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1 | INTRODUCTION

Jochen M. Schneider’

Abstract

Herein we report on the synthesis of a metastable (Cr,Y),AIC MAX phase solid
solution by co-sputtering from a composite Cr-Al-C and elemental Y target,
at room temperature, followed by annealing. However, direct high-temperature
synthesis resulted in multiphase films, as evidenced by X-ray diffraction anal-
yses, room-temperature depositions, followed by annealing to 760°C led to the
formation of phase pure (Cr,Y),AlC by diffusion. Higher annealing temperatures
caused a decomposition of the metastable phase into Cr,AlC, YsAl;, and Cr-
carbides. In contrast to pure Cr,AlC, the Y-containing phase crystallizes directly
in the MAX phase structure instead of first forming a disordered solid solution.
Furthermore, the crystallization temperature was shown to be Y-content depen-
dent and was increased by ~200°C for 5 at.% Y compared to Cr,AlC. Calculations
predicting the metastable phase formation of (Cr,Y),AlC and its decomposition

are in excellent agreement with the experimental findings.
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ularly extreme environments,* but they are also used as
precursors for the synthesis of their well-known 2D deriva-

MAX phases constitute a promising family of inherently
nanolaminated carbides and nitrides that crystallize in a
hexagonal P6;/mmc structure and are given by the for-
mula M, ;1AX,, where M is a transition metal, A is an
A-group element, and X is either carbon and/or nitro-
gen (n = 1, 2, and 3)."? Their structure and chemical
composition provide them with a unique combination of
metallic and ceramic properties.” MAX phases have been
shown to be promising for a variety of applications, partic-

tives, the so-called MXenes.!%-!

The chemical versatility of MAX phases has been evi-
denced in the last years, by the discovery of no less
than 180 different MAX phases.® Aside from the conven-
tional ternary MAX phases, solid solutions have also been
reported in both bulk and thin film form,">"” on both M
and A sites. These solid solutions have been contemplated
to improve the oxidation resistance of ternary MAX phases,
for example. Indeed, poor oxidation resistance is often
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due to the oxide scale formed, which can be less protec-
tive than expected, allowing for both inward and outward
diffusions to occur. Therefore, strategies that can either
improve the quality of the oxide scale'®!° or modify the
oxide scale composition®>*! are of great interest.

Yttrium (Y) has been reported to enhance the for-
mation of protective oxide scales when incorporated in
alumina-forming alloys.’>?3 It has, however, only rarely
been considered an additive in MAX phases. Berger et al.
reported doping of Cr,AlC with up to 0.3 at.% of Y.**%
The authors reported variations of lattice parameters with
increasing Y content; however, their systems appeared to
be composed of both Cr,AlC and the disordered hexagonal
solid solution (Cr,Al),C,. Upon oxidation in air at 900°C,
the Y-containing MAX phases exhibited lower mass gain
than the undoped Cr,AlC, suggesting Y has a beneficial
effect on the oxidation resistance.

Lu et al. incorporated up to 16.7 at.% Y in the MAX phase
and formed the i-MAX phase (Cr,/3,Y;/3),AlC."* However,
this i-MAX phase did not crystallize in the conventional
P6;/mmc space group, but rather in the orthorhombic
Cmcm and C/2c. EIMelegy et al. investigated the behavior
of the i-MAX during oxidation in air at 1000°C and showed
the formation of a dense and protective Cr,O5 outer layer
followed by a yttrium aluminum garnet (YAG) (Y3Al504,)
inner layer.?"

The compositional space investigated so far in the Cr-
Y-Al-C system is limited to either very low contents of Y
(<0.5 at.%) or comparatively high ones (~17 at.%). So far,
large amounts of Y lead to the formation of the i-MAX
phase that crystallizes in the Cmcm and C/2c space groups.
The diffusion phenomena occurring in the i-MAX might
differ from those occurring in the original Cr,AIC MAX
phase, when in oxidizing environments. Therefore, there is
an interest to maintain the original MAX phase structure
when incorporating Y in Cr,AlC.

In the present work, up to 5 at.% of Y were incor-
porated in Cr,AlC thin films, and the resulting films
were analyzed with respect to their composition, struc-
ture, and microstructure. To identify the mechanisms
involved in the incorporation of Y in the MAX phase, two
approaches were used: a two-step synthesis based on co-
sputtering at room temperature followed by annealing, and
a direct synthesis based on co-sputtering of Cr,AlC and Y
at high temperature. The phases formed were identified
for each synthesis route, and the composition-dependent
microstructures were revealed.

