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Abstract 
Boilers, pressure vessels and other kinds of industrial equipment have been placing tighter demands 
upon the technical development of the science of material engineering with regard to the development 
of new processes for obtaining cast, forged and rolled materials, among others. Developing 
technological resources capable of minimizing the presence of imperfections that may compromise the 
structural integrity of pieces of equipment operating under pressure has been at the top of the industry’s 
priority list, for usage both at power plants and commercial manufacturing sites. The requirements 
enforced by codes and standards are growing in strictness and establishing tight limits for the existence 
of such imperfections. In this way, there is the need for using non-destructive testing methods with 
enhanced probabilities of detection. Regarding non-destructive testing, the demands for conventional 
radiography testing have met the limit of sensitivity of the industrial radiographic films available, not to 
mention that a decreased exposure time must be always praised in terms of quality, safety and 
productivity, be it for plant or field inspection. Due to the limited sensitivity of films and abrupt 
changes in the typical thicknesses of cast materials, multiple films are used for radiographic tests, either 
separately or simultaneously, so as to render a complete analysis of the inspected part. The purpose of 
this work was to use digital radiography for the inspection of such materials by employing image 
processing techniques in order to optimize the detection of eventual discontinuities. A cast copper test 
sample with maximum thickness of 150 mm containing the usual defects found in parts manufactured 
through industrial casting processes was inspected for this purpose. The inspections were made using a 
4 MeV linear accelerator, 6 MeV betatron and a Co-60 source. Images were obtained using both digital 
and conventional radiography (DR and CR). Results showed that, with the aid of mathematical 
processing, the digital radiography images have presented higher sensitivity in defect detection than 
conventional radiography, eliminating thus the need of performing multiple exposures and avoiding the 
difficulties involved in using multiple films for inspecting one single section of the test sample. 
 
Keywords: Image processing, film replacement, radiographic testing (RT), digital radiography, cast 
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1. Introduction 
 

Casting is one of the oldest manufacturing processes and with the progress of 
time and lot of developments took place in the casting process. It is used for 
production of various complicated shapes that cannot be easily manufactured by any 
machining process. Although there are distinct differences between the many casting 
processes, there are also many common characteristics. In all casting process, a metal 
alloy is melted and then poured or forced into a mold where it takes shape of the mold 
and is allowed to solidify. The solidified object is taken out from the mold either by 
breaking or taking the mold apart [1-3]. The solidified object is called casting and the 
technique followed in method is known as casting process [2].  

Casting/forging technology is used in an effort to reduce the manufacturing 
cost. Casting is used to make the initial form of material, and then it is forged. The 
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biggest advantage of this method is that the desired final form can be made from just 
one forging if the proper initial cast form is used [4-5].  

During the casting process some flaws may be formed. Defects like non-
metallic inclusions, porosity, shrinkage, cold shut, hot tear, cold or stress cracks and 
blow holes are the most common discontinuities found in cast products [6].  

Developing technological resources capable of minimizing the presence of 
such imperfections that may compromise the structural integrity of pieces of 
equipment operating under pressure has been at the top of the industry’s priority list, 
for usage both at power plants and commercial manufacturing sites. The requirements 
enforced by codes and standards are growing in strictness and establishing tight limits 
for the existence of such imperfections. In this way, there is the need for using non-
destructive testing methods with enhanced probabilities of detection. 

Radiographic inspection is one of the most efficient NDT method for quality 
control of castings. This technique is a very effective means of detecting such defects 
as cold shuts, internal shrinkage, porosity and inclusion in castings. It is based on the 
differential absorption of the penetrating radiation (x-ray or γ-ray) and is used to 
detect the features of it component or assembly that exhibits difference in thickness or 
physical density as compared to the surrounding material [7-8]. 

Gamma ray sources, especially Co-60 and Ir-192, are often used in casting 
radiography. These sources have some advantage (like simple apparatus, 
compactness, and independent from external power), over x-rays. However the use of 
x-rays are essential for some application. For example low energy (kilovolt) x-rays are 
used for testing light metals such as aluminum, and thin metal thickness of steel. High 
energy (megavolt) x-rays are used for steel having section thickness in excess of 20 
cm. 

