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The search for MAX phase synthesis methods that allow good energy efficiency and phase purity remains
ongoing. In this work, high energy ball milling and pressureless spark plasma sintering were used to synthesize
ternary and quaternary MAX phases from Ti/Nb/V/Cr-Al-C system in a powder form. The powders were

}VI:X f’ h:lse densified in a separate spark plasma sintering process. Synthesized powders and bulks structure were studied
ndentation . . . N . N ope . .

Structural analysis using scanning electron microscope and X-ray diffraction. Chemical composition was determined using energy
Thermogravimetry dispersive X-ray spectroscopy and carbon and oxygen analyzers. Thermal oxidation and mechanical properties

were assessed using thermogravimetry and nanoindentation. The high energy ball milling and pressureless spark
plasma sintering route allowed fabrication of both ternary and quaternary MAX phase systems, except TiCrAlC
and NbCrAIC. The synthesized MAX phases purity was in the range of 92-98 %, according to Rietveld refinement.
Secondary phases consisted of M-X carbides and M-A intermetallics, as well as aluminum oxide. The highest
hardness and elastic modulus values were observed for NbyAIC and NbVAIC MAX phases. Thermogravimetric
tests showed limited oxidation rate of MAX phases within 20-900°C range, except for Ti2AIC, which could be
attributed to increased oxygen content before test. This work presents a beneficial method for fabrication of
relatively phase-pure MAX phases using different M-type elements as precursor materials.

1. Introduction superior) functional properties can be obtained. Since then, MAX phases
have gained more interest as a MXene precursor [6], instead of con-
struction applications such as high temperature, corrosion or radiation

resistant material [7,8]. The distinctive properties set of MAX phases

MAX phases are a ternary carbide and nitride group with a general
formula M, 1AX,, where the M stands for early transition metal, A —

group 13 or 14 element and X, carbon or nitrogen. These materials were
first discovered in 1960s by Rohde et al. [1] as Ti-S-C and Zr-S-C com-
pounds, and later by Nowotny et al. [2], who described them as ternary
carbide group with [3] a hexagonal, layered structure and a Pg3/mmc
symmetry. In 1996, Barsoum et al. [4] obtained dense bulks of Ti3SiCa
and described its unique set of properties characteristic to both the
metallic and ceramic materials group. Since then, MAX phases have
gained increasing attention. In 2011 [5], the research team from Drexel
University discovered that by selectively etching the A element out of
MAX phase, graphene-like MXenes with similar (and in some cases

warrant several possible demanding applications, such as nuclear fuel
cladding [3], bond coat for thermal barrier systems [9],
high-temperature camouflage systems [10] and many more [11], which
have been studied using ternary MAX phase variants. Currently, much
interest is focused on MAX phases containing several M-type elements,
especially in combination with in-silico modelling approaches, such as
density functional theory (DFT), that can used predict the structure
stability [12] and properties [13] of MAX phases and other novel
structures [14]. The results of both theoretical and experimental works
indicate that medium [15] and high-entropy [16] MAX phases have
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superior microwave absorption capabilities, increased mechanical
strength [17] and thermal insulation performance [18]. Moreover, their
MXene counterparts exhibit high-efficiency electromagnetic wave ab-
sorption capabilities [19] and can be used in several energy storage
applications, such as lithium-ion, lithium-sulfur battery as well as
supercapacitor components [20].

MAX phases have been obtained using various approaches, the most
common being solid-state reaction during annealing or sintering of
elementary or carbide precursors. This process may be conducted using
various heating techniques: pressureless sintering (PS) [21,22], hot
pressing (HP) [23], field-assisted sintering /spark plasma sintering
(FAST/SPS), molten salt-shielded synthesis (MS®) [24,25] and many
others. Various other approaches have also been proposed, such as arc
melting of the precursor materials [26], annealing of amorphous
magnetron sputtered films [27,28], or combustion synthesis enabled by
aluminothermic reduction of M element oxide precursor [29-31]. The
FAST/SPS technique has been proven to produce the MAX phases of high
phase purity and allow to conduct the synthesis as well as densification
in one process [32,33]. This method also provides other advantages,
such as short heating time and lower synthesis temperature, resulting in
improvement of productivity. The FAST/SPS main disadvantage is
limited scalability due to high infrastructure costs and technical capa-
bility for large-scale production. Direct synthesis from elementary pre-
cursors is also limited, as the self-heating synthesis (SHS) reaction takes
place during heating of the material, leading to intense thermal gradi-
ents, evaporation of A-element (most commonly aluminum) and thermal
degradation of the already synthesized MAX phase. While most of the
FAST/SPS and other sintering techniques focus on creating dense bulk
MAX phases, pressureless variants of the process [34,35] may also be
applied to keep the resulting material in scaffold or powder form [36,
37]. In this way, it is easier to create powder feedstocks for MXene
synthesis [38,39], thermal spraying [40-42], and other technologies. To
improve the scalability of the FAST/SPS technique, high energy ball
milling (HEBM) may be used [43] to pre-alloy the precursor powders
and trigger the SHS reaction before the sintering stage [44], greatly
improving the repeatability and scalability of the synthesis, regardless of
the sintering tools size thanks to more even temperature distribution
throughout the synthesis.

