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Abstract. The purpose of the study was to establish how doping with various X elements affects the microstructural 
evolution of Ti-based MAX-phase alloys and how these changes affect hardness, thermophysical and tribological 
properties. The methodology provided for obtaining the base and doped series of Ti-Al-C alloys and their study by 
X-ray phase analysis, scanning electron microscopy, energy dispersion analysis, digital morphometry, microindentation, 
resonance determination of elastic modulus, dilatometry, thermogravimetric analysis, tribological tests, and statistical 
data processing. As a result, it was found that the base series retains the dominance of Ti₃AlC₂ at 87% and is characterised 
by the most ordered lamellar microstructure with an average grain size of 8.3 µm. Iron doping reduces the proportion of 
Ti3AlC2 to 62%, increases the TiC content to 28%, and is accompanied by the appearance of Fe₃Al, grain grinding to 5.7 
µm, violation of the lamellar architecture, and the development of a heterogeneous carbide-intermetallic ensemble. This 
provides a maximum microhardness of 5.1 GPa, but simultaneously leads to a decrease in the elastic modulus to 191 GPa, 
density to 4.17 g/cm3, electrical conductivity to 2.1 × 104 S/m, an increase in the coefficient of linear thermal expansion 
to 9.7 × 10-6 1/°C, mass loss according to the results of thermogravimetric analysis to 8.6%, and the worst tribological 
indicators. Silicon doping preserves Ti₃AlC₂ at 74%, is accompanied by the formation of Ti5Si3, supports a more ordered 
intergranular organisation with an average grain size of 6.9 µm and forms the most balanced complex of properties: 
microhardness 4.2 GPa, modulus of elasticity 214 GPa, density 4.44 g/cm3, electrical conductivity 3.2 × 104 S/m, coefficient 
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systems was made by M. Berrabah et al. (2025), who synthe-
sised and characterised a new solid solution . Combining 
microstructural analysis with the study of transport prop-
erties showed that NB doping affects not only phase stabil-
ity, but also functional parameters of the material.

A similar content vector result was obtained by 
M. Shahbaz et al. (2024) during the study of chromium-al-
uminium carbide MAX phases. The paper confirmed that 
a change in the chemical composition can lead to the de-
velopment of structurally different MAX-like phases, so 
the choice of a doping element takes on the significance 
of a directional phase design tool. The functional meas-
urement of TI-containing carbide systems was further re-
vealed in the paper by B. Liu et al. (2026), where the Ti-C 
composite interlayer formed in situ was associated with 
increased corrosion resistance and electrical conductivi-
ty. This formulation of the question shifted attention to 
the role of microstructural architecture in the organisa-
tion of conducting pathways and once again emphasised 
that transport characteristics in multiphase Ti-based sys-
tems are structurally determined. A direct approach to 
tribological problems was traced in the study by H. Wu et 
al. (2025), devoted to the effect of Nb content on the prop-
erties of laser-deposited Ti-Al-CMAX-phase composite 
coatings. The results showed that the change in the dop-
ing component is accompanied by a simultaneous rear-
rangement of the phase ensemble, microstructure, and 
friction behaviour, and this indicates a complex nature of 
wear resistance development. This line was supported by 
Y. Lu et al.  (2024), who investigated CoNi coatings rein-
forced with Ti2AlC and Ti3AlC2, using analyses of nano-
structure, tribological properties, and density functional 
theory calculations. The study showed that the presence 
of the MAX-phase component is associated with an im-
provement in the tribological response, while interfacial 
interaction and the nature of structural organisation af-
fect the mechanisms of wear. The influence of technologi-
cal parameters on the development of the durability of Ti-
Al-C systems was traced in detail by H. Hong et al. (2025). 
The researchers proved that the powder composition and 
processing parameters significantly change the micro-
structure and tribological behaviour of coatings, there-
fore, wear resistance was formed as a result of the joint 
action of the composition and technology. A related as-
pect of functional tribological optimisation was present-
ed in the study by X. Gui et al. (2025) on Cu-Ti2AlC coat-
ings. The paper showed that the High-Velocity Oxy-Fuel 
spraying parameters affect the wear mechanisms and ef-
ficiency of the MAX-phase component, which once again 

Introduction
Ti-based MAX-phases-layered carbides or carbonitrides of 
transition metals with the general formula Mn+1AXn, doped 
with X-elements, attract increasing attention in materials 
science and engineering as a class of materials in which the 
layered crystal structure is combined with high chemical 
and thermal stability, satisfactory mechanical character-
istics, and the ability to work under difficult contact load 
conditions. Interest in such systems increases in those ap-
plications where the material must simultaneously with-
stand abrasive effects, friction heating, cyclic stress chang-
es, and long-term operation in an aggressive environment. 
These conditions include the processes of drilling and ex-
traction of hydrocarbons, in which the durability of struc-
tural elements and coatings is determined not by a separate 
parameter, but by a set of interrelated characteristics. In 
this mode of operation, the analysis covers the stability of 
lamellar morphology, the state of grain boundaries, the dis-
tribution of secondary phases, hardness, thermal conduc-
tivity, and the nature of wear under external loads. There-
fore, doping with X elements should not be considered as 
a local compositional change, but as a factor capable of 
rearranging the phase equilibrium, microstructural organ-
isation, and functional behaviour of Ti-based MAX phases.

An important foundation for this understanding was 
laid by N.N.  Aghajanyan  et al.  (2023), who investigated 
the self-propagating high-temperature synthesis of MAX 
phases in the Ti-Zr-Al-C system. The paper showed that 
variations in the composition of the initial mixture and 
synthesis conditions directly affect the phase composition, 
lattice parameters, and microstructure features, and there-
fore, composite control is one of the basic mechanisms 
for controlling structure formation. Further disclosure 
of this approach was contained in the paper by G.N. Mu-
radyan  (2023), where Ti-Al-C-based MAX phases were 
considered in the framework of synthesis in the hydride 
cycle. The study clearly linked the phase state of the ma-
terial with the conditions of development and the course 
of reaction processes, which is why the technological route 
was not a background circumstance, but an active factor 
in the development of the final structure. A broader gen-
eralising view was suggested by S.  Aydinyan  (2023), who 
analysed the synthesis of MAX phases by combustion and 
emphasised that the microstructure and properties of such 
materials are determined by the production method itself. 
As a result, the lamellar organisation, the level of defects, 
and the presence of side phases appear as a natural result 
of a particular technological scheme, and not as random 
accompanying phenomena. A significant contribution to 
understanding the role of substitution in Ti-based MAX 

of linear thermal expansion 7.5 × 10-6 1/°C, mass loss according to the results of thermogravimetric analysis – 3.4%, mass 
loss at friction – 3.4%, wear – 0.28 C.U., and the coefficient of friction – 0.47. The practical significance of the results lies 
in the possibility of their use in the development and selection of wear-resistant Ti-based MAX materials and coatings 
for drilling and oil and gas production equipment

Keywords: carbide development; tribological behaviour; grain size; modulus of elasticity; thermal conductivity; 
hardness 
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emphasises the multi-factor nature of the behaviour of 
MAX-phase systems in friction mode.

