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MAX phase Ti,AIN synthesis by reactive sintering in vacuum
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Abstract: The synthesis of MAX phase Ti,AIN from several mixtures of Ti, Al, TiN, and AIN powders by vacuum sintering of green
samples in the form of dense compacts, bulk powder in silica tubes, and plain layer in a closed rectangular molybdenum boat was
studied upon variation in charge composition and sintering temperature Ts. The sintering of 2 : 1 Ti—AIN mixture was carried out
at 1100, 1200, 1300, 1400, and 1500 °C with exposure time of 60 min. The largest MAX phase content (94 wt.%) was reached at
Ts = 1400 °C. The sintering of 1 : 1 TiAl : TiN composition at the same temperature gave 93 wt.% Ti,AIN. The best result (single-
phase Ti;AIN in a 100-% yield) was achieved upon the sintering of 1 : 1 : 1 Ti—AI—TiN composition at T, = 1400 °C. The scalability
of our process was checked by the fabrication of a large (0.5 kg) and uniform cake of single-phase Ti,AIN. In experiments we used
green samples with shielded lateral surface (bulk powder in silica tubes, plain layer in a closed molybdenum boat) and without shield
(dense compacts). It has been shown that shielding of Ti—AI—TiN samples restricts the escape of Al vapor from a sintered mixture,
thus providing more favorable conditions for the synthesis of single-phase Ti,AIN. Our process can be readily recommended for
practical implementation.
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Cunte3 MAX-dasbl Ti,AIN peakumoHHbIM CneKkaHueM B Bakyyme

A.B. Jlunpe, A.A. Konpakos, U.A. CtynenukuH, H.A. Konpakoea, B.B. 'payeB

WMHCTUTYT CTPYKTYPHON MaKpOKMHETUKM 1 Npobnem MaTtepuanoseneHust um. A.l. MepxaHosa PAH (UCMAH),
r. YepHoronoska, Poccus

Crarbs noctynuna B pegakumio 10.02.2022 r., popaborara 01.06.2022 r., nognucaxa B neyats 06.06.2022 r.

AnHoTauumsa: MNposeneHbl uccnenosaHns npouecca cuHtesa MAX-gasbl Ti AIN cnekaHnem B BaKyyMe passiMyHbIX CMECewn no-
POLLKOB B 3aBUCUMOCTU OT $a30BOro COCTaBa MCXOAHbIX PEareHTOB 1 PEXVMOB X TEPMUYECKON 06paboTkM B BaKyyMHOM ek-
Tponeyn. Ha npumMmepe CMeCcn NOPOLLKOB TUTAHA M HUTPUGA aNIIOMUHUS B MOJIbHOM COOTHOWweHUn Ti: AIN=2: 1 (cocTaB 1) npocne-
XeHa NnocnefoBaTenbHOCTb M3MEHEHUsT pa30BOr0 cocTaBa CMECU NMpu yBEMYEHUN TEMNEPaTypPbl U30TEPMUYECKON BbIAEPXKKM
anutenbHocTbio 60 MuH npu t = 1100+1500 °C ¢ warom 100 °C n onpepeneHo 3HadeHue temnepatypbl 1400 °C, npu koTopon B
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npoAykTax cnekaHus 4OCTMraeTcs MakcumanbHoe 3HadeHne cogepxanns MAX-dasbl TioAIN — 94 mac.%. Mpu aToit Temnepary-
pe M30TepMUYeCcKol BblaepXkun ona ncxogHo cmecu TiAl : TiN =1 : 1 (cocTtaB 2) copepxaHne MAX-dasbl coctaBuno 93 mac.%.
Havnyywwuii pesynbraTt no cuHtedy MAX-dasbl (100 mac.% TioAIN) 6bin nonyydeH ans cmecu Ti: Al: TiIN=1:1: 1 (coctaB 3).
Ha npumepe cmecu gaHHoro coctaBa maccoii 500 r npu onpeaeneHHoM pexrme TepMoBakyyMHO 06paboTKun akcnepuMeHTanb-
HO MokasaHa NPUHUMNManbHas BO3MOXHOCTL MacluTabuposaHus npouecca noiyy4eHns ogHodasHoro npogykrta coctasa TirAIN
CrnekaHeM B BakyyMe. KCNepMEHTLI MPOBOAMIIMCH C ABYMS TUMaMy 00PpasLL0B: C 3aKPbITOM U OTKPLITOM GOKOBO MOBEPXHOCTLIO.
K o6pasuam ¢ 3akpblToii GOKOBOWM NOBEPXHOCTbLIO OTHOCUANCHL 00pa3sLbl B KBapLLEBbIX TPyOKaxX, 3an0oIHEHHbLIX MCXO4HON CMEeCbto
MOPOLLKOB C HACbIMHOW MIOTHOCTLIO, U 06paseu, Mmaccon 500 r, NOMELLEHHbIN B MONNOAEHOBEIV TUreNb C KpbIwKon. O6pa3sLbl ¢
OTKPbITON GOKOBOW MOBEPXHOCTbIO — 3TO UMANHAPUYECKMe TabsIeTKN, CIPEeCcCoBaHHbIE N3 UCXOOHOM MOPOLLKOBO cMecu. Bbino
rnokasaHo, 4To 3akpbiTue 60KOBOI NoBepxHOCTM 06pasua na cmecu Ti : Al : TiN (cocTae 3) 6110kMpyeT BbIX0, NapoB antoMUHUS 13

