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Abstract

X-ray computed laminography is a depth-resolving non-destructive testing technique well suited for the non-destructive
examination of large and flat structures where traditional computed tomography is impractical. This technique provides 3D
radiographic imaging and characterization with depth information of welding imperfections in welded components, ensuring
component quality meets the standard criteria and safety purposes. Furthermore, determining the welding imperfection’s
location in fabrication, in-service and maintenance is crucial for welding repair, resulting in the areas where the repair work
needs to be started. This work highlights the characterization of welding imperfections by experimental digital radiography
with digital detector array (RT-D with DDA) and coplanar translational laminography (CTL) techniques applied to welded
carbon steel plates. A test specimen was tested, specially prepared with artificial planar and volumetric flaws like lack of
fusion, clustered porosities and slag inclusions with varying dimensions and the approaches were analyzed. Additionally,
a test phantom was fabricated with known geometry features that access the CTL system’s optimal detection accuracy to
demonstrate a broad functionality and acceptance of the CTL system for depth information in the plate-like structures. The
coplanar translational laminography technique provides advantages for characterizing welding imperfections and testing
phantom features with high contrast and acceptable image quality. The result is confirmed by the phased array ultrasonic
testing and RT-D with DDA. The exposure conditions, image sensitivity, and quality are analyzed according to ISO 17636-2
to ensure compliance with industry standards in digital radiography.

Keywords Non-destructive testing (NDT) - Computed laminography - Experimental study - Depth information - Welded
carbon steel plates
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RT employs an X-ray or gamma-ray source to penetrate the
material and permanently record the results on a viewing
medium like a radiographic film or a digital electronic detec-
tor [1].

The film has been traditionally used with RT but slowly
replaced with digital detectors to image radiographs. Digital
imaging technology was first employed in medical applica-
tions and is now used extensively in NDT. Chemicals were
no longer used for film processing, which resulted in a sig-
nificant reduction in inspection time. Furthermore, digital
technology and image processing techniques benefit service
providers significantly because they are faster, more pre-
cise, and cost-effective [2]. As a result, Digital Radiography
(RT-D) has developed into a versatile tool and has emerged as
one of the most potential solutions and techniques for NDT.

NDT has significantly benefited from the development
of digital radiography (RT-D), particularly in weld inspec-
tion. Much research has been conducted to determine the
effectiveness of the RT-D system in enhancing sensitivity
in detecting welding imperfections and reducing inspection
cycle time. Moreira et al. used a digital detector array (DDA)
to perform RT-D on an offshore pipeline of carbon steel
APISL with fabricated flaws [3]. Bavendiek et al. studied
the time-saving and image quality factors in aerospace appli-
cations using Inconel welded tubing and titanium weld [4].
Real-time radiography has also been done with RT-D with
DDA. Boateng et al. developed and investigated the real-
time technique for crack growth observation in 3 mm welded
aluminum plates [5]. They also proposed using laminogra-
phy to obtain depth information on welding imperfections,
which will open up new possibilities for producing three-
dimensional radiographic images.

Over the last three decades, research has produced crucial
information on three-dimensional (3D) radiographic images
for depth information of the object. Computed Tomography
(CT) was initially introduced to obtain such information for
healthcare medical testing. Due to its effectiveness, this tech-
nology was implemented to assess internal 3D structures of
various NDT applications such as composite, manufacturing,
aerospace and weld structure integrity. However, CT requires
that an object be accessible from all directions. For irradiat-
ing and examining a large and flat object, i.e., a pressure
vessel plate, the unrestricted rotation from all directions of
the object or source-detector manipulator system is not pos-
sible. Hence, a laminographic technique has been developed
to resolve this situation.

