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Clarification of the state diagram of “Metal 1-Metal 2”
systems by analyzing the “cloud” of data of combustion parameters
of “Metal 1-Metal 2-Nitrogen” SHS systems

The combustion of the “Metal 1 — Metal 2 — Nitrogen” systems in the layer-by-layer mode of self-
propagating high-temperature synthesis was studied. A large amount of experimental data was obtained by
changing the initial synthesis parameters. As a result, a “cloud” of data was obtained, and not a single curve.
Since self-consistency of many factors that ensure the propagation of the combustion wave occurs in this sys-
tem, the structure of the “cloud” of data obeys strict laws characteristic of dissipative structures of
nonequilibrium nonlinear systems. Variations in the initial data made it possible to obtain changes in the
combustion parameters in a wide range. The combustion parameters reflect the properties of the solid-liquid
medium that is formed in the chemical reaction zone in the combustion wave. The combustion temperature is
between the “liquidus” and “solidus” temperatures of the corresponding “Metal 1-Metal 2 binary phase dia-
grams, where titanium, molybdenum, tungsten, and aluminum were used as the Metal. The resulting data
“clouds” were compared with the corresponding phase diagrams of state.

It has been established that the shape and outline of the “cloud” of date for combustion parameters coincide
with the shape and outline of the region bounded by the liquidus and solidus lines of the binary phase dia-
grams of the state “Metal 1 — Metal 2”. Clarification in the phase diagrams of state has been carried out. The
other arrangement of the liquidus and solidus lines on the melting diagrams of aluminum-tungsten and alumi-
num-titanium is proposed.

Keywords: self-propagating high-temperature synthesis, degree of conversion, phase diagram, nitrides, data
“cloud”, nonequilibrium system.

Introduction

The development of modern technology is associated with the development and production of materials
that are able to operate in various extreme conditions. One of such materials are compounds of metals with
nitrogen. Of important interest are metal nitrides, which have many useful properties, such as dielectric, sem-
iconductor, chemical stability in various aggressive environments and other specific properties.

These properties of materials allow their use for products in microelectronics, laser technology, to work
in contact with metal melts at high temperatures. Ternary systems “Metal 1-Metal 2-Nitrogen” exhibit
unique properties characteristic of metals and ceramics [1-4]. Some compounds based on ternary systems
belong to MAX-phases with a special layered nanolaminate structure, which allows them to exhibit both me-
tallic and ceramic properties [5-7].

Self-propagating high-temperature synthesis (SHS) is a method for the production of metal nitrides,
which makes it possible to obtain materials with the necessary different properties [2, 3]. However, the
mechanism of formation of these compounds in the combustion wave is not fully understood, as well as the
state diagrams of the systems used, which makes this work relevant.

The peculiarity of filtration synthesis is in the strong dependence of the composition of products and
combustion parameters on pressure, composition of the gas medium, on the diameter of the briquette, its
permeability. The way of gas reagent entering the combustion zone is important: spontaneous filtration (in
which the combustion zone plays the role of a pump that sucks gas). The afterburning process also plays an
important role in filtration synthesis. Due to the high temperatures that develop in the combustion zone, it
can happen that the combustion temperature exceeds the melting point of the fusion products. The intermedi-
ates melt and the permeability of the sample is reduced. The gaseous reactant saturates only the layers of the
sample on the surface by reaction diffusion, while the inner part of the sample often remains underreacted
[8-10]. The nature of the temperature interval between the solidus temperature and the liquidus temperature
(Liquidus-Solidus “L-S”) affects the mode of combustion, the completeness of conversion, the maximum

98 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa


https://doi.org/10.31489/2024PH4/98-104
mailto:O.Shkoda@dsm.tsc.ru

Clarification of the state diagram...

temperature and the rate of combustion in this case. LS-melt means a two-phase suspension that occurs in the
Liquidus-Solidus temperature interval (“L-S”).

