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Abstract: Advanced high-strength steels (AHSS) have become increasingly popular in the automotive
industry due to their high yield and ultimate tensile strengths, enabling the production of lighter car
body structures while meeting safety standards. However, they have some setbacks compared to
conventional steels, such as edge cracking through sheet thickness caused by forming components
with shear-cut edges. When characterizing the formability of sheet metal materials, the hole expansion
test is an industry-standard method used to evaluate the stretch-flangeability of their edges. However,
accurately visualizing the first cracking is usually tricky and may be subjective, often leading to
inconsistent results and low reproducibility with some impact of the operator on both direct and
post-processing measurements. To address these issues, a novel digital image processing method is
presented to reduce operator reliance and enhance the accuracy and efficiency of the hole expansion
test results. By leveraging advanced image processing algorithms, the proposed approach detects the
appearance of the first edge cracks, enabling a more precise determination of the hole expansion ratio
(HER). Furthermore, it provides valuable insights into the evolution of the hole diameter, allowing
for a comprehensive understanding of the material behavior during the test. The proposed method
was evaluated for different materials, and the corresponding HER values were compared with the
traditional method.

Keywords: edge cracking; hole expansion ratio; adaptive image binarization; circular hough transform;
advanced high-strength steels

1. Introduction

The challenge posed to the automotive industry to improve energy efficiency and
develop low-consumption vehicles has led to a demand for lighter construction compo-
nents [1,2]. Using new materials to reduce weight is crucial in addressing these issues.
Advanced high-strength steels (AHSS) and aluminum alloys have been employed to achieve
this goal instead of using conventional steels [3]. AHSS typically exhibits high yield and
ultimate tensile strengths, which are critical to ensure passenger safety. However, their
processing poses setbacks and challenges. During the manufacturing forming process,
the material undergoes severe loadings such as bending and stretching, which can result
in edge cracking through the sheet thickness due to its low resistance to sheared edge
cracking. The term “stretch-flangeability” refers to the ability of sheet metal materials
to resist edge cracking when exposed to edge stretching deformation. This property is
typically evaluated through hole punching and expansion tests [4].

The Hole Expansion Test (HET) is a commonly used method to assess the resistance
and stretch-flangeability of sheared edges, and it is defined by the ISO 16630 [5] standard.
In this test, a metallic sheet with a specified hole size is expanded by a conical punch until a
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visible through-thickness crack appears. The hole expansion ratio (HER(%)), is calculated
according to:
Dy —D;

HER(%) = —5—,
f

@
where D¢ (mm) and D; (mm) represent the diameter of the expanded hole and the initial
diameter on the sheared surface of the pre-punched hole, respectively.

The occurrence of cracks is typically assessed manually through visual inspection and
experience. However, in some cases, the operator may not recognize the right moment to
stop the test, leading to crack propagation and, consequently, increasing the measurement
of the final hole diameter [6]. This human subjectivity can lead to errors and significant
deviations in experimental results. Moreover, for certain materials, edge cracks may occur
at varying times for each trial, which can increase the scatter of the hole expansion ratio [7].

There are several approaches to experimentally determine the crack initiation during
the hole expansion test. Dunckelmeyer et al. [8] and Panich et al. [9] related the appearance
of a through-thickness crack to a possible drop in the punch force-displacement curve.
This method may be insufficient for some materials and test conditions, as multiple micro-
cracks may appear simultaneously, requiring additional approaches. Leonhardt et al. [10]
employed an automated pneumatic system to detect the crack. The authors concluded that
the developed approach exhibits sufficient sensitivity to accurately determine the HER for
different process parameters, e.g., cutting clearance and initial hole diameter.

