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A B S T R A C T

The paper contains a review of research related to the use of synchrotron radiation computed laminography in the 
study of the structure features of metal alloys subjected to various methods of external action. Introduction. The important 
role of X-rays in the fi eld of materials research is discussed. The capabilities of standard X-ray devices equipped with X-ray 
tubes and modern synchrotron radiation (SR) sources with unique parameters are compared. Methods for studying fl at 
samples. Tomography and synchrotron laminography. An informative method based on the use of synchrotron X-rays 
is synchrotron radiation computed tomography (SRCT), which allows obtaining cross-section images of objects by process-
ing multiple absorption radiographs. A brief classifi cation of fi ve generations of tomographs is presented. The problems 
encountered in obtaining data from non-compact (non-isometric) samples are avoided by using the method of synchrotron 
radiation computed laminography (SRCL), which combines the principles of laminography with the advantages of synchro-
tron imaging. Currently the method is used for non-destructive testing of non-isometric objects by a number of synchrotron 
radiation sources (ESRF, ANKA, Spring-8). Resolution of synchrotron radiation computed laminography. The use of 
monochromatic radiation in realization of computed laminography method is a factor, which provides high spatial resolution 
down to micron and submicron scale. An equally important factor is related to the characteristics of the detector. Images 
with a resolution of ~100 nm were obtained using nanolaminography. Comparison of laminography and tomography 
methods. Augmented laminography. Augmented laminography allows improving image quality by augmenting the Fou-
rier space analyzed by laminography with information obtained from lower resolution CT. Reconstruction performed using 
Augmented laminography is characterized by the absence of signifi cant artifacts and high resolution. Implementation of the 
laminography method. The angle of inclination of the rotary axis θ (SRCL method) is related to the geometry of samples 
and is determined experimentally in each case. In order to achieve the necessary resolution, the value θ should provide an 
optimal average value of the intensity of the passed radiation. The energy of X-rays is calculated on the basis of material 
characteristics. To reconstruct images of the objects, software complexes that implement the fi ltered back projection method 
based on the Radon transform are used. Examples of laminography application for analysis of metal alloys samples. 
The laminography method can be used for in-situ investigations allowing real time monitoring of processes occurring un-
der different conditions of external action, e.g. during plastic deformation of metal plates. Data on formation of pore-type 
defects in the process of loading of metal workpieces are interesting. Numerous examples of post-mortem studies of metal 
alloys for various purposes are described in the literature. Important information is obtained in the study of fatigue cracks, 
as well as defects arising in the process of contact-fatigue loading of materials. Conclusion. The SRCT and SRCL methods 
are rationally implemented at the generation 4+ synchrotron radiation source “SKIF” under construction in Novosibirsk.
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Introduction

A “new age” in the field of materials research is believed to have begun with the discovery of X-rays 
in 1895 and X-ray diffraction in 1912. This type of rays turned out to be a powerful tool for revealing 
structural features of materials at different scale levels. For a period of slightly more than 100 years, dozens 
of research methods based on the use of X-rays have been proposed. Most analytical instruments use X-ray 
tubes as radiation sources. The number of such devices produced in various countries is huge and it is very 
difficult to estimate it.

Particle accelerators and specialized synchrotron radiation sources represent a special type of expensive 
and, by many parameters, unique analytical equipment. Synchrotron radiation (SR) is an electromagnetic 
oscillation created by ultrarelativistic electrons as it moves along a curvilinear path under the influence of 
a magnetic field. When moving along a circular orbit, the radiation has an intensity distribution in the form 

of a cone with a divergence angle -1
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where νmax is the radiation frequency; E is the total electron energy; m is the electron mass, c is the speed 
of light.

By changing the electron path, it is possible to vary the maximum radiation in a wide range of the 
electromagnetic scale. Synchrotron radiation has a high degree of linear polarization in the plane of the 
electron orbit and a higher intensity compared to the radiation of X-ray tubes [1].

The first sources of SR were charged particle accelerators which produced a spurious synchrotron 
radiation. When revealing the advantages of synchrotron radiation and increasing the number of problems 
solved while using it, it turned out that it made sense to create specialized SR sources in which the analyzed 
radiation was not spurious, but main and useful.

The unique parameters of SR determine its enormous advantages over other sources, including X-ray 
tubes. Higher photon fluxes provide higher resolution at an equivalent exposure time by reducing the size 
of the X-ray detector pixels or by changing the size of the X-ray beam.

