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Abstract

Tailoring of individual atomic layers via alloying to synthesize quaternary MAX phases allows for expanding
their chemical diversity and fine-tuning of their properties. In this study, Cr-V/C/Al multilayered precursors
were deposited via combinatorial magnetron sputtering, creating nanostructured architectures with
periodic stacking of nanolayers and varying Cr:V ratios. Their phase transformation and underlying
reaction mechanisms during subsequent thermal annealing in argon towards the prospective quaternary
solid solution (CrV)n.1AIC, MAX phases formation was systematically studied. Crystallization of (CrV),AIC
starts at approximately 500°C, while growth of higher-ordered (CrV)4AICs is observed from 960°C. Notably,
intergrowth of (CrV),AIC and (CrV),AlCs structures with coherent interface suggests that (CrV),AIC acts as
template for nucleation of (CrV),AICs. Thermal stability and high-temperature oxidation tests found that
(CrV),AIC exhibits higher thermal stability compared to (CrV)4AIC; and films with Cr7,.7V27.3displayed good
oxidation resistance at 1000°C, forming a protective bilayer oxide scale consisting of (Cr,Al),03 and Al;Os.

Key words: Quaternary MAX phases; Cr-V-C-Al system; Nanostructured multilayers; Combinatorial
approach



1. Introduction

The demand for significantly enhancing the efficiency and reliability of technological processes in modern
industries has led to a continuous need for innovative and advanced materials with complex property
profiles [1,2]. One crucial requirement is the simultaneous presence of excellent high-temperature
mechanical properties, such as high strength and toughness, along with oxidation resistance. A class of
materials that shows great potential in meeting these demands are atomically layered carbide and nitride
compounds, known as Mn.1AX, (MAX) phases, where M represents a transition metal, A stands for a
mainly A-group element, and X is either carbon or nitrogen, with n typically ranging from 1 to 3 [3-6].
MAX phase compounds exhibit a hexagonal crystal structure with P63/mmc symmetry. Their crystal
structures consist of twinned Mn.1Xn slabs comprising edge-sharing M¢X octahedra, which are interleaved
with atomic layers of the A element [4]. The different n values specify the number of the transition metal
layers separating the A elemental layer. The covalent-ionic M-X bonds in the MAX phases are exceptionally
strong and are comparable to their binary MX counterparts (for instance Ti-C bond energies in Ti,AlIC MAX
phase and TiC are 2.61 eV and 2.56 eV, respectively); the metallic M-A bonds are relatively weak (Ti-Al
bond energy in Ti;AIC is 0.98 eV) [4,7]. Consequently, they exhibit unique physical, chemical, and
mechanical properties originating from their layered crystal structures and special bonding characteristics.
Generally, MAX phase compounds exhibit low density, excellent high-temperature mechanical properties,
and low thermal expansion coefficients. Unlike conventional binary carbide or nitride ceramics, they are
soft and readily machinable, reveal high thermal and electrical conductivities, as well as good thermal
shock and damage tolerance.

One common route to tune materials’ elemental constitutions and properties is through alloying. Tailoring
of individual atomic layers via multi-element alloying to synthesize quaternary (and higher multi-element)
MAX phases are attracting unprecedented interest with the recent discovery of new solid solution,
ordered and sub-lattice high-entropy MAX phases [8—14]. The multi-element alloying strategy offers
further degrees of compositional and structural control to increase their chemical versatility and expand
their physical and chemical properties. Different alloying strategies have been demonstrated to, for
example, introduce magnetic characteristics (e.g. alloying with Mn, Fe) [15,16], tune thermal expansion
coefficients [17,18], and enhance oxidation resistance [19], of specific MAX phase materials. Exploring the
guaternary systems within the materials design additionally will qualify to synthesize new
thermodynamically stable quaternary MAX phase compounds whereas their ternary counterparts are
thermodynamically unstable [20]. Recent studies revealed that other classes of elements, such as rare-
earth elements [21] and noble metals [22], can be incorporated into ternary structures forming novel
guaternary MAX phases; this offers additional prospects for tailoring properties and novel functionalities.

In the Cr-V-C-Al quaternary system, dual-transition metal solid solution MAX phases with three different
structures (CrV),AIC, (CrV)sAlIC,, and (CrV),AlIC;s have been experimentally demonstrated in bulk form [23—
25]. MAX phases in this system are of particular interest since their ternary end members Cr,AIC and V,AIC
exhibit supplementary exceptional properties apart from the common properties shared by many MAX
phases. To be more specific, Cr,AlIC demonstrates excellent high-temperature oxidation and corrosion
resistance, making it a promising material for protective coatings in harsh environments [26—-28]. On the
other hand, V,AIC shows potential as electric contact due to its low resistivity [29]. Therefore, alloying



these ternary end members with each other to form solid solution (CrV)a.1AlC, MAX phases, with different
n values, offers vast possibilities to tailor their mechanical and physical properties while preserving certain
favorable features for various advanced technological applications. While recently intensive studies have
been conducted on quaternary (CrV)..1AlC, MAX phases, the focus has primarily been on theoretical
exploration, experimental verification and properties evaluation of bulk products rather than thin films
[24,25]. Reports on quaternary (CrV)n.1AlC, thin films are very scarce; for instance Scabarozi addressed
the deposition of (CryV1«)2AIC thin films through magnetron co-sputtering on sapphire at 850°C using four
elemental targets and studied electric and magnetic properties of these films [30]. In the course of this
research, Scabarozi reported the growth of higher-ordered (CryVix)sAICs in two distinct compositional
regions, indicating its potential phase stability depending on the film stoichiometry.

Our previous research demonstrated that thermal annealing of multilayered precursors, consisting of
M/C/Al nanoscale sublayers, provides a facile method to synthesize phase-pure ternary MAX phase
carbide films on various substrate materials [31,32]. In this study, we extended this method to the
quaternary Cr-V-C-Al system and deposited Cr-V/C/Al multilayered thin film precursors by magnetron
sputtering using one segmented Cr-V target, along with graphite and Al element targets. Utilizing a
segmented Cr-V target enables deposition of the multilayered precursors with varying concentrations of
chromium (Cr) and vanadium (V) of the Cr-V layers simultaneously, i.e. following a combinatorial thin film
synthesis approach. This combinatorial approach enables an efficient exploration of the relationship
between chemical composition and phase formation, particularly when the general stoichiometric ratio
of the films changes [33]. The phase formation and transformation, as well as reaction mechanisms
governing the prospective growth of quaternary (CrV)n.1AlC, MAX phases during subsequent thermal
annealing of the multilayered precursors, were comprehensively investigated. These investigations
involved in-situ high-temperature X-ray diffraction (XRD) to monitor the phase changes during annealing,
ex-situ XRD after cyclic annealing to further analyze the evolution of phase formation, and high-resolution
transmission electron microscopy (HR-TEM) and atom probe tomography (APT) to gain detailed insights
into their microstructure and local composition. Furthermore, thermal stability of the MAX phase thin
films at high temperatures, their mechanical properties by microindentation, and high-temperature
oxidation behavior in steam were evaluated. This study aims to contribute to and advance the
understanding of synthesizing quaternary solid solution (CrV)n..1AlC, MAX phase thin films from
multilayered precursors and to identify the most suitable composition for phase formation and specific
applications.