One effective method for monitoring the development of through-thickness cracks is
the implementation of digital image correlation (DIC) techniques. This optical measurement
technique is widely used in experimental mechanics to analyze the displacement and strain
of an object or surface by comparing images acquired before and after deformation [11].
By acquiring a continuous sequence of images during the hole expansion process, this
approach enables the precise determination of the exact time when edge cracks appear
and simplifies the analysis of their propagation around the hole [12]. Additionally, DIC
techniques provide the capability to measure the strain distribution surrounding the hole
during the expansion process. Chen et al. [13] employed a DIC technique to measure
the strain field around the expanded hole on the upper surface of the specimen, which
was important for understanding the deformation behavior and failure mechanisms of
the material under analysis. Li et al. [14] later employed an ARAMIS system to observe
the deformation of the specimen and investigate the influence of experimental methods,
such as burr direction, hole manufacturing method, blank thickness, and punch shape,
on the hole expansion ratio. Krempaszky et al. [15] and Wang et al. [16] used a digital
camera system equipped with two charge-coupled device (CCD) cameras to measure
the hole expansion ratio and generate precise 3D images of the through-thickness crack.
Barlo et al. [17] investigated the boundary conditions of the HET by introducing draw beads
to the experimental setup. Additionally, they used images acquired by a 3D DIC system
to evaluate the hole expansion ratio, thereby reducing the impact of the operator-reliant
post-processing. Digital image correlation systems typically require sophisticated and
expensive equipment, including high-resolution cameras, specialized lenses, and complex
calibration procedures. The need for such equipment and procedures can make setting up
and implementing DIC techniques for hole expansion testing time-consuming.

Due to the disadvantages associated with DIC systems, the use of digital image pro-
cessing (DIP) techniques has emerged as a simpler and viable alternative for the detection
of through-thickness cracks during the hole expansion test [18]. These techniques refer to
a broad range of methods and algorithms used to modify and extract information from
digital images [19,20]. Chiriac et al. [21] used a Digital Recording and Measurement System
(DRMS) to accurately determine the HER for different dual-phase steels resulting in a reduc-
tion in the variability of the hole expansion results. During the test operation, the system
acquires and displays the edge of the punched hole in real time. After the test, the acquired
image sequence is replayed, enabling a frame-by-frame analysis of fracture development.
This semi-automatic analysis allows for the selection of the specific image frame of the
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occurrence of a single through-thickness crack. By measuring the inside diameter of the
hole at the selected frame, the authors accurately calculate the final hole expansion ratio. A
similar approach was employed by Kim et al. [22]. In their study, the authors used a visual
system for monitoring the edge expansion and investigated the effects of pre-machined
processes on the hole expansion ratio. In both studies, the through-thickness crack is manu-
ally identified and analyzed using a pre-acquired image sequence, which can still introduce
an element of human subjectivity and impact the consistency and reliability of the results.
To address the challenges associated with the manual identification of through-thickness
cracks, Choi et al. [23] developed an algorithm for smart crack inspection based on image
processing techniques, mainly binarization and blob detection. This algorithm can automat-
ically detect the presence of a through-thickness crack and calculate the corresponding HER
value. Park et al. [24] developed an integrated analysis system that combines computer
vision with punch load analysis to improve the accuracy of the measurements. The system
includes an automated image processing algorithm, which reduces the risk of human error
and enables more precise prediction of the measurements.

Cruz et al. [25] developed an instrumented device to acquire the real-time evolution of
the hole dimensions during the test. They also developed a DIP tool, based on the Circular
Hough Transform (CHT), to automatically detect and measure the different hole diameters,
enabling a more accurate determination of the final hole expansion ratio. This methodology
is suitable for sheet materials with thicknesses between 0.5 and 3 mm. The results were
more consistent and accurate when compared to the traditional manual measurement
method. Besides these developments, the moment to measure the HER value, i.e., the
through-thickness crack occurrence, is still chosen manually using a pre-acquired image
sequence. This article aims to give continuity to the work presented above by exploring
different digital image processing techniques to automatically detect the occurrence of
cracks in the hole expansion test, contributing to the improvement of prediction not only of
the HER value, but also of the evolution of the expanded hole diameter during the test.

2. Experimental Setup

The hole expansion tests were conducted according to the ISO 16630 [5] standard
using the universal test machine developed by Duarte et al. [26]. Because of its flexible
mechanical system, this hydraulic power equipment is commonly used for studying plastic
sheet metal forming behavior, and several tests can be performed with this equipment,
including Hole Expansion, Erichsen, Nakajima, and Fukui tests, by simply changing the
tool setup [27]. A schematic representation of the HET tool setup is represented in Figure 1.