The totality of these studies has shown that ideas 
about phase formation, microstructural development, 
transport characteristics, and tribological behaviour of 
Ti-based MAX systems have already acquired sufficient 
depth, but these lines of analysis are mostly deployed not 
in a single research field, but in partially separate areas. 
As a result, the complete scheme of interpretation of Ti-
Al-X MAX phases, within which microstructural evolution, 
hardness, thermal conductivity and wear resistance would 
be considered as interrelated consequences of doping with 
various X elements, remains insufficiently developed. In 
many studies, the phase composition and features of syn-
thesis are described without a sufficiently detailed tribo-
logical interpretation, whereas in studies focused on wear, 
the behaviour of the material is not always associated with 
the evolution of lamellar morphology, the state of grain 
boundaries, and the redistribution of secondary phases. 
This is what makes it necessary to study where the effect 
of X elements in Ti-based MAX phases will be analysed 
through the relationship between structure, hardness, and 
wear resistance under conditions typical of drilling and hy-
drocarbon production. The purpose of the study was to es-
tablish the features of the influence of various X-elements 
on the microstructural evolution of Ti-based MAX-phase 
alloys and related changes in hardness, thermophysical, 
and tribological properties.

Materials and Methods
The study was conducted during 2025 at the Basic Re-
search Laboratory of Materials Science and Metallurgy at 
the National Polytechnic University of Armenia (Yerevan). 
It was of a comparative nature and covered three series 
of Ti-based MAX alloys in the Ti-Al-C system: base with-
out doping, Fe-doped and Si-doped. This design allowed 
comparing the effect of the type of doping element on the 
phase composition, microstructure, mechanical, thermo-
physical and tribological characteristics of the material 
under the same synthesis conditions. Dispersed powders 
of titanium (Ti, 99.5%, <45 µm, Alfa Aesar, USA), alumin-
ium (Al, 99.9%, <50 µm, Sigma-Aldrich, Germany), carbon 
in the form of graphite (99.9%, <20 µm, Merck, Germany), 
and powder doping additives Fe and Si of high purity (Alfa 
Aesar, USA) were used as starting components. At the stage 
of model study of compositions, Fe and Si were consid-
ered as X-elements, which differ in the nature of interac-
tion with the Ti-Al-C matrix, the ability to form secondary 
phases, and the effect on the stability of the lamellar struc-
ture. The base series without doping was used as a refer-
ence, and the doped series was formed under comparable 
synthesis conditions, which helped to correctly link the 
detected differences with the action of the doping factor.

Before mixing, the powder components were dried at 
100°C for 24 hours. The charge was prepared in a Retsch 
PM100 planetary ball mill (Germany) at 300  rpm for 6 
hours in an argon atmosphere using steel balls with a 
mass ratio of balls to powder of 10:1. This regime ensured  

sufficient uniformity in the distribution of components 
and reduced the risk of local segregation. After mixing, 
the powder compositions were compacted by cold isostatic 
pressing into cylindrical samples with a diameter of 20 mm 
at a pressure of 200 MPa on an AIP KIP-100 installation 
(Japan). Further development of the dense structure and 
the course of phase formation were provided by vacuum 
sintering in the Carbolite Gero STF 15/610 (UK) furnace at 
a temperature of 1,350°C with an exposure time of 2 hours 
and a heating rate of 10°C/min, after which the furnace 
was cooled to room temperature. To obtain representative 
results, three series of samples were prepared that differed 
in the type of doping element: basic without doping, Fe-
doped and Si-doped, under the same pressing and sinter-
ing conditions. The phase composition of the synthesised 
materials was determined by X-ray diffraction on a Bruker 
D8 Advance diffractometer (Germany) using CuKα- radi-
ation (λ = 1.5406 Å) in the range 2θ from 20° to 80°, with 
a step of 0.02° and an accumulation time of 1 s per point. 
Phase identification was performed using a PDF-4+ data-
base, and primary diffraction processing, reflex compari-
son, and phase composition refinement were performed in 
HighScore Plus. This approach allowed recording the main 
MAX phase, carbide and intermetallic components, and 
to assess trends towards stabilisation or destabilisation 
of the layered structure depending on the nature of the 
doping element.

Microstructural analysis was performed using a Tes-
can VEGA3 scanning electron microscope (Czech Repub-
lic) equipped with an energy-dispersive X-ray analyser 
Oxford Instruments X-MAX (United Kingdom). Polished 
cross-sections and fractographic surfaces were investi-
gated, which allowed assessing the nature of morphology, 
spatial phase distribution, localisation of secondary in-
clusions, the state of interfacial boundaries, and signs of 
structural destabilisation. Energy dispersion analysis was 
used to clarify the local chemical composition of individu-
al zones. The average grain size was determined by linear 
cross-section using scanning electron microscopy images. 
For this purpose, digital morphometry of scanning electron 
microscopy (SEM images) was performed in the Fiji soft-
ware environment, followed by statistical processing of the 
measured values for each series of samples. This allowed 
moving from descriptive analysis of the microstructure to 
quantitative comparison of the degree of its rearrangement 
in different series of samples. The mechanical unit of the 
study included measurements of microhardness and elastic 
modulus. Microhardness was determined on a Buehler Mi-
cromet 5101 device (USA) at a load of 50 g; for each series, 
10 measurements were performed in different sections of 
the section, which allowed considering the local inhomo-
geneity of the structure. The elastic modulus was evaluated 
by the resonant method on the IMCE RFDA system (Bel-
gium) at longitudinal and transverse resonant frequencies. 
The density of the samples was determined by the Archi-
medes method, which allowed linking mechanical param-
eters with the degree of compaction, porosity, and features 
of the phase composition.
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Functional characteristics included determination of 
electrical conductivity, coefficient of linear thermal expan-
sion, and oxidative heat resistance. Electrical conductivity 
was measured by the four-probe method on a Loresta GP 
MCP-T610 instrument (Japan). The coefficient of linear 
thermal expansion was determined on a Linseis L75 PT 
dilatometer (Germany) in the temperature range from 25°C 
to 800°C. Oxidative heat resistance was analysed by ther-
mogravimetric analysis on a Jupiter Netzsch STA 449 F3 
(Germany) in an air atmosphere heated to 1,000°C at a rate 
of 10 °C/min with continuous recording of mass changes. 
This allowed comparing the functional parameters with 
the phase composition, the state of grain boundaries, and 
the distribution of secondary phases.

To assess wear resistance, tribological tests were 
carried out under dry friction conditions using the ball-
on-disk method, with a 6  mm diameter AISI 52100 steel 
counter-body. The tests were performed at a normal load 
of 5 N, a sliding speed of 0.1 m/s, and a total friction path 
of 300  m at room temperature. At least three repetitions 
were performed for each series of samples. During the 
tests, the coefficient of friction was recorded, and after the 
test was completed, the mass loss and the amount of wear 
were determined. Thus, wear resistance was interpreted as 
an integral manifestation of the phase composition, micro-
structure, hardness, density, and functional stability of the 
material under tribological interaction conditions.

The methodological scheme of the study was based on 
a sequential combination of phase, microstructural, me-
chanical, thermophysical, and tribological analysis. The 
phase composition was considered as the structural basis 
of properties; microstructure – as a spatial expression of 
the phase development flow and doping consequences; 
hardness and modulus of elasticity – as indicators of hard-
ening and rigidity; density – as an indicator of compaction 
and porosity; electrical conductivity, coefficient of ther-
mal expansion and oxidative heat resistance – as charac-
teristics of functional stability; and wear resistance – as a 
generalised result of the interaction of all these parame-
ters in the friction mode.