nopoBOro NPocTpaHcTea obpasua npu Harpeee, 6narogapsa yemy obpasyetcs Tobko TiLAIN.

Kmouessbie cnoBa: MAX-da3sa, cnekaHune, $a3oBble NPeBPALLEHUS, PEHTIEHO(A30BbI aHaNU3.
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Introduction

The Ti,AIN compound belongs to the family of
MAX phases described by the general formula M, |AX,,,
where M is a transition metal, A is an element of IITA
and I'VA groups , X is carbon or nitrogen, n = 13 [1]. Re-
cently, many researchers have investigated MAX-phase
based materials, as these materials simultaneously have
a unique combination of metals and ceramic properties
and a layered structure. Ti,AIN-based materials also
show an exceptional combination of properties: high
elastic modulus, high thermal and electrical conductivi-
ty, low density, easy machinability and excellent thermal
shock resistance [2—4]. This predetermines the use of
Ti,AIN-based materials as reinforcing agent in alloys,
transition layers in semiconductors, etc. [5—7].

The Ti,AIN compound was discovered in 1963
by Jeitschko [8]. Since then, researchers have made
many attempts to obtain this compound by various
methods.

In 2000 Barsoum et al. [4, 5] obtained Ti,AIN by Ti
and AIN mixture hot isostatic pressing (process param-
eters were the following: pressure 40 MPa, temperature
1400 °C and soaking for 48 h). However, they failed to
achieve the purity of the final product, the content of
other phases was 10—15 vol.%.

The authors [9, 10] synthesized Ti,AIN from the Ti
and AIN mixture of powders (in the molar ratio of 2 : 1)
under isothermal annealing in argon atmosphere for 2 h
at 1300 ° C and pressure of 0.3 MPa. At the same time
the TiN impurity fraction was not more than 1 wt.%.
It was also found during the researches that the prepara-
tory mechanical activation of the powder causes an in-
crease in the content of the TiN secondary phase and
that the synthesis in vacuum does not lead to the forma-
tion of a single-phase product.

The authors [11] obtained a Ti,AIN single-phase
material by hot pressing a mixture consisting of Ti, TiN
and Al powders in an argon atmosphere at 25 MPa and
1400 °C. The resulting material characteristics were as
close as possible to the theoretical evidence — this led
to the conclusion that hot pressing is a promising way
to obtain pure Ti,AIN due to the short duration of the
process, the low applied load and the final product high
purity.

