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It is known that polycomponent ceramic
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The paper discusses the conditionality of such physical properties of polycomponent
oxygen-free ceramics (MAX phases), as thermal and fracture resistance, with a special
physicochemical nature of the binding forces between the elements forming the MAX
phase and with a specific structural state characterized by the presence of thin interlayer
between the structure elements with an unordered arrangement of atoms. The results of
the experimental study of some of the physical properties of Ti;AlC,-based materials are
presented, which are consistent with the proposed concept.
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OGceysxnaercs O00yCJIOBJICHHOCTb TAKUX (PUBUUECKUX CBOMCTB IIOJMKOMIIOHEHTHOM GecKuc-
nopoguoit kepamuru (MAX-das), KaKk TepMO- U TPEIUHOCTONKOCTE, 0CO00M (PUIMKO-XUMU-
YEeCKOM IPHUPOAON CUJI CBA3M MeMKIy asjemeHTamu, Gopmupyomumu MAX dasy, u cuemudu-
YECKHM CTPYKTYPHBIM COCTOSAHHEM, XapPaKTePUIYIOUMMCSA HAJIUYIMEM TOHKUX IIPOCIOEK
MEXIY DJIEMEHTAMU CTPYKTYDPBI ¢ HEYIOPSAIOUYECHHBIM PACIOJIOMKEHreM aTroMoB. I[IpuBeneHBI
Pes3yabTaThl 9KCIEPUMEHTAIBHOr0 MCCIEI0BAHNA HEKOTOPBIX (PMBMUECKUX CBOMCTB MaTepua-
JIOB Ha OCHOBe coefuHeHHUA |izAlC,, KOTOpEIE coryacyioTcsa ¢ IpejjaraeMoil KOHITeNIuelt.

Tepmo- i Tpimunocriiikicts kKepamikm Ha ocmoBi MAX-dasu TizAIC,. [0.I.Boiixo,
B.B.Bozdanos, P.B.Bogk, E.C.I'eeopran, BA.Koaecuivenrxo, B.D.Kopuwar, T.Adlpixua.

OG6rosoproeTbca OGYMOBJEHICTE TaKMX (PISMUHUX BJIACTUBOCTEH IIOJIKOMIIOHEHTHOI 0es-
kucHeBol kKepamikrum (MAX-das), gk rTepmo- 1 rpimuHocTifikicTs, 0COGAMBOK GisHKO-
XiMiuHOIO IPHUPOLOI0 cuJ 3B A3KY Mim eneMeHTamu, 110 popmyrors MAX dasy, i cnemudiu-
HUM CTPYKTYDPHHM CTAHOM, IO XapPaKTEepPHU3YEThbCHd HAABHICTIO TOHKMX IMPOIIApPKiB MiK eie-
MEHTAMHU CTPYKTYPH 3 HEYIODPAIKOBAHMUM poa3TamryBaHHAM artomis. Hasememo pesyabraTu
eKCIePHUMEHTAJbHOI0 OOCHIIMKeHHSA medKux (PismuHMX BJIAcCTHUBOCTEll MarepiayiB Ha OCHOBI
crronyku TigAlC,, AKi ysromxyoTsed i3 3aIpOIIOHOBAHOIO KOHIEINIico.

1. Introduction portant functional material, which is widely
used in various industries. Recently, special
attention in terms of practical application

has unique physical properties and is an im- has been paid to ceramics on the basis of
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the so-called MAX phases. MAX phases are
a kind of triple compounds with wvariable
stoichiometry: M,.,AX, (n=1, 2, 38..),
where M — 3d transition metal, A — p-ele-
ment (for example: Al, Ge, Si and etc.), X —
carbon (C) or nitrogen (N) [1-4]. Of the
large number of MAX phases synthesized to
date, the most known and requiered are the
phases based on titanium: TizAIC,, TiAIN,
Ti3SiC, and etc. The main physical proper-
ties of these compounds, which determine
their structural attractiveness, are thermal
stability, as well as unique mechanical prop-
erties: on the one hand, these materials are
characterized by a relatively high plasticity,
and on the other hand they have great me-
chanical strength (considerable crack resis-
tance up to failure).

In this paper, we discuss the factor of
the special physico-chemical nature of the
binding forces between atoms, which deter-
mines the unique properties of MAX phases,
and also results of experimental research of
some physical properties of these phases on
the example of Ti;AIC, compound, which are
consistent with the proposed concept.

