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A new (TioNb)AIC, MAX phase solid solution is synthesized by hot isostatic pressing a powder mixture of sub-
stoichiometric titanium carbide, niobium and aluminum. It is demonstrated that the synthesis temperature
and Al content are key parameters to obtain a large volume fraction of 312 MAX phase solid solution. Rietveld
refinement allows determining the cell parameters which are shown to vary from one sample to another. Thus,
(Ti2NDb)AIC; is not a line compound but a disordered solid solution. The 312 MAX phase solid solution formation

mechanism is discussed considering intermediate phases observed by scanning electron microscopy and analysed
using energy dispersive X-ray spectroscopy. Finally, transport properties are characterized. It is demonstrated
that electron-phonon coupling is more efficient than in Ti3AlCy and Ti3SiCs.

1. Introduction

MAX phases are layered ternary carbides and nitrides with the gen-
eral formula Mn.1AXn (Where M is an early transition metal, A is an A-
group element, and X is either carbon or nitrogen) [1-6]. These nano-
laminated materials alternate layers of near-close-packed MgX octa-
hedra interleaved with layers of pure A-group element. In the M4AX3 or
413’s (n = 3), three M¢X octahedra are interleaved between A layers [7,
8]; in the M3AX5 or 312’s (n = 2), two MgX octahedra are interleaved
between A layers [3]; and in the MpAX or 211°s phases (n = 1), one MgX
octahedra is interleaved between A layers [1-3]. This structural
configuration endows MAX phases with an unusual combination of
ceramic and metallic properties, including high thermal and electrical
conductivity, excellent machinability, and good damage tolerance [6].
Among them, the Ti-based MAX phases have attracted significant in-
terest due to their stability and mechanical performance at elevated
temperatures [6].

In recent years, the development of MAX phase solid solutions has
emerged as a strategic approach for tailoring physical properties
through atomic-scale engineering. The synthesis of MAX phase solid
solutions falls into three primary categories: (i) Molten salt processes [9,
10], (ii) solid-state reactions [11,12] and (iii) physical vapor deposition
(PVD) methods [13]. Although the synthesis of MAX phase solid solution
is generally feasible, attaining high yields (>95 wt%), it presents
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challenges due to its synchronicity with other thermodynamically
steady phases like carbides, nitrides, and intermetallic compounds.
Challenges that commonly hinder preparation of homogeneous MAX
phase solid solutions also include loss of volatile A-site elements
(notably Al) at elevated temperatures. Solid solutions allow the partial
substitution of elements on the M, A, or X sites, enabling the fine-tuning
of characteristics such as hardness, thermal conductivity, oxidation
resistance, and phase stability. As an example, Cabioc’h et al. [14]
showed that when substituting 25 % of the Al atoms for Ge in CrAIC, its
thermal expansion becomes isotropic, presumably diminishing thermal
stresses in the material. Studies on MAX phase solid solutions such as
(TiNb)AIC have revealed that partial substitution of Ti with Nb leads to
an increase in hardness and elastic modulus, suggesting a solid solution
hardening effect [15]. An appreciable increase in fracture toughness is
also observed in the (NbggsZrg15)4AlC3 solid solution, from
6.6 & 0.1 MPa/m'/? for pure Nb4AlCs to 10.1 + 0.3 MPa/m'/? for the
solid solution [16]. It has also been demonstrated that doping with a low
concentration of Zr can simultaneously improve the oxidation resistance
and mechanical properties of Nb4AlC3 [17]. Substitution of Ti by Nb and
Mo in TisAlCz leads to an increase in electrical conductivity. Such an
effect is attributed to an increase of the electronic density of states near
the Fermi level, particularly significant when dopants are present at
both the M and A sites [18].

Notably, when multiple principal elements are introduced,
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particularly on the M site, the resulting materials are referred to as high-
entropy MAX phases. These high-entropy systems exhibit enhanced
entropy-driven stabilization and often display improved mechanical and
thermal properties compared to their single-element counterparts [19,
20].

