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Mn+1AXn (MAX) phase materials have unique nano-laminated structures and exhibit interesting hybrid properties with ceramics and metals. However, high synthesis temperatures, e.g. typically ≥700 °C for Ti2AlC
coatings, are the key barriers to their wide application on various substrates. In this study, Ti2AlC MAX phase
coatings were ﬁrstly fabricated by annealing the pre-designed α-TiC0.65/Al multilayer coatings at temperatures
as low as 550 °C till now, which is the lowest synthesis temperature compared to already-reported literatures.
Diﬀerent with the common used short-time annealing (1–3 h), noted that the long-time annealing from 15 h to
400 h was particularly conducted based on the sluggish diﬀusion kinetics at lower temperature. Moreover, the
dependence of structural evolution upon annealing proposed that Al diﬀusion-controlled intercalation process
played the key factor to reduce the the formation temperature of Ti2AlC MAX phase. The results provide a
strategy to fabricate high-quality Ti2AlC MAX phase coatings at 550 °C for wide application of temperaturesensitive substrates.

1. Introduction
Mn+1AXn (MAX) phases are a family of ternary carbide and nitride
ceramics with layered hexagonal crystal structure (space group P63/
mmc) [1]. Herein, M is an early transition metal, A is an element primarily from Groups 13 and 14, X is carbon and/or nitrogen, and
n = 1–3 and possibly higher. Over 70 MAX phases are currently known
to exist. Such phases have attracted considerable attention because of
their unique structure and corresponding interesting properties [2]. In
structure, near-close packed Mn+1Xn sheets are interleaved by pure
one-atom-thick A-layer. The A-layer can be easily removed from a
Mn+1AXn phase through chemical etching, resulting in stand-alone twodimensional (2D) Mn+1Xn sheets known as MXene, which are increasingly stimulated for applications including catalysis, energy storage,
electromagnetic wave interference shielding, etc. [3–7]. MAX phases
are well-known for their interesting properties as they are a combination of those of ceramics and metals, where these ceramic materials
display good electrical and thermal conductivity, high-temperature
resistance and damage tolerance, excellent thermal shock resistance, as

