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This paper presents an improved approach to the calculation and analysis of spatial distributions of local strains 
in synthesized diamond crystals obtained from the normalized parameters of Kikuchi patterns. This approach 

consists in the study of Kikuchi patterns using normalized Kikuchi band profiles and the normalized characteristics 

of the energy Fourier spectrum of the diffraction patterns. The spatial strain distribution for 6 samples of 

polycrystalline artificial diamond was studied. A cluster analysis of the investigated crystal samples was carried 
out, which made it possible to establish relationships between the conditions of diamond crystal growth and their 

strain distributions. 
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Introduction 

Synthesized diamond has a polycrystalline structure, 

and its crystallites are heterogeneous and contain entire 

complexes of defects [1-7]. This causes significant 

restrictions on technological innovation in diamond 

application and has a significant impact on the 

mechanical, electrical and optical properties of these 

crystals [8-11]. Important characteristics of diamond 

crystals are structural strains that arise as a result of non-

uniform distributions of deformations ε. They are 

determining through a changes in the interplanar distances 

Δd/d. 

Among the methods for determining crystal 

deformations, methods based on the analysis of electron 

backscattering diffraction images (Kikuchi patterns) are 

particularly promising due to their high locality and non-

destructive nature of the research [12-19]. Based on the 

study of the shape of the profiles of intensity distribution 

across the single bands (further in the text – band profiles) 

and the energy Fourier spectrum of Kikuchi patterns from 

each crystallite, it became possible to determine local 

deformations in individual regions of crystals. The 

approaches to analyzing Kikuchi band profiles given in [2, 

5, 12, 15, 20] provide for a comparison of the regions of 

the band profiles obtained from different regions of a 

single crystallite with the region of the profile obtained 

from a reference crystal or unstrained region of the 

researched crystal. From the analysis of the energy 

spectrum of intensity distributions in the approaches [5, 

21-24], one of the crystallite is used as a reference, with 

respect to which deformations in others are determined. 

However, in many cases, the choice of an unstrained 

crystallite is difficult or impossible. This significantly 

complicates estimating deformations and the comparison 

their values between different crystals or crystallites. 

The results obtained in [2, 5, 20] demonstrate the 

limitations of this approach. Therefore, a new approach is 

required for a detailed study of properties in local regions 

(crystallites) and further in different crystallographic 
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directions. 

This paper proposes a modified approach for 

determining local deformations in individual regions 

(crystallites) of artificial diamond crystals. This approach 

consists in the study of Kikuchi patterns without using a 

reference image that is using normalized Kikuchi band 

profiles and the normalized characteristics of the energy 

Fourier spectrum of the diffraction patterns. This opens up 

the possibility of analysis and comparison of local strain 

distributions for different polycrystalline systems, allows 

studying the influence of growing conditions on the 

structural homogeneity and stress (strain values) of the 

samples. 

I. Experimental part 

A series of artificial diamond samples (D1-D6) 

synthesized under different conditions (see Table 1) are 

studied [15, 20, 25-27]. Research was carried out using a 

Zeiss EVO-50 scanning electron microscope using a CCD 

detector. The incidence angle of the electron beam 

(diameter ~ 40 nm) on the crystal surface was 70°. 

Сathodoluminescent topograms of diamond 

polycrystalline surfaces in the case of artificially grown 

samples are shown on Fig.1. Markers indicate the 

positions of the regions for which Kikuchi patterns were 

obtained (Fig. 2). These images were presented in digital 

form f in the M×N pixel format. 

Table 1. 

