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Abstract 
XCT is the most potential, versatile and effective tool in NDE for x-ray imaging technique to visualize the complex structure 
details of solid objects as well as acquisition of qualitative and quantitative inspection of an object’s property and 3-D 
geometries. As a result, XCT, has come up well established technique, necessary for inspection, evaluation, analysis and 
characterization during the different stages in industrial production (from pre-production to reverse engineering). XCT 
provides a significant improvement in its ability to detect small defects in µm, compare to traditional radiography. Now-a-
days, the most attractive use of XCT for performing in dimensional measurements relate to engineering or dimensional 
metrology which are in accessibility by conventional  coordinate measuring systems while the technology is available and the 
benefits are being compared. The standardization requirements in manufacturing are being assessed by concerned authorities 
e.g. ISO, EN, ASME etc. 
 

This paper provides an overview of XCT, covering industrial applications, scanning capabilities and includes some market 
segments showing manufacturing units and other industries. It also gives ideas about the use of XCT for dimensional quality 
purpose i.e. traceable measurement and tolerance verification of dimension of mechanical components.  
 

In the present scenario of the country, more flexible solutions will support such XCT applications with new challenges in 
increasing the economic aspects and inspection comprehensiveness. A considerable high number of XCT systems will be 
necessary to supply the demands of adaptable solutions for MAKE IN INDIA 
 

Key Words: XCT (X-ray Computed Tomography), EM (electromagnetic), PE (Photoelectric effect), CE (Compton effect), 
PP (pair production), Metrology, CMMS (co-ordinate measuring machines) 
 

1. Historical background:                                                                                                                                                          

The concept of tomography (transformation geometry) was first published by a Norwegian 
mathematical physicist Niels Henrik Abel for an object with axi-symmetrical geometry in early 1828. 
German Physicist W.C.Roentgen discovered the x-rays in 1895. Today industrial images varying from 
the simple planner x-ray to XCT scanner. During 1917, an Austrian mathematician Johann Radon 
further extended Abel’s idea (Forward/Inverse transform Algorithm) for objects with arbitrary shapes 
[1] and was formulated as an integration of a 2D function along a set of straight lines expressed by 
orientation angles and distances to the origin. Radon was not able to implement the idea due the 
mathematical complexity. In 1956, Bracewell extended this problem to more general function and led 
to the foundation of an inversion formula for application in astrophysics. Both Bracewell (1956) and 
Cormack (1963) derived inversion formula, which were close to being implemental as compared to 
Radon’s solution for Computed Axial Tomography (CAT) [2]. However CT found its first commercial 
application in early 1972s, where as the first prototype computed tomography (CT) scanner was built 
in 1971, by Hounsfield in UK. Godfrey Hounsfield in UK and Allan Cormack in USA who were 
awarded the Nobel Prize in Physiology and Medicine in 1979, [3].  This is originally developed for 
medical purpose as a tool to investigate of human body without surgically opening it.  
 

The idea of the inside structure of an object could be determined from multiple x-ray images and from 
various angles around the test specimen was developed by Godfrey Hounsfield while working on EMI 
in UK in medical imaging to supplement 2-D x-ray images (also known as radiographs) and 
ultrasound. Although XCT and MRI (Magnetic Resonance Imaging) techniques are similar in that both 
employ electromagnetic radiation, they differ in that XCT uses ionizing radiation where as  MRI uses 
non-ionizing radiation i.e. radiofrequency radiations. XCT relies on absorption of x-rays where as MRI 
uses non-ionizing radiation of the magnetic resonance of Hydrogen molecules. Consequently both 
techniques have different areas of applications. XCT is the most useful tool for examining solid 
compounds of elements/metals/non-metals with high atomic numbers where as MRI used for 
examining low density material i.e. ‘soft animal tissue’ [4]. Apart from X-ray CT ,there are exist a 
range of other noninvasive modalities.Techniques like positron emission  tomography (PET), single 
photon emission computed tomography (SPECT)  are based on the measurement of gamma rays 
emitted inside the bogy [2], where as in ultrasound computed tomography (UCT), ultrasonic waves are 
used to image acoustic properties of the human body. Electrical Impedance tomography (EIT) used for 
unknown conductivity distribution of an object and Waste inspection tomography (WIT) for nuclear 
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waste drums inspection. Emission Computed Tomography (ECT) determines the distribution of 
radiation sources in the interior of an object. Two different types of emission based tomographic 
methods; (i) PET (ii) SPCT [1]. In 1999, Rich. Seifert & Co. Germany was first to develop HE 450/320 
kV XCT for industrial applications and software was developed by Fraunhofner Institute Germany [40]   
 

2. Introduction: 

Computed tomography is a NDE scanning radiographic technology that allows viewing of or to locate 
or inspect the internal and external structure and measure the volumetric details of an object or test 
specimen in 3-D space. By taking hundreds or thousands of 2D digital radiography projection around 
360° rotation of an object, proprietary algorithms are used to reconstruct the 2-D images into a 3-D 
volume which allows viewing and slicing the part/component at any angle. Computed tomography is 
also known as “Computed Axial Tomography” scanning. (CAT) 
 

The computed tomography uses x-ray radiation energy source and is abbreviated as XCT. The other 
CT modalities where gamma (γ)-rays, synchrotron x-rays and neutron radiations energy sources are 
used for materials characterization and industrial applications alternative to x-ray source are denoted as 
γCT, SRCT and NRCT. XCT is basically is an imaging technique that employs the attenuating 
properties of a matter (medium). During early 70’s the XCT was widely used in medical field as a 
diagnostic tool. This technology was later adapted in early 80’s in industrial environment for inspection 
of manufactured parts/ components & assemblies. It is most important to the manufacturing units 
because of its ability to inspect the material structure of their products in a manner that would not be 
acceptable towards the product’s physical integrity. By the year 2004-5, XCT was recognized as a most 
powerful, versatile and effective tool for coordinate measurement of assembled and complex parts. 
XCT provides the users with better ability to perform contactless dimensional analysis on internal 
features within few minutes or less, that is inaccessible by the conventional coordinating measuring 
machines (CMMs).  
 

With the intension to reader, basic knowledge, the present overview on XCT includes principle, 
attenuation theory, detectors, resolution, acquisition, reconstruction, instrument geometry, influence 
factors, various applications including dimension metrology and markets are being describe in this 
paper. 
 

3. Fundamental x-ray Concepts 

XCT device is a process, based on emission and /or detection of ionizing electromagnetic (EM) 
radiation, of which energy or wave length depends on the size of the object (s) under inspection for 
imaging. X-rays are also high energetic EM radiation. Since the speed of EM is constant in any given 
medium, the energy of each photon is proportional to the photon frequency and is inversely 
proportional to its wavelength. When EM radiation is described as photons, it is characterized by 
energy per photon. Mathematically expressed as     

E = �� = ��/�                                                               …. (3.1) 
Where E is photon energy, h is Plank’s constant = 6.63 x 10-34 Js, v is the photon frequency, c is the 
speed of light = 3 x 108 ms-1

 and � is the wavelength expressed in nm. The unit that is used to measure 
energy of photons is the ‘electron volt’ eV (1 eV=1.602 x 10-19 J). A smaller wavelength corresponds to 
a higher energy as per equn (1) If E is expressed in keV and � in nm, then 

               E = 1.24 /	�     … (3.2) 
Therefore x-ray photons with longer wavelength have lower energy than the photons with shorter 
wavelength.  
 

Note: The x-ray energy is expressed in eV (electron Volt, 1 eV = 1.602 x 10-19 J).  An electron volt is the amount of energy 
that an electron gains as it is accelerated through potential difference of 1V [5 ] 
 

X-rays are defined as EM radiation emitted by charged particles. X-ray photon energy ranges 12 to 120 
keV. X-rays can penetrate visibly opaque materials and are not significantly deflected by optical lenses. 
As with all EM radiation, x-rays are also not affected by electric and magnetic fields. Generally x-rays 
are classified as i) ‘Soft X-rays’ (0.12 keV-12 keV) & ii) ‘Hard X-rays’ (12 keV -120 keV). [4]  
 

3.1 Radiation source: 

3 types of radiation sources are used in industrial XCT scanners: 
(a) X-ray tubes (b) Linear Accelerators (LINACs) (c) Isotopes 
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(a) X-rays are produced when an accelerated bean of electrons is retarded by metal object (target 
material Anode) with emission of x-ray photons. x-ray source is a hot cathode (tungsten filament) and an 
anode inside a vacuum tube, between which an electrical potential is applied. Electrons ejected from 
cathode surface are accelerated towards the anode target. When electrons impinge the target, they 
interact with these atoms and transfer their kinetic energy to the anode. These interactions occur within a 
small penetration depth into the target. As interaction occur, the electrons slowed down and finally come 
nearly to rest, at which time they are conducted through the anode and out into the associated electronic 
circuit. The electrons interact with either the orbital electrons or nuclei of metal atoms. The interactions 
result in a conversion of kinetic energy into thermal energy and electromagnetic energy in the form of x-
rays [6] since more than 98% of energy its turned into heat, the anode material is to be water cooled.[7]  
 

The emitted x-rays consist of 2 components – (i) Brehmsstrahlung 
radiation or continuous spectrum (ii) Characteristic radiation – 
excess energy of the accelerated electrons collides with the expulsion 
of an electron from the interior electronic orbits of the target atoms. 
Excess of energy is emitted as a photon of x-ray with constant peak 
value of the wave length (often referred as characteristic K� radiation 
or peak x-ray energy). Since these spectrum peaks are different from 
material to materials, this kind of radiation is called Characteristic 

radiation. An increase in the tube voltage increases the energy of 
each x-ray photon                                                                Fig.No. 1 

emitted. An increase in electric current increases the number of x-ray photons produced. The energy of 
x-ray photons determines its penetration capability and the quantity determines the exposure to radiation. 
Soft x-rays are usually referred as non-penetrating and typically removed by the Aluminium foil.   
 

