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Features of phase formation at the interfaces
of structural elements in multi-component
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The paper analyzes the features of the MAX phases formation in the Ti-Al-C system;
in particular, the possibility of thin layers of the amorphous phase (Ti—Al) forming on the
surface of the TiC grains is discussed. Such layers cause increased crack resistance of
ceramic materials based on MAX phases such as Ti,AlC, TizAIC,, TIAIC,, which are there-
fore durable and suitable for use as the basis for the manufacture of implants in medicine
and biology.
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IIpoamanusupoBansl ocobeHHOCTH Iponecca popmuposanus MAX-das B cucreme Ti—Al-C,
B YaCTHOCTH, OOCY KIaeTcsAd BO3MOMKHOCTL OOpasoBaHUA Ha IIOBepXHOCTU 3epeH TiC ToHKUX
caoes amoppuoii ¢gaswr (Ti—Al), oB6ycaoBIUBAOIINX MOBLIIIEHHYIO TPEIUHOCTONKOCTL Kepa-
MHUUYECKHX MaTepuasioB Ha ocHose Takux MAX-as, xak Ti,AlC, TizAIC,, TIAIC,, apraommux-
¢ B CHUJY STOr0 H3HOCOCTOMKVMMM M IPUrOAHBIMU [JIA KCIIOJIb30BAHUA B KAuecTBe OCHOBEI
[JIA MBTOTOBJICHUS SHIOIPOTE30B U MMILJIAHTOB B MEeIUIUHE U OUOJOrUU.

Ocob6anBocTti ha30yTEOPEHHT HA MeKaX PO3TIIY CTPYKTYPHHX €JI€eMEHTIB y ImOJIiKOMIIO-
HenTHiN Kepamini Ha ocnosi Ti—-Al-C. FO.I.Boiixo, B.B.Bozdanos, P.B.Bosk, B.®.Kopuiax.

IIpoanasisoBamo ocobauBocti mporecy dopmysanus MAX-das B cucremi Ti—Al-C, soxpe-
Ma, OGrOBOPIOETHECA MOXKJAMBiCTE yTBOpeHHA Ha noBepxHi seper TiC TomKmx mapis amopdHOI
dasu (Ti—Al), axi o6ymMoBI0OOT, migBUINEHY TpilquHocTiliKicTs Kepamiunmx marepianis Ha
ocHoBi Takmx MAX-gas, arx Ti,AIC, Ti;AlC,, TIiAIC,, axri e¢ wepes me sHococTifikuMny i
MPUJATHUMU JIJIsI BUKOPUCTAHHS AK OCHOBU JJIsI BUTOTOBJEHHS eHAomporesiB i iMmianTis B

© 2019 — STC "Institute for Single Crystals”

MeguIMHI Ta 6iosorii.

1. Introduction

Currently, many researchers are focused
on the synthesis and study of the properties
of layered polycomponent compounds, i.e.,
ceramic materials characterized by the pres-
ence of structural elements (grains, refrac-
tory inclusions, etc.) separated by layers of
different phases. The functional properties
of these materials substantially depend on
their phase composition [1]. A typical exam-
ple of such compounds of great practical
interest are materials based on the so-called
MAX phases [2, 3].
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MAX phases are the ternary layered com-
pounds of various stoichiometric composi-
tion, described by the general chemical for-
mula: M,.,AX, (n =1, 2, 3...), where M —
3d transition metal (Ti, Zr etc.), A — p-ele-
ment (for example, Al, Si, Ge and ete.), X —
carbon or nitrogen (C, N). These compounds
have unique mechanical, thermal and elec-
trical properties, combining the properties
of both metals and ceramic materials. They
are thermo- and crack-resistant, have high
thermal and electrical conductivities, have a
lower modulus of elasticity, and are also
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very resistant to corrosion in various chemi-
cally aggressive environments.

