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Abstract

The milling, cold compaction and thermal annealing (4 h—1400 °C-Ar flow) of Ti, TiC, Al and AIN powders were used to produce Ti, AI(C,N;_y))y
compounds with x=0, 0.25, 0.5, 0.75, 1 and 0.7 <y < 1. X-ray diffraction analysis, scanning electron microscopy observations combined with
microanalysis confirmed the formation of the almost pure 7i,AI/C,N,_,, carbonitrides for y =1 whereas increasing amounts of titanium aluminides
were formed when y decreases. Proportions of the different phases deduced from Rietveld refinements of the X-ray diffractograms indicate that
no or very poor substoichiometry in carbon was possible in carbide whereas C and N deficiency can be achieved in nitrides and carbonitrides
Ti,AIC:N(_y. Electron Energy Loss Spectroscopy investigations confirm that carbonitrides can have at least 20% of vacancies on the C or N site.
The a lattice parameter varies linearly with x whereas it is not the case for the c lattice parameter, its values being lower for the carbonitrides.
Furthermore, a strong broadening of the carbonitrides’ XRD peaks is observed, a phenomenon that can be mainly attributed to C and N concentration

gradients inside the samples.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The M,,+1 AX;, phases (n=1-3, or ‘MAX phases’) are a group
of transition metal (M) carbides and nitrides (X) interleaved with
an A-group element, with an inherently nanolaminated crys-
tal structure that imparts an exciting combination of ceramic
and metallic properties to these phases. Up-to-date exhaustive
reviews about these compounds can be found in Refs.1, 2.

It is well known that it is possible to obtain isostructural
MAX phases solid solutions both on M, A, and X-sites. !
MAX carbonitrides, e.g. M,,+1 A(C,N),, phases and in particular
Tip Al(C,N), are the most important examples of MAX phases
solid solutions on the X site. N and C have similar chemical
bonding characteristics, resembling those of the binaries TiC
and TiN, and consequently one can form a wide range of
Tip Al(C,N) solid solutions. This is important not only because
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it allows to understand correlations between chemistry and
physical properties, but also because it offers the possibility
to tune the properties of these compounds. For example,
Tip AlCo 5Nps has been shown3™ to be harder and stiffer than
TipAIC and TipAIN. In addition to the carbonitrides, it has
recently been demonstrated that MAX oxycarbides and oxyni-
trides, TipAl(C,0) and Tio AI(N,O), can be formed, either due
to incorporation of oxygen from the residual gas in a vacuum
deposition process,6 or due to a reaction between a TiC, TiN, or
Ti»AIC film with an Al,O3 substrate.” Although pure Mo AX
oxides, e.g. TipAlO, are likely unstable, there are theoretical
indications that the oxygen saturation content on C sites in
M,+1A(C,0), solid solutions may be as large as 25-75%.10
The general formula M,,;1 AX,, gives the different MAX stoi-
chiometriesas 211 (n=1),312 (n=2),and 413 (n=3). However,
“2117, “312”, and “413” are not necessarily the exact stoi-
chiometries. It is well documented that the binary carbides
and nitrides, which constitute the MX building blocks in the
MAX phases, can exist in a wide composition range. TiC, for
example, has a single-phase field from TiCg s to TiCoos!! and
some of its physical properties (e.g. electrical resistivity, thermal
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conductivity)!%!3 strongly vary with the introduction of car-
bon vacancies. It also exists in a wide range of solid solutions
between TiN and TiC. Indeed, Ti(C,N) layers are largely used
for cutting tools and wear resistant coatings. Wear resistance
improvement and hardness increase of titanium carbonitrides
thin films were extensively studied over the last 20 years. Not
surprisingly, substoichiometry in C and N can be easily obtained
for such carbonitrides.

Substoichiometry of the X component in the MAX phases
is therefore expected. Several results in the literature show that
TiL AIN,' TizAIN3, 15 TizAlC,,'¢ and V4AIC3,'7 can be sub-
stantially substoichiometric in the X element. From Density
Functional Theory (DFT) calculations, it has been predicted
that the introduction of N or C vacancies in Ti4AIN3_s and
V4AIC3_s, respectively, increases the phase stability relative to
the stoichiometric 413 phases.'®!° In contrast, a similar calcula-
tion for a-Tag AIC3 suggests that a small amount of C vacancies
in Ta4AIC3 reduces its stability compared to the stoichiometric
structure,?Y and there are no experimental indications that o-
Tas AlC3 is understoichiometric in C.2122 Nevertheless, there is
most likely a stoichiometry range for X-site vacancies for most
MAX phases, as for the binary carbides and nitrides.