The radiation source types (a) and (b) are polychromatic or bremsstrahlung electrical sources whereas 
(c) is monoenergetic radioactive source. The main advantage of using an electrical x-ray source over a 
radioisotope source is higher photon flux possible with electrical radiation generators, which allows 
shorter scanning times. The biggest disadvantage of using an x-ray source is the beam hardening effect 
associated with polychromatic fluxes. 
 

3.2 Interactions of X-rays with matter (interaction mechanism) 
All radiation is detected through its interaction with matter. The photon (x-rays) interacting with matter 
is of EM nature. As the x-rays propagate through the test object, their intensity is attenuated. Attenuation 
occurs as a result of the interaction of the x-ray and test object material. Theoretically, an interaction can 
result in only one of   the three possible outcomes: 
� The incident x-ray can be completely absorbed and cease to exist           
� The incident x-ray can scatter elastically  
� The incident x-ray can scatter inelastically   

The interaction between the photons and the matter can happen in the following ways: 
• They can interact with atomic electrons 

• They can interact with nucleons 

• They can interact with electric fields associated with atomic electrons and / or atomic nuclei 

The main interactions between photon (x-rays) and matter is fundamentally a ‘Quantum Mechanical 
Process’ so that the outcome is somewhat random. Several interactions may occur to x-ray imaging. 
The interactions are:  

• Photoelectric Effect/Absorption (PE) 

• Compton Effect /Scattering (CE) 

• Rayleigh Scattering (RS) 

• Pair Production (PR) 

Photons absorption and scattering both are interaction processes. In absorption photons disappear and 
all their energy is transferred to atoms of the material where as in scattering photons do not disappear 
but change the direction of their propagation. The scattered photons may also transfer a pair of energy 
to atoms or electrons of the material.   
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Table No. 1 (Effect on interaction)                    source [1] 

Matter Compton Absorption Elastic Scattering Inelastic Scattering 

Atomic Electrons Photo-electric Effect Rayleigh Scattering Compton Scattering 

Nucleons Photo-disintegration Thomson Scattering   Nuclear Resonance  

Electric field of atoms Pair Production Delbruck Scattering Not Observed 
  

Photoelectric effect (absorption)	�(
): This is a mechanism or one of the forms of interaction of x-ray 
photon with matter. A low energy photon interacts with electron in the atom and removes it from its 
shell. (a) The probability of this effect is maximum when the energy of the incident photo is equal or 
just greater than the binding energy of the electron in its shell (absorption edge) and (b) The electron is 
tightly bond (as in K shell)  
The electron that is removed is then called ‘photoelectron’. The incident photon is Compton is 
completely absorbed in the process. Hence it forms one of the reasons for attenuation of x-ray beam as 
it pass through the matter. The electron appears with energy E-e = hv - Eb       ...(3.3)     
where Eb represents binding energy of the electron and hv is the photon energy 
 

It has been demonstrated experimentally that the interaction probability 	for PE absorption �	(
) can 
for typical energy encounter in XCT (5 -150keV), be roughly proportional to 

 � (
)  ∝∝∝∝ Z
n 
/ (hv)

3.5
    n ∈ [�. �]           .... ( 3.4 )  

where hv = Energy of the incident photon, Z = atomic number, n = number varies from 4 to 5 
depending on the energy of the incident photon. Therefore photoelectric effect is dominant mode in 
low energy x-ray photon and significant for absorption material of high atomic number.[9]                                     
 

Compton effect (CE) or Scattering �c CE is one of the forms of x-ray photon interaction. This is 
known as incoherent scattering. It is the main cause of scattered radiation in a material. It occurs due to 
the interaction of the x-ray photon with free electron (unattached to atom) or loosely bond valence shell 
(outer shell) electrons. This process occurs when a high energy x-ray photon strikes an outer shell free 
electron. The resultant incident photon gets scattered (changes direction) and imparts energy to the 
electron (recoil electron). The scattered photon will have a different wavelength (observed κ partial 
absorption process and as the original photon lost the energy, this known as Compton shift (the shift is 
being a shift in wavelength/frequency). In Compton scattering, the incoming photon is deflected 
through an angle θ with respect to its original direction. The energy transferred to the electron can vary 
from zero to a large fraction of the photon energy. The expression that relates the energy transfer and 
the scattering angle for any given interaction is derived by the equations for the conservation of  
    hv’ = hv  /  [1+ hv/m0c

2
] x (1- cos�)	]     … (3.5) 

 

where  hv’ is the energy of the photon after interaction, hv is the energy of the incident photon, θ is the 
photon angle of scattering and m0c

2 is the rest-mass energy of 511 keV of the electron. For small 
scattering angles, very little energy is transferred. The probability of Compton scattering per atom of 
the absorber depends on the number of electrons available as scattering targets and therefore increases 
linearly with Z. The wavelength changes the scattered photon by 0.024 (1-cos	�)	. Compton scattering 
cross-section �c is given by,                    		�c ∝∝∝∝  Z/A x ρ x 1/hv                              ...( 3.7 )      
where ρ =density of the material. Therefore, the probability of Compton Effect:  
          (i) directly proportional to 

� Number of outer shell electrons i.e. electron density. 
� Physical density of the material 

          (ii) inversely proportional to Photon energy  
          (iii) does not depend on  

� atomic number (unlike photoelectric effect and pair production) 
One significant effect of the CE is that it becomes the most dominant process when human are 
irradiated in the 30keV – 30MeV. [11] 
 

Note: Scattered radiation, contributing to the image formation can be limited by collimating the radiation beam and reducing 
the source size. Thus the collimators are needed to be placed close to the radiation source and also close to the object  
 
  

Rayleigh Scattering σr In a Rayleigh or coherent scatter interaction the incident photon interacts with 
the atom. The photon scatters without appreciable loss of energy. The cross section for coherent 
scattering σr is:   σr = c z

2.5 
/ hv

2�   ... (3.8)  
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The percentage of Rayleigh scattering of the total attenuation cross section in material (Al) at energies 
above 80 keV is below 5%. 
 

Pair production (PP) σpp :. PP can only occur when the incident photon energy is greater than 1.022 
MeV. As the photon interacts with strong electric field around the nucleus it undergoes change of state 
and is transformed into two particles:  a) one electron    b) one positron. These two particles from the 
pair referred to the name of the process. 
 

The reason that at least 1.022MeV of photon energy in necessary is because the resting mass (using 
E=mc2) of the electron and positron expressed in units of energy 0.511MeV each, therefore unless 
there is at least 0.511 MeV * 2 (i.e. 1.022MeV) it not possible for electron-positron pair to be created 
.If the energy of the incident photon is greater than 1.022 MeV, the excess is shared between the 
electron and positron as kinetic energy. PP is related to the atomic number (Z) of attenuator, incident 
photon energy (E) and physical density (�) by Z

2
 E (1.022)	� [11] The PP probability increases with 

photon energy and atomic number Z2. The electron and positron, once liberated within the medium are 
dissipated through successive interactions within the medium. The electron is quickly absorbed; 
however the fate of positron is not so straight forward. As it comes to rest, it combines with 
neighbouring electron and the two particles neutralise each other in a phenomenon known as 
‘annihilation radiation‘. Here two particles are converted back into two photons of EM radiation, each 
0.511 MeV energy travelling at 180° to each other (this concept is utilized in positron emission 
tomography PET). These photons are then absorbed or scattered within the medium. 
 

PP in reality does not does not become the dominant process in water below 30MeV and therefore less 
importance in low atomic number material. In industrial radiography where high atomic number 
elements are irradiated, pair production can become the major attenuation process assuming the 
incident radiation energy exceeds 1.022 MeV. 