The instrumented device presented in [25] was used to acquire the real-time evolution
of the hole expansion throughout the test. The image acquisition system presented in
Figure 1 comprises a digital web camera (Microsoft LifeCam Studio Win USB 1080p) with
a maximum image resolution of 2560 x 2048 pixels and a maximum frame rate of 30 fps,
and an illumination device installed at the center of the top of the system. It consists of a
high-brightness LED strip that distributes light evenly on the sheared surface of the hole. A
conical punch with a cone angle of 60° and a diameter of ¢ = 25 mm was coated with a black
PVD layer. This type of coating, as shown in Figure 1, creates a high-contrast region in the
acquired image between the inner boundary of the expanded hole and the punch surface,
which is critical for the identification of the through-thickness crack and the application of
DIP techniques. The implemented image acquisition system is directly synchronized with
the universal test machine. Therefore, during each test, an image sequence, i.e., video, is
recorded, simultaneously with the displacement and punch force signals. The test stops
when the operator sees a macro through-thickness crack. At this point, the test specimen is
removed, and the HER value is determined using the acquired image sequence and the
proposed digital image processing algorithm.



Metals 2023, 13,1197

40f 14

‘Webcam

[Ilumination Device

p_ ]

v NS heio Crackli

[ ¢=25mm |

Figure 1. Experimental setup used for the hole expansion test (adapted from [25]).

During the hole expansion test, the punch moves vertically, and the plane where the
internal diameter is measured approaches the camera successively. As a result, the system
resolution, i.e., the ratio between pixels (px) and millimeters (mm), in the measurement
plane varies throughout the test. To accurately account for this variability and address any
optical distortions, a calibration procedure was performed for different measurement planes
using a calibration gauge, depicted schematically in Figure 2. This gauge has marked circles
with well-known diameters, D, in a range between 6 and 30 mm. The measurement plane
is defined as the plane where the inner diameter is measured and its vertical displacement
is given by Ad,, pane- In the presented calibration process, the different measurement plane
displacements were defined by approaching the gauge into the camera using the punch
movement. The calibration results obtained from this procedure are presented in Figure 2,
which lets one perceive the relationship between the known diameters of the gauge circles
and their corresponding pixel values.
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Figure 2. Resolution of the used image acquisition system calibrated for different measurement plane
displacements, Adyy, ;141 (adapted from [25]).

3. Digital Image Processing Algorithm

The first step in the proposed methodology is to automatically extract several images
from the pre-recorded image sequence for the experimental test under study. These images
are the starting point for applying the digital image processing algorithm, and provide the
evolution of the hole size and the through-thickness crack during the test. As shown in
Figure 3, the DIP algorithm consists of two distinct steps: (a) crack detection and (b) hole
diameter measurement. The crack detection step is responsible for detecting the presence
of a through-thickness crack on the sheared surface of the specimen, whereas the hole
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diameter measurement step is responsible for measuring the corresponding inner hole
diameter of the specimen. If the through-thickness crack is identified, the global algorithm
determines the corresponding hole expansion ratio using the initial hole diameter (D;)
and the hole diameter determined in the hole diameter measurement step (D f). If no
through-thickness crack is detected, the diameter value from the current image is recorded,
and the DIP analysis proceeds to the next image for further evaluation. The sub-algorithms
corresponding to the crack detection and hole diameter measurement steps are presented
in the following sections.

> Crack Detection Step |—
. Yes
Original Image > —»| Determination of HER
. D;—D;
No HER(%) = ’D—J
L,| Hole Diameter ||
Measurement Step Import Next Image

: Determination of :

1 Hole Diameter [mm] 1
b e - - —-—-- 1

Figure 3. Developed digital image processing algorithm for crack identification and hole diame-
ter measurement.

3.1. Crack Detection Algorithm

The crack detection step consists of four distinct and successive image processing
operations, mainly image binarization, blob detection, selection of the region of interest
(ROI), and image linearization. Binarization is the process of creating a binary image from
a grayscale image using a thresholding method [28]. All pixel values above a globally
determined threshold (G;) are converted to white (a bit value of one), and all other values are
set to black (a bit value of zero). Depending on the use of threshold value, the binarization
method is divided into global and adaptive binarization. The global binarization method
uses a single and constant threshold value for the whole image, whereas the adaptive
binarization method uses local threshold values where different threshold values are
computed for each pixel in the image. This method offers increased robustness to changes
in lighting [29]. The results of both thresholding methods are shown in Figure 4 for an
image acquired during the hole expansion test. It is noted that the sheared edge surface is
hardly recognized using the global binarization method, as shown in Figure 4b. However,
it is possible to obtain a clear binarization image using the adaptive binarization method,
as shown in Figure 4c.