2. Experimental

The Cr-V/C/Al multilayered precursors were deposited by magnetron sputtering following a
combinational approach using one segmented Cr-V target, along with graphite and Al element targets (all
75 mm diameter), as schematically illustrated in Fig. 1. An appropriate shutter system has been employed
to regulate the deposition process, ensuring that only one specific target can contribute to film deposition
at any given time. Six substrate samples were placed in a line in front of the segmented target.
Consequently, thin film precursors with compositions ranging from Cr-rich to V-rich of the Cr-V layers can
be obtained simultaneously. Two different types of substrates were utilized, i.e. Si wafer with thermally
grown amorphous SiO; layer (for compositional analyses) and polished polycrystalline Al,Os (for annealing,
mechanical properties, and oxidation studies). Both types of substrates had a square shape, measuring 10
x 10 mm. The substrates were ultrasonically cleaned in an acetone bath for 10 minutes and sputter
cleaned for 15 minutes in an argon plasma (pressure: 0.5 Pa) powered with radio frequency 500 W inside
the deposition chamber before film deposition. The deposition process began with the chamber
evacuated to a base pressure of approximately 1 x 10* Pa. Throughout the deposition, the working
pressure of Ar was maintained at 0.5 Pa, and the targets were powered at 200 W for Cr-V and C, 120 W
for Al (direct current for Cr-V and Al, and radio frequency for C). Notably, the substrates were not
intentionally heated and were kept at ground potential during the entire deposition process.

To fabricate the desired multilayered structure of the precursors, a stop-and-go approach for the shutter
and substrate holder movement was utilized during the top-down sputtering process (Fig.1). Inside the
deposition chamber, both the substrate holder and the shutter were rotated to alternate between
different targets. In such specific setup, the shutter possesses a significantly faster movement speed
compared to the substrate holder. This speed difference translates to the shutter positioning itself over
the target material before the substrate arrives. Subsequently, the substrate holder slowly moves beneath
the target and shutter for a predetermined time. Notably, the deposition time for each position (from Cr-
rich side CrV01 to V-rich side CrV06) progressively decreases as the substrate holder traverses from its
initial contact with the plasma plume to its final position directly under the target. This time difference is
approximately 4 seconds. This sequential deposition process provides the means to regulate the thickness
of individual sublayers by adjusting the dwell time of substrates remained under each specific target. The
total thickness of individual sublayers is ultimately determined by two factors: 1) substrate holder
movement period, and 2) substrate holding time under a particular target. The designated thicknesses of
each sublayer would be targeted as follows: approximately 15 nm for Cr-V, 5 nm for C, and 10 nm for Al.
These thicknesses are chosen to achieve a precursor stoichiometry close to a 2:1:1 ratio, i.e., relevant to
form a single-phase 211 MAX phase afterwards in thermal annealing of the precursors. This situation
however cannot be precisely achieved for the above-described sputtering conditions. It is essential to
note that variations in the sublayer thickness exist for each substrate at different positions due to various
combined effects, primarily including different sputter yields of Cr and V, different angular distribution of
the sputtered species and rotation of the shutters and substrates as previously described.



It is therefore anticipated that fluctuations in the Cr:V ratios and different sublayer thicknesses will result
in varying overall stoichiometry of the multilayered precursors in different sample positions. To achieve
the intended 211 condition (or any other pre-condition, for example 413) in all substrate positions, the
target power and deposition time applied to the segmented Cr-V target has to be modified, according to
the deposition rate of the Cr-V thin films at the individual position. Achieving a 2:1:1 stoichiometry across
all substrate positions under the segmented Cr-V target simultaneously is inherently impossible due to
the combined effects of the angular distribution of the sputtered species of different masses, the
substrate holder movement, and the shutter operation during such combinatorial deposition. However,
we focus in this manuscript on the multilayered films deposited under the above-specified parameters,
as the consequences obtained for all samples, despite a clear deviation from the model cases, which
significantly expedites the investigation of phase formation dependence on chemical composition. Two
sets of thin film samples with different total thicknesses were deposited, a set of thinner films with ~1500
nm for annealing studies, and a set of thicker ones with ~4500 nm for mechanical properties and oxidation
investigations. More information regarding the multilayer deposition utilizing a Leybold Z 550 sputter
coater can be found in previous works [31,32].
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Fig. 1 Schematic illustration of magnetron-sputtering deposition of the Cr-V/C/Al multilayered precursors using a Cr-V
segmented target and C and Al element targets in a combinatorial approach. Six substrate samples were placed in a line in front
of the segmented target and films with compositions from Cr-rich to V-rich were deposited. The substrates were labeled as
CrV01 to CrV0e6, from the Cr side to the V side.



The average chemical compositions of the as-deposited multilayered precursors were analyzed using
electron probe microanalysis (EPMA) with a Cameca SX100 at 10 kV and 20 nA. The elemental depth
profiles of one as-deposited multilayered precursor were measured using an Auger electron spectrometer
(AES, PHI 680 Xi Auger Nanoprobe system). Their temperature-dependent phase formation was initially
investigated by in-situ high-temperature X-ray diffraction (HT-XRD) analysis using an Anton Paar HTK 1200
N (Anton Paar GmbH) chamber. The temperature profile extended from 300°C to 1000°C with
temperature steps of 20 K, applying a heating rate of 30 K/min between each step. XRD patterns were
recorded using an Empyrean diffractometer (Malvern Panalytical) in Bragg-Brentano geometry (6-20),
with Cu Ka radiation (A = 0.1540 nm) of 40 kV and 40 mA and 26 ranging from 10° to 60°. During the
measurement, an argon flow was used to purge the chamber, and the measuring time for each pattern
was approximately 20 minutes. To compare and confirm their phase formation, the as-deposited
multilayered precursors were also cyclically annealed in an argon atmosphere using a NETZSCH STA-449
F3 Jupiter thermal balance. During cyclic annealing experiments, a single, identical sample underwent a
series of heating and cooling cycles. Each cycle involved heating the sample to a designated temperature
with a dwell time of 10 minutes. A constant heating and cooling rate of 10 K/min was employed. Following
cooling, the sample was transferred for XRD measurement. This process was iterated from 400°C to
1000°C, with a typical temperature increment of 50 or 100 K between cycles. Additionally, selected films
were annealed at constant temperatures of 1000°C and 1200°C for different durations in an argon
environment to study their temporal phase evolution and thermal stability at elevated temperatures. To
minimize the residual oxygen content in the system and prevent significant oxidation of the films, an
oxygen trapping system with a Zr oxygen getter was employed inside the furnace of the thermal balance.

