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Abstract—The vaporization of the carbide materials with the chemical compositions Ti,SiC, Ti;SiC,,
Ti,AIC, Ti;AlC,, Zr,AlC, and Zr;AlC, containing MAX phases and of oxycarbide systems based on these
materials with hafnia additives was examined by Knudsen effusion mass spectrometry at temperatures up to
2200 K. Atomic aluminum was identified as the major vapor species over the Ti,AlC, Ti;AlC,, Zr,AlC, and
Z1;AlC, samples at 1500 K. The silicon-containing samples were less volatile than the aluminum-containing
carbide materials; they vaporized observably at temperatures above 1900 K to form Si, Si,, SiC,, and Si,C
vapor species. The addition of hafnia to the carbides under study led to the formation of oxygen-containing
vapor species, particularly Al,O and SiO, and to a decrease in total vapor pressure over the systems formed.
The least volatile materials were samples of the Ti,SiC—HfO, oxycarbide system, and among the aluminum-
containing oxycarbide systems, samples of the Zr,AIC—HfO, system containing up to 10 mol % hafnia and
samples of the Ti,AlIC—H{fO, system with a higher HfO, content.
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INTRODUCTION

The high-temperature behavior of carbon materials
containing MAX phases and of the oxycarbide systems
based on them with addition of hafnia has been stud-
ied. MAX phases are layered compounds with a hexag-
onal structure, having the general chemical formula
M, ,AX,, where M is a d metal, A is a p element, X is
carbon or nitrogen, and » = 1, 2 or 3 [1-3]. In this
work, we chose to study vaporization of samples
whose chemical composition corresponded to
M, ,AX, MAX phases with M = Tior Zr, A= Sior Al,
X=C,andn=1or2.

The MAX phases are known for their unique com-
bination of physical and chemical properties, promis-
ing for materials design [1—3]. Carbide MAX phases,
for example, retaining the advantages of transition-
metal carbides, such as high thermal and electrical
conductivity, refractoriness, high elastic stiffness, and
low thermal expansion coefficients [2], are distin-
guished by enhanced damage tolerance and resistance
to oxidation and corrosion [4—6]. Therefore, MAX
phases can be used as high-temperature ceramics or
additives to enhance the stability of highly refractory
materials based on zirconium/hafnium borides in oxy-
gen-containing environments at temperatures above
2273 K [5]. The electrochemical, thermal, and cata-
Iytic properties of MAX phases are notable, facilitating

the development of, respectively, ohmic contacts, heat
exchangers, and oxidation and hydrogenation cata-
lysts on their basis [3]. The MAX phases are precursors
for other promising nanomaterials, namely MXenes
[5, 6]. Due to their resistance to oxidation, corrosion,
and ionizing radiation, MAX phases are of particular
interest for use in the nuclear industry [3, 4], e.g., as
materials for the cladding of fuel elements of nuclear
reactors [7—9]. The carbide material based on the
Z1,AlIC MAX phase and an oxycarbide system, con-
taining zirconium oxide and Zr,AlC, have shown high
resistance in a prototype corium melt at temperatures
up to 2773 K, thereby opening up wide opportunities
for their application as elements of the core of nuclear
reactors [10]. Additives of refractory oxides to carbon
phases can further increase the refractory properties
and oxidation resistance of the materials [11], which
makes it relevant to study oxycarbide MAX phase sys-
tems.

As mentioned above, however, many MAX phase
materials are prepared or perform at high tempera-
tures, which can lead to selective vaporization of their
most volatile components and, as a consequence, to
an uncontrolled change in their physical and chemical
properties. Thus, for the successful use of carbide
MAX phases and oxycarbide MAX phase systems, it is
necessary, as a first stage, to study their stability at high
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temperatures in order to identify their temperature
limits of thermal stability and the products that vapor-
ize under heating.

There is information in the literature on an experi-
mental study of the vaporization of pure carbides,
summarized in Kazenas and Tsvetkov’s monograph
[12]. Pure aluminum carbide, when vaporized from
graphite effusion cells, transfers into vapor in the form
of atomic aluminum while the condensed phase
becomes enriched in carbon [13]:

Al,C; (cr) = 4Al(gas) + 3C(cr). (1)

Hereafter, the physical state of the substance in
chemical equations is indicated in parentheses: “(cr)”
stands for a solid, and “(gas) for a gas.

The vapor pressure of atomic aluminum over the
Al,C; + Csystem in the temperature range 1321—1607 K
is described by the equation

18000
logp(Al) [Pa] = Y +11.74, 2)

where p(i) is the partial pressure of the ith vapor spe-
cies and T is absolute temperature.

According to Drowart et al. [14], the vapor over
pure silicon carbide when it is vaporized from a graph-
ite effusion cell consists of atomic silicon Si, its dimer
Si,, and silicon carbides SiC, and Si,C:

SiC(cr) = Si(gas) + C(cr). 3)

The temperature-dependent partial vapor pres-
sures for Si, Si,, SiC,, and Si,C vapor species over sil-
icon carbide in the range 2149—2316 K are described
by the following equations, respectively:

29339 £ 157
logp(Si) [Pa] = _23302157 (13.98 £0.07), (4)
37783 £ 1667
logp(Si,) [Pa] = ——————2" 4 (15.16 £ 0.75), (5)
. 35561+ 2063
logp(SiC,) [Pa] = —r 6)
+(15.84 £0.93),
. 35395 +£1641
logp(Si,C) [Pa] = — 7

+(15.64 % 0.74).

In the Ti—C system, a TiC, solid solution was iden-
tified, referred to as the & phase. The highest amount
of carbon in the § phase TiC, depends on temperature
and does not exceed 49.2 mol %. At a higher carbon
content, 8-TiC, + C two-phase equilibrium occurs
over a wide temperature range: 300—2800 K [15]. TiC,
vaporizes incongruently [16, 17] with selective transfer
of titanium into vapor as atomic titanium. In addition,
the vapor over the TiC, vaporized from tungsten or
tantalum Knudsen cells features the following species
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(in the decreasing order of partial pressures): C;, C,
C,, TiC,, Cs, C4, and TiC, [16, 18]. The temperature-
dependent partial pressure of atomic titanium over the
TiC,—C system in the range 2518—2790 K is described
by the following equation [18]:

28950
logp(Ti) [Pa] = —% +(11.28+0.74).  (8)

However, information on the vaporization of car-
bide MAX phases and oxycarbide MAX phase systems
has not been found in the literature. Therefore, the
purpose of this work was a mass-spectrometric study
of the vaporization of carbide materials of chemical
composition Ti,AlC, Ti;AlC,, Zrn,AlC, Zr;AlC,,
Ti,SiC, and Ti;SiC, containing MAX phases, and (for
the first time) of oxycarbide systems based on the
specified samples with additives of hafnia, which is
one of the most thermally stable oxides. We should
mention the following. Firstly, the Ti,AIC, Ti;AlC,,
Zr,AlC, Zr;AlC,, Ti,SiC, and Ti;SiC, formulae are
used here to denote the desired chemical compositions
of samples, without taking into account the actual
phase composition of the material. For example, the
notation “Ti,SiC” indicates that the amounts of
reagents during the synthesis of the sample were
selected in such a way as to ensure the ratio of mole
fractions of elementsas Ti: Si: C=2:1: 1, but it does
not imply that the synthesis would yield a pure MAX
phase Ti,SiC, which is not thermodynamically stable
and has not yet been synthesized [19, 20]. The identi-
fied phase compositions of samples will appear below
in the section “Experimental.” Secondly, aluminum
carbide is the most volatile of the pure carbides dis-
cussed above. Therefore, those who study the high-
temperature behavior of aluminum-containing car-
bide and oxycarbide systems should expect selective
vaporization of aluminum to occur at temperatures
below 1600 K.

