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ABSTRACT

Cr,AlC, a representative MAX phase, gains increasing attention for the excellent oxidation tolerance and
corrosion resistance used in harsh high temperature and strong radiation environments. However, the
lack of the phase formation mechanism has become the key bottleneck to the practical applications for
Cr,AIC synthesis with high purity at low temperatures. In this work, we fabricated the amorphous Cr-
Al-C coating by a hybrid magnetron sputtering/cathodic arc deposition technique, in which the in-situ
heating transmission electron microscopy (TEM) was conducted in a temperature range of 25-650 °C to
address the real-time phase transformation for Cr,AlC coating. The results demonstrated that increas-
ing the temperature from 25 to 370 °C led to the structural transformation from amorphous Cr-Al-C to
the crystalline Cr,Al interphases. However, the high-purity Cr,AlC MAX phase was distinctly formed at
500 °C, accompanied by the diminished amorphous feature. With the further increase of temperature
to 650 °C, the decomposition of Cr,AIC to Cr;C3; impurities was observed. Similar phase evolution was
also evidenced by the Ab-initio molecular dynamics calculations, where the bond energy of Cr-Cr, Cr-Al,
and Cr-C played the key role in the formed crystalline stability during the heating process. The observa-
tions not only provide fundamental insight into the phase formation mechanism for high-purity Cr,AIC
coatings but also offer a promising strategy to manipulate the advanced MAX phase materials with high

tolerance to high-temperature oxidation and heavy ion radiations.
© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

ture of the MAX phase is mainly composed of edge-shared MgX
octahedra, with M, 1X, and A layers stacked alternately along

The MAX phases were first defined and renaissance developed
by Barsoum et al. [1] in the early stage of 2000 as a new fam-
ily of ternary nanolaminate ceramics, including carbides, borides,
or nitrides, with a hexagonal close-packed (HCP) crystal structure
[2,3]. Up to now, it is well established for the general formula of
MAX or M;,AX, phase, where M stands for an early transition
metal element, A presents an element from IIIA or IVA, and X is
assigned to C, B, or N [4,5]. Depending on the value of n, MAX
phases can be classified into 211 phases, 312 phases, 413 phases
as well as even high-order MAX phases [6-9]. The crystal struc-
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the c-axis, resulting in strong M-X bonds and relatively weak M-
A bonds, respectively [10,11]. Benefiting from the unique layered
structure and atomic bond characteristics, MAX phases possess a
combination of ceramic and metallic properties, such as outstand-
ing damage tolerance [12-15], excellent corrosion/oxidation resis-
tance [16,17], and high electrical conductivity [18,19]. These supe-
rior advantages enable the potential applications of MAX phases as
protective coatings for vital components utilized in severe environ-
ments, such as advanced nuclear materials [20,21], solid lubricant
materials [22,23], and aero-engine functional materials [24].
Among the MAX phase categories, Cr,AlC is a typical represen-
tative of the 211 MAX phases, widely used as protective coatings
with excellent oxidation and corrosion against high-temperature
and heavy flux of ion radiations [25-27]. Moreover, the thermal ex-
pansion coefficient of CryAIC (12~13 x 1076 °C-1) in the range of
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30-1200 °C is similar to those of common metals most like stain-
less steel (SS) and Ni-based alloys [28]. Such merits not only bene-
fit strong adhesion between Cr,AlC coating and substrate but also
contribute to the cracking/spallation resistance of Cr,AlC coating
during the post-annealing process, making the Cr,AlIC MAX phase
increasingly popular [29]. Many reports have indicated that the
physiochemical properties of Cr,AIC MAX phase coatings are pre-
dominated by the crystalline state and phase purity in the band
structure. For example, Zhang et al. [30] revealed that compared
to the partially and fully crystalline Cr,AlC MAX phase coating, the
as-deposited amorphous Cr-Al-C coating exhibited the best cor-
rosion resistance in 3.5 wt.% NaCl solution. Based on our previ-
ous work [31], a similar observation was that the partially crystal-
lized Cr,AlC coating possessed a superior performance in balancing
corrosion current density and interfacial contact resistance than
both the highly crystalline MAX phase and as-deposited amor-
phous coating in 0.5 M H,SO4 + 5 ppm HF solution. However, the
reaction sequence of the phase formation for Cr,AlC has not be
clearly identified yet, due to the bonding diversity and structural
complexity in MAX phases. Therefore, it has become a crucial and
imperative challenge to control the crystalline phase characteristics
of Cr,AIC coating and thus facilitate the combinatorial performance
required for the wide applications with various electrical, mechan-
ical and electrochemical properties.