() (b) (c)

Figure 4. Binarization methods: (a) original image, (b) binarized image by global binarization,

and (c) binarized image by adaptive binarization.

In computer vision, blob detection is a technique used to identify and locate regions or
“blobs” in an image that differ in properties, such as brightness, color, or texture, from sur-
rounding regions. These regions or blobs may correspond to objects or features of interest
in the input image. For the proposed methodology, different operations were considered,
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including (a) the suppression of light structures connected to the image border; (b) the
combination of adjacent pixels by filling image regions and holes; and (c) morphological
operations, such as closing and boundary extraction [30]. These operations are fundamental
for correct and efficient ROI selection. An overview of the blob detection step is shown
in Figure 5. After this step, the ROI must be defined for the correct identification of the
through-thickness crack. The largest closed area is then selected, resulting in a ring-type
structure, as shown in Figure 5d. This structure corresponds to the sheared surface of the
pre-punched hole and is the region where the crack identification process is then performed.
The parameters used for each operation are summarized in Table 1. These parameters were
carefully chosen, taking into consideration the specific characteristics of through-thickness
cracks, and were tested to robustly identify macro through-thickness cracks rather than
small cracks with a resolution of 0.1 mm.

(a) (d)

Figure 5. Blob detection and ROI selection steps: (a) original image, (b) binarized image, (c) resultant

image after the morphological operations (clear borders and close mask and fill holes), and (d) final
selected ROL.

Table 1. Parameters used in the crack detection algorithm.

Method Adaptive
Image Binarization Sensitivity 0.51
Foreground Polarity ‘bright’
Method Clear Borders
Pixel connectivity 8
Method Close Mask
Blob detection Structuring element Disk
Size 1 px
Method Fill Holes
Pixel connectivity 4
Method Image Filtering
. Number of returned objects 1
ROI Selection Property to filter Area
Criterium "largest’

The final step of the crack detection algorithm is the so-called image linearization
step, which consists of linearizing the sheared edge, as represented in Figure 6, to simplify
the through-thickness crack detection. In this step, a new image is built considering a
transposition of coordinates for polar coordinates with angles between 0 and 360°. Using
this transformation, it is possible to transform the circumferential profile (Figure 6a) of
the sheared edge surface into a linear profile (Figure 6b). The center of the desired ROI
is determined using the Hough transform [31,32], which is presented in detail in the next
section. Analyzing the represented image, it is possible to clearly differentiate the inner
and outer boundaries of the shear edge. Furthermore, this type of linear representation is
advantageous in identifying whether the through-thickness crack is present. As shown
in Figure 6¢, the crack is automatically identified when the original image’s single ROI
blob is divided into two or more independent blobs. In this example, two distinct blobs
are marked with different colors (orange and blue), indicating the presence of a crack that
extends through the thickness of the material. On the other hand, if the analysis of the
linearized image reveals only a single blob within the RO, it signifies that a crack has not
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propagated completely through the material’s entire thickness. In such cases, the presence
of a single blob suggests that the crack may be localized or partial, rather than extending
fully through the material’s thickness.

Inner Boundary

Outer Boundary

(0)
Figure 6. Schematic representation of the image linearization procedure: (a) original image (ROI),
(b) linearized image and identification of inner/outer boundaries and through-thickness crack,
and (c) linearized image and selection of two different blobs.

3.2. Hole Diameter Measurement Algorithm

The main objective of the algorithm presented in this section is to identify and measure
the hole diameter evolution during the hole expansion test. Figure 7 depicts the different
steps of the developed methodology applied to the reference image used in Section 3.1.
To detect and measure the diameter value in each image, a Hough Transform (HT)-based
algorithm is used. The HT is a popular image processing technique for detecting simple
shapes in an image, such as lines, circles, and ellipses. It was first proposed by Paul
Hough [33] in 1962 to detect straight lines. Essentially, it works by transforming the image
from the original spatial domain to the parameter space, where the shape parameters are
represented as points.