The combination of X-site substoichiometry in a solid solu-
tion is interesting to study from a fundamental point-of-view and
also because it is known to affect properties such as hardness and
conductivity. While Pietzka and Schuster?® reported a continu-
ous range of solid solutions in TipAl(Cy,Nj_x)o.8, Systematic
studies of these effects are essentially lacking. Therefore, in this
paper we report on the possibility of having C and/or N vacan-
cies in the TipAl(C,N) compounds by varying systematically
the carbon and nitrogen concentrations in reactants and then by
considering the products obtained after performing an identical
thermal treatment.

2. Experimental details

Tip Al(Cy,N1_x)y compounds were synthesized by using con-
ventional powder metallurgy techniques. Commercial Ti, Al,
AIN and TiC powders were carefully weighed to obtain the
nominal compositions: 2Ti:1.1ALxyC:(1 —x)yN. An excess of
10% Al was chosen to compensate the loss of aluminum by
evaporation during the sintering process. After 4h of mixing
(Turbula™ shaker), cylindrical compacts, 12 mm in diameter
and 3 or 4 g in weight, of the mixed powders were hand pressed
(uniaxial cold compaction). The so obtained cylinders present
a good green strength and an open porosity of ~40%. Natu-
ral reactive sintering of all samples was performed in a furnace
(Nabertherm™) maintaining a primary vacuum up to 400°C
to avoid oxygen contamination. A constant argon flow was
then applied for higher temperatures till the end of the ther-
mal procedure which consisted in maintaining the samples at
1400°C for 4h. The porosity and the true density of the so
obtained samples were measured by using Archimedes’ law
and Helium picnometry. One face of the cylindrical samples
was mechanically polished prior to further characterizations. X-
ray diffraction (XRD) data were obtained on the polished face

using the Cu Ka radiation of a Bruker D8 advance diffractometer
in the Bragg—Brentano geometry, the divergence and receiving
slits being set at 0.02 mm. The selected 26 range (10-80°) covers
most of the intense peaks of TipAIC,N;_,. The instrument was
operating at 40 kV and 40 mA. Steps interval of 0.02° or 0.03°
(26) and counting time varying between 5 and 20 s for each step
were used. The pattern of a Cr,O3 powder (Standard NIST 600)
was collected at the same geometrical conditions to generate
an instrumental resolution function to account for the experi-
mental broadening. Rietveld refinements of the diffractograms
were performed using the Materials Analysis Using Diffraction
(MAUD) software.2*

The polished surfaces of all the samples were also exam-
ined in a scanning electron microscope (SEM) (JEOL 5600 LV).
Energy Dispersive X-ray (EDX) microanalysis were performed
in the SEM to determine the global Ti/Al ratio of the sample;
but also that of the different phases observed, at a micrometric
scale, on backscattered electrons SEM images. Some samples
were prepared for Transmission Electron Microscopy (TEM).
The polished surfaces of sintered samples were scratched by a
diamond tool to get small amount of powders. These last were
hand milled with an agate mortar in an agate crucible to obtain,
on the boarder of micrometric grains, areas thin enough for
TEM and Electron Energy Loss Spectroscopy (EELS) analysis.
TEM-EELS experiments were performed in a JEOL 2200-FS
operating at 200kV equipped with an in-column omega filter.
Spectra were dark count corrected and deconvoluted from mul-
tiple scattering using a Fourier—Ratio technique. The standard
procedure implemented in the Gatan Digital Micrograph soft-
ware was used to perform the quantification of C/N ratio from
the carbon and nitrogen K edges. The error on a single quan-
tification is estimated to be on the order of 10% as confirmed
when performing measurements on various grains of the same
composition.

