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A B S T R A C T   

This work reports on sputter depositions carried out from a compound (Ti,Zr)2AlC target on Al2O3(0 0 0 1) 
substrates at temperatures ranging between 500 and 900 ◦C. Short deposition times yielded 30–40 nm-thick Al- 
containing (Ti,Zr)C films, whereas longer depositions yielded thicker films up to 90 nm which contained (Ti,Zr)C 
and intermetallics. At 900 ◦C, the longer depositions led to films that also consisted of solid solution MAX phases. 
Detailed transmission electron microscopy showed that both (Ti,Zr)2AlC and (Ti,Zr)3AlC2 solid solution MAX 
phases were formed. Moreover, this work discusses the growth mechanism of the thicker films, which started 
with the formation of the mixed (Ti,Zr)C carbide, followed by the nucleation and growth of aluminides, even-
tually leading to solid state diffusion of Al within the carbide, at the highest temperature (900 ◦C) to form the 
MAX phases.   

1. Introduction 

Binary carbides based on early transition metals are an important 
class of materials in applications involving cutting and drilling tools 
because of their high hardness [1–4]. Beyond the traditional binary 
carbides, more phases exist, including the inherently laminated ternary 
carbides and nitrides known as MAX phases. MAX phases are described 
by the general formula Mn+1AXn, where M is an early transition metal, A 
is an element from groups 13 to 16, X is carbon and/or nitrogen and n =
1, 2 or 3. MAX phases are gaining a lot of attention due to their excep-
tional ceramic/metal hybrid properties and their broad spectrum of 
potential applications [5–8]. Due to their structural complexity, a large 
Gibbs free energy barrier is often associated with the synthesis of MAX 
phase compounds; therefore, complex pseudo-binary phases may pre-
cede the nucleation of MAX phase compounds, making their formation 
an energetically more favourable process [9–11]. The formation of a 
MAX phase compound can thus be affected by the presence of pseudo- 
binary phases that enable the growth of the particular MAX phase by 
diffusion-controlled processes [9,11–14]. 

While some MAX phases (e.g., Cr2AlC [15,16]) have been directly 

deposited without the need of a buffer layer at lower temperatures 
(~500 ◦C), MAX phase compounds in the Ti-Al-C system are usually 
deposited at higher temperatures and often require either a TiCx buffer 
layer and/or an annealing step [17–20]. For instance, Wilhelmsson et al. 
discussed the deposition of ternary films in the Ti-Al-C system, using a 
TiCx seed layer [20]. These authors showed that even though MAX phase 
compounds in that system are obtained at high temperatures (>800 ◦C), 
Al starts dissolving in the TiCx seed layer at temperatures as low as 
300 ◦C. 

It has also been shown that it is possible to tune the properties of the 
MAX phases by tailoring their chemistry. In fact, MAX phase solid so-
lutions have been the subject of numerous studies, irrespective of 
whether the solid solution was formed on the M, A, or X site [21–29]. 
Depending on the considered alloying element and the exact solid so-
lution stoichiometry, one may achieve specific functionalities and tailor 
the material properties. For example, Cabioc’h et al. reported on the 
tailoring of the thermal expansion coefficient of Cr2(Alx,Ge1-x)C MAX 
phases, showing a clear evolution with respect to the A-metals ratio 
[29]. Another example worth mentioning is that of magnetic MAX 
phases, where magnetism is caused by the introduction of Mn in the 
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MAX phase structure [26,30]. Sputter deposition from elemental targets 
is typically preferred for the investigation of growth processes, due to 
the more precise control of the thin film composition. However, indus-
trial material development requires simpler and faster coating processes, 
which includes the use of compound targets. While the use of a single 
target simplifies the deposition process, the obtained film composition is 
very often different than that of the target, as previously discussed for 
Ti3SiC2 [31,32], Ti2AlC [19], and Cr2AlC [33]. 

The Ti-Zr-Al-C system was selected in this work, as several MAX 
phase compounds have shown promise as candidate coating materials 
for accident-tolerant fuel (ATF) cladding materials intended for Gen-II/ 
III light water reactors (LWRs). The MAX phases in the Ti-Zr-Al-C sys-
tems are considered primarily due to the low neutron cross-section of 
zirconium (Zr). Most prior studies on Zr-based MAX phases reported the 
presence of secondary phases (i.e., binary carbides and intermetallics), 
particularly in bulk ceramics [34,35]. To our knowledge, Zr2AlC and 
Zr3AlC2 MAX phases have not been reported in thin film form. However, 
similar ternary phases, Zr2Al3C4 and Zr2Al4C5, have been obtained by 
Lai et al. and Zhang et al., respectively. [36,37]. Few experimental 
studies have been carried out on MAX phases in the Ti-Zr-Al-C system, 
most of them on bulk materials, resulting once more in multiphase 
compounds [27,28,38]. Recently we reported the formation of (Ti, 
Zr)n+1AlCn MAX phase thin films obtained from co-sputtering of 
elemental targets [39]. However, similar to bulk materials, these films 
also contained carbide and intermetallic secondary phases. 