This work aims to fulfill three main objectives. Firstly, to study the
feasibility of high energy ball milling-pressureless spark plasma sinter-
ing (HEBM-PSPS) route for synthesis of various ternary and quaternary
MAX phases, to synthesize medium and high-entropy MAX phases in the
future using the same methodology. Secondly, to develop the densifi-
cation parameters via FAST/SPS of synthesized MAX phases. The last
objective is to provide thorough structural, thermal, and mechanical
properties data of synthesized and densified MAX phase bulks and
powders.

To fulfill these objectives, the authors have conducted HEBM-PSPS
synthesis trials from Ti/Cr/Nb/V-Al-C ternary and quaternary mix-
tures and densified the synthesized powder in a two-stage process. At
each stage, structural assessment was conducted using X-ray diffraction
(XRD), scanning electron microscopy (SEM) and oxygen and carbon
analysis. Moreover, the oxidation resistance of the powders were
determined by thermogravimetry (TG), additionally, the mechanical
properties of the densified materials were examined by Vickers hardness
measurements and nanoindentation tests.

2. Materials and methods

Elementary powders of: titanium (325 mesh, 99.5 %, AEM Deposi-
tion, Hunan, China), niobium (325 mesh, >99.8 %, Thermo Fisher Sci-
entific, Waltham, Massachusetts, United States), chromium (325 mesh,
99.5 %, KAMB Import Export, Warsaw, Poland), vanadium (200 mesh,
>99.5 %, ChemPUR, Karlsruhe, Germany), aluminum (100 mesh,
98.5 %, ChemPUR, Karlsruhe, Germany) and graphite (7-11 pm, >99 %,
Thermo Fisher Scientific, Waltham, Massachusetts, United States) were
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used as starting powders for the MAX phase synthesis trials. The pow-
ders were mixed in a 2:1.1:0.9 stoichiometry for ternary MAX phases
and 1:1:1.1:0.9 for quaternary MAX (further referred to as MMAX)
phases and high energy ball milled using Pulverisette 5 Classic Line
(Fritsch GmbH, Weimar, Germany) planetary ball mill using tungsten
carbide milling jars with a capacity of 250 ml for 12 h at 300 rpm. The
ball-to-powder ratio (BPR) was kept at 10:1, while the diameter of
tungsten carbide balls was 10 mm. This approach was used for Ti-Al-C,
Nb-Al-C, V-AL-C, Cr-Al-C, Ti-Nb-Al-C, Ti-V-Al-C, Ti-Cr-Al-C, Nb-V-Al-C,
Nb-Cr-Al-C, Cr-V-Al-C systems.

After milling, the powders were inserted into a graphite die with an
inner diameter of 40 mm, and a height of 60 mm. Using Papyex N998
graphite foil (Mersen, Gennevilliers, France) with a thickness of 0.4 mm
and a graphite tools (2334 graphite grade, Mersen, Gennevilliers,
France), tool setup was assembled to perform PSPS process using the HP
D 25/3 furnace (FCT Systeme GmbH, Frankenblick, Germany) under
sintering parameters shown in Table 1. All operations on powders pre-
ceding synthesis of MAX phases were carried out in an inert atmosphere
of argon in a LABstar Pro (MBRAUN, Stratham, New Hampshire, USA)
glovebox to prevent oxidation of starting and as-milled powders.

The resulting sintered scaffolds were grounded into powder using
agate mortar and put again into graphite tools for densification trails.
Samples with a diameter of 25.4 mm and a height of 5 mm were sintered
using parameters shown in Table 2 and, after sandblasting, wet grinding
with a SiC paper was carried out to prepare flat surface for XRD exam-
ination, and subsequently the materials were cut into smaller pieces for
further tests.