Among the many MAX phases, the most
famous and widely used in practice as their
typical representative are the phases based
on titanium, aluminum and carbon: TiAIC,
Ti3AIC,, TIAIC,. In this article, using the
example of this compound, the features of
the phase formation process are discussed,
which ultimately determine the unique
physical properties of this material, in par-
ticular, its increased crack resistance. This
property determines the possibility of using
this material in practice in medicine and
biology for the manufacture of deteriora-
tion-resistant implants. In this regard, the
study of the phase formation process and,
accordingly, of the properties of ceramic
material based on this compound is a very
urgent task of modern materials science.

Synthesis of ceramics based on MAX
phases, as a rule, is carried out by the tra-
ditional method of high-temperature
isostatic pressing of a mixture of powders
with the certain ratio of components. In ad-
dition to this method, the sintering method
has also been used recently by passing
pulses of high-ampere electric current
through a powder billet (the electroconsoli-
dation method) [4].

An important feature of the MAX phases
formation process by these methods is that
it occurs in stages. In the first stage, when
the temperature ~ 1350-1500°C reaches, ti-
tanium interacts with carbon and alumi-
num, forming the refractory phase in the
form of crystal grains of titanium carbide
TiC and thin layers of the liquid phase Ti—
Al, surrounding specified grains. With fur-
ther cooling of the material crystallization
(or solidification) of the melt occurs at the
grain boundaries of TiC, accompanied by the
formation of various crystalline (or amor-
phous) phases differing in stoichiometric
composition. In this case, the phase forma-
tion process under these conditions is very
complicated from the point of view of clas-
sical thermodynamics. This is due to the
fact that as the thickness of the liquid layer
decreases in the process of solidification,
upon reaching of the nanometer size range
(~ 10-100 nm) there are significant changes
in the energy and boundary conditions that
determine the process of phase formation.
Firstly, in the ultra-thin layers, the surface
and volume energies of the layer are compa-
rable values, which causes a change in the
thermodynamic equilibrium conditions of
the phase formation process [5]. Secondly,
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the phases formation in this case occurs on
the surface of the grain, the lattice parame-
ter of which is significantly different from
the lattice parameters of the forming
phases. The requirement of lattice parame-
ters matching at the interface causes the
appearance of a density gradient of the
forming phase material, which is also ac-
companied by a change in the free energy
value of the system and, accordingly, of the
thermodynamic equilibrium conditions [6].
Accounting for both of these factors
leads to the fact that in the specific condi-
tions it is possible formation of phases that
don’t exist in massive samples of identical
chemical composition at the same tempera-
ture. It is very important that in the case
under discussion, when phases are forming
it becomes possible to form not only differ-
ent crystalline phases, but also an amor-
phous phase, that is, a phase characterized
by a disordered arrangement of atoms [6].
This paper is devoted to the analysis of
the features of the MAX phases formation
in the system Ti—-AlI-C, in particular, the
possibility of an (Ti—Al) amorphous phase
forming on the surface of TiC crystal grains
is discussed. In our opinion, the presence of
such a phase causes an increased crack re-
sistance of the material under study.

2. Features of the phase
formation process on the surface
of TiC refractory crystal grains
in the Ti-AI-C system

In the case of MAX phases formation of
the Ti—-Al-C system, on the surface of the
crystalline grains of the refractory TiC com-
pound, immersed in the (Ti-Al) melt layer at
the initial stage, depending on the tempera-
ture and concentration of the components,
various crystalline phases can form during
crystallization: TIiAIC,, TibAIC, TizAIC,
TizAIC, [7]. In the investigated samples ob-
tained by hot isostatic pressing of powders,
as evidenced by X-ray analysis, the main
phases are TiC and TizAIC,. Wherein the
TizAIC, phase has a layered structure, in
which the carbide Tiz;C, layers intercon-
nected by very thin (= 10 nm) layers of alu-
minum (Ti—Al connection). The presence of
such a layered structural state in samples of
this compound is confirmed by electron mi-
croscopic studies [8].

