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a  b  s  t  r  a  c  t

MAX  phases  in the  (Crx,V1−x)n+1AlCn system  were synthesized  by  reactive  sintering  or  hot  isostatic
pressing of elemental  powders  at temperatures  between  1400 ◦C and  1600 ◦C. For  n  =  1,  a complete
range  (0  ≤ x  ≤ 1)  of  solid  solutions  was  found;  for n  = 2  and  3  the solubility  ranges  were  0.25  ≤  x ≤ 0.75
and  0  ≤  x ≤ 0.5,  respectively.  Powder  X-ray  diffraction  revealed  that the lattice  parameters  of  all
(Crx,V1−x)n+1AlCn solid  solutions  followed  Vegard’s  law. The  thermal  expansion  coefficients  of  the  vari-
ous  compounds  were  determined  from  Rietveld  refinements  of X-Ray  patterns  obtained  at  temperatures
between  ambient  and  800 ◦C. For  the  n  =  1 and  3  phases  the  thermal  expansion  coefficients  were  almost
isotropic;  those  for the  n =  2, however,  were  quite  anisotropic  with  the  expansion  along  the  a-axis  being
significantly  larger  than along  the  c-axis.  As a general  trend,  vanadium  rich  compounds  have  smaller
thermal  expansion  coefficients  than their  Cr-rich  counterparts.

©  2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The Mn+1AXn (MAX) phases (n = 1–3) are nanolaminated lay-
ered carbides and nitrides, where M is an early transition metal,
A is a group A element, mainly from groups 13 and 14, and X is C
and/or N [1]. They have a hexagonal crystal structure (space group
P63/mmc), where the M atoms are in a near-closed packed arrange-
ment and are interleaved with pure A-group element layers, with
the X-atoms occupying the octahedral sites between the M layers
[2]. There are about 70 MAX  phases reported to date, that are classi-
fied by their n values as M2AX “211” (n = 1), M3AX2 “312” (n = 2), and
M4AX3 “413” (n = 3) [3]. By this time, it is fairly well established that
these materials have a unique combination of metal and ceramic
properties. For example, they are thermally and electrically con-
ductive, thermal shock resistant, machinable and damage tolerant
like metals. In addition, some of them have low densities, high elas-
tic stiffnesses and are oxidation and creep resistant like ceramics
[4–7].
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The structures and the properties of MAX  phases can be mod-
ified, and even tuned, by introducing a fourth, or more, element
into their structures. This is especially true here since, isostructural
solid solutions can be obtained on the M,  A and/or X sites. This com-
positional degree of freedom has been exploited by some to tailor
the MAX  phases’ properties. For example the oxidation resistance of
Ti3SiC2 improves upon the introduction of Al on the A-sites or when
Ti atoms are introduced on the M site to create Ti3(Si1−x,Alx)C2
and (Nb1−x,Tix)2AlC solid solutions, respectively [8,9]. Solid solu-
tion hardening effects were also reported for (Vx,Ti1−x)2AlC [10]
and Ti2AlCxNy [11] whereas a solid solution softening effect was
noticed for Ti3(Al1−x,Snx)C2 [12].

More recently, there has been a growing interest in MAX  phase
solid solutions as a way to achieve new properties. Most notably,
it was  demonstrated that a promising method to create magnetic
MAX  phases is to introduce Mn  in the structure of MAX  phases that
do not contain Mn  [13–17]. In addition, new ordered MAX phase
solid solutions have been recently synthesized [18–21] and pre-
dicted [22]. Indeed, it is more accurate to refer to the ordered n = 2
and n = 3 solid solutions as M′

2M
′′
AX2 and M′

2M
′′
2AX3, respectively,

to emphasize the existence of two inequivalent crystallographic
sites for the M atoms in these structures (M′ being closer to the

http://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.022
0955-2219/© 2016 Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.jeurceramsoc.2016.07.022
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.07.022&domain=pdf
mailto:thierry.cabioch@univ-poitiers.fr
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.022


16 J. Halim et al. / Journal of the European Ceramic Society 37 (2017) 15–21

A atoms). Liu et al. [18] thus obtained the (Cr2/3Ti1/3)3AlC2 com-
pound in which the Ti and Cr atoms are on the M′ and M′′ sites,
respectively. In the same way, Caspi et al. [19] confirmed the strong
tendency for the Cr atoms to occupy the M′ sites in (Cr0.5V0.5)3AlC2
and (Cr0.5V0.5)4AlC3 solid solutions. Similar behavior was obtained
for Mo  atoms in Mo2TiAlC2 and Mo2Ti2AlC3 [20,21].