One of the methods based on the use of synchrotron or X-ray radiation is computed tomography (CT) 
which makes it possible to obtain images of the sections of the objects by processing multiple absorption 
X-ray patterns. When implementing the analyzed method, the computer ensures the operation of the X-ray 
source and processing of the data recorded by the detector. The advantages of using a synchrotron source with 
this method of image visualization include the parallelism of the rays, high radiation brightness values, that 
leads to reduction in data collection time and improvement in contrast when monochromatic radiation is used.

With tomography it is possible to obtain three-dimensional pictures of objects for its further analysis. 
Computed tomography shows very good results when examining compact (isometric) samples. At the same 
time some limitations appear while implementing this research method. Firstly, the maximum possible 
access to the object of research is necessary to ensure the quality of the obtained images. The second 
limitation is related to the fact that in order to prevent excessive absorption of radiation the dimensions of 
the object have to be small. If these conditions are not met, artifacts appear in the images in the form of 
distortions that do not correspond to the real object. In order to reduce the number of artifacts that occur 
during the implementation of the computed tomography method, the sample should be stretched by a value 
less than the effective field of view of the 2D detector in all directions perpendicular to the rotation axis. 
Taking into account this circumstance, the analysis of cylindrical samples is the most rational [2].

These problems can be solved by using either the method of laminography or tomography with a limited 
angle. Meanwhile, the limited angle tomography method has disadvantages which were considered in the 
work of Helfen et al. [3]. The review presented below is focused on the synchrotron laminography method 
for the analysis of metal alloys.
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Methods for studying flat samples. 
Tomography and synchrotron laminography

One of the possible approaches to the problem of studying non-compact (non-isometric) samples is based 
on the idea of synchronous movement of the X-ray source together with the detector around a stationary 
object. This approach was proposed in 1932 by Ziedses des Plantes and the method based on it was called 
planigraphy [4]. In accordance with this method a set of X-ray patterns obtained in one scanning cycle is 
used to obtain an image of one section of an object located in the focal plane. This concept underlies the 
method of classical tomography (also called the laminography method); while implementing this method it 
is necessary to change the position of the object of research along the vertical in order to obtain images of 
different sections. Despite its simplicity, the method is fast and the images are of good quality (resolution).

In the 1970s this approach [5] began to be used in medicine to examine human patients. The adapted 
principle of classical tomography (laminography) was used in the first generation of medical tomographs 
(Fig. 1). Brain was studied by the first devices (Fig. 2). It should be noted that the pixel size was 3 mm 
(in modern devices – 30–200 µm). Compared to modern tomographs, the image shown in the figure is 
characterized by a rather low quality. Its analysis does not allow us to obtain complete information about 
the patient’s condition.

                a                                                                                       b
Fig. 1. Scheme of classical tomography (a) [6] and scheme of the first 

generation tomograph (b) [7]

Fig. 2. The first image of the brain  
obtained by tomography [8]

Various classifications of tomographs have been proposed in 
literature. According to one of these classifications there are five 
generations of tomographs (Fig. 1, b and Fig. 3) [7] which differ 
in design solutions and the number of projections recorded by the 
detectors.

When using first-generation scanners, images were obtained 
by moving one highly directed X-ray tube and one detector along 
the frame layer by layer. After 160 measurements the frame was 
rotated through an angle of 1o in the axial direction and the state 
of the next layer was analyzed. Measurement of the radiation in-
tensity during the analysis of each layer lasted ~4.5 minutes and 
the imaging took ~2.5 hours. 

The second generation scanner (mid-1970s) (Fig. 3, a) used 
a tube that formed a fan-shaped X-ray beam in combination with 
several detectors, which were opposite each other while rotat-
ing around the patient. Because of using a fan beam and several 
radiation detectors the angle of rotation in devices of this type 
increased to 30o. In this case, as well as in the devices of the first 
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generation, the principle of parallel scanning was used. The measurement time required to obtain one image 
was ~18 seconds.

Devices of the third generation began to use the principle of spiral movement of the x-ray tube and de-
tectors of radiation that passed through the patient. One step corresponded to the linear displacement of the 
table by a certain amount. In this case the tube and detectors simultaneously rotated one full turn around 
the patient lying on the table. This technical solution allowed reducing the research time significantly. The 
number of detectors also increased (up to ~700 pieces). Using third-generation devices made it possible to 
examine the patient’s abdominal cavity and lungs.

In the design of tomographs corresponding to the fourth generation, a set of fixed detectors (1,088 lu-
minescent sensors) was located in the form of a ring (around the patient). Scanning time (when obtaining  
1 image) decreased to 0.7 seconds [7].