In the research [12] Ti,AIN was obtained by titanium
powders (2 mol.) and aluminum nitride (I mol.) spark
plasma sintering with soaking for 5 min. Provided that
at 1400 °C Ti,AIN MAX-phase with an admixture of
titanium nitride was obtained in the final product, and
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Ti,AIN was obtained practically pure after increasing
the sintering temperature to 1450 °C — there were only
traces of titanium nitride. The same method, but already
at 1200 °C [13] let obtain the material consisting of one
MAX-phase.

The authors [14] describe the Ti,AIN production
by 30 min microwave sintering a mixture of titanium,
aluminum and titanium nitride powders (in an approxi-
mate molar ratio of 1 : 1.03 : 1) in an argon atmosphere at
1200 °C. A further increase in the sintering temperature
to 1350 °C resulted in the MAX-phase destruction and
the appearance of TiN (4 wt.%). This method is pro-
mising due to the lowest temperature for obtaining the
pure MAX phase and the short process time.

In the research [15] the Ti,AIN phase was obtained
by thermal explosion of Ti, Al and TiN mixture of pow-
ders at 700 °C and T = 2 min. However, the content of the
secondary TiN phase was 4 wt.%. The Ti,AIN powder
in the research [16] was synthesized by microwave sin-
tering from a TiH,, Al and TiN mixture of powders with
a molar ratio of 1 : 1.15 : 1 at 1250 °C. The sample with
the highest MAX phase content consisted of 96.68 wt.%
Ti,AIN and 3.32 wt.% Ti4AIN;.

Electrospark sintering in vacuum at 1200 °C [17]
produced compressed pellets 15 mm in diameter with a
Ti,AIN content of about 98 wt.% from a initial Ti and
AIN powders mixture. Ti,AIN with TiAl admixture was
obtained by two-stage annealing in an argon atmos-
phere [18] with holding temperatures of 600 °C (t =1 h)
and 1100 °C (tr = 3 h) from mechanically activated Ti, Al
and AIN powders mixed in a molar ratioof 2: 0.8 : 1 and
pressed into tablets of 13 mm in diameter. In research
[19] Ti,AIN (pellets 20 mm in diameter) was obtained
by electrospark sintering from a Ti, Al and TiN powders
mixture with a molar ratio of 1 : 1.02: 1.

The analysis of literature data shows that virtually
all of the above mentioned methods require expen-
sive equipment, while allowing to obtain only a small
amount of containing pure MAX-phase material and
with impurity phases often present in the final pro-
ducts.

In this work the Ti,AIN MAX-phase synthesis
process by vacuum sintering of different powders mix-
tures depending on the initial chemical agents phase
composition and their thermal treatment modes in a
vacuum electric furnace was studied. However, the ul-
timate goal was to determine the optimum conditions
for obtaining a Ti,AIN single-phase product by such
a relatively simple method, as well as the possibility
of obtaining product significant batches weighing up
to 0.5 kg.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

Research preliminary results were previously pub-
lished in concise form [20] — the phase composition
of the products for quartz tubes samples filled with
the initial powders mixture with bulk density was pre-
sented.

The present article describes more detailed exper-
imental procedure giving the exact parameters of the
samples and comparing the samples phase composition
in quartz tubes and samples with open side surface in the
cylindrical tablets form pressed from the initial powder
mixture. The reason for the compared samples phase
composition difference has been revealed and it has
been established why under the same composition and
the same heating conditions in one case (samples with
closed side surface) the Ti,AIN MAX-phase concen-
tration is 100 %, and in the other case (pressed samples
with open side surface) the MAX-phase content does not
reach 100 %. A detailed analysis of the phase formation
sequence during samples with open and buried lateral
surface heating, which has not been investigated before,
was out.

Experimental procedures

Initial chemical agents mixtures were prepared
from AIN [21] and TiN [22] powders obtained by the
SHS method at ISMAN, as well as Al (ASD-1 grade),
Ti (PTS-1), and TiAl (PT65U35) powders.

