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ABSTRACT

A (Moo .24Cro.76)0.40Al0.32Bo.28 thin film was deposited by direct current magnetron sputtering at 600
°C substrate temperature. Analysis by X-ray diffraction, energy-dispersive X-ray spectroscopy, elastic
recoil detection analysis, and high-resolution scanning transmission electron microscopy revealed
the formation of the previously unreported (Mo,Cr),;AlB, MAB phase, along with Cr3AIB4, CrBy4, and
Mo, in good agreement with density functional theory (DFT) calculations. Hence, the MAB phase
family in the Mo-Cr-Al-B system is extended by a novel, quaternary member.
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In this work, quaternary MAB phase (Mo,Cr),AlB; is synthesized experimentally for the first time. Its
metastable formation is rationalized by density functional theory calculations.

Introduction

For many years, layered transition metal carbides/
nitrides, the so-called MAX phases, where M desig-
nates an early transition metal, A is an A-group element,
and X is either carbon or nitrogen, have received sub-
stantial scientific attention and were thoroughly studied
due to their desirable combination of ceramic proper-
ties like high stiffness [1,2] along with metallic prop-
erties like good machinability [3], resulting from their
nanolaminated structure of M-X structural unit layers
interleaved by A layers and thus exhibiting a combination
of covalent/ionic as well as metallic bonds [3]. Further-
more, MAX phases have shown to be high-temperature
oxidation-resistant [4] as well as self-healing [5,6] and
self-reporting [7].

Recently, their structurally similar cousins, the MAB
phases, where B represents boron, have drawn the
research community’s interest, partly due to their
promising and potentially application-relevant proper-
ties. Examples of such properties are the magnetocaloric
effect for Fe, AlB, [8], with envisioned future use in envi-
ronmentally friendly cooling applications [9], low tox-
icity for Cr,AlB;, [10], of potential interest for novel
forms of drug delivery in medicine, as well as good
mechanical properties for a variety of compounds qual-
ifying them for applications in aerospace and high-
temperature structural components [11-13]. The first-
ever reported [14] and most-studied MAB phase, MoAIB,
exhibits low electrical resistivity ( <0.68 uQm) [11,15],
high thermal stability up to 1434 °C in vacuum and Ar
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atmosphere [11], self-healing behavior [16], and excel-
lent high-temperature oxidation resistance up to 1600
°C [17,18], rendering it a promising candidate for vari-
ous applications. Furthermore, it was demonstrated that
MOoAIB can be synthesized in thin film form, exhibit-
ing behavior comparable to that of the bulk material
[19,20]. As early as 1995, the family of MAB phases
was expanded towards quaternary (Mo;_,Cry)AIB com-
pounds, with the reported successful synthesis of bulk
(Mo 61Cro.39)AIB single crystals [21]. In a follow-up
investigation, the homogeneity range was proposed to be
0 < x < 0.4, and the properties of the studied Mo-rich
compositions were compared to those of MoAIB. While
the oxidation resistance in air was found to be compara-
ble, the hardness increased upon Cr addition, concurrent
with a decrease in the electrical resistivity [15].

In contrast to MoAlIB, the formation of the equisto-
ichiometric CrAlB phase has not been reported exper-
imentally so far, however, the MAB phases Cr,AlB;,
Cr3AlBy4, and Crs AlBg have all been synthesized [22-25].
Enthalpies of formation (AH) and Gibbs reaction
energies (AG), both determined at 0K, indicate that
CrpAlB; + Al is more stable than CrAlB (CryAlB,,
also referred to as 222 type) [26-29]. However, for
accurate phase formation predictions, considering the
temperature dependence of the Gibbs energy (AG(T))
is vital. Therefore, expanding on the previously men-
tioned reports, in our recent study we investigated
the temperature-dependent energetic barriers towards
CrAlB and (Mo,Cr)AIB formation using density-funct-
ional theory (DFT) calculations [30]. While the CrAIB
phase was metastable in terms of formation energy, when
compared to its energetically most preferred competing
phase, Cr,AlB,, which may explain the lack of exper-
imental reports on this phase, the calculated energetic
difference of ~0.008 eV/atom (& 10 kJ mol™!) is very
small and may well be overcome in kinetically limited
synthesis processes such as physical vapor deposition
(PVD). Moreover, alloying with Mo has been found to
cause changes in chemical bonding, leading to increased
stability of (Moj_xCry)AIB: Comparing the quaternary
phase to competing ternaries Mo, AlB; and Cr,AlB; as
well as Al at 0 K, formation of the 222 solid solution phase
is enabled at x <0.67 [30]. Furthermore, even at finite

temperatures, the temperature-dependent Gibbs energies
of formation also show a decreasing trend with increas-
ing Mo content, causing (Mog 375Cro ¢25) AIB to be stable,
when compared to Mo,AlB, at temperatures of up to
approx. 650K, indicating possible formation, with fur-
ther energetic stabilization at higher temperatures for
higher Mo contents [30].

