Pre prints.org

Article Not peer-reviewed version

Spark Plasma Sintering of Pristine and
Transition-Metal-Doped TioAIC MAX-

Phase

M. S. Gurin, D. S. Shtarev : , LLA. Zavidovskiy , E. S. Kolodeznikov, A. A. Vyshnevyy, A. V. Arsenin,
A.D. Bolshakov, A. V. Syuy

Posted Date: 20 March 2025
doi: 10.20944/preprints202503.1493.v1

Keywords: spark plasma synthesis; MAX-phase; transition metal doping; Ti»AIC purity

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3108131
https://sciprofiles.com/profile/2575926
https://sciprofiles.com/profile/682120
https://sciprofiles.com/profile/1593407
https://sciprofiles.com/profile/570061
https://sciprofiles.com/profile/1283084
https://sciprofiles.com/profile/4309976

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2025 d0i:10.20944/preprints202503.1493.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Spark Plasma Sintering of Pristine and
Transition-Metal-Doped Ti2A1C MAX-Phase

M.S. Gurin !, D.S. Shtarev 2%, I.A. Zavidovskiy 3, E.S. Kolodeznikov !, A.A. Vyshnevyy 34,
A.V. Arsenin 345, A.D. Bolshakov 3567 and A.V. Syuy 348*

! Far Eastern Federal University, Vladivostok 690922, Russia; gurin.ms@dvfu.ru (M.S.G.);
kolodeznikov.es@dvfu.ru (E.S.K.)

2 Shenzhen MSU-BIT University, Shenzhen 518115, Guangdong Province, China;

3 Moscow Center for Advanced Studies, Moscow 123592, Russia; ia.zavidovskii@physics.msu.ru (LA.Z.),
vyshnevyy@xpanceo.com (A.A.V.) arsenin@xpanceo.com (A.V.A.), bolshakov@live.com (A.D.B.);

4 Emerging Technologies Research Center, XPANCEO, Dubai, United Arab Emirates;

5 Laboratory of Advanced Functional Materials, Yerevan State University, Yerevan 0025, Armenia;

¢ Center for Nanotechnologies, Alferov University, Saint Petersburg 194021, Russia;

7 Faculty of Physics, St. Petersburg State University, Saint Petersburg 199034, Russia;

8 Perm National Research Polytechnic University, Perm 614990, Russia;

* Correspondence: shtarev@mail.ru (D.S.S.); alsyuy@xpanceo.com (A.V.S.)

Abstract: We study the synthesis of Ti,AIC MAX-phase ceramics via spark plasma sintering (SPS),
focusing on the effects of temperature, precursor composition, and transition metal doping (Mo, Ta,
Hf, W, Y, Mn). Optimized sintering parameters were established, defining the precursor ratios
necessary for Ti,AlC formation. Structural and compositional analyses revealed that select transition
metals—Ta, Hf, W, and Y—can be incorporated into the Ti,AIC lattice, whereas Mo and Mn
predominantly form separate phases. These findings provide insights into the controlled synthesis of
MAX-phase materials with tunable properties for high-performance applications.

Keywords: spark plasma synthesis; MAX-phase; transition metal doping; Ti2AIC purity

1. Introduction

MAX phases represent a compelling class of materials defined by their unique structure and
exceptional combination of properties. Comprising three-element carbides or nitrides with the
general formula Mn1AXn, where M denotes an early transition metal, A is an element from groups
13-16, and X is carbon or nitrogen, these ternary compounds have garnered significant attention due
to their characteristics reminiscent of both metals and ceramics [1,2]. Their properties include notable
corrosion resistance, thermal stability, high flexural strength, and exceptional fracture toughness,
which position them as promising candidates for a variety of applications [3-7]

The structural integrity of MAX phases stems from their nanolayered crystal architecture,
characterized by a hexagonal unit cell (space group P6s/mmc). This arrangement features MX
octahedra interspersed with A-atom layers, facilitating enhanced electrical and thermal conduction
alongside mechanical robustness. As interest in these materials rises, diverse synthetic strategies have
emerged, including electrochemical and hydrothermal methods, sol-gel processes, and chemical
vapor deposition (CVD). Among these, sintering techniques are particularly favored due to their
straightforward operational framework, well-established in powder metallurgy, and the accessibility
of precursor materials [8].

