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Abstract 
 
A technology that utilizes penetrating X-rays is one of the oldest non-destructive testing methods. Digital radiography combines modern 
digital image processing algorithms with traditional X-ray testing method. The following paper describes the present use of digital 
radiograms in flaw detection, and the use of identification and classification algorithms in detection of cracks that occur under the effect of 
thermal fatigue process in creep-resistant steel castings operating as structural elements in heat treatment furnaces. The number and length 
of cracks formed in specimens of Ø37×5 mm dimensions as a result of shock heating and cooling was evaluated. The test alloy was 
austenitic cast steel of 30Ni-18Cr type, containing 1.75% Nb and 0.93% Ti (wt.%). It has been indicated that the applied methods of non-
destructive testing using digital radiography are fully successful in evaluation of the fatigue crack propagation rate  in steel castings. 
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1. Introduction 
 
Considering the growing application in industry of high-

temperature processes,  problems of the thermal fatigue of 
materials and structures operating under variable temperatures are 
gaining vivid interest.  

Thermal fatigue of elastoplastic materials is mainly caused by 
plastic deformation due to the effect of external loads (active and 
passive), temperature gradients, and structural anisotropy [1].  

The final consequence of the thermal fatigue process is either 
deformation of the operating element, or its decohesion – usually 
preceded by cracks appearing in the examined material. (Fig. 1). 
Cracks are formed after certain number of cycles, depending on 
the type of material, shape and dimensions of the element, process 
parameters, and operating environment [1-3]. 
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Fig. 1. Thermal fatigue cracks on the specimen edge [4]:  
a) general appearance, b) image of microstructure indicating  

the intercrystalline nature of cracks; 
 test material -  GX40NiCrSi 36-18 



The non-destructive testing methods enable an experimental 
evaluation of the crack resistance of materials through 
observations of the time and place of crack nucleation and 
development, all in function of the thermal fatigue process 
duration. 

A technology that utilizes penetrating X-rays is one of the 
oldest non-destructive testing methods. For many years, analogue 
radiography was the only available diagnostic tool. Problems 
resulting from the application of film technique and progress in 
technology, due mainly to the development and use of semi-
conductors, opened for radiography the door to digitalisation. To 
improve the quality of the results of examinations, new research 
techniques have been developed, while the existing ones are 
improved and enriched with new elements [5]. 

For many years now, operating within the framework of, 
among others, the EU FilmFree Project, the Department of 
Electrical and Computer Engineering at Szczecin University of 
Technology, Szczecin, has been conducting studies of digital 
radiography, mainly to test the quality of welds. The Department 
has a digital radiographic system using light-sensitive image 
plates (Fig. 2). The image of the examined object is saved on 
a memory phosphor plate. Then, by means of a special scanner, it 
is transferred to a computer, and there subjected to digital image 
processing. 
 

 
Fig. 2. Test stand equipped with a DR6000 system  

for digital radiography 
 

Digital radiograms are modified with ImageJ program and 
image processing algorithms implemented in C++ language (Fig. 
3), developed from an analysis of literature and own experience 
acquired during detection of defects in welds and castings.   

This study presents the preliminary results of experiments that 
have been carried out to better explore the possibilities of 
practical application of the above described method (see Fig. 3) in 
detection of cracks formed during the thermal fatigue process in 
specimens made from the creep-resistant austenitic 30Ni-18Cr 
steel (Tab. 1), when used for cast structural parts of furnaces for 
thermal and thermal-chemical treatment [4]. 