Due to the many complex geometries and part configurations inherent with 
cast products, it is necessary to recognize potential limitations associated with 
obtaining complete radiographic coverage on castings. The demands for conventional 
radiography testing have met the limit of sensitivity of the industrial radiographic 
films available, not to mention that a decreased exposure time must be always praised 
in terms of quality, safety and productivity, be it for plant or field inspection. 

Development of appropriate X and gamma radiation sensors for digital 
radiography enabled it to become a viable alternative to the “classic” film industrial 
radiography in almost all aspects of industrial radiography applications [9]. Specific 
properties of digital detectors, like wide dynamic range and greater sensitivity to 
radiation dose compared to radiographic film, as well as possibility of computer 
assisted analysis of digital radiographic image make it an excellent non destructive 
method in processing industry [10]. 

The purpose of this work was to use digital radiography for the inspection of 
such materials by employing image processing techniques in order to optimize the 
detection of eventual discontinuities. 
 

2. Materials and Methodology 

 
2.1 Sample 
 

The sample used in this work is a blast furnace copper cooling stave with 
maximum thickness of 150 mm. It consists of a solid cast composed of copper which 
contains multiple water cooling channels integrated into the stave body. Collectively 
the staves form an inner lining in the furnace against the furnace outer shell and 



protect the integrity of the vessel. Discontinuities of different sizes and shapes 
generated during the casting process are located in critical regions and close to the 
walls of the cooling channels. Figure 1 shows the sample used. 
 

 
Figure 1 – Copper test sample. 

 
2.2 Inspection parameters 
 

The tests were performed in three steps, using three different radiation sources: 
4 MeV Linear Accelerator, Cobalt-60 and 6 MeV Betatron. For the tests using 
conventional radiography, the images were obtained with class I and class II 
radiographic films, exposed both individually and together (multiple film technique). 
In order to evaluate the viability of digital imaging techniques, tests were carried out 
using computed and digital radiography (CR and DR). Table 1 lists the sources, 
detectors and the exposure parameters for each test. 
 

Table 1 – Radiation sources, detectors and test parameters. 

Source Type Detector Type 
Pixel Size 

(µm) 
Dose 

(mGy) 
SDD 
(mm) 

Varian LINAC 400 
Linear Accelerator 4 

MeV 

Class II Film - 605 2000 
Class I + Class I  

(Multiple Film Technique) 
- 605 2000 

GE IPX Imaging Plate 
GE CR50P Scanner 

50 3900 2000 

Isotope 
Cobalt-60 

Class II - 665 1000 
Class II + Class II 

(Multiple Film Technique) 
- 665 1000 

GE IPX Imaging Plate 
GE CR50P Scanner 

50 256 1000 

JME Betatron  
6 MeV 

GE IPC2 Imaging Plate 
GE CRxFlex Scanner 

50 510 1000 

GE IPS Imaging Plate 
GE CRxFlex Scanner 

50 1475 1000 

GE IPU Imaging Plate 
GE CRxFlex Scanner 

50 7700 1000 

Carestream HR Improved Imaging Plate 
GE CRxFlex Scanner 

50 1475 1000 

DXR 250 V Flat Panel 200 11 1000 



 
Each radiation source has advantages and disadvantages regarding their 

utilization. The linear accelerator source, with maximum energy of 4 MeV, emits a 
high radiation dose and thus reduces the inspection time. However, its way of 
generating x-rays implies that it must be built with large dimensions, which is a big 
problem for field applications. In the other hand, isotope sources (like Cobalt-60) are 
used in a relatively lightweight gamma ray projector, which is easy to handle in field 
applications.  But even with high activities such as 50 Ci, the radiation flux is low, 
resulting in higher exposure times and generating more radiation scattering absorbed 
by the detector. Circular accelerators, like Betatrons, are easily built in small 
dimensions and low weight, making them portable and usable in field inspections. 
Even with a radiation flux lower than linear accelerators, the exposure time is not so 
high as for isotope inspections, becoming a good option for inspecting thick materials 
with high radiation energy. 
 