The statistical stage of the study was aimed at de-
scribing the obtained values and checking the differences 

between the sample series. The mean value and standard 
deviation were determined for each indicator. The nor-
mality of the distribution was checked according to the 
Shapiro-Wilk criterion, and the uniformity of variances 
was checked according to the Leuven criterion. Differences 
between the three independent series were evaluated by 
univariate analysis of variance followed by the Tukey post 
hoc test. The distribution deviated from the normal one, 
the Kraskel-Wallis criterion with multiple pairwise com-
parisons was applied. The initial ordering of experimental 
arrays, calculation of descriptive statistics, and verification 
of inter-series differences were performed by Jamovi, while 
the construction of graphs, diagrams, and comparative vis-
ualisations was performed in GraphPad Prism 10. For each 
indicator – microhardness, elastic modulus, density, elec-
trical conductivity, coefficient of linear thermal expansion, 
oxidation resistance, and wear parameters – generalising 
statistics were determined and intra-batch scattering val-
ues were estimated. The differences obtained were inter-
preted considering the phase composition, microstructural 
rearrangement, and functional properties of the material. 
The statistical significance level was assumed to be p < 0.05. 
In general, the applied method provided a reproducible 
study of the microstructural evolution of Ti-based MAX-
phase alloys with various X-elements and created grounds 
for a holistic comparison of the structure, mechanical, 
thermophysical and tribological properties within a single 
materials science interpretation.

Results
Doping and phase stability 
of Ti-based MAX phases during X-element doping
The results of X-ray phase analysis showed that doping 
with different X-elements is accompanied by an unequal 
rearrangement of the phase composition of Ti-based MAX 
phases. The main differences were related to the propor-
tion of the Ti3AlC2 phase, the intensity of carbide devel-
opment, and the appearance of intermetallic components, 
which allows considering the phase balance as a primary 
structural indicator of stability or destabilisation of the 
layered MAX architecture. The quantitative ratio of phases 
in the base and doped series is shown in Table 1.

Sample series Main MAX-phase Ti3AlC2, % Carbide phases (TiC), % Intermetallic phases, % Other phases, %
Base series without doping 87 10 0 3

Fe doping 62 28 7 (Fe3Al) 3
Si doping 74 12 11 (Ti5Si3) 3

Table 1.  Phase composition of Ti-based MAX series of phases doped with various X elements

Source: created by the authors based on the results of X-ray phase analysis performed on Bruker D8 Advance with 
diffraction processing in HighScore Plus

As shown in Table  1, the base series without doping 
was characterised by the highest proportion of the Ti3AlC2 
phase – 87%, which indicates the dominance of the lay-
ered MAX structure under the accepted synthesis condi-
tions. The proportion of TiC in this series was 10%, while 
intermetallic components were not fixed, and other phas-
es accounted for only 3%. This ratio indicates that in the  

reference material, the main MAX phase retains the role of 
a structural matrix, while the secondary components are 
limited in nature and do not determine the overall phase 
organisation of the alloy. In the Fe-doped series, the phase 
balance shifted most noticeably. The proportion of Ti3AlC2 
decreased to 62%, i.e., by 25 percentage points compared to  
the baseline series, while the TiC content increased to 28%. 
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Simultaneously, the intermetallic phase Fe3Al appeared in 
the structure in an amount of 7%. This combination indi-
cates a pronounced destabilisation of the layered MAX ar-
chitecture, since a decrease in the proportion of the main 
phase is accompanied by increased carbide formation and 
a noticeable redistribution of components towards the in-
termetallic component. In phase equilibrium, this means 
that Fe acts as a doping element that does not support the 
dominance of Ti3AlC2, but stimulates the development of 
a more rigid, but less structurally integral carbide-inter-
metallic ensemble. The Si-doped series showed a different 
nature of phase rearrangement. The proportion of Ti3AlC2 
decreased to 74%, i.e., there was also a deviation from the 
base composition, but it was less sharp than with Fe dop-
ing. The TiC content was 12%, and the intermetallic com-
ponent was represented by the Ti5Si3 phase in the amount 
of 11%. In contrast to Fe doping, no sharp increase in the 
carbide phase was observed in this case, and the main MAX 
phase retained its dominant position in the structure. Such 
a phase balance indicates not a deep destabilisation, but a 
partial phase modification, in which the layered matrix is 
preserved, but supplemented by an interfacial intermetal-
lic component (Kvasnytskyi et al., 2020).

Comparing the three series allows distinguishing dif-
ferent scenarios of phase stability. The base series corre-
sponds to a state in which Ti3AlC2 dominated, and the sec-
ondary phases have a subordinate value (Mukhamedova et 
al., 2022). Fe doping forms a scenario of the deepest phase 
destabilisation, since it is accompanied by a simultaneous 
decrease in the proportion of the main MAX phase, a sharp 
increase in TiC and the appearance of Fe3Al. Si doping  

occupied an intermediate position: it also changes the 
phase composition, but does not put the system in the 
mode of predominant carbide formation, but retains 
Ti3AlC2 as the main phase. It is this difference between Fe 
and Si that is fundamental, since it sets different trajecto-
ries for further microstructural evolution – from breaking 
down the lamellar architecture to partially preserving it. 
Taken together, the results of phase analysis showed that 
the nature of the doping element directly determines the 
degree of stability of the Ti-based MAX phase. Fe promotes 
the destabilisation of Ti3AlC2 and the enhanced develop-
ment of carbide and intermetallic components, while Si 
provides a milder type of phase adjustment, in which the 
main MAX phase is maintained at a higher level. The estab-
lished phase balance is the initial structural prerequisite 
for further analysis of the morphology, mechanical charac-
teristics, thermophysical properties, and wear resistance of 
doped Ti-based MAX phases.

Microstructural evolution and morphology 
of doped Ti-based MAX phases
The results of scanning electron microscopy, energy dis-
persion analysis, and digital morphometry showed that do 
ping with various X-elements changes the microstructural 
prganisation of Ti-based MAX phases not only quantita-
tively, but also morphologically. The degree of preserva-
tion of the lamellar architecture, the nature of interfacial 
boundaries, the localisation of secondary inclusions, and 
the average grain size were most sensitive to changes in 
the composition. The generalised morphometric parame-
ters of the microstructure are shown in Table 2.

