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Abstract 

Welding is a crucial joint in any structure as various defects like cracks, lack of penetration, and lack of 

fusion formed during welding leads to failure. From radiography images it is impossible to find the position of 

defects in the 3D space, while the cross-sectional visualization obtained from X-ray Computed Tomography (XCT) 

helps us to characterize their position accurately. XCT is a non-destructive imaging technique used to visualize the 

internal structure through cross-sectional images in different planes and reconstructs the 3D data of defects. XCT is 

also widely used in determining the physical density variations within the material and for sizing of features.  

 

In this study, the application of XCT to image welding defects and for estimation of variation in density in 

the weld region are presented. A Teflon phantom with known materials in the density range of 7.87 g/cc to 8.96 g/cc 

was used to obtain the density calibration curve and the density of an unknown material within this calibrated 

density range was determined with an error less than 5%. After carrying out this calibration exercise, using the 

procedure developed, SS pipes with different diameter and wall thickness were welded intentionally with defects 

and tomographed. The accuracy of reconstruction is described using IQI wires. The minimum detection capability of 

125 micron wire in the hollow welded pipe is demonstrated using the reconstructed IQI wires wrapped around the 

tube. The weld concavity, the detection and sizing of the foreign materials i.e. inclusion (350 microns), excess 

penetration, and cracks is visualized along with the 3D view of the weld.  

 

Keywords: Computed tomography, Density, Reconstruction, Welding, Porosity, and Inclusion. 

 

1. Introduction 

 

The process of permanently joining two or more metal parts, by melting both materials is called 

welding [1-2]. The molten materials quickly cool, and the two metals are permanently bonded.  

To achieve high quality welds, stringent inspection of these welds is a necessity. X-ray computed 

tomography (XCT) allows inspection of any type of weld joint e.g. butt or tee. The limit of this 

method is only the penetrability of the test object by the X-ray source. XCT not only provides 

cross-sectional images in different planes through a component, but is also used to provide 

information about the local variation of X-ray attenuation coefficients [3-4]. In general, for a 

particular material, X-ray attenuation is approximately proportional to material density.  In 

practice, however a number of instrumental factors including the non-linear effects of beam 

hardening and diffuse scattered radiation complicate the quantitative measurement of variation in 

density using CT.  
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The computer simulation of an X-ray source, detector and the interactions of photons with the 

material/object is of great interest for radiographic NDT in industrial applications. It is a useful 

tool to select the correct radiographic parameters that might produce the best possible image 

quality [5-6]. X-ray radiography simulation using the Monte Carlo code is a powerful tool to 

simulate the coupled photon/electron transport phenomena in three dimensions through a 

complex geometry in any material. Simulation also helps to adopt proper digital image 

processing techniques for automated defect detection taking the advantage of realistic simulated 

images. Similarly, various X-ray tomographic systems are in use providing an X-ray cone beam, 

object manipulation table and 2D detector [7-9]. 

 

In this paper the XCT methodology is used for estimating variation in density with simulation 

and experimental data. The experimental facility used along with results from the modeling of a 

cylindrical phantom with different density inserts to arrive at a relationship between actual 

density and average CT grey value is explained in detail. This approach is applied to estimate the 

variation in density in the cross-sections of the weld region due to the presence of porosities, 

inclusion, cracks and excess weld penetration etc.  

2. Experimental setup  

 

The schematic of the experimental setup is shown in Fig. 1. Herein, the conical beam from an X-

ray source penetrates the investigated object. The attenuated radiation is measured by a large 

area detector. The object is rotated using the manipulation stage in angular steps.  

 

Figure 1. Schematic experimental setup used for 3D cone-beam tomography 

 

The experimental setup used in this study consists of 450 kV Balteau directional X-ray source 

(1.2 mm focal spot size), flat panel detector (Gd2O2S: Tb scintillating screen) having pixel size 

127 microns and a 7 axis linear manipulation bench. The detector mounting stand has 700 mm 

X-axis and 600 mm Z-axis movement. The object manipulation stage has 400 mm X-axis, 400 

mm Y-axis, 100 mm Z-axis and 360
°
 rotation in steps of 0.01

°
. PCI base frame grabber card is 

used for acquiring images (14 bit data) from flat panel for processing in computer. 

Reconstruction software is developed in-house along with pre-processing of acquired image.  

The pre-processing, image reconstruction, 2D and 3D visualization are developed in Matlab 
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platform [10]. More details about the tomography system reconstruction method adopted are 

presented by Herman and other authors [11-13].  

