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The specific features of detecting and interpreting boron distribution in composite materials based on boron 

carbide and high-entropy borides are considered. Literature data on the use of EDS and WDS methods for studying 

elemental distribution in high-entropy borides and B₄C–(TiZrHfNbTa)B₂ composites are analyzed. It is shown that 
the intensity of boron B Kα radiation strongly depends on the local chemical composition of the material and may 

significantly decrease in regions enriched with metallic components. It has been established that one of the reasons 

for this effect is the absorption and scattering of X-ray radiation by heavy elements, primarily zirconium, whose 

M₄,₅ absorption edge energy is close to the energy of the boron B Kα band. As a result, regions with reduced signal 
intensity may appear on boron distribution maps; however, these regions do not indicate the absence of boron in 

the studied crystallites. The obtained results demonstrate the need to take into account the specific interaction of 

characteristic radiation with the components of multicomponent boride systems when interpreting X-ray spectral 

analysis data. 
Keywords: high-entropy borides, boron carbide, EDS mapping, WDS mapping, boron distribution, B Kα 
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Introduction 

Since the first studies on high-entropy alloys (HEAs) 

[1,2], high-entropy oxide ceramics (HEOCs) [3], and 

high-entropy borides (HEBs) [4], these materials have 

continued to attract intensive research interest. This is due 

to their potential use in thermal protection systems, cutting 

tools, and wear-resistant applications, owing to their high 

mechanical properties, thermal insulation capability, and 

thermal and corrosion resistance. 

Among numerous studies on HEBs [4–23], HEB+SiC 

composite materials have been synthesized to strengthen 

these ceramics, improve their corrosion resistance, and 

densify their microstructure [13–19]. To modify 

tribological characteristics, HEB+ZrO₂ composites and 

HEB+h-BN compositions [23] have also been used as 

self-lubricating materials at high temperatures. 

At the same time, the combination of the high 

hardness and low density of B₄C with HEBs in a 

composite is attractive [24] for controlling and 

conveniently designing thermophysical and mechanical 

properties that should be more compatible than those of 

individual HEBs. This may be useful for lightweight 

armor systems and other applications. 

I. Analysis of the Specific Features of 

Detecting and Interpreting Boron 

Distribution in Composites 

However, due to the large number of components in 

B₄C+HEB composites, a problem arises in identifying 

boron in HEB crystallites, since the emission of the B Kα 

band is strongly attenuated by metal atoms. Therefore, the 

determination of boron atom distribution simultaneously 

in the crystallites and in the B₄C matrix is often avoided 

(Figs. 1 and 2) [24,25]. 

It can be seen from Ref. [26] that, during the synthesis 
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of (HfTiWZr)B₂ from constituent borides and elemental 

boron powder using high-energy ball milling and spark 

plasma sintering, the boron distribution is clearly observed 

in the SEM image of the as-blended powders before 

milling (Fig. 3(a)). At the same time, after only 6 h of 

milling, the intensity of boron detection sharply decreases 

(Fig. 3(b)) and becomes very weak after 10 h of powder 

mixture processing (Fig. 3(c)), whereas the boron 

distribution is not detected in SEM images and EDS 

spectral mapping obtained from polished cross-sectional 

samples. 

At the same time, in the HEB 

(Ti₀.₂Zr₀.₂Hf₀.₂Nb₀.₂Ta₀.₂)B₂ synthesized by 

boro/carbothermal reduction [15] from a mixture of oxides 

with B₄C, continuous distributions of boron and oxygen 

were detected after SPS synthesis of the compacted HEB-

0SiC sample (Fig. 5) [15]. This is apparently associated 

with B₂O₃, which decomposes at temperatures above 

3000–3500 °C. This is confirmed by the oxygen content 

analysis, which showed the presence of 0.81 wt.% and 

 
Fig. 1. SEM image and corresponding EDS mapping of Ti, Zr, Hf, Nb, and Ta elements, demonstrating Nb 

segregation in the HEB phase of the B₄C–(TiZrHfNbTa)B₂ composite [25]. 

 

 
Fig. 2. WDS mapping of samples sintered at 1900 °C, 2000 °C, and 2050 °C, indicating an inhomogeneous 

elemental distribution at 1900 °C, whereas at 2000 °C and 2050 °C the elemental distribution is homogeneous [25]. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. SEM images and elemental distribution in powders: (a) initial as-blended mixture, (b) after 6 h of 

milling, and (c) after 10 h of milling [26]. 
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0.04 wt.% oxygen in the as-synthesized HEB powder and 

in the sintered HEB-0SiC compact, respectively. 

However, EDS mapping of the cross-section of the 

interface between the reduced HEB-0SiC sample (Fig. 6) 

[15] and the oxide layer shows that the intensity of the 

boron distribution in the sample is significantly lower and 

is associated with similarity to the distributions of niobium 

and tantalum. At the same time, in the region of intense Zr 

distribution in the upper part of the examined area, where 

the contribution of zirconium to the boron distribution is 

the greatest, a dark contrast is observed. This means that 

the B Kα emission of the boron spectrum is absent, 

although boron itself is present in this region. This is due 

to the fact that the photon energy of the B Kα emission 

band, hν = 180–190 eV [27, 28], lies in the same energy 

range as the M₄,₅ absorption edge of X-ray photons ([29], 

pp. 27, 29; Fig. 6d shows the absorption spectrum in a 

ZrCo alloy). Therefore, as a result of resonant complete 

absorption of the B Kα emission band in crystallites 

containing Zr, a dark background appears when 

identifying the boron content in them. 