EXPERIMENTAL

A total of six samples of carbide materials (with the
chemical compositions of Ti,AlC, Ti;AlC,, Zr,AlC,
Z1;A1C,, Ti,SiC, and Ti;SiC,) and 18 samples of oxy-
carbide systems containing 10, 50, and 80 mol % HfO,
were prepared (Table 1). The samples were synthe-
sized using high-temperature sintering in a vacuum
furnace and hot pressing from various precursor mate-
rials at various temperatures. The details of the synthe-
ses of carbide materials containing MAX phases and
oxycarbide systems based on them are described else-
where [21—26]. The highest synthesis temperatures
were 1773 and 2073 K. The chemical and phase com-
positions of the synthesized samples were studied by
energy-dispersive electron probe microanalysis and
X-ray powder diffraction. The Crystallographica
Search Match software and the JCPDS database were
used to identify compounds in X-ray powder diffrac-
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Table 1. Elemental compositions of carbide and oxycarbide materials containing MAX phases synthesized in this work, as

obtained by energy-dispersive electron probe microanalysis

Desired chemical As-analyzed contents of elements, at %

Sample No. composition, mol % Ti C Al 7Zr Hf 0
1 Ti,SiC 42.6 21.8 35.6 — - - -
2 Ti;SiC, 50.5 11.8 37.7 — - — -
3 Ti,AlC 54.5 27.8 17.8 - - —
4 TizAlIC, 45.7 39.9 14.3 — - —
5 Z1,AlC - 66.2 11.9 21.9 - -
6 Z1;A1C, - 39.5 28.4 32.1 — —
7 90Ti,SiC—10HfO, 35.6 18.1 23.5 — - 2.1 20.7
8 50Ti,SiC—50HfO, 24.7 11.7 19.1 — — 14.5 30.0
9 20Ti,SiC—80HfO, 17.0 16.4 — — 30.8 36.8

10 90Ti;SiC,—10HfO2 36.2 11.2 36.5 — - 1.2 14.9
11 50Ti;SiC,—50HfO, 31.1 7.6 27.9 — — 10.5 22.8
12 20Ti;SiC,—80HfO, 19.1 20.3 — — 26.1 34.5
13 90Ti,AlIC—10HfO, 31.4 14.0 13.6 - 2.4 38.6
14 50Ti,AIC—50HfO, 23.1 18.0 12.6 - 13.8 32.5
15 20Ti,AIC—80HfO, 14.3 12.2 8.8 — 25.6 39.2
16 90Ti;AIC,—10HfO, 39.7 20.8 13.6 - 1.6 243
17 50Ti;AlIC,—50HfO, 25.7 36.3 8.1 — 10.0 19.9
18 20Ti;AlIC,—80HfO, 17.0 14.0 7.4 - 24.4 37.2
19 90Zr,AlIC—10HfO, - 45.6 10.8 20.5 2.7 20.4
20 50Zr,AlIC—50HfO, - 20.4 10.5 22.2 14.6 32.2
21 20Zr,AlIC—80HfO, - 20.7 6.6 12.4 25.4 34.9
22 90Zr;AlC,—10HfO, — 14.4 16.4 16.2 11.0 42.0
23 50Zr;A1C,—50HfO, — 25.5 15.8 14.3 1.9 42.5
24 20Zr;AlC,—80HfO, - 20.6 9.9 10.1 23.3 36.0

tion patterns. The phase compositions were quantified
in the Crystallographica Search Match software suite
by the least squares analysis of the difference between
the calculated (theoretical) and measured profiles and
intensities of X-ray diffraction peaks. The results of
phase analysis of samples synthesized at 1773 and 2073 K
appear in Table 2. The increasing synthesis tempera-
ture brings about a change in phase composition of the
product, in particular, a decrease in the content of
MAX phases and the preferential formation of binary
oxides and carbides, such as Al,O;, HfO,, HfTi,0,
and SiC, TiC, ZrC, and HfC. Therefore, it was pro-
posed to compare the vapor composition over the
samples in the MAX phase—HfO, system synthesized
at different temperatures, in order to identify the sen-
sitivity of the vaporization process to the phase com-
position of the samples.
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The investigation method used was Knudsen effu-
sion mass spectrometry [27, 28] on an MS-1301 mass
spectrometer. Samples were vaporized from graphite
twin Knudsen cells. The diameters of the effusion ori-
fices in both compartments of the effusion cell were
0.6 mm; the diameters of the vaporization surfaces
were 6 mm. Thus, the design of the effusion cell
ensured the conditions of dynamic equilibrium
between the condensed phase and vapor inside each
compartment of the cell. The effusion cells were
placed in a metal casing made of sheet molybdenum,
as electron bombardment was used to heat the cells.
The other parameters of the equipment used did not
differ from standard ones and were described previ-
ously [29, 30]. The effusion cell temperature was mea-
sured on an EOP-66 optical pyrometer. The molecular
beam effusing from the Knudsen cell was ionized in an
ion source by slow electrons with energy of 30 eV to
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Table 2. Phase compositions of carbide and oxycarbide materials containing MAX phases synthesized in this work at max-
imum temperatures of 1773 and 2073 K, as obtained by X-ray powder diffraction