It was noted in [10] that it is possible to construct a hypothetical diagram of state of the “Ti-Me-B” ter-
nary system through the analysis of combustion parameters of the “Ti-Me-B” ternary system. Both in [10]
and in this paper the idea that combustion parameters reflect the properties of the solid-liquid medium
formed in the chemical reaction zone of the combustion wave, with the combustion temperature lying be-
tween the temperatures “L” and “S” of the corresponding double phase diagrams “Metal 1 — Metal 2”. By
changing the initial synthesis parameters (composition, density, dispersity of powders, etc.), the properties of
the medium (viscosity, the size of solid particles in suspension, the rate of nitrogen supply, etc.) also change.

For filtration combustion of three-component systems, such variation of initial parameters results in a
“cloud” of data rather than a separate curve of dependence. The self-consistency of many factors in the sys-
tem that provide propagation of the combustion wave occurs, and the structure of the data “cloud” obeys
strict laws that are characteristic for dissipative structures of nonequilibrium linear systems. Different proper-
ties of the environment cause different types of formation of intermediate, unstable nitrides. Nanoscale sus-
pension particles are the centers of chemical reactions of nitriding in a solid-liquid medium in which nitrogen
is continuously supplied [9-14].

In [7, 13], devoted to the filtration combustion of a mixture of two metals in nitrogen, it was noted that
all combustion parameters at appropriate scales are located within the “L-S” region of the melting diagram
“Metal 1 — Metal 2”. The task arose to check to what extent the envelopes of the “cloud” lines of these
combustion parameters of the ternary system “Metal 1 — Metal — Nitrogen” repeat the course of the
liquidus and solidus lines of the double system “Metal 1 — Metal 2”. The systems “Ti-W” and “Ti-Mo”,
having accurately constructed phase diagrams in coordinates “temperature-composition”, were chosen for
verification. “Ti-Al” and “W-Al” were chosen as the diagrams that need to clarify the positions of the
liquidus and solidus lines.

Experimental

Metal powders were used as initial components for synthesis: titanium of PTM grade; aluminum of
ASD-4 grade of technical purity; finely dispersed molybdenum and tungsten (less than 10 um). Gaseous ni-
trogen of high purity with oxygen content less than 0,001 % was used. The mixture of powders in the amount
of 16 g was poured into cylindrical cups with a diameter of 20 mm and a height of more than 30 mm. The
cups were made of well-permeable filter paper. Combustion was initiated by a tungsten spiral through an
igniting tablet. The composition of the tablet was selected so that a combustion wave with a maximum tem-
perature between the “L” and “S” temperature of the systems was formed. The cups were placed on a special
stand, which was transferred to the reactor, which was a constant pressure unit with a volume of 3 liters. A
constant nitrogen pressure of 20 atm was maintained in the reactor.

The amount of nitrogen assimilated during combustion was determined by weighing the sample before
and after combustion with an accuracy of +0.005 g. The maximum combustion temperature was measured by
the thermocouple method using tungsten-rhenium thermocouples. The temperature data were recorded using
a computer in the form of thermograms. Diffractograms were taken from the final synthesized combustion
products on a “Drone-2” apparatus.

The completeness of conversion was determined as follows. For the case where the leading component
is titanium, the completeness of transformation was calculated as the ratio of the percentage-weight content
of nitrogen in titanium mononitrides of the final product to the percentage-weight content of nitrogen in stoi-
chiometric titanium mononitride TiNy g

N'=n7i=[N¢-100 %/(N.+Ti)]/22,63 %.
Similarly, for the case where the leading component in the combustion wave is aluminum:
N"=na=[N¢-100 %/(N.+Al)]/34,17 %.

Here N is the amount of assimilated nitrogen (in grams) during SHS synthesis (calculated by weighing
the sample before and after combustion with an accuracy of £0.005 g), Ti. and Al are the amounts of titani-
um and aluminum in the initial mixture (in grams, respectively).

