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Abstract 
In this paper, we will present a method to measure irregular-shaped particles 50-150 µm in size using X-ray computed 
tomography. From the volume measurements of the particles, elements such as their volume-equivalent diameters can be 
calculated along with their statistical size distribution. The use of the VG StudioMax 2.2® module Defect Detection allows fast 
and straightforward computation and validation of important shape parameters, such as sphericity or Legendre ellipse of 
inertia, for thousands of particles at a time. An optional calculation of the projected area of each particle permits a comparison 
to size determinations from other 2D imaging methods, such as automated dynamic flow particle imaging. Our method has 
been developed for the characterization of particles in high-temperature solid-particle erosion, but applications can also be 
found in many other areas where a high number of particles have to be characterized in an efficient way. 
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1  Introduction 
Size and shape are important characteristics not only of macro-sized bodies, such as products for industrial applications, but 
also of small particles. Sub-millimetric abrasive particles are applied in various fields of science and technology. Micro 
abrasive blasting (MAB), for instance, which is used for fabrication of micro devices [1], makes use of the abrasive properties 
of irregular-shaped erodents. This is just one case in which erosion by means of solid particles is a desired effect. In most 
fields, however, solid particle erosion is an unwanted process that produces high costs in industry each year. In oil pipelines, as 
a first example, abrasive particles lead to serious damage, such as leaks and ruptures [2]; in addition, high-temperature solid-
particle erosion (HTSPE) causes damage to turbine blades of power generators and airplane engines. Such damage leads to 
losses in efficiency, forced outages and repair costs of approximately 200 million USD every year [3]. Investigating HTSPE is 
the aim of the METROSION project [3] of the European Metrology Research Programme (EMRP). Within this project, one 
task is to accurately measure the size, size distribution and shape of solid particles in an efficient and accurate way. These 
parameters are needed to evaluate erosion experiments using a new test rig and to perform simulations of HTSPE. Two 
standard methods to measure the size and shape of particles are light scattering and automated dynamic flow particle imaging. 
Both methods only allow a rough parameter estimation of the particles, which leads to high uncertainty in the required 
parameters. Incorrect volume estimations can over- or underestimate the particles’ kinetic energy, a parameter that is 
fundamental for understanding and predicting erosion processes. At the Physikalisch-Technische Bundesanstalt (PTB), we 
have developed a method to measure a sample of a high number of particles at a time (typically several thousand) using X-ray 
computed tomography (CT). A similar analysis was proposed by Vecchio et al [4] in order to investigate the shapes of residual 
dirt particles, which contaminate mechanical components during the fabrication process. These authors developed their own 
software [5] to analyze the volume data and to obtain the parameters necessary to determine three isoparametric shape factors, 
i.e., factors that describe the shape as a function of the surface, volume and mean curvature of the particle. Dirt particles are 
another class of particle and therefore require different size and shape parameters than the erodents which we investigated. 

In this paper, we will demonstrate how the well-known visualization software VG Studio Max 2.2 [6] (below referred to as 
VGSM) can be used to analyze in an efficient way a sample of a high number of particles. The key element is the use of the 
software module Defect Detection (below simply referred to as Defect Detection). In order to apply this Defect Detection, the 
particles have to be embedded in a matrix which has a lower density. In the following, we will present our method of sample 
preparation, which makes it possible to physically separate the particles from each other, along with the data analysis using the 
Defect Detection. Here, we were also able to improve the accuracy of the surface area determination by incorporating the 2D 
projection area of the particles and application of Cauchy’s theorem. Finally, we will also compare our results to laser 
diffraction and particle imaging.  

2  Basic considerations on particle size and shape 
According to the ISO standard 9276-6:2008(E) [7], the form of irregular-shaped particles can be divided into three hierarchical 
orders (see Fig. 1). The first order is called “Form” and describes the overall shape of the particle in terms of geometrical 
proportions. Its technical term is “Macroshape”.  
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Fig. 1 The different hierarchical orders of shapes. 1 – Macroshape (Form): describes geometrical proportions. 2 – 
Mesoshape (Roundness): describes corner radius. 3 – Microshape (Surface texture): describes roughness between corners. 
(picture taken from [7]) 

 
The second order, which describes the corner radius, is called “Roundness” or “Mesoshape”. The roughness between the 
corners determines the “surface texture” and is referred to as “Microshape”. Within the METROSION project, it was agreed to 
determine only macro- and mesoshape parameters. The selection of the parameters was mainly driven by the scientific 
experience of the participants, but also by practical aspects. So was it aimed to use commercial software, so that not much 
programming effort was required. PTB thus could make use of VGSM  [6].  
As a size parameter, the volume-equivalent diameter xV was chosen, which is defined as (see [7]) 
 

             (1) e 

 
where V denotes the volume of the particle. The reason why this size parameter was chosen is that it provides a direct link to 
the particle’s kinetic energy, which can be calculated if the particle’s density and velocity are known. 
 
