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Abstract 
 
Digital Detector Arrays enable an extraordinary increase of contrast sensitivity in 
comparison to film radiography. The increased sensitivity of digital detectors enables the 
efficient usage for dimensional measurements and functionality tests substituting manual 
maintenance. The digital measurement of wall thickness and corrosion status is state of 
the art in petrochemical industry. X-ray back scatter techniques have been applied in 
safety and security relevant applications with single sided access of source and detector. 
First inspections of CFRP in aerospace industry were successfully conducted. Computed 
tomography (CT) applications cover the range from nm to m scale. Small structures of 
integrated circuits are visualized and measured with lens based CT-systems or at 
synchrotrons. Phase contrast imaging provides enhanced structure contrast in micro 
radiography and micro CT. The scope of typical CT applications changes from flaw 
detection to dimensional measurement in industry substituting coordinate measurement 
machines. Mobile computed tomography is applied for in-service radiographic crack 
detection and sizing of welded pipes in nuclear power plants and for NDT of large CFRP 
structures in aerospace applications. New specialized high energy CT devices have been 
laid out for inspection of complete cars before and after crash tests. High speed 
applications with flash tubes permit the 3D measurement of fast process dynamics 
including car crash visualization. Digital radiography techniques, computed tomography 
and computed laminography designs are nowadays developed by numerical simulation 
before hardware construction. New X-ray source concepts based on laser wake field 
acceleration permit further reduction of spot sizes and minifocus high energy 
applications. 
 
 
1.  Introduction 
 

Industrial digital radiography (DIR) substitutes the classical film radiography. Film is 
replaced by digital detector arrays (DDA) and imaging plates. Image processing, 
automated data management and monitor based image viewing require additional skills 
of operators and new standard procedures. New parameters as SNR and CNR and basic 
spatial resolution (SRb) need to be considered and understood [1]. This is the precondition 
for extended and automated application as dimensional measurement and automated 
defect recognition (ADR). Modern fast Computed Tomography (CT) units are 
implemented in the quality assurance process for at-line and in-line inspection in industry. 
Digital radiography and CT become more and more integrated in the concept "Industry 
4.0" as Smart RT 4.0.  
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2 Digital Industrial Radiography  

2.1 Conversion from Film to Digital Radiography 
The increased sensitivity of digital detectors enables the efficient usage for dimensional 
measurements and functionality tests substituting manual maintenance.  
Imaging Plates (IP) are routinely used in medicine since more than 20 years. Several 
systems are offered for NDT applications [1-3]. IPs are handled nearly in the same way 
as radiographic films. After exposure, they are read by a LASER scanner and processed 
to a digital image instead of being developed like a film [2, 3].  
They can also be applied for high energy radiography in the MeV range, if scattered 
radiation is properly shielded and lead and steel sandwich filters are applied in front of 
the IP (see ISO 17636-2). Some applications are described in [4-6]. 
Two types of digital detector arrays (DDA’s, also called flat panel detectors) are available 
on the market. The first design is based on a photo diode matrix connected to thin film 
transistors (TFT) [7]. These components are manufactured of amorphous silicon and they 
are widely resistant against high energy radiation. The photo diodes are charged by light 
which is generated by a scintillator converting the incoming X- or gamma rays to visible 
light. The next generation of DDA’s is based on a photo conductor like amorphous 
selenium [8] or CdTe [9-11] on a multi-micro electrode plate, which is also read out by 
TFTs. Currently typical DDA systems for NDT achieve a resolution of 50 - 400 µm. Weld 
inspection and fine casting testing require at least 50 µm resolution (see ISO 17636-2, 
Tables B.13, B.14). This can be achieved also by magnifying technique with mini- or 
micro-focus tubes.  

DDAs are suitable for in-house and in-field applications. In-field applications have to 
be carried out often under harsh environmental conditions, which implies the risk of 
hardware damage and may exclude the application of DDAs. CR is the recommended 
technology here.  

During the last 15 years a new generation of photon counting and energy discriminating 
detectors (PCD) has been developed. Most of them are constructed on basis of Si or GaAs 
[12, 13]. Recently this technology was made available for applications at higher energy 
[14-16].  

Photon counting and energy discriminating detectors can be used to acquire dual energy 
radiographs for discrimination of the different materials [16-18]. Material’s 
discrimination using X-rays is based on the difference in energy dependency of the mass 
attenuation coefficient of the investigated materials [18]. When two different energies are 
used, this technique is called dual-energy imaging. The energy discriminating capability 
of the PCD enables the separate acquisition of radiographs at the low energy (LE) and 
high energy (HE) part of the X-Ray spectrum by internal and selective energy 
thresholding. 