Laminography was used initially for healthcare medical
testing in 1916 [6]. Later, the laminography technique was
introduced to RT-D with DDA for visualizing and depth
measurement in a three-dimensional (3D) image volume,
gradually replacing conventional stereo radiographic tech-
niques in various applications [7—10]. This introduction is
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Fig. 1 Principle of laminography (adapted from [11])

prominently due to the advancement of software and hard-
ware, such as the digital detector system applied in the NDT
industry, known as Computed Laminography. In weld inspec-
tion, computed laminography can be used to determine the
location of welding imperfections with depth information.
This information is helpful for welding repair, resulting from
which surface the repair work should be started. It is advan-
tageous to reduce the cost and time of welding repairs.
Figure 1 depicts the fundamental mechanism and princi-
ple of laminography, which employs the relative motion of
the X-ray source and detector. Due to the X-ray source and
detector’s synchronous movements, the focus plane’s inter-
nal structure will be projected onto the detector at the same
position [11, 12].

Several scan geometries for the laminography system have
been studied [13-16]. These include planar, circular, swing,
rotary and raster. Most geometries allow the object to be
imaged at high contrast and resolution based on the capabili-
ties and calibration technique of the X-ray tube and detector.
Moreover, the scan geometries with the geometrical calibra-
tion on the position of the X-ray source, object, and detector
[14, 17, 18] become a necessary procedure for accurate and
reliable 3D image data.

The study of each geometry requires the relative motion
of the X-ray source, objects and detector. In a planar set-
up (Fig. 1), the X-ray source and detector move in opposite
directions. Alternatively, the X-ray source is translated along
straight lines parallel to the fixed detector and the projected
images are shifted during the reconstruction digitally [19,
20], as shown in Fig. 4.

This technique is established as coplanar translational
laminography (CTL) [5, 21, 22] and will be used in this
study since it is well suited to scan for relatively large and
flat welded components. Furthermore, this geometry has
several advantages for in-house and mobile testing applica-
tions [23]. This paper highlights the characterization of the
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Fig.2 Example of the test sample from the top side (left) and bottom
side (right) views [12]

welding imperfections by the coplanar translational laminog-
raphy (CTL) technique for flat welded carbon steel plates. It
discusses the experimental approach to assessing the 2D dig-
ital radiographs image and 3D reconstructed image sample.
The results show that the 2D acquired image fulfills the
requirement of ISO 17636-2 (testing class A). The analysis
of the 3D reconstructed image demonstrates a good agree-
ment on depth information of the imperfections compared to
the other NDT technique.

2 Research Approach
2.1 Materials

The planar and volumetric welding imperfections (clustered
porosity, lack of fusion, slag inclusion) were chosen to
design, model, and fabricate the welded carbon steel plate for
modeling and experimental experiments. Apart from being
required by code and standards, selecting these imperfections
is critical since they typically emerge during fabrication and
maintenance. Figure 2 shows an example of test samples. The
welded plate is 300 mm x 250 mm in dimension and the base
metal thickness is 8.0 mm. Weld and root reinforcements are
approximately 1.5 mm and 1.0 mm, resulting in a penetrated
thickness of 10.5 mm. The manufacturer (Sonaspection, UK)
produced the artificial imperfections samples and issued a
certificate. Table 1 tabulates the weld imperfections spec-
ification. The imperfections were measured by ultrasonic
testing (UT) method. A visual assessment of the welded
region was performed to confirm that it does not include
open-to-surface flaws.

Additionally, a test phantom with 50 mm x 15 mm X
9.5 mm in dimension was designed and fabricated to assess
the accuracy of the CTL system, especially on the consistent
linear movement of the source at a constant distance to the
detector. The test phantom has seven small diameter carbon
steel wires (1 mm diameter) inserted into a highly precise,
clear acrylic material. The lengths of wires in the range of
1.0 mm to 7.0 mm are selected to obtain the wire’s depth

information, where the result has been compared to the RT-
D with DDA. The schematic feature of the test phantom is
shown in Fig. 3.

