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Electronic structure of sintered zirconium carbide
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The methods of electron spectroscopy, scanning electron microscopy and X-ray structural analysis were used to
study samples of carbon, metallic zirconium and zirconium carbide. It was found that the studied samples exhibit
differences in the Auger spectra and electron spectra of primary electrons of pure Zr and C and scattered on
plasmons compared to ZrC. It was found that the average ionization potential of electrons in zirconium carbide
was ~ 7 — 10eV. Analysis of the results of X-ray diffraction, energy dispersive analysis and Auger spectrometry
made it possible to determine the elemental and phase composition of zirconium carbide obtained by hot pressing.
It was shown that the cubic lattice of ZrC contains impurity atoms of oxygen and nitrogen. It was found that
the electrons of carbon in the composition of ZrC are at levels with a lower binding energy compared to their
position in zirconium and carbon. It is suggested that the intensity of electrons scattered on plasmons decreases

with increasing atomic density of the compound.
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Introduction

The physical and mechanical properties of zirconium
carbide (ZrC) make it a promising material for use in
products operating under high temperatures. It has both
ceramic and metallic features, which include a high melting
point (3540 °C), high hardness (up to 35 GPa), fine wear re-
sistance, and high stability of characteristics at temperatures
above 2000 °C. The techniques for production of solid ZrC
and coatings from it and its physical and chemical properties
have been studied for more than 50 years [1-6].

The authors of [1,4—6] used the methods of X-ray
structural analysis, X-ray photoelectron and Auger spec-
troscopy, and scanning electron microscopy to develop new
technological processes for ZrC production and predict its
properties.

The chemical state of a ZrC coating deposited by the
cathodic arc method was examined in [5] via X-ray pho-
toelectron spectroscopy (XPS). The analysis of differences
between XPS spectra of pure Zr and Zr in the carbide phase
revealed the presence of a highly oxidized layer, which
also contained carbon and oxygen as contaminants, on the
surface of films. In addition, it was found that a certain
fraction of carbon was not bound to Zr and did not form
ZrC, and the bulk of the coating consisted of a mixture of
ZrC (dominant phase), ZrO,, and free carbon.

Samples of thin zirconium carbide films formed on Si
(100) substrates by pulsed laser deposition in a CHy
atmosphere were investigated in [7-9]. It was found that
crystalline films could be grown only at laser fluences above
5J/cm? and substrate temperatures higher than 500 °C. The

electronic structure of the obtained films was not studied,
and the methods of Auger electron spectroscopy (AES) and
XPS were used only to determine the degree of surface
contamination and the presence of oxygen in the films. It
was found that the oxygen concentration decreased from 20
to 3 — 4 atomic percent after sputtering a layer 3 — 5nm in
thickness. Scanning electron microscopy (SEM) revealed
that the films had a smooth surface with implied Rz
roughness values below 1nm. The mass density of the
films was determined to be 6.32—6.57 g/lem®. A hardness
of 27.6 GPa and a reduced elastic modulus of 228 GPa were
determined as a result of nanoindentation tests for ZrC films
deposited in an atmosphere of 2 - 1073 Pa CHy.

The authors of [10] examined ZrCx samples, where X is
molar ratio C/Zr= 0.84, 0.89, 0.95, 1.05, used in a gas-
cooled high-temperature nuclear reactor. SEM and X-ray
diffraction studies revealed that the samples with a high
carbon concentration (X = 0.95, 1.05, and 1.17) contained
a significant amount of graphite unbound with Zr atoms.
The sample with X = 0.89 had the highest electron density
corresponding to the highest carbon incorporation and the
largest lattice parameter. An insignificant amount of oxygen
was detected by AES.

The authors of [11] used AES to investigate powders
of ZrC, ZrN, NbC, and NbN in cubic syngony. N(E)
spectra were analyzed using the procedures of modeling
and subtraction of the background of inelastically scattered
electrons. Experimental KVV Auger spectra of non-metal
atoms were compared with the results of calculations of the
electronic structure of these compounds. It was determined
how Auger spectra reflect the single-electron density of
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states in the valence band; in addition, Auger spectra were
compared to photoelectron spectra of the valence band that
provide data on the electronic structure of the surface layer.

Having studied bulk ZrC samples, the authors of [12]
concluded that the low-energy extremes near the 272eV
peak of the Auger spectrum of carbon are associated
exclusively with the features of energy structure of the
conduction band in zirconium carbide. It was found that
the shape of Auger peaks of ZrC does not contradict the
histogram of the density of electron states calculated by the
tight binding method.