Various sintering approaches possess distinct advantages and limitations. Self-propagating
high-temperature synthesis, while straightforward, leads to granular material structures due to the
absence of pressure during formation [9]. Cold sintering, though advantageous for its simplicity,
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suffers from extended synthesis duration [10]. Microwave sintering faces challenges related to power
distribution and the necessity for specialized equipment [11]. Conversely, Spark Plasma Synthesis
(SPS) presents a compelling alternative that addresses these issues. SPS permits rapid heating and
shortened sintering times while facilitating energy efficiency and controlled structures with low grain
sizes [8]. Notably, this method enables synthesis at lower temperatures than the melting points of
initial powders, considerably speeding up production cycles [12].

Furthermore, sintering methods provide the capacity to synthesize doped MAX phases through
the substitution of precursor material with chosen dopant [13]— a process that could lead to diverse
modifications in properties. Transition metal (TM) doping is particularly promising, potentially
enhancing mechanical properties, corrosion resistance, catalytic performance, and inducing magnetic
ordering at sufficient doping levels [14-16] . This makes TM-doped MAX phases more attractive for
the broad range of applications. Ti2AIC doping by TMs is of particular interest, as it allows
considerable modification of its mechanical [17] and corrosion properties [15] as well as thermal
stability [18]. However, synthesis of TM-doped MAX-phases is challenging due to their instability
resulting from high number of electrons in transition metal atoms and formation of
thermodynamically stable competing phases [19]. Thus, determining TM doping possibilities and
limits is crucial for advancing MAX-phases applications into new domains.

This study examines the impact of sintering temperature, precursor ratios, and the incorporation
of doping transition metals (Mo, Ta, Hf, W, Y, Mn) on the formation of the Ti2AlC phase via spark
plasma sintering. Additionally, we investigate the purity of the resultant materials and define the
thresholds for integrating various dopants, such as Mo, Ta, Hf, W, Y, and Mn, into the Ti2AlC lattice.
Our findings facilitate the design of advanced MAX phase materials tailored for specific applications.

2. Materials and Methods

2.1. Sintering Temperature Optimisation

Titanium carbide TiC, metal titanium Ti, and aluminium carbide Al«Cs were used as precursors
to synthesise undoped TisAlCz. To obtain samples, at the first stage, mixing and homogenization of a
precursors taken in stoichiometric ratios required for TisAlCz formaiton was carried out. Preparation
of precursors mixture was performed by dry grinding. The synthesis of the mixture was carried out
by mechanochemical grinding in a ball mill under the following conditions: the speed is 300 rpm, the
cycle time is 20 minutes of mixing, 10 minutes break. The mixing time was 10 hours, the total time
was 15 hours. The ratio of the mass of precursor to the mass of the balls was 1:10.

The synthesis of the target phases from the homogenized powders was carried out by the SPS
method, by consolidating the powders on the SPS-515S in-stallation of the company
“Dr.Sinter-  LABTM" (Japan), according to the general approach: 3 g of powder was placed in a
graphite mold (working diameter 15 mm), pressed (pressure 20.7 MPa), then the workpiece was
placed in a vacuum chamber (10 atm), then sintered. The sintered material was heated with a
unipolar low-voltage pulsed current in the On/Off mode, with a frequency of 12 pulses/2 pauses, i.e.
the pulse packet duration was 39.6 ms and the pause was 6.6 ms. The temperature of the SPS process
was controlled using an optical py-rometer (the lower limit of determination is 650 °C), focused on
an open window located in the middle of the plane of the outer wall of the mold with a depth of 5.5
mm. Graphite foil with a thickness of 200 um was used to prevent baking of the consolidated powder
to the mold and plungers, as well as for unhindered extraction of the obtained sample. The mold was
wrapped in a heat-insulating fabric to reduce heat loss during heating. The geometric dimensions of
the obtained cylindrical matrix shapes are: diameter 15 mm, height 4-10 mm (depending on the type
of mold and sintering modes). To determine the effect of the sintering temperature on the
composition of the resulting SPS sample, the consolidation of powders obtained by dry grinding was
carried out at temperatures of 1200 °C, 1300 °C and 1400 °C. The heating rate was adjusted in stages:
300 °C/min in the tempera-ture range from 0 to 650 °C, then 50 °C/min from 650 °C and above. The
sample was kept at the synthesis temperature for 10 minutes and then cooled to room temperature
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for 30 minutes. We denote the samples synthesized at 1200 °C, 1300 °C and 1400 °C as
Ti(7):TiC(5):AlaCs(1)-1200, Ti(7):TiC(5):AlaCs(1)-1300, and Ti(7):TiC(5): AlsCs(1)-1400, respectively.
Here and in subsequent notations, numbers in parentheses denote the molar ratios of the
corresponding components.

