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Abstract

Ti2AlCxNy solid solutions are synthesized using hot isostatic pressing. The X site solid solution effects are investigated, focusing on the
microstructure, electronic structure and transport properties of the Ti2AlCxNy MAX phases. Combining X-ray diffraction with scanning
electron microscopy and wavelength dispersive X-ray spectroscopy measurements, it is shown that solid solutions can be synthesized with
well-controlled chemical compositions in the entire composition range (x = 0–1). The measured a and c lattice-parameter values are
shown to be in good agreement with those calculated using the cluster-expansion formalism. Combining electron energy-loss spectros-
copy (EELS) and band structure calculations, it is demonstrated by Arroyave et al. that solid solution effects induce weak perturbations
on the electronic structure. The solid solution effect thus results mainly in a rigid shift of the Fermi energy in a flat part of the electron
density of states of Ti2AlC (or Ti2AlN). From these observations, the variations in two key parameters of the conductivity are rational-
ized. The relative variations in the residual resistivity in the whole composition range are shown to be small, which agrees well with the
weak disorder evidenced by EELS. However, the values of the slope of the variation in resistivity vs. temperature are shown to vary quite
significantly, evidencing a deviation from Matthiessen’s rule in these systems. By comparing the experimental data with calculations
based on the semi-classical Boltzmann equation, it is demonstrated that the observed variations are due to a combination of band
structure effects and changes in the scattering mechanisms. Finally, vacancies are also shown to have a prominent effect on the transport
properties of Ti2AlCxNy solid solutions. In particular, both residual resistivity and dq(T)/dT values are shown to be significantly higher
than those of the corresponding stoichiometric compounds.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mn+1AXn phases (with n = 1, 2 or 3) form a wide class
of nanolaminated ternary carbides or nitrides, with a
hexagonal structure, where M stands for an early transition
metal, A for an A-group element, and X for either carbon

or nitrogen [1–9]. In addition to the considerable possibil-
ities of changing the chemistry of these systems by playing
on the M, A or X elements, solid solutions can also be
synthesized on every one of these three atomic sites,
thereby allowing the tuning of their electronic, mechanical,
optical or thermal properties [10–17]. In these so-called
MAX phases, the Mn+1Xn layers, characterized by mostly
strong covalent M–X bonds, are interleaved with A layers
through weaker M–A bonds. This inherent nanolayered
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structure provides a unique combination of metal-like and
ceramic-like properties: machinability, good electrical and
thermal conductivity, high thermal shock resistance, good
oxidation resistance and stiffness at high temperatures [9],
which opens the way to diverse potential applications.

Among the most investigated applications to date are:
(i) the realization of ohmic contacts on wide-gap semicon-
ductors to achieve high-quality devices using Ti-based
MAX phase compounds [18–21]; and (ii) use in future
nuclear power plants [22]. Moreover, because of the combi-
nation of their nanolaminated structure and versatile
chemistry, these materials were also shown to exhibit
promising properties as magnetic inherent nanolaminates
[23], and are precursors for a new class of two-dimensional
materials, the MXenes [24–27]. In this context, solid solu-
tion effects play a key role in MAX phase properties: they
induce magnetism and the possibility of tuning some prop-
erties [17], and allow the stabilization of MXene carbonit-
rides or of new MAX phases compounds (such as
(Cr0.5V0.5)n+1AlCn with n = 1, 2 and 3) [28]. A corollary
to these effects is a modification of the electronic properties
of the materials compared with the reference system. In this
context, the present authors’ purpose is to systematically
investigate these solid solution effects in the Ti2Al(CxNy)
(x,y = 0–1) system by focusing on the microstructure, elec-
tronic structure and related transport properties.