Auger spectra of reference samples of titanium, tungsten,
and silicon carbides were analyzed in [13] to identify the
structural features of Auger lines characteristic of these
carbides. The integral N(E) form of Auger spectra used
in this study provides wider possibilities for determining the
chemical state of elements and subsequent identification of
phases than the differential dN(E)/dE form.

High-resolution Auger spectra of niobium carbonitride
NbCxN;_x (with 0.06 < X < 0.9) were analyzed in [14]
to study the electronic structure of these compounds.
It was demonstrated that the local density of occupied
states of nitrogen and carbon depends only weakly on
the carbonitride composition, while the key changes in
electronic structure with changing x are observed near the
atoms of niobium.

The results of experimental and theoretical studies into
the nature of structural vacancies in substoichiometric
zirconium carbide (data on short-range and long-range
ordering of vacancies, the mechanisms governing these
phenomena, limitations in the fabrication of such structures,
and the presently available information on thermophysical
properties) were summarized in [15]. The authors of this
review stress that the presence of nitrogen and oxygen
impurities may (depending on their amount) affect signif-
icantly the stability of zirconium carbide, since they exert
an influence on the ordering of vacancies.

It follows from the above that the analysis of secondary
electron spectra provides an opportunity to probe changes
in the electronic structure, which depends on the techno-
logical regimes of fabrication of articles and coatings from
zirconium carbide. Therefore, one gets a chance to predict
the properties of fabricated articles.

Thus, the aim of the present study is to examine the
electronic structure of zirconium carbide with the use of
secondary electron spectra of zirconium and zirconium
carbide samples.

1. Materials and experimental procedure

Samples of metallic zirconium (Russia), graphite (Rus-
sia), and zirconium carbide were examined. Ceramic ZrC
samples were prepared by hot pressing of powder (Russia;
average particle size, 0.5+ 0.02um) at a temperature
of 1900°C and a pressure of 35MPa in a protective
atmosphere.
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The chemical composition of surface layers of Zr, ZrC,
and C was studied using a modernized 09-I10S-10 Auger
spectrometer (Russia) [16]. The elemental composition of
samples is determined in Auger spectrometry via ionization
of the electron shells of atoms by primary electrons,
subsequent recording of secondary electron spectra in the
N(E) and dN(E)/dE forms, and isolation of energy lines
characteristic of the atoms of elements that make up the
sample under study. Secondary electron spectra were
measured for parallelepiped-shaped samples 5 x 8 x 1 mm
in size, which were processed using the standard method
for preparation of microsections.

These samples were positioned in the analytical cham-
ber at the same level and were analyzed sequentially
under the same spectrometer settings. The spectrometer
parameters were as follows: primary electron energy,
3keV; electron beam diameter, 20 um; analyzed surface
area, 200 x 200um. Prior to measurements, the sample
surface was sputtered to an atomically clean level with Ar*
ions with an energy of 3keV (to a depth of ~ 100nm)
incident at an angle of 70° relative to the normal to the
surface. The sputtering process was continued during
spectral measurements, but the current density was reduced
to a value that excluded the adsorption of atoms from the
residual atmosphere. A series of 10 spectra were recorded
and averaged to exclude random errors. The background
for experimental N(E) spectra was modeled and subtracted
using the Shirley method in AAnalyzer [17].

Microscopic images of the sample surfaces were obtained
using Vega Tescan (Czech Republic) and LEO EVO 50
(Germany) scanning electron microscopes. The distribution
of chemical elements was analyzed with a nitrogen-free
Inca x-ACT (England) analytical drift detector.

Lattice parameters were determined using a Shimadzu
diffractometer (Japan) with CuKa radiation. The ,,Match!
program (Germany) and Crystallography Open Database
(COD) were used in X-ray analysis. The sizes of coherent
scattering regions were calculated in accordance with the
Scherrer formula based on the most intense diffraction
peak. The lattice cell microdistortion was determined from
broadening of the diffraction maximum at far diffraction
angles.