Thus far, however, experimental studies in the Mo-Cr-
Al-B system were limited to high Mo contents, whereas
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the Cr-rich compositions remain unexplored. Further-
more, existing studies pertain to bulk synthesis meth-
ods, where high temperatures and long holding times are
required. As higher Cr contents are expected to improve
the corrosion resistance [31] while simultaneously reduc-
ing electrical resistivity [15] we probe this previously
unexplored composition window regarding the phase
formation during direct current magnetron sputtering.
We report the formation of the novel MAB phase com-
pound (Mo,Cr), AlB; along with several minority phases
and rationalize their formation in terms of energetics
based on DFT calculations.

Materials and methods
Experimental details

The MoCrAIB thin film was synthesized by magnetron
sputtering in a high vacuum deposition system with a
base pressure of <9 x 10~/ mbar at room temperature,
and <5 x 107 mbar at the deposition temperature of
600°C. This temperature was selected since prior results
in related material system MoAIB revealed the highest
density [20]. A substrate-facing 2” Cr-Al-B 1:1:1 com-
posite target (Plansee Composite Materials GmbH, Lech-
bruck am See, Germany) was run in direct current (DC)
mode at a constant power of 120 W, whereas for an ele-
mental 2” molybdenum target (FHR Anlagenbau GmbH,
Ottendorf-Okrilla, Germany), mounted at a 45° angle
to the substrate normal, the DC power was set to 10
W (Figure 1). The target-to-substrate distance for both
targets was 10 cm and a one-side polished 10 x 10 mm-
sized Al,O3 (0001) single-crystalline substrate was kept
at a floating potential during deposition. To enhance heat
absorption and dissipation of the radiation supplied by
the halogen lamp heater as well as to maintain a uniform
substrate temperature, the unpolished substrate side was
coated with a thin layer of TiN before the deposition. An
Ar pressure of 0.3 Pa and a deposition time of 1 h yielded
a MoCrAIB thin film with a thickness of about 1.1 pm.
Time-of-flight elastic recoil detection analysis (ToF-
ERDA) was carried out at the Tandem Accelerator Labo-
ratory of Uppsala University [32] using a 36 MeV 12718+
primary beam. The incidence and exit angle of the pri-
mary ions and detected recoils with respect to the film
surface was 22.5°, while the angle between the primary
beam and the detector telescope was 45°. The time-of-
flight was measured with thin carbon foils [33] and a
gas detector system was employed for energy discrimina-
tion [34]. A depth profile was created from time-energy
coincidence spectra using CONTES [35]. The average
concentration was extracted from this profile, excluding
the oxygen-rich near-surface region. A maximum total
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Cr-Al-B

Figure 1. Schematic illustration of the deposition setup used
here comprising of a substrate-facing Cr-Al-B and a 45°-angled Mo
target.

uncertainty of 5% of the deduced values is assumed for
B and aliquot fractions thereof for the metals Mo, Cr,
and Al

To study phase formation, Bragg-Brentano X-ray
diffraction (XRD) was carried out in a Panalytical
Empyrean MRD diffractometer (Malvern Panalytical,
Almelo, The Netherlands) equipped with a Cu K source.
The —5° omega offset scans were performed with a step
size 0f 0.026° and a measurement time of 100 s/step, while
the diffractometer was operated at a current of 40 mA and
a voltage of 40 kV.

A thin lamella for high-resolution scanning trans-
mission electron microscopy (HRSTEM) investigations
was prepared by focused ion beam (FIB) techniques in
a Helios 5 Hydra UX dual-beam microscope (Thermo
Fisher Scientific, Waltham, USA). First, a 10 x 2.5 x
0.1 pm carbon layer was applied using the electron beam
with 2kV and 23 nA to protect the surface from interac-
tion with the ion beam. Subsequently, the thickness of the
carbon protection layer was increased to 1 um using an
Xe™ plasma at 12kV and 0.1 nA. Trenches were milled
at a voltage and current of 30kV and 60nA, respec-
tively, followed by lift-out and attachment of the lamella
to an omniprobe lift-out grid. After thinning the lamella
to approx. 500 nm, a 200 nm thick carbon protection
layer was applied to both sides of the lamella at 0.1 nA
to fill porous regions of the film material. Final thin-
ning to < 100 nm lamella thickness was done with Ga™
ions at 30kV in an FEI Helios Nanolab 600 dual-beam