The main feature of the fifth generation devices (early 1980s) is the use of a fixed electron beam gun. 
In the process of shooting the electron beam is focused and directed to a tungsten target located under the 
patient’s table. High-speed solid-state detectors are located in front of targets in the form of an arc with an 
angle of 216°. There are no significant differences in image quality compared to the previous generation 

of equipment. At the same time, the scanning time decreased  
to 33 ms. Such tomographs can be used to study the heart. 

Zhou et al. [6] presented a new approach to apply laminog-
raphy to materials. In accordance with this approach the ana-
lyzed object moves linearly relative to the fan beam created 
by the microfocus X-ray tube (Fig. 4). This solution makes it 
possible to obtain data corresponding to rotation through the 
angle α for an object located in a parallel beam.

The method proposed by Zhou et al. has a number of 
advantages over classical tomography. In one scan it allows to 
get an image of the entire volume of the sample. Its practical 
implementation provides improved image quality of sections 
(without blur effect). 

Fig. 4. Implementation of the laminography 
process according to the scheme  

proposed by J. Zhou [6]

Fig. 3. Schematics of several generations of tomographs [7]

                                     a                                                                       b

                                     c                                                                       d
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The principles of radiation formation when using synchrotron sources and X-ray tubes differ signifi-
cantly. For this reason other technical solutions have been proposed for SR sources that make it possible to 
obtain tomographic images. The Synchrotron radiation computed tomography (SRCT) method assumes that 
the sample rotates around the axis perpendicular to the X-ray flux (Fig. 5, a).

                                         a                                                                                                       b
Fig. 5. Schematics of setups, implementing the principle of tomography (a) and laminography (b) [12]

Problems that arise when obtaining data from non-compact (non-isometric) samples can be avoided by 
using the method of Synchrotron radiation computed laminography (SRCL) which was proposed in 2005 
by Helfen et al. [9]. Using a facility compatible with a stationary synchrotron source (ESRF, station ID19), 
they developed a method for collecting data on the structure of the analyzed object.

The SRCL method combines the principles of laminography with the advantages of synchrotron imag-
ing. Currently, it is used for non-destructive testing of non-isometric objects on a number of synchrotron 
radiation sources (ESRF, ANKA, Spring-8). 

When implementing the SRCL method, the rotary axis is deflected by an angle θ with respect to the 
direction of the X-ray beam (Fig. 5, b). This decision which affects the image quality makes it possible to 
reduce the distance from the sample to the detector. The tilt angle θ is determined experimentally. In this 
case the maximum rotation of the axis is usually limited by the design capabilities of the goniometer that 
holds and rotates the sample. The research results obtained using the SRCL method are comparable with the 
data that can be recorded by digital tomosynthesis [10, 11].

Helfen et al. thought that the SRCL method could be perceived as a more generalized version of the SRCT 
method [2]. Based on this fact and the similarity in the design of the equipment, the methods of computed 
laminography and tomography can be implemented on the same unit. Fisher et al. [13] demonstrated this 
possibility using a laboratory X-ray source. It was shown that tomographic research methods, including 
those based on the use of phase contrast [14], could also be applied to laminography. 

The method of computed laminography implies the need to use equipment which includes an X-ray 
source, a turntable with an inclined axis, a system of detectors and a computer with a software package for 
data processing. Depending on the task, technical solutions can be implemented that provide any additional 
effect (tensile, torsion, heating of the sample, impregnation of the fibrous composite, etc.). In the following 
sections of the paper, examples of the use of such setups are given.

Resolution of synchrotron radiation computed laminography

As mentioned earlier, when using tomography full access to the object under study is required, the 
size of this object is smaller than the size of the detector. Otherwise, the quality of the resulting image 
will deteriorate. This circumstance limits the application of the SRCT method to the study of large, non-
isometric samples, such as plates. The reason for blurring (deterioration of quality) of the image and the 
appearance of artifacts is a lack of data that is required for accurate restoration of the section. Restoration 
of images in the absence of a certain fraction of data can be performed using the reciprocal space (three-
dimensional Fourier space) (Fig. 6) [2]. However, it should be taken into account that synchrotron computed 
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laminography provides the best spatial resolution in those directions along which there is no data loss, i.e. 
outside the missing cones.