2.2 Data Acquisition and Evaluation

The measurements were performed on a welded carbon steel
plate and test phantom at RT-D Laboratory, leading edge
NDT technology (LENDT) Group at Malaysian Nuclear
Agency. The samples were exposed to an X-ray radiation
source with a maximum of 225 kV with a 3 mm focal spot
size, while the detector is a digital detector array (DDA) XRD
1611AP with amorphous silicon plates (a-Si) and a scintilla-
tor Gd20,S: Tb (GOS) sensor. The DDA has a 100 pm pixel
pitch and the detector’s basic spatial resolution (S RE¢ecer)
is 120 wm at 20% modulation, measured in accordance with
ISO 17636-2:2013. The DDA analog-to-digital converter
(ADC) is 16-bit and the total pixel numbers are 4096 x
4096 [24]. Appropriate precautions and calibrations of the
detector are required for the best image quality with contrast
sensitivity.

For image acquisition, display and analysis, ISee! Pro-
fessional and public ImageJ software was used to interpret,
inspect, and measure the 2D and 3D image data. Then, a set
of 3D volume data of the studied sample is reconstructed by a
fast shift-average algorithm (TomoPlan). TomoPlan is a 3D
reconstruction software tool developed at BAM Berlin for
the laminography technique [25]. The 3D volume parame-
ters of the reconstructed image were defined and scaled by
0.1 mm x 0.1 mm x 0.1 mm based on the DDA pixel size.

Before image reconstruction into a 3D volume, the 2D
image from RT-D with DDA was assessed for contrast, sen-
sitivity, and image sharpness (basic spatial resolution, SRy,)
according to ISO 17636-2 [26]. The assessment was done
using two image quality indicators (IQI): (a) EN 462-1/ISO
19232-1 single wire IQI and (b) EN 462-5/ISO 19232-5
duplex wire IQI. Single-wire IQI contains a series of straight
wires (with different diameters) made of material similar to
the object, while duplex-wire IQI consists of 13 wire pairs
made of tungsten.

For CTL, a manipulator was specially designed to carry
and move the X-ray tube. The maximum distance in scan
angle ranges up to 30° to the detector center, depending on the
X-ray tube port opening. A driving motor was programmed
so the DDA was able to acquire multiple images with a min-
imum speed of less than 1.0 mm/sec. The movement can be
configured to acquire up to 1000 projected images by the
DDA during a linear equidistant step of the X-ray source.
Each projection represents the 3D object volume penetrated
atadifferent angle. The details of the development of this sys-
tem have been discussed by [27]. Tables 2 and 3 tabulate the
exposure parameter of RT-D with DDA and CTL for welded
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Table 1 The details of weld

imperfections in the weld plate Manufacturer Dimension Imperfections Length Distance from 0 Depth
(mm) type (mm) (mm) (mm)
Sonaspection 300 x 250 x Clustered 15.0 46.0 5.0
8.0 (thick) porosity
Lack of fusion 28.0 163.0 4.0
Slag inclusion 25.0 225.0 5.0

Fig.3 The test phantom (acrylic)
feature inserted 1.0 mm carbon
steel wire in the CAD model
(shaded view-/eft, hidden line
visible view-right)

Table 2 Exposure parameters for the welded plate

Technique X-ray voltage X-ray current Exposure/frame SDD ODD No. of No. of Scan
peak (kVp) (mA) time (sec) (mm) (mm) frames projection angle
RT-D with 160 kV 5.0 2.0 650.0 10.5 1 - 0°
DDA
CTL 160 kV 5.0 2.0 650.0 10.5 1 750 30°

plate and test phantom, respectively. Figure 4 illustrates the
test arrangement of the CTL system.

For comparison of the depth information of the imper-
fections revealed by CTL, the test sample was inspected
using the Omniscan MX2 Phased Array Ultrasonic Testing
System with a 5L.64-A12 probe attached to an SA12-N55S
wedge. Calibration of the equipment was performed ona V1
block. The glycerin was utilized as a couplant. An encoder
was attached to the probe to keep track of the probe’s travel
distance. The inspection report was subsequently analyzed,
quantified, and reported based on presented data in A-scan,
C-scan, D-scan and S-scan formats.

