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The unique mechanical properties of ceramics based on MAX phases (high hardness, thermal and crack resistance combined
with the possibility of plastic deformation) make it a widely used multifunctional material. Therefore, the study of its elastic
properties, i.e., obtaining information about the value of elastic constants: Young's modulus and Poisson's ratio, is very actual. The
values of these constants in a ceramic material substantially depend on the stoichiometry and chemical composition of its phases, as
well as on the structure of the material. In particular, in the process of its synthesis by isostatic pressing, crystalline grains of the main
phase are formed, inclusions of the initial or secondary phases appear, and a certain number of different voids are formed: isolated
pores, their clusters (capillaries), microcracks, etc. These structural elements cause a significant heterogeneity of ceramics, which
leads to a change in many physical properties of this material, including elasticity. As a result, the numerical values of the elastic
constants of the ceramic material differ distinctly from the values of similar constants characterizing the initial components from
which the MAX phase is formed.

The paper presents the results of the effective elastic constants characterizing ceramics based on the TizAlIC, MAX phase
study. It is shown that the elastic modulus of the ceramic material is characterized by the value exceeding =2,5 times the elastic
modulus value of the studied phase material itself and reaches the value of = 320 GPa. The observed change in the elastic modulus is
due to the heterogeneity of the ceramic material structure and is caused by the presence of hard TiC phase inclusions in it. This
conclusion is confirmed by varying the content of TiC phase inclusions in the composition of the MAX phase TisAIC,.
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[Tpy>xHi BmacTuBOCTI Kepamiku Ha ocHOBI MAX-da3u TisAlC,
10.1. Boiiko', B.B. Boraauos', P.B. Bosk'?, €.C. reBopK}IHZ, B.®. Kopmafc1

1 Xapxiscoxuii nayionanvhuii ynisepcumem imeni B.H. Kapaszina, m. Ceéo600u 4, 61022, Xapxis, Yxpaina
2 Vkpainucokuil deporcasnuil ynigepcumem 3aniznuuno2o mpancnopmy, ni. ®Qetiepbaxa, 7, Xaprie 61050, Yrpaina

VYHIKaTbHI MEXaHIYHI BIACTHUBOCTI KepaMmiku Ha ocHOBI MAX-¢a3 (BHCOKa TBEPHICTh, TEPMO- i TPINIMHOCTIHKICTH B
MOETHAHHI 3 MOXKJIMBICTIO TIACTUYHOI AedopMaril) poOusaTh il IMPOKO BUKOPUCTOBYBAHUM Oarato()yHKIIIOHAIBHUM MaTepiaJioM.
Tomy nociipkeHHs ii IPYKHUX BIACTHBOCTEH, TOOTO oTpuMaHHs iH(opMalii PO BETUUMHY NPYKHUX KOHCTAHT: Moxyns FOHra i
koeoirienta [TyaccoHa, € Tye akTyalbHUM. 3HAUSHHS X KOHCTAHT B KEPaMiyHOMY Matepialli iCTOTHO 3aleXaThb Bijl cTexioMerpii
Ta XiMIYHOTO cKiany (a3, 110 YTBOPIOIOTBCS, @ TAKOXK BiJl CTPYKTYpH MaTepiany. 30Kpema, B Mpoleci HOro CHHTE3y METOJ0M
130CTATHYHOTO TPECYBaHHS IMiJ TUCKOM (POPMYIOTHCS KPHCTANliYHI 3e€pHa OCHOBHOI (ha3u, BUHHKAIOTh BKIIOUYEHHS BUXITHUX a0o
IpyropsimHUX (a3, a TakoX YTBOPIOETHCS IEBHA KUTBKICTh PI3HUX IOPOKHEY: 130JIbOBAHUX IIOp, iX CKyMYeHb (Kamiisapis),
MiKpOTpimuH Ta iH. L{i cTpyKkTypHi eneMeHTH 00yYMOBIIOIOT ICTOTHY HEOJHOPIJHICTh KEPaMiKH, 1[0 MIPU3BOAUTH IO 3MiHH 0aratbox
(I3UMYHUX BIACTUBOCTEW NBOTO MaTrepialy, B TOMY YHCII MNPYXHOCTI. SIK HACTiJOK, YUCIOBI 3HAYCHHS MPYKHUX KOHCTaHT
KepaMi4HOTO MaTepialy MOMITHO BiJpi3HSIOTHCS BiJl 3HAYCHb QHANOTIYHMX KOHCTAHT, 1[0 XapaKTePH3yIOTh BUXIIHI KOMIIOHEHTH, 3
skux popmyerbess MAX-dasa.