The microstructure of selected annealed films was investigated using transmission electron microscopy
(TEM) with a Thermo Scientific Talos F200X instrument, operating at an acceleration voltage of 200 kV.
Cross-sectional TEM samples were prepared using the focused ion beam (FIB) technique and subsequently
thinned through Ga ion milling at 30 kV inside a Zeiss Auriga workstation. Apart from TEM bright field,
dark field, and high-resolution imaging, selected area electron diffraction (SAED) and energy dispersive X-
ray spectroscopy (EDS) analyses were performed to scrutinize the local film area concerning grain
structure and chemical compositions. The 3D chemical composition at the nanometer scale of selected
films was investigated by laser-assisted atom probe tomography (APT) using a CAMECA LEAP 4000X HR
instrument. For specimen preparation, FIB techniques were utilized in a FEI Helios Nanolab 660 dual-beam
microscope following a standard protocol [34]. Microindentation was employed to evaluate the
mechanical properties (hardness and Young’s modulus) of the annealed films. This assessment was
conducted using a CSM Micro Kombi Tester (Anton Paar GmbH) with a Vickers diamond tip in accordance
with the Oliver and Pharr (OP) method [35]. During the indentation process, the depth was adjusted to be
significantly larger than the surface roughness but simultaneously limited to one-tenth of the total film
thickness to mitigate any potential substrate effects. For each sample, at least ten indentations were
performed. The high-temperature oxidation behavior of three selected annealed films in steam at 1000°C
was examined using the NETZSCH STA-449 thermal balance equipped with a steam furnace. The films
were heated in argon atmosphere from room temperature to 1000°C with 10 K/min, and then steam was
introduced into the furnace by a steam generator with 3 g/h H,0. The oxidation time was set at 1 hour.
After oxidation, the steam generator was switched off and the films were cooled in argon with 100 K/min



(natural cooling after around 800°C). After oxidation, the constitution, phase composition, microstructure
and chemical composition of the oxide scale grown on the films were investigated by X-ray diffraction
(XRD, Seifert PAD Il diffractometer) and scanning electron microscopy (SEM, Philips XL30S) equipped with
an energy dispersive X-ray spectroscopy (EDS) detector.

3. Results and discussion

3.1. Chemical composition and microstructure of the multilayered precursors

The average chemical composition of the as-deposited Cr-V/C/Al multilayered film precursors measured
by EPMA and their related concentration ratios are shown in Table 1. As expected, for the films placed in
front of the Cr side (starting with sample CrV01) to the V side (ending with sample CrV06), elemental
compositions of the Cr-V layers from Cr-rich to V-rich were obtained. However, the Cr:V ratios do not
show a symmetric distribution, with much higher Cr content in sample CrV01 (~72 at.%) than V content in
sample CrV06 (~55 at.%), mainly because of higher sputtering yield of Cr than V under bombardment of
particular noble gas ions [36]. In addition, the Cr and V concentrations and the corresponding Cr:V ratios
display very close values for the samples CrV01 and CrV02, as well for the samples CrV05 and CrV06. This
can be related to the angular distribution of the sputtered species in the plasma, the configuration of the
magnetic field, and the geometrical arrangement of the samples in relation to the target [37]. The
concentration of C gradually increased, while the content of Al decreased from the Cr-rich thin film CrvV01
to the V-rich thin film CrV06. This difference arises from two major effects, i.e. substantially different
deposition rates of Al and C at the specified deposition parameters (one magnitude higher for Al) and
rotation of the substrate holder. The samples experienced different exposure on their travel path under
the respective target, and the extended exposure of individual samples (particularly those underneath the
Cr-side) during cycling accounted for higher percentages of total deposition time with respect to the Al
target in relation to other two targets. Compared to other film precursors, the stoichiometry of sample
CrV04 is closer to the 2:1:1 ratio, but with slightly higher Cr+V concentration than expected. Overall, the
stoichiometry of all film precursors exhibits considerable deviation from any theoretically intended MAX-
phase composition. In these thin film precursors, the (Cr+V):Al ratios range from 2.5 to 3.3, and the
(Cr+V):C ratios change from 1.7 to 4.2. Oxygen and argon contaminations were detected within the films
and their concentrations are generally pretty low (not shown in Table 1, please see Fig.2), below 2.0 at.%
and 0.5 at.%, respectively.

The phase composition and local chemical composition of specific as-deposited films were examined using
XRD and AES, respectively; corresponding results are presented in Fig.2. The broader XRD reflections in
the angular range around 43.0° can be attributed to the transition metal sublayers, i.e. Cr-V, while the
sharp reflections with higher diffraction intensities can be assigned with the polycrystalline alumina
substrate (those reflections are marked by black square symbols). In the binary system Cr-V, both metals
crystallize in body-centered cubic structure; Cr and V can form solid solutions over the entire
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compositional range [38]. The diffraction peak locations of the Cr (110) plane (PDF card No. #06-0964)
and the V (110) plane (PDF card No. #22-1085) are marked with dashed lines in Fig.2 (a). The broad, low
intensity reflections at ~43.0° are located between those two reflections, which supports formation of
nanocrystalline Cr-V solid solution phases. In addition, the position of these reflections shifted from ~43.8°
of sample CrV0O1 to a lower angle ~42.7° of sample CrV05, consistent with the chemical composition
measurements and lattice parameters of the two metallic phases (i.e., larger lattice parameters and
smaller reflection angles for V compared to Cr). A faint and broad reflection at approximately 38.7° can
be attributed to the Al (111) plane, but it is challenging to identify due to the high noise-to-signal ratio.
The reflections from Al and C sublayers cannot be clearly resolved mainly due to their low thickness and
amorphous structure, respectively, as confirmed by our previous studies [32].

The periodic arrangement of Cr-V, C, and Al sublayers in the as-deposited films is evident in the AES depth
profiles. Fig.2 (b) shows exemplarily an AES depth profile for the CrV03 thin film sample, representative
for all films. Across the analyzed layer thickness, a systematic and repeated sequence of the individual
layers is identified, with clearly reproduced chemical gradients at the layer interfaces. The peak intensity
of Cr coincides with that of V, supporting the claim of Cr and V co-deposition in the related sublayers. The
film surface is rich in oxygen and contains both metals and some carbon. This can be attributed to
formation of native oxides and hydrocarbon adsorbates on the surface when the films are exposed to the
ambient atmosphere. The argon and oxygen contaminations of the film samples (in the bulk volume)
measured by AES is very low, as displayed in Fig.2 (b), corresponding with the data obtained in the electron
microprobe analyses. Consistent with our previous findings on ternary films [31], a quasi-periodic argon
depth profile aligning with the periodic carbon depth profile as identified by AES measurement suggests
that the Ar atoms are mainly enriched in the amorphous C layers.