3. Results and discussion
3.1. TiAICN(j—x) carbonitrides

Results obtained on Ti; AIC,N(j_y) compounds (then after
called “stoichiometric compounds” for simplicity to distin-
guish them from nitrogen- and/or carbon-deficient compounds)
are at first described before discussing the results obtained
for nitrogen- and/or carbon-deficient compounds. Porosimetry
experiments showed that all samples were porous whatever the
stoichiometry. If the carbide sample (x= 1) exhibits the largest
porosity (45%), this last progressively decreases with an increas-
ing nitrogen content down to a value of 32% for the pure nitride
(x=0). SEM observations confirm these results, as numerous
pores are observed (Fig. 1). In Fig. 1b are evidenced grains,
2-10 pmin size, as well as flat polished sections of dense aggre-
gates. For all samples, EDX showed that the overall Ti/Al ratio
is very close to 2. This confirms the expected loss of approx-
imately 10% of the aluminum during the reactive sintering of
the samples. No oxygen was detected whereas Ka lines from
C and N were easily observed, especially on the micrometric
grains as those seen in Fig. 1b. In contrast, at the center of
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Fig. 1. Typical SEM micrographies (secondary electrons) of a polished sec-
tion of Tip AIC;N(j_x) samples. Large scale view (a) and higher magnification
micrography from an area between denser aggregates (b).

some of the flat denser polished section, only Ti and Al were
detected showing the presence of small amounts of titanium
aluminides (TiAl and/or TiAly) in the samples. Tip AIC,N(—y)
compounds were characterized by XRD and Fig. 2a is a typ-
ical example of the diffractograms obtained in the 10-80° 26
range. From these XRD spectra, it appears that the samples are
not single phased. In addition to the predominant presence of
diffraction peaks from the MAX phase Tip AIC,N(j ), diffrac-
tion peaks attributed to titanium aluminides (TiAl or TiAly),
titanium carbonitrides (TiC;N(j—)) and Ti3 AIC, were observed.
Good Rietveld refinements of the XRD data (R, generally below
10%) allow to quantify the amounts of these secondary phases
(this will be more precisely described in the next section).
As a general trend, all samples contain very small quantities
of titanium aluminides (0—4 wt.%) and titanium carbonitrides
(0-2 wt.%), and increasing amounts of Ti3AlC, were obtained
for carbon-rich compounds (7.5 and 21.4 wt.% for x=0.75 and
x =1, respectively). On the basis of these observations, it is pos-
sible to conclude that the large amount of micrograins observed
by SEM are Tip AIC,N(| ) grains. It is important to note that no
preferential orientation of these micrograins was evidenced from
SEM observations. This is in accordance with the fact that no
texture has to be introduced to refine the X-ray diffractograms,
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Fig. 2. XRD diffractograms and Rietveld refinements of Tip AIC;N( ) com-
pounds. Residual is shown below every diffractogram. (a) Typical XRD
diffractogram obtained for the case x=0.5 in the 10-80° 26 range. (b) Evolution
of the XRD diffractograms for various x values in the 50-80° 26 range (Main
diffraction peaks come from Tip AIC;N(j_y). Only clearly visible diffraction
peaks from secondary phases are indexed.).

and is of importance to the reliability of the amount of the differ-
ent phases computed from Rietveld refinement. These remarks
remain true for all the samples and XRD data discussed in this
work.

Fig. 2b shows X-ray diffractograms for different x values in
a smaller 26 range. Two main features are observed: a progres-
sive shift of the diffraction peaks from Tip AIC;N(j—y) towards
lower 26 values when the amount of carbon increases, and a
strong broadening of the diffraction peaks for the carbonitrides
in comparison to the pure Ti AIN and Ti AlC.

The first feature is explained by an evolution of the a and/or
c lattice parameters of the hexagonal MAX phase. This evolu-
tion of the lattice parameters is plotted in Fig. 3. The obtained
values are given in Table 1 and compared to literature values.
From Rietveld refinements of the XRD data, quite accurate val-
ues of the a and c lattice parameters were obtained using the
MAUD software. Uncertainties of 5 x 107> A and 5 x 107* A
were typically obtained for a and ¢ parameters, respectively.
We can immediately note that the a lattice parameter is a linear
function of x. Such a linear relation was also observed for the
titanium carbonitrides TiC,N(_y). A comparison of the evolu-
tion of the interatomic distance between Ti atoms in the case of
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Table 1

Lattice parameters of Tio AIC,N( _y) for various carbon contents deduced from Rietveld refinement of XRD spectra (this work). Lattice parameters from the literature
are also given. The experimental values from the literature correspond to average values (5 values from Refs.3, 26, 27, 30, 31 for x=0, 2 values from Refs.3,4 for
x=0.5 and 22 values from Refs.3,26-29,31,33 for x= 1. The associated uncertainty is the standard deviation for x=0 and x =1 and the difference between maximum

and minimum values for x=0.5.

x (C at conc.)