The sample axis direction kz highlighted in Fig. 6 is oriented parallel to the incident X-ray beam. 
The reciprocal space region obtained after the Fourier transform of one two-dimensional projection and 
highlighted in Fig. 6 b in gray is a plane parallel to the vectors ku and kv.. When constructing a large number 
of projections, the analyzed area forms a rotationally symmetric body, the outer contour of which has the 
form of a hyperbolic surface described by the equation:

2 2 2
max( ) tan 2xy z zk k k k= + Θ ,

where max
1

2 p
k

s
= , ps – pixel size. 

Fig. 6, b shows that there are no two cones with an opening angle of 2θ. This is explained by the tilt of 
the rotation axis when implementing the SRCL method. The loss of information in one direction due to the 
lack of a certain amount of data can be compensated by an increase in spatial resolution in other directions. 
The use of monochromatic radiation in the implementation of the SRCL method is a factor that ensures high 
spatial resolution up to micron and submicron scales. The maximum resolution of the method is determined 
by the characteristics of the detector. Using nanolaminography, images with a resolution of ~100 nm were 
obtained [15]. 

If spatial resolution is not a defining requirement, neutron laminography can be used which has the 
advantage of being sensitive to chemical elements other than X-rays. Features of the adaptation of the lami-
nography method for neutron imaging are presented in [12].

Comparison of laminography and tomography methods. 
Augmented laminography method

When using the method of computed laminography, an isotropic beam scanning scheme is implemented 
which provides the same resolution and sensitivity in directions perpendicular to the axis of rotation. As 
mentioned earlier, this characteristic of the CL method gives excellent results compared to the limited angle 
CT method. 

                                   a                                                                                                b
Fig. 6. Reciprocal space regions obtained using the Fourier transform:

a – SRCT-scan; b – SRCL-scan. Cones of missing information are marked in blue [2]
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The advantages of the CL scheme are as follows: 
- full 360° rotation is available even for large sample;
- constant tilt of the sample during analysis provides a close average value of the intensity of the 

transmitted radiation;
- the rotational symmetry of the accessible Fourier region is a factor contributing to the further 

reconstruction of the image. 
These advantages have been demonstrated by Feng Xu et al. [3]. In those cases when implementing 

the CT method a limiting angle occurs after which it is not possible to obtain an image of the sample the 
CL method can be used. It is noted that artifacts in the image of the sample surface in the direction of the 
normal to the movement of X-rays in the implementation of the CT method limit the achievable resolution 
to a greater extent than in the CL method. In addition, when implementing computed tomography, non-
isotropic artifacts in these planes create more noticeable distortions in the images compared to isotropic 
artifacts from CT. 

One of the advantages of the method of synchrotron computed tomography over synchrotron computed 
laminography is the ability to select the optimal signal/noise ratio – the number of artifacts after scanning 
the object. If it is possible to scan the sample with a rotation 
of 360° using the CT method so in this case it is possible to 
select such an amount of experimental data that will allow 
one to reconstruct the image with a higher signal-to-noise 
ratio and fewer artifacts. The advantages of the CL method 
make it suitable in cases where the range of the missing 
angle limited by the geometry of the sample or the design 
features of the equipment is large for the CT method. 

Zuber et al. developed the augmented laminography 
method [16], which uses X-ray tubes as radiation sources. 
Its merits were demonstrated in the study of fossils. This 
method is a combination of both types of scanning: CT and 
CL. Its idea is to supplement the Fourier space of lami-
nography with information obtained using computed to-
mography with a lower resolution (Fig. 7). However, when 
examining elongated samples, some regions of the Fourier 
space are still missing due to the larger field of view and, as 
a result, the low resolution typical for computed tomogra-
phy of such objects. The implementation of the augmented 
laminography method implies the need to increase the field 
of view when scanning a sample with zero tilt. This is due 
to the condition of the CT scan.

To demonstrate the quality of images obtained using 
various research methods, Fig. 8 shows the results of the analysis of test samples which consisted of several 
layers, different in shape and materials [16]. The image of the x–y plane obtained by the CL method is 
characterized by good resolution and quality. The resolution of the analyzed plane, reconstructed by the 
CT method, is noticeably worse. The augmented laminography method demonstrates the most qualitative 
result. 

When considering the x–z plane using the computed laminography method, artifacts that distort 
the structural features of the analyzed object significantly are noted. The image obtained by computed 
tomography doesn’t have this drawback. At the same time, as well as the image in the x–y plane, it is 
characterized by low spatial resolution. The reconstruction obtained using the augmented laminography 
method (Fig. 8) is characterized by the absence of significant artifacts and high resolution. Table 1 presents 
the main characteristics of these three methods.