2. Results

Figure 1 shows the survey secondary electron spectra of
carbon, zirconium, and zirconium carbide in the dN/dE
and N(E) forms recorded within the energy interval from 0
to 500 eV. The spectra of Zr and ZrC were normalized to
the highest intensity of the zirconium peak at 147eV, and
the intensity of the graphite peak at 270 eV was set equal to
the intensity of the carbon peak in ZrC. It follows from the
spectra in Fig. 1 that nitrogen and oxygen are present in Zr
and ZrC; it should also be noted that the peaks in zirconium
carbide located within the 31.5-120eV interval are most
intense than the peaks in zirconium. The higher resolution
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Figure 1. Survey secondary electron spectra: @ — dN/dE; b — N(E). I — Carbon, 2 — zirconium, and 3 — zirconium carbide.
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Figure 2. Sections of N(E) secondary electron spectra: a — Zr (2) and ZrC (3); b — carbon KVV Auger spectra of ZrC (4) and
graphite (5). The inset shows the data from [11]: experimental Auger spectrum of ZrC (1), self-convolution of the photoelectron spectrum
of the valence band and the experimental Auger spectrum (2), and self-convolution of the experimental Auger spectrum and the total
density of occupied states matched at the pp peak (3). ¢ — Auger spectra and Gaussian components of Zr and ZrC; d — section of the

spectra of C (1), Zr (2), and ZrC (3) extending from 0 to 37 eV.

of the N(E) spectra (Fig. 1,b) allows one to identify lines

that are not visible in Fig. 1, a.

carbide (curve 3). It can be seen that the Auger spectrum
of Zr in ZrC differs in shape from the Auger spectrum

Figure 2,a shows the 90-180¢V section of the N(E) of pure Zr and is significantly more intense. To obtain
Auger spectra of pure zirconium (curve 2) and zirconium in a quantitative estimate, the Auger spectra were integrated,
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Figure 3. a — Spectra of discretely scattered electrons for I — C, 2 — Zr, and 3 — ZrC; b — Gaussian components of the spectra of

discretely scattered electrons for C, Zr, and ZrC.

and the area difference was then calculated to be ~ 6.8. The
Auger spectra (Fig. 2,b) of graphite (curve 5) and carbon
in zirconium carbide (curve 4) also differ significantly; these
spectra were integrated, and the area difference was found
to be ~ 6.9. The deficiency in the spectrum of carbon in
ZrC was ~ 6.9, and the excess in the spectrum of zirconium
in ZrC was ~ 6.8.

A comparison with the Auger spectra of carbon presented
in [11], which were measured for zirconium carbide powder
and are shown in the inset of Fig. 2,5, revealed a close
agreement with the results obtained in the present study in
regard to the shape of the experimental spectrum (curve 7
in the inset) and the calculated spectrum (curve 3 in the
inset).

In order to examine the structure of the Auger spectra
of pure zirconium and zirconium carbide in more detail,
the spectra were decomposed into Gaussian components
(see Fig. 2,¢). Tt can be seen that carbon facilitates the
formation of electronic configurations contributing to the
growth of intensities of certain lines of the Auger spectrum
of Zr. One may identify changes in the electronic structure
of zirconium and carbon atoms by analyzing the variation of
intensities and energies of Gaussian components; however,
it should be taken into account that the electronic spectra
were measured for atoms in an excited state.

The measurement of high-resolution N(E) spectra pro-
vides an opportunity to examine changes in the energy states
of valence band electrons. Figure 2,d shows the section of
spectra for C (curve 7), Zr (curve 2), and ZrC (curve 3).

The spectra of electron energy losses due to scattering on
plasmons are often used to identify changes in the chemical
state of near-surface layers [18]. In the present study, we
used the spectra of electrons scattered by plasmons mea-
sured in the process of irradiation of the sample surface with
electrons with an energy of 1000eV (Fig. 3,a). The peaks
of energy loss at surface and bulk plasmons are denoted
as S and p, respectively. The areas under the curves were
integrated and were found to be 3.64 for carbon (curve 1),
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Table 1. Intensities of electrons scattered on S and p plasmons
for Zr, C, and ZrC

Intensities of discretely scattered
Plasmons
electrons, a.u.

Zr C ZrC
1s 0.68 0.5 0.84
1p 1.17 0.73 1.01
2s 236 1.9 2.13

Ratio 2s/1s 35 3.8 25

4.39 for zirconium (curve 2), and 4.16 for zirconium carbide
(curve 3). The results obtained for zirconium, zirconium
carbide, and graphite after normalization to the maximum
intensity and decomposition into Gaussian components are
presented in Fig. 3,b. The areas under the 1s, 1p, and
2s curves and the values of ratio 2s/1s are listed in
Table 1.