0 0.25 0.5 0.75 1
a (nm) 0.29891(2) 0.30071(1) 0.30250(5) 0.30462(4) 0.30625(5) This work

0.29888 -0.00018 0.30220 +0.0001 0.305154+0.00129 Experimental values from literature
¢ (nm) 1.3615(1) 1.3605(4) 1.3608(4) 1.3614(5) 1.3668(1) This work

1.36123 0.00072 1.36100

1.36423 +0.00495 Experimental values from literature

TiC,N(1—y> and Ti;Al(C,N(j_y) is also given in Fig. 3(a).
These similarities are expected given the close relationships
between the M, 1 X, layers of the MAX phase and that of the cor-
responding binary MX compounds. Even if inhomogeneities in
the carbon and nitrogen atomic distribution cannot be excluded,
these results evidenced the existence of a random solid solu-
tion on the X site. Such a conclusion is in agreement with that of
Arrdyave and Radovic.3? On the basis of ab initio investigations,

(a) 0,307 - + This work
0,306 T TiCNux
[i!
0,305 ® Literature (experimental) g
= *
E 0,304 =
Pt m e
% 0,303 L Ll
S 03024 - ‘
& :
© 0301 4 I ";_:
05 { m@ =
0,299
0,298 + ' )
0 0,25 05 0,75 1
Carbon content (x)
(b) 1372
+ This work
1,37 4
@ Literature (Experimental)
£ 1368
c
< L 3
é 1,366 -
o ®
364
g
(8]
1,362
? 4 .
* *
1,36 1
1,358 : T T )
0 0,25 05 0,75 1

Carbon content (x)

Fig. 3. Evolution of the a and c lattice parameters ((a) and (b) respectively)
as a function of carbon content of the Tip AIC,N(j_, compound. Values from
this work are compared with those reported in literature (average values from
several experimental studies), error bars for literature values corresponding to
the standard deviation (see Table 1 for further details). In (a), linear regressions
are plotted (dashed lines) and the distance d between Ti atoms in TiC,N(j_y)
compounds? is given for comparison.

these authors concluded that a short range ordering between C
and N atoms is energetically favored, but the C-N interaction is
so low that one can easily obtain a random solid solution. The
values of the a parameter obtained here are in very good agree-
ment with experimental ones from the literature, especially for
x=0, 0.5. For x=1, the agreement is good too, but it is worth
mentioning that high discrepancies exist for values reported in
literature in that case.

In contrast to the case of the a parameter, a quite surprising
result is obtained for the evolution of the ¢ parameter since its
value is always lower for carbonitrides than for the pure carbide
or pure nitride (but very close to the latter). Such an observation
was already reported for x=0.5 by other authors>* and a very
similar evolution is obtained for calculated values.> This work
thus confirms that, at least up to 75% of carbon, carbonitrides
have lower ¢ values compared to the pure ternary compounds.
Further theoretical investigations are required to explain this
behavior. Nevertheless, such a decrease in the ¢ parameter may
reflect a breaking of symmetry of the charge modulation along
the ¢ axis compared to the one occurring in the defined ternary
compounds. Furthermore one will have to explore the range
0.75<x<1 to determine if this observed decrease of the ¢
value is a general trend for the titanium aluminides carboni-
trides. On the other hand, one should pay attention on the fact
that in the literature, a value of ¢ = 1.36 nm is generally reported
for Tio AIC.3! By considering this value, one could consider that
the value of the ¢ parameter remains almost constant irrespec-
tive of x in Tip AIC,N(j _y). Furthermore, as already mentioned,
strong discrepancies exist in the literature for the value of the
¢ parameter (see Fig. 3b and Table 1). This is poorly discussed
in the literature. Only Pietzka and Schuster?® noticed this phe-
nomenon and concluded that it can be related to the fact that
Tip AIC can have a strong carbon deficiency (this will be more
discussed in the next section).

The second important feature, the diffraction peak broad-
ening for the carbonitrides (more pronounced for x =0.5), most
likely originates from microstrains. Broadening due to a decreas-
ing size of the coherent diffraction domains can be safely
excluded since this broadening effect does not occur for some
diffraction peaks (especially for 0002n, n=1, 2, 3, ...). The
fact that the broadening of the diffraction peak varies with
the plane index clearly indicates it results from anisotropic
microstrains. This is confirmed by the very good quality of
Rietveld refinements obtained when considering Popa rules’>
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Fig. 4. Microstrain values deduced from Rietveld refinements of the XRD spec-
tra for selected well observable diffractions planes.