The difference between nr and n,, is determined by the different stoichiometric nitrogen content: in ti-
tanium mononitride — 22.63 % wt. % and in aluminum mononitride — 34.17 % wt. %, and by the different
contents of titanium and aluminum in the initial mixture. If both aluminum and titanium are nitrided to form
mononitrides simultaneously, the completeness of the transformation is calculated by the following formula:

n™ = [aN-100 %/(aNc+Tic)]/22,63 % + [BN-100 %/(BNc+AI,)]/34,17 % or
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n"' = [aNc'4,419/(aNc+Tic)] + [BNc‘2,926/(BNc+A|c)] Or
N TiN+AINTa N +B-M"
Here o and B are the fraction of titanium and aluminum in the mixture, respectively. In arriving at this
formula, we were guided by the fact that titanium and aluminum have almost equal enthalpies and nitrogen is
distributed between them according to the initial composition.

Results and Discussion

The limiting factor in filtration combustion is the problem of gas delivery to the nitriding reaction site.
The porosity structure of the medium is of great importance for the kinetics. If a large amount of liquid ap-
pears in the reaction zone, combustion stops due to the impossibility of gas penetration to the reaction site. In
such cases, inert additives are used to lower the combustion temperature.

The composition of the synthesized product depends on the initial ratio of components. Up to 40 weight
% Ti the product consists of aluminum mononitride, AI3Ti phase and pure aluminum. The diffractograms
record clear, well-formed AIN peaks. In the range of 40 to 60 weight % Ti, the following are found: alumi-
num mononitride, titanium mononitride, TiAl phase and pure aluminum. At the ratio from 60 weight%Ti and
above in the synthesized product are found: titanium mononitride, Ti3Al phase, aTi, and also, here are found
small peaks of MAH phases Ti2AIN, Ti4AIN3. The diffractogram shows high broadened peaks, from which
peaks of titanium mononitride, Ti3Al, oTi intermetallide with aluminum dissolved in it, emerge. Any traces
of aluminum mononitride are absent [7].

An equilibrium suspension consisting of particles of solid solutions or compounds is formed when two
different metals are heated above the solidus temperature. A vortex motion that entrains nitrogen gas and
delivers it to the reaction site is easily formed in such a heterogeneous medium at high temperatures. In this
case, the melt in any quantity is not an obstacle to the penetration of gas to the reaction centers, which are
solid particles in the “L-S”-melt.

Figure 1, a shows two combined diagrams: a part of the phase diagram “Mo-Ti” and a “cloud” of values
of the degree of conversion n. It can be seen that the enveloping “cloud” completely repeats the solidus and
liquidus lines. Inside the cloud, the n data are located along the lines that repeat the course of the liquidus
curve. Figure 1, b shows the superposition of the state diagram for the “W-Ti” systems and the “cloud” of n
data taken from the combustion analysis of the “W-Ti-N” system. The lower envelope coincided exactly
with the course of the solidus line. The upper envelope partially coincided with the liquidus line, the rest of
the data repeat its course. Complete filling of the “L-S” space did not occur, apparently, solid suspension
particles of the required size were not formed at high combustion temperatures [13-16].

“Cloud” data of maximum combustion temperatures (Tmax) are plotted on the fusibility diagram of the
“Mo-Ti” system (Fig. 2, a). The presence of two “clouds” of Tmax data can be seen. The lower cloud com-
pletely coincides with the “L-S” space. The second cloud, which is located above the “L” line, is the result of
“flare afterburning”, when the gaseous part of the product, consisting of suboxides, burns in the form of
flares, outside the combustion wave [9]. The data inside the second “cloud” also lie on curves repeating the
course of the liquidus line. Figure 2, b shows a “cloud” of combustion rate (Uc) data. If the combustion rate
(Uc) data are plotted in a mirror-hyperbolic reflection, this “cloud” of data coincides completely with the “L-
S” region, as does the transformation completeness (n) data. This suggests that the relationship between the
combustion rate (Uc) and the degree of transformation (n) is proportional to ~1/1-n, in contrast to the cases
of single metal combustion in nitrogen, for which this relationship is defined as ~1/n [12].
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Fig. 1. a— Combined melting diagram of “Ti-Mo” with “cloud” data of the degree of conversion n,
b — Combined melting diagram of “Ti-W” with “cloud” data of the degree of conversion n.
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Fig. 2. a— Combined melting diagram of “Ti-Mo” with “clouds” of maximum temperature (Tmax) data,
b — “Cloud” of combustion velocity (Uc) data for the “Ti-Mo-N” system.