microscope (Thermo Fisher Scientific, Waltham, USA)
as well as in a Lyra FIB/SEM dual-beam system (Tescan,
Brno, Czech Republic) with a final polishing at 5kV. The
lamella was subsequently analyzed by HRSTEM using
a Titan Themis 200 G3 equipped with a SuperX EDX
detector (Thermo Fisher Scientific, Waltham, USA) at an
acceleration voltage of 200 kV. The corrector was tuned
to 27 mrad to perform HRSTEM (dwell time: 100 ns,
current: 200 pA, spotsize: 5, aperture: 50). For the EDX
measurements, a dwell time of 4 ps was chosen and
for the quantification, the well-established Cliff-Lorimer
method was used to compare the atomic ratios of dif-
ferent elements within one measurement (EDX map). A
beam spread of 1.75 A was calculated with the theory
developed by Goldstein et al. and Jones [36] resulting in
a spatial resolution of 2.4 A after Michael et al. [37] for a
beam size of approximately 200 pm [36].

Computational details

Temperature-dependent Gibbs energies of formation
were calculated using a lattice dynamics approach based
on DFT calculations. The Vienna ab initio Simulation
Package (VASP, version 5.4.4, University of Vienna) was
employed for the DFT runs [38-40]. The projector-
augmented wave method [41,42] was used to generate
the basis set, using a plane-wave cutoff energy of 500 eV,
while the well-established generalized gradient approx-
imation (GGA) functional as parametrized by Perdew,
Burke, and Ernzerhof (PBE) [43] was used to treat
electronic exchange and correlation. The valence elec-
tron configurations modeled by the employed atomic
potentials were 5s>4d*4s?4p® for Mo, 4s?3d*3p® for Cr
(incorporating semi-core states for both transition metal
species), 3s23p! for Al, and 2s*2p' for B. The k mesh
in the irreducible Brillouin zone was constructed using
the Monkhorst-Pack method [44], with a density cho-
sen to ensure energetic convergence up to 1073 eV for
each system and verified via convergence tests; as the k
mesh dimensions varied for each system, they will not be
listed in full. Finally, the Methfessel-Paxton method [45]
of order 1 was chosen for Brillouin zone integration.
Initial structural data for all MAB phases were
taken from literature [22] and the structural mod-
els were subsequently fully optimized in the ground
state. The quaternary compositions were generated
by successively replacing Cr with Mo to model the
compositions (Mo;_,Crx)AIB, (Mo;_,Crg),AlB;, and
(Mo;—xCry)3AlB4 with x = 0.25, 0.5, and 0.75 resulting
in multiple distinct ordered configurations for each com-
position. These configurations were subsequently fully
optimized and the configuration obtaining the lowest
total energy was selected for further investigation. These



optimized models served as input for the lattice dynam-
ics runs using VASP and the phonopy package (version
2.11.0, University of Kyoto) [46] as the postprocessing
code. Depending on the symmetry of the system, a vary-
ing number of nearly-cubic supercells were automati-
cally generated using phonopy, by replacing symmetry-
inequivalent atoms from their equilibrium positions. The
lattice parameters a, b, ¢ of these supercells were always
constrained to > 10 A preventing interactions of the dis-
placed atoms with their periodic images. This approach
is described in greater detail in prior literature [47] and
our preceding publication [30].

After obtaining the G(T) datasets for all MAB phases
and competing phases, the Gibbs energies of formation
were calculated using the formula.

AG(T) = £xG(T)(product)
— X y G(T)(starting materials),

with x and y signifying the stoichiometric coefficients of
the individual compounds/elements.

Results and discussion

Figure 2 shows the XRD pattern of the synthesized
sample with the ERDA-determined average composition
obtained from the depth profile (Supplementary Figure
Sl) of (M00_24CI‘0_76)0,40A10,32B0,28. The sample is identi-
fied as a phase mixture of (Mog 5Cr 75)2AlB; (simulated
interplanar distances obtained from DFT calculations at
0K) and Cr3AlB,4 (01-084-8900) MAB phases as well as
CrB4 (01-084-8449) and Mo (00-042-1120) as additional
phases with (Mog 25Cr 75)2AlB; being the predominant
phase. Formation of this novel MAB phase is indicated
by the peaks corresponding to the (020), (110), (021),
(130), (111), (060), (061), and (151) planes which are
unique to (Mog25Crg75)2A1B,. It can be readily seen
that peaks of (Mog 25Crq.75)2AlB,, when compared to the
ternary MAB phase Cr,AlB; (01-084-8899, comparison
of d spacing and 26 values shown in Supplementary Table
§2), exhibit a shift towards lower angles. This is most
likely caused by the substitution of Cr atoms by the larger
Mo atoms (=~ 10% larger metallic radius compared to Cr
[48]) and the resulting increase in lattice spacing. Both
Cr3AlB4 and CrBy4 peaks also exhibit a slight shift towards
lower angles, which may indicate that small quantities of
Mo are also dissolved in their respective Cr host lattices.