DDAs need to be calibrated before usage to equalize the different characteristics of the 
detector elements. This avoids image distortions by fixed pattern noise due to differences 
in the detector elements and the electronics. Consequently, the image noise depends 
dominantly on the photon statistic. This was exploited for radiography with high SNR 
and improved contrast sensitivity. DDA systems achieve currently a significantly higher 
SNR, CNR and better contrast sensitivity than imaging plates and films, if they are 
properly calibrated.  
Figure 1 shows the effect of SNR increase (equivalent to CNR increase) on the visibility 
of fine flaw indications [19, 20] in comparison to film radiography.  
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Fig. 1: Enhanced detail visibility of flaws by increased SNR of a DDA 
image in comparison to a digitized film image of weld sample BAM 5 

after numeric high pass filtering. 
 
2.2 X-Ray Back Scatter Technique 
 
X-ray back scatter techniques have been applied in safety and security relevant 
applications with single sided access of source and detector. The X-ray backscatter 
radiography is based mainly on inelastically scattered X-ray photons, known as Compton 
Scattering [21]. Objects, which are transparent to X-rays, emit scattered radiation in 
forward and backward direction. This occurs preferentially in organic and low-numbered 
materials based on their ranking in the periodic table of the elements. All elements with 
high atomic numbers (e.g. heavy metals) mainly absorb X-ray photons; so they emit 
scattered radiation to the outside with a much lesser intensity. Back scattered radiation 
can be used for imaging of inner structures of volumetric objects. This permits to visualize 
organic materials behind thin metals as e.g. contraband or explosives in cars and 
containers. Application for investigation of CFRP for aerospace industry can be found in 
[22].  
 

3 Computed Tomography 

3.1 Stationary Computed Tomography 

Computed Tomography (CT) is an X-ray based method for 3D visualization of inner 
structures and surfaces or interfaces, respectively. The object under inspection is typically 
rotated during a scan, and several hundred radiographic projections are acquired with a 
digital detector array [23]. Numeric procedures as e.g. the filtered back-projection, are 
used to reconstruct the three dimensional (3D) volume images. The major application 
area for CT was and continues to be medicine. Soon after successful medical application, 
the first CT investigations were performed for material’s science and flaw detection.  
In the 1990s, the use of CT devices was common for material investigations in institutes 
and universities as well as in industrial research. With increasing computer power, CT 
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was introduced in industrial quality assurance about 15 years ago. The accuracy of CT 
could be significantly improved since then.  
 
4.2 Dimensional Measurement 
 
Prerequisite for the CT application as dimensional measurement tool is the accurate 
validation of the measurement procedure in comparison to coordinate measurement 
machines (CMM). A new generation of multi sensor CMMs combines the CT operation 
with optical sensors and tactile probing. However, an important aspect of all coordinate 

measurements is the 
traceability of the geometry 
information obtained. To 
achieve traceability, several 
standards were developed in 
recent years [24]. The 
following parameters have 
to be determined: Sphere 
distance error (SD), probing 
error size (PS) and probing 
error form (PF). This is 
performed by parallel 
measurements of calibration 
objects and real test objects 
with CT and CMMs.  
For example, Volkswagen 
uses a fast CT scanner for 
at-line inspection in its 
production process [25]. 
Engine blocks are inspected 
as a random selection in the 
production process. CT is 
used to test for flaws 
(classification and sizing) 
and control of correct object 

dimensions.  
 

4.3 High Energy CT 
 

High energy CT is basically applied for investigations of large objects as e.g. rocket 
motors, artillery ammunition, radioactive waste barrels, large castings and steel-
reinforced concrete blocks [26]. Several units are installed for investigation of weapons 
worldwide, with restricted information about these systems.  
First publications showed that 3D inspections of whole cars are possible. Especially, the 
crash tests of cars require time consuming mechanical analysis of the damages. Using a 
CT of a crashed car provides fast and highly resolved data on the structural deformations 
(see Figure 2, 3) [23].   

 

 

 
Fig. 2:  High Energy CT at Fraunhofer EZRT: Schematic 

presentation of the set-up of the high-energy facility. 

 
Fig. 3:  High Energy CT at Fraunhofer EZRT: Left: 
photography of a test car after crash test. Right: 3D 

visualization of the volume data set resulting from a CT 
measurement with the 9-MV -LINAC as X-ray source. 
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4.4 Mobile Computed Tomography 

Mobile CT scanners were developed for industrial objects, as e.g. bridges, pipelines and 
aircrafts, which cannot be brought to the laboratory. They are typically based on the 
planar tomographic design. The first applications were qualified by third party 
organizations for sizing of planar defects in nuclear power industry (Figure 3) and aircraft 
industry.  
The mechanized mobile tomographic system “TomoCAR” (Tomographic Computer 
Aided Radiometry) was developed first for inspection of circumferential welded seams 
of pipes [27, 28]. The tomographic reconstruction allows the three dimensional (3D) 
representation of the material structure and included flaws. This is equivalent to a 
metallographic cross sectioning (micrograph). It allows the reliable detection of planar 
defects with openings larger than 25 μm.  