 

The materials used in this study for density calibration is a cylindrical phantom made of Teflon 

of diameter 35 mm with five inserts of 8 mm diameter and length 10 mm. The material of inserts 

are wood, Al, Fe, SS and brass of diameter with density 0.86, 2.7, 7.87, 8.05 and 8.73 g/cc 

respectively. One of the six holes was left blank to simulate conditions of cracks in real objects. 

Two SS pipes of diameter 52 mm with wall thickness 4 mm and another having a diameter of 48 

mm with wall thickness of 3 mm welded by TIG orbital welding was considered for weld 

evaluation.    

 

3. Simulation using CIVA 
 

The Radiography module of CIVA software [14-15] developed by CEA/LETI (SINDBAD 

software) and EDF/R&D (MODERATO software) is used to simulate phantoms with various 

density of inserts. The CAD drawing of density phantom is imported for the simulation in CIVA. 

It consists of Teflon cylindrical phantom having diameter 35 mm, length 92 mm and six inserts 

with diameter 8 mm and length 10 mm as shown in Fig. 2. For modelling, copper insert was used 

in place of air insert as used in the experiment.  

 

 

Figure  2. CAD drawing of density phantom 

4.  Results and Discussion 

4.1 Density measurement of unknown objects using simulation and experiments  

 

To measure the bulk density by X-ray absorption requires establishing a relationship between the 

density of the material being analyzed and the attenuation that occurs to the radiation as it passes 

through the material. The calibration is based on an examination of the CT images of a cross-

section of Teflon (2.2 g/cc) cylinder with embedded specimens of known composition and 

density.  
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CIVA modelling software was used to simulate a Teflon cylinder having various density inserts. 

The operating conditions of the X-ray source for simulation were fixed at 80 kV and 1.5 mA and 

detector pixel size as 127 microns. The focal spot size was considered as 1.2 mm, beam type as 

conical, opening angle as 20° and anode type 100% Tungsten. The angular steps for obtaining 

sequence of radiographic images for CT were fixed as ∆θ=2°, the angular projections were 

obtained from 0° to 180° (90 projection data), source to detector distance was 1 m and source to 

object distance as 900 mm. A typical radiography image and the cross section of the phantom 

reconstructed from the reconstruction software developed [10] is shown in Fig. 3. The streaks 

observed in the reconstructed image are attributed due to less number of projection data used. 

The total number of projection required is approximately 730 (π/2 time the number of samples 

per projection) [16]. From the reconstructed image the average grey level values and their 

corresponding insert densities are tabulated in Table 1. The variation of average grey level value 

(y-axis on left) with density is shown in Fig. 5 along with the linear fit obtained. The linear fit 

relation obtained for average CT grey level = 30.58 + 20.39 x actual density. The physical 

density of any unknown object is calculated using this relationship. Using the grey level value of 

SS, the error in estimating density was calculated as -3%.             

                                             

  
                                     (a)                            (b) 

Figure 3. (a) Radiography image and (b) Reconstructed cross section 

Table 1. Actual density and average CT grey value for both simulation and experimental 

data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Actual density Average CT 

grey value 

(Simulation) 

Average CT 

grey value 

(Experimental)

Air 0 NA 50 

Wood 0.86 g/cc 48 66 

Aluminium 2.7 g/cc 86 89 

Iron 7.87 g/cc 190 179 

Stainless Steel 8.05 g/cc 194 182 

Brass 8.73 g/cc 210 193 
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In the experimental study, projections were obtained at 160 kV and 1 mA and minimization of 

scattered radiation was obtained by placing 1 mm Cu and 2 mm Fe hardware filter at the X-ray 

beam exit point. Because of this hardware filter used in experimental study the kV used is higher 

in comparison to simulation. The Teflon phantom of diameter 35 mm with six inserts of air, 

wood, Al, Fe, SS and brass is shown in Fig. 4(a). The radiographic image and the reconstructed 

cross-section are shown in Fig. 4(b) and (c). From the reconstructed cross-section the 

corresponding average grey level values are calculated for various inserts and are tabulated in the 

last column of Table 2. This average grey level value (right y- axis) and physical density are 

plotted (Fig. 5) and a linear fit is obtained. The average grey level value = 49.25 + 16.43 x actual 

density. To compare with experimental observations, the grey value for copper obtained from 

simulations is neglected in the analysis presented. The ranges of the two y-axis are varied so as 

to account for the different intercepts obtained from the linear fits. Using this relationship the 

physical density of SS was recalculated with an error of +3 %.  