Desired chemical r=1773 K T=2073K
Sample No. ..
composition, mol % phase content, mol % phase content, mol %
o TiySiC 33.83 Ti;SiC 3.03
T 3 2 3 2
1 BSIC TiC 66.17 TiC 96.97
o Ti;SiC 29.40 Ti;SiC 1.55
Ti.SiC 3 2 3 2
2 2 TiC 70.60 TiC 98.45
. Ti,AIC 40.11 Ti,AIC 4.86
Ti,AIC 2 2
3 & TiC 59.89 TiC 95.14
. TizAIC 21.37 TisAIC 4.19
Ti-AIC 3 2 3 2
4 B TiC 78.63 TiC 95.81
Zr,AIC 18.52 Zr,AIC 7.41
71,Al 2 2
> rAIC ZrC 81.48 ZrC 92.59
Zr,AIC 12.90 Zr,AIC 4.06
71-AlC 3 2 3 2
6 f32 ZrC 87.10 7rC 95.94
Ti;SiC, 7.85
TiC 29.98 .
7 90Ti,SiC—10HfO, TiO, 29.87 ?‘é ;g;g
HfO, 21.53 ! :
HfSiO, 10.76
TisSiC
N 137‘88 SiC 10.81
8 50Ti,SiC—50HfO, : : TiC 70.65
TiO, 13.99 HIfTi,0 18.54
HfO, 65.33 2 '
e TiC 13.93 TiC 9.28
9 20Ti,SiC—80HTO, HfO, 86.07 HfTi,O 90.72
Ti;SiC, 1.43
TiC 26.39 .
10 90Ti;SiC,— 10HfO, TiO, 49.87 il(c: ;g‘gg
SiC 11.46 ! :
HfO, 10.84
Ti;SiC, 6.62 SiC 4.97
o TiC 10.92 TiC 35.38
1 SOTiSIG=50HI0, iy 26.43 HfO, 27.07
HfO, 56.03 HfO, e 32.58
TiC .
o iggg TiC 41.63
12 20Ti;SiC,—80HfO, Hfé‘ 483 HfO, 18.10
2 .
HfO; upic 22.49 HIO: cunie 40.28
Ti,AlC 19.64
TiC 39.30 TiC 68.43
13 90Ti,AIC—10HfO, TiO, 13.86 HfO, 26.56
HfO, 20.01 AL,O; 5.01
Al,O,4 7.18

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY 2024



Table 2. (Contd.)

HIGH-TEMPERATURE MASS SPECTROMETRIC STUDY

Sample No Desired chemical r=17nisK r=2073K
’ composition, mol % phase content, mol % phase content, mol %
Ti,AlC 10.69 TiC 42.44
| TiC 8.50 HfO, 25.00
14 50Ti,AIC—50HfO, TiO, 23.24 HfO, .. 23.47
HfO, 52.41 Al 02 cuble 9.09
AlLO, 5.16 23 '
Ti,AIC 2.19 TiC 10.74
| TiC 9.26 HfO, 45.17
15 20Ti,AIC—80HfO, TiO, 6.08 HfO, .. 38.11
Hf02 76.99 Al 02 cubic 5 99
ALO, 5.48 23 ’
Ti;AIC, 6.29
TiC 60.77 TiC 58.01
16 90Ti;AlIC,—10HfO, TiO, 19.51 HfO, cypic 15.51
HfO, 7.79 AL,O4 26.48
AlL,O; 5.64
TAIC, 6.38 TiC 35.67
. TiC 6.97 HfO, 30.34
17 50Ti;AIC,—50HfO, TiO, 38.52 HfO. . 78.22
HfO, 42.85 Ao 577
ALO, 5.27 23 '
Ti;AIC, 1.77 TiC 32.90
| TiC 7.34 HfO, 51.13
18 20Ti;AlC,—80HfO, TiO, 7.74
o 20,95 HfO; cubic 9.87
2 : AlL,O 6.10
ALO, 2.20 23 '
Z1,AlC 9.92
ZrC 66.25 ZrC 75.69
Zr,AIC—10Hf
19 90Zr,AIC—10HfO, HfO, 12.27 HfC 24.31
ALO, 11.56
ZrAlC 10.35 ZrC 76.11
ZrC 6.91 HfC 7 68
Hf '
20 S0ZRAIC-S0HO, | fg ;zgg HfO, 5.91
Hf02 1992 HfO, cubic 8.16
2 cubic : AlL,O 2.15
ALO, 14.00 23
7rC 6.20 ZrC 23.64
HfC 13.58 HfC 15.44
21 20Zr,AIC—80HfO, HfO, 57.86 HfO, 13.72
HfOZ cubic 20.06 Hf02 cubic 35.11
ALO; 2.31 Al,O, 12.09
Z1;AIC, 9.02
ZrC 33.30 ZrC 79.74
0Zr;AlC,—10HfO
22 90Zr;AlC, 2 |Hfo, 42.01 HfC 20.26
ALO;, 15.67
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Table 2. (Contd.)

Desired chemical Tr=1773K T=2073 K
Sample No. i
composition, mol % phase content, mol % phase content, mol %
Zr;AIC
3 2 10.81 7rC 5413
HfC 41.02 HfC 3925
23 50Zr;AlC,—50HfO, HfO, 41.79 :
HfO 2 10 Hf02 cubic 423
2 cubic . AlLLO 2.40
2U3 .
Al O3 4.28
ZrC 7.30 ZrC 11.23
HfC 17.55 HfC 44.56
24 20Zr;AlC,—80HfO, HfO, 60.56 HfO, 28.03
HfO; cubic 11.24 HfO; cubic 13.63
Al,O4 3.34 Al,O4 2.55

obtain a mass spectrum of the vapor over the samples
under study.

The partial pressures of vapor species over the sam-
ples were determined by the ion current comparison
method [27, 28]:

1T Ho(s)¥(s ) S (5T
I(sT (oY) f (™)
where the i and s indices refer to the sample under
study and the pressure standard, respectively; (i) is
the ionization cross section of the ith vapor species;
v(i*) is the conversion factor of the secondary electron
multiplier; and f(i*) is the isotopic abundance of the
i*th ion in the mass spectrum of the vapor obtained by
ionization of the ith vapor species.

To study vaporization, the sample under study was
placed in one compartment of the effusion cell, and
the pressure standard was placed in the reference com-
partment of the cell. When carbide samples containing
MAX phases were studied, pure aluminum carbide or
silicon carbide, for which the temperature depen-
dences of the partial pressures of vapor species had
been previously determined, were used as pressure
standards. For oxycarbide MAX phase—HfO, sys-
tems, the pressure standards used were respective car-
bide samples with the chemical compositions Ti,AlC,
Ti,AIC,, Z1,AlC, Zr;AlC,, Ti,SiC, and Ti;SiC,, the
partial pressures of vapor species over which were
determined in this work. It should be mentioned that
when determining partial pressures of vapor species by
the ion current comparison method, as a rule, gold is
used as the pressure standard since the temperature
dependence of the Au partial vapor pressure over gold
was recommended by the International Union of Pure
and Applied Chemistry [31]. However, gold is known
to form thermally stable compounds with carbon [12].
Its activity decreases as a result, causing data distor-
tion. It was for this reason that we chose pure carbides
to be pressure standards. In addition, one should take

)

p@i) = p(s)
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account of the fact that partial vapor pressures over the
samples under study were determined during vapor-
ization from graphite cells under the settings where
reaction with carbon at high temperatures could
occur, which could shift the composition of the con-
densed phase. For this reason, in order to gain correct
Knudsen effusion mass spectrometry data, it was nec-
essary to provide identical vaporization conditions for
carbide phases under study and for pure carbides; in
this work, we accomplished this by simultaneously
vaporizing samples from different compartments of
the same graphite effusion cell in one experiment.
Alternate measurements of ion current intensities in
the vapor mass spectra over the studied sample and
over the pure carbide made it possible to identify
quantitative differences in the nature of vaporization
between carbide materials based on MAX phases and
Al,C; or SiC.

