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ite—4.0% powder mixture, is studied. Titanium carbide (TiC) is a reinforc-
ing phase, as it has high hardness (30 GPa), high melting point (z 3100°C),
and low contact angle with iron (= 20°) that promotes the formation of a co-
herent bond at the phase boundary. The samples are fabricated by pressing
under pressure up to 700 MPa, which reduces porosity to = 6%, and sintered
at T=1000-1050°C. As found out, a specific core—shell microstructure is
formed in the material after sintering, where layers of TiC surround Ti
grains in the composite. The thickness of the carbide layer is controlled by
diffusion, and its growth at temperatures 1000 and 1050°C (from 5-10 mm
to 10-15 mm, respectively) corresponds to the mechanism of diffusion along
grain boundaries. The key stage of processing is hot forging of compacts at
T=1100°C. As determined, hot forging leads to significant microstructural
changes: spherical TiC inclusions are deformed and elongated in the direction
of metal flow that causes mechanical anisotropy of the properties. The forg-
ing affects significant deformation strengthening and the formation of ce-
mentite (FesC). The cementite is revealed by x-ray phase analysis. In the
forged samples, the combined effect of these mechanisms increases their
hardness and compressive strength by =65-70% (up to 630.3 MPa). The
highest hardness values are of 104—-109 HRB, when combining the forging
and water quenching processes. As shown, the formed heterophase structure
of the Fe—Ti—C system combines a coherent adhesion between the hardening
phase (FesC) and the ductile steel matrix that contributes to increased wear
resistance, while the hard Ti—TiC inclusions effectively localize the abrasive
impact.

Key words: metal-ceramic materials, titanium carbide, tool composites,
thermal-deformation treatment.

¥ poborti mocaimxeno BuB TepMogedoOpMaIiifHoro o0pobieHHA Ha CTPYKTY-
py Ta (ismKo-MexaHiUHi BJIACTMBOCTI MeTaJIOKEPaAMiUYHOI'O KOMIIO3UIITHOTO
marepisanay cucremu Fe—Ti—C, axuii 0y10 CHHTE30BaHO METO0I0 in Situ 3 Io-
porkoBoi cyminri ckaany: Fe — 86,0%, Ti — 10,0% , rpadit — 4,0% . Kap6iz
Turanmy (TiC) € apmoBanor (Hasorw, OCKiJIBKM BiH Mae BHUCOKY TBEPHiCTH
(30 I'TIa), Bucokry Temmnepatypy TomaeHHs (= 3100°C ta Hu3bKe 3HAUEHHA KyTa
3MouyBaHHA 3 3amisom (= 20°), mo cupuse (GOpMyBaHHIO KOT€PEHTHOTO
3B’A3KY Ha MexXi mominmy das. 3pasku chopMOBaHO ILIAXOM IPECYBAaHHA Mif
Trckom 1o 700 MIla, 1110 gae 3MOr'y IIOHM3UTH HOPUCTICTD A0 = 6% . Coikanus
BimoyBasocsa 3a T'=1000—-1050°C. BcraHoBiieHO, IIT0 MiCJA CHiKAHHA B CTPYK-
Typi Marepiamy GOpMyeTbCA XapaKTepHA MIiKPOCTPYKTypa THUIY «ALPO—
000JIOHKA», Te y KoMIo3uTHi# cuctemi sepua Ti oroueno mapom TiC. Tosiiu-
HY KapOigHOro mpomapky obmesxkeHo gudysiiiHUMY mporecamMu, a #oro 3poc-
TaHHA i3 migBumenuam temnepatypu Big 1000°C mo 1050°C (38 5—10 MM 10
10-15 mxM) BimzmoBimae mexaHidmMy o06’emHOI mudysii B3mOBMK MeX 3epeH.
KitouoBum eTamom 00poOseHHsS € rapaue KyBanHA OpukeriB 3a T'=1100°C.
BuszaueHo, 1110 rapAye KyBaHHA HIPUBOAUTH A0 iCTOTHUX MiKPOCTPYKTYPHUX
3min: chepuuni BraoueHHA TiC gedopMyroTbca Ta BUTATYIOTHCS B HAIPAMKY
Teuii MeTasy, M0 3yMOBJIIOE BUHUKHEHHA MeXaHiuHOol aHizoTpomii BaacTuBoc-
Teti. KyBanHsa BIInBae Ha 3HauHe AedopMalliiiie 3MiITHeHHSA I YTBOPEHHA Iie-
meHTUTY (Fe3C). HaasuicTs dasu (FesC) nigTBepaxyeTbca peHTI'eHO()a30BOI0O
aHajizon. i1 KoBaHMX 3pas3KiB cHilbHUN edeKT 3asHaueHUX MeXaHi3MiB
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3abesreuye IIiIBUINEHHSA TBEPAOCTH Ta MIIITHOCTH HA CTHCK Ha = 65—-70%, mo-
caratoun 630,3 MIla. Ha#iBulii mokasHuUKM TBepAOCTH cKJjaamgaoTb 104—-109
HRB 3a xomb0imarrii mpoiiecy KyBaHHA Ta rapTyBaHHA y Boxy. Ilokasamo, 1o
copmoBaHa rerepodasHa cTpykrypa cucremu Fe—Ti—C moemnye coboro Kore-
PeHTHU# 3B’ A30K MiK TBepmoio 3amimueHoio (azoro (FesC) Ta minacTuuHOoIO Me-
TaJIeBOI0 MATPHUIIEI0 i3 KPUILi, IO CIPUIE MiABUINEHHIO 3HOCOCTiHKOCTH, a
TBepAi BKIoueHHA Ti—TiC edeKTHBHO J0KaII3yIOTH aOpasuBHEe HABAHTAKEH-
Hs.