2. Thermal resistance of MAX
phases

It is obvious that in order to ensure the
thermal stability of a polycomponent ceram-
ics based on the MAX phase, it is necessary
to use such components that, during the
chemical reaction, when combined in the
sintering process, form refractory com-
pounds. The formation of such compounds
provides not only an increased thermal sta-
bility of the material, but also causes an
increase in the activation energy of atoms
diffusion, which, in turn, leads to decrease
in the rate of plastic deformation of the
material at room and higher temperatures.

It is known that carbon is the most sta-
ble chemical element with respect to tem-
perature (C). Under certain conditions, it is
characterized by thermal stability up to
=~ 3500°C [5]. In the process of producing a
ceramic material of the MAX phase on the
basis of titanium and carbon, the intermedi-
ate phase is titanium carbide (TIC). For the
melting point of titanium carbide in differ-
ent sources, the values are 3127 — 3227°C,
which ultimately provides increased thermal
stability of the MAX phase based on the
elements Ti, Al, and C. Let’s pay attention
to the fact that the thermal stability of
carbon (C) and, respectively, of titanium
carbide (TIiC) is significantly reduced in a
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medium containing oxygen (O). In order to
prevent this negative effect of oxygen on the
heat resistance of carbon and its compounds,
silicon (Si) can be used as an additive [5].
Another refractory compound, possible
candidate as a component in the production
of ceramics with increased thermal stability
on the basis of MAX phases, can be tita-
nium nitride (TiN). The melting point of ti-
tanium nitride is 2950°C, which can provide
increased thermal stability of the MAX
phase material using nitrogen (N). It is nec-
essary to pay special attention to the fact
that the considered elements of Ti, Al, C and
N in compounds with each other can change
their valence [6]. In this case, the forming
compounds are characterized by the forma-
tion of both an isotropic (metallic) bond and
directed chemical bonds between the atoms
(covalent or ionic). The presence of directed
chemical bonds leads to an increase in the
activation energy of atoms diffusion, which
causes a decrease in the rate of plastic de-
formation at room and higher temperatures.

3. Crack resistance of ceramics
based on MAX phases

It is known that high fragility of materi-
als (the tendency to cracking under the in-
fluence of mechanical stress, leading ulti-
mately to the destruction of the material),
including ceramics, is associated with their
crystal-chemical structure, that is with the
nature of the chemical bonds acting between
different atoms and also with the presence
or absence of long-range order in their ar-
rangement. The crack opening occurs, as a
rule, along the so-called "cleavage planes”,
which are characteristic for non-directional
chemical bonds. Any deviation or violation
of the degree of atoms ordering contributes
to an increase in the fracture toughness of
the material. For example, a completely dis-
ordered (amorphous) structure is charac-
terized by the greatest crack resistance. The
violation of ordering in the atoms arrange-
ment is realized in the case when, firstly,
the bond between atoms is directional (ionic
or covalent) and, secondly, when the inter-
acting atoms in the process of forming the
polycomponent material can form a differ
number of bonds [7].

As already mentioned, the atoms of tita-
nium, carbon and nitrogen interact with a
tendency to form directed chemical bonds,
which promotes the formation of thermo-
and crack-resistant compounds. In addition,
the above elements can easily change their
valency [5, 6]. Consequently, it is these ele-
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Fig. 1. a — Imprints of the Vickers indentor at various loads: 1 — P=0.2 H; 2, 3 — P=5 H in
different places of the sample; b — formation of microcracks near the corners of the imprint at the

load P = 7.4 H.

ments, combining in the process of chemical
reactions when form the materials based on
MAX-phases, can form structures, charac-
terized by deviation from the orderly of
atoms arrangement, and, as a result, have
an increased crack resistance [7, 8].

It should be noted that formation of
MAX phase TizAIC, in the temperature
range 1350 — 1500°C occurs in stages. In
the first stage, titanium reacts with carbon
and aluminum, forming a refractory com-
pound titanium carbide (TiC) and the liquid
phase (Ti—Al). With further cooling during
the formation of the MAX phase the crys-
talline TiC grains are surrounded by thin
interlayers (boundaries) from the (Ti—Al)-
based phase, which are characterized by an
unordered atoms arrangement.

To summarize, it can be argued that tita-
nium (Ti), carbon (C), silicon (Si), and nitro-
gen (N) are the most promising chemical
elements — the candidates for production of
thermo- and crack-resistant ceramics.

4. Experimental

The samples for investigation were pre-
pared by hot isostatic pressing at the pres-
sure of 30 MPa at the temperature of
1350°C of a mixture of ultradisperse pow-
ders (1 — 10 um) of titanium carbide (TiC)
and aluminum (Al) with a different molar
ratio of components. The holding time
under pressure at this temperature during
the preparation of the samples was = 30 min.
In some cases copper (Cu) or tin (Sn) was
used as an additive to the main MAX phase
in an amount of = (1 — 3) wt. %.