B poGoti mpencraBneHi pe3yabTaTd JOCITIHKEHHS €(QEKTHBHUX MPYXHUX KOHCTAHT, LIO XapaKTePU3yIOTh KepaMiKy Ha
ocHoBi MAX-¢pasu TisAlIC,. TlokazaHo, W0 MPYXKHHH MOMAYJTb KEPaMidHOrO MaTepially XapaKTEePH3YeThCsl 3HAYEHHSM, IO
MepeBuIye y ~2,5 pa3u 3HaAUCHHS MOJIYINsS NPYKHOCTI BIacHE PEYOBHHH AOCITIIKyBaHOI (aszm i mocsirae BenmmuuHN ~ 320 GPa.
BusiBneny 3MiHy MOIyJs IPY>KHOCTI MOB’S3aHO 3 HEOJHOPIAHICTIO CTPYKTYPH KEPaMIdHOTO MaTepiay i 00yMOBICHO HasBHICTIO B
HBOMY >KOpcTKHX BKmodeHb (azu TiC. Llelt BHCHOBOK MiITBEPPKYETHCS TPH BapiloBaHHI BMicTy BKmodeHb ¢azn TiC B ckmani
MAX-tasu TizAlIC,.

KurouoBi ciioBa: kepamika, MAX-da3u, MexaHiuHi BIaCTHBOCTI, NPYXHUH MOJTYJIb.

Yupyrue cBoiicTBa kepamuku Ha ocHOBe MAX-dassr TizAlC,
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VYHuKanbpHbIe MEXaHHYECKHE CBOMCTBA KepaMHKH Ha ocHOBe MAX-(a3 (BbICOKast TBEpIOCTh, TEPMO- U TPEIIHHOCTOHKOCTD B
COYETaHHHM C BO3MOXKHOCTBIO IUIACTHUECKOH JAedopManiy) JeialoT €€ IMHPOKO HCIONB3yeMbIM MHOTO(QYHKIMOHAIEHBIM
MarepuaioM. [loaToMy nccienoBaHue ee yIpyrux CBOHCTB, T. €. TIOJydeHHe NH()OPMAIMHU O BEIUYUHE YIPYIHX KOHCTaHT: MOIyJIe
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IOnra u xos¢duumenre Ilyaccona, sBuseTcs BecbMa aKTyalbHBIM. 3HAUEHHs STHX KOHCTAaHT B KEPaMHUUYECKOM MaTepuaie
CYIIECTBEHHO 3aBHCAT OT CTEXHOMETPUHM M XMMUYECKOTO COCTaBa o0pasyromuxcs ero ¢as, a Takke OT CTPYKTyphl Marepuaia. B
YaCTHOCTH, B IIPOLIECCE €r0 CHHTE3a METOJOM H30CTATHYECKOTO MPECCOBAHMSA IMOA JAABICHHEM (OPMHPYIOTCS KpPHUCTaJUIMYECKUE
3epHa OCHOBHOH (ha3bl, BOZHHMKAIOT BKIIOYEHHS HCXOJHBIX HIJIM BTOPOCTENICHHBIX (a3, a Takke o0paszyeTrcs OmpelereHHOe
KOJIMYECTBO PA3IMYHBIX ITyCTOT: M3O0JMPOBAHHBIX IOp, WX CKOIUIEHWH (KalMUIIPOB), MHUKPOTPENIMH M Jp. DTH CTPYKTypHEIE
3JIEMEHTH! 00YCIIOBIMBAIOT CYNIECTBEHHYIO HEOAHOPOAHOCTh KEPAMHUKH, YTO MPUBOAUT K M3MEHEHUIO MHOTHX (PU3MUECKUX CBOMCTB
3TOTO MaTepuaja, B TOM 4HCIe U ynpyroct. Kak ciencTBue, 4ucieHHbIE 3HAYSHHUS YIPYTUX KOHCTAaHT KepaMHYECKOro MaTepHaia
3aMETHO OTJIMYAIOTCS OT 3HAYCHMIT aHAJIOTUYHBIX KOHCTAHT, XapaKTEPU3YIOIINX UCXOAHBIE KOMIIOHEHTHI, U3 KOTOPBIX (hopMHUpyeTcs
MAX-pda3a.