Karouosi ciioBa: meranoxkepamiuni marepianum, xap6ix Turamy, KomMmosuTu
iHCTPYMEeHTaJIbLHOTO IPU3HAUYEeHH, TepMoaedopMaIiifize 00po0IeHHA.

(Received 11 December, 2025; in final version, 12 December, 2025)

1. INTRODUCTION

The widespread use of metal-matrix composites (MMCs) for tools that
operate under friction and are subject to intense wear requires con-
stant improvement of their properties [1-3]. Composite materials
(CMs) are classified based on the morphological and structural parame-
ters of their reinforcing components, which have different configura-
tional features [4—6]. The CM group includes cermets or MMCs, in
which the ceramic phase is a reinforcing component, and the metal
phase (or alloy) is a matrix. The matrix material is aluminium, magne-
sium, iron, steel, or copper [7T—10]. In the CMs, the metal matrix is a
phase that provides ductility and strength. Therefore, the use of ce-
ramic reinforcing components contributes to higher hardness and wear
resistance of the material [11-13].

Titanium carbide (TiC) is a promising reinforcing component in a
metal matrix, as it has beneficial physical and mechanical properties,
including high melting point (= 3100°C), controlled thermal conductiv-
ity, low density (= 4.0 g/cm?), and high hardness (= 30 GPa) [14]. These
properties are promising for modifying the mechanical parameters of
the metal matrix. The formation of target properties in the metal ma-
trix composites (MMCs) is crucial for tool applications [15—18]. The
low contact angle (= 20°) between titanium carbide (TiC) and iron pro-
motes the formation of a high-quality metallic bond at the phase
boundary between the ceramic-metal layer and the matrix [19]. Due to
this, TiC is widely used as a reinforcing component in the production of
composites for tooling and tribology applications. The possibility of
local reinforcement with fine TiC particles by synthesizing them in
situ and then providing their homogeneous distribution in a cast iron
matrix was shown in [17]. A mixture of titanium and graphite powders
was used to synthesize the reinforcing component; the molar ratio of Ti
and C components was 1:1 (50 at.% Ti and 50 at.% C). The addition of
the TiC ceramic phase led to an increase in CM hardness of more than
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300% relative to the pure matrix alloy. In Refs. [20—23], the general
properties of CMs reinforced with TiC particles and the optimization of
their formation were discussed.

The use of in situ synthesis for producing CMs provides the possibil-
ity of forming gradient microstructures and core—shell structures
with high hardness.