This study investigates the binary carbides and ternary carbides 
(MAX phases) formed when growing films from a (Ti,Zr)2AlC MAX 
phase target by means of sputter deposition at various substrate tem-
peratures. The initial growth of (Ti,Zr)C pseudo-binary carbides was 
observed after short deposition times of 30 min. Longer deposition times 
at 900 ◦C resulted in thin films containing more than one phase, 
including the targeted (Ti,Zr)2AlC MAX phase solid solution. 

2. Materials and methods 

ZrH2 (<6 μm, >99% purity, Chemetall, Germany), TiH2 (<8 μm; 
>99% purity; Chemetall, Germany), Al (<5 μm, >99% purity, AEE, 
USA), and C (<5 μm, >99% purity, Asbury Graphite Mills, USA) were 
used as starting powders for the synthesis of the MAX phase target. For 
this purpose, TiH2:Zr:Al:C powders were mixed in isopropanol for 24 h 
in argon (Ar) in an atomic ratio of 1.5:1.5:1.2:1.9, which is the starting 
composition of a C-substoichiometric (Ti,Zr)3AlC2 MAX phase (312). 
Due to parasitic reactions that result mainly in carbide formation, a 312 
starting composition produces the (Ti,Zr)2AlC MAX phase (211) and 
pseudo-binary carbides [34]. The powders were reactively hot pressed 
(W100/150-2200-50 LAX, FCT Systeme, Frankenblick, Germany) in 
vacuum (~10 Pa), in a graphite die setup (∅ 56 mm), at 1450 ◦C for 1 h 
and under 30 MPa pressure. A 0.5 mm-thick material layer that included 
the outer carbides was removed from the top and bottom surfaces of the 
sintered disc by grinding, and the disc was reduced to a 2-inch diameter 
target, using electrical discharge machining (EDM). This target will 
herein be referred to as (Ti,Zr)2AlC, since its main component was the 
211 MAX phase compound. 

Thin films were deposited by DC magnetron sputtering using the ∅ 
50 mm (Ti,Zr)2AlC compound target. The base pressure in the deposition 
chamber was kept below 2.6 × 10-5 Pa, while the working pressure in 
the presence of Ar was 0.6 Pa. The target was placed on-axis, at a dis-
tance of 180 mm below the substrate holder. The target was operated in 
constant power mode at 50 W, and the substrates were rotated at 10 
rpm. No bias was applied to the substrates. Thin film depositions were 
performed at different temperatures in the 500–900 ◦C range, at 100 ◦C 
increments. Depositions of 30, 60 and 90 min were carried out on 
Al2O3(0001) substrates that were cleaned ultrasonically prior to 
deposition in acetone and isopropanol, for 5 min in each medium, and 
yielded 30–40, 80–90 and ~120 nm in thick films, respectively. 30 min 
depositions were also carried out on MgO(111) substrates for 

compositional analysis. 
The structural properties of the target and the deposited films were 

investigated by means of X-ray diffraction (XRD), using a standard θ-2θ 
geometry in a Panalytical X’pert MRD with Cu Kα radiation. Film 
thicknesses were obtained using X-ray reflectivity (XRR) in a Philips 
X’Pert MRD system and were confirmed by scanning electron micro-
scopy (SEM; Zeiss Leo 1550 Gemini). 

Time-of-flight-energy elastic recoil detection analysis (ToF-E ERDA) 
was performed at the Tandem Accelerator Laboratory of Uppsala Uni-
versity. This technique used 36 MeV 127I8+ ions as incident beam 
impinging onto the samples at an incoming angle of 67.5◦ with respect 
to the surface normal, and the induced recoiling particles were detected 
by two carbon foil time detectors and a silicon p-i-n diode energy de-
tector for energy discrimination at an angle of 45◦ with respect to the 
incoming ion beam. The measured ERDA spectra were converted to 
depth profiles using the Potku code [40]. 