B pabote mpeacTaBieHbl pe3yabTaThl McCIeA0BaHUS d((OEKTUBHBIX YIPYIHX KOHCTAaHT, XapaKTePHU3YIOIIUX KepPaMHUKY Ha
ocHoBe MAX-¢assr TiAIC,. Tloka3aHo, 4YTO yOpPYrHii MOIYJIb KEPAMHUECKOTO MaTepHalla XapaKTepH3yeTCsl 3HAYCHHEM,
MIPEBBIMIAIOMNM B ~2,5 pa3a 3Ha4eHHE MOJYJIS YIPYTOCTH COOCTBEHHO BEUIeCTBa M3ydaeMoil (a3l M JOCTHraeT BEIMYHHBI ~ 320
GPa. OOHapyxeHHOE W3MEHEHHE MOXYJS YIPYIOCTH CBA3aHO C HEOJHOPOJHOCTBIO CTPYKTYPHl KEpPaMHUYECKOrO MaTepuaia u
00yCIIOBIIEHO HaIW4YMeM B HeM jKecTKHX BKirodeHHH ¢aspl TiC. DTOT BBIBOJI HOATBEPKAAETCS IPH BapbHPOBAHHU COJIEPIKAHUS

BimroueHui dassl TiC B coctaBe MAX-dassr TizAlC,.

Kiwuessle cioBa: kepamrka, MAX-¢a3sl, MeXaHHUECKHE CBOMCTBA, YIIPYTHH MOJTYJb.

1. Introduction

MAX-based ceramics is a widely used multifunctional
material [1] — [4]. This material belongs to the class of
ternary refractory compounds with variable stoichiometry,
which are described by the general chemical formula:
M;+1AX,. Here M is the 3d transition metal (for example,
Ti, Zr, etc.), A is the p-element of the 3A or 4A subgroup
of the periodic system (for example, Al, Si, etc.), X is
carbon (C) or nitrogen (N). Intensive studies of properties,
as well as study of practical use possibility of ceramic
materials based on these phases, began in the early 2000s
and are very relevant to the present (see [5] — [7], etc.).
Interest in these materials, in particular, in the Ti,AlC;
compound, is due to the specific physical properties of
this class of matter: on the one hand, they are
characterized by high hardness, by increased thermal and
crack resistance, and on the other hand, under certain
conditions, they are easily amenable to plastic
deformation. The latter fact greatly simplifies the process
of machining this material in the making of products of
complex geometric shape. In addition, these materials
have significant thermal and electrical conductivity,
which is not characteristic of traditional ceramic materials
[8].

An important aspect of these materials properties
studying is the study of their elastic properties, that is,
information obtaining about the magnitude of elastic
constants: Young's modulus and Poisson’s ratio. The
values of these constants in the considered compounds
substantially depend on the stoichiometry and chemical
composition of the resulting phases, as well as on the
structure of the material. In particular, in the process of
ceramic materials synthesis, crystalline grains of the main
phase are formed, in certain conditions there are
inclusions of initial or secondary phases, and some voids
are formed (isolated pores, their aggregations
(capillaries), microcracks, etc.). These structural elements
cause a significant heterogeneity of ceramics, which leads
to a change in many physical properties of this material,

including its elasticity. As a result, the values of the
elastic constants of the ceramic material are distinctly
different from the values of the analogous constants
characterizing the initial components of which the MAX
phase is formed. The elastic properties of ceramics are
described by the effective values of the corresponding
constants. [9] — [11].