2 | METHODS
2.1 | Computational details

All first-principles calculated energies were obtained using
the Vienna Ab initio Simulation Package (VASP 5.4.4)%

implementation of density-functional theory (DFT), using
the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation®’ description of the exchange-correlation
energy. The plane wave energy cutoff was set at 400 eV,
k-point grids with a spacing of 0.05 A~! according to the
Monkhorst-Pack method.?® The electronic energy conver-
gence threshold was set to 107 eV per atom for energy and
1072 eV A~! for force.

The special quasi-random structures (SQS) method,”
as implemented in the Alloy Theoretic Automated Toolkit
(ATAT) package,’® was used to generate representative
supercell structures that approximate a fully random alloy
of Cr and Y. The SQS supercell thus represents the best
possible periodic supercell that mimics the local pair and
multisite correlation functions of a random alloy under the
constraint of a given supercell size N. Figure S1 shows the
enthalpy convergence of formation enthalpy with respect
to number of atoms in the supercell for selected values of
xin (Cr;_, Y,),AlC.

The thermodynamic stability of (Cr;_,Y,),AlC phases
was investigated at 0 K with respect to decomposition
into any combination of competing phases. To iden-
tify the set of most competing phases, the equilibrium
simplex, a linear optimization procedure based on the
simplex method was used under the constraint of a
fixed MAX stoichiometry.’* The stability of a phase
is quantified in terms of formation enthalpy AH by
comparing its energy to the energy of the equilibrium
simplex,

AH = E (compound) — E (equilibrium simplex), (1)

where AH < 0 indicates a stable phase, whereas AH >
0 is considered to be not stable or at best metastable.
The selection of competing phases includes all known
thermodynamically stable elemental, binary, ternary, and
quaternary phases within herein considered quaternary
systems. Hypothetical phases were also included, based
on compounds that exist in similar systems and/or with
neighboring elements in the periodic table, as competing
phases. A complete list of competing phases considered
herein is found in Table SI.

Contributions from other temperature-dependent
effects, for example, lattice vibrations and electronic
entropy, to the formation enthalpy are approximated
to be negligible as these, significant or not, tend to be
cancelled out in the Gibbs free energy of formation term.**
This approach has been proven to work exceptionally
well for previous theoretical studies of both ternary and
quaternary MAX phases.??**40

However, because we are investigating a solid solu-
tion of Cr and Y, approximated through modeled disor-
der (SQS), contribution from configurational entropy to
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the Gibbs free energy of formation G is approximated
using

G = H-TAS, 2)

where T is the temperature, and AS the configurational
entropic contribution per M-site, assuming an ideal solu-
tion of Cr and Y on the M-sites, and it is given by

AS = —wkg[xIn(x)+ (1 —x)In(1 — x)], 3)

where x is the concentration of Y.

Lattice constants were calculated within the frame-
work of density-functional theory*** as implemented
in the Vienna Ab initio Simulation Package (VASP).?*
The exchange—correlation energy was calculated with the
generalized gradient approximation (GGA) of the PBE
scheme.?’” A k-point mesh of 4 X 7 X 2 was automatically
constructed following the method of Monkhorst-Pack,?
and a cutoff energy of 500 eV was employed. Cr,AIC was
considered in the most stable antiferromagnetic (AFM)
ordering as reported by Ref. [44]. In addition to the spin
polarization, a Hubbard U correction of 2 eV Cr was
used.* A number of 4 X 4 X 2 supercells were constructed,
and the Y atoms were distributed in the Cr sublattice,
equally replacing spin up/down states, following the spe-
cial quasirandom structure approach as implemented in
sqsgen.*°