Sample series Dominant morphology Nature of secondary 
phase distribution

State of interfacial 
boundaries

Average grain 
size, µm

Base series without doping Lamellar, plate Uniform, limited Clearly defined 8.3

Fe doping Broken, heterogeneous, 
with rounded inclusions

Heterogeneous, with local 
concentrations of carbides 

and intermetallides

Partially blurred, 
sometimes destabilised 5.7

Si doping
Lamellar with 

intergranular intermetallic 
modification

Localised along grain 
boundaries

Mostly preserved, 
structurally ordered 6.9

Table 2. Morphometric parameters of the microstructure of Ti-based MAX phases with different types of doping

Source: formed by the authors based on the results of SEM analysis, energy dispersion analysis, and digital morphometry 
in Fiji

As shown in Table 2, the base series without doping 
was characterised by the most ordered microstructure. 
It was characterised by lamellar plate morphology, uni-
form and limited distribution of secondary phases, and 
well-defined interfacial boundaries. This combination of 
features corresponds to a structure in which the layered 
MAX matrix retains its integrity, and secondary compo-
nents do not acquire a decisive role in the organisation of 
the material. Fe doping was accompanied by the deepest 
microstructural rearrangement. The dominant morphol-
ogy lost its ordered lamellar structure and passed into a 
disturbed, heterogeneous state with rounded secondary 
inclusions. The distribution of secondary phases became 
heterogeneous, with local concentrations of carbides and 

intermetallides, and the interfacial boundaries were par-
tially blurred and acquired signs of destabilisation. Tak-
en together, this suggests that Fe not only changes the 
number of secondary phases, but also rearranges the very 
principle of microstructural organisation, shifting it from 
lamellar to a more fragmented type (Ratov et al., 2023). Si 
doping demonstrated a different scenario of microstruc-
tural evolution. In this series, the lamellar architecture 
was generally preserved, although it was supplemented 
by an intergranular intermetallic modification. The sec-
ondary phases had a predominantly localised distribution 
along the grain boundaries, while the interfacial bound-
aries themselves remained predominantly ordered. This 
means that Si is not associated with the destruction of 
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the layered framework, but with its partial intergranu-
lar reconstruction, which preserves the overall structur-
al integrity of the material. The change in the average 
grain size requires a separate comparison, since it is this  

indicator that quantifies the differences between the 
identified morphological scenarios. For a clearer compar-
ison of morphometric differences between the series, the 
values of the average grain size are shown in Figure 1.

Figure 1. Change in the average grain size in Ti-based MAX phases when doping with various X elements
Source: compiled by the authors based on the results of morphometric analysis of the microstructure in Fiji
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Figure  1 shows that the base series without doping 
had the largest average grain size – 8.3 µm. This is con-
sistent with its most ordered lamellar morphology and 
well-defined interfacial boundaries. Fe doping reduced 
the average grain size to 5.7 µm, that is, it gave the lowest 
value among all the studied series. This decrease occurred 
simultaneously with the greatest morphological destabi-
lisation, which indicates the grinding of the structure not 
as an isolated effect, but as part of the overall rearrange-
ment associated with intensive carbide and intermetallic 
formation. Si doping occupied an intermediate position: 
the average grain size was 6.9 µm, that is, it was smaller 
than in the base series, but larger than in the Fe-doped 
material. This indicates moderate restriction of grain 
growth without drastic destruction of the lamellar archi-
tecture. In a comparable dimension, the data obtained 
reflect three different scenarios of microstructural evolu-
tion. The base series corresponds to the state with a struc-
turally stable lamellar organisation and the largest aver-
age grain size. Fe doping forms a scenario of the deepest 
destabilisation, which combines grain grinding, blurring 
of interfacial boundaries, and heterogeneous localisation 
of secondary phases. Si doping occupies an intermediate 
position, combining grain growth restriction with rela-
tive preservation of the layered framework and ordered  

intergranular localisation of secondary inclusions. Thus, 
the results of microstructural analysis showed that the 
nature of the doping element determines not only the 
grain size, but also the type of morphological rearrange-
ment itself, namely, this rearrangement further forms the 
mechanical, thermophysical and tribological properties 
of the doped Ti-based MAX phases.

Effect of phase-structural adjustment 
on microhardness, elastic modulus, and density
Generalisation of the results of the mechanical unit of 
the study showed that changes in the phase composition 
and microstructural organisation of Ti-based MAX phas-
es directly affect the indicators of microhardness, elastic 
modulus and density. The most significant in this aspect 
were the differences between the series in which doping 
was accompanied either by destabilisation of the lamel-
lar MAX matrix with enhanced carbide and intermetallic 
formation, or partial preservation of the layered architec-
ture with intergranular modification. That is why mechan-
ical characteristics in this subsection are considered not 
as isolated parameters, but as a quantitative expression 
of the phase-structural rearrangement of the material. A 
comparison of microhardness, elastic modulus, and densi-
ty in the base and doped series is shown in Figure 2.

Figure 2. Comparison of microhardness, elastic modulus, and density in Ti-based MAX-phase series
Source: compiled by the authors based on the results of microhardness measurements on Buehler Micromet 5101, 
determination of elastic modulus on IMCE RFDA, and density estimation by the Archimedes method
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Figure  2 shows that the mechanical response of Ti-
based MAX phases when doping with various X elements is 
formed not according to a single scenario, but through dif-
ferent combinations of local hardening, structural rigidity, 
and compaction of the material. The basic series occupies 

a relatively balanced position: microhardness is 3.7  GPa, 
modulus of elasticity – 205 GPa, density – 4.32 g/cm3. This 
corresponds to a state in which the layered MAX matrix 
retains structural integrity without a sharp dominance of 
secondary phases. The most noticeable contrast is observed 
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in the Fe-doped series. It shows the maximum microhard-
ness – 5.1 GPa, but simultaneously has the lowest values 
of the elastic modulus – 191 GPa and density-4.17 g/cm3. 
This combination indicates that Fe increases the local in-
dentation resistance, which is consistent with an increase 
in the proportion of TiC and the appearance of Fe3Al, but 
this strengthening is achieved not through structural or-
dering, but through a more rigid and simultaneously less 
integral carbide-intermetallic framework. A decrease in 
density indicates a lower degree of compaction and a high-
er probability of porosity or defect, and a decrease in the 
elastic modulus indicates a weakening of the continuity of 
the layered matrix despite an increase in hardness. The Si-
doped series demonstrates a different type of mechanical 
response. The microhardness here is 4.2  GPa, i.e., it ex-
ceeds the base series, but remains lower than the Fe-doped 
variant. This particular series has the highest modulus of 
elasticity – 214 GPa and the highest density – 4.44 g/cm3. 
This distribution of indicators indicates that Si does not 
provide maximum local hardening, but provides a more 
favourable combination of rigidity and structural compac-
tion. This is in good agreement with previous phase and 
microstructural results, where Si was associated with less 
drastic destabilisation of Ti3AlC2 and more ordered inter-
granular modification. An increase in microhardness does 
not in itself mean an improvement in the entire complex of 
mechanical properties (Adjamskiy et al., 2022). Fe doping 
forms a local hardening scenario against the background 
of structural destabilisation, while Si doping provides a 
more balanced mechanical profile with increased stiffness 
and density. In this sense, the mechanical response of Ti-
based MAX phases is determined not by a single indica-
tor, but by a cumulative phase-structural rearrangement, 
which is implemented differently depending on the nature 
of the doping element. That is, the mechanical response of 

Ti-based MAX phases is determined not by one single pa-
rameter, but by a cumulative rearrangement of the phase 
composition, morphology, and interfacial organisation. 
An increase in microhardness is accompanied by various 
structural scenarios: in the case of Fe – carbide-interme-
tallic hardening with loss of part of the structural integ-
rity, in the case of Si – moderate hardening against the 
background of maintaining a more ordered lamellar base. 
Density in this context reflects not only the degree of com-
paction, but also the general nature of the microstructural 
organisation, in particular, the relationship between the 
preservation of the matrix phase and the development of 
secondary inclusions. Consequently, the results of me-
chanical analysis confirm that phase-structural rearrange-
ment determines not only the local strain resistance, but 
also the overall level of rigidity and structural integrity of 
doped Ti-based MAX phases.