MAX phase carbonitrides, in particular Ti2AlCxNy

phases, are one of the most important examples of MAX
phase solid solutions on the X site. Since Ti–N and Ti–C
have similar chemical bonding characteristics, resembling
those of TiC and TiN binary compounds, it is possible to
form a wide range of Ti2AlCxNy solid solutions [29,30] with
different physical properties. For example, Ti2AlC0.5N0.5

has been reported [29,31,32] to be significantly harder than
either of its end-members Ti2AlC and Ti2AlN, and there
may be other ratios of C and N with even better properties.
As a prerequisite to their application for ohmic contacts,
MAX phase electronic properties and especially the modi-
fications resulting from solid solution and/or vacancy
effects must be properly studied and understood. Scabarozi
et al. [33] have shown that the Ti2AlC0.5N0.5 solid solution
has a higher residual resistivity (RR) than the Ti2AlC and
Ti2AlN end-members. This higher RR has been attributed
to scattering by impurities, vacancies or other defects.
Results also suggest that vacancies are potent electron scat-
terers, as is well established in binary transition carbides
[36,37]. Indeed, it has recently been proposed that Ti2AlCxNy

solid solutions can have a significant number of vacancies
on the X site [30]. Even if the stoichiometry of the Mn+1-

AXn compounds is generally assumed to be 2:1:1; 3:1:2
and 4:1:3 for n = 1, 2 or 3, respectively, small differences
from this “ideal” stoichiometry can exist and can strongly
influence the physical properties. In other words, it is of
great interest to know not only the microstructure, but also
the exact stoichiometry of the MAX phase compounds
when comparing properties of MAX phase samples (see
Ref. [38] for a recent review).

In order to understand the microstructure/stoichiome-
try/transport properties relationships, the present paper
reports on the synthesis, microstructural and electronic
structure characterizations, with special emphasis on the
transport properties of Ti2AlN, Ti2AlC and a series of
Ti2AlCxNy solid solutions. The samples’ microstructure
was finely characterized combining X-ray diffraction
(XRD), scanning electron microscopy (SEM) and wave-
length dispersive X-ray spectroscopy (WDS) to accurately
determine the samples’ composition. The electronic
structure and local order induced modifications were inves-
tigated using electron energy-loss spectroscopy (EELS) per-
formed in a transmission electron microscopy (TEM) [39].
This technique allows the analysis of core electron excita-
tions (similarly to X-ray absorption spectroscopy) with
the spatial resolution inherent in TEM, thereby giving
insights into the site-projected unoccupied density of states
(DOS) of the excited element at the single grain level. That
EELS and, in particular, electron energy-loss near edge
structures (ELNES) is sensitive to disorder was demon-
strated on various compounds: (i) in yttria stabilized
zirconia, (Y2O3)x(ZrO2)1�x, the blurring-out of the O–K
edge fine structures was shown to be characteristic of the
disorder on the oxygen sublattice [40]; (ii) in CaTi1�xZrxO3

solid solutions, the O–K edge fine structures were shown to
be sensitive to the x content as well as the pre-edge
structures in the Ti–K edge, which was shown to be a semi-
quantitative probe for the short-range cation order [41]. The
present study focuses mainly on the X element K-edge (i.e.
excitation of a carbon or nitrogen 1s electron) of the solid solu-
tions. The X element core loss spectra were recently shown to
be a valuable probe for investigating the local disorder
induced in Ti3AlC2 by light ion irradiation [42], and the
carbon and nitrogen K edges have been used to investigate
alloying effects in the TiCxNy system [43]. The transport prop-
erties were investigated using a four-point probe method for a
temperature range going from 20 to 300 K. Both EELS and
transport properties were analyzed using ab initio calculations
performed in the density functional theory framework.

The paper is organized as follows. In Section 2, the exper-
imental methods (synthesis and characterization) are
described. Section 3 describes the theoretical methods that
are used in order to interpret both the EELS spectra and
the transport data. Finally, the results and discussion are
presented, which evidence: (i) the possibility of finely con-
trolling the solid solution stoichiometry; (ii) the relatively
low disorder induced in the structure when making solid
solutions on the X site; (iii) the important role of electron–
phonon interactions in the transport properties variations
observed for the solid solutions, leading to deviations from
Matthiessen’s rule in these compounds; and (iv) the major
role of vacancies as scattering centres for the electrons.

2. Experimental methods

Powders of Ti (<45 lm, 99.5% purity), Al (<45 lm,
99.5% purity), AlN (<45 lm) and TiC (<45 lm, 99.5%
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