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Abstract. Force-displacement measurements and macrosections are commonly used methods to 
validate numerical models of clinching processes. However, these ex-situ methods often lead to 
springback of elastic deformations and crack-closing after unloading. In contrast, the in-situ 
computed tomography (CT) can provide three-dimensional images of the clinching point under 
loading conditions. So far, the quantity of elastic springback that causes measuring deviations 
between in- and ex-situ measurements is not determined. In this paper, a method is described to 
quantitatively compare the results of in-situ CT, ex-situ CT and CT scans of cut specimens, which 
are prepared for macrosectioning, among each other. The method is applied to a single-lap shear 
test of two clinched aluminum sheets. Here, the test is conducted to specific process steps, then 
the specimen is CT scanned in-situ (during loading) and ex-situ (after unloading). Subsequently, 
the specimens are cut for macrosectioning and CT scanned. Finally, the outer contours and the 
interfaces of cross section images are determined by digital image analysis and the deviations over 
the clinching point between ex- and in-situ methods are calculated. 
Introduction 
Clinching is a joining technology that has various advantages. Clinching points exhibit good 
mechanical properties, they are media-tight, various materials can be joined and they are cost 
efficient [1]. Since the joint is primarily characterized by a form- and force-fit, joining partners 
can be separated easily during recycling [2]. The validation of numerical models for example of 
shear tests [3] with clinching points is usually done by comparing the load-displacement behavior 
and the deformation state at discrete displacement levels. Here, the deformation state is usually 
extracted in a single cross section using destructive macrosectioning or – more recently – ex-situ 
computed tomography (CT) [4]. The basics for the CT measurement method are described in [5]. 

However, using these ex-situ methods, elastic deformations reset and cracks might close before 
the specimen is investigated. Additionally, during preparation for macrosectioning, the joint 
deforms due to residual stresses. These influences are usually not considered in the numerical 
model or can cause errors. Consequently, these methods only allow an imprecise validation. 
Moreover, only a single deformation state of the same specimen can be used for validation, leaving 
the development of the deformations over the process unrevealed. Thus, conclusions about the 
cause for possible deviations between numerical model and experiment are difficult to be drawn. 

These disadvantages can be eliminated using the in-situ CT. Here, the investigated process is 
conducted inside a CT system. In order to conduct CT scans, the process needs to be interrupted 
and halted at displacement points of interest. Subsequently, the CT scans are used to reconstruct 
and create digital three-dimensional images of the specimen at the respective displacement level. 
This method is increasingly applied for joining and testing processes. For example, Füßel et al. 
benefitted from investigating the testing process under loading when analyzing the damage in 
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single overlapping adhesively bonded riveted lap joints of fiber reinforced plastics and aluminum 
in lap shear tests [6]. Kunz et al. showed that CT visible markers inside an adhesive can be used 
for measuring the internal displacement field of the adhesive during loading [7]. Furthermore, in-
situ CT was used by Pottmeyer et al. to investigate the damage of carbon fiber reinforced plastics 
due to the deformation of inserts under tensile loading [8]. Regarding clinching points, the in-situ 
CT method for shear tests with clinching points was introduced in [9]. Here, the force-
displacement behavior and the cross section was compared qualitatively between numerical model 
and experiment. Furthermore, it was shown that due to the limited resolution and the partial cold 
welding, the interface between the joining partners of the same material was not visible in the CT 
scan. Therefore, radiopaque substances were placed in between the joining partners before joining. 
In [10] the feasibility of different substances to increase the visibility of the interface in CT scan 
was investigated. 

Usually, in- and ex-situ CT scans are used to qualitatively assess the formation and geometry 
of clinching points. However, for validation of numerical models, a quantification is preferable.  
Thus, the objective of this paper is to present a method that enables the quantitative comparison of 
outer contours and interfaces from clinching points. The method is applied on a shear test with 
clinching points. Here, the specimens are investigated in in- and ex-situ CT scans (cf. Fig. 1 a) 
using a CT set-up described in Fig. 1 b and c. Additionally, after unloading, the specimens are cut 
as for macrosectioning. The introduced method is used to quantify the deviations between in-situ 
CT, ex-situ CT and macrosectioning. The deviations are discussed regarding the suitability of the 
different measurement methods for validating numerical models. 

