
Engineering, Technology & Applied Science Research Vol. 15, No. 4, 2025, 25221-25227 25221  
 

www.etasr.com Anikeev et al.: A Comparison of TiC Wetting Angles with Low Carbon Steel by Contact and Noncontact … 

 

A Comparison of TiC Wetting Angles with Low 

Carbon Steel by Contact and Noncontact 

Methods 
 

Andrey Anikeev 

Zlatoust Branch, South Ural State University (National Research University), Zlatoust, Russia 

anikeevan@susu.ru  

 

Ilya Chumanov 

Zlatoust Branch, South Ural State University (National Research University), Zlatoust, Russia 

chumanoviv@susu.ru  

 

Abdrakhman Naizabekov 

Rudny Industrial University, Rudny, Kazakhstan 

naizabekov57@mail.ru  

 

Sergey Lezhnev 

Rudny Industrial University, Rudny, Kazakhstan 

sergey_legnev@mail.ru 

 

Evgeniy Panin 

Karaganda Industrial University, Temirtau, Kazakhstan 

ye.panin@tttu.edu.kz (corresponding author) 

Received: 9 May 2025 | Revised: 28 May 2025 and 9 June 2025 | Accepted: 15 June 2025 

Licensed under a CC-BY 4.0 license | Copyright (c) by the authors | DOI: https://doi.org/10.48084/etasr.12025 

ABSTRACT 

This study investigates the kinetics of the high-temperature interaction between titanium carbide (TiC) 

and a low-carbon melt in an argon atmosphere, as well as the microstructure of the resulting substrate 

surface. A key feature of this work is the comparative analysis of two experimental techniques, contact and 

noncontact, to study the interaction between reinforcing particles and metal. This methodological 

approach highlights significant discrepancies in the results obtained by each technique, which is critical to 

optimizing processes in the fabrication of gradient materials, where reliable metal bonding is essential. The 

analysis showed that, under contact conditions, iron droplets enriched with titanium and carbon formed 

across the plate surface. In contrast, under noncontact conditions, droplet formation was minimal, and the 

metal was entirely absorbed into the substrate. 

Keywords-kinetics of high-temperature interaction; contact and non-contact heating; wetting angle; titanium 

carbide 

I. INTRODUCTION  

The development and application of advanced materials are 
critical across diverse industrial sectors. Among the most 
promising is the design of metallic materials with property 
gradients, which enable the localization of specific mechanical 
and physical properties in regions subjected to high operational 
loads. Such materials exhibit a continuous variation in physical 
and mechanical characteristics, combining, for example, high 
strength and stiffness on one side with ductility or toughness on 
the other. This approach expands the design possibilities for 

complex structures with spatially optimized performance. 
Gradient metallic materials can be fabricated using methods 
such as surfacing, laser processing, and plasma treatments [1-
5]. However, these techniques are typically limited to surface 
modification and have drawbacks, including high thermal and 
residual stresses from localized heating and rapid cooling 
(leading to cracking), shallow penetration depths in laser 
methods, reduced layer density in plasma processes, and the 
formation of distinct phase interfaces that may weaken 
structural integrity. A more effective strategy to produce 
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property gradients involves reinforcing the metal matrix with 
dispersed particles [6-12] in the targeted regions, gradually 
decreasing their concentration across the remaining volume. 
Various reinforcement approaches have been explored for steel 
to achieve this effect. Notable methods include the following: 

 Powder introduction during casting: In the casting of 
medium-carbon steel ingots into fireclay molds, a 
modification involved injecting a SiO2-C powder mixture 
into the molten steel stream through a dosing mechanism. 
This modification resulted in a significant refinement of the 
macrostructure, eliminating large dendritic formations and 
promoting the formation of a homogeneous grain structure. 
Mechanical properties improved substantially: tensile 
strength increased by 18%, ductility increased by 37-50%, 
and both crack resistance and toughness increased by a 
factor of 1.5-2 [13]. 