Table 1 Average elemental composition of the as-deposited multilayered films measured by EPMA (at.%).

Nr. C Al V Cr Cr:vV  (Crv):Al - (CrV):C
Crvo1 144 248 165 443 Cr .V . 2.5 4.2
Crvo2 16.8 224 167 441 Cr, VvV . 2.7 3.6
crvo3 203 210 202 385 Cr,V,. 28 2.9
crvo4a 226 208 236 330 Cr, VvV, . 27 2.5
crvos 246 175 328 251 Cr V.. 33 2.4
crvoe 311 16.6 286 237 Cr. .V, 3.1 1.7
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Fig. 2 Phase and chemical composition of the as-deposited multilayered precursors. (a) XRD patterns of all multilayered thin film
precursors, (b) AES depth profile of the as-deposited thin film sample CrV03.

3.2. Phase transformation and microstructure formation during annealing

The as-deposited Cr-V/C/Al multilayered precursors were subject to thermal annealing in inert
atmosphere (argon) and their thermally induced phase formation/transformation and microstructure
evolution was initially investigated by in-situ HT-XRD. These analyses reveal that the phase formation
depends not only on the chemical compositions of the individual film precursors but also on the annealing
temperatures and holding times. Various quaternary solid solution MAX phases, (CrV),AIC and (CrV),AICs,
formed during annealing of the different multilayered precursors. The results can be classified into two
different categories based on crystallization of these quaternary MAX phases: the first category includes
thin film samples CrvV01-CrV04 and CrV06, while the second category consists of only sample CrV05. More
specifically, in the first category, the 211-structured quaternary solid solution (CrV),AlIC MAX phase was
the only MAX phase detected during the HT-XRD measurements up to 1000°C, while in the second
category, the (CrV),AlICs MAX phase with higher-ordered 413 structure crystallized at annealing
temperature reaching about 960°C. The XRD patterns for thin films of the two different categories are
exemplarily displayed in Fig.3 for sample CrV01 and sample CrVO05, respectively.

No apparent new phase formation was recognized in both thin films with the annealing temperature
increasing from 300°C up to ~600°C, and the CrV(110) reflection shows decreasing intensity in this
temperature range. However, mutual diffusion and intermixing occur within the nanoscale multilayers
and some amorphous structures or nanocrystalline phases may be formed in this temperature range
[31,39]. When the annealing temperature reaches 600°C, two broad reflections appear in both
diffractograms, located at diffraction angles ~13.6° and 41.6°. These two reflections clearly indicate that
nucleation and crystallization of the quaternary solid solution (CrV);AIC MAX phase happens at
temperatures between 500°C and 600°C. This is concluded with respect to the theoretical positions of the
specific reflections of the (002) and (006) planes of the quaternary (CrV),AIC MAX phase. Such
crystallization onset behavior was observed in the same temperature range similarly for ternary Cr,AIC



(PDF card No. #29-0017) and V,AIC (PDF card No. #29-0101) MAX phases [40] synthesized from nanoscale
multilayered thin film precursors using the same approach as here [31,32]. Regarding the Cr-rich thin film
CrV01, no additional reflections that can be assigned to the 211 MAX phase were detected as the
annealing temperature further increases, Fig.3 (a). The intensities of these two reflections gradually
increase, and the diffraction peaks become more symmetric and narrower, and shift as well to lower
angles (owing to thermal expansion with increasing temperatures). In contrast, the XRD patterns of the
V-rich thin film CrV05 showed the appearance of further, different reflections with increasing temperature:
one diffraction reflection centered at ~40° was observed from about 800°C, and two further diffraction
reflections located at ~15.5° and 39.6° were detected from about 960°C. The first reflection can be
attributed to the (102) lattice plane of (CrV),AlIC, while the latter two reflections are assigned to the
growth of the higher-ordered (CrV),AICs MAX phase, indicated by their (004) and (0010) planes (verified
by additional XRD and TEM analyses, see sections 3.3 and 3.4). Growth of chromium carbides (Cr;Cs; and
Cr3C,, PDF card number Cr,Cs #36-1482, CrsC, #35-0804) as secondary phases was observed in both films.
Subsequent TEM and APT analyses (Section 3.4) revealed the incorporation of approximately 10 at.% V
into the chromium carbide phases. This observation aligns with prior thermodynamic evaluations, which
predicted a vanadium solubility of up to 15 at.% in these chromium carbides at 1000°C [41]. To reflect this
information, the designation of these phases has been revised in later sections to M;Csand MsC; (or M,C,),
where M represents a combination of chromium (Cr) and vanadium (V) atoms. Their diffraction peaks
appear from around ~920°C and are marked by arrows in Fig.3 (b). The observed lower intensity and
presence of noisy features in the HT-XRD patterns in Fig.3 can be attributed to weaker X-ray signal
(window configuration) and faster scans (needed for high-temperature dynamics).
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To verify the temperature-dependent phase formation and growth of the higher-ordered (CrV),AlC; MAX
phase in the V-rich thin film CrV05, all Cr-V/C/Al multilayered thin film precursors were also subjected to
cyclic annealing up to 1000°C in argon. Fig.4 shows the XRD patterns of CrV01 and CrV05 samples after
annealing from 400°C to 1000°C as examples. In addition, comparisons of the reflections at low 26 ranges
for all thin films after annealing at 800°C and 1000°C are displayed in Fig.5 (XRD patterns of full 26 ranges
are given in Fig.S1). Compared to the as-deposited films, a broad hump of very low intensity located at
~40° evolves after annealing at 400°C and 450°C, as displayed in Fig.4. In this angular position, one could
expect the formation of an intermediate product of disordered (M,Al),C« (M: Cr and V) carbide phase
before crystallization of MAX phase. Phase transition from such disordered carbide phase to ordered
ternary MAX phases has been reported to take place with increasing annealing temperature [42—44]. This
phase could not be noticeably acquired during the HT-XRD measurements, most probably due to its
nanocrystalline feature, relatively short probe time and low signal-to-noise ratio in the HT-XRD analyses.
Crystallization of the solid solution quaternary (CrV),AIC MAX phase was observed for both thin films after
annealing at 500°C, as indicated by appearance of the specific (002) diffraction peak of this phase at ~13.5°
in Fig.4 (marked by a dashed, red-colored circle). More diffraction reflections attributed to the (CrV),AIC
MAX phase appeared with increasing annealing temperature and these diffraction peaks become sharper
and narrower, indicating enhanced degree of crystallinity. In addition, the acquired reflections primarily
from the (00I) lattice planes indicate that the (CrV),AIC crystallites have a basal plane preferred orientation.