 

 

 

 

 

                                                                                                     
 

Fig. No. 2      (a)                                           (b)                                                     (c) 
                                                                                                                                                                           

 

Source [10]                                                                                                           (d) 3 principal interactions of x-rays are (plotted Z vs Energy)                                                 

Note: X-ray photon energy varies from 0.1keV – 100keV where PE is dominant. Around 200 keV – 10MeV CE is dominant 
and above 10MeV PP becomes the dominant effect t on metal Cu. There may be some changes in figure but the behaviour is 
expected similar in most of the metals                                                  
 

3.3 Interaction between Penetrating Radiation and Matter (Attenuation)  

The number of photons transmitted through a material 
depends on the thickness, density and atomic number of the 
material, and the energy of the individual photons. more of 
the particles of the matter and the type of encounter that 
occurs. Since the probability of an encounter increases with 
the distance travelled, the number of photons reaching a 
specific point within the matter decreases exponentially 
with distance travelled.[12]                         Fig. No. 3    

 
The influence of atomic number and the density of material on transmitted intensity in the form of X-ray 
photons is given in fig. No.4. The fig nos. 4(a) & 4(b) represent high and low atomic number models. 
Higher atomic no. has higher probability of interaction against low atoms of low atomic No. The 
attenuation should be higher for big atoms. However it may be expressed as the x-rays have higher 
probability of being penetrated (transmitted) through the matter of low atomic number.  The figs. 4(c) & 
4 (d) show that smaller amount of atoms representing matter of low density will give rise to lower 
attenuation against high density matter. The chances interaction between the x-ray photons and the 
atoms are lower. Therefore x-ray photons will penetrate all light materials faster than dense or heavy 
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materials. This means all dense or heavier materials have the characteristics of greater resistance to x-
ray s penetration because they absorb more energy.[4]  
 

 
                                         
                                           
                                                                                                                               
                                                                                    

(a) High Atomic No.                 (b) Low Atomic No                  (c)   High density                 (d) Low density 
                                                                     Fig. No.4     source [3] 

3.4 Attenuation /transmission through matter (Theory)/Lambert–Beer Law:  

The x-ray beam is characterized by its photon flux density or intensity and spectral energy distribution. 
When a beam of x-rays passes through homogenous isotropic slab of material, the intensity of the rays 
is decreased due to scattering and absorption. For monochromatic radiation with an incident intensity 
I0, the x-ray beam is attenuated after passing through a test object infinitely thin slab of incremental 

thickness dx ; The thin slab consists of a material with linear attenuation coefficient  The yield is an 
attenuation intensity (transmitted intensity) I, which is proportional to the number of photons per unit 
time and unit area. The change in intensity of the x-ray beam after transmission through the slab may 
be expressed by considering the rate of decrease of the x-ray intensity as it passes through the test 
material. 
            dI (E, x)                                                                            dI (E, x)                                                                                             

                      =  - σ(E). n . I(E,x)  … (3.9)  or we can write  as                           = - σ(E) n dx  ….. (3.10)                                     

        dx                                                                                        I (E, x) 
where σ	(E)  is the total interaction cross section and n is the number of atoms per unit of volume. The 
product of n . σ(E)  is defined as the linear attenuation coefficient µ (E), representing the probability of 
interaction per unit path length. For energy in keV, the linear attenuation coefficient is the sum of the 
linear attenuation coefficient of photoelectric effect �		(E), Compton effect σc (E), and pair production 

σpp (E): µ (E) =�	(E) + σc (E) + σpp (E)  …(3.11) 
Integrating the Eqn. (3.10), we obtain the equation that gives the transmitted photon intensity I(E) for a 
monochromatic pencil photon beam after passing through a thickness of material X (see figure 4):[13] 

             I (E) = I0 (E) exp [��µ(�, 
)�� ]                     … (3.11) 

                                                                       x 

The Eqn. 11 is called ‘Lambert-Beer law’. In case of polychromatic source, as X-ray tubes, the 
equation becomes: 
                     Emax 

  I = � I0 (E) exp [��µ(�, 
)�� ] dE  ...(3.12)   where Emax is the max. photon energy of the beam  
           0 
                                          

                        Incident x-ray beam                                                 Transmitted x-ray              

                   Intensity I0                                                                                    beam intensity I 

                                                                                                                           
                                                                                                          
 

                    Fig. No. 5                                       x  
Figure shows that a monochromatic pencil photon beam is shown here transmitting a slab of homogeneous material.                                        

The beam is measured after the passage inside the slab to determine the attenuation of the object  
 

Where I0 = unattenuated beam intensity, x = thickness of the test object traversed by radiation and µ = 

linear attenuation coefficient depends on the material composition along the path. Even though the 
individual interactions of photons with matter are the statistical nature, the macroscopic intensity of the 
beam can thus be described using a deterministic exponential law. This formula is the fundamental 
equation in XCT is only valid for attenuation process and for a monochromatic beam. Rearranging to 
line of integral form: 
 

                                      � ln I / I0 = [�	� μ(�, 
)��	 ]      …. (3.13)  [13]     where ln is natural logarithm 
                                                         X   

A tomographic scans: 
� Measure I along many lines to get many  integral line values through the object from which we 

determine µ(x) 
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� The intensity I is called the transmission while the corresponding � ln I / I0  is called absorption or 

projection.   
 

When the XCT technique was developed in 1973 by Hounsfield to determine the spatial distribution of 
attenuation values within the object from multiple ray measurements, XCT required the development of 
mathematical reconstruction techniques capable of inversely solving a modified version of Eqn,(3.11) 
allowing for the estimation of the spatial variation of attenuation values along the ray path:[3]                                               

                    I = I0 exp [ - �  [	μ(�)dx ]                      … (3.14)                                                                     
                                         X    

In this equation, the attenuation of each individual voxel is determined by the phase composition 
within each voxel 
 

4. X-Ray Detectors 
X-rays that are not completely attenuated by the test object are transmitted to detector. The purpose of 
x-ray detector is to measure the transmission of the x-rays through the test object along the different ray 
paths by transforming the incident x-ray intensity (flux) into an electrical signal, which is amplified and 
converted or processed electronically into a digital signal. Each pixel registers the intensity of the x-rays 
after having traversed the linear trajectory from the source to the respective pixel position on the 
detector. The collection of the pixel intensity is stored in a radiographic image i.e. radiograph. The total 
attention of the x-rays along a given path can be determined from the registered intensity values and the 
intensity of the non-attenuated x-ray. Therefore, a radiograph ideally represents the distribution of 
attenuated x-rays along the traverse volume. Radiographs are taken at multiple object viewings.  
 

Direct conversion detectors use amorphous selenium-coated TFT (thin-film transistor) array to capture 
and convert x-rays directly into electrical charge.  Incident x-rays generate electron–hole pair in the 
selenium layer proportional to the x-ray intensity. The electrons or holes in each pixel drift towards an 
electrode, under a bias voltage applied across the detector structure, temporarily stored in a capacitor. 
During the readout process, the charge in each pixel is amplified, converted to a proportional voltage; 
the voltage level is then digitized, resulting a grey value for each pixel in a TFT matrix. 
 

Indirect conversion detectors use a 2-step process for x-ray detection. During the 1st step, the incident 
x-rays  are captured by a scintillator such as  cesium iodide (CsI), often doped with thallium (Tl) or 
gadolinium oxi-sulphide (GdOS), converting them into visible light photons(The visible light is 
proportional to the x-ray intensity).CsI  is often a preferred  scintillator material for 2 reasons. Firstly, 
CsI has needle– like crystal structure, compared to (GdOS) with grain like crystal structure. The needle 
like structure allows light photon to be channeled directly to the photodiode layer, thus reducing the 
speed of light in the phosphor layer and improving spatial resolution. During the 2nd step, the light 
photon are detected and converted into electric charge by an array of amorphous silicon (a-Si) thin-film 
diodes (TFDs), often called photodiodes [14] 
 

As with direct conversion detector, within each pixel the 
electric charge is captured and stored in a capacitor, then 
amplified, digitized and transferred to the computer during the 
readout process using the TFT arrays. (Some system used CCD 
as an alternative light collection array and readout method) [12]                    
Direct-conversion digital detectors have superior spatial 
resolution capability compared to indirect-conversion digital 
detectors, due to the absence of the scintillator layer and the 
spreading of light within it. However , because the relatively 
low atomic number of a-Se (Z= 34), its absorption efficiency at 
higher x-ray energy ranges low, therefore most industrial  XCT 
systems employ  indirect–conversion digital detectors[13].  At 
present, standard commercial 2D detector are available for 
energy range 20 keV to 15 MeV. Typical pixel sizes are 150 
µm, 200 µm, 250 µm, or 400 µm with detector matrix  
 

comprising 1024 x1024 pixel, 2048 x 2048 pixels, 2880 x 2880 pixels or 4096 x 4096 pixels [14].                   
Fig. No. 6   source [14] 
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For inspection of object  made of high density of materials such as metal alloy turbine blades and 
casting parts, 2D flat panel detector are often replaced by 1D line detector with  indirect-conversion 
technology. (X-ray fan beam geometry is used 1D line detector)  
 

4.1 Properties of X-ray Detectors: 

The most important properties are: field coverage, geometrical characteristics, quantum efficiency, 

sensitivity, spatial resolution, noise characteristics, dynamic range, uniformity, acquisition speed, 

frame rate etc. 
Note: Details are available in any CT test book or see the reference list [8] 
 

5. Resolution 
In a high resolution XCT scanner, the object under inspection is usually installed on a translation stage 
(manipulator), which is used to position the object. When using a conical (cone) X-ray beam, the 
projection images of small objects can be magnified by moving the object closer to the X-ray source. 
Large objects on the other hand are positioned close to the detector, in order to capture the projection 
image completely. The object magnification M is then given by: 

M =				� ! �!!"    …. (5.1) 

where SOD = distance between the source and the object, and SDD = 
distance between the source and the detector(image plane). In high 
resolution CT, M is rather large, typically between 10 x and 100 x. The 
resolution of the imaging system is mainly limited by the focal spot size ds 
of the X-ray source. Since the spot size is magnified as well, at high 
magnification the finiteness of the spot size becomes perceptible and the 
projection image becomes blurred, as illustrated in fig. No. 
4(1).Furthermore, the resolving power d of the detector also limits the 
resolution of the system. A general expression to determine the best 
achievable resolution R of the imaging system is given by 
            Fig. No. 7 Influence on focal spot size on the projection image    

R =   � #$"  (1 + % #"  ) ds …. (5.2) 
                                                                                                                                                                                  

This formula complies with the fact that the achievable resolution of a system can never be better than 
the focal spot size, as  even for very high magnification M → ∞, R ' ds   [2 ] 
 

Note: The resolving power is defined as the smallest separation distance between two features (lines or points) at which they 
can still be distinguished separately. 
 