 Reinforcement during continuous casting: Experiments 
involving the introduction of Y2O3, TiN, and TiCN, 
produced via plasma-chemical synthesis and Self-
propagating High-temperature Synthesis (SHS), into the 
mold during continuous casting have shown that the 
maximum particle concentration in the billet did not exceed 
0.005-0.007%. In contrast, introducing modifiers at the 
ladle stage achieved higher concentrations (0.015-0.025%), 
which led to notable improvements: billet density increased 
by 48-82 kg/m

3
, defect rates decreased by 40-56%, and 

shell thickness increased by 25.8-26.9%. Mechanical 
properties also improved, with yield strength increasing by 
7.2% and elongation by 8.4% [14-17]. However, uniform 
particle distribution remains unattainable due to 
sedimentation and solidification phenomena inherent in the 
process. 

 Centrifugal electroslag casting with modifiers: In this 
method, 0.3-0.5% TiCN was added in the form of pressed 
tablets during electroslag remelting combined with 
centrifugal casting. This approach suppressed 
transcrystallization, refined dendritic structures, and 
produced a ferritic–martensitic matrix with compact 
carbides. Reported mechanical properties of the resulting 
material are comparable to those of forged billets [18, 19]. 

Despite the improvements achieved by these methods, a 
common limitation is the lack of precise control over the spatial 
distribution of reinforcing particles, which reduces the 
reproducibility and predictability of material properties. To 
address this, several Finite Element Modeling (FEM) 
approaches have been used to predict the particle distribution 
within a workpiece. A review of current numerical methods, 
using tools such as ProCAST [20, 21], PHYSICA [22, 23], 
Ansys Fluent [24, 25], DEM-based models [26, 27], and 
custom research codes [28, 29], shows that most rely on a key 
simplification: the assumption that reinforcing particles (e.g., 
carbides or oxides) do not chemically interact with the melt. 
This significantly limits the accuracy of predictions, 
particularly at steel casting temperatures above 1550 °C, where 
particle dissolution and chemical reactions become critical. For 
example, simulations of the carbide distribution in high-speed 
steels [26] and metal matrix composites [27] typically consider 

only mechanical segregation under centrifugal forces, 
neglecting particle dissolution, agglomeration, or phase 
transformations. Similarly, crystallization models for gradient 
materials [25] often overlook the influence of reinforcing 
particles on solidification kinetics. However, at elevated 
temperatures, interactions between particles and the 
solidification front can significantly affect the final 
microstructure. Studying such interactions remains challenging 
due to the opacity of molten metals and the difficulty of 
maintaining controlled thermal conditions.  

To overcome these issues, visualization techniques have 
been developed to observe interaction kinetics on the 
microscale. The lying drop method (contact heating) is 
commonly used to study wetting and dissolution kinetics. A 
more advanced technique is the capillary method (noncontact 
heating), which avoids thermal conduction artifacts. Both 
methods involve exposing a substrate, typically a compacted 
pellet, to a droplet of a liquid metal of known composition at 
controlled temperatures, with the wetting angle as the primary 
metric. Detailed implementations of these methods have been 
reported [30-33], including measurements of the wetting angle 
of titanium carbide in various steels and atmospheres [34-37].  

This study presents an experiment employing both contact 
and noncontact heating techniques on a single titanium carbide 
substrate in an argon atmosphere. The resulting microstructural 
transformations are analyzed to evaluate the nature and extent 
of high-temperature interactions. 

II. MATERIALS AND METHODS 

A practical investigation was conducted into the wetting 
angle of titanium carbide (TiC). The investigation used an 
experimental installation that was developed and manufactured 
by scientists from South Ural State University to conduct a 
series of high-temperature experiments to study wetting 
kinetics (Figure 1). The laboratory experiment was carried out 
using two different methods to study the kinetics of the high-
temperature interaction of reinforcing particles and metal, 
namely contact and non-contact heating. 

For the experiment, commercial TiC with dimensions of 1-
10 µm was selected as the substrate material. The pressing 
conditions involved a temperature of 180°C and a pressure of 
300 MPa. The substrate was not polished. Low carbon steel 
with the following chemical composition was selected as the 
wetting material: C: 0.2-0.3%, Mn: 0.9%; Si: 0.21%, and Fe: 
base. The sample for contact heating was characterized by a 
cubic shape and underwent a mechanical cleaning process 
before the experiment, in addition to being wiped with 
isopropyl alcohol. To implement a noncontact heating method, 
the same steel was crushed and loaded into a special dosing 
device in the form of an inert material dropper (Al2O3). 