2.2. Optimisation of Excess Aluminium Content for Ti2AIC Synthesis

To study the influence of excess aluminium on the yield of the target phase, Ti2AIC was
synthesized with an excess of aluminium carbide. Three samples were prepared with an excess of
Al:Cs of 10 mol.%, 30 mol.% and 50 mol.%.

Subsequently, the synthesis was carried out by the SPS method in the same way as obtaining the
312-phase described above. The sintering operating temperature was 1300 °C. We denote the samples
synthesized at various degrees of aluminium carbide excess as Ti(7):TiC(1):Al«Cs(1.1), Ti(7):TiC(1):
AliCs(1.3), and Ti(7):TiC(1):ALCs (1.5).

2.3. Synthesis of Doped MAX Phases

To obtain transition-metal-doped MAX phases, we used method of Ti substitution by the
corresponding ligands in the Ti2AIC compound at the precursor mixture preparation stage. We
added Mo, Ta, HfC, W, Y, Mn as dopants. The substitution continued to the limit of incorporation of
the TM into the MAX-phase structure. Subsequently, the synthesis of doped MAX phases was carried
out similarly to the method described in section 2.1.

Mo-doped samples are denoted as Ti(6.3):TiC(1): AlsCs(1.3):Mo(0.7) and
Ti(5.6):TiC(1):AlsCs(1.3):Mo(1.4). Ta-doped MAX-phases are denoted as
Ti(6.3):TiC(1):AlaC3(1.3):Ta(0.7), Ti(5.6):TiC(1):Al«Cs(1.3):Ta(1.4), Ti(4.9):TiC(1):Al«C3(1.3):Ta(2.1), and
Ti(3.5):TiC(1):AlsC3(1.3):Ta(2.5). Hf-doped materials are named Ti(6.3):TiC(1):Al«Cs(1.3):HfC(0.7) and
Ti(5.6):TiC(1):AlsC3(1.3):HfC(1.4). W-doped samples are denoted as Ti(6.3):TiC(1):Al«Cs(1.3):W(0.7)
and Ti(5.6):TiC(1):Als«Cs(1.3):W(1.4). Y-doped materials are named Ti(6.3):TiC(1):Al«C3(1.3):Y(0.7) and
Ti(5.6):TiC(1):AlaC3(1.3):Y(1.4). Mn-doped samples are denoted as Ti(6.3):TiC(1):AlsC3(1.3):Mn(0.7)
and Ti(5.6):TiC(1):AlsCs(1.3):Mn(1.4).

2.4. Sample Characterization

The obtained materials were characterized by the method of powder X-ray diffraction (PXRD)
on a Bruker D8 Advance X-ray diffractometer (Germany). The survey was carried out with a copper
X-ray tube at a current of 15 mA and a voltage of 40 kV (Cu Ku radiation at 1.5406 A). The linear 1D
detector Vantec-1 was used as a reflection detector. The survey was carried out in the range of angles
20 from 5° to 62° with a step of A260 = 0.02° and a signal accumulation time of 35.4 s per point.

The morphology of the obtained samples as well as the elemental composi-tion was determined
using scanning electron microscopy (SEM) on a Thermal Scientific SCIOS 2 device (USA), with a
energy dispersion spectral analysis (EDX) detector.