Another emerging direction in the study of MAX phases is their se-
lective etching to produce two-dimensional (2D) materials known as
MXenes. These are obtained by removing the A element - typically
through chemical exfoliation - while retaining the layered Mn.Xn
framework. MXenes derived from solid solution and high-entropy MAX
phases open up vast compositional design spaces and tunable properties
that can be exploited in energy storage, electromagnetic interference
shielding, catalysis, and more [21,22]. Multiple transition metals in the
M site can lead to MXenes with unique surface chemistries, higher
configurational entropy and potentially enhanced multifunctional
properties. Thus, the development of Ti2NbAICz and similar solid solu-
tions is not only valuable for their bulk properties, but also for their
promise as precursors for novel, multifunctional MXenes.

This work focuses on the powder metallurgy synthesis and transport
properties characterization of a new (TioNb)AICy solid solution. The
study involves a detailed investigation of the phase formation, micro-
structural features, and key transport properties of this MAX phase solid
solution, thereby contributing to the broader understanding of compo-
sitional engineering in MAX phases and their potential in advanced
structural applications.

2. Experimental details

This work was performed using powder mixtures of sub-
stoichiometric titanium carbide (TiCpg;, Good Fellow, 50-150 pm,
99.8 %), niobium (Alfa Aesar, <44 um, 99.8 %) and aluminum (Alfa
Aesar, <44 pm, 99.5 %) to yield a final composition with the appropriate
stoichiometry 2:1:1.10-1.20 (2TiCp.91:Nb:Al). Al excess was used to
compensate Al vaporization during synthesis. The powders were thor-
oughly ball-mixed under dry air in a tridimensional Turbula® mixer for
20 min in order to ensure good mixing and to break up agglomerates.
The powder mixture was then uniaxially cold-pressed (35 MPa) into a
cylindrical green pellet (20 mm in diameter). The pellet was encapsu-
lated into a glass container under primary vacuum to prevent oxidation
during the subsequent heat treatment. An isostatic Ar pressure of
120 MPa was thus applied at temperature in the range 1450-1610°C
during 4 h using a Hot Isostatic Press (ACB-HIP6).

After HIPing, the sample was machined to remove the encapsulating
glass container, sliced using a diamond wheel, and roughly polished
using SiC paper for microscopic observations. The latter were performed
using a scanning electron microscope (SEM, JEOL 7001F-TTLS) equip-
ped with an Energy Dispersive X-ray Spectrometer (EDXS, Oxford Isis
300) for chemical analysis. X-ray Diffraction (XRD) experiments were
carried out on a Bruker D8 Advance diffractometer using the Cu K, ra-
diation (Bragg-Brentano geometry) for phase identification. Rietveld
refinement was systematically performed on the samples synthesized at
different temperatures to get the weight fraction of the present phases
and the cell parameters of the TioNbAIC, MAX phase.

The samples were cut into parallelepipeds with a section of
approximately 2 mm? and a 8 mm length. Resistivity measurements
were performed with a four-probe technique using the resistivity option
of the Physical Property Measurement System (PPMS) by Quantum
Design. A current of 8 mA was applied in order to reach a resistance of a
few mQ at Room Temperature (RT). Temperature was decreased slowly
from RT to 5 K and resistance was measured continuously. Magnetore-
sistance was measured at 2, 100, 200, and 300 K for magnetic field
varying in the range [0—9] T. Thermal conductivity was measured using
the Thermal Transport Option (TTO) of the PPMS. The TTO system
measures thermal conductivity by applying heat from the heater shoe in
order to create a user-specified temperature differential between the two
thermometer shoes. The TTO system dynamically models the thermal
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response of the sample to the low-frequency, square-wave heat pulse,
thus expediting data acquisition. TTO can then calculate thermal con-
ductivity directly from the applied heater power (about 50 mW at RT),
resulting AT, and sample geometry.

Thermodynamic calculations were performed using the Thermo-Calc
software and the TCHEAS database from Thermo-Calc. The pressure was
fixed at 10° bar. The nominal composition of the MAX phase was entered
and calculations were performed as a function of the temperature.

3. Results and discussion

XRD patterns recorded on samples synthesized using HIPing tech-
nique at 1450, 1550, 1580 and 1610°C from a powder reactant mixture
whose composition is 2TiCg g1:Nb:1.1Al are plotted in Fig. 1. The pro-
portion of the different phases, determined using Rietveld refinement, is
reported in Table 1. Note that the composition of the different phases
identified by XRD was measured using EDXS analyses. One can observe
in Table 1 that alumina is only detected at the lowest temperatures
(1450 and 1485°C) and at 1595°C. Alumina is nevertheless observed by
SEM for all temperatures (see below). The reason is unclear. It may
result from an insufficient alumina content to be detected by X-Rays
and/or from the presence of some amorphous alumina.