Table 3 Parameters for RT-D for test phantom

3 Result and Discussion
3.1 2D Image Quality Assessment
3.1.1 Welded Plate

RT-D with DDA was used to obtain the 2D digital radio-
graphic images, as shown in Fig. 5. The image has been
enhanced using a high pass filter to improve the visibil-
ity and interpretation of imperfections. As a result, the
images demonstrated three welding imperfections; clustered
porosity, lack of fusion (LOF) and slag inclusion. Each imper-
fection was measured, and the comparison was made to the
standard manufacture catalog and CTL.

Prior to the imperfections evaluation, the digital radio-
graphs image were analyzed to assess the contrast, sensitivity

Technique X-ray voltage X-ray current Exposure/frame SDD (mm) ODD No. of No. of
peak (kVp) (mA) time (sec) (mm) frames projection
RT-D with 120 kV 2.5 10.0 1000.0 7.5 10 -
DDA
CTL 90 kV 2.0 2.0 650.0 5.0 1 700
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Fig. 4 Full test arrangement of
the CTL system (a), the position
of test component (b) and

¢ geometric configuration of
coplanar translational
laminography
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Fig.5 Raw image (top) and filtered (bottom)

and image sharpness. The assessment was done using single
and duplex IQI wires, respectively. The placement of each
1QI is directly on the object’s surface. Figure 6 illustrates
the visibility of single wire and measurement of duplex wire
1QI as a standard procedure for contrast sensitivity and image
unsharpness (SRp) [26]. The normalized signal-to-noise ratio
(SNRy) was then determined at a region of interest (ROI) of
20 x 55 pixel size to indicate the image quality of the radio-
graph’s image. The result of image quality is shown in Table
4.

According to Table 4, the result demonstrated that the
image quality of 2D images is well above the minimum
requirement of the referred standard (testing class A).
Further evaluation of images was determined by compari-
son to the CTL image.

3.1.2 Test Phantom

RT-D with DDA was performed at the front side of the phan-
tom with the wires parallel to the detector to evaluate each
wire’s length in 2D digital radiographic images. This result
is compared to the depth information obtained from the 3D
reconstruction image using CTL and the wires oriented par-
allel to the X-ray beam. For the image quality, the assessment

Table 4 Comparison of image quality parameters

Single Duplex SRp!™m22¢ mm SNRy at
wire wire weld
centre
1SO wi2 D8 0.16 >70
17636-2
(Class
A)
RT-D W15 D10 0.10 143
with
DDA
(raw
image)

C 05\
12048535

BTy

= Phantom

Fig.7 The 2D image of the test phantom where scale calibration and
image quality assessment by the duplex wire IQI (high pass filtered for
easier visual display)

and measurement of carbon steel wire were done by the 1QI
duplex wire. Figure 7 illustrates the 2D image of the test
phantom.

3.2 Evaluation of CTL Images

Figure 8 depicts the reconstructed welding imperfection’s
top (XY) and cross-sections (YZ) view for the carbon steel
plate. The XY image (left) is the slice image through the
reconstructed 3D dataset by the shift-average algorithm, and
the analyzed region of a slice is squared with a red square.

Single wire IQI

WEEER = |||

(I

Duplex wire 1QI

ol
-
o

Fig.6 The visibility of single wire and the measurement of duplex wire IQI based on ISO 19232-5
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Fig.8 The top view and
cross-section view of welding
imperfections. a clustered
porosity, b lack of fusion, ¢ slag
inclusion and d the example
measurement of the imperfection
(clustered porosity)

Top view

(©)

The analyzed region was taken at slice 165 throughout the
3D volume, as shown in Fig. 12, for the entire weld imper-
fections. The orthogonal view of the YZ image (right) was
cut through the analyzed region. The cut area is highlighted
by a yellow line. The selection of the cut area is based on
the dominant or massive size of the imperfection. The anal-
ysis and measurements were carried out on YZ images for
all imperfections to characterize the imperfections for depth
information.