This paper presents the results of the effective elastic
constants study characterizing ceramics based on the
TizAIC, MAX phase. In recent years, this material, as an
alternative to metals (Ti), (Ni) and their alloys, has been
used for medical and biological purposes for the various
types of endoprostheses and bone implants production. In
this regard, the study of the elastic properties of this
material is an actual problem not only from a scientific,
but also from a practical point of view.

2. Experiment and Results

Investigated TisAIC, MAX phase samples were
obtained by isostatic pressing under 30 MPa at the
temperature of 1350°C of titanium carbide (TiC) and
aluminum (Al) powders mixture with the corresponding
molar ratio of the components. The size of the powders in
the initial state was characterized by a range of values ~ 2
+ 10 mkm. The exposure time under pressure in the
process of the samples pressing was 30 minutes. The
samples prepared for the study had the shape of
parallelepipeds with the sizes of 6x4x4 mm. The phase
composition of the samples was controlled using x-ray
analysis, and their structural state was studied by optical
and electron microscopy (see Fig. 1 and Fig. 2). To
measure the values characterizing the elastic properties of
the studied material, we used the method of measuring the
longitudinal and  transverse elastic  (reversible)
deformation of the sample (&) under conditions of uniaxial
compressive stress (o). The load was controlled using a
pre-calibrated dial gauge, and the deformation was
measured using a special electronic device that allows you
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to record the change in the relative sample size with an
accuracy of = 5-107° [12].

The quantitative values of the effective elastic
constants of the material under study, measured at room
temperature, were as follows: the elastic modulus E = 200
GPa (with uniaxial load of 250 mN), and the Poisson’s
ratio v = 0,2. The X-ray analysis of studied samples
chemical composition showed that they consist of the
following phases (weight %): 89TizAIC, + 11TiC. The
density of the ceramic material under study (p), measured
by weighing the sample and then normalizing its mass to
a unit volume, turned out to be ~ 3,98 g/cm®.

Note that according to the literature data, the x-ray density
(density of the substance itself) of the MAX phase
(Ti3AIC,) and titanium carbide (TiC) are characterized
respectively by the values: ~ 4,2 glcm?, ~ 4,92 g/cm?, and
the elastic constants of the same substances are
characterized by the following values: MAX-phase: E; =
140 GPa , v = 0,2; titanium carbide: Ey = 450 GPa, v =

c) ,

0,18 [13].

Let us discuss the results obtained and try to find out
the reasons for the effective values of the elastic constants
of the material under study observed in the experiment.

3. The calculated values of the effective elastic
constants of the material under study and their
comparison with experimental data

In the general case, the real structure of
polycomponent ceramics, including ceramics based on
MAX phases, is characterized by the presence of
microcrystals (grains) of the main phase, as well as by
formation of a certain number of inclusions of
accompanying (minor) phases. In addition, the presence
of free volume in the form of individual pores or their
aggregations (hollow channels), microcracks, etc. is
characteristic of a ceramic material. The theoretical
analysis and calculation of the effective elastic constants
of the medium containing various kinds of

10pm
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Fig. 1. The typical structures of the studied ceramic TizAIC, MAX-phase material a) and 6) — SEM snapshots, c) and d) — optical

images.
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inhomogeneities was carried out in the works [9] — [11].
So, for a porous medium in the case of a uniaxial load,
according to the calculations made in [9], the value of the
effective modulus of elasticity E is described by the
following relation:
E=E;(1-9). 1)
Here E, is the elastic modulus of matter without voids,
¢ is the porosity, i.e. a parameter characterizing the
fraction of the volume of the medium occupied by voids:

¢=(VV\)/ Ve @)
V, is the ceramics volume (medium containing voids), V,,
is the actual material volume without voids. Easy to make
sure that ¢=(1—p/po), were p and p, are respectively, the
real and x-ray density of the substance of the ceramic
material.