Fig. 7. Sampled areas in the Fourier space of the 
reconstructed volume. The green volume outside 
the two inner 2θ cones refers to CT laminography 
and the red volume refers to low-resolution CT. 
The blue volume corresponds to the area, where 
missing information in the laminography data can 

be reconstructed using CT [16]
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                          a                                     b                                        c                                      d
Fig. 8. Comparison of different object scanning methods. The laminography is implemented at an  
inclination angle of the sample q = 29.8°. In diagram а the x–y plane is marked with a red line [16]

T a b l e  1
Comparison of tomography, laminography, and augmented laminography methods [16]

Computed tomography Augmented laminography Computed laminography

+ High resolution in the x–y plane + High resolution in the x–y plane + Equal resolution along the x, y, z 
axes

+ A significant geometric increase 
can be achieved

+ Typical CL artefacts are largely 
suppressed (intermediate between 
CL and CT z-direction resolution)

− Sample must fit the field of view

− Blurring in the z direction − Increased scan time − Strong attenuation for large objects

Implementation of the laminography method

The tilt angle of the rotary axis θ in the implementation of the SRCL method is related to the geometry 
of the samples and determined experimentally in each case. In order to achieve the required resolution the 
value of θ has to provide the optimal average value of the intensity of the transmitted radiation. 

The energy of X-ray radiation is calculated based on the characteristics of the material, namely, taking 
into account the radiation absorption index. Monochromatic X-ray radiation passing through any medium 
when interacting with atoms or molecules attenuates according to the Bouguer-Lambert-Beer law:

 0
k lI I e λ-= , (1)

where I0 is the intensity before passing through the medium with thickness l; I is the intensity at the exit 
from the medium.

The dependence of the absorption index kλ on the wavelength of the absorbed radiation is called the 
absorption spectrum of the substance.

In cases where the sample consists of several materials based on the absorption capacity it is necessary to 
select the energy level that provides optimal image contrast. In this case the absorption index is determined 
by the expression:

 ( , )
L

k l f x l dlλ = ∫ , (2)

where f(x, l) is the linear absorption coefficient of the material, dl is the element of the absorption path along 
the beam L.



OBRABOTKA METALLOVMATERIAL SCIENCE

Vol. 24 No. 4 2022

Based on dependences (1) and (2), having determined the absorption function on the basis of experimental 
data, it is possible to restore the image of the volume of the body under study. To do this, you need to solve 
an equation of the form:

 0ln ( , ) .
L

I
f x l dl

I
= ∫  (3)

Currently, to solve this equation, software packages that allow to reconstruct images of the objects under 
study based on tomography or laminography data with filtered back projection methods [17] (based on the 
Radon transform, Algebraic Reconstruction Technique, etc.,) are used.

Examples of laminography application for the analysis of metal alloy samples

Computed laminography was used originally as a method for studying elements of microsystem 
technology, namely printed circuit boards. Its application to solve this problem is relevant at the present 
time. Later, the method was used in the study of cultural heritage objects [18, 19], in paleontology [20], 
materials science [21], and other research areas.

In materials science the laminography method is in demand for solving problems related to the study 
of objects made of polymer composites [22] and metal alloys. The effect due to the phase contrast can be 
used to highlight interfaces between different materials with poor absorbency. The essence of the proposed 
solution is to change the distance from the radiation source to the sample which ensures the appearance of 
interference effects on the detector. This approach helps to improve the sharpness of the boundaries of the 
sample components. 

Examples of using the laminography method for the analysis of a number of alloys are discussed below.

In situ studies of plastic deformation of metal plates

The method of computed laminography provides a unique opportunity to represent the mechanisms of 
crack propagation in sheet materials and fixation of internal damage in three dimensions of the sample. In 
some works synchrotron computed laminography was used to study the processes of crack formation and 
destruction of metal plates [23–27]. Fig. 9 shows a diagram of one of the devices used for loading samples 
with stress concentrators. 

Figure 10 shows the diagram of station ID19 located at the European Synchrotron Radiation Facility 
(France) equipped with devices for implementing the laminography method [28]. This station was used to 
study the mechanisms of destruction and development of cracks in aluminum alloy samples with a loading 
device (Table 2) [29]. Figure 11 shows the scheme of deformable samples. During the tests the volume of 
formed defects, its reorientation and sizes according to Feret’s shape factor were evaluated.