Taking the simplicity of bulk materials over coatings, Lin and
co-authors [32] developed a synthesis route of bulk Cr,AlC through
hot pressing/solid-liquid reaction. They found that the thermal ex-
plosion reaction at 700 °C produced a significant amount of Cr-Al
intermetallics, but the formation of the Cr,AlC MAX phase only oc-
curred at 1050 °C due to the reactions of intermediate products.
The crystallization kinetics of sputtered amorphous Cr,AlC powder
implied a two-step process probably [33]. With a heating rate of
10 °C min~!, the formation of a hexagonal (Cr, Al),Cy solid solution
was first evolved at around 560 °C, subsequently followed by the
emergence of the Cr,AIC MAX phase at 610 °C. In this aspect, the
synthesis temperature for Cr,AIC MAX phase coating was signifi-
cantly reduced than that of bulk materials. Parallel observation was
also reported in the Cr,AlC thin film [34], where the phase crystal-
lization appeared at 620 °C. In addition, using ex-situ X-ray diffrac-
tion (XRD), two exothermic reactions were addressed for the mi-
crostructure evolution from amorphous Cr-Al-C coating to CrAlC
MAX phase coating after the heating process, where the hexagonal
(Cr, Al),Cx was predominated at an onset temperature of 570 °C
but the crystalline Cr,AlC came out at 660 °C.

Different from the ex-situ characterization, in recent years, var-
ious in-situ testing technologies, such as in-situ resistivity [35], in-
situ XRD [36], and in-situ transmission electron microscopy (TEM)
[37-39], have been employed to investigate the phase changes
and microstructural evolution in MAX phase coatings and rele-
vant multi-component coatings. Particularly, utilizing in-situ heat-
ing XRD analysis, we have recently reported the dependence of
the MAX phase evolution in as-deposited M-AI-C (M = Ti, V, Cr)
coatings on the heating temperatures [24|, where the Ti,AIC coat-
ing clearly displayed a higher phase-forming temperature accom-
panied with a lack of any intermediate impurities comparing with
V,AIC and Cr,AIC cases. The reason behind this phenomenon could
be due to the larger formation energy and density of states in
the Ti,AIC system than the other two coatings based on the com-
bined theoretic simulations. However, considering the existence of
complicated bonds in MAX phases, the diversity in synthesis tech-
niques, and limited atomic resolution in the XRD technique, the
in-situ heating TEM approach would be the best strategy to fur-
ther identify the real-time characterization of evolving the chemi-
cal reactions, subtle structural changes, crystalline phase transfor-
mations, and events like nucleation or void nullification. Neverthe-
less, to the best of our knowledge, no available studies have yet
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been attempted for phase formation and microstructure evolution
in CrpAIC MAX phase coatings by in-situ heating TEM.

In the present work, our ambition was to shed light on the
phase formation mechanism of Cr,AlIC MAX phase coating from the
as-deposited amorphous Cr-Al-C case in terms of the microstruc-
tural characterization and crystalline growth by an in-situ heating
TEM technique. In particular, the testing temperature was in-situ
controlled from 25 to 650 °C at a heating rate of 10 °C min.
Furthermore, the dependence of microstructural characterization
on the atomic-scale band states was also comparatively investi-
gated by the Ab-initio molecular dynamic calculations based on
the density-functional theory (DFT).