All analyses of the combined graphs allowed us to assume a more correct position of the liquidus line,
peritectic horizontals and solidus lines for the phase diagrams of state of the systems “Al-Ti” and “Al-W”.
Experimental data of completeness of transformation (n) for these systems in certain concentration limits
were located in the regions of known diagrams, where there is no solid-liquid melting zone, which according
to the assumed mechanism of phase formation in the combustion wave cannot be. Therefore, we propose
another variant of the melting diagram section, which is shown in Figure 3 (a, b) and Figure 4.
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Fig. 3. “Al-Ti” combined melting diagram with “cloud” of degree of transformation data (n): a) known; b) proposed.
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Fig. 4. “Al-W” fusibility diagram with “cloud” of conversion degree data (n): curve 1 — known, curve 2 — proposed.
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The proposed changes result in a diagram with the presence of a high-temperature phase B-Al;Ti, in ad-
dition to a-AlsTi, for the “Ti-Al” system. The modified melting diagram of “W-Al" differs from the previous
one by the shift of the liquidus line towards increasing Al concentration starting from the temperature
~1310 °C.

Conclusions

A different arrangement of liquidus and solidus lines in the melting diagrams of “W-AI” and “Ti-Al” is
proposed. It is shown that the shape and outline of “clouds” of these combustion parameters of SHS system
“Metal 1 — Metal — Nitrogen” repeat the area of the zone between “L” and “S” of double diagrams “Metal
1 — Metal 27,

It is revealed that the relationship between UG and n for “Metal 1 — Metal — Nitrogen” SHS systems
is determined by the formula: Uc~1/1-n (or n~1/1/1-Uc).
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«Metana 1-metana 2—a3om» CBC :KyiiesepiHiH skaHy nmapamertpJepi
TypPaJibl IepeKTePaiH «OYJITHIH» TAJAAY apKbLIbI «MeTaJla 1-meTai 2»
JKyHeJiepiHiH 0AJKBITY AHATPAMMACHIH HAKTHLIaY MYMKIHJIT TypaJibl