The TomoCAR design was modified for in situ inspection of large aircraft components 
under production conditions. A gantry gate based planar tomograph was constructed and 
tested for inspection of the integrity of large CFRP components (Carbon Fibre Reinforced 
Polymers) of aircrafts of up to 3 x 9 m size [27].  
Furthermore, 18 m long U-shaped CFRP airplane structures were tested with 
laminography [29]. The standard NDT-inspection for these parts is based on an UT scan 
in order to detect defects larger than 6 x 6 mm². The ultrasonic (UT) inspection is not 
accurate enough to distinguish between large area material separations and clustered 
porosity. The UT inspection fails mostly at sharp material radii due to missing back wall 
echoes. X-ray based planar tomography was used to obtain cross section images with 
higher resolution for better evaluation of flaw types and measurement of flaw dimensions. 
A specially designed gantry was used to acquire projections in tangential direction to the 
radius [29].  

 

 

 
Fig. 3: View of the nuclear power station “Neckarwestheim” (bottom) and of mounting the 

TomoWELD scanner in Block I (top). 
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5 Micro and nano Radiography 

The reduction of focal spot sizes up to the sub µm size permits high resolution 
radiography and CT. Achievable voxel sizes are in the order of 200 nm to some µm [30]. 
Figure 4 shows an example of the micro CT (µCT) of an USB memory drive [31]. With 
the continuous scaling down of structures in microelectronic products, users request X-
ray imaging and CT in the region down to 10 nm voxel size. 

 
Nano-CT with resolution down to 
10 nm seem to be achievable in the 
next years, not only at synchrotron 
radiation sources but also in the lab, 
by combining novel high-flux X-ray 
sources and novel X-ray optics such 
as multilayer Laue lenses [32]. 
Application fields will be 
microelectronics, energy storage and 
composites. 

 

6 Refraction Enhanced Techniques and Phase Contrast 

X-ray scattering such as (elastic) diffraction, (inelastic) Compton scattering, or X-ray 
fluorescence can be employed for imaging techniques. This can be achieved by either 
pure geometric restrictions (by collimation) or by selective scattering acquisition. As a 
result, one obtains 2D distributions (“images”), which depict the desired interaction 
parameter [33]. Refractive X-ray deflection occurs, when X-rays interact with interfaces 
(cracks, pores, particles, phase boundaries) similar to visible light in transparent materials 
(lenses or prisms). The incident angle of X-rays relative to the surface needs to be small 
enough in order to achieve a measurable deflection angle.  
Due to the short X-ray wavelength, X-ray refraction techniques are able to detect the 
response of nano structures without imaging the individual interfaces [33].  
X-ray phase contrast radiography, sometimes referred to as “propagation-based phase 
contrast imaging”, requires no additional discrimination devices if sufficiently large 
sample-detector distance and detector resolution are given. It enhances the interface 
contrast generated by external (and internal) boundaries of weakly absorbing objects. 
In 2002, a new innovative X-ray technology based on the Talbot–Lau effect has been first 
utilized for X-ray imaging using monochromatic synchrotron radiation [34]. The 
additional use of a source grating has enabled the introduction of this technique with the 
subsequent extraction of differential phase contrast (DPC) and dark-field contrast (DFC) 
to poly-chromatic laboratory X-ray sources [35].  

7 Conclusions  

The replacement of film radiography by digital techniques in NDT requires careful 
selection of suitable digital detectors and measurement procedures. Standard practices 
were developed as e.g. ISO 17636-2 (2013) for weld inspection and diverse ASTM 
standards for system characterization. The sensitivity of Digital Radiography systems 
depends on the achieved CNR and SRb

image. DDAs provide a significantly higher contrast 

 
Fig. 4: µCT: Example for 3D packaging – a USB 

memory drive. 
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sensitivity than film radiography and computed radiography after careful calibration. 
Scatter and back scatter radiography with different optics are applied for inspection of 
CFRP components with single sided access. Computed tomography is applied in research 
and industry from nm to m scale. Mobile laminography has been used for non destructive 
micrography of welded pipes and CFRP structures of airplanes. It provides the shape and 
dimensions of the indications. Phase contrast radiography is used for enhancement of 
interphase contrast in test objects. Talbot Lau interferometers provide in the dark images 
an additional contrast of internal surfaces and structures as e.g. micro porosity, fibre 
disbonding and cracks in subpixel resolution.  
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