Synthesis parameters of the studied artificial diamond crystals 

№ Sample name Temperature T, °K Pressure P, GPa System Substrate 

1 D1 1650 4.5-6 Fe-Co-С  Ni-Mn-С 

2 D2 1800 7 Mg-C + B Ni-Mn-C 

3 D3 1700 6 Fe-Al-C Ni-Mn-C 

4 D4 1650 4.5-6 Fe-Co-С  Ni-Mn-С 

5 D5 1600 5.7 Fe-Co-С  Ni-Mn-С 

6 D6 1650 4.5-6 Fe-Co-С  Ni-Mn-С 

 

а)    b)  

c)    d)  

e)    f)  

Fig. 1. Fragments of cathodoluminescent images of artificial diamond crystal surfaces: a) crystal D1, fragment size 

is 3.0×2.0 mm; b) D2 (280×180 μm); c) D3 (300×225 μm); d) D4 (1.2×0.8 mm); e) D5 (140×115 μm);  

f) D6 (280×200 μm). 
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The intensity distribution across the Kikuchi bands 

(Fig. 2) in the crystalline regions designated by numbers 

(Fig. 1) depends not only on the reflecting 

crystallographic plane, but also on the magnitude of the 

crystal lattice strains. Our goal is to obtain a comparative 

characteristic of the deformation distributions for a given 

series of crystals through the corresponding analysis of the 

intensity distribution profiles across the Kikuchi band [12, 

20, 24].  

The intensity distribution over the entire Kikuchi 

pattern depends not only on the characteristics of the 

studied samples, but also on the experimental conditions 

(instrumental factors). This significantly complicates the 

analysis of experimental images. Intensity distortions of 

the Kikuchi patterns caused by noise in the photosensitive 

matrix, as well as changes in the average brightness and 

contrast of the patterns. At the same time, the impulse and 

Gaussian noises are dominate on the experimental images 

of Kikuchi bands (Fig. 2). Geometric distortions of the 

patterns (shift of the band images in height and width, their 

stretching, compression and rotation) caused by changing 

the incidence angle of electrons on the sample, the 

distance from the sample to the detector, etc. To reduce 

the influence of instrumental factors, software was 

developed (using the MATLAB) for sequential digital 

processing of Kikuchi bands images [28, 29]. To 

compensate geometric distortions using genetic and 

gradient algorithms [21, 29], all images of one series 

(obtained from one crystal) were transformed into one 

scale by combining them with a reference image (obtained 

from region No. 1 of crystal D1). 

II. General provisions 

To determine the magnitudes and distributions of 

deformations specific techniques were used in [15, 20, 25, 

26, 30-33]. In these techniques the degree of blurring of 

the diffraction bands and their intersections caused by 

deformations is quantitatively described through the 

intensity distribution on the Kikuchi bands [30]. In this 

paper we propose modification of approach, developed in 

[31-33] where the methods of the energy Fourier spectrum 

and the discrete two-dimensional Fourier transform used. 

a)    b)  

c)    d)  

e)    f)  
Fig. 2. Experimental Kikuchi patterns obtained from (Fig. 1): a) region No. 1 of crystal D1; b) region No. 1 of 

crystal D2; c) region No. 1 of crystal D3; d) region No. 8 of crystal D4; d) region No. 1 of crystal D5;  

e) region No. 1 of crystal D6. The “+” markers indicate the nodes V of intersections of Kikuchi bands which 

correspond to direction indices (zone axes) [u v w]; the arrows show the fragments of the bands for which the 

profiles were calculated. 
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2.1. Determining the magnitude of deformations 

from the analysis of normalized profiles of the intensity 

distribution of Kikuchi bands 

Average profiles of Kikuchi bands on digital images f 

(Fig. 3) are calculated as the average value of a series of 

profiles for a segment of a band (Fig. 2) using software 

created in the MATLAB environment [28]. 

By averaging the intensity of the profiles I(r) (where 

r is the length of the profile), the signal-to-noise ratio for 

the resulting profile is increased and its shape is more 

accurately reproduced. Averaged profiles were calculated 

for the most intense bands, for example, in the Kikuchi 

pattern (Fig. 2a), as well as profiles for bands between 

nodes V2V4, V3V6, and V1V5. The intensity of the 

calculated profiles of the Kikuchi bands was normalized 

in the given range (0, 1), due to which the influence of 

instrumental factors on the shape of the profile was 

reduced. 

