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The structure and phase composition of Fe–Ti–Ni–C alloys produced in situ by thermal synthesis at 
1200ºC using TiH2, Fe, graphite, and Ni powder mixtures have been studied. The synthesized alloys 

represent a skeleton of titanium carbide grains of different stoichiometry, with sizes varying from 0.5 
to 16 m, surrounded by metal reinforcement layers. The starting mixtures without nickel or with 
5% Ni have coarse TiC grains. When Ni content of the mixture increases to 10–20%, the maximum 
grain size sharply decreases to 6–7 m. The microhardness of the synthesized alloys decreases when 
nickel amount in the mixture increases to 15% but becomes somewhat higher at 20% Ni. The phase 
composition of the alloys substantially depends on the amounts of starting mixture components and 
includes titanium carbide, Fe3C cementite, -iron solid solution, and intermetallic FeNi3 (for iron-

containing mixtures) and Ni3Ti and Ni4Ti (for nickel-containing mixtures). When Ni content of the 

starting mixture increases to 10–20%, the lattice parameter and stoichiometry of TiCx slightly 

decrease and carbide particles noticeably refine. The thermally synthesized alloys have been ground 
to produce reinforced steel composite powders, which can find extensive application in depositing 
wear-resistant coatings and fabricating bulky parts by compaction followed by sintering, hot 
pressing, or hot forging. 
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INTRODUCTION 

Recent years have seen a growing interest in carburized steels—metal matrix composites containing 
a refractory component with increased hardness and a steel matrix phasesince they combine excellent mechanical 
properties and high wear resistance [1–8].  

Most of these materials contain titanium carbide as the reinforcing phase, featuring high hardness and being 
chemically stable in a steel matrix. The introduction of hard TiC particles into these materials substantially 
improves their hardness and wear resistance. 

Conventional processes for producing carburized steels employ powder metallurgy methods, in which iron 
and titanium carbide alloy powders are commonly ground/mixed, the powder mixtures are compacted, and the 
porous compacts are subjected to liquid-phase sintering [2–5]. Increasing attention has been recently paid to the 
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production of composites with titanium carbide particles that develop in situ in the liquid-phase exothermic reaction 
that occurs when powder mixtures of iron (or its alloys), titanium, and carbon are heat treated [9–14]. These 
materials are characterized by highly pure interfaces, predetermining stronger bonding between the matrix and 
reinforcing particles. Moreover, such a method to synthesize Fe–TiC may turn to be more economical since it does 
not require the production of titanium carbide powders.  

The properties of carburized steels, being primarily defined by the amount of refractory phase and the 
composition of steel phase, largely depend on the strength of adhesion between them. Wetting of the refractory 
phase by the metallic melt and interface energy are crucial for promoting strong adhesion between these phases [5]. 

Carbon steels can be used as the metallic phase for carburized steels [2, 10, 14], but doped alloys of various 
grades and compositions have found wider application [3–5, 8, 15, 16]. This is attributed to higher mechanical 
characteristics of the latter and poor wetting of titanium carbide by iron [4]. A higher carbon content of the steel 
matrix somewhat increases the wettability, but it remains insufficient to ensure strong adhesion between the 
refractory and metallic phases of carburized steels. 

The introduction of additions that enhance the migration of atoms belonging to the contacting materials in 
the desired direction (activators) improves the wettability and, accordingly, adhesion between the composite 
components [4]. Nickel is among the elements that improve the wetting of titanium carbide by iron-based alloys and 
increase the adhesion of carbide particles to the metallic matrix. If there is more than 12% Ni in the steel matrix, the 
TiC–(Fe, Ni) systems are characterized by high interfacial activity, greater TiC solubility in the metallic matrix, and 
active liquid-phase recrystallization. The wettability of titanium carbide improves with greater nickel content of iron 
alloys.  