Since the decomposition temperature of B₂O₃ is very 

high, its residues on the surface of HEB crystallites can be 

avoided during their synthesis by zone melting of simple 

diborides at temperatures above 3500 °C. Taking these 

circumstances into account, as well as the substantiated 

relevance of creating HEB + B₄C composites discussed 

above, the authors of Ref. [30] obtained a ceramic eutectic 

composite based on B₄C, directionally reinforced with the 

high-entropy boride (TiZrHfNbTa)B₂. Figure 7 [30] 

presents EDX mapping of the constituent elements for the 

directionally solidified eutectic composite (DSCE) 

B₄C/(Ti₀․₂Zr₀․₂Hf₀․₂Nb₀․₂Ta₀․₂)B₂, demonstrating a 

distinct distribution of all elements within similarly 

ordered crystallites against the background of a dark B₄C 

matrix. 

However, in the boron atom distribution, a dark 

background was observed at the locations of the 

crystallites against the blue boron distribution 

corresponding to the B₄C eutectic constituent of the 

synthesized HEB+B₄C composite. This is associated with 

the large difference in the intensity of B Kα spectral 

emission from the crystallites compared with the emission 

of B Kα photons from B₄C. In the crystallites, these 

photons are scattered and absorbed by metals, especially 

zirconium, since the energy of its M₄,₅ absorption edge 

corresponds to the energy of B Kα radiation, resulting in 

resonant absorption of these photons. 

In boron carbide, B Kα photons are practically not 

absorbed, since the environment of boron atoms contains 

four times fewer carbon atoms; moreover, carbon atoms 

readily transmit B Kα photons because they do not have 

  
Fig. 4. SEM image and EDS mapping results of cross-sections of sintered boride compacts: 6B-1800 [26]. 

 

 
Fig. 5. SEM image and EDS mapping of the sintered HEB-0SiC sample [15]. 

 

 
Fig. 6. EDS mapping of the cross-section of the interface between the unoxidized HEB-0SiC sample and the oxide 

layer after dynamic oxidation at ~2100 °C for 60 s [15]. 
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absorption edges in this energy range. 

At the same time, in HEB+SiC composites (Fig. 12 in 

Ref. [15]), such contrast is absent because there is no other 

boron-containing substance. Therefore, the boron 

distribution intensity, although somewhat attenuated by 

zirconium, is concentrated in the crystallites, where the 

metal content is increased. 

Conclusion 

Thus, when analyzing maps of atomic distribution in 

composite materials, it is necessary to take into account 

the presence, in the crystallites of the constituent phases 

of the composites, of atoms with X-ray photon absorption 

edge energies capable of significantly changing the 

intensity of the radiation used in X-ray spectral analyzers 

to determine the distribution and content of material 

components. 
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Особливості виявлення бору та інтерпретації його розподілу у 

високоентропійних боридах і композитах на основі B₄C: короткий огляд 

Національний технічний університет України "Київський політехнічний інститут імені Ігоря Сікорського",  

м. Київ, Україна, m.vasyl-imz24@lll.kpi.ua 

Інтерпретація розподілу бору у високоентропійних диборидних кераміках і композитах на основі B₄C 

залишається складним завданням через низьку енергію B Kα-випромінювання та його взаємодію з важкими 

металевими елементами. У цій роботі проаналізовано літературні дані щодо EDS- та WDS-картування 
елементів у високоентропійних боридах і композитах B₄C–(TiZrHfNbTa)B₂ з метою визначення чинників, 

які впливають на виявлення бору. Особливу увагу приділено впливу перехідних металів на інтенсивність 

сигналу бору. Показано, що видиме збіднення бором у кристалітах високоентропійних диборидів, яке 

спостерігається на елементних картах, не обов’язково свідчить про його реальну відсутність. Зменшення 
інтенсивності B Kα-сигналу пов’язане з процесами поглинання та розсіювання, що відбуваються в 

боридних кристалітах. Значний внесок у цей ефект можуть робити цирконійвмісні фази, для яких M₄,₅-край 

поглинання розташований близько до енергетичного діапазону характеристичного випромінювання бору. 

Отримані результати демонструють, що для достовірної інтерпретації розподілу бору в багатофазних 
боридних системах необхідно враховувати ефекти поглинання рентгенівського випромінювання. Ці 

чинники слід брати до уваги під час аналізу елементних карт високоентропійних боридів і B₄C-вмісних 

композитів. 

Ключові слова: високоентропійні бориди, карбід бору, EDS-картування, WDS-картування, розподіл 
бору, B Kα-випромінювання, поглинання рентгенівського випромінювання, високоентропійна кераміка, 

композити B₄C–(TiZrHfNbTa)B₂. 
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