The phase composition of the samples
was monitored by X-ray analysis.
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The microhardness and fracture tough-
ness test was carried out with the Vickers
indenter on the PMT-3 microhardness meter
by varying of the load magnitude and of the
exposure time under load. The dimensions
of the prints and the dimensions of the ra-
dial cracks propagating from the corners of
the indentation were measured using a met-
allographic microscope MIM-10.

The data obtained were used to calculate
the microhardness (H,) and fracture tough-
ness (K) by formulas: H,=~0,189 P/d?,
K = 7.41072P/¢)3/2, where P is the load on
the indenter, d is the length of the diagonal
of the residual indentator print, ¢ is the
mean length of the radial cracks, measured
from the center of the print.

The structure of the investigated samples
was studied both on thin sections and on
faults using optical and scanning electron
microscopy.

The results of all our experiments are
shown in Fig. 1-8 and in Table.

5. Results and discussion

Fig. 1la, b shows the imprints of the
Vickers indentor at various loads. At the
load of P = 7,35 N, the microcrack forma-
tion was observed from the corners of the
imprint (Fig. 1b). Based on the measure-
ment of the parameters d and ¢, the micro-
hardness H, and the crack resistance K of
the samples were calculated. The results are
shown in Table. In accordance with the ac-
cepted designations, H, 0.02/10 — micro-
hardness of the sample under load of 0.02 kg
at the time of exposure under load 10 c.

Fig. 2 shows the structure of the mate-
rial under study.
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Fig. 2. Typical structure of MAX phases: a — SEM sample section image, b — SEM image of the
sample fracture, ¢,d — optical images of the sample section.

The X-ray diffraction data of the sam-
ples are shown in Fig. 3 Analysis of the
obtained diffractograms indicates the for-
mation of at least three phases: TiC, Ti,AlIC
and Ti3AlC,. A characteristic feature is the
absence of a crystalline phase (Ti-Al), for
example, of an intermetallic compound
Al3Ti, which agrees with the assumption ex-
pressed in paragraph 3.

The obtained experimental data will be
discussed in the framework of the proposed
concept: the unique physical properties of
materials based on MAX phases are due to
the different nature of chemical bonding
forces acting between heterogeneous atoms, as
well as to the specific structural state formed
in the process of compaction (sintering) of ce-
ramics at high temperature under pressure.

The results of the study are well ex-
plained as follows. The thermal stability of
the ceramic material under study (1000 —
1100°C) is provided by the presence of a
refractory phase TiC.

The microhardness of the samples is es-
sentially non-uniform and, depending on the
structural state of the surface, varies in the
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Fig. 3. Diffractograms of the investigated
MAX-phase samples: a — Ti;AlC, 89 wt. %,
TiC 11 wt. %, b — TizAIC, 61 wt. %, TiC
17 wt. %, TiL,AIC 22 wt. %.
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Table 1. Values of microhardness H, and crack resistance K of different samples.

Sample Hy Hy Hy Hy Hy 0,4— K,
0,02/10, | 0,02/30, | 0,1/10, | 0,1/30, | 0,1/3800, | 0,9/30, |MPa-m/2
MPa MPa MPa MPa MPa load
7.35 H
Ti3A|C2 89 %, TiC 11 % 513
Ti3A|C2 61%, TiC 17%, TizAIC 22% 429 698 620 524 455 7,4
Ti3A|C2 93%, TiC 4%, AI203 3% 1000 9208 880
Ti;AIC, 665 536 470 412

range of H, = (0,4-1) GPa, which indicates
the heterogeneity of the structure.

The fracture toughness of the test mate-
rial reaches the value K = 7,4 MPa-ml/2.
Such a high wvalue of crack resistance is
naturally to associate with the fact that a
specific layered structure is formed in the
investigated material: the grains of the re-
fractory crystalline phases are separated by
thin phase (TiAl) layers, which are charac-
terized by an unordered arrangement of
atoms, which is confirmed by X-ray studies
(see Fig. 3). These layers prevent the propa-
gation of germinal microcracks in the tran-
sition from one crystalline grain to another
(neighboring) grain, and thereby ensure a
high crack resistance of the test material.

6. Conclusion

The studied material is characterized by
increased thermal and crack resistance.
These properties are due to the special physi-
cochemical nature of the binding forces be-
tween the elements of the emerging phases
and to the specific structural state charac-
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terized by the presence of thin interlayers
with an unordered arrangement of atoms.
The authors are grateful to P.V.Matey-
chenko for electron microscopic images of the
structure of the samples studied in this work.
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