6. Flux 

Another concept in X-ray imaging is the X-ray flux. The number of photons that pass through the 
object and are detected within a certain time frame depends on the generated flux, which thereby 
determines the amount of statistical information. A higher flux offers the advantage of either obtaining 
an improved signal to noise ratio of the reconstructed object, or requiring a shorter scanning time while 
maintaining the same statistical information. In high resolution XCT using an X-ray tube, the flux is 
typically very low, in order to obtain a small enough spot size without melting the target plate. The 
filament usually poses additional constraints to the attainable flux. Therefore, scanning times are 
typically much longer in industrial XCT than medical. .As an X-ray tube emits a conical bundle, the 
intensity of the bundle decreases quadratic ally when moving further away from the source.         
  

This means that, within a given time span, a detector far from the source detects less photons per pixel 
than the same detector positioned close to the source. In positioning the detector, a well considered 
trade-off has to be made. Moving the detector further away decreases statistical information (increases 
scanning time), decreases the cone angle (thus reducing cone-beam artefacts) and allows for higher 
magnification.[2] 

 

7. Process of a XCT scan 
A XCT scan generally consists of 2 processing steps:  

• the data acquisition, in which the object is rotated and a series 
of projection images is taken, and  

• the image reconstruction, which calculates the 3D 
representation of the object based on the projection images.  
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Fig.No.8 is the schematic representation of a typical X-ray scanner. Source [2] 
 

The 3D volume that is obtained can then be visualized, processed and analysed further. A typical XCT 
scanner configuration consists of 3 main hardware components, as illustrated in figure No. 8 i) X-ray 
source that generates X-rays in a cone beam bundle, (ii) X-ray detector which is used to acquire the 
projection images and (iii) motorized object manipulator 4 axes movement (x-, y-, z-  & rotation axis) 
stages. 
 

7.1 Motorized mechanical handling system (4 axes)  [11] 
As mentioned above, in industrial XCT systems the X-ray tube and the detector usually have a fixed 
position, whilst the object is rotated on the rotation stage between the X-ray tube and the detector (with 
or without vertical translational motion for a 1D detector or a 2D detector, respectively). The 
mechanical handling unit of the XCT system as shown in fig. No. 9   
� the rotation stage, for a stepwise or continuous rotation of the object during image acquisition;  

 

� a horizontal translation axis for moving the rotation stage between the X-ray source and the detector 
for adjusting the object’s magnification (often referred to as (-axis or magnification-axis); 
 

� horizontal and vertical translation axes (referred to as )-axis and *-
axis), for flexible positioning of the object on the rotation stage 
within the system’s scanning volume. 
                                                                 

Precision, repeatability, stability of magnification, horizontal, 
vertical, rotational axes are essential in achieving accurate 
reconstruction and, subsequently, performing accurate dimensional 
measurements of scanned object.          Fig. No.9 source [11]                                           
 

7.2 Data Acquisition 

In XCT scan, actually the acquisition includes the projection images as follows:  
 

•Dark fields:These are images acquired when the X-ray tube is turned off. They contain possible pixel 
offsets and dark current contributions. The exposure time to record these images is best chosen equal to 
exposure time of projection images.  
• Flat fields: These are taken when the X-ray tube is turned on, but with the object positioned outside 
the field of view of the detector, to correct for in-homogeneities in the X-ray beam profile. 
• Projections: A set of projections is taken by rotating the object over a fixed angular step between two 
consecutive projections. The range of this rotation can be 180° plus the fan angle of the beam for a short 
scan or 360° for a full scan. More advanced acquisition geometries may require rotation over more than 
360° and/or additional movements.  
 

The spectrum of the X-rays can be altered to better suit the current experiment by varying the high 
voltage inside the X-ray tube. Furthermore, filters (thin plates of e.g. copper, aluminium, etc.) can be 
installed to remove low energy photons and harden the spectrum of the incoming X-ray beam. [2] 
 

7.3 Image Reconstruction 
Image reconstruction data process or measurement plays a significant role XCT technology. In 
conventional radiography, all radiographic images are based on without reconstruction process. The 
reconstruction measurement process can be explained easily using x-ray pencil beam or fan beam made 
up adjacent pencil beam. The beam of x-rays is transmitted across and rotated about the test object. The 
fig.No.10 shows the acquisition being made up of a large number of x-ray beam attenuation 
measurements each beam is measured is referred as a ray sum.  
 
                                      3 
                                                                                                                                                             
                                                                                                                       = detector 
 
         
                                              
         

   
                                          (a)   Pencil Beam                                   (b) Fan beam                            Source [3 ] 
Fig No.10, A large number of projections are acquired, each at a different angle.1= Detector, 2= x-ray source, 3= pencil beam 4= fan beam 
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Mathematically, a measurement process made by a XCT detector is proportional to the sum of the 
attenuation coefficients that lay along the ray defined by the pencil-beam/fan beam of x-rays, hence the 
term ray sum. The XCT scanner, being an inherently electronic imaging device, produces a digital 
image that consists of a square matrix of picture elements, i.e. pixels. Each of the pixels in the image 
represents a voxel (volumetric element) of the test object. This is shown in figure No. 10. Assuming 
that the x-rays are monochromatic then the intensity I1 of an x-ray beam of incident intensity. I0 
transmitted beam through a 1st small cubic volume of object having thickness x and attenuation 
coefficient µ1 is according to Bears-Lambert law,    
                                    I1 = I0 exp [-µ1x ]         …  (7.1)    This is depicted in figure 11(a).            
Similarly for 2nd small cubic volume of object of thickness x having incident intensity I2, transmitted 
beam intensity I0 and attenuation coefficient µ2 then the equation can be written as  

      I2 = I0 exp [-µ2x ]         …  (7.2)                                                                       

In traversing from one side of the object to the other, the x-ray beam will be attenuated by all of the 
voxels through which it passes (refer to figure 11(b)). The emerging x-ray beam will have intensity I 

given by 
 
                                                                                                                                     …. (7.3) 
The above equation (3) can be rearranged as                                                      
     
                                                                                                                                     …. (7.4) 
 

Thus, the natural logarithm of the ratio of incident to transmitted x-ray intensities is proportional to the 
sum of the attenuation coefficients of the voxels in the path of the beam.  M= pixel, N= pixel,   P = 
Projection     
 

               x                                x                                                                   
voxel                                                                                      
                     x                      µ1                                     µ1          µ2                               µn 
 
 

Fig. No. 11 (a)                                  11(b)                                     11(c )      source [15 ] 
 

(b)  Transmission of x-ray beam through a voxel                                                                                                                                                             
                                                 (c) =  sum of attenuation coefficient along the path of x-ray through object                                                                   

 

                                 11(d)   XCT cubic matrix of attenuation coefficients   source [4 ] 

Let the object splits up into different small pieces as mini cube elements (volumetric model/3-D 
structure) and when the x-ray beam transmitted through them at different angles. The detector elements 
receive the attenuated x-ray beam depending on different attenuation coefficient µ in each cube along 
the distance they have to travel. The line of cubes consists of different objects with different densities. 
Suppose the object is divided into n pieces /slices which contain only n number. So, we are dealing with 
n unknown attenuation coefficients (µ1, µ2,….. µn). Of this nth-pixel object nth-transmission intensities 
(I1 , I2 to … In) are measured. Assume that every pixel has a uniformly distributed absorption 
coefficient. The size of the pixels is given by x. To calculate the absorption coefficients of the n

th 
pixels, we have nth equations with nth unknowns: 
 

Consider a XCT image that consists of 512 rows each containing 512 pixels, .e. a square matrix 512 x 
512 with a total of 262 144 pixels. This is a common image format for current scanners. The image 
reconstruction process must calculate a value of the attenuation coefficient, µi , for each of the 262 144 
voxels corresponding to these pixels. One possible method is to measure 262 144 voxels (i.e. 512 
projections each containing 512 pixel) so that we have 262 144 equations in the form of equation (7.4). 

These 262,144 simultaneous equations can then be solved for the 262 144 unknown values of µi 

Solving this many simultaneous equations is not an easy task and is complicated by the fact that 
the x-rays rarely follow paths that correspond to rows or columns of pixels as depicted in figure 11(b). 
Fortunately there is a better way to encounter the image and need most sophisticated algorithms to solve 
so many equations. Therefore the Image reconstruction is entirely based on the foundation of 
mathematics. In XCT system, assume a detector of M x N pixels and P projections with different angle 
of rotations has been taken into consideration for one measurement and the reconstruction process 
involves solving an M x N x P cubic matrix of attenuation coefficients. In other words, the process of 
reconstruction takes place using reconstruction algorithms are used  reconstruct the 3D volume 
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(volumetric model) of the test object by the way of tomographic reconstruction on the set of radiographs 
These reconstructed 3D images are made of voxels (primitive elements of 3D structures or 3-D pixels). 
 