Density measurements were taken based on Archimedes’ principle
using an Explorer EX225DM scale (OHAUS, Nanikon, Switzerland). X-
ray diffraction measurements were made using the Aeris Research
diffractometer (Malvern PANalytical, Malvern Worcestershire, United
Kingdom). The diffraction was conducted with 5-75° 20 diffraction
angle range using copper Ka (A=1.54 A) radiation. The diffraction data
was obtained from PDF 5 + 2024 (International Centre for Diffraction
Data, New-town Square, Pennsylvania, USA) database. Rietveld refine-
ment method [45] via Highscore Plus ver. 5.1a software was used for
lattice parameters, microstrain and crystal size determination.

The scanning electron micrographs of powders morphology and
bulks microstructure were obtained using Teneo LoVac (FEI Company,
Hillsboro, Oregon, United States) high resolution scanning electron
microscope. The oxygen content in the synthesized material was deter-
mined using TC500 (LECO Corporation, St. Joseph, Michigan, United
States) oxygen-nitrogen analyzer. The powder material was weighted
and placed inside tin foil and nickel gasket, then inductively heated up
inside a graphite crucible with 0.5 g of graphite powder addition. The
carbon content was determined using CS-200 (LECO Corporation, St.
Joseph, Michigan, United States) carbon-sulfur analyzer. The powders
were put inside the alumina crucible alongside combustion accelerator
and burned down in oxygen atmosphere. Both oxygen and carbon con-
tent were determined using the infrared emission of carbon dioxide
emitted during the burning of material. The contents of M, A and X el-
ements were recalculated using EDS results for M and A and carbon
analyzer results for X content (Eq. 1).

%wt.M[EDS]
%wt.M + A[EDS]
%wt.A[EDS]
%wt.M + A[EDS]

%wt M = (100% — %wt.C[Leco]) %wt A

= (100% — %wt.C[Leco]) @

Table 1
MAX phase synthesis via pressureless spark plasma sintering process parameters.
Sintering Compaction Holding Heating Atmosphere
temperature pressure time rate
1100 °C none 5 min 100 °C/ Vacuum (0.05
min mbar)
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Table 2
Densification via Spark Plasma Sintering (SPS) process parameters.
Sintering Compaction Holding Heating Atmosphere
temperature pressure time rate
1200-1300 °C 30 MPa 5 min 100 °C/ Vacuum (0.05
min mbar)

Eq. 1.Recalculation formula for M- and A-element content.

Thermogravimetric analysis was made using simultaneous thermal
analyzer 6000 (PerkinElmer, Waltham, Massachusetts, United States) in
35-900 °C range, with heating rate of 10 °C/min with synthetic air flow
of 20 ml/min. The powders (60-120 mg) were mortar-grounded and
placed within the crucible prior to analysis. The Vickers hardness tests
were conducted using Wolpert UH930 (Buehler, Lake Bluff, Illionois,
United States) universal hardness tester at 30 kgf load for 15 s, accord-
ing to ISO 6507-1 standard. The nanoindentation tests were conducted
using Picodentor HM500 (Fischer Technology Inc., Windsor, CT, USA)
indenter with following parameters: a maximum load of 30 mN for MAX
phase area examination and 300 mN for multi-grain loaded during 20 s
and dwell time of 5 s. The elastic modulus and hardness determination
was based on Olivier and Pharr technique [46,47].

3. Results & discussion
3.1. Analysis of HEBM — PSPS synthesis and SPS densification

The milling resulted in MAX phase formation in following cases: Ti-
Al-C, Nb-Al-C, Ti-Nb-Al-C, Ti-V-Al-C (Table 3). The main reason is
exothermic SHS reaction between titanium (or niobium) and carbon
[48]. The reaction provides the necessary temperature for reaction with
aluminum, partially forming MAX phase during the milling stage, as
described in other works concerning MAX phase synthesis [44,49].
While titanium and niobium was present in Ti-Cr-Al-C and Nb-Cr-Al-C,
the self-heating reaction did not form MAX phase, due to limited solu-
bility [50,51] of these systems. Instead, a structure consisting of MX
carbide, M-A and M-M intermetallic phases was obtained. In the case of
Cr-Al-C, V-Al-C, Cr-V-Al-C and Nb-V-Al-C mixtures the milling did not
result in formation of significant amount of MAX phase, implicating that
the formation of carbides from these mixtures was less exothermic than
titanium- and niobium-based ones. Nevertheless, the absence of
self-heating reaction did not hinder the MAX phase formation during the

Table 3
Phase composition of milled/synthesized/densified MAX phases.