for refining the shape of the peaks. As described by Popa, there
are relationships between the crystallography of the studied
phase and the broadening of the diffraction peaks of different
index. In the present case (hexagonal symmetry) three indepen-
dent microstrain coefficients can be computed to achieve good
refinements of all diffraction peaks. Values of the microstrain can
thus be determined for all planes; in Fig. 4 are reported these
values for the most intense Bragg’s reflections. Larger values
are obtained for planes perpendicular to the ¢ axis of the hexag-
onal unit cell. In contrast, almost no microstrain exists along the
basal planes (e.g. (00 0 2n) planes). This variation in microstrain
broadening of the diffraction peaks can be explained by con-
sidering carbon and nitrogen concentration gradients. Indeed,
small variations in nitrogen and carbon content in the carboni-
tride lead to different a and ¢ parameter values. In contrast to
what happens when using Hot Isostatic Pressure (HIP) methods,
slow diffusion processes act during the reactive sintering of the
samples and thus larger concentration inhomogeneities on the X
site can be obtained for natural sintering. Furthermore, whereas
an increase of 10% of carbon in the carbonitride leads to an
increase of 0.25% of the a lattice parameter, the related ¢ value
is only modified by about 0.02%. In other words, whereas a
strongly varies, ¢ remains almost constant for 0 < x <0.75. This
fully explains why no noticeable broadening of the (000 2n)
diffraction peaks is observed. In contrast, this will give rise to
broad diffraction peaks for nonbasal planes. Finally, it is impor-
tant to note that this explanation, e.g. the assumption of existing
N and C concentration gradients, does not exclude that intrin-
sic microstrains can exist in MAX phase carbonitrides, but their
levels will likely be much lower than those here obtained.

3.2. Nand C deficiency in TiAl(CyN(j—x))y carbonitrides

In the previous section, we assumed that y=1. One of the
main goal of this work is to study the possibility to achieve
substoichiometry in carbon and/or nitrogen in Ti; AI(C,N) com-
pounds and initial amount of the powders were chosen to try
to obtain y values varying from 0.7 to 1. For the ideal case, the
synthesis of single-phased MAX phase material implies that the
desired y value is obtained. If not the case, a multiphased material
is obtained and the proportion of Tip Al(C,N) is y, it means that no

oTi Al OTIAl aTiCN, = TiAIC
]
] =08 o e s L A
Jhete A =
B o e s
g A YU . ML“ 3 Joos
Lama— , = : : . ;
10 20 30 40 20(0) 50 60 70 80

Fig. 5. XRD diffractograms and corresponding Rietveld refinements obtained
for x=0.25 for increasing from bottom to top C and N content y in
Tiz AI(CyN(1-y))y. Residual is plotted below each diffractogram.

carbon and/or nitrogen substoichiometry is achieved in the MAX
phase. For intermediate cases, the true values of x (noted x;) and
y (noted y;) in the material have to be determined. In the follow-
ing, x and y designate the stoichiometry of the reactants whereas
x; and y; as the true values for the product TizAl(CX,N(l_xt)))yl.

In Fig. 5 are plotted the typical X-ray diffractograms related
to decreasing y values. Whatever the value of x is, one observes a
contribution of titanium aluminides (TiAl and Tiz Al) to the XRD
spectra that increases with decreasing y values. This increasing
amount of these two titanium aluminides is confirmed by SEM
and EDX (not shown). Larger dense areas, free of N and C as
determined by EDX, can be observed in a backscattering mode
whereas the micrograins at the border of these areas and between
these last are grains of MAX phase. No noticeable modification
of the MAX phase grain size was deduced from SEM obser-
vations. From porosimetry experiments, we also note that the
samples’ density increases when y values decrease. This can sim-
ply be explained by the increasing amount of dense intermetallic
materials for decreasing values of y.

These observations prove that single-phased material is not
obtained in every case and that true values of carbon and nitro-
gen concentration in the MAX phase has to be determined.
Unfortunately, quantification of C and N inside one phase
of a multiphased porous material is not obvious since most
commonly used techniques determine global C and N concen-
trations. Therefore we used EELS as a tool to determine C
and N concentrations in selected grains of different samples
to assess the accuracy of the x; and y; values deduced from
the phases’ quantification obtained from Rietveld refinement of
X-ray diffractograms.