2.2 | Experimental details
Cr,AlC and Y-containing Cr,AlC films were deposited by
co-sputtering from a powder metallurgical composite Cr-
Al-C target (@ 20 mm) with MAX phase stoichiometry
(2:1:1) provided by Plansee Composite Materials GmbH,
Germany, and an elemental Y target (@ 20 mm, 99.5%
purity) provided by MaTeck, Germany. The Cr-Al-C tar-
get was operated in direct current magnetron sputtering
(DCMS), whereas the Y target was operated in high-power
pulsed magnetron sputtering (HPPMS) to promote the
densification of the films.*”*® The depositions took place
in an vacuum chamber, with a base pressure of 5%x107°> Pa,
aworking pressure of 0.55 Pa in presence of Ar (99.9999%),
and a target to substrate distance of 100 mm. The geometry
of the chamber is described elsewhere.*’ Depositions were
carried out on 10 X 10 mm? MgO(1 0 0) substrates (Crystal
GmbH, Germany) and on NaCl-covered aluminum foil.
To assess whether the formation of the Y-containing
MAX phase is driven by surface and/or bulk diffusion,
depositions were carried out at high (650°C) and room
temperatures (i.e., without intentional heating). In order
to vary the Y content, the power density on the Y target

TABLE 1 HPPMS parameters applied to the Y target
Deposition parameters Y target
Power (W) 50
On/off time (us) 50/9950
Duty cycle (%) 0.5
Peak current density (A cm=2) ~2.0

was kept constant at 2.5 W cm™~2, whereas the power den-
sity at the Cr-Al-C target was 10 and 6 W cm 2, for ~3 and
~5 at.% Y, respectively. During the deposition of the pure
Cr,AlC MAX phase, the power density applied was also
10 W cm™2. To ensure the homogeneity of the deposited
films, the substrates were rotated during deposition. In
order to obtain similar thicknesses (1-2 um) for all films,
the deposition times were 90 and 160 min, for the highest
and lowest power densities at the Cr—-Al-C target, respec-
tively. The HPPMS parameters applied to the Y target are
provided in Table 1.

The chemical composition of the as-deposited films was
measured by ion beam analysis using a 5 MeV Tandem
Accelerator at Uppsala University.”’ Time-of-flight elastic
recoil detection analysis (ToF-ERDA) and elastic backscat-
tering spectrometry (EBS) were combined in order to
enhance the measurement alccuracy.51 For ToF-ERDA, a
primary beam of 36 MeV ?’I3* was used, and recoils were
detected at a forward angle of 45° with an incidence angle
of the primary beam and exit angle of the recoils both
at 22.5°. Time-energy coincidence spectra were converted
into depth profiles with CONTES.>” The ToF-ERDA depth
profiles were homogeneous, and O as well as F impurities
of <1 at.% were detected. For EBS, a 4.5 MeV “He* beam
was used, and backscattered ions were detected at an angle
of 170°. The C content in the near-surface region of the
films was determined through the >C(*He,*He)"?C elas-
tic resonance at ~4.260 MeV.” SIMNRA>* was employed
for EBS data analysis. The total maximum measurement
uncertainty was <4% relative of the deduced values and
an EBS spectrum recorded for as deposited Cr,AlC with
5.4 at.% Y is provided in Figure S2.

The chemical composition of the films annealed after
deposition was measured in a JEOL JSM 6480 scanning
electron microscope equipped with an EDAX Genesis
2000 energy-dispersive X-ray spectroscopy detector (EDX).
Measurements were carried out with an acceleration volt-
age of 12 kV. The spectra were quantified based on a
reference sample that had been measured by ion beam
analysis (Cry7,9Y3 5Al43C43)-

Phase identification was carried out in a Siemens D5000
system (Cu « radiation), in Bragg-Brentano configura-
tion. In situ XRD during heating was carried out in
a Bruker AXS D8 Discover X-Ray diffractometer with
an integrated General Area Detector Diffraction System
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(GADDS), equipped with an Anton Paar DHS 1100 heat-
ing stage, using Cu « radiation. The measurements were
carried out in vacuum (<6 X 1072 mbar). An incident
angle of 12° was used, whereas the measurements were car-
ried out over a 26 range of 12-70°, with a frame width of
30°, and a collection time of 5 min per frame. The sam-
ples were annealed from 500 to 700°C with a step size of
50°C. To ensure temperature stability, the measurements
were started after 5 min of holding time after the desired
temperature had been reached.