MAX phase Identified phases
type Milled material ~ Pressureless Densified bulk
(12h) synthesized scaffold
1 Ti,AlC Ti»AlC, TiC, Ti»AlC, TizAlC,, Ti»AlC, Ti3AlC,,
TizAl TiAls, Al,O3 TiAls, Al,O5
2 CrpAlC Cr, CrsAlg, CrC Cr,AlC, CrpAl Cr2AlC, CroAl,
Cr23Ce
3 Nb,AIC Nb»AIC, NbC, Nb,AIC, Nb3AlLC, Nb»AIC, Nb,C,
NbAI NbAIL
4 V,AIC V, Al, V4AIC3 V,AIC, V,4AICs, V,AIC, V4AICs
V4Alp3
5 TiNbAIC TiNbAIC, NbC,  TiNbAIC, VAI TiNbAIC, TiAls
TizAl
6 TiCrAIC Ti, Cr, TiC, TiC, TiCry, CrAl, TiC, CryAl,
TiCry, TizAl CrsAlg CrsAlg
7 TiVAIC TiVAIC, TiVC, TiVAIC, VAl TiVAIC, V,C
TizAl
8 CrVAIC Cr, V, Al, V4C3,  CrVAIC, CrAl, CroC  CrVAIC, CroAl,
V,C Cr,C
9 NbVAIC Nb, NbC, VAl NbVAIC, NbC, VC, NbVAIC, NbAls,
Nb3AlL,C NbAl3, V3Al V3Al
10  NbCrAlC CrsAl, NbC, NbC, CrpAl NbC, Cr,Al,
NboAL Cr,AlC
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PSPS process.

While the SHS reaction allows the formation of MAX phase during
the milling phase, yet at most of the cases it led to formation of a MAX,
intermetallic and carbide phases (Table 3). High-temperature annealing
or sintering step is required (PSPS) to let the remaining carbide and
intermetallic phases to react [52], forming a MAX phase. The detailed
diffractograms of synthesized powders as well as bulks have been placed
in supplementary information (Figures S1-S5).

The densification by FAST/SPS at higher temperature (1200 °C) than
the pressureless synthesis allowed to increase the MAX phase content
even further (Figures S1-S5), signifying that the synthesis temperature
may need to be increased according to thermal properties of specific M-
elements. The determined purities of the final sintered MAX phase bulks
ranged from 92 % to 98 % according to Rietveld refinement results
(Table 4). The lowest purity was observed for Ti,AlC. In this case, sig-
nificant presence of aluminum oxide phase was detected, signifying
possible oxygen contamination. The possible source of contamination
was during milling phase, during exothermic formation of titanium
carbide the temperature and pressure within the milling tools are greatly
increased, which slightly unseals the milling tools, enabling mixing of
the argon atmosphere with air. In order to increase the purity of the
synthesized MAX phases, several steps may be taken: optimization of
precursor stoichiometries (to reduce the carbide/intermetallic phase
content), usage of more pure precursor material and improvement of
milling tools seal strength (limitation of oxide impurity).

The FAST/SPS sintering temperature of 1200 °C resulted in densifi-
cation (open porosity below 2 %) of most of the materials (Table 5),
except NbAIC and NbVAIC. To produce more densified bulks, an in-
crease of sintering temperature by 100 °C for Nb,AIC and NbVAIC was
tested. While the increase of the process temperature led to reduction of
open porosity below 2 % for NbVAIC, it was not sufficient to sufficiently
densify Nb,AIC. Further optimization of the sintering parameters
(temperature, dwell time, pressure) will be made in the future works.

The Rietveld refinement results (Table 6) show that the obtained
MAX phase bulks have crystallite size within 0.5-2 ym range. The
increased densification temperature for Nb,AIC and NbVAIC resulted
only in slight difference in the resulting crystal size. While most of the
samples had relatively small microstrain, The CrsAlC and CrVAIC
exhibited higher values. This may be attributed to their larger coefficient
of thermal expansion (CTE) [53], in comparison to other MAX phases
[54], resulting in increased expansion and shrinkage during sintering
cycle, leading to increased strain generation form thermal gradients.
Due to limited data availability, it is yet to be proven if the same
mechanism could apply to NbVAIC, in which case the microstrain values
were even higher than in the case of CrpAIC and CrVAIC.