Fig. 9. Schematic of the device used for loading a specimen with a stress concentrator [27]
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Fig. 10. Main elements of ID19: 
1 – undulator U32; 2 – wiggler W150; 3 – revolver U32/U17; 4 – Optics Hutch 1; 5 – attenuators; 6 – Optics Hutch 2;  
7 – double-crystal monochromator; 8 – Experimental Hutch; 9 – multilayer monochromator; 10 – high-resolution  
tomograph; 11 – Custom: space for additional instruments, such as a laminograph, horizontal diffractometer, etc: 12 – medi-
um-resolution tomography [28]. The lower row of numerical values corresponds to the distance from the radiation source,  

in meters 

T a b l e  2
Composition of aluminum alloy (wt. %)

Si Fe Cu Mn Mg Cr Zn Ti Al Rest
≤0.5 ≤0.5 3.8–4.9 0.3–0.9 1.2–1.8 0.1 0.25 0.15 90.7–94.7 0.05–0.15

When studying materials with laminography, the axis of rotation of the sample was tilted with respect 
to the direction of the X-ray beam at an angle of ~65° (Fig. 12). A pink beam from an undulator (period 13 
mm) with a peak X-ray energy of ~26 keV, which was filtered with an aluminum plate 5.6 mm thick, was 
used for this research. These parameters provided a compromise between the penetrating power of X-rays 
and the contrast of the generated image [31]. During the research the sample mounted in the grips of the 
tensile machine rotated 360°. A single rotation step was 0.1°. Thus, the process of scanning one sample 
involved obtaining and subsequent processing of 3,599 X-ray patterns. The exposure time for each X-ray 
was 50 ms. X-ray patterns were processed using the filtered back projection algorithm to reconstruct the 3D 
image [32]. In addition to the statistical processing of defects in the structure of the material, an in-depth 

Fig. 11. Sketch of the specimen with the selected 
area. The red dots denote the position of the 
extensometer used to measure the displacement of 

the deformable zones [30]
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Fig. 12. Experimental setup for laminography of flat samples during stretching:
1 – X-ray detector; 2 – Rotating laminography platform; 3 – Electro-mechanical in-situ tensile machine; 4 – Optical  

microscope; 5 – Shear specimen (broken); 6 –Load cell (5 kN); 7 – Loading pin [29]

analysis of the damage mechanisms leading to the final destruction of the loaded samples was carried out 
in the work. It was established that the process of material destruction was associated with the behavior of 
the intermetallic particles which were contained in it. Using the laminography method, the authors of the 
work identified two stages in the development of the destruction process. At the initial stage, a crack was 
formed inside the particle during the deformation process. This crack was perpendicular to the direction of 
maximum principal stress. Further, these cracks opened in the process of loading the sample that led to the 
appearance of large cavities. Combining the results of studies obtained by the methods of laminography 
and fractography of samples, conclusions were drawn about the mechanism of destruction of the alloy 
under external loading. The results of additional modeling by the REV (representative elementary volume) 
method showed that the opening of pre-cracked particles led to strain concentration at the mesoscopic level 
which ultimately led to the formation of strain bands.

Visualization of pores developing during plastic deformation

The work of Isshin Ando et al. [33] performed at the BL20XU station at the Spring-8 source (Japan) [34] 
can be mentioned as an example of visualization of pores that arise during the plastic flow of a material. 
The objects of study were samples obtained by sintering pure iron powder (JFE Steel Co., JIP301A). The 
porosity of the study objects (including open and closed pores) was 11.7 %. Samples with dimensions of 
3×2×1 mm3 were deformed according to the tensile scheme. 

The equipment of the BL20XU station made it possible to conduct studies with a maximum spatial 
resolution of 1 µm for subsequent volume reconstruction with a minimum voxel size of 0.3 µm. The 
photon energy of a monochromatic X-ray beam generated by a double-crystal Si (111) monochromator 
cooled by liquid nitrogen was 37.7 keV. The axis of rotation of the sample was tilted at an angle of 45° 
to the X-ray beam. The detector was located at a distance of 18.0 mm from the center of rotation located 
on the surface of the sample. X-ray patterns with a diameter of 1,000 μm were obtained with an exposure 
of 300 ms at a rotation of 0.1° (for each image). The images were reconstructed by processing multiple 
X-ray patterns using a filtered back projection algorithm and rendered as 3D images using Avizo 9.1.1 
software (FEI Co.).

The SRCL method was used to analyze the initial (undeformed material) as well as samples deformed 
according to the tension scheme at a rate of 10–3 s–1. We studied five plastically deformed samples in different 
structural states (after deformation with different degrees). In the research a quantitative assessment of the 
pore configuration was carried out. The transformations of pores occurring at increased values of deformation 
were tracked using the methods of algebraic topology and persistent homology [35]. An approach based on 
the use of the laminography method made it possible to describe the process of coalescence of pores in iron 
samples obtained by powder metallurgy.



