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Abstract. A metal-carbide—intermetallic material based on combustion products of the layer system (Ti—Al-Si)/(Ti—C)/Ti was for
the first time obtained with the help of self-propagating high-temperature synthesis (SHS) combined with pressing. Exothermic
synthesis from elementary powders was carried out at a pressure of 10 MPa, and pressing of the hot synthesis product was
carried out at a pressure of 100 MPa. It has been shown that SHS pressing contributes to the formation of permanent joints of
«metal/carbide/intermetallic» layers. The main features of microstructure formation, phase composition, and strength properties
of'transition zones at the boundary between reacting SHS compositions, Ti—C and Ti—Al-Si and Ti-metal substrate are investigated.
It is shown that during SHS reaction, a homogeneous microstructure of Ti—C and Ti—Al-Si layers with an insignificant content
of cracks and pores is formed. The thickness of the transition zone between the layers was at least 15 um. The main phase
formed in the combustion product of Ti—Al-Si layer is, according to the results of X-ray phase analysis, triple phase Ti,Al,Si,,
the content of which, calculated by the Rietveld method, was at least 87 wt. %. In addition, the combustion product contains
a secondary phase of Ti;Al in the amount of 13 wt. %. The energy dispersion analysis revealed that diffusion of aluminium
through the titanium carbide layer into the titanium substrate to a depth of approx. 30 pm is observed. Microhardness value
of the combustion product of Ti—Al-Si layer was about 10 GPa. The rectilinear nature of crack propagation in the synthesized
combustion product of Ti~Al-Si layer, as well as the Palmquist crack resistance coefficient varying within 5.1-5.7 MPa-m'?,
indicate the fragility of the material.
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(Ti—Al-Si)/(Ti—C)/Ti. DK30TepMUYECKUI CHHTE3 U3 IEMEHTapHBIX IMOPOLIKOB OCYIIECTBIUIM npHu HasiaeHun 10 MIla,
a IIpeccoBaHMe ropsiuero Npoaykra cuHTes3a — npu gasineHuu 100 MIla. B paboTe mpoaeMOHCTPUPOBAHO, YTO B PE3yNIbTaTe
CBC-npeccoBanusi (opMHpYeTCsS HEPa3hbeMHOE COCIMHEHHE CIIOCB «MeTall/KapOou/uHrepmerauinay. MccnenoBaHbl
OCHOBHBIC OCOOCHHOCTH (hOPMHUPOBAHUS MHUKPOCTPYKTYpHI, (Pa3OBBIf COCTAaB M MPOYHOCTHBIE CBOWCTBA IEPEXOTHBIX
30H Ha rpanune Mexay pearupytommumn CBC-cocraBamu Ti—C u Ti—Al-Si u Ti-meranandeckoii moanoxkoi. [Tokazano,
gro B npouecce CBC-peakiuu dopmupyercst ogHopoaHas MUKpocTpykrypa cioeB Ti—C m Ti—Al-Si ¢ He3HauUTEIBHBIM
COZICp’KaHUEM TpEIIMH U nop. TOMIIMHA TePEeXOAHON 30HBI MEXY CJIOSIMU cocTaBuia He MeHee 15 MkM. OCHOBHOM (a3oii,
(opmupytomieiics B MPOIYKTe TOpeHHs cIos Ha ocHoBe Ti—Al-Si, sBIseTcs, MO pe3ynsrataM PeHTTeHO(a30BOr0 aHAIN3a,
Tpoiinas dasa Ti, Al,Siy, conepianue KOTOPOH, MOCUNTAHHOE 11O METONY PuTBenbaa, coctasuio e Menee 87 mac.%. Kpome
TOrO, B IPOJYKTE FOPEHHUs NPUCYTCTBYeT BropudHas asa Ti;Al B komuuectse 13 Mac.%. Pe3ynsrarsl SHEProaucnepCHOHHOIO
aHaM3a MoKa3aiu, 4To Habmonaercs Tuddy3ust aTIOMUHUS CKBO3b CJI0H KapOKaa TUTaHA B TATAHOBYIO MOIOKKY Ha ITyOHHY
~30 MKM. 3HaYeHHE MUKPOTBEPIOCTH POIYKTa ropeHust ciost Ha ocHoBe Ti—Al-Si coctaBmito okono 10 I'Tla. [TpsmonrHeHHBIH

XapakTep pacnpOCTPaHEHHs TPEUIMH B CHHTE3MPOBAHHOM TpoaykTe ropeHus ciost Ti—Al-Si, a Takke BapbUPYHOIIUICS
B npenenax 5,1-5,7 MIla-M'? ko puumenT tpemmHocToiikocty 1o [TaIMKBHCTY TOBOPSAT O XPYNIKOCTH MaTrepuaa.