  

 

 

 

 

 

Figure 4. (a) Photograph of the object (b) Radiography image and (c) Reconstructed cross 

section 

 
                                                          

 

 

 

 

 

 

 

Figure 5. The plot between actual density and average CT grey value obtained from experimental 

data 
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4.2 Weld Inspection  

 

XCT was carried out on two welded SS pipes to detect, size and characterize the position of 

crack, pore and inclusion if any present in the weld region. The radiographic image of stainless 

steel pipe of OD 52 mm having a wall thickness of 4 mm was obtained at 190 kV and 2 mA. To 

estimate the sensitivity achieved using XCT, wire type penetrameters 11 1B ASTM (consisting 

wires of diameters 0.81, 0.64, 0.51, 0.4, 0.33 and 0.25 mm) and 13 FE-EN (consisting wires of 

diameters 0.20, 0.16, 0.125, 0.10, 0.08, 0.063 and 0.05 mm) were placed around this pipe. Figure 

6a and 6b shows the radiographic image of both these standard penetrameters.  All the 

penetrameters as per 11 1B ASTM are well resolved as shown in Fig. 6a.  In Fig. 6b three 

penetrameters are clearly resolved including the 125 µm wire. Figure 7a shows the reconstructed 

unprocessed cross-section at a position 6.35 mm from top of the pipe in which the penetrameters 

were placed. Butterworth band pass filtering was applied to the reconstructed cross-section in 

Fig. 7(a) for achieving a high contrast image as shown in Fig. 7(b). Grey level line profile is 

shown in Fig. 7(d) for the location marked in Fig. 7(c) by red line. It is to be noted that Fig. 7(b) 

and 7(c) are the same. From the line profile shown in Fig. 7(d) we can clearly visualize and 

resolve the 160 and 125 µm wires.  

 

 

Figure 6. The radiographic image (a) with 11 1B ASTM and (b) 13 FE EN penetrameter 

 

 

Figure 7. (a) The unprocessed cross-section at 6.35mm, (b) the high pass filtered cross-section 

image and (c) the image (b) with the location of line profile marked by red line (d) the line 

profile across the line shown in (c) 
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The radiographic image of the welded pipe without penetrameters is shown Fig. 8a. We can 

observe from the reconstructed cross-sections shown in Figure 8(b-d), that the weld is flushed on 

the OD side and the weld ripples are observed along ID. High density inclusions are also 

observed along OD and ID side. A crack (Fig. 8(b)) of length 2.5 mm from the outer surface 

towards the center is observed. For quantification of the detected inclusions (Fig. 8 (d)) in the 

welded specimen, the diameter of the SS pipe specimen (52 mm) was considered as reference 

value and the size of the inclusions 1 and 2 were measured as 0.25 and 1.05 mm respectively. 

Weld concavity, cracks from the outer and inner surface are also observed in other positions. The 

grey level values observed at various cross sections are converted to density variations which lie 

in the range of 8.26 g/cc to 7.04 g/cc. The tungsten inclusion is inferred from the bright spots and 

the density lies above the calibration range used in this study. Regions with excess penetration 

and lack of penetration are clearly resolved from the grey level variations observed in the cross-

sectional images.   

 

 

 

 

 

 

 

 

 

 

 

Figure 8. (a) Radiographic image of welded specimen (b), (c), (d) are the reconstructed image at 

positions 21.6 mm, 24.8 mm and 25.4 mm from the top (e) 3d view transparent mode 

 

The SS pipe of 48 mm OD and wall thickness 3 mm was radiographed (at 220 kV and 1mA) as 

shown in Fig. 9. From the reconstructed cross-sections we can observe the high density inclusion 

and lack of penetration at certain cross-sections. There is an inclusion observed through the 

thickness of pipe. Another inclusion of diameter 0.43 mm is present at a depth of 1.07 mm from 

surface. Lack of fusion is also found at few cross sections.  
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Figure 9. Reconstructed cross-section image at positions (a) 5.7 mm, (b) 12.9 mm and (c) 16 mm 

of the weld (d) & (e) 3D view in transparent mode 

 

5. Conclusion 

 

CIVA radiography module was used to simulate Teflon phantom with various density inserts of 

0.86, 2.7, 7.87, 8.05 and 8.73 g/cc respectively. From the reconstructed cross-sections the 

average CT grey value were obtained corresponding to various inserts. A linear relationship was 

arrived between actual density and average CT grey value obtained from reconstructed images. 

The density was estimated using this obtained relationship. Experiments on the same phantom 

also showed a linear relationship with different slope.  Density measured using both simulation 

and experimental procedure showed an error less than 5%. The sensitivity of CT was 

demonstrated by reproducing 125 micron IQI wire in the reconstructed cross-section image. 

Using the procedure developed, SS pipes having TIG welds with different wall thickness were 

tomographed for characterizing the variation in densities and for sizing of defects like inclusion 

and cracks.   
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