well as superior oxidation resistance in air and water vapor, etc. [8–11].
Owing to these hybrid properties, MAX phases are considered to be
promising materials for nuclear energy applications and accident tolerance, either as fuel cladding or as coating materials.
In past few years, MAX phases have been fabricated by various kinds
of techniques, including bulk synthesis by hot isotactic pressing and
thin ﬁlm deposition [12]. However, owing to their complex crystalline
structure with a large unit cell, the growth of bulk MAX phases requires
high synthesis temperatures, generally above 1000 °C [13]. As an alternative existence, the MAX phases in nanometer or even atomic
scaled thin-ﬁlm/coatings can be deposited by magnetron sputtering at
lower temperature ~700 °C. However, it is still impossible to obtain the
Ti-based MAX phase coatings with high crystallinity and phase purity as
well as dense structure at temperature below 700 °C. This makes the Tibased MAX phase coatings impossible applications for temperaturesensitive substrates, such as zirconium alloys, steel, titanium alloys, etc.
How to fabricate the high-quality Ti2AlC MAX phase coatings with high
performance under 700 °C is still a highly challenging issue.
Reducing the reaction barrier via a special reaction pathway has
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been demonstrated to eﬀectively decrease the formation temperature of
MAX phases. Zhou and Riley et al. [14,15] reported a novel low-temperature synthesis method whereby Si or Al were intercalated into TiCx
(x < 1) with hexagonal structure to directly form the MAX phase. By
intercalation, the Ti3AlC2 MAX phase could be synthesized at a temperature 400–600 °C lower compared to the conventional bulk synthesis
temperature. Abdulkadhim et al. [12] veriﬁed the intercalation mechanism by annealing treatment of the TiCx/Al bilayer thin ﬁlm with
combinatorial magnetron sputtering. They found the Ti2AlC MAX phase
was formed at the annealing temperature of 700 °C. However, further
lower temperatures were not feasible during annealing because of the
requirement of a long diﬀusion length of Al in the above bilayer ﬁlms.
Apart from these eﬀorts, improving surface diﬀusion has also been
proposed to achieve a lower synthesis temperature during sputtering
deposition of crystalline MAX-phase thin ﬁlms [16]. It is most likely
that surface diﬀusion can reduce the kinetic limitations of deposited
atoms, and then promote the atoms involved to reach their proper
crystal lattice sites and crystallize by enhanced energetic ion bombardment. Huang and Su et al. [17,18] have reported one-step synthesis
of phase-pure V2AlC and Ti2AlC ﬁlms above 600 °C by increasing the
sputtered ion ﬂux, provided that a near-stoichiometric V2AlC and
Ti2AlC composition is required. Although no other competing phases
(e.g., intermetallic compound, metal carbide,) were found, the MAXphase ﬁlms fabricated in this manner were poorly crystalline, which
could cause a signiﬁcant worse impact on their properties.
Similar to the MAX-phase synthesis process and based on fast surface dynamics, Wang et al. [19] manipulated the sophisticated superlattice-like nanostructure on the surface of Pd40Ni10Cu30P20 metallic
glass, where the atoms were arrayed layer by layer in a modulated
period of 2.6 nm, by prolonging the annealing time to 100 h at a temperature below the glass transition temperature. In addition, dedicated
long-time annealing of metastable Fe-Cr alloy ﬁlms beneﬁted to form
Fe-Cr superstructure multilayers with periods of one or few atomic
monolayers of the individual components [20]. Therefore, it could be
deduced that surface dynamics played a key role in phase formation
with complex crystal structures during the long-time annealing treatment that oﬀered a possible strategy to reduce the phase formation
temperature for MAX phases. However, most of current studies on the
preparation of MAX-phase coatings by this two-step method, i.e., lowtemperature deposition followed by annealing treatment, focused on
short-time annealing for 1–3 h [21–23], the eﬀects of long-time annealing on the formation of MAX-phase coatings at low temperature
less than 600 °C is lack of study yet.
In order to obtain the MAX phase with high crystallinity at relatively
low temperatures, in this work, we manipulated a designed multilayer
Ti-Al-C coating with hexagonal TiCx and Al atomic layers alternately
growing along the direction perpendicular to substrate. Subsequently,
the as-deposited multilayer Ti-Al-C coatings were subjected to longtime annealing treatment. The formation of the Ti2AlC MAX phase was
observed after annealing at 550 °C for 100 h due to the Al diﬀusioncontrolled intercalation process. The results provide new insights into
the relationship between the annealing temperature/time, and the resulted MAX phases at low temperatures, and bring forward a strategy to
fabricate other MAX phase coatings for wide applications with temperature-sensitive substrates.

Fig. 1. Schematic diagrams of the coating deposition system, where the circular
titanium target and rectangular aluminum target were used.

aluminum target (400 mm × 100 mm × 7 mm; 99.9% purity) was used
for the sputtering source. Gas mixtures of Ar (99.999%) and CH4
(99.99%) were used as reactive gas sources, and the ﬂow rates of Ar and
CH4 were kept at 200 sccm and 15 sccm, respectively, with the chamber
pressure of 2.0 Pa. To improve the adhesion strength, glow discharge
cleaning was conducted and TiN diﬀusion barrier of ~600 nm was set
prior to deposition. During deposition, the arc power to the Ti target
and the sputter power to the Al target were controlled at 18 W and
3.1 kW, respectively. The DC negative bias voltage of –200 V was applied to the substrates without any other intentional heating. After
90 min deposition, the total thickness of the as-deposited multilayer TiAl-C coatings was about 7 μm. The modulation period and ratio of the
TiCx and Al layer were controlled at ~20 nm and 2:1, respectively, by
adjusting the sample rotation rate.
2.2. Annealing treatment, chemical composition and structural analysis
Isothermal annealing treatment was conducted in a tube furnace.
Before the annealing process, the furnace was pumped down to
1.0 × 10–2 Pa and then Ar was introduced immediately until the pressure was 1 × 105 Pa. Thereafter, the tube furnace was heated to the
annealing temperature at a heating rate of ~4 K min−1 under the
ﬂowing Ar atmosphere. The chemical composition of as-deposited
coating was tested by Rutherford backscattering spectrometry (RBS),
which was performed with a 2.0 MeV 4He on the coating at 160° angle.
The data ﬁtting by SIMNRA software estabilished that atomic ratio of
Ti, Al, C and O was deterimined to be 1:0.31:0.65:0.11, as it is shown in
Fig. 2. The O contaminant was also found in the as-deposited coating,
probably resulting from low vacuum degree during deposition process.
For the energy calibration of each channel, high purity Cu plates, Au
ﬁlms were employed. Structural analysis was carried out by X-ray diffraction (XRD), with a BrukerD8 Advance diﬀractometer, using Cu Kα
radiation. Cross-sectional transmission electron microscopy (XTEM)
specimens were prepared with a focused ion beam (FIB) equipment
(Auriga, Zeiss). Details of cross sectional TEM sample preparation using
FIB are given in Ref. [24]. XTEM, high-resolution transmission electron
microscopy (HRTEM), scanning transmission electron microscopy
(STEM) and high-angle annular dark-ﬁeld (HAADF)-STEM studies were
performed on a FEI Tecnai F20 system.