At 1450°C, (Tij oNbgg)AlygCio (further called 211 MAX phase),
Ti0,6C0,4, (Ti0.4Nb0.1)C0_5 and (Ti(),sz().g)Alg are the main phases
detected. When the synthesis temperature increases from 1450°C to
1580°C, the fraction of these different phases decreases whereas the
fraction of the (Tij.9 2.1Nbj ¢-1.2)Alp9Ci 8 2.0 phase (further called 312
MAX phase) increases. The 312 MAX phase is the main phase present
(97.6 wt%) at 1580°C. When the synthesis temperature increases from
1580°C to 1610°C, the fraction of the 312 phase decreases whereas the
fraction of 211 MAX phase, Tig.6Co.4 and (Tig 4Nbg 1)Co 5 increases.

Fig. 2 shows the variation of the 312 phase content as a function of
the HIP synthesis temperature; the aluminum excess is 10 at%. XRD
results suggest that the (Tij 9_2.1Nb; ¢_1.2)Alg.9C; 82,0 phase is formed in
the 1450-1580°C temperature range whereas it decomposes at higher
temperature.

X-ray diffractogram recorded on the samples synthesized at 1580°C
for an Al excess of 10 at% and corresponding Rietveld refinement are
reported in Fig. 3. In the Wycoff notations, it exists four inequivalent
sites in the hexagonal P63/mmc space group for 312 MAX phases: M; in
2a,Myin 4 f, A in 2b and X in 4 f. For the atoms in 4 f positions, the ideal
values of the two internal dimensionless parameters z/c are 1/8 = 0.125
and 1/16 = 0.0625 for My and X respectively. From our analysis,
(Ti1.9-2.1Nb1.0-1.2)Alp.9C1.8 2.0 departs from the ideal stacking because
we obtain z/c = 0.13 for My and z/c = 0.072 for C atoms, a behavior
already observed in MAX phases [23-25]. The mean value of the cell
parameters that we get from Rietveld refinement performed on all
synthesized samples are a = 0.310087(6) nm and ¢ = 1.86139(6) nm
whereas corresponding standard deviations are 0.0001 nm and
0.0006 nm. The large difference between the standard deviation and the
cell parameters uncertainty allows affirming that (Tij g 21Nbjo1.2)
Alp.9C1.8.2.0 is a disordered solid solution and not a line compound. It is
also interesting to note that Rietveld refinement of XRD data is a
powerful tool to determine a preferential position of the Nb atoms on the
M; or My sites thank to quite large difference of atomic number of Ti and
Nb. In the present case, the refinement of the occupation for these two
sites always leads to 1/3 of Nb and 2/3 of Ti confirming thus the for-
mation of a disordered solid solution. Sample density measurement,
performed via apparent volume and weight measurements, leads to a
(98.1 + 0.2) % relative density for the sample synthesized at 1580°C.

Table 2 reports the content (in weight %) of the different phases
present as a function of the aluminum content in the initial reactant
mixture (2TiCq 91:Nb:1.10-1.20Al) for HIPing treatment performed at
1580°C. It is shown, from Rietveld refinement, that the alumina content
is minimum and the 312 MAX phase content is maximum for an
aluminum excess of 10 at%. For aluminum excess of 15 or 20 at%, the
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Fig. 1. XRD patterns recorded on HIPed-samples synthesized at 1450, 1550, 1580 and 1610°C with an aluminum excess of 10 at%.

Table 1
Weight % of the different phases present in the HIPed samples synthesized in the temperature range 1450-1610°C with a reactant mixture of 2TiCg 91:Nb:1.1AL
T (°C) 312 MAX phase solid solution 211 MAX phase solid solution Tig.6Co.4 and (Tip 4Nbg 1)Co 5 carbides (Tig.2Nbg 9)Al3 Al,03
(Ti1.9-2.1Nb1.0-1.2)Alo.9C1.8 2.0 (Ti1.2Nbo 8)Al.9Ci1.0 intermetallic
1450 8.0 32.8 34.9 21.2 3.1
1485 43.3 13.0 13.0 28.0 2.7
1550 86.0 0.0 3.0 11.0 0.0
1580 97,6 1.2 1.2 0.0 0.0
1595 82.4 8.9 4.1 3.6 1.0
1610 80.8 9.2 10.0 0.0 0.0
100 = - +
= 'S O (Nby¢Ti; ,)AIC
= S
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= 80 + a = =
3 g
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Fig. 2. 312 phase-weight content, determined from Rietveld refinement, as a
function of the HIP synthesis temperature. Aluminum excess is10 at%.