The crystallization kinetics of Cr-Al-C and Cr-Y-Al-
C powders were investigated by differential scanning
calorimetry (DSC, NETZSCH Jupiter STA 449 C). The films
deposited on the NaCl-covered aluminum foil were sep-
arated by dissolving the NaCl in deionized water. The
resulting flakes were then filtered, cleaned in distilled
water and acetone, and dried. The DSC measurements
were performed in 30 sccm flow of Ar (99.9999%) in con-
tinuous heating mode. The powder samples were first
preheated at 150°C for 30 min for outgassing and removal
of organic impurities. An integrated oxygen trap system
(OTS) enabled a low oxygen concentration (<1 ppm) in
the measurement atmosphere. The powders were then
heated to 1200°C with heating and cooling rates of 10
and 40°C min~!, respectively. Approximately 20 mg were
used for each measurement. The remaining Cr-Al-C and
Cr-Y-Al-C powders were annealed to 750 and 760°C,
respectively, with a heating rate of 10°C min~!. The powder
samples were then sealed in fused silica capillaries with a
wall thickness of 20 um and a diameter of 1 mm under Ar
(99.9999% purity) atmosphere.

High-energy XRD measurements on selected powdered
coatings were performed in a transmission geometry at the
beamline P02.1° of Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany utilizing X-rays with a
wavelength of 0.20701 A.

Additional annealing experiments of films were carried
out using a horizontal Nabertherm tube furnace. To ensure
a low-pressure atmosphere, a turbomolecular pump was
attached to the annealing setup. The average pressure dur-
ing the annealing was 1 X 107 mbar. The pressure was
monitored during the annealing process and remained
constant. The annealing program consisted of heating the
samples to 760°C and subsequent cooling to room temper-
ature. A heating/cooling rate of 10°C min~! was used for
both processes.

The microstructure was investigated using scanning
transmission electron microscopy (STEM) on thin lamel-
lae that were prepared by focused ion beam (FIB), with
Ga* ions accelerated at 30 kV, in an FEI Helios NanoLab
dual-beam microscope. A STEM III detector was used in
high-angle annular dark field (HAADF) mode for imaging
with a voltage and current of 30 kV and 50 pA, respectively.

EDX linescans were collected using an EDAX Octane Elect
EDX detector, using an accelerating voltage of 12 kV and
50 nm step size (standard-less quantification).

3 | RESULTS AND DISCUSSION

Solid solutions of Cr and Y have been modeled
using the special quasi-random structures (SQS)
method. Figure 1A,B shows the calculated stability
for (Cr;_,Y,),AlC MAX phases with respect to competing
phases. See Refs. [39, 40, 56, 57] for examples of thermal
stability calculated for other quaternary MAX phases with
solid solution disorder on the M-site. The stability is given
by the formation enthalpy AH, calculated at 0 K. Already
beyond 2.5 at.% Y (x = 0.05) on the M-site is found to
not be stable, as shown in Figure 1A. Contributions from
configurational entropy to the Gibbs free energy due to
disorder have been estimated at 1000 and 2000 K, and we
find only a minor impact from an increased temperature
because AH increases with increasing Y content. Note that
in Figure 1A, Cr,AlC has been excluded as a competing
phase, and the identified sets of most competing phases
are a combination of Cr,Al, Cr;C,, YALLC;, and Al,Cs. If
Cr,AlC is considered a competing phase (Figure 1B), the
situation becomes different as (Cr;_, Y,),AlC is found not
to be stable for x > 0 and should instead decompose into
Cr,AlC, YAl,, Y,Cr,C3, and Cr,Cs.

The chemical compositions of the films deposited with-
out intentional heating and at high temperature (650°C)
are reported in Table 2. Oxygen contents were <0.8 at.%
for all films; however, the incorporated oxygen concen-
trations were slightly higher in presence of Y, which may
be due to oxygen incorporation in the Y target. In addi-
tion, fluorine impurities <0.6 at.% were detected in some
of the Y-containing as deposited films with no intentional
heating. Both impurities will not be considered in the fol-
lowing discussions. The compositions of the films were
unaffected by heating as is evidenced by the small devia-
tions between 650°C and room temperature depositions.
For the sake of clarity, the samples will be referred to as
Cr,AlC, Cr,AIC + 3 at.% Y, and Cr,AIC + 5at.% Y.