Scanning transmission electron microscopy (STEM) analyses were 
performed using a JEOL ARM200F Cs-corrected scanning transmission 
electron microscope (S/TEM), operated at 200 kV. Low magnification 
high-angle annular dark-field (HAADF) STEM images, as well as high 
resolution (HRTEM) images were acquired. Energy dispersive X-ray 
spectroscopy (EDS) was conducted in the STEM mode. Fast Fourier 
transforms (FFT) were performed on the HRTEM micrographs. Thin foils 
were lifted out from the areas of interest, using a Carl Zeiss Cross-Beam 
1540 EsB focused ion beam (FIB). 

3. Results and discussion 

The (Ti,Zr)2AlC target was analysed prior to thin film deposition, in 
order to verify its phase assembly and compositional homogeneity. 
Fig. 1(a) shows a schematic view of the analysed piece of a dimen-
sionally smaller, but otherwise equivalent, MAX phase target. The re-
sults of the SEM/EDS analyses on different target regions confirm the 
presence of different phases. Along the target radius and close to the 
target outer surface (zone C), two types of 211 MAX phases formed, one 
with a 50:50 Ti:Zr ratio (green squares) and one with a 70:30 Ti:Zr ratio 
(red circles). Towards the centre of the target (zones A and B), more of 
the 211 phase with a 70:30 Ti:Zr ratio was found. Secondary phases 
have also been detected across the target thickness. A primarily Zr-rich 
pseudo-binary (Zr,Ti)C carbide was observed, although some Ti-rich 
particles we also present, mainly due to the expected carbide decom-
position under the selected synthesis conditions [28]. The elemental 
distribution did not vary significantly across the target diameter; 
therefore, the target chemical composition was considered homoge-
neous unlike the phase distribution, which varied across the target. The 
XRD pattern of the target before sputtering shows peaks of the MAX 
phase, peaks corresponding to Al2(Zr,Ti) and (Zr,Ti)C, as well as some 
lower intensity peaks that are not indexed herein (Fig. 1(b)). While the 
aluminides and carbides were Zr-rich, their peaks were slightly shifted 
due to the presence of dissolved Ti in the crystal lattice. 

Fig. 2 shows the XRD θ-2θ patterns from the films deposited for 30 
min on Al2O3 substrates, at temperatures ranging between 500 and 
900 ◦C. X-ray reflectivity was used to determine the thickness of the 
produced thin films, which varied in the 30–40 nm range. A highly 
textured pseudo-binary carbide (Ti,Zr)C was identified by the XRD peaks 
at ~34.3◦ (111) and ~73◦ (222) 2θ. The intensity of the XRD peaks 
increased with increasing deposition temperature, which may be asso-
ciated with the presence of larger grains or higher crystallinity. Indeed, 
up to 700 ◦C, the peaks are fairly low in terms of intensity, indicating 
that diffusion processes occurring at the coating/substrate interface 
affect the nucleation of the carbide, which requires higher temperatures 
(>800 ◦C) to crystallize properly. At 700 ◦C, the additional peak at 
~37.5◦ 2θ probably corresponds to an Al3(Zr,Ti)2 intermetallic, which 
accommodates a large amount of Ti. 

The relative ERDA compositions, acquired over the entire thickness 
of thin films deposited at different temperatures on MgO substrates, are 
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given in Table 1. MgO substrates were used to be able to extract the Al 
contribution. The Ti:Zr ratios were very close to 1:1 and corresponded to 
the respective elemental ratio in the target. The C composition appeared 
unaffected by the deposition temperature and was slightly higher than 
that of a 2:1:1 MAX phase composition, as expected from the C content 

of the pristine target. Moreover, the thin film contained 9–17 at.% Al 
depending on the deposition temperature, suggesting that Al was pre-
sent in solid solution in the carbide. 

Longer depositions of 60 min were carried out, which resulted in 
80–90 nm-thick films. XRD patterns collected from these thin films are 
shown in Fig. 3. One may notice that the (Ti,Zr)C pseudo-binary carbide 
is still present and appears to be the only constituent phase of the films 
deposited at 500 and 600 ◦C. At 700 and 800 ◦C, peaks located at 2θ 
~37.5◦ and ~44◦ corresponded to the Al3(Zr,Ti)2 intermetallic phase, 
also observed for the 30 min deposition at 700 ◦C. At 900 ◦C, the Al2Zr 
intermetallic was indexed with (002) and (006) reflections at ~20◦ and 
~64.5◦ 2θ, respectively. The Al2Zr peaks were shifted towards higher 2θ 
angles, indicating Zr substitution by Ti, i.e., Al2(Zr,Ti) formation. A 211 
MAX phase formed at 900 ◦C, as indicated by the peaks at 2θ ~12.8◦

(002), ~25.8◦ (004), and ~39.2◦ (006). However, these peaks fit quite 
poorly with the peak positions reported by Tunca et al. for a Ti:Zr ratio of 
1:1 [28]. Furthermore, a clear peak shift was observed for the (Ti,Zr)C 
pseudo-binary carbides towards lower 2θ angles, indicating that this 
carbide was Zr-rich at higher temperatures. 