Thermophysical and functional properties
of doped Ti-based MAX phases
The results of the thermophysical and functional unit of 
the study showed that doping with various X-elements 
changes not only the phase and microstructural state of 
the Ti-based MAX phases, but also the method of thermal 
and electrical response of the material under thermal load 
conditions. Electrical conductivity, coefficient of linear 
thermal expansion, and oxidative heat resistance were the 
most sensitive to phase-structural adjustment, while ther-
mal conductivity was considered as an integral indicator, 
the value of which was determined by the preservation 
or violation of the layered architecture, the state of grain 
boundaries, and the spatial distribution of secondary phas-
es. Table 3 summarises the thermophysical and function-
al characteristics of the base and doped series of Ti-based 
MAX phases.

Source: created by the authors based on the results of electrical conductivity measurements on Loresta GP MCP-T610, 
dilatometric analysis on Linseis L75 PT, and thermogravimetric analysis on Netzsch STA 449 F3 Jupiter

Sample series Electrical conductivity, S/m Coefficient of linear thermal 
expansion, ×10-6 1/°C

Mass loss based on 
thermogravimetric analysis, %

Base series without doping 3.5 × 104 8.1 5.8

Fe doping 2.1 × 104 9.7 8.6

Si doping 3.2 × 104 7.5 3.4

Table 3. Thermophysical and functional characteristics  
of Ti-based MAX phases when doping with various X elements

As shown in Table 3, the base series without doping 
was characterised by the most balanced combination of 
functional parameters. The electrical conductivity was 
3.5  ×  104 S/m, the coefficient of linear thermal expan-
sion was 8.1  ×  10-6 1/°C, and the mass loss according to 
the results of thermogravimetric analysis was 5.8%. This 
ratio corresponds to a structure in which Ti3AlC2 retains 
its dominant position, and the secondary phases do not 
critically disrupt either the conducting paths or the sta-
bility of the material when heated. In a functional sense, 

the base series sets a reference level relative to which the 
area and depth of changes caused by doping can be esti-
mated. The Fe-doped series showed the least favourable 
complex of thermophysical and functional characteristics. 
The electrical conductivity was reduced to 2.1 × 104 S/m, 
i.e., a significant part of the conductivity was lost com-
pared to the base series. The coefficient of linear thermal 
expansion increased to 9.7 × 10-6 1/°C, and the mass loss 
for TGA reached 8.6%, which is the maximum value among 
the studied series. This combination of indicators is  
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consistent with the previously established phase-struc-
tural destabilisation: an increase in the proportion of TiC, 
the appearance of Fe3Al, a decrease in the average grain 
size and blurring of interfacial boundaries form a more 
heterogeneous environment for charge and heat transfer, 
and simultaneously reduce resistance to high-tempera-
ture oxidation. Consequently, Fe doping is accompanied 
not only by a rearrangement of the phase composition, 
but also by a systemic deterioration in the functional pro-
file of the material. The Si-doped series, on the contrary, 
showed the most stable type of thermophysical behaviour. 
The electrical conductivity in it was 3.2 × 104 S/m, that is, 

it remained close to the base series, the coefficient of lin-
ear thermal expansion decreased to 7.5 × 10-6 1/°C, and the 
mass loss by TGA was minimal – 3.4%. Taken together, this 
indicates that SI doping does not lead to deep destruction 
of the conductive framework of the MAX matrix, but, on 
the contrary, is associated with higher dimensional stabil-
ity and better resistance to oxidative degradation. Figure 3 
summarises the thermogravimetric curves of the base and 
doped series of Ti-based MAX phases, which allows com-
paring not only the final level of degradation, but also the 
course of the oxidation process over the entire tempera-
ture range.

Figure 3. Change in the mass of Ti-based MAX-phase samples based  
on the results of thermogravimetric analysis

Source: created by the authors based on the results of thermogravimetric analysis performed on a Netzsch STA 449 
F3 Jupiter
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As can be seen from Figure 3, the change in the mass 
of the samples during heating occurred in different sce-
narios depending on the type of doping, and the differ-
ences between the series were observed not only in the 
final mass loss, but also in the course of the thermogravi-
metric process itself. The base series showed a moderate 
decrease in residual mass as the temperature increased: 
at the initial heating sites, the changes are insignificant, 
while in the region of higher temperatures, the degrada-
tion becomes more intense and up to 1,000°C, the residu-
al mass decreases to 94.2%. Such a curve corresponded to 
a material with a relatively stable phase base, but without 
additional factors that would significantly restrain the 
oxidation processes at the final stages of heating. The Fe-
doped series showed the least stable behaviour. Already 
in the intermediate temperature sections, its curve passed 
below the base one, and in the region of high tempera-
tures, the mass decline became the most pronounced. By 
1,000°C, the residual mass decreased to 91.4%, which cor-
responds to the maximum loss among all the studied se-
ries. This nature of the curve indicates that Fe doping not 
only increases the overall level of oxidative degradation, 
but also makes the mass loss process more intense over 
the entire temperature range. In a structural sense, this 
is consistent with the greatest phase and microstructural 
destabilisation established earlier: an increase in the pro-
portion of TiC, the appearance of Fe3Al, grain grinding, 
and a violation of the lamellar architecture, which creates 
a less stable material when heated. The Si-doped series, 
on the contrary, is characterised by the wettest curve 
and the smallest decrease in residual mass. Through-
out the entire temperature range, its values remained  

higher than those of the base and Fe-doped series, and at 
1,000°C, the residual mass is 96.6%. This indicates that 
Si doping provides the highest oxidative heat resistance 
among the studied variants. It is important to note that 
this behaviour was observed not only at the end point, but 
throughout the heating process, i.e., Si is associated not 
with a local, but with a systemic slowdown in degradation 
processes. The results confirmed that the type of doping 
element determines not only the final level of mass loss, 
but also the shape of the thermogravimetric response of 
the material. Fe doping established a scenario of accel-
erated oxidative degradation, the base series retained an 
intermediate behaviour, while Si doping formed the most 
stable curve with minimal mass loss.

Wear resistance and wear mechanisms 
of Ti-based MAX phases in dry friction mode
The results of tribological tests showed that the behav-
iour of Ti-based MAX phases in the dry friction mode 
is determined not by a separate mechanical indicator, 
but by the integral action of the phase composition, 
microstructural organisation, hardness, density, and 
thermophysical stability of the material. It is in the tri-
bological mode that it is most clearly shown how much 
the structural adjustment caused by doping is favoura-
ble or, conversely, destabilising from the standpoint of 
the actual operational response of the material. To com-
pare the base and doped series, Figure 4 summarises the 
indicators of mass loss, wear value, and coefficient of 
friction, which allows estimating wear resistance as the 
final result of the entire pre-set phase-structural and 
functional evolution.
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Figure 4 showed that the tribological behaviour of Ti-
based MAX phases is determined by the combined effect 
of phase composition, microstructure, and functional char-
acteristics, not just the level of hardness. The base series 
occupied an intermediate position in all three indicators: 
mass loss was 5.8%, wear  – 0.42 C.U., the coefficient of 
friction – 0.53. This distribution corresponds to a relative-
ly stable lamellar structure dominated by Ti3AlC2, which 
provided moderate wear resistance without a pronounced 
tribological advantage. The Fe-doped series occupied the 
least favourable position: it was characterised by the great-
est mass loss – 8.6%, maximum wear – 0.61 C.U. and the 
highest coefficient of friction  – 0.67. This indicates that 
the increase in microhardness was not accompanied by an 
increase in wear resistance. This discrepancy is associated 
with phase-structural destabilisation, since the growth of 
the proportion of TiC and Fe3Al, grain grinding, and inho-
mogeneity of the interfacial space formed a rigid but less 
integral surface layer. The Si-doped series, on the contrary, 
occupied the best position in terms of tribological indica-
tors. For it, the minimum values of mass loss were recorded – 
3.4%, wear – 0.28 C.U. and the coefficient of friction – 0.47. 
This indicates that SI doping provided the most stable sur-
face layer in the dry friction regime, which is consistent with 
better preservation of the lamellar architecture, ordered 
grain boundaries, and generally a more balanced structural 
and functional state of the material (Baklanov et al., 2022).