The films deposited without intentional heating were
sputtered onto MgO substrates and NaCl-covered alu-
minum foil. The powders collected after the dissolution of
the NaCl layer were measured by DSC in order to iden-
tify their crystallization conditions. The DSC data obtained
for Cr,AlC and Cr,AlC +5 at.% Y deposited without inten-
tional heating are shown in Figure 2. The DSC signal of
the Cr,AlC powder is in very good agreement with data
reported by Abdulkadhim et al.°® The first exothermic
peak at ~558°C corresponds to the formation of the dis-
ordered hexagonal (Cr,Al),C, solid solution, whereas the
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FIGURE 1 Calculated stability for disordered solid solution for (Cr;_,Y,),AIC MAX phases when (A) Cr,AlC is not considered a
competing phase and (B) with Cr,AlC considered a competing phase

TABLE 2 Chemical composition of films deposited with no intentional heating and at 650°C, determined by elastic backscattering
spectrometry (EBS) and EBS-corrected energy-dispersive X-ray spectroscopy (EDX)
Samples Cr (at.%) Y (at.%) Al (at.%) C (at.%) O (at.%) F (at.%)
As deposited with no intentional heating
Cr-Al-C 485 + 1.8 - 259 £ 09 253 + 0.9 03 + 01 -
Cr-Y-Al-C (10 W cm™2) 475 + 1.7 35+ 01 241 + 0.9 241 + 0.9 04 + 0.1 04 + 01
Cr-Y-Al-C (6 W cm™2) 46.4 + 1.7 54+ 0.2 238 + 0.9 233 + 09 05+ 0.1 0.6 + 0.1
As deposited at 650°C
Cr-Al-C 485 + 1.8 - 251 £ 0.9 26.0 + 0.9 0.4 + 0.1 -
Cr-Y-Al-C (10 W cm~2)2 48.8 + 1.5 32 £15 26.2 £ 1.5 21.2 + 1.6 05+ 0.1 -
Cr-Y-Al-C (6 W cm™2) 46.7 + 1.7 57 + 0.2 238 + 0.9 23.0 + 0.8 0.8 + 0.1 =

2EBS-standard corrected EDX.

second peak at ~593°C corresponds to the formation of the
Cr,AlC MAX phase. Interestingly, the Y-containing pow-
der exhibits a different behavior. In fact, three exothermic
peaks occurring at ~757, ~770, and ~ 824°C are identified.
Furthermore, it must be noted that the first peak occurs at
a temperature that is 197.5°C higher than that of the first
peak observed for the pure MAX phase, indicating that the
activation energy to crystallize the Cr-Y-Al-C powder is
substantially higher than that of (Cr,Al),C, and Cr,AIC.
The phase formation was further investigated by anneal-
ing Cr,AlC + 5 at.% Y films in the DSC and stopping the
heating sequences within the three peak temperatures of

760, 810, and 910°C, see Figure 3A. The 760°C exothermic
peak corresponds to MAX phase formation. It can be noted
that the diffraction peaks are shifted to lower 26 values.
Indeed, the original MAX phase peak positions are pro-
vided in Figure 3B gray solid lines (ICDD: 00-029-0017),
whereas the observed peak positions of the (Cr,Y),AlC
solid solution are provided in black dashed lines on the
same figure. The XRD pattern of the sample annealed to
810°C shows a decreased intensity of the MAX phase solid
solution peaks, as well as the formation of Cr,C; (00-
036-1482), whereas at 910°C, the MAX phase peaks are
shifted back to the positions corresponding to pure Cr,AlC
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FIGURE 2 Differential scanning calorimetry (DSC)
measurements on Cr,AlC (in red dashed, left scale) and Cr,AlC+
5at.% Y (in blue, right scale) powders with a heating rate of

10°C min~!. The heat flow data are obtained from the difference
between the first and second heating cycle. The black arrows
indicate the maximum heat flow for the observed exothermic
reactions.

and are accompanied by the appearance of peaks belong-
ing to Cr;C, (00-035-0804) and YsAl; (00-039-0775). These
observations suggest that the Y-containing MAX phase
is metastable and starts decomposing at ~810°C. During
the decomposition, Y is expulsed from the MAX phase
causing it to form an aluminide, whereas the Cr and C
surpluses form carbides. These observations are consistent
with the quantum mechanical predictions as the compet-
ing phases included Cr,AlC, YAlL, Y,Cr,C;, and Cr,C;.
Although Ys;Al; was indexed instead of YAl in Figure 3B,
Y;5Al; is known to be metastable and decompose into stable
phases, including YAl,.”