Formation of the higher-ordered (CrV),AlCs MAX phase was only identified in case of the V-rich thin film
CrV05 after annealing at 1000°C, as revealed in both Fig.4 and Fig.5. The stacked diffraction patterns after
annealing at 800°C in Fig.5 (a) explicitly reveal that the reflections of the (002) plane from the crystalline
MAX phase of all thin films are located in between those of ternary V,AIC and Cr,AlIC MAX phases, which
supports the formation of quaternary solid solution (CrV),AIC MAX phase. Compared with the Cr-rich thin
film CrV01, the (002) diffraction peak of the V-rich thin film CrV06 shifts slightly toward lower 26 angles,
closer to the peak position of V,AIC (002). The diffraction peak centered at ~15.8° in Fig.5 (b), which was
detected only in CrVO5 after annealing at 1000°C, can be indexed to the (004) plane of the solid solution
(CrV)4AICs MAX phase. Compared to ternary V4AIC; (004) (PDF card No. #16-3549), its position shifts to a
higher 20 angle because of incorporation of Cr into the transition metal sublattice. M;C; and MsC, (M: Cr
and V) phases are observed as secondary phases in these two films; their diffraction peaks appear when
the annealing temperature reaches and surpasses ~900°C. In addition, diffraction signals with relatively
low intensity from an intermetallic compound Cr,Al were found for the Cr rich thin films CrV01 and CrV02
after annealing at 1000°C (Fig.51). Therefore, the remaining materials within the films, excluding the
formation of MAX phases, crystallize into these impurity phases after annealing at relatively high
temperatures. Their absence at lower annealing temperatures (600-800°C) can be explained by their low
volume fraction and poor crystallinity at low temperatures. Considering these films are Cr-rich, it can be
expected that M;Cs and Cr,Al are the two secondary phases forming in films with higher Al content, while
the secondary phases are M;Cs and MsC; carbides only in films with lower Al content. The phase
formations are in good agreement with phase equilibrium predicted by the Cr-C-Al ternary phase diagram
assuming that V atoms are predominantly incorporated into the quaternary solid solution (CrV),AIC MAX
phase (Fig.S2 with inserted symbols representing thin film stoichiometry). It is anticipated that phase-pure
(CrV)2AIC thin films can be synthesized if the film stoichiometry aligns well with the desired 2:1:1 ratio.
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Fig. 4 XRD patterns of two multilayered film precursors after cyclic annealing at different temperatures in argon from 400°C to
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are attributed to M,Cs and MsC, (M: Cr and V) phases.

13



(a) (b)

800°C (CrV),Al(;(002) 1000°C

Crvol
Crvoz
Crvo3
Crvo4
Crvos

V,LAIC || Cr,AIC

(002) (| (002) CrvVo6

V,AIC,
(004)

(CrV),AIC,

12.5 13.0 13.5 14.0 14.5 lSI.O 13.0 13.5 14.0 14.5 150 155 16.0 16.5
20 (°) 20 (°)

Fig. 5 XRD patterns at low 28 of all multilayered film precursors after annealing at the same temperature in argon. (a) 800°C,
and (b) 1000°C. The annealing time at each temperature was 10 mins. Peak positions of ternary V,AIC, Cr,AIC, and V,AIC; MAX
phases are shown for comparison.

The lattice parameters a and c of the solid solution (CrV),AIC MAX phase after annealing at 800°C have
been derived from the XRD patterns, and are plotted in Fig.6 including values of ternary Cr,AlC and V,AIC
for comparison. Obviously, their lattice parameters lie between those of ternary Cr,AlC and V,AIC, but do
not follow a linear relationship from the Cr-rich sample CrV01 to the V-rich sample CrV06. The values first
decrease slightly from sample CrV01 to sample CrV03, then increase progressively from sample CrvV04 to
sample CrV06. Previous studies on bulk materials showed that the lattice parameters of solid solution
(CrV)2AIC and (CrV),AIC; obey the Vegard’s law, i.e. the lattice parameters increase linearly with increasing
V-content [17]. Following Vegard’s law, the estimated Cr concentration (Cr/(Cr+V)) in (CrV),AIC ranges
from ~80 at.% in CrV03 to ~45 at.% in CrV06. The variation of Cr:V ratios in the (CrV),AIC phase is
conceivably linked to the initial film stoichiometry and growth of secondary phases. Nevertheless, higher
V content in the solid solution (CrV),AIC MAX phase can be confirmed for films near the V-target side.
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Fig. 6 Lattice parameters of the (CrV),AIC MAX phase based on XRD patterns of the film precursors after annealing at 800°C for
10 min. Data for ternary Cr,AIC and V,AIC are included for comparison.

3.3. Time-dependent phase formation and thermal stability

To gain a deeper insight into the formation mechanism of the higher-ordered (CrV)4AICs MAX phase in the
V-rich sample CrV05, temporal phase evolution at 1000°C was traced by XRD after annealing for different
times. Fig.7 (a) and (b) show the XRD patterns and relative diffraction intensity of (CrV),AIC (002) and
(CrV)4AICs (002) reflections after annealing from 1 to 120 min, respectively.