Kniouesbie cnosa: cnoesoii Marepuan, natepmeraiung, CBC-npeccosanue, Ti—-Al-Si

Ans untnpoBanns: Jlazapes I1.A., bycypuna M.JL., I'psaynos A.H., CeraeB A.E., Bennkosa A.®. TTony4enne cnoesoro (Ti—Al-
S1)/(Ti—C)/Ti crnaBa metogom CBC-nipeccoBanust. Mzeecmus 6y306. [lopowikosas memannypeusi u ()yHKYUOHAbHbLE NOKDbI-
mus. 2023;17(1):21-27. https://doi.org/10.17073/1997-308X-2023-1-21-27

Introduction

Obtaining layered systems and permanent joints of
various metal-intermetallic materials constitutes a signi-
ficant task for modern industry, particularly for acrospace
applications, taking into account the unique combination
of physical and mechanical characteristics of metal-inter-
metallic layered composites [1]. Material microstructure
development, oriented towards a specific set of structural
and functional characteristics, represents an urgent task in
materials science. Ti—Al titanium aluminides can be dis-
tinguished among a variety of intermetallic compounds,
which need to increase their temperature resistance to
oxidation and deformation [2—4]. Titanium-based alloys
with other light elements (Mg, Si etc.) appear to be highly
promising for high-temperature applications in a variety
of industries, particularly for use as protective coatings.
Silicon appears to be a compelling choice for a reinforc-
ing component (TiSi,) in a TiAl-based composite and
also positively affects the resistance of titanium and its
alloys to high-temperature oxidation [5; 6].

Since the well-known methods for producing the
required materials (hot isostatic pressing [7] and spark
plasma sintering [8]) are costly and technically demand-
ing, it is essential to find new, technologically simplified
methods for their production. Self-propagating high-
temperature synthesis (SHS) may be a promising way
of solving the problem of obtaining metal-intermetallic
layered materials [9]. During the SHS process, a large
amount of heat released can be used not only for further
processing of the material or formation of its structure,
but also as a source of additional heat for joining (weld-
ing, repairing) heterogeneous materials and applying
coatings [10; 11]. For instance, Ti—Al-Si alloys were
produced by SHS in work [12] upon the interaction of
titanium, silicon, and AlSi30 alloy followed by the addi-
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tion of alloying elements. A method for the production
of Ti—Al-Si alloys with an aluminum content ranging
from 8 to 20 %' and a silicon content of 10-20 % has
been elaborated in works [13—15]. Combining the SHS
method and pressing may be used to produce layered
and graded carbide-hardened materials, as well as per-
manent joints of heterogeneous materials and protective
coatings. The SHS-pressing method was used to obtain
NiAl-Ni layer compositions [16] and multilayer systems
“hard alloy—intermetallic—metal” [17].

In this paper, the features of the formation of micro-
structure and strength properties of transition zones at
the boundary between reacting SHS compounds and
Ti-substrate in a layer system (Ti—Al-Si)/(Ti—C)/Ti have
been investigated.

Experimental procedures

The following metal powders were used in the experi-
ment: Si (semiconductor silicon, solar-grade, ~100 um,
at least 99 %), Ti (PTM, <100 pm, 99.2 %), and Al
(ASD-4, ~10 um, 99.20 %) to obtain a powder reac-
tion mixture of 74.1Ti—6.3A1-19.6Si (%); incendiary
mixture Ti/C (black) (50/50 %); titanium foil (Ti) of
200 um thick. The mass ratio of layers 1-layer/2-layer/
Ti-substrate was approximately ~90/8/2 %. Composition
of the reaction mixture based on Ti—Al-Si was chosen
to obtain the phase Ti, Al Si,. The initial powder blank
of the 1% layer was obtained by dry mixing in a mor-
tar, followed by pressing of cylindrical samples 30 mm
in diameter and 16 mm in height with a relative density
of 0.6. The compressed samples were placed in a reac-
tion compression mold (Fig. 1), pre-mounted on a Ti
substrate.

I'Here in after — wt. %.
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To obtain a nonporous material, SHS pressing tech-
nique described in [18; 19] has been used, while exother-
mic synthesis was carried out at a pressure of 10 MPa,
and pressing of the synthesis product was carried out
at a pressure of 100 MPa. The exposure time under load
was 3 s.