2. Experimental process
2.1. Preparation of Cr-Al-C coatings

The Cr-Al-C coatings were prepared by the same method de-
scribed in our previous report [31]. SS316L with dimensions of @
15 mm x 3 mm was employed as the substrate, and the compo-
sition was the same as that used in our previous work [28]. To
remove surface contaminants and improve adhesion strength, all
the SS316L substrates were polished using a diamond paste pol-
isher (No. 5) and washed sequentially with acetone and alcohol
before being put into the evacuated chamber. Fig. 1(a) shows the
hybrid cathodic vacuum arc combined with a direct current (DC)
magnetron sputtering deposition system for the synthesis of Cr-
Al-C coatings. Specifically, Al target and Cr target with the pu-
rity of 99.9 % were used as the sputtering source and arc source,
respectively. The basic pressure of chamber was maintained at
3 x 107> Pa, and the substrate was supplied with the DC bias
of -150 V. The substrate holder was rotated throughout the de-
position process, where the distance between the substrates and
targets was set at 80 mm. The pristine Cr-Al-C coatings were de-
posited by arc-discharged Cr and sputtered Al targets at a power
level of 0.9 and 2.8 kW, respectively, accompanied by an introduc-
tion of Ar and CH,4 flow rates of 200 and 30 sccm to the chamber.
The deposition time lasted for 150 min and no extra heating was
applied for all the deposition. More details about the preparation
procedure could be referred to our previous works [31].

2.2. Preparation and heating of TEM sample

The TEM specimen was facilitated using a FEI Helos G4 CX fo-
cused ion beam (FIB). The sample was fixed on a specifically ma-
chined micro-heater chip, as depicted in Fig. 1(b). Prior to FIB
preparation, the existence of SiN film on the chip was removed,
and the sample was directly bonded to the film-free hole. The in-
situ heated experiment was carried out using a Nano-Ex FEI MEMS
heating holder. The sample was gradually heated from room tem-
perature (~25 °C) to 500 °C at a rate of 10 °C min~!, then main-
tained at 500 °C for 30 min to ensure temperature uniformity dis-
tributed in the coatings, followed by further heated to 650 °C also
at a rate of 10 °C min~!. The in-situ microstructure characteriza-
tion was performed using a Talos F200X TEM with an acceleration
voltage of 200 kV and equipped with four energy-dispersive X-ray
spectroscopy (EDS) detectors.

2.3. Computational details

The structural optimizations, bond lengths and binding en-
ergies were calculated by first-principles calculations based on
DFT with the specialized Vienna Ab-initio Simulation Package
(VASP). The exchange-correlation energy was evaluated using the
Perdew-Burke-Ernzerhof functional within the generalized gradient
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Fig. 1. (a) A schematic of hybrid cathodic arc/magnetron sputtering for depositing
heating TEM treatment for Cr-Al-C coating.

approximation [40,41]. The electron-nucleus interaction was de-
scribed by the projector augmented wave (PAW) method, together
with a plane-wave energy cutoff of 500 eV [42]. The valence elec-
tron configurations of Cr, Al, and C were 3p%3d>4s!, 3s23p!, and
2s23p?, respectively. All structures were optimized with a conver-
gence criterion of 1.0 x 10~% eV for the energy and 0.05 eV A-!
for the forces. The strong correlation in the 3d orbitals of Cr atoms
is treated by the GGA + U method including an on-site Coulomb
interaction of U = 4.08 eV [43].

In order to address the real-time evolution in the phase struc-
ture, Ab-initio molecular dynamics (AIMD) simulations were fur-
ther conducted for CrpAl and Cr,AlC slabs using on-the-fly ma-
chine learning force fields. The simulations were performed in
a canonical ensemble, utilizing a Nosé-Hoover thermostat (NVT)
[44]. The PAW method and PBE functional implemented in VASP
were used as well. The temperature was set at 500 °C with a time
step of 1 fs. A simulation time of 10 ps was required to allow the
energy and structure of the system to reach equilibrium, as previ-
ously reported in the literature [45-48]. The other basic parame-
ters were consistent with those used in the common DFT calcula-
tions.