3. Results

3.1. The Effect of Temperature on the Yield of the Target Phase

To study the effect of the SPS sintering temperature on the formation of the MAX-phase of
TisAlC2 and on the presence of impurities, the samples were sintered at temperatures in the range of
1200-1400 °C. Figure 1 shows the X-ray diffraction patterns of the obtained samples. It can be seen
that the tem-perature of 1200 °C is insufficient for the formation of a good-quality MAX-phase
TisAlCz2: on the X-ray diffractogramm, the reflections corresponding to the TisAlC: phase have a low
intensity relative to the Ti2AIC and TiC phase, which are formed simultaneously with the target
phase. With an increase in the sintering temperature to 1300 °C, an increase in the relative intensity
of the main reflections of the target TisAlC: phase is observed, which indicates the increased
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proportion of the target phase. However, as temperature reached 1400 °C samples flowed out of
graphite molds in the furnace. At the same time, all samples exhibit reflections of the TiC and Ti2AIC
phases, which indicate insufficient energy of the system for the synthesis of the TizsAlC2 phase.

m Ti,AIC ATi,AIC, OTiC ¢ AlITi,

Intensity (a.u.)

.D I

Ti(7):TiC(5 ) Al,C4(1)-1200
75 50 75

20 (°)

Figure 1. Powder X-ray diffraction patterns of Ti(7):TiC(5):AlaC3(1)-1200/1300/1400 samples of stoichiometric

TisAlC2 composition obtained at various sintering temperatures. The marks above the reflections indicate the

corresponding target and impurity phases.

Figure 2 shows the surface morphology of samples of TisAlCz stoichiometric composition
obtained at various temperatures. For the samples obtained at 1300 °C and 1400 °C, we observe a
block structure with separate scales on the surface.
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Figure 2. SEM images of Ti(7):TiC(5):AlaC3(1)-1200/1300/1400 samples obtained at various temperatures: 1200 °C
(a, a*), 1300 °C (b, b*), and 1400 °C (c, c*).

The formation of various crystalline phases (both the target MAX phase and the parasitic phases)
was demonstrated above by the PXRD method. However, since the elemental composition of these
phases differs significantly, it is possible to estimate their spatial distribution in samples using EDX
mapping of SEM images (Figure 3).
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13000C

Figure 3. SEM images of Ti(7):TiC(5):Al4«Cs(1)-1200/1300/1400 samples obtained at various temperatures and

mapping the distribution of various elements obtained by X-ray energy dispersion spectroscopy mapping.

In the samples obtained at 1200 °C, titanium is distributed fairly evenly, while aluminium is
distributed in islands. It shows that in this sample there is a large amount of titanium, which did not
react with aluminium during the formation of the MAX phase, but remained in the precursor form
of titanium carbide TiC, which corresponds to the PXRD data shown in Figure 1.

In the samples obtained at 1300 °C, we observe the most uniform distribution of all three
elements—titanium, aluminium, and carbon—which indicates the highest yield of the target phase,
which in turn is confirmed by the PXRD data shown in Figure 1. However, the maps of this sample
again show areas where there is no aluminium, but titanium and carbon are present (evidence of the
precursor titanium carbide).

In samples obtained at 1400 °C, we find instead the areas with aluminium but no titanium and
carbon, which hints at the formation of metallic aluminium.

The quantitative content of elements in the synthesized samples was determined by the EDX
method, the obtained element ratios are presented in Table 1.

Table 1. The content of elements in the samples of TisAlCz stoichiometric compositions synthesized at various

sintering temperatures.

Atomic Content of the Elements, at. % Ti:Al:C Ratio (Normalized to

Sample

Ti Al C Aluminium)
Tl(7):T1Cl(253;)AL‘C3(1)' 46.13+0.09  11.71+0.03  42.16+0.10 3.94:1:3.6
Tl(7):T1Cl(35 ()):OAL‘Q(D' 48.09+0.09  1472+003  37.20+0.10 3.27:1:2.53
Tl(7):Tlif36Al4C3(1)' 4753+0.09  1270+0.03  39.77+0.10 3.74:1:3.13

It can be seen that the relative concentrations of the elements largely depend on the temperature
of sintering. It is also seen that despite the fact that at the synthesis stage the precursors were mixed
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in stoichiometric ratios (in terms of target chemical elements), in the final samples the ratios between
the elements are far from stoichiometric. The sample synthesized at 1300 °C is the closest to the
stoichiometric ratio 3:1:2. It should be noted that in all cases we observe a superstoichiometric content
of titanium and carbon with a lack of aluminium. This is probably due to the fact that during spark
plasma sintering, more fusible aluminium carbide can volatilize (evaporate). To compensate for this
effect, the possibility of using additional (superstoichiometric) aluminium to further increase the
yield of the target MAX phase in the samples was investigated.