The primary focus was on the initial 1-30 s of interaction, 
as in authentic casting processes that involve the formation of 
gradient materials by centrifugal casting [38, 39], the 
interaction time of the introduced carbides with the liquid metal 
is constrained. Consequently, this specific period was selected 
for the study of the high-temperature interaction of TiC with a 
low-carbon melt. In the experiment conducted to study the 
wetting angle of TiC with a low-carbon melt in an argon 
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atmosphere, a steel sample in the form of a cube was placed on 
a substrate using the contact heating technique. Subsequently, 
this substrate was installed in the heater area (zone of 
maximum heating) of the experimental installation. 
Subsequently, the working area of the installation was sealed 
with a water-cooled dome, and a protective atmosphere was 
established within by initially creating a vacuum of 10

-2
 atm 

and subsequently filling it with argon of 99.996% purity at a 
pressure of 850-900 mbar. Then, the titanium carbide substrate 
was heated in conjunction with the metal sample for three 
hours at a temperature of 1590°C at a rate of 530°C/h, ensuring 
uniform heating of the reacting materials and the avoidance of 
thermal shocks. Upon reaching the melting point of the steel 
sample, a drop of liquid metal forms on the substrate (sample 
No. 1). It was observed that the melting of sample No. 1 began 
at a temperature of 1460°C (Figure 2a), complete melting 
occurred after 10 s, and a drop of metal formed (Figure 2b). 
The measured wetting edge angle was 46°, and in the following 
15 s, a uniform absorption of metal was observed in the 
substrate material.  

Fig. 1.  Installation for high-temperature experiments on the study of 

wetting kinetics: 1 - electric cabinet, 2 - high-temperature chamber with an 

observation window, 3 - transformer, 4 - visual monitoring of cooling circuits, 

5 - vacuum pump. 

 

 

 

Fig. 2.  High-temperature interaction of low-carbon steel with a TiC substrate in an argon atmosphere: (a) Onset of melting for the steel sample using the 

contact heating method at 1460 °C, (b) formation of a molten metal droplet on the TiC surface via contact method at 1485 °C, (c) onset of melting using the non-

contact method at 1590 °C, (d) Formation of a molten droplet applied via the dropper in the non-contact setup, showing improved wetting and symmetry.
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Following the complete absorption of the metal from 
sample No. 1 into the substrate material, an experiment was 
carried out to study the wetting angle of TiC with a low-carbon 
melt in an argon atmosphere using a non-contact heating 
technique (i.e., the metal did not come into contact with the 
substrate during melting). To this end, a drop of molten metal 
was applied to the exposed area of the previously used TiC 
substrate from a specialized dosing device (dropper) located 
within the high-temperature chamber of the experimental 
apparatus (the temperature in the chamber was 1590°C) 
(sample No. 2, Figure 2c). Upon impact, the contact angle of 
the wetting was measured, revealing an initial edge angle of 
24° (Figure 2d). The experiment further demonstrated that a 
drop of low-carbon metal pressed onto the substrate was 
absorbed within 6 s. Furthermore, the experiment demonstrated 
that both droplets (Figures 2 b and d) exhibited a symmetric 
shape, without discernible inclusions or irregularities in the 
geometry of the droplet surface. 

III. RESULTS AND DISCUSSION 

Optical and Scanning Electron Microscopy (SEM) images 
revealed distinct differences between the surfaces subjected to 
contact and non-contact heating (Figure 3). In the contact 
heating case, metallic droplets rich in iron, titanium, and carbon 
were clearly observed on the surface. In contrast, the 
noncontact method resulted in minimal surface residue, with 
most of the metal absorbed into the substrate. Elemental 
analysis (EDS) revealed the following (Figure 4): 

 Contact heating: Iron-rich droplets contained significant 
amounts of titanium and carbon, suggesting localized 
alloying at the interface. 