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 24 No. 4 2022

Post-mortem testing of alloys

The laminography method can also be used to study materials that have previously been subjected to 
various types of external actions. In these cases there is no need to install any additional equipment on the 
station.

Deformation and failure of magnesium alloy

Kondori et al. [36] presented the results of a study of the AZ31B magnesium alloy by the laminography 
method. Samples cut from a 32 mm thick hot-rolled plate (Fig. 13 a, b) were subjected to uniaxial tension 
in a servo-hydraulic machine. One sample was deformed to failure; the other was deformed to the stage 
corresponding to a significant drop in load. 

The sections of the rods obtained in the EDM machine (Fig. 14, c) were examined by laminography 
at the ID19 ESRF station. The mechanisms of accumulation of post-embryonic damage and its role in the 
formation and growth of macroscopic cracks were studied. 

The tilt angle of the rotation axis of the objects was ~25°. The studies were carried out using monochromatic 
radiation with a photon energy of 25 keV. The minimum distance from the sample to the detector was  

                                 a                                                                                  b
Fig. 13. Samples (RN10 and RN2) (a) orientation in the plate and its geometry (b) [36]

                             a                                                                    b                                                           c
Fig. 14. Schematic of cutting out objects from tensile deformed specimens studied by the laminography:

a, b – top views showing the dimensions and relative location of two longitudinally cut plates; c – view of a single plate with 
four study areas labeled as Surface-Scan and Central-Scan [36]
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70 mm, which led to an improvement in the quality of object boundaries due to the appearance of phase 
contrast. The scanned area had a size of 1 mm3 with a voxel size of 0.7 µm. The exposure time for each 
projection was 250 ms. The analysis of 1,500 X-ray patterns allows to reconstruct these sizes.

An analysis of ~1,000 voids corresponding to each image recorded by laminography was made with 
the ImageJ software to quantify the size and shape of defects accompanying the initiation of cracks. All 
measurements were carried out on images parallel to the T–L plane at different sample thicknesses. The 
analyzed area was 31 mm2 for the RN10 samples and 36 mm2 for the RN2 samples (the geometry of the 
samples was described in [38]). The area occupied by each void was calculated taking into account its 
elliptical shape. The total defect fraction was defined as the ratio of the area of voids to the total area 
analyzed (excluding macrocracks). Geometric parameters of macrocracks were determined individually.

An analysis of the results obtained with laminography made it possible to reveal a number of features 
of the destruction of the AZ31B alloy, which can appear when loading other magnesium-based alloys [36]. 
Analysis of the behavior of the material in the process of stretching indicates its plasticity. The voids that 
have arisen during loading are distributed over the entire deformable region of the sample. Damage occurs in 
the form of flat voids, the size of which is determined by the spatial position, the level of local deformation, 
and the nature of the stress strain state of the material. The transition from the stage corresponding to 
the formation of small-sized voids distributed in the volume to the final destruction of the sample occurs 
through the appearance of macroscopic cracks when the voids merge in the direction of rolling the plate. 
When several parallel macrofractures occur away from the mouth of the notch and merge together a stepped 
(corrugated) surface is formed. Based on the studies a conclusion was made about the necessity of further 
research of the crystallographic aspects of damage development in magnesium alloy samples at a higher 
spatial resolution.

Visualization of fatigue cracks

The method of synchrotron computer laminography can also be used to study fatigue cracks that appear 
in deformable materials. As an example, the results of studying such defects are given here. These defects 
occurred in a weld joint obtained by friction stir welding. The workpieces were made from aluminum 
alloy. Table 3 shows the composition of this alloy [38]. The tests were carried out at station BL19B2 of the 
SPring-8 source. 

The materials studied in the work were subjected to low-cycle fatigue loading (3.37×105 and 4.8×104 
cycles). The function of stress concentrators contributing to the fatigue cracks occurrence was performed 
by holes with a diameter of 0.3 mm. Figure 15 shows the dimensions of the analyzed samples. 

During materials testing by laminography the axes of rotation of the samples were tilted by 30° with 
respect to the X-ray beam. At the output of the monochromator the X-ray energy was 28 keV. An X-ray 
detector (cooled CCD camera) recorded projection data every 0.5° (with a total rotation of 360°) with an 
exposure time of 400 ms per image. The sample was removed every 20 exposures and the response caused 
by the presence of the polymer was recorded to compensate for the attenuation of X-ray radiation caused 
by the acrylic tube to which the analyzed object was fixed.