Crystallization of (CrV),;AICs was already noticed after 1 minute of annealing since its nucleation
tempeature locates at around 960°C as revealed by HT-XRD (Fig.3 (b)), but the dominant phase identified
initially was (CrV),AIC. The temporal phase evolution proceeds through essentially three stages based on
the relative diffraction intensity of the two MAX phases, as indicated in Fig.7 (b). In Stage |, the relative
diffraction intensity of (CrV)4AIC; (002) increased rapidly, at the expense of (CrV),AIC (002). It is suggested
that the chemical composition of the remaining materials in sample CrV05 (Table 1) moves towards 413
stoichiometry after nucleation and crystallization of the lower-ordered (CrV),AIC starting from lower
temperatures. The lower-ordered (CrV),AIC possibly will serve as nucleation template for the higher-
ordered (CrV);AICs since they have similar nanolaminated crystal structures (see TEM results in next
section). Nucleation and growth of the (CrV),AIC; was initiated once the annealing temperature is high
enough to overcome the energy barriers to form this higher-ordered structure. In Stage I, the relative
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diffraction intensity value reached a plateau after ~20 min annealing. The growth of the (CrV);AICs thus
appears to be completed after annealing at 1000°C for 20 min. The (CrV)4AIC; becomes the dominant MAX
phase since the stoichiometry of the as-deposited multilayered precursors in sample CrVO05 is closer to
413 than to 211 (according to data presented in Table 1, the stoichiometric ratio can be split into
approximately 65% 413 and 35% 211). In Stage lll, after more than 40 min of annealing time, the
diffraction intensity of (CrV)sAIC; gradually increases, while the intensity of (CrV),AIC gradually decreases.
This effect can be rationalized by the outward diffusion of aluminum from the film during long-term
annealing, leading to partial decomposition of the MAX phase structures [45,46] and transformation of
some (CrV),AIC to the higher-ordered structure of (CrV),;AIC; with lower Al content [17,47]. The Al
concentration within the films was measured after annealing at three different times at 1000°C (Fig. S3),
revealing gradual decrease from 16.1 at.% after 10 min to approximately 11.5 at.% after 120 min. This
concentration level aligns close to the ideal Al content (12.5 at.%) in (CrV)sAICs, which supports that the
413 MAX phase becomes the primary phase following annealing for 120 min. Additionally, isolated
alumina particles were observed after this prolonged annealing period, providing further evidence of
outward diffusion of Al (attracted by residual oxygen inside the annealing furnace). The substantially
different slopes of the curves in Stages | and Il indicate that the nucleation and growth of the MAX phases
proceed with much faster kinetics than their decomposition dominated by outward diffusion of Al. To
realize the controllable synthesis of crystalline (CrV),AIC and (CrV),AIC; thin films with desirable and
reproducible phase compositions and microstructures from the multilayered precursors, suitable
annealing temperatures and durations combined with in-depth time-resolved and locally-resolved
analyses are essential.
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Fig. 7 Temporal phase evolution of the V-rich thin films CrV05 during annealing at 1000°C in argon from 1 min to 120 min. (a)
XRD patterns, (b) Relative diffraction intensity of (CrV),AICs (002) and (CrV),AIC (002). The notation “Sub.” represents the
alumina substrate. The diffraction peaks marked by arrows are attributed to M;C; and M3C, (M: Cr and V) phases.
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Thermal stability and associated decomposition mechanisms of (CrV),AIC and (CrV),AICs MAX phases were
comparatively studied by annealing both Cr-rich and V-rich thin films (exemplarily CrV03 and CrVO05 thin
films samples) at higher temperature 1200°C in argon atmosphere. Phase evolution and microstructure
changes were investigated by XRD analyses. The results are displayed in Fig.8 including also the XRD
patterns of the samples after annealing at 1000°C and 1100°C for comparison. After annealing the Cr-rich
sample CrV03 from 1000 to 1100°C, the diffraction intensity of (CrV),AlC (002) lattice plane increased and
its full width at half maximum (FWHM) diminished, indicating enhanced crystallinity at higher
temperature. In contrast, gradually reduced diffraction intensity of the (CrV),AIC (002) lattice plane was
observed after annealing at 1200°C from 10 min to 80 min, which specifies partial decomposition of the
MAX phase grains. In case of the V-rich thin film CrV05, both (CrV),AIC and (CrV),AIC; represent the main
phases after annealing at 1000°C, since the XRD reflections of (CrV),AlC (002) and (CrV)4AlIC; (002)/(004)
lattice planes show similar intensities (Fig.8 (b)). However, after annealing at 1100°C, reflection of the
(CrV),AIC (002) lattice plane was barely detectable while the diffraction intensities of the (CrV),AIC;
(002)/(004) planes were amplified. During annealing at 1200°C, the diffraction intensities of the (CrV),AlIC;
(002)/(004) planes decreased rapidly and continuously with increasing annealing time, and their
diffraction reflections cannot be detected after 80 min annealing. In the meantime, additional reflections
from binary carbides (Cr«C, and VCx) appeared and their diffraction intensity progressively enhanced with
increasing annealing time, as demonstrated in Fig.8 (b). These findings are consistent with the results of
Fig.7, i.e. the lower-ordered (CrV),AIC can transform to the higher ordered (CrV),AlC;s structure and the
MAX phase structures will finally decompose to binary carbides because of Al loss during high temperature
annealing.

For these two MAX phases, it is obvious that their thermal stability at elevated temperatures depends on
their aluminum content and crystal structure. (CrV),AIC with 25 at.% Al possesses good thermal stability
at 1200°C in argon atmosphere and decomposes more slowly, while (CrV),AICs containing only 12.5 at.%
Al decomposes quickly. Similar behavior with different decomposition rate was also observed for MAX
phases in the Ti-Al-N system in which Ti4AINs was reported to show faster decomposition rate than Ti,AIN
[47]. In addition, higher diffusion coefficient of Al atoms in higher-ordered MAX phase (TisAIC;) than in
lower-ordered MAX phase (Ti>AIC) were also experimentally measured in the Ti-Al-C system [48]. One
possible explanation is that the shorter but stronger Al-M bonds in the 211 structure compared to those
in the 312 and 413 structures make out-diffusion of Al more difficult. Generally, the weak metallic M-A
bonds and strong covalent M-X bonds in the MAX phase structures make the A element highly mobile and
promote its outward diffusion at elevated temperatures, either by forming an A-rich layer on the surface
in oxidizing environments [27,49] or by volatilization under high vacuum conditions [45,47,50].

17



(a) (b) p
(CrV),AlC,

Cr.C
(002) (Crvy,Alcy|, 7

(004)

Y PRy

(CrV),AIC (002)

1200°C-80min

A
v gl ade 2

1200°C-60min

: 1200°C-80min
1200°C-60min p200°C-40min

1200°C-40min 1200°C-20min
1200°C-20min 1200°C-10min
M
1200°C-10min
1100°C-10min Ay
1100°C-10min
1000°C-10min
1000°C-10min
Ji
! I ! I ! | ! | ! | ' | ! | ' I ! i ! I
13.0 13.5 14.0 145 8 10 12 14 16 1844 64 65
20 (°) 20 (°) 26 (°)

Fig. 8 Thermal stability of the thin films samples containing (CrV),AIC and (CrV),AICs MAX phases studied by XRD analyses
during annealing at 1200°C in argon. (a) Cr-rich thin film CrV03, and, (b) V-rich thin film CrV05. XRD patterns after annealing at
1000°C and 1100°C are included for comparison.