One shortcoming of ISO 9276-6:2008(E) is that it mainly describes forms in only two dimensions. The reason for this might be 
that, essentially, no methods have been available so far which permit three-dimensional analysis of micro-particles. ISO 9276-
6:2008(E) suggests, for example, as a macroshape descriptor the Legendre ellipse of inertia of the projected plane, described 
by two axes (see Fig. 2 and [7]). 
 

 
Fig. 2 Legendre ellipse of inertia. Major axis: xLmax; Minor axis: xLmin. (see also [7]). 

 
Our analysis, by means of CT, allows all three axes of a three-dimensional particle to be determined, i.e., the axes of a 
Legendre spheroid of inertia. In the following, these axes will be called PCA1, PCA2 and PCA3 (in decreasing order), as they 
are derived from a Principal Component Analysis of the volume data. This allows us to give different ratios between the 
principal components. While ISO 9276-6:2008(E) defines only the ellipse ratio as            , we can, for example, define 

three ratios as               ,                and                (where we will only make use of the first 
two). Both the principal components as well as their ratios are macroshape descriptors which will be calculated in our analysis. 
 
As a mesoshape descriptor, we will calculate Wadell’s Sphericity (see [8] and [7]) 
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            (2) e 

 
where S denotes the particle’s surface area. This descriptor gives an idea of how similar the particle is to a sphere. In the case 
of a spherical particle, its value becomes 1, otherwise < 1. In the literature other definitions of sphericity can be found as well. 
For example, Vecchio et al. [4] also give the name “sphericity” to one of their isoperimetric shape factors,   . Its relation to 

Wadell’s Sphericity can be expressed as     
   . In Parra-Denis et al. [9], the sphericity,   , is related to the definition by 

Wadell as follows:      .  
 
Another mesoshape descriptor, which however is not described in ISO 9276-6:2008(E), is the so-called Corey Shape Factor 
(CSF) [10] 
 

                    (3) e 

 
It is a measure similar to Wadell’s Sphericity, but uses the principal components of the particle, rather than its surface area and 
volume. Shape factors are important measures for a simulation of erosion processes, as the drag force of particles depends on 
their shape. Simulations that are based on spherical particles can thus be extended to include irregular shaped particles by 
considering the respective shape factor.  

3  Improved surface area determination 
The aim of this project is to measure a sample of > 1000 particles at a time. To this end, it is preferable to include as many 
particles as possible in the measured volume. A calculation of Wadell’s Sphericity requires good knowledge of the surface area 
of the particle. VGSM provides accurate information about the whole surface area within the measured volume as Object 
Properties, but not for each single particle. The whole volume would have to be split into smaller regions containing only one 
particle per region in order to obtain an accurate surface estimate. Separating all particles into such regions of interest (ROI) is 
feasible, but requires a great deal of memory space. Furthermore, the readout of the Object Properties is tedious work, as this 
procedure cannot be automated. Instead, we use Defect Detection, which performs a segmentation of the volume, labels each 
inclusion (or defect, depending on whether the embedded matrix has a lower or higher density than the particles), and provides 
many parameters for each inclusion (represented by a particle). Among other things, it provides the surface area of each 
particle and its volume. The problem, however, is that this determination has only voxel size accuracy. This issue is illustrated 
in Fig. 3. For volume determination, this is not a serious problem, as the surface voxels form only a small part of the total 
volume; however, for the surface area, the error can reach up to 50 %. This is unacceptable for a reliable determination of 
Wadell’s Sphericity.  
 

a)            b)            
Fig. 3 Illustration of errors caused by the limited resolution of the defect detection module: Defect Detection works at voxel 

resolution only and thus leads to a different surface than that found by the advanced surface determination of VGSM.  
a) Different surfaces found by advanced surface detection (grey) and with Defect Detection (yellow). b) Close up of a slice 
of one particle. The white continuous line shows the surface found with the advanced mode, while yellow is obtained with 
Defect Detection. 