3.2. The Effect of the Precursor Ratio on the Yield of Ti2AIC

Results presented in Section 3.1 show that sintering of the components mixed in the ratio
reuqired for the synthesis of stiochiometric 312 phase results in a relatively large yield of the 211
phase. Furthermore, the amount of the 211 phase increases with increasing temperature, as shown
by the variation in the intensity of the XRD reflections of the Ti,AlC phase. Consequently, it can be
concluded that the energy of the system is insufficient to convert the mixture of precursors into
TisAlC,.

Thus, the effect of the Al4«Cs content in the initial mixture on the yield of the target Ti2AlC phase
was further investigated by obtaining samples with a super-stoichiometric aluminium carbide
content of 10, 30, and 50 mol.%. PWRD's of the obtained samples are shown in Figure 4. It was found
that the highest yield of the target phase is obtained when 1.3 fractions of Al«Cs is introduced into the
initial composition. With a 10% increase, the reflections of the AlTis intermetallic phase increases, and
with a 1.5-fold increase in concentration, reflections of the TisAlC2 phase appear.

mTL,AIC ATI;AIC, OTIC (AT,
|
i - EEA
S (AL Niom may wm
W |= Ti(7):TiC(1):Al,C;(1.5)
[ ] |m
> | = Orm
=l " Wi Ty mm
C ™ Ti(7):TiC(1):Al,C4(1.3)
v n .\-f' Orm
Ti(7):TiC(1):Al,C5(1.1)
| Ti,AIC reference
" 1 | AA

25 50 75
20 (°)

Figure 4. Experimental powder X-ray diffraction patterns of Ti(7):TiC(1):Al«Cs(1.1/1.3/1.5), samples obtained at
different concentrations of superstoichiometric aluminium. The marks above the reflections indicate the

corresponding target and impurity phases.
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The content of various crystalline phases in the synthesized samples was determined by
refinement by the Rietveld method and is presented in Table 2. It can be seen that additional,
superstoichiometric aluminium in the amount of 30 % mol. introduced into the precursor mixture
helps to increase the yield of the target phase to more than 90%.

Table 2. Phase composition of samples depending on the content of AlsCs.

Sample TiAIC, wt.% TiC, wt.%  AlTis, wt.% TizAlCz, wt.%
Ti(7):TiC(1):AlsCs(1.1) 86.18 2.48 11.34 -
Ti(7):TiC(1): AlaCs(1.3) 90.32 4.17 5.51 -
Ti(7):TiC(1):ALsCs (1.5) 70.22 1.62 - 28.16

3.3. The Effect of Doping Additives on MAX-Phases

To elaborate on the possibility of doped MAX-phase synthesis via SPS, optimal conditions
allowing for 90.32% Ti2AIC synthesis were modified by the addition of transition metals.

Figure 5 shows X-ray diffraction patterns of Mo- doped Ti2AIC. It can be seen that molybdenum
practically does not integrate into the MAX-phase structure. The peaks of metallic molybdenum are
clearly visible. This is also confirmed by the phase composition data obtained by the Rietveld
refinement method, presented in Table 3.

mT,AIC OTiC  QAITi;,  AMo

m,T gam
LAl EA
Ti(5.6):TIC(1)-AlL,C,(1.3):Mo(1.4)

X

A
IDO _

Ti(6.3):TiC(1):Al,C4(1.3):Mo(0.7)

Intensity (a.u.)