3. Results and discussion

The TEM sample was mounted onto a micro-heater chip with
a size of 6 um x 3 um in length and width. Fig. 2 shows the
microstructure and elemental distribution for the as-deposited Cr-
Al-C coating sample. It was obvious that a homogeneous structure
without any porosity or void defects was obtained from the se-
lected bright field image in the as-deposited sample before the
in-situ heating measurement (Fig. 2(a)). According to the high-
resolution TEM (HRTEM) image and selected area electron diffrac-
tion (SAED) image in Fig. 2(b, c), there was a lack of apparent
lattice fringes despite the existence of hallo diffuse rings [31].
The observation evidenced the amorphous microstructure for the
as-deposited Cr-Al-C coating. The high-angle annular dark field
(HAADF) image deduced from scanning transmission electron mi-
croscopy (STEM) was further shown in Fig. 2(d), where a fine pe-
riodic structure with alternating bright and dark layers was re-
vealed in a nano-scaled dimension from the pristine coating. The
nanolaminate structure with distinct contrast across the coating
thickness was primarily attributed to the different concentrations
of Cr and Al elements, as discussed in our previous report [49].
The elemental mappings consisting of the distributed compositions
were indicated in Fig. 2(e-g). The distribution of the C atom was
relatively uniform, while the Cr and Al cases exhibited the alter-
nated distribution with period modulation. Additionally, the con-
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stituents determined by EDS were approximately Cr: 50.36 at.%, Al:
28.15 at.%, and C: 21.49 at.% (Fig. 2(h)), implying the stoichiome-
try of Cr: Al: C near 2:1:1. Therefore, it could be said that the as-
deposited Cr-Al-C coating possessed the remarkable homogeneous
and typical amorphous structure with a stoichiometry close to the
ideal Cr,AIC MAX phase.

To investigate the phase evolution of Cr-Al-C coating relevant
to temperature, the sample was gradually heated from room tem-
perature to 650 °C, with corresponding TEM bright field images
provided in Fig. 3. Until the temperature reached 230 °C, no ob-
vious changes in the amorphous structure could be distinguished.
However, noted that at this temperature, particles with black con-
trast (indicated by the red arrow in Fig. 4(a)) first appeared in the
nano-scale layered structure. The HRTEM image (Fig. 4(b)) revealed
that such black particles existed in well nanocrystalline character-
istics. If one kept in mind of the difference between in-situ and
ex-situ microstructure characterization, the initial crystalline tem-
perature observed here was only 230 °C, which was much lower
than that of 575 °C using normal XRD technique after the sep-
arated annealing procedure [30]. Nevertheless, it was noticeable
that the SAED pattern inserted in Fig. 4(a) still exhibited an amor-
phous halo, suggesting the presence of a very small amount of
nanocrystalline grains precipitated within the amorphous structure
at 230 °C. To identify the nanocrystalline features, the correspond-
ing Fast Fourier Transformation (FFT) pattern was carried out for
the analysis. As shown in Fig. 4(c), the interplanar spacing of the
adjacent lattice fringes was 0.21 nm, closely matching the (103)
planes of CrpAl [50]. Furthermore, the FFT patterns corresponding
to the grain in Fig. 4(d) agreed well with the diffraction patterns
of the Cr,Al phase along <331> zone axis, in which the lattice pa-
rameters were calculated to be a = 2.83 A and ¢ = 4.36 A, in accor-
dance with the lattice parameters of Cr,Al (a = 2.79 A, ¢ = 4.46 A)
rather than Cr,AIC (a = 2.86 A, ¢ = 12.82 A) [33]. These results
illustrated the distinct formation of the Cr,Al solid solution before
the presence of the MAX phase, suggesting a possible correlation
with the bond energy during phase transformation.