312 MAX phase content decreases whereas the alumina content
increases.

SEM micrographs of the samples HIPed at 1550, 1580 and 1610°C
with an excess of aluminum of 10 at% are shown respectively in Fig. 4a,
b, c and d. EDXS performed at low acceleration voltage (5-10 KeV) al-
lows determining the chemical composition of the different contrasted
areas. After HIPing at 1550°C (Fig. 4a), the large black regions

Fig. 3. XRD diagram recorded on the sample synthesized at 1580°C with an
aluminum excess of 10 at%. (blue line) and corresponding Rietveld refinement
(black line). Beneath, the difference between refined and experimental dif-
fractograms. Miller indices are given for the 312 MAX phase.

corresponding to TigCo.4 are surrounded by a mixed (Tig.4Nbg 1)Co.s
carbide (dark grey contrast). The main areas with the lighter contrast
correspond to (Tij g 21Nbg g.1.2)Alp.9C1.8 2.0 MAX phase grains. The
dark grey region, located at the 312 MAX phase grain boundaries,
consists in (Tig 2Nbg g)Als intermetallic whereas the small black areas
are Al,O3. After HIPing at 1580°C, the main grey contrasted areas in
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Table 2

Content (in weight %) of the phases present as a function of the aluminum
content in the initial 2TiCg 9;:1 Nb:1.10-1.20Al reactant mixture after HIPing
treatment at 1580°C.

Al content in (Ti1.9-2.1Nby 0-1.2) Tip.6Co.4 and (Ti;.2Nbo g) Al,03

the reactant Alp.oC18 20 (Tig.4Nbg 1) AlyoCio

mixture Cos
1.10 97.6 1.2 1.2 0
1.15 96.6 0.7 1.2 1.5
1.20 96.0 0.6 1.4 2.0

Figs. 4b and 4c correspond to (Tiz oNb )Aly.9Ca.0 MAX phase. Fig. 4c
shows that Al,O3 (black contrast) and (Ti; gNb; 1)Al; 3C; 7 containing Si
(white contrast) are present at the grain boundaries of the 312 MAX
phase whereas some unreacted Tip¢Co.4 (darker grey contrast) is still
present. After HIPing at 1610°C, the lighter grey contrast of Fig. 4d
corresponds to (Tiz 1Nb; 1)Alp 9C1.9 MAX phase. Black regions, dark grey
and white contrasted areas are respectively AlyOs, (Tig 4Nbg 1)Co.4 and/
or Tio.6C()_4 carbides and (Ti]_szO.g)AlQ_gcl_Q MAX phase.

Finally, from EDXS measurements, it is demonstrated that
(Ti1.9-2.1Nb1.0-1.2)Alp 9C1 8 2.0 MAX phase solid solution is formed in the
1450-1580°C temperature range. From XRD and EDXS analyses, it has
been shown that intermediate phases consist in Tig ¢Co.4 and (Tig 4Nbg 1)
Co.5 carbides, as well as (Tip3Nbg g)Als intermetallic and (Ti; 3Nbg g)
Al 9C1.9 211 MAX phase. For temperatures in the range [1450-1550°C],
the (Ti;.oNbg g)Alg.9Cy o content decreases up to 0 wt% at 1550°C (see
Table 1). The carbides and (TigoNbgg)Als intermetallic contents
decrease up to 1580°C. At this temperature, there is no more aluminides
whereas the carbides content reaches a few percent. Thus, one can
conclude that the formation of the (Tip1Nbp 1)Alg9Cq.9 solid solution