25 50 75
20 (°)

Figure 5. Powder X-ray diffraction patterns of Mo-doped samples. The marks above the reflections indicate the

corresponding target and impurity phases.
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Table 3. Phase composition of Mo-doped samples.
Sample Ti:AIC, TiC, AlTis, Mo,
P wt.% wt.% wt.% wt.%
Ti(6.3):TiC(1):AL«C5(1.3):M0(0.7) 79.6 3.4 8.7 8.3
Ti(5.6):TiC(1): ALiC5(1.3):Mo(1.4) 71.11 14.43 - 14.46

It can be seen that almost all doping molybdenum exist in an individual metallic crystalline form
after synthesis.

Tantalum, on the contrary, is efficiently integrated into the structure of the MAX phase of Ti2AIC
(Figure 6 and Table 4). Thus, with the introduction of up to 30% tantalum, samples with a target
phase yield of about 90% are obtained. Moreover, the more tantalum is introduced into the precursor
mixture, the greater the yield of the target phase we observe. And when 50% of titanium is replaced
by, tantalum is added to the composition, it is possible to obtain about 50% of the 312 MAX phase of
TisAlC2, which previously could not be obtained by other methods. However, as shown in Table 4,
the sample with higher Ta content demonstrates the mixture of both 211 and 312 phases as well as
other phases including metallic Ta and titanium carbide, which indicates that SPS synthesis of Ta-
doped MAX-phases requires further optimisation.

m Ti,AIC OTI,AIC, ATa OTIC

_,,?.A. I‘Q.L om O m0m
Ti(3.5) TIC(1):AlyCo(1.3)-Ta(3.5)

u |
1 afn = a

AA

|
Ti(4.9):TiC(1):Al,C4(1.3):Ta(2.1)

L
l 'AIE-!!!

| |
Ti(5.6):TiC(1):Al,C,(1.3):Ta(1.4)

Y "_Ln -
Ti(6.3)-TIC(1):A.C(13) Ta0.7)

Intensity (a.u.)

| l T|2AIC reference
L

A -
T T L)

25 50 75
20 (°)

Figure 6. Powder X-ray diffraction patterns of Ta-doped samples. The marks above the reflections indicate the

corresponding target and impurity phases.
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Table 4. Phase composition of Ta-doped samples.

Ti:AlIC, TiC, Ta, TisAlC,,

Sample wt.% wt.%  wt% wt.%
Ti(6.3):TiC(1):Al«Cs(1.3):Ta(0.7) 83.36 13.48 3.15 -
Ti(5.6):TiC(1):AlsCs(1.3):Ta(1.4) 89.06 8.56 2.39 -
Ti(4.9):TiC(1):AlsC5(1.3):Ta(2.1) 93.89 7.03 4.05 -
Ti(3.5):TiC(1):AlsC5(1.3):Ta(2.5) 45.62 2.77 0.61 51.00

Hafnium can also be effectively integrated into the MAX phase, but only in limited quantities.
Figure 7 shows experimental PXRD's, and Table 5 shows the corresponding phase compositions of
the samples obtained by Rietveld refinement. It can be seen that when 10% hafnium is introduced, it
is completely embedded in the MAX-phase structure, whereas when its concentration increases to
20%, additional peaks appear in the region of 35-38°, which may indicate the presence of metallic
hafnium or a precursor form, hafnium carbide.

m  mTL,AIC OTIC QAITi

.N\:i?_- TT-\‘TE mo EE =

Ti(6.3):TiC(1):Al,C4(1.3):HfC(0.7)

I | Ti,AIC reference

25 50 75 100
20 (°)

Figure 7. Powder X-ray diffraction patterns of Hf-doped samples. The marks above the reflections indicate the

Intensity (a.u.)

corresponding target and impurity phases.

Table 5. Phase composition of Hf-doped samples.

Sample Ti2AIC, wt.% TiC, wt.% AlTis, wt.%
Ti(6.3):TiC(1):AlaCs(1.3):HfC(0.7) 82.24 17.76 -
Ti(5.6):TiC(1):AlaCs(1.3):HfC(1.4) 90.51 - 9.49

Tungsten can also be embedded in the MAX-phase crystal lattice of Ti2AlC. Figure 8 and Table
6 show the corresponding PXRD's and the Rietveld refine-ment of the phase composition based on
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them. Tungsten is completely integrated into the structure, while the intensity of the AlTis
intermetallic reflex increases by 20% compared to the pure MAX phase of Ti2AIC.

m Ti,AIC m OTiC QW

|
rtd 0 O A
m| Ti(5.6):TiC(1):
Al,C4(1.3):W(1.4)

Whe 11
Ti(6.3):TiC(1):
Al,C4(1.3):W(0.7)

Intensity (a.u.)