Thus, the results of tribological analysis showed that 
the highest wear resistance is demonstrated by the Si-
doped series, which is characterised by the most balanced 
combination of phase composition, microstructural organ-
isation, rigidity, density, and thermal stability. It is in this 
series that the higher content of the main phase Ti3AlC2 is 
preserved, the lamellar architecture is less disturbed, and 
the secondary phases are localised in a more orderly man-
ner, without deep destabilisation of the interfacial space. 
As a result, the surface layer works more stably during fric-
tion, is less susceptible to discolouration and better coun-
teracts the accumulation of local damage, which is reflect-
ed in the minimum values of mass loss, wear and coefficient 
of friction. The base series retains an intermediate level 
of wear resistance, which is conditioned by the relatively  
ordered layered structure and the dominance of Ti3AlC2, but 

without the additional structural effect that would increase 
the wear resistance. Such a material does not show a sharp 
destabilisation, but it does not form the optimal combina-
tion of rigidity, compaction and thermal stability that is 
observed during Si doping (Malecha et al., 2025). Therefore, 
its tribological behaviour is more stable than as effective as 
possible. Fe doping, despite the increase in microhardness, 
is accompanied by less favourable tribological behaviour 
due to deeper phase-structural destabilisation. An increase 
in the proportion of TiC and Fe3Al, a decrease in the aver-
age grain size, a heterogeneous distribution of secondary 
phases, and a partial violation of interfacial boundaries 
form a microstructure in which local hardening is com-
bined with a decrease in overall structural integrity. In the 
dry friction mode, this is manifested in unstable contact, 
an increased tendency to micro-destruction of the surface 
layer, and a worse agreement between hardness and actual 
wear resistance. That is, Fe increases the resistance to local 
indentation, but does not provide stable resistance to sur-
face destruction (Shevko et al., 2020). As a result, it is the 
nature of microstructural rearrangement that determines 
whether doping is transformed into an increase in opera-
tional stability, or, conversely, into an increase in the ten-
dency to surface destruction in the dry friction mode. For 
Ti-based MAX phases, the principle is not the maximum 
increase in a particular mechanical parameter, but the 
preservation of structural order, controlled development of 
secondary phases, and stability of the surface layer under 
load. That is why the most promising type of doping from 
the standpoint of tribological application is that which 
does not destroy the layered MAX framework, but modi-
fies it without losing its structural integrity (Nedeva, 2025).

In general, the results obtained showed that doping 
of Ti-based MAX phases with different X elements sets 
not just differences in individual indicators, but different 
scenarios for the structural and inherent evolution of the 
material. The base series retained the most stable layered 
MAX architecture with Ti3AlC2 dominance, moderate me-
chanical characteristics, balanced thermophysical param-
eters, and intermediate wear resistance. Fe doping caused 
the deepest phase and microstructural destabilisation, 
which was manifested in a decrease in the proportion 
of Ti3AlC2, an increase in TiC and Fe3Al, grain grinding,  

Figure 4. Comparison of mass loss, wear and coefficient  
of friction indicators in the base and doped Ti-based MAX phase series

Source: compiled by the authors based on the results of tribological tests in the dry friction mode and subsequent 
statistical processing in Jamovi and GraphPad Prism 10
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disruption of lamellar organisation, and the development 
of a heterogeneous interfacial space. This led to a local 
increase in microhardness, but also was accompanied by 
a decrease in elastic modulus, density, electrical conduc-
tivity, deterioration of thermal stability, and the least fa-
vourable tribological behaviour. Si doping, on the contrary, 
provided a more controlled type of phase modification: 
while maintaining the dominance of Ti3AlC2 and the de-
velopment of Ti5Si3 in the intergranular space, the struc-
ture remained more ordered, the grain organisation – more 
stable, and the complex of mechanical, thermophysical 
and tribological characteristics – the most balanced. That 
is why the Si-doped series demonstrated the highest wear 
resistance, the best oxidation heat resistance and the most 
favourable combination of rigidity, density, and functional 
stability. Thus, the key factor in the operational efficiency 
of Ti-based MAX phases was not the maximum increase in 
a particular property, but the type of microstructural ad-
justment that determines whether the integrity of the lay-
ered MAX frame is preserved under mechanical, thermal, 
and tribological loads.

Discussion
The complex of established regularities showed that doping 
of Ti-based MAX phases changed not one individual char-
acteristic, but the entire chain “phase composition-micro-
structure  – mechanical response  – functional stability  – 
wear resistance”. This logic fits well with the advanced 
concept of materials engineering, where the operational 
effect is determined not by local reinforcement itself, but 
by the way structural modification rearranges the behav-
iour of the material under load conditions. The generalised 
emphasis on the role of complex control of the structure 
and surface state of the material echoed the conclusions 
of H. Sun et al. (2025), where advanced coating technolo-
gies were considered as a tool for purposeful development 
of durability, wear resistance, and stability of properties. 
This statement corresponded to the dependence found 
here, in which it was the nature of phase-microstructural 
rearrangement that determined whether the operational 
profile of the Ti-based MAX phase improved or, conversely, 
became less stable.

The contrast between local reinforcement and over-
all structural integrity correlated well with the results of 
W. Maziarz et al.  (2024), where TiC-containing nanocom-
posites also showed increased stiffness due to solid sec-
ondary phases. However, such rigidity was not considered 
as a self-sufficient advantage, since the properties were 
also determined by how homogeneous the microstructural 
organisation remained, which conceptually coincided with 
the less favourable behaviour of the Fe-doped series. The 
milder and structurally controlled modification scenario 
was consistent with the observations of T. Ma et al. (2022), 
where Ti2AlC-containing composites were interpreted 
as systems in which reinforcement is achieved without  
destroying the base frame of the material. This logic was 
also traced here: Si doping did not put the system in the 
deepest destabilisation mode, but retained the dominant 

