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Abstract 

X-ray computed tomography was used to evaluate single particles that were artificially deposited in a polyethylene matrix, after 

interrupted tensile tests. Therefore, the prepared specimens were loaded from strain 0% to strain 30% with the CT500 Deben 

tension/compression in-situ stage (Deben, UK). Single particles and emerged defects were detected, characterised and assessed 

using VG Studio MAX 3.2. Within this work, different kinds and shapes of particles and defects were investigated. The 

elongation was measured and stress over strain curves were calculated. The shape of the particles has an impact on the defect 

formation. Spherical particles tend to be pulled out of the matrix while non spherical particles tend to rupture.  

Keywords: X-ray Micro Computed Tomography, single particles, tensile testing, in- situ stage  

1    Introduction 

In-situ tests are necessary for better understanding of the material behaviour under the influence of mechanical stress. X-ray 

Computed Tomography (XCT) is a non-destructive imaging technique, measuring the absorption of X-rays. It is the evaluation 

method of choice for many industrial tasks, since the achievable resolution is very high [1] [2]. The interaction of photons 

(absorption and scattering of electromagnetic radiation) with matter is recorded by a detector. The Lambert-Beer’s law, also 

called exponential attenuation law, describes this relationship [1] [2]. XCT is not only used for industrial applications but also 

for scientific applications. A good overview on XCT is given in the book of Carmignato et. al [3]. Interrupted in-situ XCT tensile 

tests allow the observation of three dimensional damage propagation. There are several types of tensile tests, which can be seen 

in Figure 1. 

(a) Post mortem: The scan is made (at room temperature) on a sample after heat treatment or mechanical testing. 

(b) Ex-situ: Requires cooling and reheating for thermal treatment and stress relaxation for mechanical testing of the sample. 

Although the procedure is similar to post mortem this may influence the mechanisms to be observed. 

(c) Interrupted in-situ: The technique requires a testing device to be mounted directly in the XCT device. Mechanical tests are 

performed inside the XCT device and investigations are operated in several steps. In between each step the experiment is stopped, 

and a scan is performed. Interruptions during the scan may affect the mechanisms. However, this is the method of choice in this 

study since with the used device, XCT scans can only be performed when the specimen does not move. 

(d) Continuous in-situ: The same sample is scanned without interrupting the mechanical test. Therefore the microstructure of the 

material must not change during the measurement [4]. 

 

 

 

 

Figure 1: Different types of tensile tests (a) post mortem (b) ex-situ (c) interrupted in-situ and (d) continuous in-situ [4] 

This work presents an approach for the quantification and visualisation of single particles in a homogeneous matrix material 

under the influence of mechanical load with XCT and the impact on material properties. 

2    Materials and methods 

2.1    Specimen 

Different particles made of different materials and diameters, artificially deposited in a polyethylene (PE) matrix (shown in 

Figure 2), were investigated. Approximately 18 mm long (l0), 11 mm width (b0) and 3,8 mm thick specimens with a size of 
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approx. (glass 50 µm, glass 100 µm, steel 50 µm, steel 100 µm or steel 250 µm) were cut out of a plate in a predefined geometry. 

Force was applied in longitudinal direction of the specimens with an in-situ stage inside the XCT device. 

 

 

 

 

 

 

 

 

 

Figure 2: (left) specimen with length l0 (inside the clamps) and width b0, which is loaded in longitudinal direction; (right) CT500 Deben 

tension-/compression in-situ stage with the specimen mounted inside 

2.2    High-resolution XCT 

Measurements were performed at the University of Applied Sciences in Upper Austria, Wels with the EasyTom 160 (RX 

Solutions, France) and a 14-bit 4032 x 2688 pixel CCD camera. 

XCT scans were performed with a voxel size of (2 µm)3 at strain 0% and at strain 30%. The main scan parameters can be found 

in Table 1. The second scan was done (after 1 hour relaxation time) after the specimen has been elongated by 30% (scan 2 at 

strain 30%). Scans were performed at the particle position to detect defects as well as the particle. Eventually it was necessary 

to move the stage in vertical direction to bring the particle inside the scannable volume. Data was reconstructed with the XAct 

reconstruction software (RX Solutions, France). 

Table 1: Scan parameters 

 

 

 

 

 

2.3    In-situ tensile testing stage 

The CT500 Deben tension/compression in-situ stage (Deben, UK) was utilized in this work. The main specifications of the in-

situ sage can be found in Table 2. Inside the in-situ stage a moving part stresses the specimen, while a load cell measures the 

load (force and elongation) applied to the specimen. Clamps are used to immobilize the specimen not only during the in-situ test 

but also during the XCT scan. All specimens were loaded from strain 0% to strain 30% in displacement-controlled tensile mode 

and interrupted in-situ tests were performed. Mechanical experiments need to be performed in displacement-controlled mode 

since the material must undergo a constant strain and continuous deformation to perform stable CT scans [5]. The specimens 

(length l0 approximately 18mm) were displaced to strain 30% which corresponds to approximately 5,4mm extension for the 

specimens described in section 2.1. Motor speed at displacement-controlled mode is material dependent. The properties of a 

material have a massive impact on the relaxation time. A very soft and flexible material needs more relaxation time than a very 

stiff material. Since PE is a very soft material, the servo motor must move as slowly as possible with 0.2 mm/min. Room 

temperature war kept constant to 24 °C during the experiments were performed. To perform the CT scan at stable conditions an 

experimental relaxation time of 1 hour was mandatory to avoid artefacts. During this time the force decreased significantly (see 

Figure 4).  