Moreover, nickel has a low coefficient of diffusion in iron and improves the stability of austenite in powder 
steels, the hardenability of the steel matrix, and the strength of the ferritic phase. In addition, the alloy acquires the 
maximum hardness when nickel reaches 5–10% in the matrix [4, 5].  

The objective is to find out how nickel influences the structure and phase composition of alloys thermally 
synthesized from Fe–Ti–Ni–C powder mixtures. 

EXPERIMENTAL PROCEDURE 

To produce sintered titanium alloy materials, starting titanium hydride powders are more effective than the 
commercial titanium powder. Titanium hydride powders significantly activate diffusion processes in sintering 
because the hydride lattice is much denser and interfaces can be additionally purified with atomic hydrogen released 
in the decomposition of titanium hydride [17–19], finally improving the mechanical characteristics of alloys 
produced.  

We used titanium hydride powder (100 µm particles) as the titanium-containing component and iron 
(160 µm), nickel (63 µm), and graphite powders. To determine how the starting mixture composition influences the 
structure and properties of synthesized alloys, we prepared five starting compositions with different ratios of the 
components. The contents of titanium hydride and carbon were constant (64 and 16 wt.%) in all compositions, only 
iron and nickel amounts were varied (Table 1). 

    
TABLE 1. Components of the Starting Mixtures for the Synthesis of Test Samples 

Mixture No. 
Content of elements in the alloy, wt.% 

Fe TiH2 C Ni 

1 20 64 16 – 
2 – 64 16 20 
3 5 64 16 15 
4 10 64 16 10 
5 15 64 16 5 
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The powders were stirred in a drum mixer and then were cold pressed at 700 MPa to make billets to be 
subjected to vacuum sintering (thermal synthesis) for 60 min at 1200ºC. 

The microstructure and macrostructure of the sintered samples were examined employing an XJL-17 
optical microscope and Superprobe 733 scanning electron microscope (JEOL, Japan). The samples were subjected 
to X-ray diffraction using a DRON-3M diffractometer in Co-K radiation by step-by-step scanning in the range 20–

130º. The microhardness was measured by a PMT-3 tester with a diamond pyramid at a load of 0.48 N. The grain 
sizes for each composition were determined by the linear intercept method using 50 measurements for each sample. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The sinters resulting from thermal synthesis were sufficiently strong and looked like an expanded sponge 
(Fig. 1a). The compacts noticeably expand after sintering, macroscopic pores and shrinkage holes being formed in 
the process (Fig. 1b).  

The alloys have a microstructure with evenly distributed hard phase grains of uniform size, surrounded by 
layers of the metallic matrix (Fig. 2). The average sizes of hard phase particles fall in the range 0.5–5.0 µm.  

X-ray diffraction for starting mixture 4 (Table 1) and alloys produced from mixtures of various 
composition indicates  (Fig. 3a) that titanium carbide lines are most intensive and clear for the sinters after thermal 
synthesis. The fcc parameter of the titanium carbide lattice is 0.43228 nm for mixture 1 (Table 1), which 
corresponds to TiC0.68 stoichiometry. The cementite component is present in the X-ray diffraction pattern as a series 

of individual orthorhombic Fe3C lines (Fig. 3b).  

The same pattern is observed for the alloy synthesized from nickel-containing mixture 4 (Fig. 3c). In this 
case, besides titanium carbide with a cubic lattice parameter of 0.4318 nm (corresponding to an atomic carbon-to-
titanium ratio of 0.67), the X-ray diffraction pattern for the alloy shows also lines of intermetallic Ni3Ti and FeNi3 

(Fig. 3c). 
 

   
a b 

Fig. 1. Appearance of the samples (a) before (left) and after (right) reactive thermal synthesis and 
macrostructure of the composite (b) 

 

 

Fig. 2. Standard microstructure of an alloy thermally synthesized from the TiH2–Fe–Ni–C powder 

mixture 
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Fig. 3. X-ray diffraction patterns for starting mixture 4 (a) and sinters produced from mixture 1 (b), 4 
(c) and 2 (d) after thermal synthesis 