3.2. Microstructure and chemical composition assessment

All materials obtained during this study were divided into three
groups. The first group of ternary MAX phases: CrpAlC, NbyAIC, Ti>AlC
and V,AIC, the second group of synthesized quaternary MAX phases

Table 4
Quantitative phase composition of sintered bulks according to Rietveld
refinement.

Material Quantitative phase composition

Ti,AIC TizAlC - 92.9 %, Ti3AlC; - 4.5 %, Al,03 - 2.5 %
Cr,AIC Cr,AIC - 97.9 %, CrpAl — 1.3 %, Cra3Ce — 0.8 %
Nb,AIC (1300 °C) Nb,AIC - 98.7 %, Nb,C — 0.7 %, NbC - 0.6 %
V,AIC V,AIC - 100 %

TiNbAIC TiNbAIC - 99.2 %, TiAl; - 0.8 %

TiCrAlC TiC - 59.3 %, CrpAl - 8.3 %, CrsAlg — 32.4 %
TiVAIC TiVAIC - 98.9 %, V,C - 1.1 %

CrVAIC CrVAIC - 99.0 %, CrpAl - 0.5 %, CryC - 0.5 %
NbVAIC (1300 °C) NbVAIC - 96.6 %, NbAl; - 3.4 %

NbCrAIC NbC - 71.0 %, CrAl - 16.8 %, CroAIC — 12.2 %
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Table 5
Densification temperature optimization.
Material Sintering Bulk Open Apparent Theoretical
temperature density porosity solid density
[°C] [g/ [%] density (PDF5 +)
em’] [g/em®] [g/cm®]
TipAlC 1200 4.05 0.5 4.07 4.04
CrpAlC 1200 5.12 0.8 5.16 5.23
V,AIC 1200 4.87 1.8 4.95 4.85
Nb,AIC 1200 5.9 6.7 6.33 6.37
Nb,AIC 1300 5.93 3.9 6.17 6.37
TiNbAIC 1200 5.22 0.5 5.25 5.28
TiCrAIC 1200 4.69 1.3 4.75 -
TiVAIC 1200 4.39 0.8 4.43 4.46
CrVAIC 1200 5.01 0.3 5.02 5.01
NbVAIC 1200 4.95 9.9 5.49 5.6
NbVAIC 1300 5.51 0.7 5.56 5.6
NbCrAIC 1200 6.02 1.1 6.09 -

Measurement errors calculated for bulk density and open porosity did not exceed
values of 0.001 g/cm® and 0.01 %, respectively.

Table 6
Rietveld refinement analysis result of SPS-densified MAX phase bulks.

Material Lattice parameter Microstrain Crystallite size
[A] [%] [A]
Value Error
a/b c Value Error Value Error
Nb2AIC 3.107 13.870 0.002 0.020 0.002 1422.6 32.2
Nb,AIC (1300 3.106 13.867 0.001 0.020 0.001 1797.3 50.7
°Q)
Ti,AlC 3.059 13.657 0.003 0.021  0.003 1497.4 40.2
CrpAlC 2.860 12.818 0.007 0.102  0.004 813.2 294
V,AIC 2915 13.129 0.004 0.055 0.003 1399.0 67.0
NbVAIC 3.020 13.532 0.009 0.218  0.003 631.6 14.8
NbVAIC 3.024 13.541 0.008 0.224  0.002 572.5 7.8
(1300°C)
TiNbAIC 3.077 13.790 0.002 0.023 0.002 1821.6 69.6
CrVAIC 2.893 12.984 0.008 0.155 0.003 722.2 19.8
TiVAIC 2.982 13.427 0.004 0.048 0.003 1036.2 30.7