Our prior DFT calculations suggest the quaternary
(Mo;_xCryx)AIB MAB phase (further referred to as 222,
signifying the (Mo,Cr):Al:B ratio, with the same nomen-
clature for all phases shown for enhanced clarity in
Figure 3) to be stabilized in the ground state at x < 0.67
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[30], however, the quaternary 212 or 314 configurations
have not been studied before.

Therefore, in Figure 4, calculations of the Gibbs
energy of formation in the temperature range between
0 and 1500 K are shown for various MAB phase forma-
tion reactions in the Mo-Cr-Al-B system. Figure 4(a)
shows the formation of the (Mo,Cr)AIB solid solution
MAB phase from MoAIB and Cr,AlB,. The quaternary
(Mo,Cr)AIB phase is metastable throughout the whole
studied temperature range when compared to the two
ternary MAB phases. However, the energetic barriers for
its formation are rather small (max. 0.062 eV/atom for
(Moo 25Crg.75)AIB at 1500 K) and may be readily over-
come in metastable synthesis scenarios such as PVD. It
has been shown that other metastable material systems
like (Ti, AN, (V,AD)N, and Mo3Al,B4 that can be syn-
thesized by utilization of a PVD process [50-52]. For
example, the energy of formation in the ground state for
Tip5Alp 5N is predicted to be & 0.123 eV/atom [53] and
is therefore about half an order of magnitude higher than
the max. value for (Mog25Crg 75)AlB. Furthermore, one
can observe a trend of increased stability with increas-
ing Mo content for the 222 solid solution phase, which
is in excellent agreement with both our previous ab ini-
tio predictions (for this quaternary 222 phase) [30] and
prior experimental reports of this phase at composi-
tions between 0 < x < 0.4 for (Moj_xCry)AIB [15,21].
In Figure 4(b), where the formation of the quaternary
222 phase out of the (Mo,Cr),AlB; phase and elemental
Al is shown, a similar picture arises: with increasing Mo
content, the (Mo,Cr)AIB phase is becoming more stable
and concomitantly the stability of the 212-(Mo,Cr),AlB;
phase decreases in relation. Moreover, the formation of
the 222 phase is energetically favoured for all studied
compositions except for that with the lowest Mo content,
where, after a crossover point at approximately 900 K
(~ 627 °C), the formation of the 212 phase is more favor-
able. This is in very good agreement with the synthesis
temperature of 600 °C used for the presented sample. The
difference between equilibrium calculations and experi-
ments may originate from the deviation from thermody-
namic equilibrium during plasma processing.

Comparing the Gibbs energies of the formation of
quaternary (Mo,Cr),AlB; from the ternaries MoAlB and
Cr,AlB; in Figure 4(c), similar to the results for the qua-
ternary 222 phase (Figure 4(a)), the two ternary MAB
phases are energetically favoured throughout the stud-
ied temperature range. At max. 0.079 eV/atom in the
ground state, the energetic barrier towards the quater-
nary phase formation is slightly larger but may still be
overcome in a metastable synthesis scenario, as outlined
before. However, for the 212 phase, the stability trend
with respect to the Mo content is reversed: the lower
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Figure 2. X-ray diffractogram from a —5° omega offset scan.
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Figure 3. Ideal MAB phase structures used for DFT calculations. M designates either molybdenum or chromium, Al aluminum, and B

boron [49].

the Mo content, the more stable the quaternary com-
position becomes in relative terms, as also observed in
Figure 4(b). This is in good agreement with the XRD
results above, where the (Mog 25Crg75),AlB, phase was
identified, while the simulated diffraction patterns for
higher Mo contents did not fit the measured diffrac-
togram. Finally, Figure 4(d) depicts the formation of
the quaternary (Mo,Cr)3AlB4 phase from (Mo,Cr),AlB,
and ternary Cr3AlBy. It is evident, that the 314 qua-
ternary phase is unstable throughout the whole investi-
gated temperature range for all Mo/Cr ratios, with the
magnitude of the energetic barrier being above 125 kJ

mol™! ~0.166eV/atom for all compositions and tem-
peratures and thus likely too high to be overcome,
even in a kinetically limited synthesis scenario. Further-
more, the most stable quaternary 212 composition is
once more the Cr-rich (Mog »5Crg.75),AlB,, as observed
before (Figure 4(b,c)). These results are again in excel-
lent agreement with the X-ray diffraction data in Figure 2,
identifying a phase mixture of (Mog25Crg75)2AIB; as
well as Cr3 AlB4 along with impurity phases.