The thermal fatigue resistance of cast steel was evaluated 
from the number and length of cracks formed in two specimens of 
Ø37×5 mm dimensions after shock heating and cooling. The 

specimens were subjected to the three successive cycles of 
thermal fatigue testing, composed of the following forty 
operations : 
─ placing in furnace preheated to 900±5oC, 
─ holding for 30 minutes, 
─ cooling in tank with running water. 
Cracks were measured after each cycle. 
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Fig. 3. The successive stages of radiogram processing 
 
Table 1.  
Chemical composition of the examined alloy – wt.% 

C Si Mn S P Cu Cr Ni Nb Ti 
0,29 1,66 0,92 0,012 0,018 0,20 17,5 29,3 1,75 0,93

 
 
2. Measurements and results 
 

As a result of the thermal fatigue effect, circumferential 
cracks running radially towards the specimen centre were formed 
on the surface of the specimens (Fig. 4a). 

ter 
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The photographs of the specimens were taken with a 120kV 
X-ray tube and were saved on light-sensitive memory phosphor 
plates of 10’’×12’’size. After digitalisation, using a DR6000 
scanner, they were written in TIFF format as 16-bit greyscale 
images.  

The determination of ROI was the first step in processing 
cycle (see Fig. 3), and its aim was to define the region most 
important for further analysis. Using ImageJ program and the tool 
called <elliptical mask>, an area outside the specimen was 
removed as well as an area inside the specimen, the latter one 
being equal to half-length of the examined object radius  (Fig. 
4b). Owing to this decision, it was possible to eliminate the effect 
of cracks that might be formed on the cast specimen surface as 
a result of marking this surface with numbers used in la

tification. 
The next step in digital image processing was background 

removal. Due to this operation, the obtained image comprised 
only the investigated defects, i.e. cracks, possibly also some 
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distortions caused by noise during radiographic image capture and 
digitalisation (Fig. 5a). The image was processed using 
a rectangular mask of 31×31 pixel size. The mask was dragged 
over all lines and columns of the image. A median of the 
increasingly ordered vector of the brightness of all pixels covered 
by the mask and belonging to the environment of the examined 
poi

m the input image, leaving only cracks and possible 
istortions.   

 

Fig. 4. Original ima e image after ROI 
determination (b) 

 

ase was 
a rectangular mask of 3×3 pixel size  (see equation (1)). 

nt was ascribed to every point on the resultant image [6-8]. 
After median filtration of the image, its background free from 

the flaws and disturbances was generated (Fig. 5b). It was next 
subtracted fro
d

 
ge (a), and the sam

To remove the remaining small disturbances, the <erosion> 
tool was used (Fig. 6a). Erosion enables morphological 
transformations, due to which the image is processed with 
a structuring element, which in this particular c

 

 
(1) 

I’(m,n) – the value of respective point in the resultant image, 
(m,n) – the structuring element with central point of coordinates 

 

Fig. 5. Background generated with median filter (a),  

value of the brightness of all pixels of the 
(see 

where:  

A
(m,n). 

 

and the appearance of image after background removal (b) 
 

To the central point of the structuring element, a minimum 
value of the brightness of all the neighbouring points was 
ascribed, and saved  in the resultant image (see equation  (1)). 
Then, the structuring element was drawn over all lines and 
columns of the image. A drawback of the <erosion> mode of 
operation was loss of some data (mainly regarding small cracks) 
and border “cut off” in the case of larger defects [9-11]. So, to 
reproduce the real (true) image, a transformation reverse to 
<erosion> was performed (Fig. 6b). In the same way, now 
a maximum 
neighbouring points was ascribed to the examined point 
equation 2). 
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(2) 

 
(3) 

 

m operating this function is 
ilar to <erosion> and <dilation>, the only difference is that 

This transformation is called <dilation>. Combined 
application of <erosion> and <dilation> is called <opening>. 

alternate 

 

rep

d as ”1”, while all 
hold are classified as  ”0” 

case under discussion, binarisation 
. 

 
Fig. 6. The image after erosion (a) and opening (b) 

 
The application of <opening> function does not allow us to 

roduce small cracks (≤3pix), removed when operating in 
<erosion> mode, but the percentage of lost information has 
a negligible effect on the final result of the examinations [14]. 