The microstructure of the synthesized alloy was stu-
died using an “Zeiss Ultra plus 55” field emission scan-
ning electron microscope. X-ray phase analysis (XRD)
was performed on a DRON-3 diffractometer using Cuk,
radiation. Microhardness (/) was measured on a PMT-3
hardness tester using the Vickers method (indentation
of a tetrahedral diamond pyramid with a load of 100 g).
Crack formation was studied by the method of indenta-
tion by the Vickers diamond pyramid AV at a higher load
of up to 30 kg.

Results and discussion

calculations
29D

Preliminary  thermodynamic per-
formed in the software “Thermo™ clearly revealed
that the largest thermal effect is observed in the
layer based on the Ti—C system for which the adia-
batic combustion temperature was 2617 °C and
the enthalpy of formation was 176 kJ/mol. During the
combustion of Ti—C reaction composition, the mel-
ting of the surface layer of the titanium substrate

|2
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|4

L —35

—6

s

L —7

Fig. 1. Scheme of experiments
on SHS pressing
1 —upper punch, 2 — igniting spiral W,
3 - Ti-Al-Si layer, 4 — SiO, heat insulator, 5 — Ti~C layer,
6 — Ti-substrate, 7 — mold

Puc. 1. Cxema npoBeieHHUsI SIKCIICPHUMEHTOB 110
CBC-mpeccoBaHUIO
1 — BepXHUIi MyaHCOH, 2 — MOJpKUraomias cnupaib W,
3 — cnoit Ti-Al-Si, 4 — Tenmonsonarop SiO,, 5 — croit Ti-C,
6 — Ti-nopnoxka, 7 — npecc-popma

2 Program for thermodynamics equilibrium calculations
“THERMO”. URL: http://www.ism.ac.ru/thermo (accessed:
15.02.2022).

(z"=1670 °C) and the formation of the Ti/TiC transi-
tion zone is most likely to occur. Adiabatic combustion
temperature of Ti—C is much higher than combustion
temperature of Ti—Al-Si layer, equal to 1259 °C [15]
which also affects the diffusion interaction and forma-
tion of a transition zone between Ti—C and Ti—Al-Si
layers and provides a strong interpase connection
between the Ti-substrate and the Ti—C carbide layer.

Figure 2 represents the microstructure and element
distribution map of Ti, Al, Si and C in the synthesised
alloy. A firm contact between the layers with the absence
of any defects (pores, cracks) has been formed. This indi-
cates a high quality of diffusion interaction of the ele-
ments between the layers.

As shown by XRD (Fig. 3), the 1% layer conforms to
an alloy based on the main phase Ti,,Al;Si, (PDF 01-079-
2701) with a hexagonal close-packed (HCP) lattice;
furthermore, there is a secondary ordered phase Ti;Al
with a superstructure DO,, (PDF 52-859), which exhib-
its a HCP latitude (spatial group P63/mmc). The content

R R T T
X . : iy

S Ti-Al-C layer

s e - Ti substrate N

100 pm

Fig. 2. Photo of the microstructure (@) and element
distribution map in the synthesised alloy
b—Al,c-C,d-Si,e-Ti

Puc. 2. ®ororpadust MEKPOCTPYKTYpHI (@) U KapTa

pacrpenesieHus SJIEMEHTOB B CHHTE3MPOBAHHOM CIIJIaBE
b-Al,c-C,d-Si,e-Ti
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Fig. 3. X-ray data of a synthesized alloy based
on the Ti—Al-Si system (1 layer)

Puc. 3. [lanasie POA cHHTE3MpOBaHHOTO CIIIaBa
Ha ocHOBe cucteMbl Ti—Al-Si (1-it cioit)

of the main phase Ti,,Al;Si, (calculated by the Rietveld
method) was 87 %, the phase Ti,Al - 13 %. According to
the data obtained by energy-dispersive analysis (EDA),
the 2™ layer conforms to the phase TiC, ., (cubic struc-
ture Fm3m), and the 3™ layer conforms to titanium in
a substrate made of titanium foil. The transition zones
between the layers do not exceed 10-15 pm.

According to the concentration profile of the element
distribution between the layers (Fig. 4) a slight increase
of aluminium concentration in the boundary area between
Ti/TiC layers can be observed due to the melting of the
titanium foil caused by heat release during reaction in the
Ti—C layer and diffusion of aluminium into the titanium
substrate through the Ti—C layer. Upon that, the depth
of Al diffusion into the Ti substrate is rather shallow
~30 pum. Silicon concentration during transition from the
Ti—Al-Si layer to Ti—C drops sharply and remains at zero
values in the 2" and 3" layers.

