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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 Bs«C—(TiZrHfNbTa)B. composites are analyzed. It is shown that
the intensity of boron B Ka 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
Ma,s absorption edge energy is close to the energy of the boron B Ka 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.
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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+ZrO. 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
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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
B«C+HEB composites, a problem arises in identifying
boron in HEB crystallites, since the emission of the B Ka
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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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 BsaC—(TiZrHfNbTa)B. composite [25].

\
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Fig. 2. WDS mapping of samples sintered at 1900 °C, 2000 °C, and 2050 V°C.,'idctn an inhomogeneous
elemental distribution at 1900 °C, whereas at 2000 °C and 2050 °C the elemental distribution is homogeneous [25].

(b)

of (HfTiWZr)B: 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
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(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].

samples.
At the same time, in the HEB
(Tio.2Zr0.2Hf0.2Nbo.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 B20s, 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
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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 Ka 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 Ko emission
band, hv = 180-190 eV [27, 28], lies in the same energy
range as the Ma,s 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 Ko emission band in crystallites
containing Zr, a dark background appears when
identifying the boron content in them.

Since the decomposition temperature of B2Os 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 + BsC composites discussed
above, the authors of Ref. [30] obtained a ceramic eutectic
composite based on B4C, directionally reinforced with the
high-entropy boride (TiZrHfNbTa)B.. Figure 7 [30]
presents EDX mapping of the constituent elements for the
directionally solidified eutectic composite (DSCE)
B4C/(Tio.2Zr0.2Hfo.2Nbo.2Ta0.2)B2,  demonstrating  a
distinct distribution of all elements within similarly
ordered crystallites against the background of a dark B.C
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 Ka spectral
emission from the crystallites compared with the emission
of B Ka photons from B4C. In the crystallites, these
photons are scattered and absorbed by metals, especially
zirconium, since the energy of its Ma,s absorption edge
corresponds to the energy of B Ka radiation, resulting in
resonant absorption of these photons.

In boron carbide, B Ka photons are practically not
absorbed, since the environment of boron atoms contains
four times fewer carbon atoms; moreover, carbon atoms
readily transmit B Ka photons because they do not have

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.

[Nb)

Fig. 7. EDX mapping of the components of the directionally solidified eutectic composite (DSCE)
B4C/(Ti0.2Zro.2Hf0.sz0.2Tao.2)B2 [30]
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A.B. 3aynuunuii, B.T. Mocsik, JI.O. biprokosuu, O.B. Ctenanos, 10.1. boromon

Oco0simBOCTI BUSIBJICHHS OOpY Ta iHTepnpeTaunii HOro po3noaiy y
BHCOKOEHTPOMiHHUX 0opuaax i kommno3urax Ha ocHOBI B4«C: kopoTkmii orusa

Hayionanonuii mexniunuii ynisepcumem Yxpainu "Kuiecoxuti nonimexuiunuti incmumym imeni leopsi Cikopcbkoeo”,
m. Kuis, Ykpaina, m.vasyl-imz24@IILkpi.ua

[nTepnperanist po3nofiay 60py y BUCOKOSHTPOIIHHNX TUOOPUAHIX KepaMiKkax i KOMIO3HUTax Ha OCHOBI B4C
3aJIMIIAETHCS CKIIAHUM 3aBJIaHHM Yepe3 HU3bKy eHeprito B Ka-BunpomiHioBaHHS Ta OT0 B3a€EMOJIII0 3 BAXKKUMH
METaJeBUMHU eJeMeHTaMH. Y Wil poOoTi mpoaHanmizoBaHo JiTeparypHi daHi mono EDS- ta WDS-kaptyBaHHS
CJIEMCHTIB y BUCOKOCHTpOMiifHNX 6opuaax i kommnosutax B4«C—(TiZrHfNbTa)B: 3 MeTor0 BU3HAUCHHS YMHHUKIB,
SIKi BIUTUBAIOTh Ha BHsBICHH: Oopy. OcoOnuBy yBary mpHIiIeHO BIUIUBY HEPEXiIHUX METalliB Ha iHTCHCHBHICTD
curHaiy Oopy. [lokazano, mo BuauMme 30iTHEHHS OOpPOM Yy KPHCTANITaX BUCOKOCHTPOIIWHUX IHOOPHIIB, SKE
CIIOCTepiraeThesl Ha €JIEMEHTHHX KapTax, He 000B’I3KOBO CBIJUUTH PO HOTO peasibHy BiICYTHICTh. 3MEHIICHHS
inTeHcuBHOCTI B Ko-curnHamy mop’si3aHe 3 mpolecaMd MOITIMHAHHSA Ta PO3CIIOBAaHHS, IO BigOyBalOThCS B
OOpUIHHX KpUCTAiTaX. SHAYHUH BHECOK Y IIel epeKT MOXKYTh POOUTH IIUPKOHIWBMIiCHI (a3n, JuIst IKUX Ma,s-Kkpait
MOIVIMHAHHS PO3TALIOBAHUIT OJIM3BKO 10 €HEPreTHYHOTO Jiala30Hy XapaKTepUCTHYHOTO BUIPOMIHIOBaHHS OOpY.
OTpuMaHi pe3ysbTaTH AEMOHCTPYIOTh, IO AJs TOCTOBIPHOI iHTepmpeTamii po3nomiry 0opy B OaratodazHux
OOpUIHMX CHCTEMaX HEOOXiTHO BpaxoBYBaTH e(EeKTH IOTVIMHAHHS PEHTIeHIBCHKOrO BUNpoMiHIoBaHHS. Lli
YHMHHHUKH CJiJ OpaTé 10 yBard i 4ac aHali3y eJeMEHTHHX KapT BHCOKOCHTPOMIWHUX OopuiB i B4+C-BmicHHX
KOMIIO3HTIB.

KurouoBi ciioBa: Bucokoentpomiitai 6opunu, kap6in 6opy, EDS-kapryBanns, WDS-kapTyBaHHs, po3moin
6opy, B Ko-BunpoMiHIOBaHHS, TIOTJIMHAHHS PEHTTCHIBCHKOTO BHIIPOMIHIOBAHHS, BUCOKOCHTPOIIIHA KepaMikKa,
xommno3ut BsC—(TiZrHfNbTa)B..
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