 
In order to assess the error in surface area determination of the different methods (Object Properties and Defect Detection), we 
generated some basic geometry elements with the software package aRTist [11] (see Fig. 4a). This software simulates CT 
measurements. The data was reconstructed with VGSM. Then, the surface areas and volumes of the different elements were 
determined in two ways: First, the objects were separated into different ROIs and information was obtained from the Object 
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Properties (see Fig. 4b). Compared to the nominal values, this resulted in errors smaller than 1 % in both surface area and 
volume. Second, Defect Detection (see Fig 4c) was applied to the same elements and the result was read out. Here, we 
observed deviations of up to 50 % when considering the surface area – which also depended on the orientation of the objects 
with respect to the voxel grid. For the volume, however, it still corresponded to within ±1 % of the nominal values. The reason 
for this discrepancy is that, for Defect Detection, the software calculates with a lower voxel precision than for the Object 
Properties output. 
 

a)  b)  c)  

Fig. 4 Estimation of surface errors of surface area determination. a) Generation of basic geometry elements and simulation 
of CT measurements. b) Synthetic data is loaded into VGSM and surface areas are determined. c) Defect Detection shows 
different (colored) surfaces than the advanced (grey) surface determination (color coding refers to different volumes of 
objects). 

 
In order to reduce these errors, we adopted another approach as suggested by ISO 9276-6:2008(E) [7]. Therein it says that, 
according to Cauchy’s theorem for convex particles, if the particle is projected in average position, then its surface area can be 
approximated by 
 
          (4) e 
 
where    is the mean projection area. Defect Detection provided three projection areas for each particle, denoted by PX, PY and 
PZ. We then used this theorem to calculate the surface areas of the basic geometries with                , and 
obtained deviations from the true values of less than 6 %. This is a large improvement compared to the surface area calculated 
by Defect Detection. 
 
It should be noted, however, that the simulations were based on only a few basic geometries with sizes of < 500 µm (cube edge 
length: 300 µm, sphere diameter: 150 µm; cylinder length/diameter: 500 µm / 150 µm) and with a voxel size of about 1 µm. In 
addition, the noise was minimized in this simulation. Further investigations are necessary and are also planned to obtain more 
reliable results. In addition the accuracy in the surface area determination by application of Cauchy’s theorem could be largely 
improved by using more projections. This is possible by a rotation of the coordinate system and a repeated determination of 
three projection areas applying Defect Detection. In theory an exact determination would be possible. 

4  Sample preparation and measurement system 
Within the project, different materials and shapes of particles were analyzed. Here, however, we will only show the results 
from a sample of broken 320-mesh Alumina particles (below referred to as Alumina). 320-mesh means that the number of 
openings per linear inch of screen of the sieve is 320. The nominal sieve opening for this mesh size is about 45 µm, where 
particles bigger than this size will be retained. In order to obtain reliable results for all required measures, the particles have to 
be measured separately. Physical contacts between particles would lead to form errors in the reconstructed volume data. On the 
other hand, the measurement method should allow for a fast measurement of many particles, i.e., several thousands of 
particles. Hence, separate measurement of each individual particle is impossible and not efficient. Furthermore, it would not 
provide a representative sub-sample of the erodents, since the selection process would be biased by the subjective choice of 
particles by the sample preparator. We therefore decided to embed a large number of particles in a matrix that could be 
hardened. The matrix material of our choice was light hardening Polymethyl Methacrylate (PMMA), because it allows optical 
inspection and gives a high X-ray contrast compared to Alumina. In the following (Fig. 5), we describe our method of sample 
preparation step by step: 
 
Step 1: Remove the plunger from a syringe and clog the syringe’s tip with a screw. Place the syringe in a support. Then pour 

in a scalpel’s tip worth of particles. 
Step 2: Fill light hardening PMMA – at least ten times the volume of the particles for a good physical separation between the 

particles – and add a small steel sphere. 
Step 3: Insert the plunger and use a magnet to move the steel sphere for a better mixture of particles and PMMA. 

300 µm 
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Step 4: Take a piece of polyolefin (heat shrink) tube – this is transparent and does not bond to PMMA – and press the liquid 
into the tube. Close the lower end of the tube with a screw and harden the glue by placing the sample under bright 
light (takes 10-15 minutes). When the glue has hardened, take off the heat shrink tube. 

 

   
Step 1 Step 2 Step 3 Step 4 
Fig. 5 Sample preparation of erodents for CT measurement. 
 