(referred as MMAX), which includes CrVAIC, NbVAIC, TiNbAIC and
TiVAIC. Two of the studied materials (NbCrAlC and TiCrAlC) did not
form MMAX phase at any processing step. Nevertheless, to maintain the
clarity of the reported results, both of them will be subsequently
described according to their chemical composition as “NbCrAlC” and
“TiCrAlC”. As illustrated in Fig. 1, microstructure examination and EDS
analysis (Figures S11-S18) of cross-sections of ternary MAX reveals the
presence of a dominant MAX phase (blue arrows), with Al,Os pre-
cipitations (red arrows) identified as the primary impurity. This oxide is
a common impurity of Al-consisting MAX phases [55]. It is possible that
both aluminum and transition metal powders could be a potential source
of oxygen, due to their high potential for oxygen absorption and possible
exposure to air during material transport. It is also possible that the
oxygen might have been introduced during the milling stage through
small leaks in the milling jar sealing. In certain instances (e.g., TiAlC),
the presence of MA intermetallic phases (in this case, TizAl) can be
discerned in the microstructure (orange arrows), possibly attributable to
local carbon deficiency. Conversely, local carbon excess can result in the
formation of MX carbide phases (violet arrows), as evidenced by the
Cry3Cg phase in the CroAlC material. Although the densification process
resulted in relatively dense bulks, some residual porosity (green arrows)
is also present in the microstructure of the materials. It is noteworthy
that, not all phases indicated in the XRD measurements were distin-
guishable on the SEM micrographs and some phases visible in the
microstructure observations (e.g., AloO3) were not indicated in XRD
diffractograms (Figures S1-S5). This is connected to the resolution ca-
pacity of the examination methods and the range of data collection.
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Considering the observations about the microstructure of cross-
sections of MMAX materials (Fig. 2), analogous conclusions can be
drawn to those of ternary MAX materials. In all cases, the dominant
phase is the quaternary MAX phase. Moreover, Al,O3 particles were
identified during microstructural analysis. Apart from the porosities
marked with green arrows, other characteristic elements (such as
intermetallic compounds or carbides) were not observed in the micro-
structure of the materials studied (Figures S15-518).

Powder mixtures of Nb-Cr-Al-C and Ti-Cr-Al-C formed different
intermetallic compounds and carbides at subsequent synthesis step, but
no MMAX phase was formed at any of those steps. Final microstructure
of the NbCrAIC material consisted of NbC, CrAl and CryAlC phases
indicated in XRD measurements, and of Al,O3 oxide observed on SEM
micrographs and EDS analysis (Fig. 3 and S19). Depending on stoichi-
ometry of Cr-Al intermetallic two light- and dark-grey areas can be
distinguished in the microstructure of the NbCrAIC material. The NbC
carbide is distinguished by its regular and sharp shape, which is char-
acteristic of cubic MC carbides. An analogous morphology is exhibited
by the TiC in the TiCrAlC material. (Fig. 3). In both, Nb-Cr-Al-C and Ti-
Cr-Al-C, Al,O3 oxide is present as more or less rounded-shape particles of
<1 pm size. Cr-Al intermetallic compounds present in the TiCrAlC
material include CrsAlg phase (dark-grey area) and CroAl (light-grey
area). Noteworthy, light-grey phase is not homogenous and consists of
lighter needle-like Cr-Al intermetallic with higher chromium content, as
indicated by EDS analysis (Figures S19-520) than surrounding Cr-Al
intermetallic matrix. Considering the multiplicity of Cr-Al interme-
tallic compounds, it can be assumed that, apart from the presence of TiC
and Al»0s3, the microstructure of the TiCrAlC material can be formed by
a mixture of compounds such as CryAl, CrsAlg, CrsAlg, CrAly, CroAljp
and CrAly, with CryAl and CrsAlg dominating phases as evidenced by
XRD measurements.

The EDS measurements of M-element and aluminum content were
made of the areas, where no presence of aluminum oxide (black spots) or
other impurities was visible, and the results are shown in Table 7. The
EDS results did not indicate oxygen content (except for CroAlC) collected
from those areas (Figures S11-S20), which suggests, that the oxygen
present in the MAX and MMAX structures was mainly in oxide form. To
fully determine the possible substitution of carbon atoms by oxygen,
other methods, like secondary-ion mass spectrometry [56] may be used
in the future. By combining the EDS-derived M and A-element contents
with carbon analysis results using Eq. 1, it is possible to estimate the
synthesized MAX phase stoichiometry deviation. The obtained values
(Table 7) indicate notable aluminum deficiency in all cases, but the MAX
phase structure remained stable due to high tolerance of Al vacancies of
MAX phases [57], as proven by X-Ray diffraction (Figures S1-S5) and
characteristic lamellar regions visible in both powder (Figures S6-S10)
and bulk microstructures (Figs. 1 and 2). This may indicate, that the
aluminum loss, previously attributed to evaporation during synthesis
[33], could also be attributed to reaction with oxygen adsorbed by the
precursor particles, resulting in formation and growth of Al,O3 seeds
[55] during HEBM-SPS synthesis, especially when the synthesis is being
conducted at 1100 °C, reducing the evaporation rate of aluminum.