 Non-contact heating: A more uniform diffusion of iron into 
the substrate was observed, without pronounced droplet 
formation. Oxygen content was detected in all spectra, 
reaching up to 2.5%. This is likely due to brief exposure to 
air before electron microscopy. Future experiments should 
minimize this delay or use in-situ analysis to avoid surface 
oxidation artifacts.  

The initial wetting angles differed substantially between 
methods: 

 Contact method: 46°, with absorption over 15 s. 

 Noncontact method: 24°, with full absorption in just 6 s. 

Although only one sample per method was evaluated, these 
observations suggest that the noncontact technique leads to 
more effective wetting and faster interaction, likely due to 
improved thermal distribution and reduced surface 
contamination. For robust conclusions, future work should 
include multiple trials to evaluate statistical variation in wetting 
angles. 

These results underscore the importance of heating 
technique selection. Noncontact heating minimizes surface 
artifacts and promotes better carbide-matrix integration, which 
is critical for gradient material casting applications. 

 

 

Fig. 3.  Surface morphology and microstructural analysis of the TiC substrate after interaction with molten steel: (a) Optical image showing the contact heating 

absorption zone (sample No. 1), with visible metallic deposits, (b) optical image of the non-contact heating zone (sample No. 2), showing a cleaner surface and 

less surface residue, (c) SEM image showing the transition region between absorption zones of sample No. 1 (right) and sample No. 2 (left), (d) SEM region 

analyzed by EDS in the contact heating area, highlighting Fe-Ti-C rich zones, (e) EDS scan site in the non-contact area, showing more uniform elemental 

distribution. 
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Fig. 4.  Maps of element distributions by samples: a – Fe with contact heating; b – Ti with contact heating; c – C with contact heating; d – C and Fe with 

noncontact heating; e – Fe with noncontact heating; f - C with noncontact heating. 

TABLE I.  COMPOSITIONS OF SPECTRA FROM THE AREAS 
OF METAL-SUBSTRATE CONTACT (%)  

Area Point Ti С O Fe Mn 

Contact  

heating 

1 75.75 21.34 2.06 1.08 0.77 

2 6.32 5.58 2.20 85.03 0.86 

3 69.45 21.59 1.48 7.01 0 

Noncontact 

heating 

4 76.50 22.11 0.92 0.46 0 

5 76.74 19.01 2.51 1.75 0 

6 40.71 13.68 1.47 43.26 0.88 

 

IV. CONCLUSION 

This study investigates the kinetics of the high-temperature 
interaction of TiC with low-carbon melt in an argon 
atmosphere and analyzes the microstructure of the substrate 
surface after this interaction. Despite existing studies, one of 
the remaining problems is the lack of accurate data on high-
temperature interaction due to the different research techniques. 
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Two methods of wettability investigation were used: 
contact and noncontact heating. The main experimental steps 
included the preparation of TiC wafers, high-temperature 
testing at 1590°C in an argon atmosphere, and subsequent 
surface analysis by scanning electron and optical microscopy. 
The results showed that the initial wetting angle for the non-
contact method was 24°, while for the contact method was 46°. 
This difference is attributed to the presence of interaction 
products between the substrate and the melt during contact 
heating, as well as the difference in measurement temperatures. 
In addition, the rate of metal absorption into the substrate in the 
noncontact method was 1.6 times higher, which confirms the 
influence of temperature on the kinetics of the process. 

Comparison with literature data [34, 36] shows that the 
obtained values of wetting angles are consistent with the results 
of other studies, where the dependence of wettability on the gas 
phase composition and temperature is also noted. However, the 
uniqueness of this work lies in the simultaneous application of 
two methods, which allowed us to reveal significant differences 
in the melting behavior and microstructure of the substrate. For 
example, at contact heating on the substrate surface, iron 
droplets with increased content of titanium and carbon were 
observed, whereas, at the noncontact method, such formations 
were practically absent. 

The practical importance of this study lies in the possibility 
of optimizing technological processes for the production of 
gradient materials. For example, an argon atmosphere can 
improve the interaction, and regulating the casting temperature 
and reducing the interaction time can reduce the rate of 
dissolution of carbides. In addition, the proposed method of 
noncontact heating can be useful for studying the interaction of 
other refractory compounds with metal melts of different 
compositions. 
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