Most germane to this work is the fact that the thermal
expansions of Cr2(Al1−x,Gex)C solid solutions can be tailored by
varying x. For x ≈ 0.75, the thermal expansion coefficients, TECs,
of the a-lattice parameters, a-LPs, and c-lattice parameters, c-LPs,
were nearly equal [23]. The present contribution builds on these
results and deals with solid solutions in the Cr-V-Al-C system, viz.
(Crx,V1−x)n+1AlCn (n = 1, 2, 3) for x = 0; 0.25; 0.5; 0.75; 1.0. This sys-
tem is of special interest since it is the only system, other than the
Ta-Al-C system [24], where phases exist for n = 1, 2 and 3. In most
other MAX  phase systems, only a subset is stable. Previously, Schus-
ter et al. [25] revealed that (Crx,V1−x)2AlC phases can be obtained
for 0 ≤ x ≤ 1. However, for the “312”, and “413” phases, only the
x = 0.5 solid solutions have to date been synthesized [19,26].

It is of special interest to study the evolution of the TEC’s of
these (Crx,V1−x)n+1AlCn solid solutions. In addition to the funda-
mental scientific interest that knowledge of this property garners,
the TEC values can have an important influence on the oxidation
resistance of these compounds, and therefore on possible applica-
tions. As mentioned above, some MAX  phases are resistant to high
temperature oxidation. For example Ti3AlC2 and Ti2AlC resist high
temperature oxidation up to 1400 ◦C due to the formation of a well
adhered, protective Al2O3 scale [27]. However, Cr2AlC shows cubic
rate oxidation and good hot corrosion resistance against molten
Na2SO4 up to 1000 ◦C only. Above that temperature spallation of
the Al2O3 layer takes place [27,28]. This spallation occurs due to
the TEC mismatch between Cr2AlC (13 �K−1) and Al2O3 (8 �K−1)
[29,30]. In this context, incorporation of V could improve the oxi-
dation resistance of Cr2AlC by decreasing its TEC. The rationale
behind this proposition is that V2AlC has a lower TEC (8 �K−1) than
Cr2AlC. As noted above, we already showed that to be the case in
the Cr2(Alx,Ge1−x)C system [23].

Here, we use high temperature X-ray diffraction to report on
the thermal expansions of (CrxV1−x)n+1AlCn solid solutions as a
function of both x and n.

2. Experimental details

Samples were synthesized by using powder metallurgy tech-
niques. Chromium (−200 mesh, 99.95%, Alfa Aesar GmbH & Co
KG Karlsruhe Germany), vanadium (−325 mesh, 99.8%, Alfa Aesar
GmbH & Co KG Karlsruhe Germany), aluminum (40–325 mesh
99.8%, Alfa Aesar GmbH & Co KG Karlsruhe Germany) and graphite
(<40 �m,  Chemwatch) powders were first weighed to obtain the
requisite molar compositions. In all cases, an excess of 10 at.% Al was
used to compensate for its loss by evaporation during the sinter-
ing process. These powders were then mixed for 3 h in a TurbulaTM

mixer. Cylindrical compacts 3–4 g in weight, 12 mm in diameter,
were obtained by cold pressing the mixed powders in a uniaxial
press at a load corresponding to a pressure of 200 MPa.

Ten different starting nominal compositions – all listed in first
column in Table 1 – were prepared. These compositions were then
either pressureless sintered, PS, in a tube furnace under flowing
Ar, in the 1400 ◦C to 1600 ◦C temperature range or hot-isostatically
pressed, HIPed at 1450 ◦C. Twenty eight different runs – listed in
columns 2 and 3 – of varying durations were carried out.