Non-uniform distributions of deformations in crystals 

lead to distortions of the distribution of the intensities of 

the Kikuchi bands, therefore the local deformation εPV of 

the crystal for a certain crystallographic plane can be 

calculated based on the area under the intensity profile I(r) 

of the Kikuchi band according to the relation [12]: 

 

 𝜀𝑃𝑉 = 𝑘𝑑 𝑙𝑛 (
𝑆𝑃

𝑆𝑃0
), (1) 

 

where kd = 3.7610–3; SP is the normalized area under the 

Kikuchi band intensity profile for region with 

deformation, SP0 = 0.45 is the normalized area for region 

without deformation. 

Due to the normalization of areas SP and SP0 under 

Kikuchi band intensity profile (dividing the sum of the 

values of the profile I(r) by its width Wr) provides the 

dependence of SP and SP0 only of the profile shape, and 

also the possibility of analyzing profiles of different 

widths for Kikuchi patterns, obtained for region of 

different crystals. 

 

2.2. Determination of local strains by analyzing 

the energy spectrum normalized parameters 

Crystal deformations affect the spatial distribution of 

the intensity of Kikuchi patterns, and, accordingly, their 

Fourier energy spectra. This allows to describe the 

relationship between crystal deformations εT and the 

characteristics of the spectra of Kikuchi patterns, for 

example, with their average spatial radial frequency  𝑣𝑅 or 

with the average spatial radial period 𝑇𝑅 =
1

 𝑣𝑅
 [34]. 

The average spatial radial frequency 𝑣𝑅 is calculated 

based on the radial distribution of PR in the frequency 

range from 𝑣𝑚𝑖𝑛 = 1 𝑇𝑟
𝑚𝑎𝑥⁄  to 𝑣𝑚𝑎𝑥 = 1 𝑇𝑟

𝑚𝑖𝑛⁄  [34]: 

 

 𝑣𝑅 =
∑ 𝑃𝑅(𝑑)𝑣𝑟(𝑑)

𝑑=𝑑2
𝑑=𝑑1

∑ 𝑃𝑅(𝑑)
𝑑=𝑑2
𝑑=𝑑1

, (2) 

 

where 𝑑1 = [𝑁𝑚𝑖𝑛𝑇𝑟
𝑚𝑎𝑥], 𝑑2 = [𝑁𝑚𝑖𝑛𝑇𝑟

𝑚𝑖𝑛], 
Nmin = min (M, N) – is the minimum image size f, the value 

of periods 𝑇𝑟
𝑚𝑖𝑛= 5 pixels and 𝑇𝑟

𝑚𝑎𝑥 = 75 pixels, 

respectively. 

Quantitatively, the relationship between the crystal 

strains εT and the averaged spatial radial frequencies 𝑣𝑅 

(and associated periods 𝑇𝑅 =
1

 𝑣𝑅
) of the spectra of Kikuchi 

pattern is described in the form of an empirical 

relationship: 

 

 𝜀𝑇 = 𝑘𝑇 ⋅ 𝑙𝑛 (
𝑣𝑁0

𝑣𝑁
), (3) 

 

where kT = 2.16 × 10-3 (chosen to match the average strain 

values εP and εT taking into account the data of [12]); 

𝑣𝑁0 = 0.075 𝑝𝑖𝑥𝑒𝑙𝑠−1
 normalized average spatial radial 

frequency for the region without deformation (it is chosen 

as the maximum value of the normalized frequency for 

Kikuchi patterns);  

𝑣𝑁 – normalized average spatial radial frequency, which is 

calculated with the equation: 

 

 𝑣𝑁 =
𝑣𝑅−𝑣𝑚𝑖𝑛

𝑣𝑚𝑎𝑥−𝑣𝑚𝑖𝑛
, (4) 

 

Frequency 𝑣𝑁 normalization ensures its independence 

from instrumental factors, in particular, from the influence 

of noise and the average background of the image. Using 

the same value 𝑣𝑁0 for all Kikuchi patterns allows to 

calculate and compare strain values for different regions 

of diamond crystals. 

III. Results 

The obtained strain values εPV for local regions s of 

diamond crystals differ depending on the reflecting 

crystallographic planes, which indicates a certain 

anisotropy in the distributions of deformations [20, 25]. 