Ti,AlIC reference

25 50 75
20 (°)

Figure 8. Powder X-ray diffraction patterns of W-doped samples. The marks above the reflexes indicate the

corresponding target and impurity phases.

Table 6. Phase composition of W-doped samples.

Weight content of the phase, %

1

Sample Ti2AIC TiC W:2C
Ti(6.3):TiC(1):AL:Cx(1.3):W(0.7) 93.81 6.0 0.18
Ti(5.6):TiC(1):Al:C(1.3):W(1.4) 91.61 7.9 0.49

Yttrium is also well integrated into the MAX-phase structure. Figure 9 and Table 7 show the
corresponding PXRD's and the refinement of the phase composition based on them by the Rietveld
method. It can be seen that an increase in the concentration of the doping element leads to a more
pristine material. In this regard, yttrium acts similarly to tantalum.


https://doi.org/10.20944/preprints202503.1493.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2025

12 of 15

m Ti,AIC R OTie 9Y
[ ]
DS INR =  1
u Ti(5.6):TiC(1):

Al,C4(1.3):Y(1.4)

| 0 H nu
J‘\EJU.L Lok o NE
Ti(6.3):TiC(1):
Al,C4(1.3):Y(0.7)

I Ti,AIC reference

25 50 75
20 (°)

Figure 9. Powder X-ray diffraction patterns of Y-doped samples. The marks above the reflexes indicate the
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corresponding target and impurity phases.

Table 7. Phase composition of Y-doped samples.

Sample Ti2AIC, wt.% TiC, wt.% Y, wt.%
Ti(6.3):TiC(1):AlaC5(1.3):Y(0.7) 88.91 4.36 6.74
Ti(5.6):TiC(1):AlaCs(1.3):Y(1.4) 97.79 2.21 -

Manganese, when introduced into the MAX phase of Ti2AlC, does not al-low the target phase to
form at all, which is clearly visible on the PXRD's shown in Figure 10. Thus, there is no main peak of
Ti2AIC in the 40° region, while after sintering by the SPS method, titanium carbide with magnesium
oxide is obtained according to the results of XRD. The phase composition of the samples is shown in
Table 8.
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Figure 10. Powder X-ray diffraction patterns of Mn-doped samples. The marks above the reflexes indicate the

corresponding target and impurity phases.

Table 8. Phase composition of Mn-doped Ti2AlC samples.

Sample MgO, wt.% TiC, wt.%
Ti(6.3):TiC(1):AlsCs(1.3):Mn(0.7) 75.7 24.3
Ti(5.6):TiC(1):AlsCs3(1.3):Mn(1.4) 61.5 38.5

Obtained data indicates that Mo and Mn cannot be incorporated into Ti2AlC phase, while Ta,
Hf, W, Y efficiently substitute Ti atoms in the obtained (Ti2xTMx)AIC (TM = Ta, Hf, W, Y). Substitution
possibility depends on the mismatch between the radii of host and substituent ions [20]. However,
there are additional factors affecting the stability of resulting compound, such as valence electron
concentration [21] and thermodynamic stability [22]. Analysis of activation and phase transformation
processes is typically required for the assessment of the possibility of substituted phases [22]. We
hope that current work will pave the way to the computational analysis of TM-substituted MAX-
phases.

4. Conclusions

This study demonstrates that Ti,AIC MAX-phase ceramics can be synthesized via spark plasma
sintering with controlled precursor compositions and optimized thermal conditions. A 30% excess of
Al,C; and a sintering temperature of 1300 °C were found to maximize phase purity, achieving over
90% yield. Doping studies revealed that Ta, Hf, W, and Y can be successfully incorporated into the
Ti,AlC lattice, whereas Mo and Mn remain as separate phases, limiting their applicability in direct
substitution. Our results refine the understanding of phase stability in transition metal-doped MAX
phases, paving the way for tailored material design in structural and functional applications.
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