As discussed above, an indication was that the interphase
(CryAl) was preferentially generated over the direct formation of
the Cr,AIC MAX phase during in-situ heating, in agreement with
the previous reports [51]. Previously, Zhou’s group [32] synthesized
the CrpAIC bulks by solid-liquid reaction using Cr, Al, and graphite
powders as initial materials, where the appearance of CrpAl im-
purities with (110) and (103) orientations was achieved at 850 °C
through XRD measurement. Furthermore, these intermetallic prod-
ucts were substantially transited into the Cr,AlC phase at 1050 °C.
Similar observations were also investigated by Piyush’s group [52],
in which the Cr,Al intermetallic compounds acted as the dominant
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Fig. 2. TEM and EDX mapping images of as-deposited Cr-Al-C coating: (a) TEM bright-field image, (b) HRTEM image, (c) SAED, (d-g) HAADF image and element mapping

of Cr, Al, and C, and (h) element atomic fraction.

250 °C|(d)

Amorphous ' Cr,Al appearing

200 nm

(g) 380 °C (l)

Cr,AlC appearing

Fig. 3. Microstructure evolution of Cr-Al-C coating during in-situ TEM heating. (a-r) the temperature from 25 to 650 °C. All scales were 200 nm same as that in Fig. 3(a).

phase structure at 900 °C, following the existence of the CryAlC
MAX phase at a high temperature of 1100 °C. The reasons could
be correlated with the kinetic state like activation energy, pre-
exponential factor, and reaction mechanism.

Increasing heating temperature led to an increase in the per-
centage of nanocrystalline grains, accompanied by a gradual dimin-
ishment in amorphous characteristics (Fig. 3(c-f)). It was notewor-
thy that the nanocrystalline grains initially formed at the edge of
the specimen before extending to the inside region, which might
have arisen from the preparation method for samples. Since the
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margin area of the coating sample was directly connected to the
heating chip, the sample edge would be overheated than the in-
side district once the chip was warmed.

Fig. 5 shows the in-situ heating TEM image of microstructure
characteristics for coatings at the temperature of 370 °C. Com-
pared with the observed structure at 230 °C (Fig. 4), a large num-
ber of nanograins were precipitated along with the early gener-
ated crystalline grains during heating increment (Fig. 5(a)), indi-
cating the improvement of crystal MAX phase at high temperature.
More interestingly, the HRTEM image and corresponding FFT pat-
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Cr,Al <331> zone axis

Fig. 4. The samples heated to 230 °C: (a) TEM bright-field image with inserted SAED pattern, (b) HRTEM image from the yellow line framed area in (a), (c) the correspond-
ingly enlarged HRTEM image, and (d) the corresponding FFT pattern from the yellow line framed area in (b).

200 nm

(100)

(003)

1-Cr,AlIC (100)
2-Cr,AlC (006)

e XIC D3)

10 nm!

Fig. 5. The coating samples heated at 370 °C: (a) TEM bright-field image and (b) HRTEM image with the inserted corresponding enlarged HRTEM image and FFT pattern

from the yellow line framed area, and (c) SAED pattern.

terns clearly identified that these dark contrast grains possessed
an interplanar spacing of 0.43 nm between adjacent lattice fringes
(Fig. 5(b)), which was well consistent with the interplanar spac-
ing of (003) planes of Cr,AlC. Noticeable, despite the (100) and
(006) planes of the CrpAlC phase were distinctly elucidated from
the SAED patterns (Fig. 5(c)), corresponding to the lattice parame-
ters with a = 2.86 A and ¢ = 12.82 A [53], there was still a weak
diffraction of (112) plane arisen from Cr,Al phase. This observation
revealed the rigid coexistence of both Cr,AIC and Cr,Al phases at
370 °C. In general, the Cr,Al phases were pre-initially nucleated
and grew with increments of annealing temperature, and then the
CrpAlC phases emerged gradually via sufficient reaction between
CrAl and pre-introduced C in the coating [51,54]. In this aspect,
increasing the temperature to 370 °C was not enough to enable
the high transformation from both amorphous and partially inter-
metallic impurities into MAX phases with complicated crystalline
structures that required higher energy to surpass the band barrier.