2. Experimental details
2.1. Coating preparation
Multilayer Ti-Al-C coatings were deposited on Ti-6Al-4V (TC4)
substrates by a home-made hybrid arc bonded sputtering system, as
illustrated in Fig. 1. The nominal composition of the substrates in
weight per cent is: Al, 6.04; V, 4.03; Fe, 0.3; O, 0.1; C, 0.1; N, 0.05; H,
0.015 and the balance Ti. A circular titanium target (Φ128 mm; 99.9%
purity) was used as an arc cathode source, and the rectangular

3. Results and discussion
The reaction pathway between TiC0.65 (x < 1) and Al can reduce
2
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as C was generally high in α-Ti [25]; it was found that C existed in
conjunction with the Ti element as a strong carbide-forming element.
Thus, it was concluded that C mainly existed in the Ti-containing layer.
The ﬁltered inverse fast Fourier transformation (IFFT) image (Fig. 3e)
and the fast Fourier transformation (FFT) image (Fig. 3f) of the square
region marked in Fig. 3d showed the single-phase hexagonal α-Ti
structure, which was consistent with the SAED results. The IFFT image
also clearly showed that the Al partially exhibited continuous lattice
fringes with α-Ti layer, which were induced by the strong texture
template eﬀects of the α-Ti layer.
The HAADF-STEM cross-sectional image of the as-deposited multilayer Ti-Al-C coatings, along with the corresponding EDS results, was
presented in Fig. 4. The HAADF-STEM image (Fig. 4a) revealed a welldeﬁned nanoscaled-layered structure with alternate bright and dark
layers due to diﬀerent average atomic numbers. The EDS mapping results from the square region, as illustrated in Fig. 4b, showed that the Ti
and Al layers grew alternately with the period modulation of ~22 nm.
Additionally, C element was mainly present in the Ti layer, either dissolved in the Ti lattice or bonded with Ti. The EDS line scanning along
the yellow line was shown in Fig. 4c. Although absolute quantiﬁcation
is not precise because of the limited resolution of EDS, the Ti, Al, and C
line proﬁles clearly indicated that most of the C was stored in the Ti
layers.
HRTEM and STEM were employed to examine the cross-section
microstructure of the Ti-Al-C coatings after 100 h annealing at 550 °C.
Fig. 5 showed the cross-sectional view of the annealed coatings. After
100 h annealing, the initial multilayer structure disappeared because of
the interdiﬀusion of low-melting Al. The typical stacking sequence for
the Ti2AlC phase with two TiC-slabs interleaved with a square-planar
layer of Al could be seen in the HRTEM image (Fig. 5b and d), with the
electron beam parallel to the [112̄0] direction. The c lattice parameter

Fig. 2. RBS spectra on as-deposited multilayer Ti-Al-C coatings at 160° angle.

the reaction barrier for the formation of Ti2AlC MAX phases. As expected, multilayer Ti-Al-C coatings were successfully deposited using
arc bonded sputtering technology in this study, as shown in Fig. 3. A
schematic diagram of the pre-designed multilyer Ti-Al-C coating was
illustrated in Fig. 3a. From the TEM bright-ﬁeld image (Fig. 3b), the
layered structure was well deﬁned with the dark and bright layer
thicknesses of ~15 nm and ~7 nm, respectively. Because of the higher
electron scattering factor for Ti atoms, Ti-containing layers displayed a
darker contrast than the Al-containing layer in the bright-ﬁeld image.
Fig. 3c presented the selective area electron diﬀraction (SAED) pattern
of the as-deposited Ti-Al-C coatings, which were characterized by
polycrystalline α-Ti phases with a hexagonal structure and a TiC phase
with face centered cubic structure. The solubility of light elements such