The result of the depth information is tabulated in Table
6. The depth will be different along the imperfection path
due to the irregular shape of the imperfection itself. Since the
parameters of 3D volume have been defined during the recon-
struction process, the calibration of pixel size to unit length
in mm is not required. The software has directly determined
the changes in contrast by plotting a single line profile on
an edge-to-edge location. The profile (Fig. 9) represents the
region of interest’s attenuation or grey value level at a certain
position. The line profile is highlighted along the horizontal
line (red dashed), shown in Fig. 8d. The weld profile’s rein-
forcement cap and root edge were first determined to indicate
the imperfection’s exact location within the plate as a refer-
ence for the measurement. As shown in Fig. 8d, the location
of clustered porosity is near the top surface. This information
is required for welding repair, resulting in the areas where the
repair work needs to be started.

The same steps were applied to the 3D reconstruction data
of the test phantom. Figures 10 and 11 illustrate the recon-
structed image of the steel wires in the XY (top view) and

section view

Cross
section view

Cross Top view

Cross Measurement

section view

gv (grey value;

min: 13075 max 21057 median: 18370 mean: 8046 std: 1597

1.39 : 13108 v 0sD

18.0 : 13912 I 176 3.0 n/a

Fig.9 The line profile across the reinforcement cap in the YZ image
(cross-section view). The profile shows that the reinforcement width is
17.6 mm (red square) (Color figure online)

Scan
direction

Fig. 10 The 3D reconstruction image of the test phantom at slice 172
through 3D volume in the XY plane
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Fig. 11 The wire’s cross-section
view (YZ plane) at different
lengths (a—g)

Table 5 Comparison depth of steel wire of test phantom

No Depth (mm)
RT-D with DDA CTL Error (%)

Wire 1 7.12 7.10 0.3
Wire 2 6.10 6.16 1.0
Wire 3 4.70 4.87 3.6
Wire 4 4.06 4.10 1.0
Wire 5 3.11 3.00 35
Wire 6 2.10 2.09 0.5
Wire 7 1.00 1.09 9.0

YZ (cross-section view) planes. The analyzed region in the
cross-section view was taken at slice 172 throughout the 3D
volume. Slice 172 was taken based on the highest visibility
and interpretation of all reconstructed image wires from the
XY plane. The yellow line highlights the cut area through
all the wires. All the measurements were carried out, and the
results were compared to the 2D images. Table 5 tabulates
the comparison results of the test phantom.

From Table 5, the result shows no significant difference
in the wire length. The maximum percentage difference is
up to 9.0%, which is acceptable for industrial practices. The
differences could be due to the exposure condition, detec-
tor properties and geometrical features of the wire itself.
The exposure condition and detector properties tend to influ-
ence the total image unsharpness, noise and radiation source
intensity of the work object, which affects the measurement’s
sensitivity.

There is a drawback in measuring imperfections and wire
sizes due to artifacts in the reconstructed image. To determine
the exact measurement location, the sharp edge is required
and will be a reference point. As for the phantom test, the
measurement is started by first determining the edge-to-edge
distance of the phantom with scale calibration, while the weld
profile’s reinforcement cap and root edge were selected to
characterize the imperfections. Figures 8 and 11 depict the
same artifacts developed from the reconstruction methods for
the welded plate and test phantom.

Several factors were identified that contributed to this
situation. One of the factors is the specifications of the X-ray

@ Springer

tube used in this study. To avoid blurred images, the focal spot
should be as small as possible to prevent massive unsharp-
ness in the image. Even though the total image unsharpness
was calculated and below the maximum required in the stan-
dard for NDT inspection, the actual depth information might
become smaller from the measured data with the small focal
spot size.

Another issue is the opening angle of the cone-beam
for scanning trajectories. Planar geometry on flat and large
components requires a large opening beam of up to &+ 45°
to reduce cone beam artefacts during CTL reconstruction,
which are caused by missing data and typically enlarge the
depth extension.

These measurements might not deliver values of high
accuracy. Still, the results were acceptable compared to the
other NDT technique (RT-D with DDA), but with different
orientations for depth information on imperfections.