The Circular Hough Transform (CHT) is a variation of the HT and is a robust technique
used to detect circular shapes, such as circles or arcs, in noisy or distorted images. Duda
and Hart introduced it in 1972 [34] as an extension of the original Hough Transform. The
CHT transforms the image data from the spatial domain to a parameter space, where circles
are represented by their center coordinates (x, y) and radius (r). Each point in the image is
represented as a circle in the parameter space, and the accumulation of these circles results
in a two-dimensional array called the Hough accumulator, which contains the parameter
combinations that receive the most votes. To detect circles using the CHT, the maximum
peaks in the Hough accumulator correspond to the center coordinates and radius of the
circles in the image. The number of peaks detected corresponds to the number of circles
present in the image [35].

(b) ()

4

'} ,
(@)

(d)

Figure 7. Hole diameter measurement algorithm: (a) original gray image, (b) edge detection using

the Canny edge detector, (c) selection of the RO and (d) application of the Circle Hough Transform.

A preliminary edge detection operation must be performed to apply the CHT to an
image properly. Edge detection is a digital image processing technique used to identify and
highlight an image’s edges, defined as the boundaries between two regions with different
intensities or color values. The most commonly used edge detection methods are the Sobel
operator, the Canny edge detector, and the Laplacian of the Gaussian method. In this work,
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the Canny edge detection method [36] is used, which involves multiple steps, such as noise
reduction, gradient calculation, non-maximum suppression, and hysteresis thresholding.
A threshold value of 0.5 was adopted, resulting in a binary image as the one represented in
Figure 7b with a clear and sharp edge highlighted in white [37].

After the edge detection step, several morphological intermediate operations (Figure 7c)
are applied to simplify the selection of the region of interest. The CHT is then applied to
the selected ROI, as shown in Figure 7d, to obtain each image’s inner and outer diameters
in pixels. The parameters considered for the edge detection step and Hough Transform are
summarized in Table 2. The final inner diameter, 2r, is converted from pixels to millimeters
using a conversion factor that takes into account multiple factors, including the resolution of
the acquisition image system, as discussed in Section 2; the thickness of the material; and the
displacement of the punch at the time the image was acquired [25]. The methodology
described can be applied to sheet materials with thicknesses ranging from 0.5 to 3 mm,
and can measure hole diameters with a maximum accuracy of +0.1 mm.

Table 2. Parameters used in the hole diameter measurement algorithm.

Edge Detection Step Threﬁe;{:joglalue 'CanrngEdge’
Method "Phase Code’
Hough Transform Ed%eezgiz/eii;(ﬂd 8;?
Object Polarity Bright

4. Application of the DIP Algorithm

The developed DIP algorithm was tested and validated using experimental data from
hole expansion tests performed on three distinct ferritic carbon steels [38] with different
thicknesses and mechanical properties. Table 3 shows the mechanical tensile properties
for each studied material in the rolling direction (RD), according to ISO 6892 [39] and the
corresponding thickness value. The holes were produced in each specimen by punching,
considering a cutting clearance of 15%. Two samples for each material permit testing results
for different materials, thicknesses, and any variability for the current proposed automated
procedure. The initial hole diameter, also presented in Table 3, was measured using a
Mitutoyo digital three-point internal micrometer with a digital step of 0.001 mm. For each
material, the hole expansion test was performed considering a constant punch speed of
0.5 mm/min under a blank holding force of 25 kN. The images were acquired at a rate
of 5 fps. In this experimental work, the excessively expanded crack morphology (macro
fracture) defined by Li et al. [40] was adopted as the criterion to stop the hole expansion test.

Table 3. Tensile properties (RD) and additional information for the studied sheet metal materials.

Material Thickness Yield Ultimate Uniform Initial
Strength Strength Elongation Diameter
1D t (mm) Re (MPa) Rm (MPa) A (50%) d; (mm)
#1 2514 480.28 548.82 26.5 10.031
#2 2.319 517.83 581.20 23.5 10.029
#3 1.997 577.93 611.54 24.0 10.028
Results

The force-displacement data obtained for the studied materials during hole expansion
are shown in Figure 8. Each curve represents the force-displacement relationship during
the hole expansion, with the point of crack identified by the DIP algorithm also indicated.
The dotted line on each curve indicates the experimental data acquired between the crack
point and the end of the test. The evolution of the punch displacement-force relation
exhibits a similar trend for all the studied samples, and the point identified by the DIP
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algorithm is consistent across the different materials. Nevertheless, it is important to
recognize that the stochastic nature of fracture introduces uncertainty in the observation of
the first through-thickness crack and overall fracture behavior.