3.3. Mechanical properties of densified bulks

Table 8 presents the values gathered by hardness and indentation
tests. The indentation curves comparison has been included in supple-
mentary information (Figure S21). In general, the MMAX phases
exhibited higher hardness and stiffness in comparison to their MAX
counterparts. While the typical modulus values for MAX phases range
from 250 to 350 GPa [58], the obtained values are lower due to the
remaining porosity after SPS densification. The highest hardness and
elastic modulus levels were observed for niobium-based MAX and
MMAX phases (NbsAlC, TiNbAIC and NbVAIC). Both lower hardness and
modulus of V5AIC is the result of higher porosity (Table 5) as well as
larger single pore size (Fig. 1, lower right) than in other sintered bulks.
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Fig. 1. Microstructure of the cross-sections of CroAlC, Nb,AIC, Ti»AlC and V,AIC: blue arrows — M>AX phase, red arrows — Al;03; orange arrows — MA intermetallics;
violet arrows — MX carbides; green arrows — porosity.

Fig. 2. Microstructure of the cross-sections of CrVAIC, NbVAIC, TiNbAIC and TiVAIC: blue arrows — MMAX phase, red arrows — Al;O3; green arrows — porosity.

No direct correlations between the oxygen content and mechanical to the presence of large alumina grains within the microstructure
properties of the synthesized MAX and MMAX phase were observed, (Fig. 1). It is noteworthy, lower values of hardness and modulus were
however increased deviation of the results was observed for Ti>AlC, due observed for chromium- and vanadium containing compounds — these
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TiCrAIC k&
Y =

Fig. 3. Microstructure of the cross-sections of NbCrAIC and TiCrAlC: red arrows — Al,O3; orange arrows — MA intermetallics; violet arrows — MX carbides.

Table 7
M, A and X element contents determination of synthesized MAX phases.

Determined by: SEM-EDS (MAX phase area)