3. Results 
 

The radiographic analyses were realized by comparing the images obtained 
with the known defects map of the test sample. Figure 2 shows the map of these 
defects. The conventional films were visualized in an illuminator specifically 
designed for viewing industrial film radiographs and then were analyzed according to 
the defects they presented. For the multiple film technique, the films were analyzed 
using single and superimposed viewing in order to obtain maximum detectability. For 
digital radiography (CR and DR), the images were mathematically processed in order 
to detect the maximum amount of defects in the same image. 
 

 
Figure 2 – Map of defects. 

 
3.1 Linear Accelerator Tests 
 

The conventional radiography using class II film allowed the visualization of 
defects only in thicker areas, and using the composite view (two class I films) the 
defects were visualized in the thinner areas. Even so, it was not possible to detect all 
the defects. Using computed radiography it was possible to visualize defects in both 
regions (thicker and thinner areas) thanks to the high dynamic range of the image 
plate and the contrast enhancement filter used to process the image. However, it was 



not possible to detect all the defects either. Figure 3 shows the images obtained with 
the linear accelerator source. 
 

 
Figure 3 – Radiographic images using linear accelerator – a) Class II film, b) Class I + 

Class I films (superimposed view) and c) Computed Radiography. 
 
3.2 Cobalt-60 Tests 
 

To inspect the sample with film radiography, one single exposure was made 
using two class II films. The film was analyzed individually so as to evaluate the 
thinner areas (coils walls), and a superimposed view was employed in order to 
visualize the defects in thicker areas. Using computed radiography, both areas could 
be displayed in a single image, but the detectability for high thicknesses was low. 
Even though it was not possible to detect all the defects, small pores located in thinner 
areas could be better visualized using computed radiography. Figure 4 shows the 
radiographic images using Coblat-60 source.  
 



 
Figure 4 – Radiographic images using Cobalt-60 – a) Class II film, b) Class II + Class 

II films (superimposed view) and c) Computed Radiography. 
 
3.3 Betatron Tests 
 

The Betatron tests were carried out exclusively with computed radiography 
and Flat Panel. The many phosphor plates submitted to testing showed equivalent 
detectability, displaying defects for all the regions of the test sample, with different 
thicknesses. Differentiation among the plates was noticed only with regard to 
exposure time and sharpness of the visualized defects. As with the inspections carried 
out with other radiation sources, not all defects could be detected. Figure 5 shows the 
computed radiography images with the four image plates and Betatron source. 
 



 
Figure 5 – Radiographic images using betatron – a) Carestrem HR Improved, b) GE 

IPC2, c) GE IPS and d) GE IPU. 
 

With the tested DDA, it was possible to view all defects indicated by the 
discontinuities map. By applying image filters, small pores were viewed with good 
sharpness in less thick areas, as were the defects in thicker areas. This is due to the 
higher signal-to-noise ratio obtained in the flat panel images, allowing a more proper 
application of mathematical processing, without noise interference in the images. 
Figure 6 shows the digital radiography image using Betatron. 
 

 
Figure 6 – Radiographic images using betatron and DXR 250 V Flat Panel – a) 

Contrast Enhancement filter and b) Band Pass filter 
 

Subsequently to visual analysis, the images were evaluated quantitatively in 
comparison to the map of defects. For each image, the defects were identified and, 
after binarization, the histogram was obtained, thus determining the amount of pixels 



pertaining to the defective areas. Table 2 displays the result of such quantification 
based on the total amount of defects found in the test sample. 

 
Table 2 – Quantification results of detectability. 

