings in green, fibre pull-outs in orange and matrix fractures in blue. 

 
The XCT scans after each loading step enables the tracking of certain fibres respectively 
defects. An example of such a tracking sequence is shown with sectional images 
(unlabelled and labelled) in figure 5 and 6 for test specimens with 15 wt% glass fibres and a 
main fibre orientation of 0° respectively 90°. 
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PAGF 15 wt% | FO 0° | 0 % Fmax  PAGF 15 wt% | FO 0° | 76 % Fmax PAGF 15 wt% | FO 0° | 89 % Fmax 

   
   
   

   
   

 

Fig. 5. Sectional images of 15 wt% specimen with an expected main fibre orientation of 0°. Sectional image 
over thickness (d) (30 µm thick slab), red cross marks the position (shear region) of the sectional images at    

0 % (a), 76 % (b) and   89 % of Fmax (c), and corresponding labelled sectional images for 76 % (e) and 
89 % of Fmax (f). Fibre fractures shown in red, fibre/matrix debondings in green, fibre pull-outs 

 in orange and matrix fractures in blue. 
 

 

PAGF 15 wt% | FO 90° | 0 % Fmax  PAGF 15 wt% | FO 90° | 74 % Fmax PAGF 15 wt% | FO 90° | 87 % Fmax 

  

 

   
   

  
 

   
 

Fig. 6. Sectional images of 15 wt% specimen with an expected main fibre orientation of 90°. Sectional image 
over thickness (d) (30 µm thick slab), red cross marks the position (core region) of the sectional images at  

0 % (a), 74 % (b) and 87 % of Fmax (c), and  corresponding labelled sectional images for Fmax 74 % (e) 
and 87 % of Fmax (f). Fibre fractures shown in red, fibre/matrix debondings in green, fibre pull-outs 

in orange and matrix fractures in blue.  
 

 
Figure 7 show 3D rendered top views with labelled defects at the last loading step before 
breakage for all material systems (the material is shown transparent, the defects are 
displayed in the corresponding colors).  

100 µm 100 µm 100 µm 

100 µm 100 µm 250 µm 

a b c 

d e f 

100 µm 100 µm 100 µm 

100 µm 100 µm 250 µm 

a b c 

d e f 



7 

PAGF 15 wt% | FO 0° PAGF 15 wt% | FO 90° PAGF 30 wt% | FO 0° PAGF 30 wt% | FO 90° 

    
    

 

 

Fig. 7. 3D rendered top view at last loading step before breakage. Specimen with 15 wt% (a, b) and 30 wt% 
(c, d) glass fibre content with an expected main fibre orientation of 0° (a, c) respectively 90° (b, d). Fibre 
fractures shown in red, fibre/matrix debondings in green, fibre pull-outs in orange and matrix fractures in 

blue. 
 

 
For each scan the number of defects as well as the number of voxels for each defect is 
provided and can be presented in many different ways. In figure 8 and 9 the number of 
defects and the corresponding relative defect volume per loading step are shown for the    
15 wt% respectively the 30 wt% glass fibre filled polymers.  
It should be noted that for each scan the same volume size of approximately 10 mm3 was 
analysed. Therefore the in figure 8 and 9 presented numbers allow a direct comparison. 
 
 

PAGF 15 wt% | FO 0° PAGF 15 wt% | FO 90° 

    
 

 
 

Fig. 8. Number of defects and relative defect volume for each loading step for specimens with a fibre content 
of 15 wt% and an expected main fibre orientation of 0° (a) and 90° (b). 
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PAGF 30 wt% | FO 0° PAGF 30 wt% | FO 90° 

    
 

 
 

Fig. 9. Number of defects and relative defect volume for each loading step for specimens with a fibre content 
of 30 wt% and an expected main fibre orientation of 0° (a) and 90° (b). 

3. Discussion  

The results look very promising and a lot can be deduced, whereas some questions need to 
be investigated in detail in further work. For example the fibre fracture in figure 6e is 
classified as matrix fracture in 6f. This may seem to be a misclassification, but on a 
micromechanical view, the fibre fracture can be regarded as the origin of matrix fractures 
and therefore the experimentally defined threshold of 400 voxels for the classification of 
matrix fractures is confirmed. Despite random matrix fractures, also fibre pull-outs can be 
considered as a reason for damage growth in the matrix [9]. 
 
In case of test specimens with expected main fibre orientation 0°, rather loading of the 
sample in direction of main fibre orientation, most defects occur in the shear region of the 
test specimen (figure 7a and 7c). Whereas for test specimen with expected main fibre 
orientation of 90° respectively loading perpendicular to the main fibre orientation, most 
defects occur in the core region (figure 7b and 7d). Those regions of higher defect 
occurrence can be explained by the fibre orientation in those regions, which is in both cases 
in direction of load. Due to the fact that in case of specimens with an expected main fibre 
orientation of 0° most of the fibres are oriented in loading direction, those specimens can 
withstand a higher mechanical stress which is in accordance to the observed loading curves. 
 
Usually fewer defects would be expected in lower filled specimens due to longer fibres 
respectively a higher weighted average fibre length [8], which was approved by the fibre 
characterization. The higher defect number for 15 wt% glass fibre filled specimens may 
possibly be explained by the lower fibre volume ratio. Especially for the 90° specimens, 
filled with 15 wt% (figure 7b) and 30 wt% (figure 7d) glass fibres, the maximum force is at 
the same range (table 3 respectively 5). It can be concluded that for a 15 wt% fibre filled 
material the force is distributed on less fibres in comparison to a 30 wt% fibre filled 
material. Therefore the force which needs to be absorbed by one single fibre is higher and 
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causes fibre defects, mainly fibre fractures and fibre pull-outs. It should be noted that the 
fibre diameter (fibre paradoxon of Griffith [10]), the local fibre content and the occurrence 
of fibre fragments are not considered in this explanation, but may also influence the 
damage behaviour. 

Figure 8 and 9 clearly illustrate that fibre pull-out is the dominating defect class, 
independent of the specimen configuration. In terms of the number of defects, the second 
most frequent defect class is fibre fracture. Only a few fibre-matrix debondings were 
detected at the last steps. These behaviours are also in accordance to other investigations 
[9]. For all material systems a strong increase in the number of defects, especially at the last 
loading steps before breakage, can be observed. The relative defect volume of the matrix 
fracture for the 30 wt% fibre filled specimens (figure 9) is higher for loading step one 
compared to step two. This can be explained by the lower total defect number which causes 
another defect volume distribution.  

4. Conclusion and Outlook 

With the presented method quantification and visualisation of the defect volume at certain 
load steps is possible. Based on sectional images and on 3D images as well as on the 
quantitative evaluation the defect propagation can be studied in detail. Clear differences 
between damage induction of specimens with an expected main fibre orientation of 0° and 
90° can be observed. In specimens with expected main fibre orientation of 0° defects occur 
mainly in the shear region, whereas for specimens with expected main fibre orientation of 
90° defects occur mainly in the core region. Also differences in the defect number for       
15 wt% and 30 wt% glass fibre filled polymers can be seen. The analyses show that lower 
filled specimens have a higher total number of defects compared to higher filled specimens. 

Depending on the material systems, other micromechanical processes may dominate and 
thus the measurement and characterisation parameters may need to be adapted. Further 
work should also include a detailed investigation of fibre diameter, local fibre content and 
ideally at least two test specimens per material systems, to get a more accurate statement on 
the micromechanical processes. 
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