   

 
a b 

Fig. 4. Dependence of the TiC lattice parameter (a) and TiCx stoichiometry (b) on nickel content of 

the starting mixture 
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Fig. 5. Fragments of fracture surfaces of thermally synthesized samples produced from the mixtures 

without nickel (a, b) and with 5 (c, d), 10 (e, f), 15 (g, h), and 20 wt.% Ni (i, j)  

 
For the sinter synthesized from mixture 2 (without iron), the X-ray diffraction pattern has lines of Ni3Ti 

and, presumably, Ni4Ti (Fig. 3d) besides the most intensive titanium carbide lines. No individual nickel lines were 

found. Relatively low TiCx stoichiometry in all alloys is noteworthy. In this regard, we determined how nickel 

content of the starting mixture influenced the lattice parameters of titanium carbide obtained by thermal synthesis. 
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When Ni content of the mixture increases, the lattice parameter (Fig. 4a) and, accordingly, stoichiometry of 
titanium carbide (Fig. 4b) somewhat reduce. This effect can be explained with the data reported in [4], showing that 
titanium and carbon from titanium carbide dissolve in the matrix in disproportionate amounts in high-temperature 
interaction between the titanium carbide particles and iron and nickel melts; as a result, the TiCx stoichiometry 

changes along with the metallic melt composition in the dissolution process. It is pointed out [4] that the carbide 
grain layer in direct contact with the melt becomes significantly depleted of carbon when the nickel melt interacts 
with titanium carbide.   

The Ti–Ni phase diagram [20] justifies the validity of conclusions made in [4] and their suitability for 
studying the interaction between the carbide component and melts and describing the formation of alloys in 
sintering conditions (thermal synthesis). Analysis of the phase diagram shows that eutectic transformations occur at 
942 and 984ºC in a wide range of compositions containing 10–50% Ni. The same eutectic transformations in the 
Ti–Fe system are observed at a higher temperature, 1085ºC, in the range 22–48% Fe. This allows the conclusion 
that the system contains a substantial amount of the liquid phase at the thermal synthesis temperature (1200ºC). The 
liquid phase promotes the formation of alloys through mechanisms similar to those that drive interaction between 
carbide plates and melts. 

We also assessed the effect of nickel content of the starting mixture on the structure of sintered alloys (Fig. 
5). The structure of all samples includes titanium carbide particles surrounded by metallic matrix layers. The 
samples made from mixture 1 without nickel (Fig. 5a, b) and mixture 5 with 5% Ni (Fig. 5c, d) show that the 
titanium carbide particles are sintered into conglomerates because of the high amount of the layer between the 
carbide grains. When nickel content of the starting mixture increases to 10–20%, the alloy acquires a structure in 
which carbide grains are much more separated from each other (Fig. 5e–j).   

The carbide particles are almost spherical, but there are also grains of hexagonal shape. 
The grain size of the carbide phase determined by numerical estimate of optical microscopy data varies 

from 0.5 to 16 µm. The minimum grain size for each of the synthesized alloys is about 0.5 µm and hardly depends 
on starting composition (Fig. 6a). The maximum grain size is about 16 µm for the mixtures without nickel or with 
5% Ni. When nickel content of the mixture increases to 10–20%, the maximum grain size sharply decreases and no 
longer exceeds 6–7 µm (Fig. 6a). 