All X-ray diffractograms were refined to determine the
amount of the different phases in our samples. Fig. 6 gives a
summary of the proportion in weight of the different phases
present in our samples deduced from these refinements that
were all of good quality (R,, values below 10%). As already
mentioned, an increasing amount of titanium aluminides (TiAl,
Ti3Al) is observed when y< 1. Using fractions of the different
phases deduced from these refinements, we computed the true
density of the related samples. The values so obtained were very
close to those obtained by porosimetry (difference below 1%).
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Note that helium picnometry directly gives the true density since
we have only open porosity in our samples.

The values of x; and y; were then deduced from the following
balance equation:

2Ti + Al 4+ xyC 4+ (1 — x)yN — a1 Tio AIC;N; + a» Tiz AlC;
+ a3TiCyNy, + a4TiAl + asTiz Al + agTiAly+a7TisAIN
(1)

where «; denotes the molar content of the different products for
I mole of reactant Tip AI(CyN(1—y))y. Their values are deduced
from weight fractions of the different competeting phases. If we
consider the balance for every atomic species, we get:

For T;: 2=201+3a+ a3 +o4+3as+ag+ 37 (2)
For Al: 1= +ar+aq+ as+ 206+ a7 3)
For C: xy=sa1+ 202 + va3 “4)
For N: (1 —x)y=ta; +was + o7 @)

In these relations, s, ¢, v and w are four unknown parameters
one wants to determine. At first, a very simple assumption can
be made for v and w (C and N content of the titanium carboni-
tride): v~ x and w = (1 — x). Such an assumption is reasonable
because a full solid solution can easily be obtained for titanium
carbonitrides and we can consider that C and N concentrations
in the formed Ti(C,N) are very similar to those of the reactants.
Secondly, and it is the most important consideration, values of
a3 (Ti(C,N) proportion in the products) are very small (the max-
imum value is 2% and Ti(C,N) presence is noted for only 4 out
of 16 studied samples). With such assumptions, s and ¢ can be
obtained from:

s xy(l — a3) — 200

= XtYt
o]

o =0yl —a3) —ag
= ”

= —-x)y

this leads to:

1—w3) —2ap — &
y,=s+t=y( 3)0[l 2 — o ©)

Table 2

Values of x (carbon content) and y (total stoichiometry in C and/or N) of the
reactants compared to the values x; and y, of the product Ti AI(Cy, N(1—x,))),,
deduced from Rietveld refinements of the XRD diffractograms.

X Xt y Vi

0 0 1 1

0 0 0.85 0.90£0.02
0 0 0.7 0.85£0.02
0.25 0.24 £0.01 1 1.00 £0.02
0.25 0.25£0.02 0.9 0.92£0.04
0.25 0.25£0.01 0.8 0.86 £0.02
0.5 0.49 £0.02 1 1.00 £0.05
0.5 0.50£0.02 0.85 0.88 £0.04
0.5 0.51£0.04 0.7 0.80£0.03
0.75 0.74 £0.01 1 0.97£0.03
0.75 0.74 £0.02 0.9 0.96 £0.04
0.75 0.75£0.02 0.8 0.88 £0.04
1 1.00 1 0.89 £0.04
1 1.00 0.9 0.95£0.02
1 1.00 0.8 0.96 £0.02
1 1.00 0.7 0.98 £0.03

xy(l — a3) — 20

Xt

= @)

Y —a3) =200 — 7

From this set of equations, x; and y; values can thus be easily
computed. Nevertheless, this model suffers from uncertainties
which have to be considered before analyzing the values of x;
and y;. The MAUD software we use to perform Rietveld refine-
ment gives uncertainties values for the o; parameters. These
uncertainties strongly vary with the amount of the different
phases. Typically, whereas an uncertainty Aaq =0.01 to 0.02
was obtained for the amount of the main phase (Ti;Al(C,N)),
relative uncertainties Aw;/o; varying between 5% and 30%
were obtained for the secondary phases, the highest relative
uncertainties being obtained for very low values of «; (<1%).
Uncertainties given below for x; and y, were computed from
uncertainties values given by the software multiplied by a factor
2 to exclude any minimization of the errors. Furthermore, it is
important to note that Eqs. (2) and (3) (balance of Ti and Al) were
well verified by using «; parameters obtained from the Rietveld
refinement of the XRD data. This constitutes more evidence for
considering the values of the «; parameters used in this work as
quite accurate.