The projection size fixed by the detector was 1,984×7,680 pixels (after 2×2 binning). Under these 
conditions there was a compromise between image resolution and simplicity of data processing. The 
effective size of the detector pixel was 5.7 µm (after binning). The size of the field of view was 11.3 mm 
(horizontal) × 4.4 mm (vertical). The X-ray beam was parallel at the length between the rotating magnet and 
the sample (52 m). The distance between the sample and the detector (0.8 m) ensured the manifestation of 
the phase contrast effect. The fracture images (Fig. 16) were reconstructed using the filtered back projection 

T a b l e  3
Composition of aluminum alloy (wt. %)

Si Fe Cu Mn Mg Cr Zn Ti Al
0.65 0.2 0.30 0.06 1.04 0.13 0.04 0.02 Rest
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algorithm and 3D visualization (Fig. 17) of seven hundred and twenty two-dimensional projections rotated 
relative to each other at an angle of 0.5°.

Images of cracks that appeared during external loading were successfully reconstructed. There is a 
good agreement between the calculated data and the actual data. The results obtained in the work allowed 
the authors based on the example of welded joints to conclude that the computed laminography method is 
highly effective for studying the processes of fatigue failure of materials. The information obtained by this 
method is important from the view of the development of materials characterized by a high level of fatigue 
properties.

Investigation of contact fatigue cracks

One of the applications of the method of synchrotron computed laminography is associated with the 
study of defects occurred in the process of contact fatigue loading [39–41]. Other methods of synchrotron 
studies including diffraction methods are also used to solve this problem [42, 43]. Nakai et al. [41] studied 
bearing steel. Table 4 shows the composition of this steel. Loading was carried out according to the rolling 
contact fatigue (Fig. 18). A 24×10×1 mm sample was cut from a forged and spheroidized ingot with a 
diameter of 65 mm. The increased sulfur content in steel made it possible to study cracks that appeared near 

Fig. 15. Sample cut from a welded joint obtained by friction stir 
welding. The red circles are the fields of view of laminography [38]

Fig. 16. The reconstructed synchrotron radiation computed laminography 3D image  
and a photograph of the fatigue crack [38]
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         a               b                                              c
Fig. 17. The fatigue crack on the sample surface: 

a – image obtained by light microscopy; b, c – images obtained 
by synchrotron radiation computed laminography [38]

MnS inclusions. Manganese sulfide inclusions are oriented perpendicular or parallel to the sample surface. 
Before testing, the samples were annealed with heating at 1,103 K for 0.5 h and then tempered at 453 K  
for 2 h. 

Ceramic balls 6.0 mm in diameter with a Young’s modulus of 300 GPa were used as indenters. The 
indenter performed multiple reciprocating movements over the sample surface. The length of the resulting 
friction track was 3.0 mm (Fig. 19) [39]. This paper presented the results recorded at the maximum Hertzian 
stress pmax = 5.39 GPa.

The works allowed drawing the conclusions about the duration of the initiation and propagation processes 
of vertical and horizontal cracks, as well as about the effect of the size and orientation of MnS inclusions on 
the processes of pitting in ball-bearing steel. The images of defects recorded by the laminography method 
made it possible to assess the nature of the material destruction at various stages of testing the samples. 
The analysis carried out by the authors of papers [39–41] indicates the effectiveness of the application of 
the computed laminography method using synchrotron radiation when studying the processes of contact 
fatigue loading of metals.

T a b l e  4
Composition of bearing steel (wt. %)

C Si Mn P S Cr Fe
1 0.35 0.47 0.006 0.02/0.049 1.5 Rest

Fig. 18. Schematic of a contact-fatigue test setup [40]
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b
Fig. 19. Models of flaking mechanism from extended inclusion [39]:

a – sample with short vertical inclusions (low concentration of S); b – sample with horizontal inclusions

а

Conclusion

An analysis of the experiments based on using synchrotron radiation sources indicates the effectiveness 
of the methods of synchrotron computed tomography (SRCT) and synchrotron computed laminography 
(SRCL) when conducting research in the field of modern materials science. The SRCL method provides the 
possibility of monitoring the structure of materials when implementing various loading schemes including 
the study of fatigue and contact fatigue fracture processes. Implementation of the SRCT and SRCL methods 
is reasonable at the Siberian Ring Photon Source, which is under construction in Novosibirsk. The planned 
parameters of this source will make it possible to obtain images of the structure of structural and functional 
materials with high spatial resolution.
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