Secondary ion-electron emission (SIEE) spectra sup-
plement data on the electronic structure of near-surface
layers of solids [19]. These spectra were recorded in
the process of sputtering of Zr, ZrC, and C surfaces
with argon ions with an energy of 3000eV (Fig. 4,a).
The areas under the experimental curves were 5.54 for
zirconium (curve 1), 2.47 for zirconium carbide (curve 2),
and 0.85 for carbon (curve 3). To evaluate the dif-
ferences between the spectra, the obtained curves were
normalized to the highest intensities and decomposed
into Gaussian components (Fig. 4,b), which were in-
tegrated. The integration results are presented in Ta-
ble 2.

The X-ray diffraction patterns of bulk samples of C,
Zr, and ZrC are shown in Fig. 5. It was found that
zirconium had a hexagonal structure with lattice param-
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Figure 4. a — Energy spectra of electrons recorded under excitation of the surfaces of Zr (1), ZrC (2), and C (3) by Ar™ (3000¢eV)
ions; b — spectra decomposed into Gaussians with preliminary normalization to the highest intensity.

Table 2. Intensities of the Gaussian components in Fig. 4, b

Samples
Lines Gaussian intensity, a. u.
Zr ZrC C
1 047 0.48 048
2 0.96 0.95 0.93
3 1.05 0.97 1.0
4 1.28 1.08 1.09

eters a =0.3222nm and ¢ =0.51334nm. Carbon had
a hexagonal structure (it was impossible to determine
the lattice parameters of graphite, since only two peaks
were recorded in the X-ray diffraction pattern). The X-
ray diffraction pattern of the zirconium carbide sample
featured the basic set of reflections of cubic ZrC and
low-intensity peaks of the monoclinic phase of zirconium
dioxide. Zirconium carbide was characterized by a face-
centered cubic lattice with a parameter of 0.4665 nm. It is
worth noting that the calculated lattice parameter of ZrC
differs from literature data, which may be attributed both to
the stoichiometry of ZrC and to the presence of impurities
in the lattice cell. Specifically, the range of a values for
zirconium carbide ZrCi_yx is 0.4652-0.478 nm [20]. This
wide variation of lattice parameter values may be dictated
by dissolved oxygen and/or nitrogen with subsequent substi-
tution of carbon atoms in the zirconium carbide structure,
which leads to the formation of oxycarbides ZrC;_xOy,
carbonitrides ZrC;_yN;, and, most often, oxycarbonitride
ZrC1_xN;Oy phases. It should be noted that the presence
of nitrogen and/or oxygen impurities may (depending on
their amount) affect significantly the stability of zirconium
carbide, since they exert an influence on the ordering

of vacancies [20]. A comparison with literature data
revealed that the calculated lattice parameter of 0.4665 nm
corresponds to ZrCy 500,03 [21].

SEM images of the surfaces of C, Zr, and ZrC samples
are shown in Fig. 6. Uniform porosity is seen on the surface
of zirconium carbide and zirconium, and polyhedral grains
are visible on the surface of graphite.

Table 3 presents the concentrations of elements (in atomic
percent) determined by EDS and Auger spectroscopy with
the use of standard elemental sensitivity coefficients [22].
Nitrogen was not detected by EDS due to the overlap of
the energy lines of nitrogen and oxygen. The differences
in concentration may be attributed to the specifics of
preliminary preparation of the analyzed surface. Specifically,
the standard method for preparation of microsections was
used in EDS analysis without additional surface cleaning
procedures, while the surface of samples subjected to Auger
analysis was sputtered in the analytical chamber with Ar"
ions to an atomically clean level.

3. Discussion

According to the results of XPS and Auger studies of
zirconium carbide reported in [5,9], the spectra of zirconium
in pure form and as a part of ceramics did not have any
significant differences. Therefore, the changes in electronic
states were assessed by examining the spectra of carbon.
In the present study, the shapes of experimental spectra
of carbon and zirconium in pure form and as part of
carbide were found to be different. The validity of spectral
measurements is verified by the presence of three groups
of peaks in the Auger spectrum of zirconium (176, 114,
88 ¢V), which corresponds to the contribution of core levels
3d (179—-181¢V), 3p (330—343¢V), and 3s (430¢eV) [23].
The energies of the final states of the Auger transition were
calculated in accordance with formula (1) [24] (the electron

Technical Physics, 2024, Vol. 69, No. 10
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Figure 5. X-ray patterns of graphite, zirconium, and zirconium carbide.

Figure 6. SEM images of surfaces: a — graphite, b — zirconium, and ¢ — zirconium carbide.