Table 2 gives the values of x; and y; deduced from (6) and
(7) as well as the corresponding uncertainties. Unsurprisingly,
the x; values (true concentration in C of the product) are very
close to that of the reactants x. More interesting are the values of
nitrogen and/or carbon deficiency we so obtained. In every case,
v >y (with the noticeable exception x = 1; y = 1). In other words,
single-phased samples are not obtained and the natural reactive
sintering process here used does not allow to get a Tio AI(C,N)
material having a large amount of vacancies on the X (N or
C) site. Another conclusion that can be addressed from Table 2
is that carbonitrides are able to possess N and C deficiency, the
lowest values of y, being obtained for x, =0.5. For Ti; AINy, (e.g.
x=0), nitrogen deficiency can also be obtained but for higher val-
ues of y;. Finally, the case of pure carbides can be considered as
quite different. Indeed, whereas no carbon deficiency is obtained
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Table 3
Comparison between x; and y; values deduced from XRD Rietveld and EELS analysis.
Reactants Products
X y Rietveld refinement of XRD EELS

Xt Xt Vi

0.5 1 0.49 £ 0.02 1 £0.05 0.5 = 0.05 1£0.1
0.5 0.7 0.51 £ 0.04 0.8 £ 0.03 0.5 + 0.05 0.76 £ 0.08

for y< 1, a lower value of y; is obtained for y=1. This is a quite
surprising result since, in that specific case, C deficiency was not
supposed to occur. One can suspect the «; parameters obtained
from Rietveld refinement to be questionable in that case. Another
carbide Ti; AIC sample (y=1) was synthesized and very simi-
lar amounts of the different phases were obtained. Furthermore
the fact that Ti;AIC and TizAlIC, are the only carbide phases
identified on the X-ray spectra reveals that carbon deficiency in
Tip AIC and/or in Ti3AIC; compounds has to be considered to
fully explain the carbon balance. For y < 1, no or almost no car-
bon understoichiometry is obtained for Tip AIC and this allows to
propose that Ti3 AIC; can be carbon deficient whereas itis not the
case for Ti; AIC. For x=y=1, assuming that carbon deficiency
can only occur for Ti3AlC;_,), new balance equations give a
stoichiometry Ti3 AlC; 5 for the 312 MAX phase. This conclu-
sion (e.g. almost no carbon deficiency can be achieved in Tip AIC
compound) is in contradiction with results reported by Pietzka
and Schuster?® who concluded that a value of y,=0.7 is gener-
ally obtained for Ti; AIC,,. Itis quite difficult to understand this
difference since our study unambiguously shows that, after 4 h
at 1400 °C, we do not obtain carbon understoichiometry in this
compound, even when the reactants where chosen so that y=0.7.
In their work, Pietzka and Schuster used the same reactants (e.g.
Ti, Al and C powders) but with longer annealing time (20 h at
1375°C or 15h at 1485°C in?? or 20 h at 1300°C in29). It is
possible that thermodynamic equilibrium was reached in Piet-
zka’s studies whereas it is not the case for the present one (4 h at
1400 °C in an open system). The C and N carbon concentration
gradient outlined in the previous section can also be explained
by the short annealing time. The products obtained in this study
should then be considered as representatives of those generally
obtained after a conventional heat treatment rather than those
obtained at thermodynamic equilibrium at 1400 °C.

To assess the main conclusions of this work addressed on
the basis of Rietveld refinement of X-ray diffractograms, two
samples (x=0.5 and y=1; x=0.5 and y=0.8) were examined
in a TEM. The C and N contents of these two samples were
also deduced from EELS investigations for comparison. The
nanolamellar structure of the MAX phase was easily evidenced
in high resolution images of some grains (not shown) and EELS
spectra were recorded on areas presenting electron diffraction
patterns characteristic of the MAX phase. The C and N content
of the two MAX phase carbonitrides obtained from EELS are
given in Table 3. Like it was found from Rietveld analysis of the
XRD data, values of x; are very close to that of x. The excellent
agreement between values deduced from EELS experiments and
Rietveld refinement of XRD confirms that C and N deficiency

can be obtained for Tip AIC,N(j—y compounds. Finally, it is
important to mention that no O-K edge was observed on the
EELS spectra, e.g. the two probed samples do not contain any
noticeable amount of oxygen (O—K edge is observable even for
small amounts of oxygen). This is an important result since it
rules out the possibility of oxygen incorporation on the X site
for N and C deficient carbonitride samples as it is the case for
Tir AI(C,0) compounds.