The aim of the work was to determine the effect of thermal defor-
mation treatment and the mechanism of synthesis of the Fe—Ti—C ma-
terials for tooling on their mechanical properties and structure.

2. EXPERIMENTAL TECHNIQUES

According to the literature, the amount of graphite during the com-
paction of iron-based powder materials (PM) determined the composi-
tion of the mixture (wt.%): Fe—86.0%, Ti—10.0%, and graphite—
4.0%.

Samples of 8.0 g were compacted in a cylindrical mold with a diame-
ter of 10.0 mm. The compaction was carried out in a hydraulic press at
variable pressures ranging from 200 to 700 MPa (Fig. 1).

In order to compact the samples, single- and two-stage pressing were
performed [24]. With an increase in pressure from 200 to 700 MPa, the
porosity of the samples decreased from 26 to 7%, respectively. Addi-
tional pressing at a pressure of 700 MPa reduced porosity to =6%,
which indicated high mixture compaction. This effect is explained by
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Fig. 1. Dependence of porosity of Fe—-Ti—C-based compacts on pressure: 1—
after pressing, 2—after pressing and post-pressing at 700 MPa.
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the high graphite content, which reduced interparticle friction.

Sintering was carried out in a non-hermetic container at 1000—
1050°C for 1 hour. After sintering, the porosity increased by 2—-3%.
This effect is associated with the features of titanium carbide (TiC)
formation during in situ solid-phase synthesis.

In order to prevent oxidation, the thermal deformation treatment
was carried out by hot forging the compacts at 1100°C with holding
them in a charcoal bed for 15—20 minutes [25]. Charcoal is most often
used as a solid carburizer in the cementation of steel products [26]. In
this case, charcoal performs a dual function: protection against oxida-
tion, and carbon saturation of compacts. An important feature of Fe—
Ti—C system forging is the exothermic nature of the reaction of titani-
um carbide formation. During the synthesis, a significant amount of
heat is released, which allows the sample to be kept at a high tempera-
ture for a longer time that facilitates the deformation during forging.

3. DISCUSSION

The CM material comprised of a steel matrix with uniformly distribut-
ed titanium carbide (TiC) inclusions. During solidification, titanium
carbide formed, so the in situ synthesis occurred under stable condi-
tions (Fig. 2).

Under particular conditions of solidification, a specific microstruc-
ture forms in the Fe (86% )—Ti (10%)—C (4%) alloy. It corresponds to
the core—shell model, where each titanium grain is surrounded by a
layer of titanium carbide (TiC). The formation of this microstructure
is typical for materials synthesized by the reaction. This process is not
equilibrium from a thermodynamic viewpoint, as it depends on two key

Fig. 2. Microstructure of Fe (86% )-Ti (10% )—C (4% ) alloy after: sintering at
1050°C (a), sintering and hot forging at 1100°C (b).
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Fig. 3. Microstructure and local x-ray spectral analysis of forged sample.

TABLE 1. Results of local x-ray spectral analysis.

Spectrum Ti, % Fe, %
1 99.66 0.34
2 99.11 0.89
3 0.26 99.74

factors: annealing temperature and time.

The thickness of the TiC coating is determined by the diffusion
along the grain boundaries. Over time, carbon atoms slower permeate
through the formed layer of titanium carbide to the titanium grains.
This slows down further growth of the TiC shell, being a key factor
that determines the final microstructure (Fig. 3, Table 1).

With increasing temperature, the thickness of the titanium carbide
(TiC) layer forming a shell around titanium grains increased from 5—
10 to 10—15 pm. This corresponded to the features of volumetric diffu-
sion, which intensifies at higher temperatures.

The thickness of the TiC carbide layer significantly increased after
hot forging at 1100°C (up to 25—30 um, Fig. 4, ¢). The abovementioned
data show that the temperature of forging allows effective control of
both the diffusion rate and the completeness of the titanium carbide
formation, which is critical for optimizing the properties of the material.