The atomic aluminum partial pressures over alumi-

num-containing carbide materials based on MAX
phases were determined by modified Eq. (9):

I(Al)
I(AI")’
where the Al partial vapor pressure over pure carbide
Al,C; (py(Al)) was found by Eq. (2).

A relation similar to Eq. (10) was used to determine
Si partial vapor pressures over silicon-containing sam-
ples. The partial pressures of Si,, SiC,, and Si,C vapor

species over the studied materials containing MAX
phases were determined by the following relation:

1T ()0, (Si)y,(Si")£(Si) (11)
LSIOTSHoG)FG)

where i = Si,, SiC,, or Si,C; the conversion factor of

the secondary electron multiplier Y(i*) is taken to be

proportional to the molecular mass of the ion:
1/YM(i*); the ionization cross sections for atoms were

P(AD) = py(Al) (10)

pli) = py(Si)
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taken from [32]; the Si, ionization cross section was
calculated using the Mayer and Lynch relation [33];
and the ionization cross sections of SiC, and Si,C
molecules were found by the additivity rule [28].

RESULTS AND DISCUSSION

Vaporization of Carbide Materials
Containing the MAX Phases

In the vapor mass spectra over aluminum carbide
Al,C; and over aluminum-containing carbide materi-
als with the Ti,AIC, Ti;AlC,, Zr,AlC, and Zr;AlIC,
chemical compositions, Al* ions with an appearance
energy of 6.0 eV were identified starting at ca. 1500 K.
Comparison to the ionization energy of atomic alumi-
num [34] showed that those ions appeared in the mass
spectrum as a result of direct ionization of the Al vapor

species. The Ti* and C; ions appeared in the vapor
mass spectra over studied samples at far higher tem-
peratures (1870 and 2300 K, respectively). This indi-
cates that selective vaporization of atomic aluminum
occurred when samples of aluminum-containing car-
bide materials were heated up to 1500 K in vacuum
(under a residual gas pressure of about 10— Pa), and
carbon, as well as titanium or zirconium, accumulated
in the condensed phase.

Measurement of the ion current intensities in vapor
mass spectra over the studied carbide materials con-
taining the MAX phases served to determine the tem-
perature-dependent partial pressures of atomic alumi-
num over samples 3—6 (Table 1) of the Ti,AlC,
Ti;AlC,, Zr,AlC, and Zr;AlC, compositions, respec-
tively, in the temperature range 1500—1700 K:

25038 £505

logp(Al) [Pa] = — +15.68+0.32, (12)

26483 £ 934

logp(Al) [Pa] = — +17.09 £0.59, (13)

26120 14529

logp(Al) [Pa] = — +15.83£0.90, (14)

29234 + 857
logp(Al) [Pa] = _ P24 x857

+18.16 £0.54. (15)

The temperature-dependent partial vapor pres-
sures over Ti,AlC, Ti;AlC,, Zr,AlC, and Zr;AlC, car-
bide materials containing the MAX phases are pre-
sented in Fig. 1 and in Tables S1—S4 in the attach-
ment. Ti,AlC has the highest thermal stability in the
Al,C,, Ti,AIC, and Ti;AlC, series. The atomic alumi-
num partial vapor pressures over Al,C; and Ti;AlC,
match each other within the determination error, but
their ratio decreases as temperature rises. The Zr;AlC,
sample is less volatile than titanium-containing phases
are, although above 1550 K, the Al partial vapor pres-
sures over Ti,AlC and Zr;AlC, become undistinguish-
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1.2

0.8

0.4

0+

—0.4

log p(Al) [Pa]

—-0.8

—1.2F

1 1 1 1 1 1 1 3I 1
10.58 0.59 0.60 0.61 0.62 0.63 0.64 0.65 0.66 0.67
103/T, K!

Fig. 1. Temperature-dependent Al partial vapor pressures
over carbide materials with the chemical composition of
(1) Ti,AIC, (2) TizAlIC,, (3) Z1,AlC and (4) Zr3AIC,, as
determined by Knudsen effusion mass spectrometry in this
work, against the respective data for (5) Al;C5 according to
Eq. (2) [13].

able within the experimental error. Zr,AlC is the least
volatile of the tested aluminum-containing carbides.
Thus, the volatilities of the studied MAX phase-con-
taining carbide materials with aluminum increase in
the following order: Zr,AlC < Zr;AlC, < Ti,AlC <
Ti;AlC,.

In vapor mass spectra over the carbide samples of
the SiC, Ti,SiC, and Ti;SiC, chemical compositions,

the Si*, Si;, SiC;, and Si,C" ions were identified
starting at 1900 K. Some difficulties arose from the
overlap of ions in the vapor mass spectrum over the
studied samples with the signals from the ionization of
residual gases of the vacuum system. A reliable quan-
titative measurement of Si* ion current intensity at a
mass-to-charge ratio of 28 (for the most abundant sil-
icon isotope) failed because of the high ion current
intensities from nitrogen N,* and carbon monoxide

CO™". Therefore, measurements of Si* ion current
intensities could only be carried out at a mass-to-
charge ratio of 30, for a silicon isotope with a molecu-
lar mass of 30, the content of which is 3.12%. The SiC*
ion with a molecular mass of 40 overlaps with a high
Ar* background signal at the corresponding mass-to-
charge ratio. Due to the low SiC content in the vapor
over silicon carbide [14], it is not possible to measure
the SiC* ion current at mass-to-charge ratios of 41 and
42. It should be mentioned here that the MS-1301
mass spectrometer has an electrical shutter and a
mechanical shutter designed to separate the “useful”
ionic current intensities associated with the studied
sample from the background signal. However, they
shut off not only the Si* and SiC* ion currents, but
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=
R
=20
k)

—2.5

-3.0

1 1 1 1 4
0.49 0.50 0.51 0.52
103/7, K!

Fig. 2. Temperature-dependent partial vapor pressures of
(1, 5) Si, (2, 6) Siy, (3, 7) SiC,, and (4, &) Si,C over sam-
ples 1 and 2 (Table 1) of composition (/—4) Ti,SiC and
(5—8) Ti3SiC, according to Egs. (16)—(23), determined by
Knudsen effusion mass spectrometry in this work.

also part of the N; + CO" and Ar* background signals,
which interfered with the quantitative results.