As noted above, several samples were also HIPed. Those are des-
ignated by HIP in column 2 in Table 1. In this case, the cold pressed
cylindrical samples were sealed under a mechanical vacuum inside
borosilicate glass (Pyrex) tubes. The HIP was then heated to 1450 ◦C

and pressurized, using Ar gas, to a pressure of 80 MPa  and held at
temperature for 4 h, before furnace cooling. The dense compacts
were then further annealed for 1 h at 700 ◦C under Ar flow to relax
any internal stresses that may  have accrued during the HIPing pro-
cess.

After a mechanical polishing, all samples were characterized at
room temperature, RT, by XRD in a Bragg-Brentano configuration
using a diffractometer (B8 Bruker) operating at 40 kV, 40 mA with
Cu-K� radiations with a LynxEyeTM rapid detector and a fixed diver-
gence slit of 0.4◦. Steps scan of � 2� = 0.01–0.02◦ for 2–3 s per step
were typically used for obtaining the RT XRD patterns.

In situ HT-XRD patterns were also obtained for select sam-
ples using an Anton-Paar device (Domed Hot Stage for Four-Circle
Goniometers (DHS 1100)) with a graphite dome mounted in line in
the same X-Ray diffractometer. To accurately determine the tem-
perature of the samples hexagonal boron nitride, h-BN, powder
was evenly distributed on the MAX  samples’ surfaces. h-BN pos-
sess a relatively large and well known thermal expansion along its
c-axis (c (Å) = 6.6516 Å + 2.74 × 10−4 T Å ◦C−1) [31] allowing a pre-
cise determination of the samples’ temperatures when the c-LP of
h-BN were deduced from Rietveld refinement of the X-Ray diffrac-
tograms.

A XRD pattern of a chromia standard powder (NIST 674b) was
collected at the same geometrical conditions to generate an instru-
mental resolution function to account for experimental broadening,
and to estimate the systematic uncertainty in the determina-
tion of the lattice parameters (LP). Rietveld refinements of all
diffractograms were performed using the Materials Analysis Using
Diffraction (MAUD) software [32]. At RT, the uncertainty in the LPs
is lower than 0.013% and 0.03% for the a and c LPs, respectively; at
higher temperatures the uncertainly is lower than 0.03% and 0.07%
for the a and c LPs, respectively.

Using the Rietveld refined LPs in the 200–800 ◦C temperature
range, the linear TECs of the phases in this study were calculated
by fitting �L/Lo, where L is either the a- or c-LPs, and Lo is their value
at RT, with a linear fit. This method, however, underestimates the
uncertainty in the calculated values, as it ignores the variations on
the TECs with temperature. Thus, an average linear method was
also used to calculate the TECs using discreet derivatives of the
measured data. For more details see Refs. [33,34].

3. Results and discussion

Columns 5–10 in Table 1 summarize the weight percentages of
the different phases – obtained from Rietveld analysis – for all 28
runs carried out in this study. The RT XRD for the HIPed samples are
plotted in Fig. 1 whereas a typical result of a Rietveld refinement of a
XRD diagram is given in Fig. 2. Before proceeding, it is worth noting
that the weight percentages, listed in Table 1, are not necessarily
fully representative of the average composition of each sample. Said
otherwise, they need to be taken with a grain of salt because Al loss
from the powdered bed samples is not uniform. For example, Al loss
was found to be highest near the surfaces exposed to the Ar gas for
the pressureless sintered samples. It follows that the exact fraction
of each phase obtained will depend on where exactly the XRD were
obtained. Fortunately, this does not affect any of the conclusions
reached herein since the TEC results are obtained from the peaks
belonging to each phase.

A perusal of the results listed in columns 5–10 in Table 1 indi-
cate that for the PS samples of the 211 composition, the 211 phase is
predominantly obtained when the reactive sintering temperature
was 1400 ◦C. Nevertheless, even at this temperature, the lowest
used in this study, in some cases and especially for the V-rich com-
pounds, Al-loss resulted in the formation of 413 phases for x = 0
composition, and 312 phases for the x = 0.25 and 0.5 compositions.
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