T ~» 3 <
& (Ti1.9Nb1 1)Al1.3C1.7
v “ - e Containing Si T
a0 i SR e R
Y - % X - e ‘f’..
B = e
L] o .
I S S, & “
~ - L X
£ 4 L < o i X - .
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mainly results from the reaction between the (Ti; sNbg g)Alg 9C1 .o solid
solution and the carbides for temperatures in the range [1450-1550°C].
At higher temperature [1550-1580°C], the formation of the (Tis 1Nb; 1)
Al 9C1 9 solid solution mainly results from the reaction between the
(Tig.oNbg 9)Al3 intermetallic and the carbides. Nevertheless, thermody-
namic calculation of the phase fraction as a function of the temperature
would be necessary to confirm such an hypothesis. Above 1580°C, the
results demonstrate that the 312 MAX phase solid solution starts to
decompose since (Tig4Nbg 1)Co.4, TigeCo.4 carbides and (Ti; aNbgg)
Alp9C1,0 211 MAX phase are formed. This result can be qualitatively
compared with the thermodynamic calculations of Fig. 5, showing the
variation of the molar phase fractions as a function of the temperature,
for a composition of 3Ti-1Al-2C. Niobium was not included in the
calculation because the database does not describe any MAX phase in
the Nb-Al-C system, nor does any other commercially available data-
base. Fig. 5 shows that Ti3AlCy starts to decompose above 1646°C,
leading to the formation of Ti3AlC, TiC and a liquid phase. Such a
calculation is in compatible agreement with experimentally observed
decomposition of Ti3AlC; in TiyAlC and TiC [26]. The differences be-
tween the experimental evidences and the calculation- i.e. the sligh
difference in the decomposition temperature and the absence of a liquid
phase- are not surprising considering that Nb is not included in the
calculation. The MAX phases are moreover known to undergo decom-
position into their respective binary MX phases by dissociating the A
element at compound-specific temperatures and in various atmospheres
[26-29]. The major driving force leading to such a thermal decompo-
sition is the high vapour pressure of the A element, which diffuses out of
the MAX phase grains, evaporating above a certain threshold tempera-
ture [30]. Thus, it is not surprising that, at high temperature, the 312
(Tiz.1Nbq.1)Alp.9Cq g solid solution is less stable than the 211 (Ti; sNbg g)
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Fig. 4. SEM micrographs, in back-scattered mode, of the samples HIPed at 1550°C (a), 1580°C (b, c¢) and 1610°C (d). Al content is 1.1.
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Fig. 5. Calculated variation of the molar phase fractions as a function of the
temperature, for a composition of 3Ti-1Al-2C.

Alp 9C1 o solid solution in equilibrium with corresponding carbides.
Fig. 6a shows the variation of the TisNbAIC; resistivity as a function
of temperature. The residual resistivity due to the electron-impurity and
electron-defect scattering is quite large (about 77 pQ.cm) whereas the
slope of the linear variation (0.09 pQ.cm.K‘l) which is related to the
electron-phonon interaction is in the same range as the ones determined
on other MAX phases (0.07-0.1 pQ.cm.K™1) [31-33]. In order to get a

a
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0 50 100 150 200 250 300
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Fig. 6. (a) (Tij.92.1Nb.0_1.2)Alp.oC1 8 2.0 resistivity variation with temperature
and corresponding modelisation using the Bloch-Griineisen model (see text), (b)
variation, with temperature, of the (Ti; 9_p1Nbj 0_1.2)AlpoC1.8 2o thermal con-
ductivity (black line) and of the electronic contribution to the thermal con-
ductivity (orange line, see text).
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quantitative understanding of these scattering processes, the tempera-
ture dependent electrical resistivity of the sample is analyzed in terms of
the Boltzmann transport theory using the Bloch-Griineisen (BG) model
[34,35]:

T5  [Y8c/T x°.dx
= . Opg) ——= %
PB-G-M = Presidual +/7( BG) 9365/0 (ex _ 1)(1 _ e,x)

where presidual is the residual resistivity due to the electron-impurity and
electron-defect scattering and the second term is the temperature-
dependent intrinsic resistivity. g is the effective Debye temperature

determined from experimental resistivity data by the BG formula. p(65¢)

— Aftirace®p
£0wp?

the electron-phonon coupling constant, ®p = 0pg.kp/% is the Debye
frequency and w, is the Drude plasma frequency. The Drude plasma
frequencies corresponding to the two components of the Ti3SiCy
dielectric tensor (i.e. w5* and ©f) have been obtained from linearized
augmented plane wave (LAPW) electronic band structure calculations
[36]. It is worth noticing that the value deduced from the trace of the
dielectric tensor, 2w, = 4.0 eV for Ti3SiCy, was in very good agreement
with that obtained from monochromated EELS experiments performed
on polycrystalline Ti3SiCy (Aw, = 4.12 eV) [37]. Monochromated EELS
experiments performed on polycrystalline Ti3AlC, gives hwp = 5.1 eV
[37].