The above-listed ions (Si*, Si,, SiC;, and Si,C*)
identified in vapor mass spectra over carbide samples
with the SiC, Ti,SiC, and Ti;SiC, chemical composi-

tions are all molecular ions [14]. The Ti* and C; ions
were detected in vapor mass spectra over samples 1
and 2, whose chemical compositions were Ti,SiC and
Ti;SiC,, respectively (Table 1), at 2330 K. The data
obtained imply that above 1900 K the vapor over the
studied silicon-containing carbide materials consists
of a mixture of atomic silicon, Si,, SiC,, and Si,C.

Using the ion current comparison method, mea-
surements of temperature-dependent ion current

intensities of the Si*, Si,, SiC,, and Si,C* ions
enabled determination of the temperature depen-
dences of the partial pressures of Si, Si,, SiC,, and
Si,C vapor species over sample 1 (Egs. (16)—(19)) and
sample 2 (Table 1; Egs. (20)—(23)) in the range 1900—
2050 K:

77 4152
logp(Si) [Pa] = 3677 £1528 (16.01%0.77), (16)
13095 +162
logp(Si,) [Pa] = _13095£1626 (4.14+0.82), (17)
, 37240 +1297
logp(SICy) [Pal = —=———— |0

+(16.50 +0.65),
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, 41500 £ 1600
logp (Si,C) [Pa] = SE—— (19)
+(18.66 % 0.81),
+
logp (Si) [Pa] = - 2522247 11 574123), 20)
+
logp(Si,) [Pa] = — 0881817 ¢ 174 0.92), 21)
, 3753943536
logp (SICZ) [Pa] = _f (22)

+(16.86 +1.79),

32428 + 2543

logp(Si,C) [Pa] = — T (23)

+(14.60 £1.30).

The thus-calculated partial pressures of vapor spe-
cies over samples 1 and 2 (with the Ti,SiC and Ti;SiC,
chemical compositions, respectively) are shown in
Fig. 2 and in Tables S5 and S6; their values indicate
that Ti,SiC has the least total vapor pressure in the
SiC, Ti,SiC, and Ti;SiC, series. Therefore, Ti,SiC is
the least volatile carbide material of those studied in
this work.

Vaporization of Oxycarbide MAX Phase— HfO, Systems

When the vaporization of MAX phase—HfO, sys-
tems was studied, a sample of the oxycarbide system
being studied was vaporized from one compartment of
the twin effusion cell, and the corresponding carbide
material containing the MAX phase was vaporized
from the reference compartment, as mentioned in the
Section “Experimental”.

Preliminary experiments showed that carbide
materials containing MAX phases with aluminum are
far more volatile than oxycarbide samples are. There-
fore, it was impossible to conduct experiments by the
differential mass spectrometric method where the cell
compartments with the studied sample and pressure
reference would be alternately moved onto the optical
axis of the mass spectrometer without changing the
temperature. On the one hand, at low temperatures
(~1500 K)), at which materials containing MAX phases
with aluminum vaporize, the ion current intensities in
vapor mass spectra over oxycarbide samples, as a rule,
are at the sensitivity threshold of the mass spectrome-
ter. On the other hand, there are two factors limiting
the measurements for the sample and standard at high
temperatures, at which the vapor mass spectra over
oxycarbide systems are recorded reliably. Firstly, the
atomic aluminum partial pressure over a carbide
material containing the MAX phase under the speci-
fied conditions significantly exceeds the upper limit of
pressure measurements by the Knudsen method (13 Pa).
Secondly, at high temperatures, the selective vaporiza-
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tion of aluminum from the carbide sample changes the
composition of the condensed phase, which does not
allow the experimentally obtained values to be
attributed to the initial composition of the material.
Therefore, in this work, we first measured the Al* ion
current intensity in the vapor mass spectrum over a
carbide material containing the MAX phase at the
temperature at which the oxycarbide sample vaporiza-
tion was not observed. Then, the vaporizer with the
effusion cell was moved to the position to measure the
ion current intensities in the vapor mass spectrum over
the MAX phase—HfO, system, and the cell tempera-
ture was increased in order to measure the tempera-
ture-dependent ion current intensities in the vapor
mass spectrum over the studied oxycarbide sample. To
determine the partial pressures of vapor species over
the MAX phase—HfO, system, the Al* ion current
intensity in the vapor mass spectrum over the carbide
sample was recalculated using Egs. (12)—(15) to refer
it to the temperature at which the Al* intensity in
vapor mass spectra over the oxycarbide sample was
measured.

It should be especially noted that numerous ions
generated by the ionization of highly volatile organic
substances, CO, and CO, were identified in the vapor
mass spectrum during the initial heating of the effu-
sion cells with test samples. For this reason, the vac-
uum system of the mass spectrometer did not cope
with pumping off residual gases to a high vacuum, so
after each incremental increase in temperature we had
to wait for some time for the vacuum to be restored to
a value that would keep the device’s protective system
from triggering.

In vapor mass spectra over aluminum-containing
MAX phase—HfO, systems, Al" and Al,O" ions with
an appearance energies of 6.0 and 7.7 eV, respectively,
were identified starting at 1600 K. Comparison to the
ionization energies of Al and Al,O vapor species [34]
showed that the identified ions were direct ionization
products. Noteworthy, the vapor mass spectra over
carbide materials containing MAX phases with alumi-
num also featured an Al" ion, and not AlL,O*. The
atomic aluminum partial pressures over MAX phase—
HfO, oxycarbide systems were determined by Eq. (10),
where the Al partial vapor pressure over aluminum-
containing carbide samples (p,(Al)) was determined by
Egs. (12)—(15). The Al,O partial pressures over the
studied oxycarbide systems were determined by the
relation below, which is an analogue of Eq. (11):

I(ALO")G (Al (ALY
I,(A1")6(ALOYY(ALO")

where the aluminum ionization cross sections were
taken from [32], and Al,O ionization cross sections
were calculated as for a dialuminum oxide molecule.
The dialuminum ionization cross section is 1.8 X
G(Al) [28], and the dialuminum oxide ionization cross

P(ALO) = py(Al) (24)
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section can be calculated as 0.65 X c(Al,) = 1.17 X
6(Al). The calculated values appear in Table S7; they
were used to estimate the coefficients of temperature-
dependent partial pressures of vapor species over the
studied oxycarbide samples.