role of the MAX phase while simultaneously improving 
the complex of properties. The role of interfaces and phase 
boundaries in the development of the mechanical response 
was consistent with the study by Y.  Zhou  et al.  (2023), 
where the properties of laminated Ti/Al composites were 
directly related to the state of interfacial interaction. This 
parallel was also important for Ti-based MAX phases, since 
it was the nature of grain boundaries and the way second-
ary phases were localised that distinguished the destabi-
lised Fe-containing variant from the more ordered Si-mod-
ified state. The emphasis on the spatial organisation of 
reinforcement phases echoed the conclusions of Z. Yuan et 
al.  (2022), where the properties of titanium composites 
were determined not only by the presence of reinforcing 
components, but also by their distribution in the matrix 
and structural uniformity. In this sense, the heterogene-
ous interfacial space during Fe doping and intergranular 
localised modification during Si doping corresponded to 
two different scenarios of evolution, which led to differ-
ences in mechanical and tribological behaviour. A favour-
able combination of rigidity and functional stability found 
a conceptual parallel in the results of S. Zhou et al. (2026), 
where Cu-Ti3AlC2 composites were considered as systems 
with structural synergy between the MAX phase and the 
matrix. A close emphasis was also observed here, since the 
best property profile was implemented not where the solid 
phases were most abundant, but where a more consistent 
structural organisation of the entire system was preserved. 
The fact that wear resistance was determined not only by 
the hardness, but also by the stability of the surface layer 
correlated with the results of X. Zeng et al.  (2022), where 
the tribological efficiency of self-lubricating coatings was 
related to the combination of composition, microstructure, 
and contact mode. This is why the highest microhardness 
of the Fe-doped series did not translate into better wear 
resistance, while the Si-containing material showed more 
stable behaviour under dry friction conditions.

The idea of the importance of preserving a MAX-like 
framework was consistent with the results of L.  Cao  et 
al.  (2024), where high-entropy ceramics (TiVNbTaM)2AlC 
were interpreted as systems in which the composition was 
significant primarily due to the effect on the structural 
stability of the MAX phase. This formulation was consist-
ent with the distinction found here between Fe doping as 
a destabilisation scenario and Si doping as a more con-
trolled phase modification scenario. The balance between 
the MAX phase and the carbide component resonated well 
with the paper by A.  Deng  et al.  (2025), where the prop-
erties of M2AlC-MC composites were explained precisely 
by the ratio of the matrix MAX phase and rigid carbides. 
In this context, the unfavourable profile of the Fe-doped 
material was associated not only with the presence of TiC, 
but also with the fact that the carbide and intermetallic 
components began to displace the structure-forming role 
of Ti3AlC2. The dependence of oxidation resistance on the 
method of phase modification correlated with the results 
of Y. Xu et al. (2025), where an increase in oxidation resist-
ance in Ti2AlC was achieved through solid solutions that 
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suppressed degradation processes. A similar emphasis was 
observed here: the wettest thermogravimetric curve and 
the lowest mass loss during Si doping indicated systemi-
cally higher stability, rather than the local effect of a sin-
gle phase. A similar logic was also reflected in the paper by 
A. Zhang et al. (2024), where an improvement in the oxida-
tive stability of Ti2AlC coatings was associated with modi-
fication without destruction of the base MAX framework. It 
was this interpretation that corresponded to the conclusion 
established here that the most promising type is the type 
of doping that does not destabilise the layered architec-
ture, but modifies it while maintaining structural integrity. 
Further development of the tribological block was in good 
agreement with the results of L. Cai et al. (2024), where the 
effect of solid-soluble elements on Ti3AlC2 was considered 
due to the self-lubricating effect and temperature-depend-
ent friction stability over a wide range. This statement di-
rectly echoed the fact found here that favourable tribologi-
cal behaviour was determined not only by the hardness, but 
also by the ability of the structurally modified MAX-phase 
to maintain a stable contact regime and restrain progres-
sive surface destruction. A close accent could be traced 
in the paper by J.  Li  et al.  (2024), where a-site doping of 
Ti3AlC2 was interpreted as a factor altering the tribological 
response by rearranging the MAX structure itself, rather 
than simply increasing the strength. This corresponded to 
the pattern established here, in which the type of doping 
element determined whether the structural modification 
turned into an increase in wear resistance, or, conversely, 
into an increase in the tendency to surface destruction.

The role of Ti3AlC2 as a structurally active component 
capable of changing the microhardness and tribological 
characteristics of the composite system correlated with 
the results of V. Desai et al.  (2025), where Al7075/Ti3AlC2 
surface composites after friction stir processing were also 
interpreted through a combination of microstructural re-
arrangement, local hardening, and changes in the friction 
mode. This logic also corresponded to the distinction found 
here between local reinforcement and integral wear resist-
ance, since the very fact of the presence of the MAX phase 
was important only if its structurally favourable integra-
tion. A similar parallel was traced in the paper by M. Li et 
al.  (2026), where Ti3AlC2 as an additive to WC-Co hard 
alloys simultaneously affected the mechanical and tribo-
logical characteristics of the system. This conceptually 
coincided with the dependence established here, in which 
the MAX-containing component did not act in isolation, 
but through a change in the entire structural and inherent 
profile of the material, including contact stability under 
friction. The oxidative behaviour of the established series 
correlated well with the results of S.  Badie  et al.  (2021), 
where for Ti2AlC, the breakaway oxidation mechanism was 
explained by a change in the structural state of the surface 
layer and a violation of its protective function. This state-
ment was consistent with the fact that the deterioration 
of oxidative heat resistance during Fe doping reflects not 
only a greater mass loss, but also a deeper instability of the 
structural phase state during heating.

A more applied parallel to the behaviour of MAX 
phases in the form of coatings was observed in N. Laska et 
al.  (2024), where the oxidation of Ti2AlC-based coatings 
on γ-TiAl was also interpreted due to the relationship be-
tween the microstructure, the stability of the MAX com-
ponent, and the preservation of the protective properties 
of the system. This was consistent with the conclusion es-
tablished here that better oxidative stability was realised 
where a more ordered structural framework and controlled 
localisation of secondary phases were preserved. Tribo-
logical consequences of the introduction of Ti2AlC as a 
strengthening component found a parallel in S.W. Hua et 
al.  (2023), where Ti2AlC-reinforced coatings on Ti6Al4V 
showed a change in wear resistance due to the microstruc-
tural organisation and the nature of particle distribution in 
the Matrix. This emphasis directly echoed the relationship 
found in this study, in which it was the type of distribution 
of secondary phases and the degree of preservation of the 
layered architecture that determined whether the tribolog-
ical effect would be favourable. The functional aspect re-
lated to electrical conductivity correlated with the results 
of M. Mandegari et al.  (2023), where the dual MAX-phase 
Ti3AlC2-Ti2AlC system was interpreted as a material with 
high electrical conductivity due to the preservation of a 
structurally favourable phase coupling. This was consist-
ent with the fact established here that a more stable MAX 
framework during Si doping was accompanied by preser-
vation of electrical conductivity, while deeper phase-mi-
crostructural destabilisation during Fe doping led to its 
noticeable decrease. The temperature stability of the MAX 
phases over a wider heating range was consistent with the 
conclusions of M. Potoczek et al. (2023), where the oxida-
tive behaviour of Ti2AlC MAX-phase foams in the range of 
600-1,000°C also depended on the structural features and 
course of degradation processes with increasing tempera-
ture. A similar logic was also traced here, since the shape of 
the thermogravimetric curve was just as important as the 
final mass loss, and the most stable scenario was associated 
with a more ordered structural state of the Si-doped series. 
As a result, comparison with the sources confirmed that for 
Ti-based MAX phases, the decisive factor is not the increase 
in a particular property, but the type of structural modifi-
cation that simultaneously determines oxidative stability, 
conductivity, and behaviour under friction conditions. That 
is why the compositional scenario in which doping did not 
destroy the MAX framework, but provided its controlled 
modification while maintained a complete microstructural 
organisation remained the most promising.