3.3 Comparison of RT-D with DDA, CTL and PAUT

Figure 12 compares the 2D radiographic image (top image)
of RT-D with DDA and the 3D reconstructed image at the
slice-165 CTL of the test sample. It demonstrates that the
reconstructed image provides advantages in the high con-
trast and image quality for visibility and measurement of
imperfections.

It was clearly shown that the lack of fusion as a planar indi-
cation in the reconstructed image could be detected. These
imperfections can be characterized and analyzed by measur-
ing the cross-section image at the selected location. Hence,
the disadvantage of RT in detecting and characterizing can
be solved by performing a coplanar translational laminogra-
phy (CTL) technique for large and flat welded components.
Furthermore, there is no issue characterizing volumetric
imperfections, clustered porosity, and slag inclusions. These
imperfections have similar width, depth, and variable length,
which RT quickly detects. Figure 13 illustrates the display
of the PAUT’s result and all the measurements, as shown in
Table 6.

From Table 6, the results show a significant difference in
the depth and height of the lack of fusion and the height of
slag inclusion. The differences can be calculated up to more
than 40% from the PAUT results. These issues might be due
to the measurement of CTL at one location only compared to
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Fig. 12 Comparison of the test
sample by 2D radiographic
image (top) and 3D
laminographic reconstructed
image (bottom) at slice-165, both
high pass filtered

Clustered porosity — Lack of fusion | | Slag inclusion

el
=
A-scan
A%
Fig. 13 Display of the PAUT’s results
Table 6 Comparison of results
Type PAUT RT-D with DDA & CTL
Position Length Depth?® (D) Height D) + Position Length Depth?® (D) Height D) +
() @) (H) H S @) (H) (H)
Clustered 48.0 13.0 34 33 6.7 47.0 14.0 2.5 3.6 6.1
porosity
Lack of 163.0 33.0 4.0 5.2 9.2 167.0 29.7 2.8 1.7 4.5
fusion
Slag 230.0 26.0 4.1 2.6 6.7 223.0 22.9 44 4.8 9.2
inclusion

All dimensions in-unit mm
2Depth measurement started from the base metal top surface to the center axis of the imperfections
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the measurement of PAUT on the dominant size of the imper-
fection. The depth information will be different along the
imperfection length due to the irregular shape of the imper-
fection itself. The large X-ray focal spot size used here has
also significantly introduced unsharpness, reducing the lack
of fusion and slag inclusion definition. However, there are no
significant differences in clustered porosity depth values. It
indicates that the sizing result of these imperfections by CTL
was in good correspondence with the PAUT.

4 Conclusion

The analysis of the carbon steel plate with several artificial
welding imperfections and a test phantom was performed
using RT-D with DDA and CTL. Itindicates that the approach
applied is reliable for NDT inspection. The 2D radiographic
image was acquired and analyzed for the welded plate
according to the standard requirements. The imperfections
could be detected with high contrast sensitivity and image
quality using RT-D with DDA. However, the quantitative
measurement of RT-D is limited by the missing depth of
information. Here, the laminography technique was applied
to reconstruct the missing depth information for a complete
evaluation and characterization of the imperfections. The
depth information, especially for large and flat welded com-
ponents, is crucial for failure analysis in structural integrity.
Other techniques were used, like CT, for the same purposes,
but CT of large and flat structures is impractical due to the
restricted scanning angle below 360° for a full data set with-
out artefacts. Therefore, it can be concluded that CTL is the
best technique for 3D measurement with restricted access
between RT-D with DDA and CT. Based on the above results,
CTL demonstrates a good agreement on the clustered poros-
ity compared to the PAUT, the other NDT technique for
access to depth information of inner imperfections. However,
there are some differences in both measurements for other
imperfections; lack of fusion and slag inclusion has been
discussed since both techniques have advantages and capa-
bilities in characterizing the imperfections. Furthermore, the
physical appearance of imperfections could be influenced by
the uncertainties of measurements for both techniques.
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