Source Detector Detectability (%) 

Linear Accelerator 
Class II Film 49,4 

Class I + Class I Films 83,5 
IPX Image Plate 95,8 

Cobalt-60 
Class II Film 87,0 

Class II + Class II Films 19,0 
IPX Image Plate 88,7 

Betatron 

Improved Image Plate 93,3 
IPC2 Image Plate 90,6 
IPS Image Plate 91,9 
IPU Image Plate 91,2 

DXR 250 V Flat Panel 100,0 

 

4. Conclusion 
 
 This paper aims at showing the viability of using digital imaging techniques in 
comparison with conventional film radiography. It was noticed that conventional 
radiography could only be used for inspecting this type of material with composite 
views, due to the limited dynamic range of radiographic films. With digital 
radiography, however, it was possible to detect defects in all regions of the test 
sample regardless of their thicknesses, especially due to the mathematical processing 
that was applied to the image filters. For the linear accelerator, tests were possible 
once a low radiation dose was used and good results were achieved. Nonetheless, due 
to its large dimensions, this setup is not appropriated to be used in field inspections. 
As for the cobalt-60 sources, even though their dimensions make of it the most 
interesting option for field usage, it was necessary to use a higher radiation dose 
(lower radiation flux), causing thus a higher radiation scattering and contributing to 
the increase of noise in the image.  Hence, the detection of small defects on the test 
sample was negatively affected. Regarding the Betatron and the usage of computed 
radiography, a good detection percentage was achieved, missing out only on small 
pores located at the walls of the coils. The usage of high-resolution phosphor plates 
has not shown significant detectability gain, and the inspection time was much higher 
than the one necessary for performing this inspection with low-resolution phosphor 
plates. In this way, it is possible to conclude that, for this type of application, 
phosphor plates with low-resolution and higher radiation absorption efficiency should 
be used. The tests made with a flat panel detector originated an image with low noise 
and high contrast, where it was possible to detect all of the defects indicated in the 
discontinuities map. Besides, the radiation dose required for the inspection was the 
lowest among all tests listed in this paper. These results, combined with the portability 
of the Betatron, show that this source and detector setup is the most viable one for 
field inspections, especially concerning radiological protection. 
 
 
 
 
 
 



Acknowledgements 
  

 This work was partially supported by Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq), Fundação Carlos Chagas Filho de Amparo Pesquisa 
do Estado do Rio de Janeiro (FAPERJ) and Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES). 
 

References 
 
1. Rao, R. V., Kalyankar, V. D., Waghmare, G., ‘Parameters optimization of selected 
casting processes using teaching–learning-based optimization algorithm’, Applied 
Mathematical Modelling, Vol 38 – 23, pp 5592-5608, 2014.  
2. Singh, R., ‘Introduction to Basic Manufacturing Processes and Workshop 
Technology’, pp 241, 2006. 
3. Poli, C., ‘Design for Manufacturing - A Structured Approach’, pp 115-126, 2001. 
4. Kim J. H., ‘Heat Molding Technologies’, Vol 3, pp 95–105, 1995. 
5. Kim, H. R., Seo, M. G., Bae, W. B., ‘A study of the manufacturing of tie-rod ends 
with casting/forging process’, Journal of Processing Materials Tech., Vol 125-126, pp 
471-476, 2002. 
6. N. Parida, ‘Non-destructive Testing and Evaluation of Cast Materials’, Materials 
Characterization Techniques - Principles and Applications, pp 177-193, 1999 
7. J.C. Dockley, ‘An Introduction to Industrial Radiography’, 1964. 
8. Non-destructive Handbook Vol.3 "Radiography and Radiation Testing". 
ASNT(1985). 
9. U. Ewert, U. Zscherpel, C. Heyne, M. Jechow, ‘Strategies for Film Replacement’, 
VII Hungarian NDT-Conference, April, 2011. 
10. Marko Rakvin, Damir Markučič, Boris Hižman, ‘Evaluation of Pipe Wall 
Thickness Based on Contrast Measurement using Computed Radiography (CR)’, 
Procedia Engineering, Vol 69, pp 1216 – 1224, 2014. 
 
 