In the Ti,AIC—HfO, system, temperature-depen-
dent Al and Al,O partial vapor pressures were deter-
mined over the following samples:

— 90 mol % Ti,AIC—10 mol % HfO, in the tem-
perature range 1600—1795 K:

23715£988

logp(Al) [Pa] = — +14.52 £ 0.36, (25)

256751790
logp(ALO) [Pa] = ———————

+15.28 £ 0.32,(26)
— 50 mol % Ti,AIC—50 mol % HfO, in the tem-
perature range 1627—1821 K:

32906 + 2480

logp (Al) [Pa] = — T (27)

+18.17 £1.435,

30168 + 241
logp(ALO) [Pa] = _Joles 22410

+16.00 £1.38,(28)
— 20 mol % Ti,AIC—80 mol % HfO, in the tem-
perature range 1632—1821 K:

24380 +1330

logp(Al) [Pa] = — +12.79 £ 0.43, (29)

logp(ALO) [Pa] = —

25084 +
M +12.85+ 0.47.(30)

The total Al and Al,O vapor pressure over the sam-
ples of the Ti,AIC—HfO, oxycarbide system is far
lower than the Al partial vapor pressure over sample 3
(Ti,AlC chemical composition according to Table 1).
The partial vapor pressure of the Al vapor species over
the Ti,AIC—HfO, system decreases as the HfO, con-
tent increases. The Al,O fraction in the total vapor
pressure increases, as temperature rises, over the
90 mol % Ti,AIC—10 mol % HfO, and 20 mol %
Ti,AIC—80 mol % HfO, samples, and decreases over
the 50 mol % Ti,AIC—50 mol % HfO, sample.

In the Ti;AlC,—HfO, system, temperature-depen-
dent Al and Al,O partial vapor pressures were deter-
mined over the following samples:

— 90 mol % Ti;AlC,—10 mol % HfO, in the tem-
perature range 1501—-1615 K:

27109 £1767
logp(Al) [Pa] = — 20 E1767 17 00 +1.14), @31)
29897 £1907
logp (AIZO) [Pa] = T (32)

+(18.40 £1.23),
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— 50 mol % Ti;AlC,—50 mol % HfO, in the tem-
perature range 1699—1815 K:

28595+ 654
logp(Al) [Pa] = —9— +15.94 £0.37, (33)
24576 £ 1257
logp (Alzo) [Pa] = _f (34)

+13.05%£0.72,

— 20 mol % Ti;AlC,—80 mol % HfO, in the tem-
perature range 1729—1835 K:

24238 + 2281

logp(Al) [Pa] = - 22— "%2_ 1 13.19+1.28, (35)
27658 + 1160

logp(ALLO) [Pa] = T (36)

+14.63 £ 0.65.

The total Al and Al,O vapor pressure over the sam-
ples of the Ti;AlC,—HfO, oxycarbide system is far
lower than the Al partial vapor pressure over sample 4
(with the Ti;AlC, chemical composition according to
Table 1). The Al,O fraction in the total vapor pressure
increases, as temperature rises, over the 90 mol %
Ti;AlC,—10 mol % HfO, and 20 mol % Ti;AlIC,—
80 mol % HfO, samples and decreases over the 50 mol %
Ti;AlC,—50 mol % HfO, sample. The Ti;AlC,—HfO,
system has a higher volatility compared to that of the
Ti,AIC—HfO, system.

In the Zr,AIC—HfO, system, temperature-depen-
dent Al and Al,O partial vapor pressures were deter-
mined over the following samples:

— 90 mol % Zr,AIC—10 mol % HfO, in the tem-
perature range 1685—1777 K:

285354122
logp(Al) [Pa] = _2BE 6631071, (37)
32198 +1410
logp(AL,0) [Pa] = —2=20 = 1410

+18.01 £ 0.81,

— 50 mol % Zr,AlC—50 mol % HfO, in the tem-
perature range 1699—1824 K:

27154 £1492
19387 + 1482
logp(AL,0) [Pa] = _—T (40)

+9.96 + (.84,

— 20 mol % Zr,AIC—80 mol % HfO, in the tem-
perature range 1725—1844 K:

27136 + 641

logp(Al) [Pa] = — +14.72+0.36, (41)
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29249 +1029

+15.40 £ 0.58.

The total Al and Al,O vapor pressure over the sam-
ples of the Zr,AIC—HfO, oxycarbide system is far
lower than the Al partial vapor pressure over sample 5
(with the Zr,AlIC chemical composition according to
Table 1). The Al,O fraction in the total vapor pressure
increases, as temperature rises, over the 90 mol %
Zr,AIC—10 mol % HfO, and 20 mol % Zr,AIC—
80 mol % HfO, samples and decreases over the 50 mol %
Zr,AIC—50 mol % HfO, sample.

In the Zr;AlC,—HfO, system, temperature-depen-
dent Al and Al,O partial vapor pressures were deter-
mined over the following samples:

— 90 mol % Zr;AlC,—10 mol % HfO, in the tem-
perature range 1634—1765 K:

27438 £1293
logp(Al) [Pa] = 27438 £1293 +16.84+0.76, (43)
30297 £ 2121
logp (ALO) [Pa] = — (44)

+18.05+1.24,
— 50 mol % Zr;AlC,—50 mol % HfO, in the tem-
perature range 1687—1785 K:

25995 £ 1217

logp(Al) [Pa] = — +15.951£0.70, (45)

31377 £ 2413
logp(ALO) [Pa] = —# (46)
+18.67 £1.38.

— 20 mol % Zr;A1C,—80 mol % HfO, in the tem-
perature range 1699—1805 K:

26223 £1287
logp(Al) [Pa] = ———— """ 1 |5.64£0.83, (47)
31152 £ 1881

+18.07 £1.07.

The total Al and Al,O vapor pressure over the sam-
ples of the Zr;AlC,—HfO, oxycarbide system is far
lower than the Al partial vapor pressure over sample 6
(with the Zr;AlIC, chemical composition in Table 1).
The Al,O fraction in the total vapor pressure increases,
as temperature rises, over all studied Zr;AlIC,—HfO,
samples. The Zr;AlC,—HfO, system has a higher vol-
atility compared to that of the Zr,AIC—HfO, system.

In the vapor mass spectra over Ti,SiC—HfO, and
Ti,;SiC,—HfO, oxycarbide systems, Si*, SiC*, SiO™,