The lattice parameters of the carbide phase obtained in films 
deposited in 30, 60 and 90 min were compared in order to track po-
tential structural changes with respect to temperature, which could 
indirectly suggest compositional changes (Fig. 4). While there is a 
noticeable difference between the 30 min and 60 min-deposited films, 
the temperature dependence does not seem that significant. The lattice 

Fig. 1. (a) Schematic representation of the analysed cross-section through an equivalent MAX phase target of smaller diameter, and corresponding SEM micrographs 
and phases detected in the target (A-C). (b) XRD pattern of the target before sputter deposition. 

Fig. 2. XRD patterns of thin films deposited in 30 min from the (Ti,Zr)2AlC 
compound target on Al2O3(0 0 0 1) substrates. 

Table 1 
ERDA composition of thin films deposited in 30 min at different temperatures on 
MgO(111) substrates.  

Temperature (◦C) Ti (at.%) Zr (at.%) Al (at.%) C (at.%) 

500 26 ± 1 25 ± 1 17 ± 1 32 ± 1 
600 26 ± 1 23 ± 1 14 ± 1 37 ± 1 
700 27 ± 1 25 ± 1 14 ± 1 34 ± 1 
800 29 ± 1 29 ± 1 9 ± 1 33 ± 1 
900 28 ± 1 26 ± 1 12 ± 1 34 ± 1  
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parameter of the 30-min deposited films appears fairly constant, 
although a slight increase can be seen between 700 and 800 ◦C. In 
contrast, the lattice parameter increase of the films deposited in 60 min 
seems to be progressive up to 800 ◦C and abrupt at 900 ◦C. This 
observation is accompanied by the detection of the MAX phase, which 
suggests exchange of atoms between the carbide and the MAX phase. 
The lattice parameters of the carbide detected in the film deposited in 
90 min is larger than those of the shorter depositions, which supports the 
transition from Al-containing (Ti,Zr)C to a mostly Zr-rich carbide. 

The formation of a MAX phase is herein addressed by analysing the 
sequence of MAX phase formation. As intermetallic compounds are often 
involved in the formation of various MAX phases, the following 
sequence of phase formation may be proposed: first, a (Ti,Zr)C pseudo- 
binary carbide formed, which was able to accommodate at least up to 15 

at.% of Al, followed by the formation of (Ti,Zr)Al intermetallics com-
pounds in Al-rich regions of the film. At higher temperatures, these in-
termetallics seem to have reacted with the carbide to form the MAX 
phase through solid state diffusion. Such observations were made by 
Tang et al. [41], who annealed a nano-multilayer stacks of Ti-Al-C. In 
their work, ex-situ annealing at 600 ◦C resulted in the co-existence of an 
aluminide and TiC, while at 700 ◦C, the first MAX phase contributions 
appeared. After 800 ◦C, phase-pure Ti2AlC was obtained. 

Interestingly, the formation of the solid solution MAX phase was 
experimentally achieved for at least 60 min-long depositions. As shown 
in Fig. 2, 30 min-long depositions resulted in phase-pure carbide films, 
which can be explained by either of the following two mechanisms. 
Considering the chronological order of the depositions, the 30-min de-
positions came first. It is, therefore, possible that the first sputtering 
yielded only carbides due to preferential sputtering or due to carbide 
abundance on the target surface. It is also possible that the MAX phase 
requires specific conditions to grow. Indeed, it is not uncommon for 
MAX phases to require a seed layer that promotes their nucleation. 
Therefore, the carbide deposited after 30 min could be considered as an 
interlayer that promotes the nucleation of the MAX phase. Indeed, a 
substoichiometric carbide interlayer has been found to undergo a solid 
state reaction with the Al2O3 substrate at elevated temperatures to form 
the MAX phase compound at the interface [42,43]. Moreover, Magnuson 
et al. have reported that TiC formed as result of the excess carbon in a 
Ti3SiC2 target [44], which was also the case of the target used in our 
study (C-rich target). 