To confirm the peak shift observed after annealing to
760°C, Cr,AlC+ 5 at.% Y powders were annealed to 760°C
and were then ground and mounted in a capillary for
high-energy X-ray powder diffraction (HEXRD) at DESY.
Pure Cr,AlC powder was also annealed at 750°C, ground,
and used as reference. The diffraction patterns obtained
are given in Figure 4. Peak identification was carried out
using the ICDD: 00-029-0017, in red dashed lines. Both
powders were quasi-phase pure as a peak at ~44°, which
could correspond to Cr;C3, can be seen. Considering that
5 at.% of Y corresponds to x = 0.10, the shaded areas are
in good agreement with the experimental data presented
in Figure 4. The Cr,AlC MAX phase is identified in both
cases; however, the Cr,AIC + 5 at.% Y peaks exhibit a
distinct shift to lower angles. This shift, however, is less
obvious for (001) reflections as shown in Figure 4B-D,
indicating that the expansion of the lattice may be more
significant in the basal plane of the MAX phase. The

American Ceramic Society

expansion is further evidenced by the peak splitting
observed in Figure 4B. Indeed, the (103) and (0 0 6) reflec-
tions are typically superimposed in pure MAX phases.
Therefore, the lattice expansion can potentially inform on
the position of Y in the MAX phase structure.

To further describe the shift to lower angles, the
simulations discussed previously were used to identify
the lattice parameters of the (Cr,_,Y,),AlC phase for
different x contents and are shown in Figure 5. The blue
lines in Figure 4B-E correspond to the peak positions
describing the (Cr;_,Y,),AlC phase for x = 0.10, simulated
from the theoretical lattice parameters in Figure 5. A lin-
ear regression analysis was used on both a and c datasets
in order to deduce the lattice parameters at x = 0.10.
The simulated peak positions were determined using
VESTA.

The calculated lattice parameters a and c¢ for
(Crj_Y,),AIC MAX shown in Figure 5 were calcu-
lated without magnetism and were found to increase with
increasing Y content. This is expected because Y is a larger
atom than Cr. The lattice parameters extracted from the
synchrotron data are also plotted in Figure 5 in red (a
parameters) and blue (¢ parameters). As can be seen, the
theoretical values are in very good agreement with the
experimentally deduced parameters, as the deviation is
<1% for both a and c parameters, suggesting that the Y
incorporated in the MAX phase replaces Cr atoms on the
M-sites.

The expansion of the lattice is observed as the extracted
a and c lattice parameters of the (Cr,Y),AIC MAX phase
increase when compared to the Cr,AIC MAX phase,
as the structure attempts to accommodate the large Y
atoms. Therefore, based on these observations and the
lack of secondary phases, one can assume that Cr,AlC
can accommodate, at least, up to 5 at.% of Y in its
original P6;/mmec structure. These observations are con-
sistent with the conventional XRD data provided in
Figure 3.

Experimental and calculated lattice parameters are gath-
ered in Table 3. Calculations were carried out without
magnetism and by taking the stable antiferromagnetic
(AFM) ordering of Cr,AIC into account.** In the case of
AFM ordering, the lattice parameters are overestimated
when considering M-site replacement. When calculat-
ing the lattice parameters of a MAX phase where the Y
replaces Al atoms, the a parameter does not vary sig-
nificantly from the M-site calculations, although both
values are larger than the measured one. However, the
¢ parameter is overestimated by more than 4% com-
pared to the experimental data, when Al is replaced
by Y. Therefore, these calculations also suggest that Y
is not positioned on the Al-site but rather replaces Cr
atoms on the M-site. The deviation, however, between
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FIGURE 3 (A)Differential scanning calorimetry (DSC) measurement of Cr,AlC + 5 at.% Y powders. The colored lines correspond to the
temperatures at which the samples were annealed to and (B) corresponding XRD patterns.
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FIGURE 4 Synchrotron powder diffraction data from Cr,AlC and Cr,AlC + 5 at.% Y powders annealed to 750 and 760°C, respectively,
in the differential scanning calorimetry (DSC). The black circle could correspond to Cr,C;. Detailed views of the peak shifts induced by the
presence of Y are provided in (B)-(E). The red dashed lines correspond to the peak positions based on ICDD: 00-029-0017. The blue lines
represent simulated peak positions, extrapolated from the lattice parameter calculations, assuming a linear regression.