Si;, SiCS, and Si,C" ions were identified starting at ca.
1950 K. The determination of the molecular precur-
sors of these ions showed that they are all products of
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Table 3. Coefficients in the equation for the temperature-dependent decimal logarithm of SiC, and Si,C partial vapor pres-
sures over samples of Ti, ;| SiC,—HfO, (n = 1 or 2) oxycarbide systems, determined by Knudsen effusion mass spectrometry

in this work

logp(i) [Pa] = —-A/T+ B
HIO,, Temperature range, K SiC, Si,C
mol %
A B A B
The Ti,SiC—HfO, system
0 1900—2050 37240 + 1297 16.50 £ 0.65 41500 £ 1600 18.66 £+ 0.81
10 1995-2115 39294 + 746 17.24 £ 0.36 41789 £ 1000 18.52 £ 0.29
50 20042115 41552 £ 949 18.37 £ 0.44 36620 = 1220 15.90 £ 0.61
80 2051-2135 38954 + 1211 16.84 £ 0.64 35118 + 850 15.02 £ 0.41
The T;SiC,—HfO, system
0 1900—2050 37539 £ 3536 16.86 £ 1.79 32428 £ 2543 14.60 £ 1.30
10 2016—2112 39294 + 1195 17.24 £ 0.54 41789 £ 1620 18.52 £ 0.78
50 1995—-2124 41369 + 1214 18.44 + 0.40 38971 + 1430 17.58 = 0.59
80 2011-2104 41018 £ 1214 17.98 = 0.40 37575 £ 1430 16.60 = 0.59

direct ionization. We should mention that the Si,
SiC™, and SiO" ions overlap with the N3 + CO*, Ar*,

and COZ background signals. For this reason, the Si*,
SiC*, and SiO" ion current intensities were measured
at the temperature at which useful signals (separated
by the electrical shutter of the mass spectrometer) with
mass-to-charge ratios of 28, 40, and 44 were in excess
over the background signals. At a mass-to-charge ratio
of 44, for example, in addition to a high background

signal from the CO; ion, there is an ion current sepa-
rated by the electrical shutter that largely corresponds
to the SiO™ ion. The appearance energy of this ion is
10.6 eV, which corresponds to the ionization energy of
silicon monoxide [34], while the ionization energy of
CO, is 13.8 eV [34]. Thus, the vapor over Ti,SiC—
HfO, and Ti;SiC,—HfO, systems in the temperature
range 1950—2100 K consists of Si, SiO, SiC, SiC,, Si,,
and Si,C.

The determination of temperature-dependent Si*,
SiO™, and SiC™* ion current intensities is difficult due
to the fact that the electrical and mechanical shutters
of the mass spectrometer both shut off not only the
Si*, SiC*, and SiO™ ions of the vapor mass spectrum

over the studied samples, but also part of the N; +
CO*, Ar*, and CO, background signals. Therefore,
the investigation of vaporization of the Ti,SiC—HfO,
and Ti;SiC,—HfO, systems was further reduced to the
determination of the temperature-dependent partial

pressures of the SiC, and Si,C vapor species. The Si;
ion current intensity was at the sensitivity threshold of
the mass spectrometer and, accordingly, was not mea-
sured quantitatively.
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In the Ti,SiC—HfO, system, the temperature-
dependent partial vapor pressures of SiC, and Si,C
were determined over the 90 mol % Ti,SiC—10 mol %
HfO, sample in the temperature range 1995—2115 K,
the 50 mol % Ti,SiC—50 mol % HfO, sample in the
temperature range 2004—2115 K, and the 20 mol %
Ti,SiC—80 mol % HfO, sample in the temperature
range 2051—2135 K. The coefficients of equations for
those temperature dependences of the partial pres-
sures of vapor species over the samples in the Ti,SiC—
HfO, system are listed in Table 3.

The SiC, and Si,C partial vapor pressures over the
samples in the Ti,SiC—HfO, oxycarbide system were
far lower than over sample 1 (with the Ti,SiC chemical
composition in Table 1).

In the Ti;SiC,—HfO, system, the temperature-
dependent partial vapor pressures of SiC, and Si,C
were determined over the 90 mol % Ti;SiC,—10 mol %
HfO, sample in the temperature range 2016—2112 K,
the 50 mol % Ti;SiC,—50 mol % HfO, sample in the
temperature range 1995—2124 K, and the 20 mol %
Ti;SiC,—80 mol % HfO, sample in the temperature
range 2011—-2104 K (Table 3).

The SiC, and Si,C partial vapor pressures over the
samples in the Ti;SiC,—HfO, oxycarbide system were
far lower than over sample 2 (with the Ti;SiC, chemi-
cal composition in Table 1). The sum of the SiC, and
Si,C partial vapor pressures over the Ti;SiC,—HfO,
oxycarbide samples is several times the respective
value over the Ti,SiC—HfO, samples containing equal
hafnia concentrations. We may conclude that the
Ti;SiC,—HfO, system has a higher volatility than that
of the Ti,SiC—HfO, system.

Altogether, the Knudsen effusion mass spectro-
metric study of the MAX phases-containing carbide
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log po [Pa]

|
<
~
T

|
e
o

0.60 0.62 0.64 0.66
103/7, K!

0.56 0.58

Fig. 3. Total vapor pressure as the sum of Al and Al,O par-
tial vapor pressures over samples 13, 16, 19, and 22 (Table 1)
with the following chemical compositions, mol %:
(1) 90Ti,AlIC—10HfO,, 2 90Ti;AIC,—10HfO,,
(3) 90Zr,AIC—10HfO,, and (4) 90Zr;A1C,—10HfO,).

materials with the Ti,AlC, Ti;AlC,, Zr,AlC, Z1;AlC,,
Ti,SiC, and Ti;SiC, chemical compositions and their
reaction products with hafnia implies that the samples
containing titanium, silicon, and carbon are the least
volatile and stable up to 1900 K. Of the SiC, Ti,SiC,
and Ti;SiC, carbide materials, sample 1 (with the
Ti,SiC chemical composition in Table 1) has the least
volatility. Hafnia additives decrease the partial pres-
sures of the Si,C and SiC, vapor species over the
Ti,SiC—HfO, system.

For the carbide materials containing the MAX
phases with aluminum, the Al partial pressure
increases in the following order: Zr,AlC < Zr;AlC, <
Ti,AlIC < Ti;AlIC,.

Sample 5 of the chemical composition Zr,AlC has
the least volatility in the range of temperatures studied.
When doped with hafnia, the volatility order of the
samples changes. Sample 19, which also contains the
Z1,AlC phase, has the lowest sum of Al and AlO par-
tial vapor pressures among the carbide systems con-
taining 10 mol % HfO,. The total vapor pressures over
the 90 mol % Ti,AlIC—10 mol % HfO, and 90 mol %
Z1;,A1C,—10 mol % HfO, samples match each other
within the determination error (Fig. 3). The thus-
derived increasing order of volatilities is as follows:
90 mol % Zr,AIC—10 mol % HfO, < 90 mol %
Ti,AlIC—10 mol % HfO, ~ 90 mol % Zr;AlC,—10 mol %
HfO, < 90 mol % Ti;AlC,—10 mol % HfO,.

In the systems containing 50 mol % HfO,, the least
sum of Al and AlO partial vapor pressures is over sam-
ple 14, which contains the Ti,AIC MAX phase. The
total vapor pressure over sample 20 of composition
50 mol % Zr,AIC—50 mol % HfO, (Table 1) at low
temperatures (1700—1750 K) matches, within the
experimental uncertainty, the total vapor pressure over
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1.8
1.2+
0.6

0r

—0.6

log pyo [Pa]

—1.2r

—1.8}F

0.55 0.56 0.57 0.58 0.59 0.60 0.6l
103/7, K!