The heterophase structure of the material, formed by the developed
technology, allowed for the effective distribution of mechanical loads.
The main part of the impact and abrasive load was localized in the hard
Ti—TiC inclusions, which ensured high wear resistance. At the same
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Fig. 4. Microstructure of Fe (86% )-Ti (10% )—C (4% ) alloy after: sintering at
1000°C (a), sintering at 1050°C (b), sintering and hot forging at 1100°C (¢).

TABLE 2. Hardness after loose sintering and hot forging.

No. ‘ Treatment Hardness, HRB
1 Sintered at T'=1000°C 60-61
2 Sintered at T'=1050°C 63-65
3 Sintered at T=1050°C and forged at T'=1100°C 85—-87
4 Sintered at T =1050°C and forged at T'=1100°C, 104-109

then water quenched

time, the ductile steel matrix was an effective damper, absorbing and
dissipating mechanical stresses caused by friction.

The investigation of the physical and mechanical properties of the
CMs showed that the hardness of the samples largely depended on
thermal and mechanical treatment (Table 2). After loose sintering, the
material had a hardness of 60—65 HRB. The hardness increased to 80—
87 HRB after free hot forging, which emphasizes the effectiveness of
plastic deformation. The hardness reached maximum values after wa-
ter quenching (104-109 HRB), which demonstrated the key role of the
combination of mechanical and thermal treatment in optimizing the
physical and mechanical properties of the CM.

After free forging, the samples had significantly higher strength
and a sufficient ductility (Fig. 5, Table 3).

The forged samples had higher hardness due to the formation of ce-
mentite (FesC), caused by the diffusion of carbon from charcoal used as
a filling. This was confirmed by x-ray phase analysis (see Fig. 6).

The significant increase (by 65—70% ) in the strength of forged sam-
ples was caused by strain hardening, that led to a considerable increase
in the microstresses, which correlated with the known values of physi-
cal and mechanical properties. Analysis of microstresses (Table 4) in
individual phases of the material showed that they are compressive.
After forging, the values of these compressive stresses increased by
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Fig. 5. Stress—strain curves of pressureless sintered and hot-forged samples
of Fe (86% )-Ti(10% )-C (4% ) alloy: 1—sintered, 2—sintered and forged.

TABLE 3. Mechanical properties of different samples of Fe—Ti—C system.

Treatment No. YS, MPa UTS, MPa g, %
Sintering 1 179.0 467.3 0.07
Sintering and forging 2 364.2 720.8 0.05

several orders of magnitude compared to as-sintered state. The signifi-
cant increase in microstresses is a result of the complex physical and
mechanical action of deformation that occurred during free forging.

4. CONCLUSIONS

The effect of thermal deformation treatment of the Fe (86% )-Ti
(10%)—C (4% ) composite system, which was produced by in situ reac-
tion at 1100°C, led to a significant increase in the mechanical proper-
ties of the material after hot forging: hardness—104-109 HRB, com-
pressive strength—720.8 MPa, and longitudinal relative defor-
mation—0.05.

As shown, iron-based CM reinforced with TiC inclusions had a core-
shell structure and a gradient microstructure of the matrix. The pre-
cipitation of TiC in the TiC—Fe ceramic layer is controlled by carbon
diffusion with further formation of cementite. The high volume frac-
tion of TiC carbide inclusions increased the wear resistance of the com-
posite material, while the gradient structure of the TiC—Fe layer of the
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Fig. 6. X-ray phase analysis of Fe (86% )-Ti (10% )-C (4% ) alloy after loose
sintering and hot forging: 1—TiC, 2—Fe, 3—FesC.

TABLE 4. Phase composition and residual stresses in phases.

Phase, % Crgriszteallline Residual stress in phase, MPa
Treatment

| Q Ql o Q Q .

=B o = | & o Fe TiC FesC
Sintering SRS )
at 1050°C o o |8 & ! -1961645 -164£671 -

i
Sintering
at1050°Cand ¥ & & N B = -1262+496 -690+ 228 817+ 328

forging at 1100°C

cermet improved the ductility of the interface.

The feasibility of using the thermal deformation technique for man-
ufacturing Fe—Ti—C carbide steel and the relevance of using the ob-
tained results for producing metal—ceramic materials for tooling and
tribotechnical applications are shown.
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