The measured x-ray intensities and the corresponding 
logarithms of the intensity ratios are shown for one 
projection in figure 11(b). The graph of the intensity ratio is 
often referred to as an attenuation profile.[15] Fig. No. 12(a) 

& (b) source [15 ] 
 

The X-ray beam penetrates the object and projects on to the detector of XCT system. The resultant 
radiographic image is the projection of the test object and the intensity of each pixel is a function of the 
attenuation coefficient and the distance the X-ray travels within the test piece. The projection can be 
calculated using a ‘Radon transforms’, according to the equation No. (7.5), where the Radon transform 
of a ray passing through a medium f(x) with length L is the line integral and projection is given by     
    

          pf (L) = ∫ f(x) dx     …(7.5) 
                             L                             P(s, ө)    Fourier    P(ξ.ө)     X           Inverse                  Back           µ (x,y) 
                                                       Transform                                              Fourier                          Projection 
                                                                                                                                                                        Transform 
                                                                                                                                   Iξl                      
                                                                                                                             Fig.No. 13          Source [4]  

This process is called ‘back projection’ (FBP), which can be solved using an ‘inverse Radon transform’. 
The Radon transform and its inverse function form the mathematical foundation for reconstructing 
tomographic images from the projection data  
 

 
                                                               
 
 
                                                                            Fig. No. 14     Source [4]                                                                   
 
 

Illustration of Radon transform for a square object (left) image of a square  (Right) Radon transform of the square 

image from 0° to 180°  
 

 
 
                      

 
 
 

 
 
Fig. No. 15               (a) Original                             (b)   Filter back projection            (c)   Unfiltered back projection 

              (left)  Inverse of Radon transform      (middle) image reconstructed using       (right) image calculated using  

                             original square image             filtered back projection process            unfiltered back projection process    
 

Filters can be used for image reconstruction but normally low pass filter is used. e.g. Shepp-Logan, Laks, 
Ramachandran and Ramp filters . Some typical filters are shown in figure No. which will give a clear 
concept. The Mathematics of filtered back-projection and other methods of image reconstruction are 
described in a review article by Brooks and Di Chiro (1976) and in detail by Kak and Slaney (1988). The 
book by Kak and Slaney is available free of charge (for personal use) in electronic form on the internet at 
www.slaney.org/pct/.    

                                                                                       

Fig. No. 16   source [4]   
 

 

 

 

 
8. Computer Hardware System 

In each rotational angle position, the object’s images have been acquired from the detector and these set 
of images pass through a series of computation which translate this information into voxels. This is a 
time consuming process and needs high power computing. Hence the computer capability is most 
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critical. When building a computer system, the 3 basic components must be considered for data 
reconstruction and date analysis. These are: (i)  CPU (Central Processing Unit)  (ii) RAM (Random 
Access Memory) and (iii) Graphic Cards  Multi-core processors, advanced graphic cards with graphic 
processing units (GPUs) are now available which are most important  to accelerate the speed and  when 
handling the large amount  of data and increase speed of image decoding.  
 

The users have to choose the suitable size of computer memory and allow them to handle large 
amounts of data to be read. The recent development of grid computing offers an alternative solution to 
significantly improve the efficiency of data analysis against super computer where the cost can be 
reduced reasonably [3] 
 

8.1 Visualization and analysis 
The acquisition and reconstruction steps make up the actual process of a 
XCT scan. However, in most cases scanning the object is only a part of 
the intended inspection or study and the resulting 3D volume is used in 
further investigation. Using appropriate visualization software, the 3D 
volume can be visualized and one can for instance render certain parts of 
the object transparent or cut through it virtually.  
 

This allows the user to observe the internal structure of the object in a 
non-invasive way. In engineering applications, this 3D volume is often 
used to generate a geometric model of the object, which can then be used 
in finite element simulations. The volume can also be analysed using 
certain routines to obtain quantitative information of the object, e.g. 
measurements of distances, the size and orientation of grains, the 
complexity of a pore network, etc.[2]   
 

9. Introduction to Metrology  
Metrology is an important branch of quality control and is the science of measurement. [14] 

Measurement tells us about a property and assigns a number to that property.[21] The quality intended 
to be measured is referred to as measured. [22] Engineering metrology relates to the measurement and 
standardization requirements for manufacturing, It encompasses dimensional metrology, as well as 
mass and related quantity metrology [23].Dimensional metrology is the field of engineering metrology 
which is concerned with the measurement and study of surface and the geometric structure/features of 
an object, such as  size, thickness/diameter, measuring distance, angle, form or coordinate of a feature 
on an object, etc  Common means of metrology permit the evaluation of dimensions at a calibrated 
precision over a defined measurement area with pre-defined environment conditions considering the 
test object and the measurement device.  
 

The measurement techniques and standards have changed dramatically science the time of their 
inception. The foundation of metric measurement system introduced by France in 1799 and known as 
the “Systeme International d’Units (SI), has now been accepted internationally. The importance of 
precision measurement initially became apparent with the onset of the industrial revolution in the late 
18th century. Thought with the development of global manufacturing, where different parts of a system 
can be manufactured in different countries, the importance of dimensional metrology is even more 
evident.[21] 
 

Note: The quality control (abbreviated as QC) is defined as a degree of excellence or a set of procedure to ensure the 
manufacturing product to a defined set of quality criteria or lack of it measurable by means of quality control. The output of 
QC is classified as ‘pass’ or ‘fail’  in accordance to  requirements of customs requirements of a process. In production phase 
of components, QC is important, in order to assure and enhance the required tolerance of the production process or the 
component itself. In the production process, QC guides the compliance of component to the required level of acceptance.[24] 
 

9.1 Coordinate Measuring Machine (CMM) 
Coordinate measuring Machine is a device used in the measurement of physical geometrical 
characteristics of an object. In order to better understand the step that need to be implemented for XCT 
system to become reliable metrological instruments, a brief introduction to CMMs traditional 
measurement instruments is given below: 
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The dimensional measurements were carried out by highly skilled personnel with the help of specially 
designed metrological instruments throughout the years. In 1950, the 1st CMMs were introduced. A 
CMM is a measuring system with the means to move a probing system and capability to determine 
spatial coordinates on the surface of the part being measured [25]. The use of CMM became widely 
accepted in manufacturing as it offered advantages over manual measurement. The advantages include 
i) the automation of the measurement, thus increasing the speed  of measurement and decreasing the 
reliance on operator’s skill, ii) the ability to perform multiple measurements on multiple parts and iii) 
the ability to incorporate many metrological instruments into  one machine [27] CMM can have three 
types of probing system: 
 

(a) an analogue or scanning mode (b) a touch trigger probe (c) an optical probe 
 

To facilitate the metrology of industrial components/parts, coordinate measurements are usually 
carried out by coordinate measuring machine (CMM) using tactile or optical sensors for the different 
measurement task. An analogue probe either collects points from number of surface contacts or by 
continuously scanning the surface of an object. The touch trigger probe records contacts or by 
continuously scanning the surface of an object. The touch triggers probe records the machine 
coordinates when the stylus tip contacts the surface of an object. Optical probe uses a variety of 
working principles. Optical CMM acquires data much faster than the tactile CMM although its 
measurements tend to be less accurate [23] 
 

9.2 Metrological applications of XCT                                                                                                                                   
Many industrial components, which have complex internal structure, e.g. components produced by 
additive manufacturing, multi-material inject molding etc require techniques that can measure their 
internal structures without causing damage to the components.  One such technology that allows the 
examination of external and internal parts of an object is XCT. Here, XCT uses x-rays to obtain 
multiple 2-D images of an object of interest from different orientations. These images are then 
processed with the help of computers to construct a 3-D model of the object. Using 3-D visualization 
software e.g. volume graphics (VG), a surface of 3-D model of the object is identified. The subsequent 
fitting of the approx. geometrical features to this surface allows it to determine coordinates of various 
parts of the object, thus making it possible to use XCT technology in dimensional measurement 
 

Initial attempts to perform dimensional measurements using XCT were made in 1990 [3] and in 2005 
the 1ST dedicated dimensional XCT system was presented to the industry [37]. Now-a-days there are 
many XCT systems in the market that are used for metrological purposes. These XCT systems offer 
lots of advantages over traditional tactile optical CMMs: 

 

(a) It has the ability to simultaneously detect external and internal geometries of an object.                                
(b) the ability to scan parts of complex shape and structures.  
(c) objects are scanned in a free standing state, minimizing risk of damage or clamping deformation.  
(d) a complete 3-D model of an object can be produced by XCT in a relatively short time compare to 

data processing required for CMMs.  
 

Despite the advantages, measurements obtained using XCT are often less reliable than those obtained 
from using traditional CMMs, since they lack traceability due to difficulties in evaluating measurement 
uncertainty and in determining metrological performance of XCT systems[4]. This difficulty is partly 
due to the fact that XCT has a large number of complex, not yet well understood influence factors that 
affect dimensional measurement. In addition, unlike with tactile and optical CMMs, there are currently 

no internationally standardized guidelines and procedures for performance verification and calibration 
of XCT. This lack of specific international standards limits the ability to compare measurement results 
between different XCT systems, as well as XCT and other measuring systems, and is one of the main 
reasons why XCT is not yet accepted as a valid measuring technique by the industry. [4] 
 

10. New Development in XCT 
A German company has developed successfully a new generation system by combining the XCT 
principle with well proven CMM technology, by which it is possible to achieve accuracy and fast 
performance that enables XCT to be used in industrial coordinate metrology that are optimized  for 
different applications which require the use of different  x-ray components, like x-ray tube and 
detector. Use of x-ray tube at 130 kV in combination with high resolution detector pixel size 50 µm 
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(compact design) provide the system most suitable for low density material such as plastics and 
composite materials up to maximum dimension about 200 mm. But using higher energy x-ray source 
and large size detector, this combined system can create the extended measurement with capability of 
measuring high density material such as metal parts as well. In case the measuring parts are larger than 
the detector size requires the expansion of the measurement range by ‘raster tomography’ .Also in the 
same small work piece can be measured with high magnification resulting increased resolution and 
accuracy. The use of XCT in multisensor CMMs creates better possibilities, particularly the capability 
of measuring parts made from composite materials and improved accuracy of measurements on real 
parts. This new design of XCT makes it possible to achieve specifications in accordance with DIN EN 
ISO 10360. 
 