 

 
Fig. 1: Schematic process of ex-and in-situ CT scans during the shear test (a), CT set-up (b), 

close-up view of the actual specimen (c) and dimensions of the specimen (d) 
Materials and Methods 
Specimen preparation and geometry. Two sheets made of EN AW-6014-T4 (2.0 mm thickness)1 
are overlapped and clinched with the punch A50100 and the related die BE80122 (cf. Fig. 1 d). As 
described in [10] a 0.01 mm thick tin foil is positioned in between the sheets prior clinching in 
order to enhance the visibility of the interface in the CT scan. After clinching, the specimens are 
heat treated at 458.15 K for 20 min. It represents a paint bake treatment commonly applied in 
automotive industry, whereby the aluminum material reaches T6 state. The testing device used for 
the in-situ CT shear tests requires slim clamps. Thus, the used specimens exhibit a width of 37 mm 
deviating from the standard ISO 12996 [3] (cf. Fig. 1 d.). 

 
1 Advanz™ 6F-e170, Novelis Inc., Atlanta, USA 
2 TOX PRESSOTECHNIK GmbH & Co.KG, Weingarten, Deutschland 
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Shear test and CT measurement. The shear specimens are tested with an universal testing 
machine ZwickRoell Z2503. The in-situ testing set-up CT-System FCTS 160 - IS4 is situated in 
between the columns of the testing machine. It consists of a microfocus transmission tube FORE 
160.01C TT (160 kV, 1 mA, 80 W, min. focal spot size < 3 µm) as X-ray source and a digital 
scintillation detector PaxScan 4030E DRZ-Plus5 (pixel size = 127 µm, 3200 x 2300 pixels, 14 bit). 
Here, the X-ray-system rotates around the test set-up (cf. Fig. 1 b.). In a CT scan, X-ray projections 
are taken from the test set-up at defined angular steps. In order to investigate the influence of the 
testing machine’s crossbeam displacement on the deviations, three different displacement levels 
are investigated using three specimens for each level. At the displacement level, the cross beam is 
held at constant position and an in-situ CT scan is conducted (ca. 15 min). Then, the test specimen 
is unloaded for an ex-situ CT scan. One specimen of each displacement level is prepared for 
macrosectioning. In order to facilitate the evaluation, the cut specimens are investigated by CT 
instead of microscopy. The CT and testing parameters are shown in detail in Table 1. 

 
Table 1: Parameter of the CT measurement and the tensile testing 

Domain Parameter Entity Value 

C
T

 m
ea

su
re

m
en

t Acceleration voltage [kV] 150 
Tube current [µA] 30 
X-ray projections [-] 1440 (4 per 1°) 
Exposure time [ms] 625 
Voxel size [µm] 7.58 
Magnification [-] 16.8 
Focal spot size [µm] ca. 3 
Physical filter [mm] 0.35 (carbon diamond) 

T
en

si
le

 
te

st
in

g Displacement levels for CT scans [mm] 0; 0.3; 0.65; 1.00 
Pre-load [N] 60 
Testing speed [mm/min] 2 

The volumes are reconstructed with the Feldkamp algorithm in Cera eXplore6. Then, the 
volumes are edited in VG Studio Max7. Here, a cylinder is fitted to the outer surface of the die-
sided sheet. Finally, for each specimen and displacement level, a cross section image is created 
with the section defined by the cylinder’s symmetry axis and the axis along the testing direction. 

Digital image editing. Using MATLAB8 algorithms, the outer contour and the interface visible 
in the cross section images are extracted respectively. The contour is defined as a curve of one 
pixel thickness marking the boundary between material pixels of the punch-sided sheet (grey value 
>1) and air (Fig. 2 c).The extraction of the outer contours is described in the following and is 
visualized in Fig. 2. 
  