The sample was then scanned with our micro-focus industrial CT scanner Nikon MCT 225 with reflective tungsten target and a 
detector with 2000 x 2000 pixels. Tab. 1 shows the settings we used for the measurement. 
 
Estimated source spot size 5 µm 
Voltage/Current 85 kV/82 µA 
Number of projections 2360 
Filter type / thickness Aluminum / 0.1 mm (plus 0.6 mm detector cover) 
Voxel size 1.94 µm 
Tab. 1    Settings used for measurements. 

 
The power was adjusted in such a way that the auto-defocus was still disabled and the signal to noise ratio was as good as 
possible. Holding the power below the auto-defocus limit, so that it is disabled, allows the smallest source spot-size. The 
volume was reconstructed with the software package CT Pro 3D (version CT 3.1.9), which comes with the CT system. Beam 
hardening was only slightly reduced (setting: level 2) and noise reduction was disabled. 

5  Results 
Fig. 6 shows an SEM image of Alumina particles. A sample of the same Alumina was measured. 
 

 

Fig. 6 SEM image of a sample of Alumina. (Picture with permission of RSE S.p.A., Italy.) 
 
From the reconstructed data, the surface threshold was determined by using the advanced mode in VGSM. Fig. 7a) depicts the 
results of the entire reconstructed volume. Fig. 7b) presents a close-up of a sub-volume, which was investigated with a higher 
precision (see below). Fig. 7c) shows a close-up of a single particle of the same sample. The volume ratio between particle and 
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PMMA matrix was about 1:100. The figures below show that the particles were successfully separated from the matrix and 
from each other. 
 

   
a) Total measured volume. b) Region-of-interest (ROI),  

i.e., sub-volume. 
c) Close-up of single particle. 

Fig. 7 Reconstructed volume data of Alumina Mesh 320 particles. 
 
The total measured volume contained a sample of more than 1400 particles. For the analysis only particles with a minimum 
voxel number of 216 were considered, which is equivalent to a cube side length of about 12 µm. Smaller particles were 
considered to be negligible for the erosion process and could be confused with noise artefacts of the CT measurement. An 
analysis with Defect Detection provided us directly with the PCA lengths and the volume of each single particle of the sample. 
For the surface area determination, the projections were used along with Cauchy’s theorem, as described above. 
 
The histogram in Fig. 8 is the result obtained from 1418 particles. The mean volume-equivalent diameter, xV, of the sample’s 
particles is 38.0 µm. The contribution from surface-finding is preliminarily estimated by experience to about a quarter of the 
voxel edge length (2 µm) leading to a contribution to the diameter uncertainty of about 2.5 %. The contribution of the scaling 
uncertainty is known to be about 0.5 % and therefore negligible. For the volume determination this means a relative 
measurement uncertainty of 7.5 %. Within the project our aim was set to determine the mean particle’s mass with a relative 
standard measurement uncertainty of better than 10 %. This preliminary estimation shows that this can be reached. 

 
Fig. 8 Frequency distribution of Alumina Mesh 320 as function of volume-equivalent diameter xV. 
 
Fig. 9a) represents the different PCA lengths in a scatter graph as a function of xV. It can be seen that the particle’s sizes 
increase in all three dimensions on approximately the same scale. When the ratios of the principal components are compared, 
i.e., PCA2/PCA1 as a function of PCA3/PCA2, we obtain the diagram shown in Fig. 9b), which is similar to a Zingg diagram 
(see [4]). The upper right corner depicts spherical particles. The upper left represents chip-like and the lower right fiber-like 
particles. Our sample contains a wide variety of shapes, which can also be seen from Fig. 10a) and b), which show the Corey 
Shape Factor and Wadell’s Sphericity, respectively. 
 
For assessing the uncertainty of the surface area determination, we verified the results by using a sub-sample of the particles 
(see Fig. 7b), which contained 123 particles. The sub-volume was split into 123 ROIs, i.e., each particle was considered 
separately. For this sub-sample of particles, the surface area was obtained from Object Properties, and used to compute 
Wadell’s Sphericity which gave a mean value of 0.73. Compared to the mean value of 0.74, obtained by application of 
Cauchy’s theorem to all 1418 particles, this gives an agreement of better than 2 %.  
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a)  b) 
Fig. 9 a) The principal components PCA1, PCA2 and PCA3 as a function of volume-equivalent diameter xV. b) The ratios 

between the principal components, which can be considered as a kind of Zingg diagram (the red cross shows the center of 
gravity of the distribution). 