These observations notwithstanding, in Figure 5(a),
representative HRSTEM images accompanied by the cor-
responding EDX line scan (Figure 5(c)), recorded in the
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Figure 4. Temperature-dependent Gibbs energies of formation (AG(T)) of 222-(Mo,Cr)AIB from MoAIB and Cr,AlIB; (a); 222-(Mo,Cr)AIB
from 212-(Mo,Cr),AlB; (b), (MoCr),AIB; from MoAIB and Cr,AIB; (c), and 314-(Mo,Cr)3AlB4 from 212-(Mo,Cr),AlB, and Cr3AlB4 (d).

area specified by the orange box (Figure 5(b)) are shown,
along with an overlay of ideal structural models for eas-
ier distinction of the present phases, where blue atoms
correspond to Mo/Cr ( = M), green atoms to Al, and red
atoms to B (see Figure 3) [49]. It can be seen that, in line
with the XRD results, the nanolaminated (Mo,Cr),AlB,
MAB phase is prominent, with double MB layers sep-
arated by single Al layers. In the corresponding EDX
line scan, the Al, Cr, and Mo concentration modulations
mirror the nanolaminated structure of this phase, which
is clearly visible in the HRSTEM image (Figure 5(a)).
Moreover, the Mo/Cr ratio of the averaged concentra-
tions along the line scan computes to 0.35 and hence is
in good agreement with the (Mo 25Crp75)2AlB, com-
position identified by ERDA and XRD (Figure 2) and

predicted to be the most stable (Mo,Cr),AlB; compo-
sition by DFT calculations (Figure 4(b,c)). The slightly
higher Mo/Cr ratio might result from measurement inac-
curacies inherent in EDX or the very localized nature of
the TEM analysis.

Furthermore, a double Al layer can be seen in
Figure 5(a,b) as well as in multiple regions in Supplemen-
tary Figure S3, indicating the local formation of a compo-
sitional defect with a 222-like Al stacking. Such so-called
intergrown structures were previously observed for MAX
[54,55] and MAB [52] phases, where different stacking
orders were reported. This is also in line with the inte-
gral structural analysis since the minute compositional
defect with a 222-like Al stacking identified by HRSTEM
cannot be detected by XRD. While the Gibbs energy of
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Figure 5. HAADF HRSTEM micrograph along with the corresponding EDX line scan (b—c). Atoms in representative overlay (a) correspond

to Mo/Cr (blue), Al (green), and B (red) [49].

formation data indicate that 222-(Mo,Cr) AIB MAB phase
is not stable throughout the investigated temperature
range of 0-1500 K, when compared to the ternary MAB
phases MoAIB and Cr,AlB; (Figure 4(a)), the energetic
barrier of < 0.063 eV/atom may well be overcome in
the here-applied PVD process. Hence, correlating the
predicted formation energies for the Cr-rich 222 and
212 compositions (Figure 4(a—c)) and considering the
energetic barrier, the observed concurrent formation of
212 phase and 222-like compositional defect has to be
expected for the employed synthesis technique.

Conclusions

A quaternary (Mo0g.24Cro.76)0.40Alg.32Bg 28 thin film was
synthesized by direct current magnetron sputtering at
600 °C by co-sputtering a compound CrAlIB and an ele-
mental Mo target. Phase and composition analysis by
XRD, EDX, ERDA, and HRSTEM revealed the formation
of the hitherto unreported MAB phase (Mo,Cr),AlB;,
extending the family of potentially application-relevant
MAB phases, along with the competing MAB phase
Cr3AlBy4 as well as CrB4 and Mo. Furthermore, the for-
mation of the novel quaternary 212-MAB phase was
rationalized by temperature-dependent Gibbs energy
of formation calculations obtained by DFT, showing
that, the energetic barriers towards phase formation
are small enough to be overcome in a kinetically lim-
ited synthesis scenario, while the formation of the 314-
(Mo,Cr)3AlB4 phase is energetically disfavoured versus
the here observed Cr3; AlB4 phase.
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