The ‘measurement uncertainty’ of CMMs, with/or without the use of multisensor concepts, may be 
compared to XCT measurement by means of practical results. By using modern multisensor CMMs, it 
extends the capability of XCT significantly can increase the achievable accuracy. Thus it is possible to 
cover almost all applications and measure test specimen/component with high precision. Also the 
measurement of parts/components made from more than one material can be performed. However, 
measuring the complete surface of parts with high point density means that, despite relatively rapid 
scanning processes, the acquisition of measurement points can be time consuming. For these types of 
applications, the use of tomography can be advantageous. 
 

Initially the use of XCT was designed based on NDT & material inspection but not for metrology 
because of the mechanical design of the system, x-ray components that were used and lack of 
metrology software and temperature compensation, limited accuracy. With the limited accuracy and 
capabilities, Thus it is possible only a few applications in the industrial metrology. But it proved that 
XCT is a powerful tool that can lead to a new kind of CMM for rapid and complete geometrical 
measurement of a variety of test specimens. [26] 
 

Since the dimensional measurements are performed on a virtual 
model, the data acquisition (XCT scan) and evaluation can be done at 
different times and different locations. In dimensional metrology 
applications, special attention is paid to accuracy and traceability of 
measurement results [28]. In order to enhance the accuracy of XCT 
measurements, metrological XCT systems are designed involving 
principles and technologies for CMMs. e.g., metrological XCT 
machines has been constructed using high precision mechanical guide 
ways and thermally stable structures. In XCT, the uses of multisensor 
which also enlarging the flexibility and applicability [26]. e.g. a multi-
sensor CMM including XCT sensor, tactile (touch-trigger) probe and 
stable granite base as shown in the fig. No 18 (a) and fig. No. 18(b) 
shows as an example of a metrological XCT system with liquid cooled 
micro-focus source and thermally controlled cabinet. The thermal 
stability of the system and the cooling of both source and detector may 
greatly reduce the thermal effects on measurement accuracy [28]. CT 
systems for dimensional metrology have to be tested according to 
standard procedures and guidelines in order to ensure conformance 
with metrological performance specifications. The German guideline  
VDI/VDE 2617-13 is currently considered as the fundamental document for specification and 
verification of CT systems used for coordinate metrology and it forms the main basis for future 
development of ISO standards [33]                                             Fig. Nos. 18    (a) & (b)                         source [33]   
 

11. Classifications of Industrial XCT:                                                                                                                               

There are two main XCT systems found e.g. 2D-XCT and 3D-XCT.However, XCT systems can be 
further classified based on: (i) radiation sources (x, +, ,, Sn, Linac) (ii) focal spot sizes (mm. µm, nm 
range) (iii) source beam geometries (Pencil/parallel beam, Fan/line beam, cone beam)  
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    Fig. No. 19               (a) Pencil / Parallel beam,          (b) Fan / Line beam,                        (c) Cone beam        source [31]        
 

12. Multi-material scanning capabilities: 
XCT plays a significant role due to its capability of analyzing multi-material objects. There are lots of 
demands from industries in this regard. Definitely XCT is capable of providing suitable solutions against 
the demands However, XCT scanning of multi-material work pieces presents also significant 
difficulties. This is due to the different X-ray attenuation by different materials as well as specific image 
artifacts. XCT manufacturers offer different solutions to facilitate measurements of multi-material 
objects as: 
� multi-spectra scans which includes multi-material targets (e.g. different materials on an index-able 

head)  
� dual-source XCT and energy-sensitive sandwich detectors 

Another issue that requires specific attention when performing XCT measurements on multi-material 
parts is the identification of adequate thresholds for correct surface determination. [33]  
13. Accuracy: 
The measurement uncertainty of XCT depends on the specific object to be measured and the specific 
parameters chosen for the measurement process. The factors that influence the measurement accuracy 
are listed in Fig. No 20. Several new studies have been conducted on uncertainty evaluation and 
accuracy enhancement of XCT dimensional measurements. In 2011, the result of the first 
‘international inter-laboratory 
 comparison’ of XCT systems used for dimensional metrology concluded  that sub-voxel accuracy is 
definitely possible for XCT dimensional measurements on calibration artifacts.  
In particular, the comparison showed that measurement errors in the order of 
1/10 of the voxel size are reachable for size measurements, while 
measurements of form are more affected by the influence of XCT data noise. 
The achievable accuracy using XCT on real industrial parts is investigated in 
the CIA-CT international comparison. A general description of the accuracy of 
XCT in achieving traceable measurements is a complex issue that is still a 
matter of investigation but a first indication can be provided here based on 
specific investigations. Fig.No.20 illustrates the expanded uncertainty of XCT 
measurements assessed from comparisons with reference measurements 
obtained on CMMs. Fig.No.20  source [33]     

 

14. Advantages and Disadvantages of XCT Metrology System  

Advantages: 

• System can be used both for NDE and metrology 

• Development cost  substantially reduced  in establishing first CAD model 

• Substantially cost reduction in inspection & analysis from first article to production 

• The ability of x-ray to penetrate through varying densities allows XCT inspection, evaluation to 
provide non-destructive, physical characterization of internal structure of the parts/components.   

• Most significant advantage of computed tomography is the non-contact method for obtaining internal 
and external dimensions of inspected object ranging from micron to feet (30 cm) in size, at the same 
time, with only one scanning process and without the need to destroy the object/component.  

• XCT has the ability  to accurately and quickly validate the design requirements for both internal and 
external parts/assembly/components 

• It  is suitable for inspection of parts in assembled state without disassembling them. This is most 
important in cases when all parts in disassembled state are manufactured correctly, but do not work 
properly after being assembled. Furthermore, industrial XCT systems enable both dimensional 
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measurements and material analysis to be conducted on the same model. This is especially important 
when new materials are used in a production process. As such, XCT systems are most desirable in 
many applications in different industries. 

• Its ability to reverse engineer enclosed geometry and components 

•  XCT system virtually eliminates the interpretation errors and opens the door to many capabilities 
such as 3D CAD comparison, surface reconstruction for reverse engineering, finite element analysis, 
1st. article inspection, void analysis [4] 
 

15. Disadvantages: Factors affecting XCT performance 
Apart from many advantages, XCT dimensional measurement method has also some disadvantages. 
The most important factors negatively influencing XCT performance using hardware/software and 
XCT system operation are giving below:   
The main problem for XCT usage in the field of dimensional measurement is the fact that measurement 
uncertainty of results is not evaluated, due to the many influential factors in the whole measurement 
process. This means that metrological traceability is not achieved. In order to assess measurement 
uncertainty, influence parameters need to be identified and classified. Classification of influence 
parameters can be done in many different ways:[Welkenhuyzen et al] such as: (a) X‐ray source, (b) 
Rotation stage (c) Work piece, (d) Detector data processing parameters. Furthermore, Hiller and Reindl 
divides influence parameters into 5 groups:   (i) XCT system   (ii) Method (iii) Test object/work piece 
(iv) Environment and (v) Human operator  
Further classification of influence parameters acc.to the step of measurement process into 3 sub-
processes:  (aa)1st sub‐process implies scanning of the inspected part, (bb) 2nd one 3D model generation 
and (cc) the 3d consist of  conducting measurements on reconstructed model. Now the influence 
parameters can be classified into 3 subclasses: 
- parameters influencing the XCT scanning process,  
- parameters influencing reconstruction process and  
- parameters influencing measurement of the model  
as shown in diagram No.21  [31 ] 
XCT dimensional measurements are limited by 
possibilities of XCT scanning device, as well as by 
software tools used for reconstruction and data 
processing, meaning that operator has great 
influence on measurement results and 
measurement uncertainty of obtained results. 
Operator influence is present throughout the whole 
XCT measurement process  

                                                                                                   Fig. No. 21 Influence parameters in CT dimensional measurements Source [31] 
process, e.g. during selection of XCT setups or placing object on rotational stage, choosing filters in 3D 
reconstruction in data evaluation in selecting measurement approach and mathematical algorithm to fit 
the simple geometry objects. At the moment, use of XCT device for industrial measurements largely 
depends on operator’s experience and knowledge.  For this reason, estimation of measurement 
uncertainty is essential and of utmost importance, as well as defining standard procedures for XCT 
measurements  
       Table -2 

a) No acceptance test procedure and standard d)  Reduce measurement capability due to Measurement errors (artefacts) 

b) Problem with scanning multi-material objects e)  Uuncertainty  often  unkow and Result often unknown result not traceable

c)  Maximum penetrable material thickness limits  
 

However, the factors influencing XCT performance are described in brief.(XCT hardware)  