Further increasing the heating temperature to 500 °C, the den-
sity of crystalline nanograins was significantly enhanced, accom-
panied by a reduced fraction of amorphous structure (Fig. 3(h-
0)). Fig. 6 shows the cross-sectional TEM views of coating oper-
ated under in-situ heating of 500 °C. Evidently, the amorphous
nanoscale layered structures seen in the pristine coating virtually
vanished, while the high density of crystalline nanograins was gen-
erated in the heated coating (Fig. 6(a)). According to the HRTEM
image shown in Fig. 6(b), the interplanar spacing of adjacent lat-
tice fringes was about 0.161 and 0.641 nm, fitting perfectly with
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the interplanar spacing of (106) and (002) planes of the hexag-
onal Cr,AIC phase. It was empirically known that Cr,AlC owned
the HCP crystal structure with a space group of P63/mmc, and
the Wyckoff positions for Cr, C, and Al could be assigned to 4f,
2a, and 2d, respectively. Fig. 6(c) presents the STEM-HAADF im-
age with Z-contrast at the atomic scale, viewed from the [100] di-
rection. There was a clearly stacking sequence of the basal planes
from the STEM-HAADF image, where the contrast of a certain spot
strongly depended on the average atomic numbers of the corre-
sponding atom columns. This observation also evidenced the for-
mation of crystal structure for the Cr,AlIC MAX phase. Furthermore,
the calculated lattice parameters a and c, obtained by analyzing
the corresponding SAED pattern in Fig. 6(d), were well in accor-
dance with Cr,AlC reported in our previous studies [55]. Overall,
after annealing at the temperature of 500 °C, it was speculated that
the pristine Cr-Al-C coating with amorphous matrix was almost
transited to the typical nanocrystalline structure of the high-purity
Cry,AlIC MAX phase. This in-situ information showed the initiative’s
ability to allow the formation of a high-purity MAX phase at 500
°C, which was approximately 50 °C lower than that synthesized
with an ex-situ annealing furnace [31]. Additionally, in contrast to
the period modulation of elements distributed in the amorphous
structure, all the constituent elements of Cr, Al, and C were found
to be uniformly embedded within the crystalline Cr,AIC structure
(Fig. 6(e-g)).

It was known that the MAX phase possessed excellent oxida-
tion and hot corrosion resistance as well as outstanding thermal
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Fig. 8. (a, b) Unit cells of Cr,Al and Cr,AIC for simulation. (c) Bond length and binding energy of Cr-Al and Cr-Cr bonds in Cr,Al, as well as Cr-Al and Cr-C bonds in Cr,AlC.
(d) Ab-initio molecular dynamics simulation of Cr,Al slab and (e) Cr,AIC slab in 10 ps at 500 °C.

rupted for viewing (Fig. 7(b, c)). Simultaneously, the distribution
of Cr and Al in the structure started to be uneven, as demon-
strated in the elemental mapping images (Fig. 7(d-g)). A simi-
lar phenomenon was also observed in the crystallization process
of amorphous Cr,AIC [34], where the coating mainly consisted of
Cr;C3 products and a majority of Cr,AlC phases above 700 °C. The
reasons could be explained from two aspects. Firstly, Al rendered
a much larger chemical activity due to the weak bonding of Al-Cr
in the CrpAIC matrix. Secondly, with the heating at a temperature
above 650 °C, the volatility of Al became especially profound, lead-
ing to a strong driving for the formation of intermetallic Cr;C3 due
to the loss of Al atoms. In this regard, it could be proposed that the
heating temperature of 500-650 °C would be the optimized key
parameter for the fabrication of high-purity Cr,AlIC MAX phase, al-
lowing the wide applications on temperature-sensitive substrates
most like titanium alloys and zirconium alloys used for aero-craft
engines and nuclear stacks.