Table 3. Atomic percentage of elements determined by Auger spectroscopy and energy-dispersive X-ray spectroscopy

Sample Zr ZrC
Measurement units, % Atomic Weight Atomic Weight
Method Auger EDS Auger EDS Auger EDS Auger EDS
Zr 78.7 72.1 96.0 93.7 492 41.6 87.7 82.6
C 7.1 1.1 433 453 10.2 13.6
79 1.5 43 1.1
o 6.3 279 14 6.3 32 132 1.0 3.8

binding energies are given in Table 4). The obtained results
are presented in Table 5.

1

zZ _ gz z z
By =Ba —Ey B — 3

(7 - 4557 )
(1)

is the energy of Auger transition afy

The first three terms correspond to

since correction term

where EZ,
in element Z.
the binding energy of shells;
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%(Eyz+1 - EyZ + Eg“ — Eﬁz) is small, it is neglected in the
present case.

It follows from the calculated data (Table 5) that the
peaks at 255, 265, and 270eV (Fig. 2,b) are induced by
Auger transitions KL;L;, KL;L,, and KL,L,, respectively.
Other peaks form due to excitation and ionization of
electron shells of atoms by electrons and hybridization
of orbitals with the emergence of various configurations.
This leads to the formation of peaks with energies of
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Table 4. Electron binding energies [24]
X-ray level designation (AES)
K [ L] [ m [ M [ M M v [N e [ | NN
Spectroscopic level designation (XPS)
1s1) ‘ 2512 ‘ 2p1) ‘ 3812 ‘ 3p12 ‘ 3ps2 ‘ 3ds2 ‘ 3ds2 ‘ 4512 ‘ 4pi ‘ 4ps2 ‘ 4ds) ‘ 4ds)2
Element Binding energies, eV
C 284 14 7
Zr 431 345 331 183 180 52 29 271 3 3
N 399 19 9
0] 535 24 7

Table 5. Energies and Auger transitions for carbon and zirconium

Element Auger transition Energy Eaﬁy, Calculated E(fﬁy, eV
C KM, M, 242 284(K) — 21(2s?) — 21(2s%) = 242
KM, 3M; 3 245 284(K) — 19(2p°) — 19(2p°) = 246
KM, 3My 3 247 284(K) — 18(2p°) — 18(2p°) = 248
KLL; 255 284(K) — 14(Ly) — 14(L1) = 256
KL,L, 265 284(K) — 14(L;) — 7(L,) = 263
KL,L, 270 284(K) — 7(Ly) — 7(Ly) = 270
KL,L,(2s%2p%) 275 284(K) — 7(L,) — 2(28%2p%) = 275
Zr MMM, 62 430(M;) — 181(My) — 181(My) = 68
MMM, 83 430(M;) — 343(My) — 3(Naggs.5) = 84
MsN, (332‘;3) 88 179(Ms) — 51(Ny) — 40(4p*4d) = 88(4p°5s)
M>MyN; 110 343(M )—181( 4) — 51(N;) = 111
M,MsN; 114 343(M,) — 179(Ms) — 51(N;) = 113
M;3M;yN; 3 120 330(M3) — 181(My) — 28(Na3) = 121
M;sN; 2Ny s 125 179(Ms) — 28(N3) — 28(N,) = 123
179(Ms) — 51(N;) — 3(Ns) = 125
M, M;sN, 139 343(M;) — 179(Ms) — 28(N;) = 136
M;M,Ns 143 330(M;) — 181(My) — 3(Ns) = 146
M3 sNsNy 147 179(Ms) — 28(N23) — 3(Nas) = 148
330(M3) — 179(Ms) — 3(Nys) = 148
M, sNsNy 176 179(Ms) — 3(Ns) — 3(Ns) = 173
181(My) — 3(Ns) — 3(Ns) = 175

245eV (2p® — 19eV) and 275eV 2s?2p? (1-3eV) [25] for
carbon in graphite and 242eV (2s?> —21eV) and 247 eV
(2p® — 18eV) (Table 5) for carbon in zirconium carbide.
In the Auger spectrum of graphite, the peaks at 255, 265,
and 270 eV merge, forming a broad spectrum (curve 5 in
Fig. 2,b). Separate peaks form at 255, 265, and 270eV

in ZrC, which is reflected in the spectrum (Fig. 2,5,
curve 4). The 275¢V peak is lacking in zirconium carbide,
since the d subband is not filled [14]. The electronic
spectra in Figs. 1,2 demonstrate that the electrons of carbon
atoms in zirconium carbide alter significantly the shape
of electronic spectra of zirconium. This is likely to be