Thus, from (1) and (2) it follows that the effective
modulus of elasticity of the medium containing voids
should be described by the following relation: E=Eq(p/po).
At the same time, according to the calculations, the
change in Poisson’s ratio in the interval of vy = (0,1+0,3)
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Fig. 2. X-ray diffractograms of the material under study: a) — TizAIC, 89 mass%, TiC 11 mass%; b) — TizAlIC, 69 mass%,

TiC 31 mass%.
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practically does not affect the value of E [9]. In addition,
the Poisson’s ratio of the porous medium practically does
not change with increasing porosity of the medium up to
¢=0,5.

In the case when the ceramic material is characterized
by the presence of hard inclusions, i.e., inclusions that
have a significantly larger elastic modulus compared to
the main phase, the effective elastic modulus is described
by the ratio:

E = Eq exp (2,5Q). 3)

Here Q = (4n/3)- N- *, were r is average radius of hard
spherical inclusions, N is number of inclusions per unit
volume of medium. The Q parameter characterizes the
fraction of the volume occupied by hard inclusions in an
inhomogeneous medium. [11].

Thus, from the above relations (1) and (3), it follows
that the elastic modulus of the medium containing voids
and hard inclusions should decrease with increasing
porosity and increase with increasing volume of hard
inclusions. The presence of these structural elements
(voids and hard inclusions), practically does not lead to a
change in the Poisson’s ratio [9] — [11].

In our studies, the experimentally measured quantity
plpp=0,94 and, therefore, the calculated value of the
effective elastic modulus E, taking into account the
presence of voids in the material under study, in
accordance with (1), should be characterized by = 130
GPa. In reality, the experiment observed the value: E =
200 GPa. This result indicates that in the material under
study, the change in the value of E is primarily due to the
presence of a certain number of hard inclusions. To
confirm the correctness of the conclusion we made the
following control experiment. By slightly changing the
molar ratio of the initial components and the sintering
regime, we prepared a ceramic sample based on the
TisAlIC, MAX phase with the same porosity as the
original samples (¢ ~ 0,16), however, it contained a
significantly larger amount of titanium carbide
inclusions.: 69 mass % TizAIC, + 31 mass % TiC ( see.
Fig. 2b). Measurements have shown that for this ceramic
material the Poisson's ratio has not changed much (v =
0,2) , and the magnitude of the elastic modulus increased
to E = 320 GPa. If we now take into account the
correction related to the effect of porosity on the elastic
modulus of the sample under study (ratio 1), then the
effective value of E should be characterized by the value
~ 340 GPa , i.e. E/Ey = 2,4. Accordingly, if only the
presence of hard inclusions is taken into account, then
from the relation (2) it follows that the parameter (27 Q) =
1, i.e. the fraction of the hard inclusions volume Q in the
sample under study is ~0,15. The values obtained in our

control experiment E/Ey and Q correspond to the values
of these parameters, observed in special model
experiments, in which the elastic properties of an
inhomogeneous medium containing hard inclusions were
studied [11]. Thus, the results of our control experiment
indicate that in the material under study the change in the
elastic modulus is mainly due to the presence of hard
inclusions.

Conclusions

Our studies suggest that the elastic modulus of a
ceramic material based on the TizAIC, MAX phase
characterized by a value exceeding in =2,5 times the value
of the elastic modulus of the studied phase substance and
reaches = 320 GPa.

This change in the modulus of elasticity is due to the
heterogeneity of the ceramic material structure, which is
caused by the presence of hard inclusions of the TiC
phase.

The presence of voids and hard inclusions has almost
no effect on the value of the Poisson’s ratio of the
material under study. v = 0,2.
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