The dispersibility of the initial components is pre-
sented in the table.

Three mixtures were prepared to obtain the Ti,AIN
single-phase product Ti : AIN = 2 : 1 (composition /);
TiAl : TiN =1 : 1 (composition 2) and Ti : Al : TiN =
=1:1 (composition 3). Initial powders were mixed in a
planetary mill with a charge-to-ball mass ratio of 2 : 1
for 30 min. Tablets of 15 mm in diameter were pressed
from compositions 7, 2 and 3 (mass of 15 g) with the

Dispersity of initial powders
JMcnepcHOCTb UCXOAHBIX MOPOLLKOB

Cl;;l;lifal Grade Dispersity ds, um
Ti PTS-1 60.5
Al ASD-1 16.3
AIN SHS ISMAN 2.05
TiN SHS ISMAN 29.7
TiAl PT65U35 23.3
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same pressing force of 354 M Pa, when the final height of
tablets was 32.5; 29.2 and 28.7 mm (with porosity of 36,
34 and 32 %, respectively).

In order to exclude the tablet pressing stage, ex-
periments with quartz tubes samples were carried
out. To compare with the pressed tablets results, mix-
tures 2 and 3 with the same mass of 15 g were poured
into quartz tubes with the same inner diameter of
15 mm as of the pressed tablets, consequently the
samples bulk porosity was 59—61 %. According to the
quartz tubes samples experiments results and in or-
der to check the process scaling possibility, composi-
tion 3 samples of 500 g in weight and bulk porosity
of 57 % were sintered in a rectangular molybdenum
closed container 88 x 88 x 70 mm in size with a fill
height of 35 mm.

Sintering was carried outinavacuum electric resis-
tance furnace SNVE-16/16 (OO0 «NPPMosZETO»,
Moscow) at the following holding temperatures, °C:
1100, 1200, 1300, 1400 u 1500. In all experiments the
samples soak time was 60 min at a minimum pressure
of 7.73:10~* Pa. Since the sintering pressed tablets
results at different holding temperatures determined
the optimum temperature of 1400 °C, at which the
Ti,AIN MAX-phase maximum content in the final
product was observed (see below), successive experi-

ments with quartz tubes samples in a molybdenum
container were carried out at this holding tempera-
ture.

The sintering products phase composition was
studied by X-ray diffraction analysis on diffractometer
DRON-3M (NPP «Burevestnik», St. Petersburg). Phase
identification on the diffractograms was carried out us-
ing the following standards: Ti (CAS number 5-672),
Al (CAS number 4-787), TiN (CAS number 38-1420),
AIN (CAS number 25-1133), TiAl (CAS number 5-678),
TizAl (CAS number 14-451), Ti;AIN (PDF number
01-071-4029), Ti,AIN (PDF number 00-055-0434).
The quantitative phase content was determined by the
corundum number method. The sintered samples frac-
ture microstructure and the local elemental composi-
tion were studied on an ultra-high field emission scan-
ning electron microscope «Zeiss Ultra Plus» based on
«Ultra 55» (Carl Zeiss, Germany) with the X-ray micro-
analysis attachment «INCA Energy 350 XT» (Oxford
Instruments, UK).

Results of experiments

Fig. 1 shows mixture 7 (Ti : AIN) pressed samples
diffractograms, which show that at temperatures from
1100 to 1200 °C the product is multiphase and con-

1100 °C oTi,AIN ®Ti,AIN ETiAl AAIN ®TiN
A
o
m ©®
[ ] o z
A * *
L 4 0 * A | | ] A s [ )
1200 °C
. b4 . o
2| ) 7 A QT °
o
E [ 1300°C
2
R o ¢ o .
*
8 ®
gL %oos moe X
1400 °C
* ®, * * * o
. At__]' °® A A A A
1500 °C
*
o ¢ * o o
: : oo I?‘ A A LA
10 20 30 40 50 60 70 20, degree

Fig. 1. Mixture I pressed samples diffractograms after sintering at different temperatures

Puc. 1. ﬂ,PI(I)paKTOFpaMMBI ITPpECOBAHHBIX o6pa3u013 cMmecH ] TTociie crieKaHu S IIpU pa3IMYHbBIX TEMIICpaTypax
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tains the following phases: Ti,AIN, TiN, AIN, Ti;AIN,
Ti;AIN.