experimental and theoretical values obtained with AFM  indicating that the consideration of magnetism, in this
ordering is between 1% and 3% and, therefore, much case, does not enhance the prediction.

larger than the 0.1%-0.5% deviation between the experi- In situ XRD during vacuum annealing was carried out
mental and theoretical values without spin polarization, on Cr,AlC and Cr,AIC + 3 at.% Y films from 500 to 700°C
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TABLE 3 Lattice parameters extracted from synchrotron powder diffraction and calculations using the antiferromagnetic ordering of
Cr,AlC
Sample a Parameter (A) ¢ Parameter (A) Deviations a/c
Measured
Cr,AlC 2.857(1) 12.801(2)
CrAIC +5at.% Y 2.917(3) 12.860(8)
Calculated (no magnetism)
(Cry_,Y,),AIC x = 0.10* 2.915 12.922 0.1/0.5
Calculated (AFM ordering)—M-site
Cr,AlC 2.879 12.869 1.3/0.1
Cr,AIC+5at.%Y 3.012 13.289 3.1/3.2
Calculated (AFM ordering)—A-site
Cr,AIC +5at.% Y 2.994 13.440 2.5/4.3
——rT———Tr 7 a disordered solid solution, as also noted for the 5 at.% Y
296 F —x—ag - sample. Furthermore, although not as significant as for the
L —B—¢ 5 / 1435 5 at.% Y powder, the peak split of the (103) and (006)
204 | ‘ - reflections at ~41.5° can be observed in Figure 6B. The
T lattice parameters were not extracted here as the contribu-
200 | 13.1 tion of the thermal expansion would need to be corrected
for reliable results. Up to 700°C, no decomposition or sec-
g : — ondary phases could be detected for either of the MAX
< 2.90 | S 13.0 < phases.
(] i //% O The effect of Y on the microstructure of the films was
2.88 / |—’/ 4129 evidenced by cross-section STEM imaging, presented in
I X // l Figure 7. The annealed Cr,AlC film exhibits an equiaxed
2.86 5 / P f : | PP microstructure composed of grains of tens to hundreds
[ P=g : : of nanometers in size and a homogeneous composition,
284 i /// based on the EDX linescan. In the case of the Y-containing
i ) 4127 MAX phase, a different microstructure can be observed
o) IPEPEEP B T in the STEM cross section in Figure 7B. The grains

0.00 0.05 010  0.15
xin (Cr,Y,),AlC

FIGURE 5
The a and c parameters of Cr,AlC are given by the half-full squares

Calculated and experimental lattice parameters.

and those of Cr,AlIC + 5 at.% Y are given by the full squares. a
parameters in red, c parameters in blue. The dashed line
corresponds to 5 at.% of Y, that is, x = 0.10.

and is reported in Figure 6. The broad diffraction signal
at ~62° corresponds to the signal of the graphite dome
used during the measurement. A shift in crystallization
temperature of ~100°C can be noted for this Y content.
The shift is almost half of that detected by the DSC for
the Cr,AlC + 5 at.% Y powder, suggesting that the crys-
tallization temperature is Y-content dependent. Contrary
to the pure Cr,AlC, the Y-containing MAX phase crystal-
lizes directly into the MAX phase and not, beforehand, into

appear much smaller, suggesting that the Y is imped-
ing grain growth. Furthermore, the Y is well distributed
throughout the thickness of the film as evidenced by
EDX and the little-to-none contrast in HAADF mode.
Hence, the Y-containing MAX phase shows potential for
high-temperature applications as a finer microstructure
led to the formation of a passivating Al,O; scale in the
case of bulk Ti;AlC, and would be preferred to coarser
microstructures.®® Furthermore, Chen et al. showed that
equiaxed Cr,AlC coatings are more oxidation resistant
than columnar morphologies.®!