The refining effect of nickel in the sintering of carburized steel can be explained as follows. Carbide grains 
continuously emerge, precipitate, and dissolve in the liquid phase in the liquid-phase sintering (thermal synthesis) of 
compacts produced from Ti, Fe, Ni, and C powder mixtures [21]. The carbide phase fully or partially recrystallizes 
through the liquid phase by diffusion-controlled mechanism when held in the sintering process [22]. The 
predominant effect of one or another mechanism on the formation of carbide grains is determined by the direction 
of diffusion processes driven by difference in the chemical potential of titanium depending on where titanium is 
found, either in the carbide phase or in melt. In the case of the iron–carbon matrix, the chemical potential of 

 

 
a b c 

Fig. 6. Dependence of the maximum and minimum grain sizes of the carbide phase (a) and its 
microhardness (b, c) on nickel content of the starting mixture (a, b) and TiCx stoichiometry (c) 
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titanium changes to a lower extent in the titanium carbide phase than in the melt at temperatures to 1640–1670 K. 
For this reason, there are no conditions for the diffusion of titanium into the melt, though its concentrations differ 
significantly in the contacting phases [23]. Precipitation is thus the predominant structurization mechanism, leading 
to coarse carbide grains in the alloys produced from the mixtures without nickel or with minimum nickel content 
(mixtures 1 and 5).   

  When nickel content of the starting mixture increases, the chemical potential of titanium in the carbide 
phase changes to a greater extent than in the melt. Given the difference in the chemical potential, the dissolution of 
titanium carbide grains intensifies or their precipitation slows down, predetermining the structural refinement of the 
carbide phase in the alloys with higher (10–20%) nickel content.  

The above structurization features and phase composition of the sinters produced from powder mixtures of 
various composition predetermine also the dependence of their microhardness on nickel content. Figure 6b indicates 
that the microhardness of synthesized alloys decreases when nickel content increases to 15%. This is due to 
reduction in the stoichiometry of titanium carbide (Fig. 4b and Fig. 6c) and the fact that the maximum 
microhardness (approaching the microhardness of titanium carbide without carbon defects) defines the hardness of 
coarse carbide grains or coalesced carbide grains, giving adequate space for applying the Vickers microindentation 
method. At the same time, the matrix microhardness cannot be determined individually for the alloy with 10–20% 
Ni having noticeably finer microstructure (Fig. 6a) because most of the carbide particles are much smaller than the 
Vickers pyramid impression. The microhardness of the material corresponds to the hardness of the matrix phase 
with inclusions of fine titanium carbide grains.   

Noteworthy is also that the microhardness of the samples produced from mixture 2 with the maximum 
nickel content (20%) but without iron somewhat increases though the TiCx stoichiometry reduces (Fig. 5c, c). The 

effect may be due to a substantial amount of hard Ni3Ti and Ni4Ti intermetallics formed in the matrix phase (Fig. 

3d) and contributing to greater hardness of the material. The same pattern was pointed out in [24], according to 
which TiC–Ni–Ti hard alloys show higher hardness than TiC–Ni–Fe alloys.    

The thermally synthesized samples were ground to produce carburized steel powders, which can find wide 
application in the deposition of wear-resistant coatings and the production of bulk parts by compaction and 
subsequent sintering, hot pressing, or hot forging. 

CONCLUSIONS 

 Composite sinters, whose structure includes a porous skeleton of titanium carbide grains surrounded by 
layers of the metallic matrix, have been thermally synthesized (sintered) from iron, titanium hydride, nickel, and 
graphite powder mixtures.  

The phase composition of the alloys substantially depends on starting mixture composition and includes, 
besides titanium carbide particles, a cementite orthorhombic Fe3C component, an -iron solid solution, and 

intermetallic FeNi3 (for iron-containing mixtures) and Ni3Ti and, presumably, Ni4Ti (for nickel-containing 

mixtures). When nickel content of the mixture increases, the lattice parameter and, accordingly, the stoichiometry x 
of TiCx somewhat reduce.   

A noticeable refining effect of nickel has been found. The maximum grain size of the carbide phase in the 
samples produced from mixtures without nickel or with 5% Ni is approximately 16 µm. When nickel content of the 
mixture increases to 10–20%, the maximum grain size in the samples sharply decreases and is no more than 6–7 µm. 
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