With increasing temperature up to 1200 °C the
amount of Ti,AIN MAX phase increases from 20 to
52 wt.% (see Fig. 2). At 1300 °C the product contains
the following phases, wt.%: Ti,AIN — 83, TiN — 12,
AIN — 5. Further temperature rise to 1400 °C leads to
the two-phase product formation consisting of Ti,AIN
(94 wt.%) and TiN (6 wt.%). After reaching 1500 °C

100 Phase content, wt.%

Fig. 2. Phases contents at composition 7 (2Ti + AIN)
pressed samples various sintering temperatures

Puc. 2. Conepxanue ¢a3
MpY pa3IUYHBIX TEMIIEpaTypax ClieKaHuU s
nmpeccoBaHHBIX 00pa31oB cocTana I (2Ti + AIN)

Intensity, imp./s

the product also remains biphase, but there is a slight
decrease of the Ti,AIN MAX-phase to 91 wt.% and
an increase of the titanium nitride proportion to
9 wt.%. Reducing the Ti,AIN amount corresponds with
the research data [23], which shows that in a dyna-
mic vacuum at 1550 °C the aluminum evaporation from
the MAX-phase with the titanium non-stoichiometric
nitride formation is observed: Ti;AIN) — 2TiNj 5 +
+ Al High-temperature aluminum evaporation in
MAX-phase obtaining by sintering was also noted in
the research [24].

By this means, the composition 7 (2Ti + AIN) maxi-
mum Ti,AIN MAX-phase content of 94 wt.% was ob-
tained at 1400 °C, which corresponds with Ti,AIN ob-
taining results by spark plasma sintering [12], for that
reason sintering of samples from mixtures 2 and 3 was
performed at this very temperature.

After pressed sample from composition 2 mixture
(TiAl : TiN = 1 : 1) sintering at 1400 °C a multiphase pro-
duct (Fig. 3, a) with the following phase content (wt.%)
was obtained: Ti,AIN — 93; TiN — 4; Ti;AIN — 2;
Ti;Al — 1.

After pressed sample from composition 3 mixture
(Ti: Al: TiN =1 :1: 1) sintering the product phase
composition was as follows, wt.%: Ti,AIN — 89,
TiN — 9, %; TizAl — 2 (Fig. 4, a).

To prevent the reactive volume aluminum vapor
escape through the pressed samples surface during
heating process and vacuum blowing experiments with
quartz tubes samples were carried out. After composi-

Intensity, imp./s

2000 200
a @ Ti,AIN b @ TL,AIN
_ * i - * .
o TiN o TiN
1600 - o Ti,AIN 1600 - m Ti,Al
m TiAl
12004 1200
800 800
i o i
400 - T3 400
¢ . .o .
0 T T T T T O T
20 30 40 50 60 70 20, degree 20 70 20, degree

Fig. 3. Product diffractogram after composition 2 (TiAl + TiN) pressed sample (@) and the quartz tube sample (b)

reactive sintering at 1400 ° C in a vacuum

Puc. 3. JludpakTorpaMmma npoayKTa rmocjie peakIlIMOHHOTO CITIeKaHU I TPeCCOBAaHHOI0 00pa3suia (a)
u o6pasua B KkBapueBoii Tpyoke (b) cocraBa 2 (TiAl + TiN) npu ¢ = 1400 °C B Bakyym™me
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Intensity, imp./s

2000
a & TiL,AIN
T * o TiN
1600 1 m Ti;Al
1200
800
400+ ‘L *
* * .
- (] .‘
Leoble T.0 1.
20 30 40 50 60 70 20, degree