3.4. Constitution and microstructure after annealing at 1000°C

The microstructure and phase constitution of the V-rich thin film CrV05 consisting of both (CrV),AIC and
(CrV)4AICs MAX phases after annealing at 1000°C were investigated by HR-TEM and APT. The results are
shown in Figs. 9-11. Fig. 9 illustrates the high angle annular dark field (HAADF) and dark field (DF) STEM
images, as well as the results of EDX mapping at low magnification. On the film surface, a thin Al,O; layer
with ~ 20 nm thickness decorated with some isolated Al,O3 particles beneath was identified (EDX mapping
of O and Al). Growth of such thin Al,O; layer can be attributed to exposure of the sample surface to the
ambient atmosphere (oxygen adsorption) after deposition as well as to potentially residual air in the
annealing furnace. This observation also supports the temporal phase evolution and thermal stability
investigations that outward diffusion of Al at elevated temperatures accounts for the phase transition and
final decomposition of the MAX phase structures.

Inside the annealed films, two different types of grains were identified with lamellar and granular
morphology (marked in the EDX mapping of V and Cr). The lamellar-shaped grains are composed of all
four elements but with variations in V concentration. HR-TEM analyses confirm that they are the two
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different ordered MAX phases, i.e. (CrV),AIC and (CrV),AlIC; with different Cr:V ratios, consistent with XRD
results. Some lamellar-shaped grains are tilted toward the film/substrate interface. The granular-shape
grains consist of mainly Cr and C, with around 10 at.% V, and are indexed as V-doped chromium carbides
M5Cs and/or MsC, (M: Crand V) by HR-TEM (Fig.S4). The particular lamellar shape of the MAX phase grains,
which has been observed also in our previous studies of the ternary systems [31,32], is mainly related to
the fact that the unique nanostructured architectures in the multilayered precursors permit the grains to
grow rapidly in the transverse direction. The granular-shape of chromium carbide grains can be explained
by their crystallization at higher temperatures from the remaining materials within the film after the
crystallization of MAX phases. Some chromium carbide grains were found directly beneath the surface
Al,Os layer. These grains most probably originate from the decomposition of the MAX phase in the vicinity
of the surface region after outward diffusion of Al. It is worth mentioning that precipitation of nanoscale
Ar bubbles was observed inside the annealed thin film, which is evident from the EDX mapping of Ar.
Preferential incorporation of Ar atoms into the amorphous carbon layers within the as-deposited
multilayered precursors was observed before (Fig.2), similar to our previous studies in ternary V/C/Al
multilayered films [31]. In the V/C/Al multilayered films after annealing at 800°C, the Ar bubbles displayed
more periodical, layered distribution characteristics. However, the distribution of argon bubbles in the
CrVO05 film after 1000°C annealing here appears to be random. Higher annealing temperatures may
promote the migration and coalescence of these nanoscale Ar bubbles, making their distribution more
random.
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Fig. 9 Cross-sectional TEM analysis of the V-rich thin film sample CrV05 after annealing at 1000°C for 10 min in argon. HAADF-
TEM and DF images and results for the EDX-mapping.

Fig. 10 shows a HR-TEM image and associated FFT image highlighting the intergrowth of (CrV),AIC and
(CrV)4AICs structures within a single grain. The upper part of the grain is identified as (CrV),AlIC; and the
lower part as (CrV);AIC. In addition, the two MAX phase structures exhibit coherent interfaces with
(0002)[10-10] (CrV),AIC//(0002)[10-10] (CrV)4AICs. Such coherent growth is observed in many individual
grains extending over the film thickness. These findings suggest that the lower-ordered 211 MAX phase
serves as a template for the crystallization of the higher-ordered 413 MAX phase once appropriate
annealing temperature and local composition conditions are met. The epitaxial growth with coherent
interface formation obviously reduces the temperature required for crystallization of the higher-ordered
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413 MAX phase structure, since synthesis of bulk 413 MAX phases generally requires processing
temperature higher than 1500°C [51-53].

S(Crv).AIC, [10T0][FFT2 - (CrV,AIC [1070]

0
=
=
)
3

eeeee0e0o0e .
--i-9-0-0-0-000-0--

®© 6000 0 00
>0 0 0000 00O

—_—

Cr/V

@]

413 Structure 211 Structure

Coherent interface

Fig. 10 HRTEM, FFT and schematic images indicating the coherent growth of (CrV),AIC; and (CrV),AIC structures in a single grain
in the V-rich film Crv05.

Spatially-resolved chemical composition analysis at the nanometer scale of the annealed V-rich CrVO05 film
studied by atom probe tomography (APT) is presented in Fig.11. The distribution of principal elements (Cr,
V, Al, C) apparently shows inhomogeneous features with compositional variations, indicating the growth
of different phases. Chemical composition profiles along the cylinder shown in Fig. 11 (b) suggest growth
of (CrV),AIC and (CrV),AICs structures without intermediate phases. Combining XRD, HR-TEM and APT
analyses, it can be concluded that the nucleation and crystallization of the high-ordered (CrV);AIC; take
place via coherent epitaxial growth on the basal plane of (CrV),AIC. The Cr:V ratios in these two MAX
phases derived from APT and TEM analyses are compared in Table 2, and the results are in good
agreement. Previous experimental and theoretical studies found that (CrV),AlC can exist in the complete
Cr:V compositional range, forming solid solutions. Whereas higher-ordered (CrV),AIC; is only stable for
vanadium-rich compounds since Cr,AlIC is thermodynamically unstable [9,17]. The (CrV);AlIC; phases are
clearly vanadium-rich here, with more than 60 at.% V; while Cr and V have nearly equal proportions in the
(CrV)2AIC phases. Some oxygen-rich and Ar-rich clusters were also detected inside the annealed films, with
the oxygen signal correlating with pronounced Al content as displayed in Fig. 11 (b). Their formation can
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be explained by precipitation of alumina nanograins and growth of nanoscale Ar clusters/bubbles,
respectively, during thermal annealing process [26,31].
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Fig. 11 Local chemical composition analysis of the V-rich film CrV05 after annealing at 1000°C, 10 min in argon by APT.

Reconstruction of Cr, V, Al, C, O, and Ar atomic positions with isoconcentration surfaces. The composition profile corresponds to
the cylinder region with dimensions of 10 x 10 x 100 nm.

Table 2 Average Cr:V ratio in the two MAX phases of the V-rich film CrV05 determined by APT and TEM.