Fig. 3. Microstructures of the as-deposited multilayer Ti-Al-C coatings. (a) Schematic diagram of the pre-designed Ti-Al-C multilayer coating. (b) Low-magniﬁcation
TEM images of as-deposited Ti-Al-C multilayer coating. (c) SAED patterns of the as-deposited Ti-Al-C coatings. (d) HRTEM. (e) Enlarged view of the local areas
selected in (d). (f) FFT image after periodic ﬁltering processing from the marked areas in (c).
3
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Fig. 4. (a) STEM image of the as-deposited multilayer Ti-Al-C coatings. (b) EDS mapping and (c) EDS line-scanning of the yellow square area and line labeled in (a).

Ti2AlC phase. This suggested that the Ti2AlC MAX phase was not
formed by nucleation and growth, but instead Al intercalated into TiCx
and led to MAX phase formation, similar to previous observations and
discussions in Refs. [14,15,27]. The α-TiCx phase had the same hexagonal close-packed (hcp) crystal structure as the Ti2AlC MAX phase,
which implied that Ti2AlC transformation was likely enabled by the
very short diﬀusion distance, as a majority of the atomic planes of Ti
remaining unchanged [28]. Hence, the formation temperature for

deduced from the enlarged HRTEM image, as shown in Fig. 5e, was
1.36 nm, a value that was in good accordance with the previous measurement [26]. A typical FFT image corresponding to the Fig. 5e was
shown in Fig. 5f. The typical (0 0 0 l ) spots of the MAX phase could be
clearly identiﬁed in this FFT image. Fig. 5c showed HRTEM images with
two distinctively diﬀerent regions (indicated with “A” and “B”, see
insert in Fig. 5c, namely, phases “A” and “B”, which were identiﬁed as
Ti2AlC and TiCx (0 0 2), respectively, with TiCx being epitaxial to the

Fig. 5. Microstructures of Ti-Al-C coatings after 100 h of annealing at 550 °C. (a) TEM bright-ﬁeld image of the coatings at low magniﬁcation. (b, c, d, e) HRTEM
images. (f) FFT images of the area in (e).
4
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Fig. 6. (a) STEM image of the Ti-Al-C coatings after 100 h of annealing at 550 °C. (b) EDS mapping, and (c) EDS line-scanning of the yellow square area and line
labeled in (a).

fcc-TiC phases were observed for the as-deposited Ti-Al-C coatings,
which was in agreement with the TEM results. The Ti2AlC MAX phases
were formed after 100 h annealing at 550 °C, and their diﬀraction intensity improved signiﬁcantly on increasing the annealing temperature
to 580 °C. Unsurprisingly, the crystallinity of the Ti2AlC phase in the TiAl-C coatings after 100 h annealing at 580 °C was better than that after
20 h annealing at 600 °C. In addition, the crystallinity and content of
the Ti2AlC MAX phases gradually increased on prolonging the annealing time, accompanied with the reduction of the α-TiC0.65 phase,
which suggested that the MAX phase formation was enabled by the
diﬀusion reaction that was dependent of annealing temperature and
time. Based on the above analysis, it was concluded that the formation
of Ti2AlC MAX phases and crystalline enhancement could be achieved
not only by increasing the annealing temperature but also by
prolonging the annealing time at a relatively low temperature. Moreover, no other competing phases, such as intermetallic compound or
carbide phases, were found in the annealed coatings in addition to a
small amount of the Ti3AlC phase appeared during annealing. The
reason for this was in line with the previous report [29] that described
the synthesis of polycrystalline bulk Ti3AlC2 via hot pressing using TiCx
(x = 0.6) and Al powder mixture as a starting material. This strategy
made it possible to reduce the synthesis time and processing temperature, as well as increase the purity of Ti3AlC2. However, no Ti2AlC MAX
phase was found when the annealing temperature decreased to 500 °C
even after prolonging the annealing temperature to 400 h. This was
possibly because the diﬀusion activation energy was likely too low to
promote the Al elements to diﬀuse into the TiCx layer, which was
prerequisite for the formation of the Ti2AlC MAX phase. While there
was no evidence for the formation of MAX phases from the reaction
between TiCx and Al at 500 and 600 °C in previous studies [12], as soon
as Al started to diﬀuse into the TiCx particles, Ti3AlC2 was predominantly synthesized without forming Al3Ti as an intermediate
phase.
Fig. 8 showed the TEM images of the Ti-Al-C coatings after 400 h
annealing at 500 °C. The multilayer structure could be easily