� X-ray Source: The factors related to the X-ray source are partly determined by the machine, but also 
partly to be chosen by the operator. The X-ray tube voltage can be chosen by the operator within a 
machine specific range. The higher the voltage, the more penetrating the X-ray beam becomes. The 
applied current is a user-defined input as well, which affects the intensity of the beam (i.e. the 
quantity of radiation energy)  

� Focal spot size: Figure No. 22 illustrates the effect induced by 
the spot size. The smaller the spot size, the sharper the edges 
will be. In case of large spot sizes unsharpness will occur,  
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known as the penumbra effect. A disadvantage of a smaller spot size is the concentrated heat 
produced at the spot on the target (transmissive) inside the X-ray tube, requiring cooled  
targets and limiting the maximum applicable voltage. Fig. No.22 (a) & (b)  source [6]  

 

� Target material: Type (reflective or transmission target). The polychromatic character of 
conventional X-ray sources causes the well known effect of beam hardening: while the X-ray beam 
penetrates material, the low-energy X-rays (soft X-rays) are more easily attenuated than the higher-
energy X-rays. As a consequence the image on the detector differs from the expected image, 
resulting in observable errors in the reconstructed volume. The amount of beam hardening depends 
on the initial X-ray spectrum as well as on the composition, density and the amount of material 
traversed. One way to reduce beam hardening is to place a thin sheet filter in front of the test object 
in order to absorb the low energy radiation from the spectrum, hence approximating a more 
monochromatic energy distribution. Disadvantages are the loss of intensity with corresponding 
reduction of the signal-to-noise ratio due to a limited dynamic range of the detector and inadequate 
results in case of multi-material objects 
 

� 4-axis manipulator mechanical handling unit ( x,y,z & rotation) and test object.  
Since XCT implies a reconstruction of X-ray images taken at 
different orientations, the object is mounted on a rotation 
stage. Influencing factors of this rotation stage are the 
geometrical errors of the mechanical axes and the number of 
rotation steps chosen by the operator. Also test object 
characteristics including material composition and dimensions 
influence the accuracy of the XCT results.Fig. No.23  source [19]  
 

� Detector:   2 types detectors are used in XCT. 2D flat panel detectors and 1D line detectors. When 
using a flat panel detector, a single rotation of the object normally suffices, provided the detector is 
sufficiently large (in combination with restricted magnification). For line detectors, the rotation of the 
object should be complemented with an additional vertical displacement for every slice to be 
measured for example 10,000 shifts of 10 µm for a 100 mm test object with 10 µm resolution). 
Consequently, the use of a line detector is more time consuming. Line detectors may however 
accommodate higher beam power (i.e. thicker objects) and give better accuracy. A recent possibility 
is the use of a helix XCT, where the test object makes a helical movement. Other important detector 
characteristics include pixel size, number of pixels, exposure time and signal-to-noise ratio. 
 

� Data Processing:  Processing the detector output consists of two steps: reconstruction of the 2D 
images into a 3D 128 voxel model, followed by the actual measurements (including determination of 
the edges, thresholding). While discussing the drawbacks of the polychromatic character of the X-
ray source 128 or above 128, the problem of beam hardening was already mentioned: without 
appropriate corrections, beam hardening results in observable errors in the reconstructed volume. 
Another problem related to the reconstruction is X-ray scattering: as the X-ray beam passes through 
a material some of the original energy in the beam can be deflected onto a new path. The effect 
changes with each projection resulting in artifacts in the reconstructed image 
 

� Positional Relationship:  The distance between the detector and the X-ray source and the distance 
between the source to the test object have a great influence on the accuracy of the XCT 
measurements. A geometrical magnification is achieved by positioning the object close to the 
source. As a result more pixels of the detector are used, theoretically improving the resolution. 
However, at the same time the image becomes more blurred, annihilating part of the benefit. A 
smaller distance between the source and the test object results in less parallel X-ray beams and a 
larger penumbra effect (i.e. less sharp edges). 
 

� Geometrical influence factors: In many industrial XCT system the rotation axis can be translated 
along three directions; ideally, these directions are parallel to the x-, y- and z-axes of the global 
coordinate frame. Translations along x and y are used to position the work piece into and out of the 
field of view, whereas translation along z controls the magnification of the object’s projection onto 
the detector. For a fixed position of the rotation stage, a cone-beam XCT system is considered 
aligned when it satisfies the conditions as follows (figure No. 24   ): 

 

(a) the intersection of the magnification axis with the detector is coincident with the centre of the detector, 
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(b) the magnification axis is normal to the  detector 
(c) the magnification axis intersects the axis of rotation at a 90° angle, and 

(d) the projection of the axis of rotation is parallel to the detector’s columns. Any deviations from these ideal 
conditions are considered influence factors and can contribute to errors in dimensional measurements. 

 
 
 
 
 
 
 

 
                                                                                                             Source [19 ] 

Fig. No. 24.  Some of the geometrical influence factors in cone-beam   Fig. No. 25 Instabilities of the rotary axis, such as (a) tilt error motion, 

XCT systems include (a) detector tilt θ, (b) detector slant φ,         (b) radial error motion, and (c) axial error motion can result in scaling and 
 (c) rotation, axis tilt θ r, and (d) detector in-plane rotation η. reconstruction errors  
 

Environmental influence factors: Temperature, humidity, vibration and dust are the relevant influence 
parameters because they may the acquired some data by adding further noise. Filtering in this case is 
necessary so that unwanted data can be eliminated for further 3Dreconstruction.Temperature influence on 
the stability of the target material (specially micro - nano focal spot range). By effective cooling the 
target, this effect can be minimized. 
 

Note: There are other important effects  which greatly influence  the performance or test results such as beam hardening, scattered 
radiation, material composition, surface roughness etc .See  the reference [4],   
 

16.  XCT Capabilities features & Industrial fields of Application:  
Industrial XCT scanning is able to access internal data equally well on metallic and non-metallic work 
pieces -solid, fibrous materials, smooth and irregular surface objects. 

� XCT is ideal for complex & hard plastic moldings and castings 
� Analysis and visualization parts inside even still inside those packing 
� Industrial XCT virtually eliminates interpretation errors and open the door to many capabilities;  
 

Micro XCT scanning systems range in energies from 80kv to 450kv, all configured to accommodate 
various part sizes, materials, and complexities. (ii) High energy XCT with 1 -15 MeV linear accelerator 
capabilities, high energy industrial XCT scanning system is able to generate clear internal data in 3D 
for parts of high thickness and high density materials; [33]: These are some useful capabilities listed 
below:                                                                        Table No. 3                               Source [36] 
 

- Internal and external measurements (IEM) - Void analysis 

- Surface reconstruction for reverse engineering - Porosity analysis  

- Finite element analysis (FEA) - Wall thickness analysis 

- First article inspection (FAI) - Part to CAD comparison (3-D) 

- Failure analysis (FA) - Inclusion analysis  

- Advanced material characterization - Composite analysis  

- Aluminum and steel castings inspections - Density analysis  

- Plastic welding (PW) /Bonding quality verification BQV) - Assembly verification  
- Product quality compliance/screening - Food Products – contamination (FPI) 

- Electronic component inspection (ECI) - 3D metrology (3-D M) 

- Artifacts Digitization (MAD)  - Welding quality analysis (WQA) 
 

XCT is necessary when the user is looking to evaluate, analyze or test the internal and or external 
features of a part/ component without destroying the object. The XCT is generally necessary during 5 
different manufacturing stages: 

- Pre-production (Planning, design and analysis) 
- Production (evaluate consistency) 
- Failure investigation (locate defects/ imperfections) 
- Lot/ Batch inspection (repeatability test) 
- Reverse Engineering (design adjustment or R & D)  

Many manufacturing units are faced with new challenges about the shorter product life cycles and 
growing product varieties. This demand is very time consuming and costly affair for any product 
development as well as production processes. Improvements in any production technologies such as 
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injection molding which allows the manufacturing of complex parts with free form surfaces and a huge 
amount of different features, which have to be inspected. Now, on the one hand are the advanced 
materials, like fiber reinforced plastics (FRP), which enable new product developments, but on the 
hand, this requires new measurement and testing methods by suitable equipment/system. Testing the 
conformity of the product characteristics in every production stage with accurate and time efficient 
measurement technologies can contribute to reduce waste as well as costs during the manufacturing. In 
this respect industrial XCT offers a wide range of applications in the entire development and 
production chain. Here XCT delivers a holistic volumetric model of the test piece that can be used for 
versatile inspection tasks and dimensional measurements as well as for reverse engineering 
applications. The XCT has the capability to non-destructively determine the inner/outer geometry of 
test pieces in the following application fields: [36]  

Table No.  4                   [36] 

Industry Related Part / Component Related Type of Material Related 

Aerospace 3D Printed / Additive Ceramics 

Archaeology Artifact Concrete 

Automotive Assembly Composite 

Consumer / Food Products Biological Glass 

Customs Castings & Forming Energy storage Nano Materials 

Defence & Arms Composites Metals & Alloys 

Energy & Electricity Electronics/Microelectronics Mixed Materials 

Engineering Products Machined Organic 

Forensic Minerals Plastics 

Geology Molded Semiconductors/Superconductors 

Infrastructure Industries Sintered Silicon/Rubber 

Medical & Pharmaceutical Devices  Glass 

Security  Energy storage Nano Materials 

Small parts production industries  Metals & Alloys 
 

17. Current International Standards For XCT:             Table No.  5         Source [4] 
 

Standards Title 

ISO 15708-1  Non-destructive testing - Radiation methods 

Computed tomography – Part1: Principles 

ISO 15708-2 Non-destructive testing – Radiation methods – Computed tomography – Part 2: 