Conclusions
As part of the study, it was found that doping of Ti-based 
MAX phases with various X elements determines not iso-
lated changes in individual parameters, but integral sce-
narios of phase-microstructural evolution, which directly 
form the mechanical, thermophysical and tribological 
characteristics of the material. X-ray phase analysis showed 
that the baseline series retains the dominance of Ti3AlC2 at 
87%, while Fe doping reduces its proportion to 62% and is  
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accompanied by increased carbidisation (TiC – 28%) and 
the appearance of Fe3Al (7%), which corresponds to the 
scenario of the deepest phase destabilisation. Si doping, 
on the contrary, forms a milder type of phase modifica-
tion: the proportion of Ti3AlC2 remains at 74%, TiC is 12%, 
and the appearance of Ti5Si3 (11%) does not put the system 
in the dominant carbide formation mode. Microstructur-
al analysis confirmed that the base series is characterised 
by the most ordered lamellar organisation with clear in-
terfacial boundaries and an average grain size of 8.3 µm, 
while Fe doping is accompanied by the most pronounced 
morphological destabilisation, grain grinding up to 5.7 µm, 
heterogeneous distribution of secondary phases, and par-
tial blurring of boundaries.

In the Si-doped series, the lamellar architecture is pre-
served with intergranular intermetallic modification and an 
intermediate average grain size of 6.9 µm, which indicates 
a restriction of grain growth without deep destruction of 
the structural framework. The mechanical unit of the study 
showed that Fe doping provides a maximum microhardness 
of 5.1  GPa, but is also accompanied by a decrease in the 
elastic modulus to 191 GPa and density to 4.17 g/cm3, that 
is, local hardening is implemented against the background 
of general structural destabilisation. Si doping forms a 
different type of mechanical response: with a moderate 
microhardness of 4.2 GPa, it provides maximum values of 
the elastic modulus of 214 GPa and a density of 4.44 g/cm3, 
which indicates a more favourable combination of rigidity 
and compaction. Thermophysical and functional analysis 
showed that the Fe-doped series has the least favourable 
profile: the conductivity decreases to 2.1 × 104 S/m, the co-
efficient of linear thermal expansion increases to 9.7 × 10-6 
1/°C, and the mass loss by TGA reaches 8.6%, which indi-
cates the lowest oxidative heat resistance. Si doping, on 
the contrary, provides the most stable functional state: 
the electrical conductivity is 3.2 × 104 S/m, the coefficient 
of linear thermal expansion was reduced to 7.5 × 10-6 1/°C, 
and the mass loss by TGA was limited to 3.4%, which cor-
responds to the best resistance to oxidative degradation.  

Tribological tests in the dry friction mode confirmed that 
wear resistance is determined not by the hardness level it-
self, but by the aggregate structural organisation of the ma-
terial: the Fe-doped series, despite the highest microhard-
ness, showed the greatest mass loss of 8.6%, maximum wear 
of 0.61 C.U. and the highest coefficient of friction – 0.67, 
while the Si-doped series showed a minimum mass loss of 
3.4%, wear of 0.28 C.U., and the coefficient of friction – 0.47.

Thus, the results proved that the least favourable sce-
nario for Ti-based MAX phases is associated with Fe dop-
ing, which enhances the carbide-intermetallic rearrange-
ment, destabilises the lamellar architecture, and degrades 
the complex of mechanical, thermophysical, and tribo-
logical characteristics. The most balanced structural and 
functional profile is formed by Si doping, which provides 
partial preservation of Ti3AlC2, more ordered intergranular 
organisation, high rigidity, better oxidative heat resistance, 
and the highest wear resistance. Thus, the key factor in the 
operational efficiency of Ti-based MAX phases was not the 
maximum increase in a particular property, but the type of 
microstructural adjustment that determines whether the 
integrity of the layered MAX frame is preserved under me-
chanical, thermal and tribological loads.

Further research should be aimed at expanding a num-
ber of doping X-elements, varying their concentrations, 
clarifying the mechanisms of intergranular stabilisation, 
and checking the behaviour of Ti-based MAX phases in 
more complex modes of thermocyclic and tribocorrosive 
loading, characteristic of drilling and hydrocarbon produc-
tion conditions.
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Еволюція мікроструктури та зносостійкість фаз MAX  
на основі титану, легованих елементами X,  
для застосування у бурінні та видобутку вуглеводнів
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Анотація. Метою дослідження було з’ясувати, як легування різними елементами групи X впливає на еволюцію 
мікроструктури сплавів на основі титану з фазою MAX, а також як ці зміни позначаються на твердості, 
теплофізичних та трибологічних властивостях. Методологія передбачала отримання базової та легованої серій 
сплавів Ti-Al-C та їх дослідження методами рентгенофазового аналізу, скануючої електронної мікроскопії, 
енергодисперсійного аналізу, цифрової морфометрії, мікроіндентації, резонансного визначення модуля 
пружності, дилатометрії, термогравіметричного аналізу, трибологічних випробувань та статистичної обробки 
даних. У результаті встановлено, що базова серія зберігає домінування Ti3AlC2 на рівні 87 % і характеризується 
найбільш впорядкованою пластинчастою мікроструктурою із середнім розміром зерен 8,3 мкм. Легування залізом 
зменшує частку Ti3AlC2 до 62 %, збільшує вміст TiC до 28 % і супроводжується появою Fe3Al, подрібненням зерен 
до 5,7  мкм, порушенням пластинчастої архітектури та розвитком гетерогенного карбідно-інтерметалічного 
ансамблю. Це забезпечує максимальну мікротвердість 5,1 ГПа, але одночасно призводить до зниження модуля 
пружності до 191 ГПа, щільності до 4,17  г/см³, електропровідності до 2,1×104  См/м, збільшення коефіцієнта 
лінійного теплового розширення до 9,7×10-6 1/°C, втрати маси за результатами термогравіметричного аналізу до 
8,6 % та найгірші трибологічні показники. Легування кремнієм зберігає вміст Ti3AlC2 на рівні 74 %, супроводжується 
утворенням Ti5Si3, сприяє формуванню більш впорядкованої міжзернової структури із середнім розміром зерен 
6,9 мкм та забезпечує найбільш збалансований комплекс властивостей: мікротвердість 4,2 ГПа, модуль пружності 
214 ГПа, щільність 4,44 г/см³, електрична провідність 3,2×104 См/м, коефіцієнт лінійного теплового розширення 
7,5×10-6 1/°C, втрата маси за результатами термогравіметричного аналізу – 3,4 %, втрата маси при терті – 3,4 %, 
знос – 0,28 о.з., а коефіцієнт тертя – 0,47. Практичне значення отриманих результатів полягає у можливості їх 
використання при розробці та підборі зносостійких MAX-матеріалів на основі титану та покриттів для бурового та 
нафтогазовидобувного обладнання

Ключові слова: розробка карбідів; трибологічні властивості; розмір зерен; модуль пружності; теплопровідність; 
твердість
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