Table 2: Specifications of the CT500 Deben in-situ stage 

 

 

 

 

 

Scan Parameters  

Filament Tungsten  

Voltage 60kV for glass particles and 80kV for steel particles 

Scan time 96 min 

Binning 2x2 

Averaging 7 

Integration time 1500 ms 

Voxel size (2 µm)3 

Specifications  

Modes Tensile or Compression 

Maximal load 500 N 

Motor Speed 0,2 mm/min – 2 mm/min 

Max. extension 10-20 mm tensile and 5-15 mm compression 

Accuracy 1% of full scale range 

Weight Approx. 1 kg 
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The CT500 Deben in-situ stage has different evaluation modalities. In this study the force was recorded over the time [s]. Thereof 

a stress over strain curve was generated.  

2.4    Defect detection and classification 

Defect classification and detection can be categorized into data acquisition, pre-processing, post-processing and the analysis and 

interpretation of the results [6]. The reconstructed data was evaluated with the software VG Studio MAX 3.2 (Volume Graphics 

GmbH). Scans of strain 0% and strain 30% were manually aligned to each other. For noise reduction a Gauss filter (Gauss 3) 

was used. In VG Studio MAX 3.2 the advanced surface determination tool was used with different thresholds to segment the 

defect and the particle. 

The investigated specimens showed either a single particle with matrix detachment, a defect due to a cracked particle or a single 

particle without defect. The different defects can be seen in Figure 4. 

If the surface determination was not able to determine the whole defect, region growing or manual segmentation were used 

additionally. Manually segmented defects were merged before a mesh could be created. Particle pull-outs and particle fractures 

could be found. With these defect masks a mesh of the particle and the defect could be created (see Figure 4). Data can further 

be used for simulations.  

3    Results and Discussion 

Defects and particles were assessed for each specimen. The XCT scans and the evaluated different particles (50 µm glass, 100 

µm glass 50 µm steel, 100 µm steel or 250µm steel) and defects are shown in Figure 4. To segment particles and defects, the 

XCT image must fulfil several criteria such as a sufficient resolution, low noise level and as few artefacts as possible. Some can 

be influenced, some are present inherently [7].  

Salaberger [7] and Maurer et al [8] showed that defects are induced close to the particle and not in the homogeneous PE matrix, 

since shear stress is higher near the particle compared to the homogenous matrix, therefore the particle is pulled out of the matrix. 

The in-situ measurements are indispensable for quantitatively exact values for the damage model validation [9]. 

 

 
Figure 3: (left) sectional image of a 100 µm glass particle strain 30% and (middle) the evaluated 3D mesh image of the particle (blue) and the 

defect (green). On the right side the 90° rotated 3D image view of the particle is shown.  

Figure 3 shows a sectional XCT image (left) of a 100 µm large glass particle after tension test with a strain of 30% and the 

evaluated mesh (middle) of the defect (green) and the particle (blue). Additionally, the lateral view of the 3D image of the particle 

is shown (right). As Figure 3 exemplary shows, glass particles are not only pulled out of the matrix, but can also burst into two 

or more parts. Our evaluations showed that there is a higher probability that the particle is not only pulled out of the matrix but 

also breaks, especially if the shape of the particle is no sphere. Steel particles tended to be categorized as particle without defect 

while glass particles were all defined as particle with defect. Defects were in a range of 40-70 µm in width and 5-40 µm in height 

and depth. Evaluations showed that the shape of the particle as well as the material of the particle have an impact on the generated 

defect. The interpretation of the imaged damage state need careful considerations since the stress-strain states might be reduced 

due to the prior relaxation phase [5]. It has to be considered that high doses of X-ray radiation can also cause material degradation 

and faster ageing [10]. 
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Figure 4: sectional image at strain 30% of the particle (blue) and the defect (green) on the left side and the surface renderings of the evaluated 

3D mesh image on the right side of a (a) 50 µm glass particle, (b) 100 µm glass particle, (c) 50 µm steel particle, (d) 100 µm steel particle 

and (e) 250 µm steel particle   

Figure 4 represents the evaluated particle groups. The particle is illustrated in blue while the defect is represented in green. 

 
Figure 5: (left) force over time and (right) stress over strain curve of a 100 µm glass particle 

 

A typical force-time respectively stress-strain curve is presented in Figure 5. The left graph in Figure 5 shows the force over time 

curve, which was recorded during the tensile test. The orange arrow points at the maximal force after 30% elongation. Before 

the XCT measurement is started a relaxation phase is needed to avoid motion artefacts. This relaxation could be measured [7]. 

At the end of the predefined relaxation time (Figure 5, left side, black box) - approximately 1 hour - the XCT measurement was 

performed. The stress-strain curve is unique for every material and sensitive to extrinsic influences like variations in temperature. 

To avoid temperature flux the room temperature is regulated to 24° C. Changes in the force over time curve, for example a small 

force drop in the plastic area, implicates that the specimen has moved during the examination. This would imply problems at the 
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clamping area and the specimen might have slipped out of the clamps. If the specimen slips out of the clamps the force is not 

effectively transmitted to the specimen. Therefore, the results might be adulterated, and the experiment has to be repeated. 

Several kinds of artefacts can appear due to different reasons. Especially steel particles show beam hardening. These artefacts 

hamper the automatic detection of defect and particle.  

4    Conclusion 

Single particles and emerged defects were detected, characterised and assessed using VG Studio MAX 3.2. Different kinds and 

shapes of particles as well as defects were investigated. During the scan the elongation was measured and stress over strain 

curves were calculated. The results showed that shape and material of the particle have an impact on the defect formation. 

Spherical particles tend to be pulled out of the matrix, while non spherical particles tend to rupture.  
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