Binarisation is the next step in image transformation. Its aim 
is to reduce considerably the information generally available in 
processed image. For every image, basing on respective 
histograms, the values of brightness, otherwise called threshold 
values, are individually chosen [12]. All pixels with values of the 
brightness above this threshold are classifie
other pixels with values below the thres
(see equation 3) (Fig. 7). In the 
with “threshold below” was applied [12, 13]

 

w
I’(m,n) – the value of respective 

here: 
point in the resultant image, 

I(m,n) – the brightness of pixel in the examined image, 
a – the binarisation threshold. 

 
Fig. 7. The image after thresholding 

 
To obtain an image of the defects in the form of lines 

surrounding the cracks, the operation of <skeletonising> is 
performed. It consists in replacing objects with a set of curves one 
pixel wide (Fig. 8a). The said curves are composed of a set of 
points that are parallel to at least two points located in the edge of 
the examined object. The algorith
sim
now the applied structuring element has the following form of 
equation (4): 

 

, where X – the examined pixel  (4) 

 
The use of a structuring element of this type prevents the 

formation of additional „artefacts”, i.e. extra „branching” of the 
crack skeleton, characterised by a shape substantially different 
from the shape of a line assumed to run from the specimen edge 
to its centre [14]. 

To determine the length of individual cracks, their number, 
and total length of all cracks, the determination of each detected 
crack is necessary. This task is accomplished by the function of 
<indexation>. The said operation consists in ascribing to each 
object (crack) one of the brightness levels (from 0 to 65535), and 
in ascribing next this value to every pixel that belongs to the 
examined object (Fig. 8b). Since the operation of <skeletonising> 
has already been performed at an earlier stage of the procedure, 
the length of the cracks is now equal to their surface area, and so 
to the number of pixels in resultant image with the ascribed index 
(crack number).  
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Due to the last performed operation, the number and length of 
cracks ined. 
The 

 

 formed in the successive fatigue cycles was determ
obtained results of the measurements are compared in Table 2 

and Fig. 9. 

 
Fig. 8. The image after skeletonising (a) and indexation (b) 

 
Table 2
The number of detected cracks (Nc) and their total length (ΣD); 
the resu easurem ined for spec imen  2 

No

.  

lts of m ents obta imen 1 / spec
 cycle Nc ΣD, [pix] 
1 42 / 39 830 / 889 
2 86 / 76 1774 / 2112 
3 130 / 144 3808 / 4560 

  
 

3. Summary 
 

The obtained results of the measurements and computations 
have proved that the method of non-destructive test

Szczecin, can be used with full success in evaluation of the 
propagation rate of fatigue cracks in metallic materials. 
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Fig. 9. The distribution of crack length values in specimens  

after the successive thermal fatigue cycles 

of th
1. 

and quantitative  description of the crack 

2. 
f 

ducted investigations as well as the present 

time
dam

ndaries  (Figs. 6-8). 

roximately 

 
The presented results of the investigations enable formulation 
e following general conclusions: 
The applied research method is an effective tool in both 
qualitative 
resistance of materials, basing on the number and length of  
cracks determined after each cycle of the shock heating and 
cooling.   
More complete description of the investigated process of 
degradation requires more complete set of tools, especially o
those that enable, from the technical point of view, 
measurement of the crack depth; the longest cracks 
determine the active cross-section of an operating element. 

The formerly con
studies can serve as a basis for the following conclusions (this 

 of a more utilitarian nature) regarding the thermal fatigue 
age of materials: 

1. While running from the specimen surface to its centre, the 
cracks follow a broken line course; most probably they are 
running along the grain bou

2. The relationship between the number of fatigue cycles and 
the number and total length of cracks is of an apping using 

digital radiography, developed by the Department of Electrical 
and Computer Engineering, Szczecin University of Technology, 

linear character (Table 2). 
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3. 

4. last test 

s 
being crushed if the test continues for a longer time. 

. The susceptibility of the austenitic 30Ni-18Cr cast steel with 
iobium and/or titanium to crack formation can 
 with changes in its phase composition  [15]. 
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