30

— #1 - Sample 1
o5 1 T #1 - Sample 2
— #2 - Sample 1
“““ #2 - Sample 2
20+ — #3 - Sample 1
“““ #3 - Sample 2
% Point of crack

10 15 20 25
Displacement [mm)|

Figure 8. HET punch force-displacement curves obtained for the performed hole expansion tests.

As mentioned earlier, the DIP algorithm was developed to detect cracks and measure
hole diameters accurately during hole expansion tests. Figures 9-11 show the evolution of
the hole diameter during the tests for materials #1, #2, and #3, respectively. Each material
has a representative curve of the hole diameter plotted against punch displacement until the
point of cracking through the thickness. At this point, the measured diameter corresponds
to the final diameter, D s which is used to calculate the final HER using Equation (1).
As can be noted in the analysis of Figure 8, the dotted points beyond the crack point
indicate excessive expansion of the hole diameter following crack detection. Unlike the
traditional method [39], which evaluates the final diameter after the test has stopped and
the punch has been removed, the developed method calculates the HER value using the
image acquired when the first macro crack appears. Thus, the HER values obtained using
the developed method tend to be lower and more conservative than those obtained by
manual measurement, as confirmed by the results presented in Table 4. The table presents
the hole-expanded diameter values obtained using the developed DIP algorithm and those
measured using a Mitutoyo digital three-point internal micrometer (direct measurement).
The corresponding HER values are also presented for each sample. Material #2 has a higher
edge crack resistance, presenting a HER value of approximately 73%, in contrast to material
#3, which has a lower edge crack resistance (HER ~ 33%). Note that these values are
overestimated when direct measurement is used, with HER values of 81.0% for material #2
and 42.5% for material #3. The relative error between samples is below 0.5% for materials
#1 and #2, and below 3% for material #3. These values are higher when direct measurement
is used, with relative errors of 2.5% for materials #1 and #2, and 6.5% for material #3.
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Table 4. The HER values obtained by the DIP algorithm and direct measurement.

Material ID DIP Algorithm Direct Measurement

Dy (mm) 14.98 15.26

Sample 1 HER (%) 49.4 52.1

#1 Dy (mm) 15.03 15.50

Sample 2 HER (%) 49.8 545

Error (%) HER 0.4% 2.4%

D/ (mm) 17.42 18.12
le 1 f

Sample HER (%) 73.7 80.7

# D/ (mm) 17.36 18.18
le 2 f

Sample HER (%) 73.2 81.3

Error (%) HER 0.5% 0.6%

D (mm) 13.20 14.61

Sample 1 HER (%) 316 45.6

#3 D (mm) 13.47 13.97

Sample 2 HER (%) 344 39.4

Error (%) HER 2.8% 6.2%

Upon analyzing the evolution of the hole diameter with punch displacement in greater
detail, it can be realized that the curves for all three materials follow a similar trend. Fur-
thermore, two distinct zones can be identified in the curves. For punch displacements lower
than 7.5 mm for materials #1 and #2, and 5 mm for material #3, the hole diameter remains
almost constant, with a value equal to the initial diameter (D; = 10 mm), and does not
significantly increase with punch displacement. After reaching this point, the evolution of
the hole diameter changes significantly, and the relationship between punch displacement
and hole diameter becomes linear with a well-defined slope.

At the beginning of the test, the blank is flat, and the inner and outer diameters are
coincident. However, as the punch moves, the blank thickness tilts and becomes visible
in the acquired image. Therefore, at the start of the test, the DIP algorithm can only
detect the outer diameter and begins to detect the inner diameter when the thickness
becomes visible in the image. This phenomenon is evident in the results for material #1,
where the DIP algorithm only detects and measures the outer hole diameter between 0
(zero) and 5 mm, as it is associated with the tilt of the thickness. In this specific case,
an increase in the outer diameter can be observed with punch displacement. After 5 mm
displacement, the inner diameter becomes visible in the acquired image and is measured
by the proposed algorithm, resulting in a reduction of the estimated value. As the punch
advances, the internal diameter is progressively measured, resulting in a linear evolution.
A similar analysis can be conducted for the remaining materials.