Ti2AlC was considerably lower than that in the case of direct deposition
from vapor phase by sputtering.
The HAADF-STEM image for the annealed coatings after 100 h of
annealing at 550 °C (Fig. 6a) clearly illustrated the element diﬀusion
behavior in contrast with the as-deposited coatings. EDS mapping results corresponding to the labeled square area and EDS line-scan proﬁles along the line of Fig. 6 a were shown in Fig. 6b and c. The EDS
results further demonstrated that the multilayer structure disappeared
after annealing and Ti, Al, and C elements distributed evenly in the
annealed coatings, implying elemental diﬀusion during annealing.
To investigate the long-time annealing eﬀects on the formation
temperature of the Ti2AlC MAX phase, XRD patterns of the as-deposited
Ti-Al-C coatings, and the annealed ones at diﬀerent annealing temperatures and time, were obtained. As shown in Fig. 7, hcp-TiC0.65 and

Fig. 7. XRD spectra of the as-deposited Ti-Al-C coatings and the annealed
coatings at diﬀerent annealing temperatures and time.
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Fig. 8. Bright-ﬁeld TEM image of Ti-Al-C coatings after 400 h annealing at 500 °C.

phase for the TiC0.65/Al multilayer coatings even with prolonged annealing time at the annealing temperature of 500 °C.
Previous theoretical works have demonstrated that energy required
to bring order to the existing C vacancies in TiCx (x < 1) was only
49 meV per vacancy, which corresponds to excitations at temperatures
of ~100 °C. Subsequently, the Al element could directly diﬀuse into
these ordered vacancy sites of TiCx and led to the formation of the
Ti2AlC phase at low synthesis temperatures. The intercalation process
could, if active, be a very promising low-temperature synthesis pathway
for bulk MAX phases as well as for thin ﬁlms. Experimental identiﬁcation of intercalation to form bulk MAX phases has been reported in
Ti2SnC [30], Ti3AlC2 [31], etc. Abdulkadhim et al. [12] have provided
evidence of the direct formation of Ti2AlC by Al intercalation into TiCx
(x ≤ 0.7) during the annealing of TiCx(1–1.5 μm)/Al(600 nm) bilayer
thin ﬁlms, where the annealing temperature and holding time were
500–1000 °C and 60 min, respectively. Nevertheless, the Al diﬀusioncontrolled intercalation process was dependent of annealing temperature and time, which directly inﬂuenced the elemental diﬀusion rate
and length. The lower the annealing temperature, the slower the diffusion. Tang et al. have reported that elemental nano-layered coatings
can achieve shorter diﬀusion lengths and reduce the formation temperature of the Ti2AlC MAX phase to 600–700 °C through subsequent
annealing. To achieve MAX phase synthesis at low temperature,

Fig. 9. Comparative results of the synthesis temperature of Ti2AlC MAX phase
coating of our work and the references.

distinguished in the TEM results, suggesting that almost no Al diﬀusion
occurred during annealing at 500 °C because of the insuﬃcient diﬀusion activation energy. Therefore, although a low-temperature synthesis pathway was designed in this study, it was not likely to form a MAX

Fig. 10. Formation mechanism of Ti2AlC coatings during annealing of the as-deposited multilayer Ti-Al-C coatings.
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multilayer α-TiC0.65/Al coatings were designed in our work, and longtime annealing was conducted at 500, 550, 580 and 600 °C. According
to the RBS results, C vacancies (TiC0.65) existed in the TiCx layer. Unfortunately, Al elemental diﬀusion into the TiCx layer was not observed
when the annealing time was prolonged to 400 h at 500 °C. It was interesting to note that Ti2AlC MAX phases formed after 100 h annealing
at 550 °C, which was the lowest temperature for their synthesis reported
so far (see in Fig. 9) [32–45]. In addition, HRTEM revealed that Al was
directly intercalated into TiC0.65 to form the Ti2AlC MAX phase. However, diﬀusion-controlled intercalation processes of Ti2AlC formation
were expected to be slow at low temperatures. The detailed formation
mechanism of Ti2AlC in this case was illustrated in Fig. 10, and the
related mechanism also applied in other MAX phases, such as Ti3SiC2
[46] and Ti2AlN [47], etc.
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