Technical Physics, 2024, Vol. 69, No. 10
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caused by the transition of carbon electrons in zirconium
carbide to levels with a lower binding energy, which enables
interatomic Auger transitions [26-29]. This is verified by the
difference in areas under the Auger lines of zirconium and
carbon determined above. The difference is approximately
the same for Zr and C and amounts to ~ 6.8 (excess) and
~ 6.9 (deficiency). The spectra in Fig. 2,d make it clear
how the structure of the valence band of ZrC is formed from
the electrons of zirconium and carbon atoms. The electron
binding energy decreased (the spectrum is shifted toward
lower energies (curve 3)), while the intensity (related to
the number of electrons) increased, contributing to the
emergence of interatomic Auger transitions.

The energy loss spectra shown in Fig. 3,a indicate that
the number of plasmons (related to the intensity of the
spectra) formed on the surface depends on the electron
gas density (which, in turn, depends on the atomic density),
and the lower the atomic density (4.29 - 10?2 at/cm? for Zr
and 1.76 - 1023 at/cm? for C) is, the higher is the intensity
of discretely scattered electrons. The atomic density of ZrC
is higher than the one of Zr, which is confirmed by X-ray
diffraction data. The shift of peaks toward lower energies
is also associated with atomic density, which contributes to
a reduction in energy (oscillation frequency of plasmons).
The 2s/1s intensity ratio (Fig. 3,b, Table 1) is 3.5 for Zr
and 2.5 for ZrC. Therefore, the concentration of electrons in
surface plasmons of ZrC is greater than in Zr, and this, as
was said above, is associated with the higher atomic density
of ZrC.

The mechanism of secondary ion-electron emission was
discussed in [30]. It was demonstrated that SIEE is
characterized by coefficient p, which is the average number
of electrons escaping into vacuum per incident particle
with a given energy Ey, and distribution No(Ex) of these
electrons in kinetic energy Ey outside the solid. Both these
parameters depend on the properties of the bombarded
object and the incident particles (including their kinetic
energy). The spectra of electrons emitted by Ar" ions
in the process of sputtering of the sample surfaces (see
Fig. 4,a) demonstrate that average number Ny of electrons
escaping into vacuum is the highest for Zr (with an atomic
density of 4.29 - 10*2at/cm?) and the lowest for C (with
an atomic density of 1.76 - 10*3 at/cm?). Thus, it is fair to
assume that the SIEE intensity in this case is the highest
for the sample with a lower atomic density. SIEE is
induced by the potential and kinetic (impact) breaking-
away of electrons by bombarding ions. Electrons of surface
atoms with energies up to 5eV are released into vacuum
as a result of potential breaking-away. Since the SIEE
intensity (Fig. 4,a) is associated, among other things, with
the ionization potentials of atoms, it may be concluded
that the ionization potential of ZrC is ~ 7 — 10¢eV, since
the ionization potential for C and Zr is 11.2 and 6.63 eV,
respectively [31]. To identify the contribution of electrons
from different energy levels to SIEE, we examine the spectra
in Fig. 4,b and the data in Table 2. The intensities of
lines /—3 with energies of 1, 2, and 2.5 eV, respectively, are

8 Technical Physics, 2024, Vol. 69, No. 10

virtually indistinguishable, since they are formed due largely
to potential ionization, and the intensity of line 4 (6eV)
receives an additional contribution from kinetic ionization
(the efficiency of which is higher for Zr, since it has a lower
atomic density).

Conclusion

It follows from the analysis of electronic spectra that the
energy states of valence-band electrons of carbon and zirco-
nium atoms in zirconium carbide are altered via transitions
to levels with a lower binding energy, which contribute to
the emergence of interatomic Auger transitions.

It was demonstrated that the ratio of formation probabil-
ities of 2s and 1s plasmons on the surface of zirconium is
higher than on the surface of zirconium carbide. Since the
atomic density of ZrC is higher than the one of Zr, it is
natural to assume that the lower the atomic density is, the
higher is the intensity of discretely scattered electrons.

The examination of variations of ion-electron spectra
revealed that the average ionization potential of electrons
in zirconium carbide is ~ 7 — 10eV, whereas the same
potential in Zr is 6.63 eV.

The results of joint Auger and EDS studies revealed the
presence of oxygen (6.3 and 3.2 at.%) and nitrogen (7.9 and
4.3 at.%) in Zr and ZrC, respectively.
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