«Meramn 1-meramn 2—a30T» Ky#ienepiHe e31iriHeH TapanaThlH JKOFapbl TEMIIEpATypabIK CHHTE3IiH Kabar-
KabaT peXKUMiHZe jKaHybl OOMBIHIIA 3epTTEY XKYPri3inai. bactankel cuHTE3 mapameTpiiepiH ©3repTy apKbUIbl
TOKIpUOETIK MOTIMETTEepIiH YIKEH KeieMi aiblHAbl. Kypampl, THIFBI3IBIFBI, YHTaKTapIbIH TUCIIEPCUSCHI
JKoHe OacKayapbl CHSKTBI CHHTE3MIH OacTamksl ImapaMeTpiepiH e3repTy apKbUIBI OPTAaHBIH KacHeTTepi Je
e3repeii, MBICANIBI, TYTKBIPIIBIK, CYCIICH3USIaFbl KAaTThl OOJIIEeKTepAiH MeJImepi, a30TIHeH KaMTaMachl3 eTy
JKBULIAMIBIFE JkoHE T.0. YII KOMIOHEHTTI JXyienephl (MIbTpalMsUIBIK JKaHy YIIH aTalFaH 0acTamKbl
napaMmeTpiep/i e3repTy HOTIKEeCiH/Ie KeKe KHCHIK eMec, IepeKTepIiH «OyITh» ansHabl. by xylerne sxany
TOJIKBIHBIHBIH TapalyblH KAMTaMAachl3 €TETiH KONTEereH (hakTOpIapIblH ©31HAIK COHKecTiri GosFaHIBIKTaH,
JIepeKTep «OYITHIHBIH» KYPBUIBIMBI ~ TEME-TEHIIKCI3 CBI3BIKTHI eMeC OJKYHeNnepAiH IUCCUIAaTHUBTI
KYpBUIBIMIApbIHA TOH KaTaH 3aHgapra OarblHAAbL. bacTamkel nepekTephiH e3repyl »aHy mapaMmeTpiepiHiH
KeH ayKbIMJIaFbl ©3TepiCTepiH allyFa MYMKIHAIK Oepai. XKany mapamerpiepi skaHy TOJKBIHBIHIAFBI XUMHSUIIBIK
peakiusuiap alfMarblHAA TY3UIETIH KaTTHI-CYHBIK OPTAaHBIH KacHeTTepiH kepcerenmi. byn karmaiima kaHy
TeMIlepaTypachl THTaH, MOJIMO/ICH, BOJIb(paM KaHe aATIOMHHUNA MeTanaap peTiHAe HaifalaHbUIFaH «MeTall
1-metamn 2» colikec KOoC (haszaibl JUarpaMManapblHBIH «CYHBIKTBIK» JKQHE «KATTBD) TeMIlepaTypajapbl
apacelHzia Oosiajbl. AJIBIHFAH JepeKkTep «OyITTapbl» colikec (azaiblK AUarpaMMalapMeH CalbICTBHIPBUIIBL.
By sxany napametpiepiniH «OYITHIHBIHY» HIIIiHI MEH KOHTYPBI «MeTaill 1-Metam 2» KyHiHiH Koc (a3aibik
JMarpaMMallapbIHBIH JIMKBHAYC JKOHE COJIMIAYC CBHI3BIKTAPBIMEH IIEKTENreH aWMaKThIH MilliHi MeH
KOHTYPBIMEH COHMKec KeJleTiHi aHbIKTangpl. Pasalblk nuarpamMmaiap HaKThUIAaHIBL. AIOMUHHKA-BOIB(PpamM
JKOHE ATFOMHHHI-THTAaH OAJKUTBIH AHarpaMMaliapblHIarbl JMKBUIYC II€H COJNHUIYC CHI3BIKTAPBIHBIH OackKalia
OpHajacybl YCHIHBUIABL. O3MIriHEH TapajaThlH >KOFapbl TEeMIIEpaTypalblK CHHTE3IOiH Kabar-kKabaT
peXHUMIHIET] «MeTal1 1-MeTamn 2-a30T» Kyienepi YLIIH jKaHy >KbUIIaMJIBIFBI MEH KOHBEPCHS Iopexeci
apachIH/Iarkl OaiIaHbIc (OPMYITAChl AHBIKTAIIIBL.

Kinm ce30ep. e3liriHeH TapanaThlH >XKOFapbl TEMIEpaTypalblK CHHTE3, TYpJIEHy JHopexeci, (a3aibix
Jrarpamma, HUTPUATED, AePeKTep OYIITHI, Tere-TeH K eMec xKyite.

O.A. llIkoma

O BO3MOKHOCTH YTOUYHEHUS THATPAMMBI IJIABKOCTH
CHCTEM «METAJLII 1-MeTaJL1 2)» Yepe3 aHAIHN3 «00J1aKa) TaHHBIX
napametpoB roperusi CBC cucrem «merana 1-meran 2—a3o0m»