The presence of ultra-thin layers during
the phases formation at the interfaces of
structural elements, as already mentioned,
from the thermodynamics point of view
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Fig. 1. The structure of ceramics based on MAX-phase (Ti-Al-C) system: a — SEM microsection

picture, b — SEM sample break picture.

leads to realization of possibility of an
amorphous phase formation of [6]. Specifi-
cally in this case, such an amorphous phase
can be a phase based on (Ti-Al) [9].

This fact can cause responsible for the
high fracture toughness of the ceramic ma-
terial [10, 11]. Indeed, according to the
theoretical calculations described in the
paper [6], taking into account the pre-
viously mentioned specific conditions of the
phase formation process, critical layer
thickness, upon reaching which it is possi-
ble to form not crystalline, but amorphous
phase, can be estimated using the following
relation:

3
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Here a, — parameter of crystal lattice of
the grain, on the surface of which the phase
formation process takes place, (in our case
it is a structural element in the form of a
refractory crystalline phase TiC), a,. — the
lattice parameter of one of the possible
crystalline phases forming in the layer sur-
rounding the grain (TiAl, TiAl,, TiAl; or
TizAl, see Fig. 1), o, — coefficient taking
into account the dependence of free energy
of the system on the density gradient at the
"grain-forming phase” interface, f,. — free
energy density of the forming phase.

Parameter (Occ,./fc,.)l/2 has dimension of
length and is the characteristic distance at
which the elastic deformation in a crystal-
line material decays. In order of magnitude,
this parameter in crystalline materials is
characterized by the value =10"7 m [12].
Substituting this parameter value, as well
as the value (ay - a.)/a. =0,1, charac-
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terizing the described compound, in the for-
mula (1), we have the estimate: d* = 10 nm.

Thus, in the ultra-thin layer (Ti-Al) on
the surface of the TiC grains during the
formation of the MAX phases in the system
Ti—Al-C the formation of layers of the amor-
phous phase separating the indicated struc-
tural elements is very likely. The conclusion
is confirmed by the experimental results
presented in Fig. 1. The structural state
and phase composition of the samples were
controlled by scanning electron microscopy
(SEM) and X-ray diffraction.

From Fig. 1 it follows that the main
structural elements of the studied material
are grains surrounded by different phases.
X-ray data [11] indicate the presence of the
following crystalline phases: TiC, TizAIC and
TizAIC,. Other possible equilibrium crystal-
line phases, for example: TiAl;, TiAl,, TisAl
and TiAl, as indicated by X-ray diffraction
[11] are absent. This result is in accordance
with the above conclusion about the forma-
tion of the amorphous phase (Ti—Al) in a
thin layer directly on the surface of the
crystal grains of titanium carbide TiC.

The indicated structural state and spe-
cific phase composition of the studied
Ti—Al-C ceramics cause its increased crack
resistance. Indeed, high brittleness of mate-
rials (tendency to cracking under the influ-
ence of mechanical stress), including ceram-
ics, due to their crystalline structure, i.e. to
the presence of long range order in atomic
arrangement [13]. Crack propagation occurs
along the so-called "cleavage plane”, formed
by ordered atoms. Due to the presence of
amorphous interlayers, the mechanical dam-
age (cracks) is localized within individual
grains in the ceramic material under inves-
tigation and, therefore, its structural and
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phase condition is unfavorable for the de-
velopment of macroscopic damage in gen-
eral, i.e. this material is crack resistant.
This fact is confirmed by the experimental
data obtained by us on the value of the coef-
ficient characterizing the crack resistance of
the studied material: K = 7,4 MPa-m!/2 [11].

3. Conclusion

The studied ceramic material based on
the MAX-phase of the Ti—Al-C system is
characterized by high crack resistance and,
therefore, is durable and applicable as a
basis for the production of implants in
medicine and bioclogy.

This unique property of the material
studied is due to the peculiarities of the
structural state and specific phase composi-
tion, characterized by the presence of ultra-
thin (= 10 nm) amorphous (Ti—Al) layers on
the surface of the crystalline grains of tita-
nium carbide TiC. Amorphous layers localize
microcracks within the grains and prevent
their growth, i.e. transformation into macro-
scopic defects causing material destruction.
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