Intensity, imp./s

2500
b @ Ti,AIN
L 4
2000 -
1500 -
1000
500 - * * . o ®
] v j o)
0 '—__T T T T T
20 30 40 50 60 70 20, degree

Fig. 4. Product diffractogram after composition 3 (Ti + Al + TiN) pressed sample (a) and a quartz tube sample (b)

reactive sintering at 1400 °C in vacuum

Puc. 4. IludpakrorpaMmma mpoayKTa Mmocje peakIiMOHHOTo CIIeKaHUsI ITpecCoBaHHOTO obpasiia (@)
u o6pa3sia B KBapueBoit Tpyoke (b) coctaBa 3 (Ti + Al + TiN) nipu ¢ = 1400 °C B Bakyyme

wo
Apartee Saze = 30

wimnsses —j 100 nm

WO BSmm TS INM Sgulhe vl
sperareSae s MMM  ESEOas= TNV

ag = 10034 KX

uorenpius st e 200 M

Horse Feducton = Poel g

Fig. 5. Composition 3 sample photomicrograms at different scales

Puc. 5. Mukpodororpaduu obpasia coctaBa 3 ¢ pa3IMuHbIM MaclITAOOM

tion 2 (TiAl: TiN = 1: 1) sample sintering at 1400 °C a
multiphase product (Fig. 3, b) with the following phase
content (wt.%) was obtained: Ti,AIN — 94, TiN — 4,
Ti;Al — 2. After the composition 3 (Ti : Al : TiN =
1 :1: 1) sample sintering the monophase product
Ti,AIN — 100 % was obtained as evidenced by the
diffractogram in Fig. 4, . The photomicrograms pre-
sented in Fig. 5 show that the composition 3 sample
consists of so-called nanolaminates with the layers
thickness of a few tens of nm.

Since the Ti,AIN monophase product was obtained
from mixture 3, it was interesting to make a point of the
scale factor influence on this composition. The com-
position 3 initial charge 500 g in weight was poured into

a molybdenum container 88 x 88 x 70 mm in size in an
even layer 35 mm in height. The container was covered
with a lid and placed in a vacuum furnace. A view of
the after-sintering mixture is shown in Fig. 6. The af-
ter-sintering composition was homogeneous over the
entire cross section. The resulting product diffracto-
gram was completely identical to the diffractogram
in Fig. 4, b — 100 % Ti,AIN MAX-phase without any
other phases.

Fig. 7, a shows an after-sintering composi-
tion 3 fracture microphotograph, which shows the
MAX-phases typical layered structure. Local elemen-
tal analysis data from approximately of the 5 mm?
after-sintering product fracture area (marked by lines

30
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Fig. 6. 500 g in weight after-sintering composition 3
photograph

Puc. 6. DoTorpadus mojiydeHHOro creka coctana 3
maccoit 500 T

in Fig. 7, b) showed the following element content
(at.%): N — 23.56, A1 — 25.68, Ti — 50.76, which cor-
responds well with the Ti,AIN MAX-phase elemental
composition.

Results discussion

Basing on Ti—N and AI—N experimental data and
phase diagrams the following sequence of composi-
tion 7 phase formation while heating in a dynamic va-
cuum can be suggested:

1. Extrapolating the aluminum nitride dissociation
data [25] to the low pressure areca, we obtain that at a
pressure of 7.73:10~* Pa the dissociation temperature
will be 913 °C. Therefore, it comes logical to assume that
at the process initial stage dissociation occurs on the
aluminum nitride particles surface:

2. The AIN dissociation products stream diffuses in
the sample pore space to the titanium particles surface.
Since both aluminum and nitrogen have considerable
titanium dissolution and are o-stabilizers, solid solu-
tion Ti(Al,,N)) is formed. At 1100+1200 °C it will be
o-Ti(Al,,N,) solution, and when the temperature rises
to 1300—1500 °C — a B-Ti(Al,,N)) solution.