Along with the in-situ TEM characterizations, we further per-
formed the DFT and AIMD simulations to gain a better atomic-
scale understanding of the phase formation and microstructure
evolution of Cr,AlC coatings during the heating process. Fig. 8(a,
b) illustrates the established crystal structure for Cr,Al and Cr,AlC
unit cells, respectively, in which the atomic arrangement along the
c-direction revealed a parallel arrangement of Cr, Al, and C atoms.
In the case of the CrpAl unit, there were specialized one layer of Al
atoms and two layers of Cr atoms, with a stacking sequence of Al-
Cr-Cr-Al, corresponding to the arrangement involved with Cr-Al
and Cr-Cr bonds. On the other hand, Cr,AlC exhibited a periodic
atomic layer arrangement denoted as Al-Cr-C-Cr-Al, particularly
including both Cr-Al and Cr-C bonds. Inserting an atomic carbon
layer between Cr-Cr in the Cr,Al unit led to the presence of the
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Cr,AlC unit, adjoint with the disappeared Cr-Cr bonds and the ap-
peared Cr-C bonds. As a result, the stability of Cr,AIC could be de-
termined by the bond energy of Cr-Cr and Cr-C bonds. Fig. 8(c) in-
dicated the changes in bond lengths and binding energies of Cr-
Cr and Cr-Al in CryAl, as well as Cr-Cr and Cr-C in CrpAlC for
comparison. An obvious informative was that the binding energy
of Cr-Al in CryAl (0.486 eV) was higher than that in the CrAlC
case (0.385 eV), implying the preferentially formation of Cr,Al bi-
nary intermetallic phase than Cr,AlC. However, the binding energy
of Cr-C in Cr,AlC was approximately 2.5 times larger than that of
Cr-Cr in Cr,Al According to the chemical bonding theory, once the
provided energy surpassed the binding energy of Cr-Cr but still
remained less than that of the Cr-C bond, the Cr-Cr bond could
be easily broken, enabling the insertion of carbon atoms to gener-
ate the stronger Cr-C bond and thereby facilitating the presence
of Cr,AIC MAX phase. Similar characteristics for various chemi-
cal bonds also could be confirmed from the bond length changes
(Fig. 8(c)). These results evidenced the observation of in-situ TEM
characterization discussed above.

Considering the kinetic growth of coating during annealing,
Fig. 8(d, e) demonstrates the representative AIMD simulations con-
ducted over a 10 ps period at 500 °C for CryAl and Cr,AlC units.
Details on the simulation process could be visualized in videos 1
and 2 from the supporting information. Increasing the annealing
time at 500 °C, there was an obvious view for the broken Cr-Al
bonds, together with the distinct existence of intact Cr-C bonds,
indicating the appearance of Cr;C3 in MAX Cr,AlC phase. Impor-
tantly, this result evidenced that during in-situ heating, the evolu-
tion of the MAX phase was closely ascribed to the subsequent in-
sertion of C atoms within the predominated Cr,Al structure, which
was quite different from the mechanism of second Al inserting into
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Fig. 9. Schematic diagram of microstructural evolution for Cr,AIC MAX phase coating involved from as-deposited Cr-Al-C case during the in-situ heating process.

the preformed chromium carbide phases for Cr,AlC [24,29]. Conse-
quently, it could be concluded that the combination of in-situ heat-
ing TEM characterizations and atomic scale simulations not only
revealed the phase formation mechanism of the Cr,AlC MAX phase
but also testified the superior thermal stability of Cr,AIC coating
over CryAl intermetallic impurities under required suitable temper-
ature.