The only two free-parameters (p(6sg)andOsg ) involved in the BG
model were then adjusted to minimize the relative error defined as
(pBXP —pFIT) /pEXP Fig. 5a shows the experimental and calculated elec-
trical resistivity variations as a function of temperature for the TiN-
bAIC; sample. The value of 0pg determined from the fit is 500 K which is
in compatible agreement with Debye temperature in the range
[420-800 K] found in reference [38]. Such a value of the Debye tem-
perature associated to a plasma frequency of 70, = 4.5 eV (an average
value of the one determined on Ti3SiC; and Ti3AlCy [27]) allows
determining an electron-phonon coupling constant of 0.78. Such a value
is higher than the one determined on Ti3SiCy (0.46) [36] which is in
compatible agreement with the slopes dp/dT that is larger for TioNbAICy
(0.09 pQ.cm.K™1) than for TigSiCy (0.07 pQ.cm. K1) [31].

Fig. 6b shows the variation, with temperature, of the Ti;NbAIC,
thermal conductivity and of the electronic contribution to the thermal
conductivity. The electronic contribution to the thermal conductivity
has been calculated using the Wiedemann-Franz law. The Wiedemann-
Franz law states that the ratio of the electronic contribution of the
thermal conductivity to the electrical conductivity is proportional to the
temperature and to the Lorentz number. The thermal conductivity at RT
is as low as 40 W.m 'K~ which is comparable to the ones that can be
measured on other MAX phases [39-42]. At RT, the electronic contri-
bution to the thermal conductivity is about 21 % which implies that the
main contribution to the thermal conductivity is due to phonons. Such a
large contribution of phonons largely depends on the MAX phases
[39-42].

Fig. 7 shows the magnetoresistance (MR) as a function of the square
of the ratio between the magnetic field and the zero-field resistivity.
First of all, one can notice that the magnetoresistance is very small
(about 0.04 % at 2 K and 9 T). Moreover, a single curve is observed in
Fig. 6 which implies that the Kohler’s rule is obeyed [43,44]. From the
Kohler’s rule, one can deduce that MR ~ B? . (n.e.u(T,H = 0)) where n,
e and p are respectively the charge carrier density, the electron charge
and the charge carrier mobility at zero field and at the temperature T.
Thus, it demonstrates that the MR is proportional to the square of the
charge carrier mobility.

is the resistivity at the effective Debye temperature, Aqace is

4. Summary and conclusion

A powder mixture of sub-stoichiometric titanium carbide, niobium
and aluminum is hot isostatically pressed at 1450-1660°C/120 MPa/
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Fig. 7. Magnetoresistance (MR) variation versus [B/p(O)]Z.

4 h. It is demonstrated that (Ti1,9—2.1Nb1.0—1,2)A10,9C1_8—2,0 is formed in
the 1450-1580°C temperature range, from intermediate phases such as
carbides, intermetallic and the 211 MAX phase solid solution. The syn-
thesis temperature and Al content are key parameters to obtain a large
volume fraction of (Tij.g_21Nb1 0 1.2)Alp.9C1.8 2.0- Using 10 at% excess
of aluminum at 1580°C allow optimizing the 312 MAX phase solid so-
lution content (97.6 wt%). Above 1580°C, it seems that
(Ti1.9-2.1Nb1.0-1.2)Alp 9C1 820 starts to decompose.

Transport property measurements show that electrical resistivity is
quite high compared to the ones obtained on other MAX phases. Such a
result is due to the large residual resistivity and to the electron-phonon
coupling constant which is higher than the ones determined in other
MAX phases. It is also demonstrated that the MR follows the Kohler’s
rule which implies that the MR is proportional to the square of the
charge carrier mobility. Finally, the main contribution to the thermal
conductivity is shown to be due to phonons.
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