For each investigated region of diamond crystals 

(Fig. 1), the average values of εP strains (Fig. 3) were 

calculated based on the values of εPV strains obtained by 

analyzing the profiles of Kikuchi bands for different 

crystallographic planes. 

The calculation of the strains εT of artificial diamond 

crystals based on the energy spectra of Kikuchi patterns 

was performed using the developed software in the 

MATLAB environment. 

The satisfactory agreement between the values of εP 

and εT (Fig. 3) testifies to the correctness of the proposed 

method of determining strains based on the profiles of 

Kikuchi bands and the energy spectra of Kikuchi patterns. 

Based on the obtained values of deformations ε by 

their approximation, the spatial distribution of 

deformations was calculated in the form of level lines 

(Fig. 4) and in the form of a three-dimensional surface for 

local regions of crystals (Fig. 5). 

The strain distributions calculated from diamond 

Kikuchi patterns qualitatively agrees with the data 

obtained from cathodoluminescent images on Fig. 1. In 

particular, for crystal D1 (Fig. 1a), the strain values in 

regions 1, 2, 3, 4, 5 gradually decrease; at the same time, 

the strain values in region 5, which is in the center of a 

large homogeneous part, are minimal. Corresponding 

agreements between strain values observed for regions 6 

and 8, 7 and 9. 
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For crystal D2 (Fig. 1b), the strain values in region 1, 

12, 13, which are outside the boundaries of the bright disk, 

are similar. The strains in region 2, 14, 15, 16, 17, which 

are found on the perimeter of the bright disc, are also 

close. The smallest deformations were obtained in regions 

4 and 5, as well as in regions 10 and 11, which are located 

in homogeneous parts of the crystal. Relatively large 

strains observed in regions 3, 6, 7, 8, 9, which are close to 

the interface between two crystallites of the crystal. 

For the purpose of quantitative analysis of artificial 

diamond crystal strains, the following parameters were 

determined (Table 2) [20, 25, 26, 35, 36]:  

- minimum εmin and maximum εmax values of strains ε; 

- the range Dε of strain values, which describes the 

maximum change in deformation state (defined as the 

a)   b)  

Fig. 3. Values of average strains εP calculated on the basis of the Kikuchi band profiles, and strains εT on the basis of 

the energy spectrum of the Kikuchi pattern for local region s of crystals: a) crystal D1 (Fig. 1a); b) crystal D2 

(Fig. 1b); c) crystal D3 (Fig. 1c); Rqe is the root-mean-square difference between the values of εP and εT. 

 

a)   b)  

Fig. 4. Map of the spatial strain distribution ε in the form of level lines, marked with crosses, for local regions of 

artificial diamond crystals: a) crystal D1 (Fig. 1a); b) crystal D2 (Fig. 1b); the position of the regions for which the 

image of Kikuchi bands was obtained is shown by markers #. 

 

a)   b)  

Fig. 5. Map of spatial strain distributions in the form of a three-dimensional surface for local regions of artificial 

diamond crystals: a) crystal D1 (Fig. 1a); b) crystal D2 (Fig. 1b); the position of regions for which the image of 

Kikuchi bands was obtained is shown by markers. 
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difference between the maximum and minimum values of 

ε);  

- the average arithmetic values Mε and the standard 

deviation σε of the strains ε;  

- asymmetry ASε, which determines the symmetry of 

the strain values ε relative to the average value of Mε;  

- kurtosis Kε, which describes the nature of the 

deviation of the strain values ε from the average  

value Mε. 

For a deeper analysis of the obtained data (Table 2), 

clustering of the studied diamond crystals in the space of 

their strain parameters was carried out (Fig. 6). Clustering 

was performed by the k-means method using the 

Euclidean distance between points using the developed 

software. 

When clustering in the coordinate system (σε, Mε) 

(Fig. 6a), crystals D3 and D5 belong to class C1, which 

are characterized by relatively low average strain values 

Mε and their insignificant mean of standard deviation σε. 