On the basis of XRD results, it is also possible to extract the
evolution of the a and c lattice parameters for the various values
of x; and y, of the Ti AI(CyN(1—x))y compounds. The evolution
of the lattice parameters is plotted in Fig. 6. Whereas a very slight
decrease of the a parameter is observed when y, decreases, it is
the reverse concerning the ¢ parameter. For pure carbides (x=1),
the values of a and ¢ parameters are not reported for y=1 since
the y; value is questionable in that case. Again, for same values
of y;, ¢ values for the carbonitrides are lower than pure nitride
and carbide ones. On the opposite, a values seem to obey to
a Vegard’s law irrespective of y;, as well as cell volumes. We
can also note that the unit cell volumes remain almost constant
whatever y, is for a given x; (Fig. 7¢). Very similar values can be
deduced from values reported in literature excepted for Pietzka
and Schuster?® ones that are slightly different.

One note only very slight modifications of the unit cell
parameters when C and N deficiencies are taken into account.
Nevertheless, this last figure clearly shows, with the exception of
the pure carbide Ti AIC, that small discrepancies will be found
for unit cell parameters of some MAX phases if assuming exact
211, 312 or 413 stoichiometries as it is generally considered
in the literature dedicated to the determination of the unit cell
parameters of MAX phases, either from ab initio calculations
or from experiments. Again, the carbide case has to be outlined.
On the basis of the obtained values of the carbon stoichiometry
for this compound, the present study indicates that Ti; AIC can
be considered as a definite compound with carbon content close
to one. On the other hand, the a and c lattice parameters slightly
vary (see Fig. 7b and ¢ for x=1) and, as already noticed in the
previous section, strong discrepancies exist in the literature as
far as these lattice parameters are concerned. Such observations
will tend to prove, on the contrary, that Ti» AIC is not a definite
compound as already mentioned by Pietzka and Schuster?® Such
a contradiction asks of course for more detailed studies. One can
propose that other considerations should be taken into account
to better explain these discrepancies. For instance, some studies
show that many stacking faults can exist in TioAIC.3* In such
a case, values of the lattice parameters conventionally deduced
from X-ray diffractograms can be strongly different from that of
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Fig. 7. Evolution of the a (a), ¢ (b) lattice parameters and (c) unit cell volume
of the TiAl(C,,N(1-x,)))y, compounds with respect to x; and y,. In (c), values
having a star or a cross at their right come from?* or correspond to average
values from the literature (see Table 1), respectively. Only error bars for y,
are indicated (corresponding to values given in Table 2), error bars for lattice
parameters being too small to be clearly observable (typically 5 x 107> nm,
5x 104 nm and 7 x 10~* nm? for a, ¢ lattice parameters and unit cell volume,
respectively, in the case of this study).

a fault-free phase. Finally, it must be outlined that in the present
study, the lattice parameters of the compounds with nitrogen
and carbon deficiencies remain almost constant irrespective of
vt, whereas it is not the case for Tip AIC which has no or little
carbon deficiency. Such an observation being opposite to what is
generally observed for defined compounds, it appears that more

detailed theoretical and experimental works are needed to better
understand this phenomenon in Ti AI(CN(j_y))y.

4. Conclusions

Tip AI(CxN(1—x))y MAX phases carbonitrides were synthe-
sized by reactive natural sintering for 4 h at 1400 °C. As a main
result, carbon- and/or nitrogen-deficiency can be achieved for the
carbonitrides and nitrides but not for the carbides. The highest
degree of carbon and nitrogen substoichiometry can be obtained
for the carbonitrides, especially for y=0.5. Irrespective of the
amount of the carbon and nitrogen vacancies, the a unit cell
parameter obeys a Vegard’s law whereas the c lattice parameter
of the carbonitrides is smaller than that of the end members. At
this moment, it is not possible to fully explain why it is possi-
ble to achieve to obtain higher degree of substoichiometry (e.g.
lower value of y) in solid solutions than in the pure carbide and
nitride and why the ¢ unit cell parameter value of the carboni-
trides is lowered. There is therefore a need for theoretical studies
on these specific points.

Only slight evolutions of the a and c lattice parameters are
observed by varying y. Nevertheless, it can explain the small
discrepancies observed about the unit cell parameters values
reported in the literature for MAX phases, especially for those
which are not defined compounds. Indeed, this study shows that
quite important deviations from the “ideal” stoichiometry of the
MAX phases can be achieved. Precise values of the stoichiom-
etry of the MAX phase compounds need thus to be considered
when the structure (e.g. unit cell parameters) or the properties
are described.
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