For the easy understating, Fig. 9 shows the schematic diagram
of the phase formation mechanism Cr,AlC MAX phase coating rele-
vant to the dependence of microstructure evolution on in-situ heat-
ing temperature. Using the cathodic vacuum arc combined with
DC magnetron sputtering, the as-deposited Cr-Al-C coating with-
out extra-applied heating displayed the typical amorphous struc-
ture, where all the Cr, Al, and C atoms were distributed uniformly
within the coating. With increased temperature of 230 °C caused
the dominated binary Cr,Al interphases and followed the small
amount of presence of CrpAlC nanocrystalline phases at 370 °C,
due to the diverse binding energy of Cr-Cr, Cr-Al, and Cr-C bonds.
However, the amorphous structure was entirely diminished at 500
°C, accompanied by the predominate observation of high-purity
Cr,AlC MAX phases, which was promoted by the overcoming of
the energy barrier for the Cr-C bond. Nevertheless, the overheating
energy beyond 650 °C accelerated the decomposition of the Cr,AlC
structure, leading to the existence of Cr;C; impurities and deterio-
ration of the MAX phase without expectation. This microstructural
evolution agreed well with the solid state reaction of ternary com-
pounds that generally underwent the three-stage processes [57].
Firstly, the elemental diffusion would be stimulated at interparti-
cle contacts. Secondly, the formation of solid solutions or interme-
diate phases was strongly determined by the solid solubility. If the
generated phases were pretty stable, they would act as an effec-
tive diffusion barrier around the unreacted core phases within the
unit structure. Finally, the intermediate phases in a transition state
could facile react with each other to allow the presence of a stabi-
lized ternary MAX phase.

4. Conclusions

In summary, the Cr-Al-C coatings were initially synthesized at
room temperature by using a hybrid deposition technique, which
consisted of a cathodic vacuum arc and direct current magnetron
sputter plasma sources. Particularly, the focus was elaborated on
the microstructural evolution of coatings via in-situ heating TEM
characterization at 25-650 °C. Furthermore, the theoretical simula-
tions involved the first-principles calculation and Ab-initio molec-
ular dynamic simulation were conducted, in order to identify the
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atomic-scaled mechanism for the phase transition during heat-
ing. The results showed that the as-deposited Cr-Al-C coating ex-
hibited the typical amorphous structure, with a stoichiometry of
Cr:Al:C at approximately 2:1:1. Thanks to the hybrid plasma dis-
charges and substrate rotation, these elements distributed uni-
formly within the coating but in a distinct layered amorphous fea-
ture. Increasing the temperature to 230 °C caused the preferential
appearance of binary Cr,Al interphases, due to the higher bind-
ing energy of Cr-Al in Cr,Al at 0.486 eV than that of 0.385 eV in
the Cr,AlIC phase. Subsequently, the surpassing of binding energy
yielded a small amount of Cr,AIC nanocrystalline phase presented
under 370 °C heating. Once the heating temperature reached 500
°C, the high-purity nanocrystalline Cr,AlIC MAX phases were dis-
tinctly observed, while the amorphous structure and intermetal-
lic impurities were almost completely diminished. The reason be-
hind this observation was that the binding energy of Cr-C in
CryAlIC was approximately 2.5 times higher than that of the Cr-
Cr in CryAl, which substantially promoted the transition of ternary
CryAIC phase from binary Cr,Al intermetallic compounds. When
subjected to a temperature of 650 °C, the redundant heating en-
ergy resulted in a significant decomposition of Cr,AlC MAX phases,
accompanied by the informative Cr;Cs products, which could be
evidenced by the preferential broken of Cr-Al bonds over stronger
Cr-C bonds in CryAlC structure. The comprehensive observations
in the current work not only identify the phase formation mech-
anism of the Cr,AlIC MAX phase from the initial Cr-Al-C coating
with the amorphous structure but also provide the most promising
strategy with fundamental insights to tailor the microstructure of
MAX phase materials for wide applications that required the com-
bination of excellent oxidation resistance and radiation tolerance
as well as the electrical conductivity.
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