Leco TC500 Leco CS200

M-Element Aluminum Content Oxygen content Carbon content
[Wt%)] [Wt%] [wt%] [wt%]
Exp. Theo. Exp. Theo. Exp. Theo.
TizAIC 72.978 + 4.853 71.058 16.659 + 1.107 20.027 2.100 + 0.014 9.357 + 0.043 8.915
CroAlC 74.192 + 4.600 72.730 16.561 + 1.027 18.870 0.895 + 0.165 7.687 + 0.727 8.400
V,AIC 73.948 + 4.288 72.321 16.624 + 0.971 19.153 0.909 + 0.005 8.233 + 0.039 8.526
NboAIC 83.370 + 8.862 82.655 10.220 + 1.086 12.002 0.575 + 0.007 5.302 + 0.005 5.343
TiNbAIC Ti: 25.828 + 1.650 Ti: 26.627 12.826 + 1.316 15.009 0.578 + 0.040 6.174 + 0.273 6.681
Nb: 53.827 + 5.522 Nb: 51.682
TiCrAIC - Ti: 34.473 - 19.431 0.900 + 0.032 8.988 + 0.213 8.650
Cr: 37.446
TiVAIC Ti: 35.278 + 2438 Ti: 34.736 17.719 + 1224 19.580 0.718 + 0.007 8.839 + 0.129 8.716
V: 37.880 + 2618 V: 36.968
CrVAIC Cr: 50.712 + 3216 Cr: 36.635 18.757 + 1.190 19.011 1.355 + 0.064 7.710 + 0.447 8.462
V: 22.154 + 1.405 V: 35.892
NbVAIC Nb: 52.877 + 4.690 Nb: 50.813 12.730 + 1.129 14.757 0.699 + 0.014 6.501 + 0.246 6.569
V: 26.552 + 2.355 V: 27.861
NbCrAlC - Nb: 50.521 - 14.672 0.431 + 0.006 5.189 + 0.193 6.531
Cr: 28.275
compounds have smaller lattice parameters calculated from X-Ray
;ablhe 8, | . hered from hard dind . diffraction (Table 6). These observations lead to conclusion, that within
echanical properties gathered from hardness and Indentation tests. small oxygen content (up to 1 % wt.), the differences between the me-
Hardness  Indentation  Indentation  Indentation  Indentation chanical properties are more likely to be the result of the residual
HVso Hardness Modulus Hardness Modulus porosity and inherent properties of the material, determined by type of
HM (300mN) HM (30mN) d bond 1) within the MAX ph 1
(300mN) [GPa] (30mN) [GPa] atoms (and bond strength) within the MAX phase crystal structure. In
[N/mm?] [N/mm?] the case of Ti-Cr-Al-C and Nb-Cr-Al-C bulks, higher hardness and elastic
TiAIC 649 7114 171.44 10843 197.60 deull are the result of the MX carbide and MA intermetallic structure
+26 + 340 +5.27 + 3756 +38.79 (Fig. 3.
Cr,AlC 544 6569 201.63 8680 212.98
+ 41 + 702 +8.21 + 673 +11.44
V,5AIC 408 6629 179.16 8050 195.92 3.4. Thermal oxidation Ofpowders
+106 + 534 +13.83 + 706 +10.10
NbAIC 795 7567 192.51 10043 204.835 . . .
L51 + 1230 Lo75 © 1146 L 16.67 The mass loss o.f the sarn'p¥es durlgg the 11'11t1al stage of tl.le heating
TiNBAIC 807 8791 204.41 9618 201.30 (up to 200 °C), particularly visible during heating of CrAIC (Fig. 4a) and
+58 + 454 +4.08 +940 +13.03 CrVAIC (Fig. 4b), can be attributed to evaporation of water adsorbed by
TiCrAlC 1186 11548 214.38 13497 223.65 the powder material [59]. While most of the MAX phases gained be-
+42 + 898 +3.70 +1367 +13.95 o . .
TIVAIC 64 7037 206.14 10199 29470 tween 3 5 % of mass due to oxl.datlon, TioAlC reacped the value of
T11 4655 1 6.88 1913 1 10.95 7.73 % (Fig. 4a). It has been previously reported that increased oxygen
CIVAIC 696 7164 209.56 10004 219.71 content within the MAX phase lattice decreases the onset temperature of
+36 + 567 +11.64 + 560 +7.07 MAX phase oxidation [60], which may signify the partial substitution of
NDVAIC 898 8937 208.32 11044 239.62 carbon atoms by oxygen when its content reaches a certain level, which
+31 +878 +12.63 + 2209 +32.51 is visible only for Ti-AlC that had the high 2.1 %) of
NbCrAlC 1185 13402 224.09 14138 243.23 is visible only for Ti, that had the highest oxygen content ( -1 0) o
+35 + 4930 +12.02 4+ 1562 +16.38 synthesized powders (Table 7). Another possible factor promoting the

oxidation of TipAlC is larger content of secondary phases — TizAlCy and
AlyO3 (Tables 3 and 4), particularly Ti3AlCy, which is also known to
have inferior oxidation resistance in comparison with Ti»AlC [61] due to
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Fig. 4. Thermogravimetric curves: MAX phase powders (a) and MMAX phase powders (b).

the higher concentration of aluminum, increasing the possibility of
alumina layer formation, preventing further oxidation [62]. Improve-
ment on the phase purity as well as limitation of oxygen contamination
of TisAlC by using the methods mentioned in paragraph 3.1. could
improve the oxidation resistance of this MAX phase.

4. Conclusions

The synthesis of MAX phases still poses a significant challenge,
where precise optimization of the precursor stoichiometries and high-
temperature synthesis parameters of the powder mixture is required to
achieve optimal purity. The HEBM-PSPS synthesis route resulted in
formation of relatively pure quaternary MAX phases, apart from TiCrAlIC
and NbCrAlC, due to limitations of the components solubility. The
microstructure observations confirmed the presence of residual porosity
after low-temperature FAST/SPS densification, as well as presence of
residual MX carbides and MA intermetallics. The EDS microanalysis also
confirmed the presence of aluminum oxide, that is present in all syn-
thesized MAX phases. The chemical composition assessment indicates
that the synthesized MAX phases are slightly aluminum-deficient. The
elastic modulus of synthesized MAX and MMAX phases was slightly
lower than those typically reported, due to the remaining porosity after
FAST/SPS densification. The highest values of hardness and elastic
modulus were obtained from the niobium-containing ternary (Nb,AlC)
and quaternary (TiNbAIC and NbVAIC) MAX phases. The high oxygen
content of TizAlC resulted in increased oxidation rate during TG tests.
Further study will be made on their functional properties as dense bulks
and coatings, such as tribological wear and corrosion resistance as well
as oxidation performance.
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