Phase Cr:V from APT Cr:V from TEM
(Cl‘V)zAlC CrsoVso Cra7Vs3
(CrV)4AIC3 Cr3aVss CrasV72
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3.5. Mechanical properties by microindentation

The hardness and reduced Young’s modulus determined by microindentation for all multilayered
precursors after annealing at 800°C are presented in Fig. 12. All annealed film precursors mainly consist
of (CrV),AIC MAX phase and some binary secondary phases (Fig. S1), while the higher-ordered (CrV),AlC;
MAX phase has not yet formed in the V-rich sample CrVO05 since its crystallization temperature is above
900°C. The results provide some insights on the mechanical properties of the (CrV),AIC phase with
different Cr:V ratios. Their hardness values range from 13.8 to 15.6 GPa, increasing somewhat with
increasing V content and then decreasing slightly. The maximum value of the hardness was recorded for
CrV04 with 15.6 £ 1.4 GPa. The hardness values obtained here are also consistent with those characteristic
of PVD-deposited MAX phase thin films, which are typically several times larger than those of bulk
materials due to their nanocrystalline nature and various defects [54,55]. There is no clear trend in the
reduced Young's modulus, and their values are comparable, around 280 GPa without strong fluctuation.
The reduced Young's modulus measured here is close to the previously reported Young's modulus of its
ternary end members [54,56].
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Fig. 12 Hardness and reduced Young modulus of all multilayered precursors after annealing at 800°C, 10 min in argon.

3.6. High-temperature oxidation resistance in steam

The oxidation resistance of three selected films (CrV01, CrV03, and CrV05) with distinct different Cr:V
ratios was investigated at 1000°C in steam to explore their oxidative properties and application capability
at high temperatures. Their thermally grown oxide scales after oxidation are displayed in Fig. 13 through
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cross-sectional SEM images and EDX mapping. It is obvious that the Cr-rich sample CrV01 has not been
fully oxidized, while the other two films have been completely oxidized and transformed into oxides. The
oxide scale formed on the CrVO01 film exhibits a bi-layered structure, as can be seen in Fig. 13 (a). The first,
top layer is about 1 um thick and reveals a porous structure. EDX measurement found that this layer
consists of around 30 at.% Al and 10 at.% Cr, and a small amount of V (~ 2 at.%) except O. The second
layer beneath this top layer is much thinner, only approximately 0.3 um, and has a dense structure,
primarily composed of Al and O. Therefore, these two oxide sublayers could be categorized as solid
solution (Cr,Al),03 and Al,Os, respectively. The growth of such bi-layered oxide scale can be explained by
the initial oxidation with less protective oxide scales and rapid oxidation kinetics, followed by selective
oxidation of Al as the partial pressure of oxidant at the oxide/film interface decreases. The inner dense
alumina layer can effectively reduce the diffusion rate of the oxidant and act as an excellent diffusion
barrier. As a result, the Cr-rich films exhibit good resistance to oxidation and are not yet fully oxidized.
The convoluted interfaces indicate that both inward diffusion of anions and outward diffusion of cations
contribute to the oxidation process.

Further increasing the V content from sample CrV01 with composition Crz,7V273to sample CrV03 with
composition CressVaas likely quickly deteriorate the oxidation resistance of the films. CrvV03 and CrV05
films with higher V content cannot establish such bi-layered oxide scale and were completely oxidized,
forming one-single layer oxide scale consisting of a mixture of Cr, V, and Al (Fig. 13 (b) and (c)). On the
microscopic scale, the three elements are evenly distributed. The oxides identified by XRD analysis (not
shown here) were mainly Cr,03 and VAIQ,. Previous studies have demonstrated that the V,AIC MAX phase
has poor oxidation resistance in air due to formation of vanadium oxides (mainly VO, and V,0s) and
ternary oxides (VAIO,) at elevated temperatures [57-59]. Selective oxidation of aluminum does not occur
in the VL,AIC MAX phase and these vanadium-based oxides cannot effectively protect the underneath
materials with high growth rates. Increasing the V concentration beyond 30 at.% of V:(Cr+V) in (CrV),AIC
may result in incorporation of considerable amount of V into the initially grown oxide scales, which
reduces their protective effect and rapidly consumes the entire film. It is worth noting that the lower
aluminum content in CrV03 and CrV05 compared to CrVO1 may be another reason for their lower
oxidation resistance. Overall, the CrVO01 films with a V: (Cr+V) ratio of up to ~27 % reveal good oxidation
resistance in high-temperature steam. Thus, tailoring the Cr:V ratio in (CrV),AIC allows optimizing its
specific properties (e.g., oxidation resistance and thermal expansion) to make it chemically and
mechanically compatible with different types of substrates for high-temperature application.
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Fig. 13 Cross-section SEM images and EDX mapping of the multilayered precursors CrV01, CrV03 and CrVO05 after oxidation at
1000°C in steam for 1 hour.
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4, Conclusions

In this study, nanoscale Cr-V/C/Al multilayered precursors with varying Cr:V ratios in the Cr-V sublayers
were deposited using magnetron sputtering employing a combinatorial approach. The investigation
focused on understanding their phase formation and transformation, microstructure evolution during
subsequent thermal annealing aiming to induce crystallization of the solid solution quaternary (CrV)n+1AlC,
MAX phases, along with exploration of selected properties. The key findings and implications derived from
this research are summarized as follows:

1. The observed phase transformations and microstructural evolutions of the Cr-V/C/Al multilayered
precursors during thermal annealing underscore the dependence on chemical composition, annealing
temperature and holding time. Solid solution (CrV),AIC MAX phase started to crystallize at around 500°C
with disordered (M,Al),C, carbide phase acting as an intermediate product. Growth of higher ordered
(CrV)4AICs MAX phase at approximately 960°C was observed in one specific film, suggesting its potential
phase stability depending on film stoichiometry and thermal activation.

2. Intriguingly, the nucleation and crystallization of (CrV),AIC; initiate via coherent epitaxial growth on the
basal plane of (CrV),AIC, forming intergrowth structures within one grain. This points to a viable strategy
for cultivating the high-ordered (CrV),AIC; MAX phase at reduced processing temperatures, leveraging a
lower-ordered 211 MAX phase thin film as a seed layer.

3. (CrV);AIC exhibits higher thermal stability than (CrV),AIC;s during long-term annealing in an Ar
atmosphere at 1200°C, with the decomposition mechanisms primarily linked to the loss of Al atoms. The
higher thermal stability of (CrV),AIC can be attributed to the higher Al concentration and shorter but
stronger Al-M bonds in the 211 structure than those in the 413 structure.

4. Their hardness, measured by microindentation, ranges from 13.8 to 15.6 GPa, comparable to that
characteristic of PVD-deposited MAX phase thin films. In terms of oxidation resistance, the findings
emphasize the critical role of Cr:V ratios, with the Crz.7V.73 films exhibiting excellent oxidation
performance, forming a bilayer oxide scale of (Cr,Al),03 and Al,O3 at 1000°C in steam. However, exceeding
this V content compromises oxidation resistance, leading to the growth of a single, mixed oxide layer
containing V, Cr, and Al.

The combinatorial synthesis approach serves as a promising strategy for tailoring the design of quaternary
solid solution MAX phase thin films and optimizing their associated properties for specific applications by
controlling critical parameters such as individual sublayer composition/thickness and interfacial structure
in multilayered precursors and thermal processing conditions.
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