Microhardness (Hu) of each of the layers of the syn-
thesized gradient material is presented in Table. The high-
est H value (~12.3 GPa) corresponds to a Ti—C-based
layer, the lowest is for a titanium substrate (4.1 GPa).
Microhardness of Ti—Al-Si layer is ~10.1 GPa.

When an indenter is inserted at a load of more than
30 kg into a Ti—Al-Si-based layer, radial cracks are

24

Intensity

Si
Al
0 100 200 300 400
Distance, um
Range © Al Si Ti Phase
1 3.92 | 808 | 2621 |61.78 | Ti, ALSi,
2 13923] 1.99 | 046 |5832|  TiC,,
3 6.16 | 0.27 | 0.27 |90.60 | Ti (substrate)
b

Fig. 4. Concentration profile of element distribution
between the layers (a) and EDA data, wt. % (b)

Puc. 4. KoHueHTparoHHbIH TPOGHIb PACTIPEACICHUS
SIIEMEHTOB MEXXAY ciosivu (@) u nanusie DJIA, mac. % (b)

formed in the corners of the Vickers pyramid imprints
in the area of maximum tension stresses (Fig. 5, a, b).
The formation of main concomitant cracks and their

Microhardness values in layers of the synthesized material

3HaueHus1 MHUKPOTBEPAOCTH B CJIOAX CHHTEC3UPOBAHHOI'0 MaTepHaJja

Layer Microhardness Cracking resistance coefficient
No. | Composition H,, GPa K., MPa-m'?
1 Ti-AL-Si 10.1 5.1-5.7 (this work)
Ti-C 12.3 2.5-4.3 [24]
3 Ti-substrate 4.1 50-55[25]
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Fig. 5. Micrographics of indentation after measuring
microhardness H“ (a) and Vickers hardness HV (b),
as well as an enlarged fragment of crack propagation
in Ti-Al-Si layer (c)

Puc. 5. Mukpodotorpaduu oTIeuaTkoB HHISHTOpA

MOCJIe U3MEPEHHs1 MUKPOTBEPAOCTH Hu (a) 1 TBepIOCTH
o Buxkepcy HV (b), a Takxke yBeIHIeHHBIH (parMeHT
pacrpocTpaHeHus TpenuHbL B cioe Ha ocHoBe Ti—Al-Si (¢)

branching, as well as the fusion of cracks with micro-
heterogeneities and structural defects are observed
(Fig. 5, ¢). One of the reasons for this is that the micro-
pores affect the crack propagation process. The rec-

tilinear nature of crack propagation indicates a high
fragility of the material. It is noteworthy that the
cracks propagate both through and around the grains
(Fig. 5, ¢). Calculated by the Palmquist method [20] for
a Ti—Al-Si-based layer, the crack resistance coefficient
is K, =5.1+57MPa-m'?. The measurements were
taken at an indenter load of 100 g using the formula:

K,. =0,0028VHV /Pc™,

where P — indentation load, ¢ — total length of the crack
from the indenter, mm.

The following results can be given to compare the
resulting value of K, . According to work [21], the crack
resistance coefficient of Ti—Al-Si-based alloys can reach
values from 0.7 to 1.7 MPa-m"?, while Ti,Si, silicide
has K, =7 MPa-m'"? [22]. It is noted in work [23] that
materials based on Ti~Al,Ti with a volume fraction of
ALTi phase equal to 86, 80, and 65 % are characterized
by high crack resistance values at the level of 15, 23,
and 29 MPa-m'?, respectively. The measurement results
of K, depend on the size and direction of movement of
cracks, pores, interphase transformations, and the magni-
tude of loads on the material.

Conclusion

A metal-carbide-intermetallic layer material based
on (Ti—Al-Si)/(Ti—C)/Ti was synthesized by SHS press-
ing. The heat released as a result of SHS reactions in the
layers and the subsequent pressing of the hot product
ensured the required diffusion through the boundaries
(Ti—Al-S1)/(Ti—C) and (Ti—C)/Ti and resulted in the
formation of a solid permanent joint between the lay-
ers with a transition zone thickness between them about
10+15 um. Combustion product of Ti—Al-Si layer
exhibits two phases: triple phase Ti, Al,Si, and Ti;Al
with a content of 87 and 13 wt. %, respectively. The
microhardness of the synthesized combustion product
of Ti-Al-Si layer was ~10.1 GPa, crack resistance coef-
ficient K, =5.1+5.7 MPa-m'"2 The obtained results
can be used in the development of methods for apply-
ing protective coatings/layers to the surface of titanium
products.
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