Fig. 4. Total vapor pressure as the sum of Al and Al,O par-
tial vapor pressures over samples 14, 17, 20, and 23 (Table 1)
with the following chemical compositions, mol %: (m, 1)
50Ti,AIC—50HfO,, (@, 2) 50Ti3AlIC,—50HfO,, (A, 3)
5021‘2A1C—50Hf02, and (V 5 4) SOZI'3A1C2—50HfOZ

1.2
0.6 J
:
;-0.6 -
- 3
—1.8F

0.54 0.55 0.56 0.57 0.58 0.59 0.60 0.61
103/7, K~

Fig. 5. Total vapor pressure as the sum of Al and Al,O par-
tial vapor pressures over samples 15, 18, 21, and 24 (Table 1)
with the following chemical compositions, mol %:
(1) 20Ti,AlIC—80HfO,, 2 20Ti3AlC,—80HfO,,
(3) 20Zr,AIC—80HfO,, and (4) 20Zr;AlC,—80HfO,.

sample 17 (with the chemical composition of 50 mol %
Ti;AlC,—50 mol % HfO,), and at higher temperatures
(1790—1820 K), it corresponds to the total vapor pres-
sure over sample 14 (with the chemical composition of
50 mol % Ti,AlIC—50 mol % HfO,) (Fig. 4). There-
fore, the volatility series will be the following: 50 mol %
Ti,AIC—50 mol % HfO, < 50 mol % Zr,AlIC—50 mol %
HfO, < 50 mol % Ti;AlC,—50 mol % HfO, < 50 mol %
Z1,AlC,—50 mol % HfO,.

In the 80 mol % HfO, system, the least sum of the
Al and AIO partial vapor pressures is over carbide
material 15, which contains the Ti,AIC MAX phase.
In the temperature range 1720—1850 K, the total vapor
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Table 4. Vapor mass spectra over sample 14 (with the
chemical composition of 50 mol % Ti,AIC—50 mol %
HfO,) synthesized at maximum temperatures of 1773 and
2073 K

Synthesis temperature, K

1773 2073
T, K

Ion current intensity, arb. units

Alt AlL,O* Alt Al,O*

1790 23 2.4 24 2.7
1813 38 6.6 37 6.3
1844 52 9.0 52 8.7
1779 21 2.0 22 2.1

pressure over sample 21 (with the chemical composi-
tion of 20 mol % Zr,A1C—80 mol % HfO,) is compa-
rable (within the experimental uncertainty) with the
total vapor pressure over sample 18 (with the chemical
composition of 20 mol % Ti;AlC,—80 mol % HfO,)
(Fig. 5). Therefore, the volatility series will be the fol-
lowing: 20 mol % Ti,AIC—80 mol % HfO, < 20 mol %
Z1,A1C—80 mol % HfO, ~ 20 mol % Ti;AlC,—80 mol
% HfO, < 20 mol % Zr;AlC,—80 mol % HfO,.

To conclude the work, we compared vaporization
processes of the samples of oxycarbide systems, con-
taining the MAX phase with aluminum, that have dif-
ferent maximum synthesis temperatures, namely, the
Ti,AIC—HfO,, Ti;AlC,—HfO,, Zr,AIC—HfO,, and
Z1;AlC,—HfO, systems. We should mention here that
all the results presented above were obtained from
samples synthesized at a maximum temperature of
2073 K. In the mass-spectrometric experiment, how-
ever, those samples vaporized at lower temperatures
(starting from 1500—1600 K). Therefore, synthesis at
2073 K might be accompanied with selective vaporiza-
tion of aluminum from the system and a change in the
composition of the condensed phase. To check
whether this might indeed occur, we carried out a
comparative vaporization of samples synthesized at
maximum temperatures of 1773 and 2073 K in systems
containing aluminum and 50 mol % HfO,. It appeared
that the vapor composition and partial pressures of Al
and Al,O vapor species over the samples synthesized at
1773 and 2073 K matched each other within the exper-
imental uncertainty. An example of the vapor mass
spectrum over sample 14 (with the chemical composi-
tion of 50 mol % Ti,AlIC—50 mol % HfO, according to
Table 1) is presented in Table 4. The identical results
obtained for samples synthesized at different tempera-
tures indicate the following: a change in the maximum
synthesis temperature of samples of the studied oxy-
carbide systems in the range 1773—2073 K does not
change the vapor composition or the partial pressures
of vapor species over the samples as determined by
Knudsen effusion mass spectrometry.
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CONCLUSIONS

This work is the first where the vaporization of the
carbide materials of the Ti,SiC, Ti;SiC,, Ti,AlC,
Ti;AlIC,, Zr,AlC, and Zr;AlC, chemical composi-
tions, containing the MAX phases, and MAX phase—
HfO, oxycarbide systems was studied up to 2200 K by
Knudsen effusion mass spectrometry. We have shown
that carbide materials of as-batch chemical composi-
tions Ti,SiC and Ti;SiC, are the least volatile and are
stable up to 1900 K. Of the studied silicon-containing
carbide materials (SiC, Ti,SiC, and Ti;SiC,), the sam-
ple of as-batch chemical composition Ti,SiC has the
least total vapor pressure. The vapor over the samples
with Ti,SiC and Ti;SiC, compositions at temperatures
above 1900 K features Si, Si,, SiC, SiC,, and Si,C spe-
cies, just as over pure silicon carbide. In the vapor over
materials containing the MAX phases with aluminum,
atomic aluminum is the major vapor species at tem-
peratures starting from 1500 K. The relative volatility
of the studied aluminum-containing samples has been
found to increase in the series Zr,AlC < Zr;AlC, <
Ti,AIC < Ti;AIC,.

We have found that hafnia additives to the carbide
materials under consideration bring about a decrease
in total vapor pressure over the formed oxycarbide sys-
tems and give rise to the appearance of oxygen-con-
taining vapor species: SiO and Al,O, which were not
identified in this work over the carbide materials con-
taining the MAX phases with silicon and aluminum,
respectively. The increasing HfO, content in alumi-
num-containing oxycarbide samples changes the
order of relative volatilities. When the doping level is
10 mol % HfO,, oxycarbide samples based on Zr,AlC-
containing materials have the least total vapor pres-
sures, as was the case with the above-considered car-
bide samples. However, when the HfO, content
increases to 50 mol % or more, the system whose
chemical composition is described with the Ti,AlC—
HfO, formula becomes the least volatile system. Vari-
ations in the maximum synthesis temperature in the
range 1773—2073 K for samples of the studied oxycar-
bide systems do not bring about a change in either the
qualitative or the quantitative composition of the
vapor over the oxycarbide material as determined by
Knudsen effusion mass spectrometry.
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