 
3 ZwickRoell GmbH & Co. KG, Ulm, Deutschland 
4 Finetec FineFocus Technologies GmbH, Garbsen, Deutschland 
5 Varian Medical Systems Inc, Palo Alto, USA 
6 Version 2.3.1 Siemens Healthcare GmbH, Erlangen, Deutschland 
7 Version 2.2, Volume Graphics GmbH, Heidelberg, Deutschland 
8 R2022a, The MathWorks, Inc., Natick, USA 
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1. Gaussian filtering (imgaussfilt(original_image,0.5)) to reduce image noise. 
2. Binarization (original_image<=1) to assign a grey value to all material pixels (cf. Fig. 2 b). 
3. Median filtering (medfilt2(original_image,[30 30])) to reduce the impact of artefacts. 
4. Contour extraction (bwmorph(original_image,'remove')) to remove interior pixels leaving 

the outer contours of the sheets (cf. Fig. 2 c). 
5. Manual removal of falsely assigned pixels, which are caused by artefacts. 

 

 
Fig. 2: The original cross section image from the CT scan (a) and the extraction steps 

binarization (b) and contour extraction and manual removal of false pixels (c) 
The interface is defined as a one pixel thick curve which marks the center of the tin layer where 

the sheets are pressed together and where the tin layer sticks to the punch-sided sheet (cf. Fig. 2 a). 
When the tin layer sticks to the die-sided sheet, the contour of the punch-sided sheet is taken from 
the outer contour extraction and added to the interface curve manually. The extraction of the 
interface using the tin layer is described in the following and is visualized in Fig. 3. 

1. Binarization (Original_image>175) to extract the tin layer pixels. 
2. Removal of falsely assigned pixels, which are caused by artefacts. 
3. Thickening (imdilate(original_image,strel('disk',20)) of the pixels to fill gaps and smooth 

of the curve of the tin layer. 
4. Thinning bwmorph(original_image,'thin',Inf) of the thickened layer to a curve with a 

thickness of one pixel. 
 

 
Fig. 3: The original cross section image with focus on a half of the interface (a) and the 

extraction steps binarization (b), thickening (c) and thinning (d). 
Comparison procedure. The extracted contours and interface curves are compared 

quantitatively. For this purpose, both images have to be aligned. Therefore, the coordinate origin 
is defined by the symmetry curve and the outer contour of the die-sided sheet as this sheet barely 

(a) (b) (c) 

Tin layer sticks 
to die-sided sheet 

Tin layer sticks 
to punch-sided sheet 

Die-sided sheet 

Punch-sided sheet 

Outer contour 
Tin layer (sheets are 

pressed together) 

(a) (b) (c) (d) 
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deforms (cf. Fig. 4 a). The extracted contours and interfaces of an in- and ex-situ CT scan and the 
qualitative comparison of these curves can be exemplarily seen in Fig. 5. 

    
Fig. 4: Definition of the coordinate system (a) and of the regions for the extraction of the 

measurement points (b) 

 
Fig. 5: Extracted contours (in-situ: red, ex-situ: yellow) and interfaces (in-situ: blue, ex-situ: 

green) from the specimen C04_A_CV_261 (displacement 0.65 mm): in-situ CT (a), ex-situ CT (b) 
and comparison (c). 

For the comparison of the contours and interfaces, the respective pixels (measurement points) 
of the reference image need to be read in along the interface direction. Here, the algorithm detects 
the coordinates of the first measurement point in each row. In order to correctly read in the 
measurement points along the contour or the interface, the image is divided into six regions with 
specific row and column directions (cf. Fig. 4 b). Then, the minimum distance between one 
measurement point of the reference image and each measurement point of the comparing image is 
calculated. The minimum distance accounts for the deviation at this measurement point. This is 
repeated for all measurement points of the reference image.  
Results 
Visualization of deviations. The deviations can be visualized in two ways, which can be 
exemplarily seen for the interface in Fig. 6 a and b. In Fig. 6 a, the pixel coordinates of the 
measurement points of the contour are plotted. Additionally, the measurement points of the ex-situ 
CT are colored indicating the absolute deviation from the ex-situ CT measurement. Thus, the 
direction and size of the deviations can be concluded. In Fig. 6 b, the measurement points of the 
ex-situ CT are shown in sequence on the axis of abscissae and the absolute deviation at each 
measurement point is shown on the axis of ordinates. Thus, with this plot, the size of the deviations 
over the clinching point in relation to the average deviation can be compared more easily. In order 
to facilitate compatibility of both plots, marking points (green) indicating particular measurement 
points can be seen in both plots. 