This can be explained by the synthesis conditions of 

crystals D3 and D5: growing by the method of temperature 

gradient on the "seed" with a growth rate of ≈ 2.7 mg/hour, 

which contributes to the minimal inclusion of the catalyst 

during growth. Class C2 includes crystals D1, D2, and D4, 

which are characterized by high values of Mε and σε; this 

can be explained by the uneven distribution of nitrogen 

and boron impurities during crystal growth. The D6 

crystal belongs to the C3 class, which is characterized by 

a high value of Mε and a low value of σε; at the same time, 

significant average strain values can be explained by the 

uneven distribution of impurities during growth, as well as 

by the complex topography of the crystal. 

Conclusions 

1. The spatial distribution of deformations was 

determined for 6 samples of polycrystalline artificial 

diamond. Satisfactory agreement between the strain 

values obtained by proposed approach and by approaches 

of other authors indicates the correctness of the first of 

Table 2. 

Strain parameters for the studied diamond crystals 

№ Name εmin, 10-4 εmax, 10-4 Dε, 10-4 Mε, 10-4 σε, 10-4 ASε Kε σε/ Mε 

1 D1 2.8 8.1 5.2 5.4 1.6 -0.11 1.96 0.29 

2 D2 2.4 8.3 5.7 5.7 1.5 -0.56 2.46 0.26 

3 D3 1.4 4.2 2.8 2.8 0.8 0.23 2.09 0.29 

4 D4 2.9 8.8 5.9 5.6 1.7 0.36 2.48 0.30 

5 D5 2.4 5.2 2.7 3.5 0.8 0.86 2.60 0.24 

6 D6 5.3 7.4 2.1 6.6 0.6 -0.54 2.08 0.10 

 

a)       b)  

c)  

Fig. 6. Clustering of the studied diamond crystals based on their strain parameters ε: a) coordinate system (σε, Mε); 

b) coordinate system (ASε, Mε); c) coordinate system (Kε, Mε); crystal numbers D1-D6 are indicated by numbers. 

 

 



Spatial distributions of local strains in synthesized diamond crystals from the normalized parameters of Kikuchi … 

 779 

them for determining strains from the analysis of Kikuchi 

band profiles using energy spectra of Kikuchi patterns. 

2. Approaches for characterization of the structure and 

study of the deformation state in artificial diamond 

crystals based on multi-beam diffraction of backscattered 

electrons are presented and can provide important 

information for controlling the technological process and 

predicting electrical and optical properties during the 

study of crystals. 

3. Clustering in the space of strain parameters was 

carried out for a series of diamond crystals with the k-

means method using the Euclidean distance between 

points on the dependence of the standard strain deviation 

σε on the average arithmetic values Mε of the strains. This 

helped us to establish a relationship between crystal 

growth conditions and their strain characteristics. So, D3 

and D5 crystals belong to class C1, which are 

characterized by relatively low average values of 

deformations Mε and mean of standard deviation σε. For 

these samples, combination of growth system and 

temperature-pressure mode of growth contributes to the 

formation of more homogeneous structure.  D1, D2 and 

D4 crystals belong to class C2 with high values of Mε and 

σε, which is explained by the uneven distribution of 

nitrogen and boron impurities during growth. Crystal D6 

(class C3) has a high value of Mε and low σε, which is 

explained by the non-ideal topography of the crystal and 

the uneven distribution of impurities. 
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У статті представлено вдосконалений підхід до розрахунку та аналізу просторових розподілів 

локальних деформацій в синтезованих кристалах алмазу, отриманих із нормованих параметрів картин 

Кікучі. Цей підхід полягає у вивченні картин Кікучі з використанням нормованих профілів смуг Кікучі та 
нормованих характеристик енергетичного спектру Фур’є дифракційних картин. Досліджено просторовий 

розподіл деформацій 6 зразків полікристалічного штучного алмазу. Проведено кластерний аналіз 

досліджуваних зразків кристалів, що дозволило встановити зв’язок між умовами росту кристалів алмазу та 

розподілом їх деформацій.  
Ключові слова: штучний алмаз, дифракція зворотного розсіювання електронів, метод Кікучі, 

перетворення Фур'є, енергетичний спектр Фур'є, кластерний аналіз. 
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