The XRD patterns of films deposited at 650°C are pro-
vided in Figure 8. Although the Cr,AlC films exhibits the
characteristic MAX phase peaks (ICDD: 00-029-0017), Y
incorporation led to the disappearance of the peak located
at ~13°, corresponding to the (0 0 2) reflection of the MAX
phase, and to the appearance of secondary phases, includ-
ing Cr-carbides (Cr;C,: 00-035-0804; Cr;C;: 00-036-1482;
Cry;Cq: 00-035-0783) and YsAly (00-039-0775). Although
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(A) CrAIC (B) CAIC +3aL% Y FIGURE 6 XRD patterns obtained during in situ
o XRD of (A) Cr,AlC and (B) Cr,AIC + 3 at.% Y films
700G between 500 and 700°C. Gray band (~62°) corresponds
to the signal of the graphite dome used during the in
J‘ 650 °C situ XRD measurements. All other reflections can be
3 ’3‘ G580 attributed to the Cr,AlC/(Cr,Y),AlC MAX phase. The
i:: i'; as-deposited patterns were collected without the
b s00°cl ‘& graphite dome, at room temperature.
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FIGURE 7 STEM images in HAADF mode and corresponding linescans of (A) Cr,AlC annealed at 690°C and (B) Cr,AIC + 5at.% Y

annealed at 760°C, in the UHV furnace with heating rates of 10°C min~!
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5 at.%), deposited at 650°C on MgO substrates

the MAX phase peaks at ~36°, ~37°, and ~41.5° are
still observed, even for 5 at.% of Y, the secondary phases
indicate the formation of multiphase films. Hence, co-
sputtering of Y with Cr-Al-C, under these conditions, does
not lead to a single-phase Y-containing MAX phase. As
MAX phases are stoichiometry-sensitive, large amounts
of Cr on the M-sites can interfere with the positioning of
the larger Y atoms, leading to a surplus of Y in the form
of an aluminide. Additionally, the increased surface dif-
fusion during deposition at high temperatures impacts in
particular the smaller atoms, allowing for the most stable
form of the MAX phase, that is, Cr,AlC, to form because
of increased Cr atom mobility. To counteract that effect,
higher deposition temperatures and/or ion bombardment
may be required in order to provide the necessary mobility
to overcome the activation energy barrier associated with
the formation of the solid solution. However, at higher
temperatures and intense ion bombardment, Al loss is

observed.%%3

American Ceramic Society

Surface micrographs and cross-section STEM images of
the films deposited at 650°C, along with EDX linescans
are shown in Figure 9. One can notice from the sur-
face micrographs that the Cr,AlC film is denser than the
Cr,AIC +5 at.% Y films. Indeed, small inter-grain porosity
can be observed on the surface. This statement is further
supported by the cross-section STEM images where inter-
columnar pores are visible in Figure 3B. The distribution
of Y throughout the thickness of the film appears homo-
geneous, although chemical contrast on the STEM image
may indicate a slightly different elemental distribution.

4 | CONCLUSIONS

First-principles calculations predict the metastability of
(Cr,Y),AlC phases that was also confirmed experimentally.
Y contents up to 5 at.% were explored to assess whether
the formation of Y-containing Cr,AlC was possible, while
maintaining the original P6;/mmc structure of the MAX
phase. A two-step approach and a direct high-temperature
synthesis approach were carried out in order to assess the
formation of the MAX phase based on surface and bulk
diffusion, respectively.

The two-step synthesis involved co-sputtering of the
Y and MAX phase, followed by annealing. DSC mea-
surements allowed identifying three reactions starting at
710°C, instead of the two reactions at 558 and 593°C
describing the crystallization of pure Cr,AIC. Combined
with in situ XRD during annealing, the dependence of
the crystallization temperature on the Y content was
demonstrated.

Up to 5 at.% of Y was incorporated in the P63/mmc MAX
phase and high-energy X-ray powder diffraction allowed
retrieving the lattice parameters of the (Cr,Y),AlC phase.
The effect of Y incorporation on the lattice was evidenced
by the increase in lattice parameters that were in very
good agreement with calculated lattice parameters. Fur-
thermore, DFT predictions suggested that Y would rather
replace the metal on the M-site, that is, Cr, rather than
the A-site that is, Al, and that the system was not spin
polarized. Furthermore, Y caused grain refinement, as evi-
denced by a significant decrease of the grain size when
compared to the pure Cr,AlC and was well distributed
throughout the film as no clear indication of Y segregation
was found by STEM/EDX.

Finally, the high-temperature synthesis led to the forma-
tion of multiphase films exhibiting under-dense column
boundaries for Y contents up to 5 at.%. The formation of
such films is likely due to off-stoichiometry effects and to
the deposition parameters which did not allow overcoming
the activation energy barrier necessary for the formation of
the (Cr,Y),AlC MAX phase.
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