IIpoBeneHo uccnenoBaHUE FOPEHUSI CUCTEM «MeTajll 1-MeTasul 2—a30T» B MOCIOHHOM PeXUME caMopacipo-
CTPAHSIOLIETOCs] BBICOKOTEMIIEPATYPHOrO0 CHHTE3a. MeHsisi HavajabHble MapaMeTpbl CUHTE3a, MOJy4YEeHO
0O0JIBIIIOE KOJIMYECTBO IKCIIEPUMEHTANBHBIX JaHHBIX. Bappupys HadanbHBIE apaMeTphl CHHTE3a, TAKHE Kak
COCTaB, IJIOTHOCTB, JUCIEPCHOCTD IOPOIIKOB M APYTHE, MEHSIOTCS U CBOWCTBA CPENIbl, TaKUE KaK BS3KOCTH,
pasMep TBEpABIX YaCTHIl B CYCIIEH3UH, CKOPOCTh MOCTYIUICHNS a30Ta | T.1. [ GpuiIbTpaioHHOTO TOpeHuns
TPEXKOMIIOHEHTHBIX CHCTEM B Pe3yNbTaTe BapbUPOBAHUS MEPEUNCICHHBIX HCXOJHBIX MTapaMeTPOB MOTYIEHO
«001aK0)» TaHHBIX, @ HE OTAENbHO B3sATas KpuBas. IIoCKoIbKY B 3TON cucTeMe MPOUCXOIUT CaMOCOIIacoBa-
HHE MHOTHX (DaKTOpPOB, O0OECIICUMBAIONINX PACHPOCTPAHEHUE BOJIHBI TOPEHHsS, TO CTPOCHUE «00IaKa» JaH-
HBIX NMOJAYUHACTCA CTPOTrUM 3aKOHaM, XapaKTCPHBIM JId JUCCUIIATUBHUX CT‘pyKTyp HEPaBHOBCCHBIX HEIIN-
Hei’leIX CHUCTEM. Bapnaunn HNCXOOAHBIX AJAaHHBIX ITO3BOJININ l'[O.]'lqu/lTb HU3MCHCHUA B NapaMeTpax ropCHus B
OopioM nuamaszone. [lapaMeTpsl TOPEHUS OTPaXKalOT CBOMCTBA TBEPAOKUAKOM cpelbl, KoTopast 00pasyercs
B 30HE XHMMHUYECKHUX PEaKLIUil B BOJHE ropeHus. Temmeparypa ToOpeHHs IPH 3TOM HAXOAUTCS MEXIy TeMIle-
patypamMu «JIMKBUAYC» U «CONUAYC» COOTBETCTBYIOUIMX ABOMHBIX (Da30BBIX IUATpaMM «MeTaul 1—MeTaiut
2y, TIe B Ka4eCTBE MeTajlla HCIOIBb30BAICH THTaH, MOJHO/IeH, BOJb(Gpam, amtoMuHuid. [lorydeHHbIe «00a-
Ka» JaHHBIX 6];1.]'[]/1 COITIOCTABJICHBI C COOTBCTCTBy}O[L[I/IMI/I d)aSOBbIMPI JuarpaMMaMu COCTOSAHUA. YcraHoBie-
HO, 4TO (JOopMa M OYCpPTaHUE «0OJaKa» MAHHBIX MapaMETPOB TOPEHHsS COBMATAIOT C GOPMOI U OuepTaHHEM
O6J'laCTI/I, OFpaHquHHOﬁ JIMHUAMHA _]'II/IKBI/I)lyC H COJ'IPIleC ﬂBOﬁHbIX (baSOBle JuarpaMm COCTOAHHUA «METaJLI
1-metann 2». [IpoBeneHo yrouHeHHe B (a30BbIX AUarpaMMax cocTosiHus. [IpeyioxkeHo HHOe pacIoioKeHHe
JIMHUH TUKBUIYC U COJHIYC B IMArpaMMax IUIABKOCTH «aJIFOMHHUI—BOIB(PpaM» U «ATIOMHHANA—TUTaH. O11-
peneneHa GpopMmylia COOTHOIICHHS MEXKIYy CKOPOCTBIO TOPEHHUS W CTEIICHBIO MPEBPAIICHUS ISl CHCTEM «Me-
Tamw 1-MeTamt 2—a30T» IpH IOCIOWHOM PEXUME CaMOPaCIPOCTPAHSIOMIETOCS BEICOKOTEMITEPATYPHOTO CHH-
Te3a.

Knrouegvie cnosa: CaMOpaCHpOCTpaHHIOHIHﬁCSI BbICOKOTeMHepaTypHLIfI CHHTE3, CTCIICHDb IIPEBpAlllCHUd, qUa-
rpaMmma COCTOAHUS, HUTPUBI, «00J1aKo» JAaHHBIX, HEPpABHOBECHAs CUCTEMA.
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