 

  
a) b) 
Fig. 10 Corey shape factor (a) and Wadell’s Sphericity (b) as function of volume-equivalent diameter xV. 

Comparison with standard methods 

A standard principle for analyzing analyse particle’s shape and size is laser light scattering (Mie and Fraunhofer). Instruments 
based on this principle are fast and provide volume estimations of the particles. This allows us to compare the CT data with the 
data obtained by Low Angle Laser Light Scattering (LALLS). 
 
Therefore, another sample of particles from the same powder was analyzed with a Malvern Mastersizer 2000 [11]. The 
analysis resulted in a volume median diameter, D0.5, of 49.0 µm. Compared to xV = 38 µm, the result we obtained from our 
analysis (which is identical to its median for this distribution), this represents an overestimation of about 31 %. This would 
lead to an overestimation of the kinetic energy of the particles by a factor of about 2.3. The reason for this is that LALLS 
calculates with the assumption that the measured particles have spherical shapes. The report of the analysis with the Malvern 
Mastersizer 2000 also tabulates the Volume Moment Mean (also called De Brouckere Mean Diameter),                   , 
at 51.1 µm, where di denotes the i-th particle’s volume-equivalent diameter. Our measurement resulted in 40.9 µm for this 
parameter. For the Surface Area Moment Mean (also called Sauter Mean Diameter),                   , we would get 
40.0 µm, whereas from LALLS, this value is 46.9 µm. We conclude that the particle’s mean diameter, whichever definition is 
used, is always overestimated by standard methods.  
 
Another noteworthy principle is automated dynamic flow particle imaging. Although it is a straightforward and relatively fast 
method, it provides only two-dimensional information about the particles from the projection areas. This can give us a rough 
idea about the true particle shapes or their sizes, but for surface area determination, it is not very accurate. The analysis by CT, 
as described above, also allows quantities to be derived from projection areas of the particles, as was done to determine the 

mean surface area of the particles. The calculated mean Surface-Equivalent Diameter,        , becomes 44.5 µm. This 
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would be an overestimation of the size by about 17 %, and would thus lead to incorrect kinetic energy estimations. We do not 
have real imaging measurement results with which we could compare this result, but our estimation shows that, most probably, 
it would result in an overestimation of this order of magnitude. 

6  Summary and conclusions 
The accurate knowledge of particle size distributions and shape factors is important in different areas of science and 
technology. Knowing the accurate mass of a particle leads to a better description of the particle’s kinetic energy, an important 
parameter for investigating erosion processes, such as those on turbine blades or oil and gas pipelines. The particle’s shape is 
important, as rounded particles have a different erosive behavior than angular particles do. Furthermore, the shape also 
provides information about how the particle will align when dragged along with the fluid. A better determination of these 
parameters, usually obtained by optical 2D or light-scattering measurements, can help to better understand erosion processes 
and save costs. Regarding micro-abrasive blasting, an accurate determination of mass and shape could improve fabrication 
tolerances. 
 
In this article we have described how the size and shape of a sample of abrasive particles can be evaluated efficiently by the 
application of an X-ray micro-focus industrial CT and the use of commercial industrial CT software: The particles under 
investigation, here broken Alumina of about 40 µm grain size, were embedded in a PMMA matrix in such a way that the 
particles had no physical contact to each other and segmentation was straightforward. The results of surface and volume 
determination were referenced and assessed concerning their best possible measurement capability. This again was verified 
against simulated CT data from basic geometrical elements. 
   
When compared to standard methods for particle analysis, which estimate size and shape from 2D data, our method allows a 
much more accurate determination of the parameters, as the full range of 3D information is accessible. A key element in the 
analysis is the application of industrial CT software, which provides most of the necessary parameters quickly and is easy to 
apply. It turns out that the macroshape is reliably described by the principal component analysis. The mesoshape is determined 
by the ratio from surface to volume. One drawback discovered is the relatively high error (up to 50 %) in surface area 
determination; however, this can largely be improved by the use of Cauchy’s theorem, as proposed in ISO 9276-6:2008(E). It 
has been shown that a deviation from the true value of 2 % for Wadell’s Sphericity is achievable. A preliminary uncertainty 
estimation attributes a relative standard measurement uncertainty of 2.5 % (k=1) to the determination of the volume-equivalent 
diameter, and 7.5 % to the particle’s volume. Comparing our results from CT to the results, determined with a commercial 
optical particle sizing system, shows that this commercial optical particle sizing system overestimated the mass, or, kinetic 
energy, by a factor of 2.3. 
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