(a) (b) (c) 
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Fig. 6: Plots of the interface in the ex-situ CT (grey) and in the in-situ CT (coloured according to 

the absolute deviation from ex-situ CT) (a) and absolute deviation between ex-and in-situ CT 
against measurement points (b) for C04_A_CV_261 (0.65 mm displacement). 

Evaluation of deviations. The method of comparing the contours and the interfaces is applied 
to all specimens and their in and ex-situ measurements. The average deviation is shown in Fig. 7. 
It can be stated, that the absolute deviations of contours and interfaces are within a range of 0.03 
mm and 0.16 mm. Additionally, evaluating the regression curve, there is a tendency towards higher 
absolute deviations between ex- and in-situ CT measurements at higher displacements. For the 
macrosection comparison, the CT scan of the cut specimen is compared with the ex-situ CT 
measurement of the respective specimen for each displacement (Fig. 8). Here, the deviations are 
in a range 0.05 mm and 0.25 mm. In this case, too, according to the incline of the regression curve, 
the deviations tend to increase with higher displacements. Furthermore, the deviations between 
CT measurement of a cut specimen and ex-situ CT scan are almost always higher than the ex- and 
in-situ CT deviations. Considering the coefficients of determination, the linear model used for the 
regression curve only partially predicts the average deviation. 
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Fig. 7: Average of the absolute deviation between ex- and in-situ CT measurement of the 
interface (a) and the contours (b). Specimen labels according to TRR285 nomenclature.  

 
Fig. 8: Average deviation between ex-situ CT measurement and the CT of the cut specimen of the 

interface (a) and the contours (b). Specimen labels according to TRR285 nomenclature. 
Summary and Conclusions  
Due to elastic springback, ex- and in-situ measurements of clinching points deviate from each 
other, which is often not considered in the validation of numerical results. In this paper, a method 
is presented to extract the contour and the interface from the cross section image of a digital volume 
of a clinching point. Additionally, the deviations between the contours and interfaces of different 
volumes can be quantified. To show the application of the method, specimens are shear tested to 
different displacement levels. Then, the digital volumes of these specimens are created by ex- and 
in-situ CT measurements as well as by CT measurements of the cut specimen. Eventually, the 
method is used to calculate the deviations between the measurement methods for the different 
displacement levels. 

The described method allows the quantification of deviations between contours and interfaces 
between different measuring methods. Thus, it can be used to measure the elastic springback 
effects and the deformation effects due to residual stresses, which occur during unloading and 
preparation for macrosectioning. Additionally, the method could be applied for measuring the 
deviations between individual specimens in order to quantify the variation in the manufacturing 
process. Furthermore, specimens without tin layer could be investigated. In this case, only the 
contour could be measured at low displacement levels. At higher displacement levels, the interface 
can be additionally measured where a gap occurs between the sheets.  

It can be concluded that the springback effects can alter the deformation state notably. 
Moreover, average springback seems to increase with rising deformation level and is considerably 
higher at macrosectioning preparation. The measured springback is 5 to 25 times higher than the 
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voxel size. However, the influence of the extraction of the interface procedure on the accuracy still 
needs to be investigated. Thus, this method showed that in-situ CT measurements can gain more 
precise information about the deformation state of clinching points during loading as there are 
clear influences of ex-situ measurement methods with increasing displacement level. 

However, it is obvious that introducing a tin layer influences the tribological system during 
clinching and testing. Therefore, the results are not yet comparable to standard clinch points. In 
future investigations, the influence of the tin layer on joint formation and failure has to be analyzed 
and methods to minimize the influence have to be developed. Moreover, it should be investigated, 
if creeping effects occur during the CT scan and how they affect the results of the measurements. 
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