Figures 9b, 10b, and 11b show, sequentially, the application of the developed DIP
algorithm to detect the through-thickness crack and measure the final hole diameter, D fs
for materials #1, #2, and #3, respectively. The first image represents the original image,
and the second represents the binarized image with the selected ROI. The third represents
the linearized image and the identification of the number of blobs. The fourth image shows
the result of the edge detection algorithm used to estimate the final hole diameter. The
red line in the fifth image represents the estimated diameter. As can be seen, the DIP
algorithm was successfully applied to the selected materials, all of which present a single
through-thickness crack that generates two independent blobs in the linearized image.
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Figure 9. Representation of the (a) evolution of the hole d1ameter during the test and the (b) ap-
plication of the developed DIP algorithm to the image with a through-thickness crack for material
ID #1.

Hole Diameter [mm)]
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Displacement [mm]

(@) (b)
Figure 10. Representation of the (a) evolution of the hole diameter during the test and the (b) ap-
plication of the developed DIP algorithm to the image with a through-thickness crack for material
ID #2.
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Figure 11. Representation of the (a) evolution of the hole diameter during the test and the (b) ap-
plication of the developed DIP algorithm to the image with a through-thickness crack for material
ID #3.
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5. Conclusions

This work describes a new method based on digital image processing techniques
aimed at improving and automating crack detection and final diameter measurement
in hole expansion tests. A new experimental image acquisition system was designed to
acquire the evolution of the hole during the test, synchronized with the punch displacement
and force signals. After the test, a post-processing image processing algorithm is applied
to the acquired image sequence to detect the through-thickness crack and measure the
different hole diameters.

The developed digital image processing algorithm comprises two sub-procedures:
crack detection and hole diameter measurement. The first involves image binarization,
blob detection, ROI selection, image linearization, and crack identification. Adaptive bina-
rization is proposed to enhance the versatility of the algorithm, enabling its application to
different sheet metal materials and varying thickness values. The algorithm identifies the
through-thickness crack when the single ROI blob is separated into several independent
blobs in the linearized image. The second uses the Hough transform to identify and mea-
sure the inner diameter of the expanded hole during the test. Additionally, the HER value
is determined when the through-thickness crack is identified in the crack detection step.
The complexity of the developed algorithms is relatively low, as they involve a series of
simple operations that do not require high computational costs. Therefore, the simplicity of
the operations allows for efficient execution and analysis of the acquired images, making
the proposed method practical and accessible for implementation in various experimen-
tal settings.

The proposed method was validated using HER tests with three different sheet metals
and different thickness values. The results show an excellent accuracy of the automated
procedure when compared with manual image sequence analysis of the first thought
thickness crack detection. Additionally, the repeatability of the obtained results shows
an improvement achieved by the developed methodology due to its superior accuracy. It
must be noted that being experimental tests means that material may behave with some
uncertainty for fracture and first through-thickness crack observation as a result of the
stochastic behavior of fracture. The proposed method with its automated procedure shows
a more reliable determination of the Hole Expansion Ratio, being more suited for industrial
applications and not dependent on the experience and skills of the test operator.

Future work will focus on experimental validation of the DIP algorithm for materials
with different surface treatments, which may have distinct reflectance properties. Further-
more, the algorithm’s performance will be assessed in the presence of double cracks, which
may exhibit multiple independent blobs. These test conditions may require a more detailed
calibration of the algorithm parameters. The effectiveness of the developed algorithm for
fully automating the HET test will be evaluated using it during the test rather than just as
a post-processing tool. This improvement in the testing methodology will help prevent
further crack propagation, as the test will automatically stop once the DIP algorithm detects
the presence of a crack, ensuring a more accurate assessment of the hole expansion ratio.
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Abbreviations

The following abbreviations are used in this manuscript:

AHSS  Advanced High-Strength Steels
CCD Charge-Coupled Device

CHT Circular Hough Transform

DIC Digital Image Correlation

DIP Digital Image Processing
DRMS  Digital Recording and Measurement System
HER Hole Expansion Ratio

HET Hole Expansion Test

HT Hough Transform

PVD Physical Vapor Deposition

ROI Region of Interest
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