Examination practices 

ISO/TC 213 

WG10 

Geometrical product specifications (GPS) – Acceptance and re-verification tests for 

coordinate 

ASTM E 1695 Standard test method for measurement of computed tomography (CT) system 

performance 

ASTM E 1441 Standard guide for computed tomography (CT) imaging 

ASTM E 1570 Standard practice for computed tomography Both documents introduce the 

important term ‘system capabilities’ (see section 6.4)  (CT) examination 
 

International standards are the important documents. They provide a clear list of terminology covering 
most common terms encountered in XCT technologies. Both documents are structured in a similar 
way, and include the resolution of XCT systems, the apparatus, the general principle of XCT 
technology, the mathematical background, interpretation of results and a discussion of precision and 

accuracy. Industrial XCT scanning is a form of 3D scanning that leverages X-ray technology to yield 
three-dimensional images of both the interior and exterior of the item being scanned. This is highly 
beneficial for quality assurance in production & manufacturing. Some common uses are: Flaw 
detection, Failure analysis, Accuracy of assembly, Reverse engineering applications, Metrology etc. 
The advantages that can be gained by the accuracy and data achieved with 3D modelling make it a 
highly useful tool for many industries. Primary benefits are: [39] 

i) Reduced operating costs iii) Improved product quality and accuracy 
ii) Shortened development time  iv) Reduced number of product recalls 

 

There is a wide range of markets that make use of 3D imaging today. In addition to mainstream 
manufacturing markets, additive manufacturers, food inspections, museum digitization, infrastructure 
industries, defence production units, electronics, die castings, aerospace, automotives and research lab 
measurements all benefit from this XCT technology. 
Today’s industrial marketplace is increasingly competitive and requires the ability to reduce costs, raise 
production and increase accuracy for any business that is going to survive. For businesses that will 
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truly thrive, the ability to lead development and get products to market faster is also critical. Advanced 
3D modelling can enable this to happen, giving new life to many businesses in many different 
industries and which would improve economy.[33] 
 

17. Overview of Global XCT market 
As awareness of the technical features and benefits of XCT systems has increased in the recent years 
and additional distinct user applications identified, the demand for higher resolution and more accurate 
measurements have become apparent. This has been initiated in many industries which resulted in 
global markets for XCT scanner systems. 
 

The inspection applications in traditional markets are (i) Aerospace, (ii) Automotives and (iii) 
Transport. These are considered to be the highest market share of XCT. Here the inspection task 
requirements have been increased substantially against market demands due to quality assurance, 
product safety, operation comfort as well as technological developments.  
 

Aerospace application area is about 25% of x-ray inspection market. These applications include (a) 
Flaw detections: cracks, inclusions and voids and (b) Dimensional metrology: to compare fabricated 
components with their original design requirements, to determine whether variation in the 
manufacturing process introduces significant changes to the final products such as:  
 

 - to what extent the final part represents the part envisaged by the designer;  

 - whether the limit of wear& tear on parts conforms to what is deemed acceptable; and  

 - the optimum service period for a given designed component, with greater accuracy [4] 
 

The first coordinate measuring machine (CMM) with X-ray multi-sensor facility was developed by 
M/s.Werth Messtechnik, Stuttgart, Germany. It was introduced to the market in 2005. As demonstrated 
successfully, the performance of this machine was fast and accurate (in µms). Holistic measurements 
of the entire work piece with several hundreds of tolerances (even inside of hollow work pieces) were 
made possible. This motivated many manufacturers of metrology systems to develop new XCT 
systems and led to innovative investigations. At the same time the number of cases implementing 
XCTs for dimensional measurements blew up. Nowadays the application of XCT in industry covers 
quality control dealing primarily with dimensional metrology and flaw detection. [33]  Fig.No.25 (a) 
Shows the statistical report (in million US$ s) as estimated by Frost and Sullivan for industrial digital 
X-ray inspection systems from the year 2009 to 2016. They predicted the XCT market for 2017 to be 
US$ 591.9 million Thus a ‘Compound Annual Growth Rate’ (CAGR) from 2009 to 2017 comes to 
about 7%, which is significantly higher than the CAGR in general. Fig.No. 25 (b).Shows the global 
geographical distribution of the number of installed XCT systems in the year 2009. It can be said that 
the future XCT market development will be rapidly driven mainly by India, China, Russia, Brazil and 
South Africa (BRICS-states).[33] . 
 

 Note: Feedback from European manufacturers that up to end Oct ’18 the growth is > 8.3% for XCT 
 

The trends in the market for industrial XCT may be classified into two aspects: 
- Applications in existing industries are expanding due to new requirements in the technologically 

leading areas like aerospace, automotive and transport industry. The new drivers are “product safety 
and economy”. In production, the overall productivity and efficiency of manufacturing processes are 
to be improved. Particularly, safety measures for the components, keeping in mind the recent disasters 
caused by failures in materials and parts.  

 

In production, manufacturing processes are to be improved; particularly they can be improved 
substantially by replacing conventional CMMs by XCTs. More comprehensive and more flexible 
solutions could lead to increasing the market. In electronics and microelectronics industries, suitably 
improved XCT system have now become the most  widely  used tool for quality control of products 
such as printed circuit boards (PCBs), integrated circuits (ICs) and high-density ball grid array (BGA) 
chips. For this electronic industry, the main use of X-ray inspection is the detection of flaws such as 
solders fracture, voiding and bridging, with metrology currently a lower priority.[33]  
Currently, the key potential markets utilizing improved XCT systems are: 
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• New material technologies  

XCT inspection technologies to facilitate the development and characterisation of new materials, like 
semiconductors, superconductors and energy storage nanomaterials. XCT would also allow new 
technical solution to upcoming market areas of new materials like metal foam and CFRP (carbon fibre 
reinforced plastic) and some other composite materials. [4]  

• Additive  manufacturing (AM) industries 

Additive manufacturing offers unique possibilities for producing parts/components with internal 
cavities or lattice structures. Many AM parts feature such internal geometries that allow optimizing the 
component’s, weight, shape and strength. The critical characterizations of AM are non-destructive 
dimensional measurement of inner features and non-destructive density/porosity verification. The 
quality control of these features can be persuaded very well with XCT. [4]  

 
 
 
            
            
            
     
 
 
 
 

Fig.  Nos. 25      sources [33 & 4 ]  (a)                   (b)                              (c)                                               source [ 33 ]            

• Food Industries: 
 Integration of XCT in packaging lines can check the content of-vacuum-sealed packages, cans or 
preserving jars just before delivery. Inclusions of contaminants like glass, metal, stone and other 
artefacts can be detected. If tightly focused, they can even be eliminated. Moreover, in butcheries and 
meat processing factories, each piece of meat can be tested for the content of hidden fat and bones. 
Counting the number of such companies or maybe even butcher shops demonstrates the volume of a 
market referring to this. .[4]   
 

• Security & Infrastructure 

The increased emphasis on security of transportation networks has ensured the introduction of so-
called ‘full-body scanners’ at airports, ship terminals and also for railway stations, public buildings like 
court houses, schools and attractive touristic sightseeing sites as well as important factories (production 
units) and company sites and other transport hubs. Such scanners are based on X-ray imaging 
technologies and facilitate detection of concealed narcotics, weapons and explosives. Additionally, X-
ray detectors are used by immigration officials at border crossings to detect people purposely concealed 
within vehicles. There is also a great demand from port authorities to have X-ray equipment capable of 
examining 100 % of incoming containers.[4]  
 

From the above overview, it can be concluded that considering significant usefulness of XCTs in 
various fields of quality control leading to their significant market share, a considerably high number 
of XCT systems will be necessary to supply to the demand of adaptable solutions against “Make in 

India industrial manufacturing policy” 
 

18. Various applications test examples in 3-D dimension metrology: Fig. No. 26 [source 36] 
(1) Reverse Engineering 

 
 
 
 
 
 
 
 

(2) Part to Part Comparison (3) Wall Thickness Analysis 

(4) Porosity Analysis 
 

 

 

 

 

 

(5) Composite Analysis (6) Part to CAD comparison 
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(a)                            

 

                                     (b)                    (c)    

      

                                                 

 

                                                                 

                     

 
 

    (7)FIRST ARTICLE INSPECTION          Fig. No. 27    Source [37]                                                                                                                      

19. Conclusion: 
XCT is well proven technology .It is the most versatile and effective tool in NDE for x-ray imaging as 
well as dimension metrology techniques. XCT is considered to be an ‘engine industry’ which improves 
the efficiency of the production process.  The multisensory system in XCT monitors the quality 
production with ‘zero defects’. The applications of XCT are large and increasing rapidly in various 
fields including production/manufacturing and other industries as mentioned in the paper. Now-a-days 
XCT is the most attractive solution for the measurements technique of internal geometry in dimension 
metrology applications. Nevertheless, significant research efforts are necessary to enhance the quality 
of the measurements. This paper throws light on weakness factors which influence CT performance.  
 

It is clear from the paper that the industrial XCT market is growing rapidly and there is a significant 
demand to use this technology to detect faulty parts and to provide dimensional information about 
measured work pieces. However, the  
 

By considering significant usefulness of XCTs in various fields of quality control leading to their 
significant market share, a considerably high number of XCT systems will be necessary to supply 
against demand in “Make in India”  
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