3. From the o-Ti(Al,,N,) solid solution, so far as it
saturates with aluminum and nitrogen, and at < 1200 °C
the TiN,, TisAl phases, the Ti3AIN triple nitride and the
Ti,AIN MAX-phase crystallize.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

1 mm

Fig. 7. After-sintering composition 3 sample fracture local
microanalysis and microphotographs at different scales

Spectrum, at.%: N — 23.56; Al — 25.68; Ti — 50.76

Puc. 7. Mukpodortorpaduu uzioma obpasia
MOJyYEHHOTO CIieKa cocTaBa 3
C pa3JIMYHBIM MaciiTabom

CrniexTp BbIfeJIeHHOI o6macTH, at.%: N — 23,56; Al — 25,68;
Ti — 50,76

4. From the B-Ti(Al,,N,) solid solution at > 1300 °C
the TiN, phases and the Ti,AIN MAX-phase crys-
tallize.

5. At 1400 °C the Ti,AIN formation process com-
pletes and the MAX-phase sample content reaches its
maximum value.

6. At further temperature increase up to 1500 °C and
under dynamic vacuum conditions a MAX-phase par-
tial decomposition occurs assisted by the titanium nit-
ride phase and aluminum vapor formation which leave
the sample pore space into the furnace volume.

Ti,AIN MAX-phase content in the composi-
tions 7 and 2 pressed samples sintering products prac-
tically do not differ (94 and 93 wt.% respectively ), and
in the composition 3 is noticeably lower (89 wt.%). It

—_ .
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can be assumed that this difference was noted due to
the fact that in the mixtures / and 2 initial composi-
tions aluminum is in a bound state in the form of com-
pounds (AIN and TiAl respectively ), and in mixtu-
re 3 — in the free state. Given the aluminum low melt-
ing temperature (660 °C), it goes under that logic that
for mixture 3 aluminum vapor appears earlier than
for mixtures / and 2 as the temperature rises in the
furnace and they leave the samples pore space under
open-side vacuuming through the side surface dur-
ing a longer period of time. The lower Ti,AIN MAX-
phase content in the composition 3 pressed samples
sintering products is explained by the formed alumi-
num deficit.

Closing the composition 2 samples side surface
with the quartz tube walls had a relatively weak effect
in terms of obtaining the Ti,AIN MAX-phase, because
its content in both samples (93 % in the pressed one and
94 % in a quartz tube) is almost the same. The products
total phase composition changed insignificantly either.
Apparently, when the reaction takes place at a hold-
ing temperature close to the TiAl melting temperature
(~1450 °C), the aluminum mass transfer in mixture 2
takes place predominantly through the liquid phase.
In the absence of aluminum vapor, closing the sample
side surface does not lead to a significant change in the
phase composition compared to the open side surface
sample.

Closing the composition 3 sample side surface had
a significant effect on the Ti,AIN formation. Free alu-
minum present in the initial mixture, evaporating when
heated, does not leave the reaction zone due to the closed
side surface and reacts completely with the Ti,AIN for-
mation.

Conclusion

Summing up what has been stated, as a result of
the sintering process research in a vacuum furnace
the Ti,AIN MAX-phase content dependence has
been determined in the final product on the hold-
ing temperature and the composition of the initial
charge. According to X-ray diffraction and energy-
dispersive analyses a single-phase product with 100 %
Ti,AIN MAX-phase content was obtained for the
composition Ti : Al1: TiN=1:1:1 at 1400 °C. It
was shown that closing the Ti: Al : TiN mixture side
surface blocked the aluminum vapor escape from
the sample pore space resulting in the formation of
Ti,AIN only. The example of a 500 g filling sinter-
ing and obtaining a Ti,AIN single-phase product the

fundamental possibility of sintering process scaling
in a dynamic vacuum and the prospects of this me-
thod of production for industrial development have
been demonstrated.
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