Representative SEM micrographs of the produced thin films in Fig. 5 
show the increase in grain size when the deposition temperature 
increased from 500 to 800 ◦C. At 900 ◦C, the presence of at least two 
phases and two different grain morphologies was observed. The brighter 
grain agglomerates that protrude from the film surface, thereby 
increasing the roughness, are stackings of ultra-thin (<30 nm) laths 
(Fig. 5(e), magnified inset). The darker grains correspond to a typical 
carbide microstructure composed by randomly oriented, equiaxed 
grains. Fig. 5(f) shows the cross-section of a ~160 nm-thick film, the 
microstructure of which is inhomogeneous across the film thickness. 
Closer to the substrate, small grains are observed. Towards the film 
surface, the film displays columnar growth. 

STEM analysis of a FIB foil extracted from the ~160 nm-thick film 
deposited at 900 ◦C in 90 min on an Al2O3 substrate is shown in Fig. 6. A 
low-magnification HAADF STEM image of the thin film is shown in 
Fig. 6(a). At first glance, the thin film is characterised by three distinct 
microstructural features: the darker, columnar features (area i) corre-
sponding to the grain protrusions shown in Fig. 5(e) and (f); the brighter, 
continuous film (area ii); and the film/substrate interface (area iii). 
Detailed compositional analysis of these features revealed that the 
continuous film in the STEM images contained more Zr, corresponding 
to a Zr-rich carbide (Zr to Ti ratio of 62:38) with up to 4 at.% Al. The 
grain protrusions in Fig. 5(e) were composed of a faceted core (dotted 
area denoted by the IM core, Fig. 6(b)) surrounded by a columnar-like 
structure (dashed area, Fig. 6(b)). Both microstructural features are 
also visible in the elemental maps. The cores were Al-rich, whereas the 
columnar ones were transition metal-rich. In terms of oxygen content, 
there is slightly more O at the thin film surface and at the interface with 
the Al2O3 substrate; however, there is no specific trend in O level vari-
ation as function of coating thickness. The overall O content of the thin 
film was somewhere between 9 and 13 at.%, which is mostly associated 
with sample aging. 

In order to understand the crystal structure of the different micro-
structural features, high magnification STEM micrographs and FFT 
patterns of both the thin film and the film/substrate interface were ac-
quired. Fig. 7 shows a high magnification STEM micrograph from area i 
in Fig. 6(a). As shown in Fig. 7(a), the columnar structures correspond to 
mixed 211 and 312 (Fig. 7(b)) MAX phase atomic stackings. They seem 
to nucleate on the Al-rich core, which was indexed as Al3(Zr,Ti)2 
(Fig. 7c). It appears that the intermetallic provides Al to the (Ti,Zr)C 

Fig. 3. XRD patterns of thin films deposited in 60 min from the (Ti,Zr)2AlC 
compound target on Al2O3(0 0 0 1) substrates. 

Fig. 4. Variation of lattice parameters of the carbide phases deposited in 30 
and 60 min on Al2O3(0 0 0 1) at different temperatures and that deposited in 90 
min at 900 ◦C. 
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carbide, forming a 211 MAX phase parallel to the (111) planes of the 
intermetallic core. Further away from the intermetallic core, the 211 
MAX phase becomes 312. Such MAX phase stackings were found both 
within the film thickness and closer to its surface. 

Fig. 8 shows a high-magnification STEM micrograph corresponding 
to the Al2O3/film interface (area iii, Fig. 6(a)), and the FFT patterns of 
the encountered phases. Under the selected deposition conditions, sub-
strate and thin film appear to have reacted through solid-state reaction, 
most probably caused by the elevated deposition temperature. The 

bright zone in Fig. 8(a) represents most of the film and corresponds to 
(Zr,Ti)C (Fig. 8(b)), while the darker zones correspond to the phases 
formed at the film/substrate interface. One may observe that the inter-
face is inhomogeneous, comprising separate zones of the 211 MAX phase 
and intermetallic Al2(Zr,Ti) that were indexed from the FFT patterns in 
Fig. 8(c) and (d), respectively. There are two possible scenarios that can 
explain such inhomogeneous interface: either the intermetallic is fav-
oured because the lattice mismatch between Al2(Zr,Ti) and Al2O3 is 
smaller than the mismatch with the (Ti,Zr)C carbide and/or the 211 

Fig. 5. SEM micrographs of the surface of the 80 nm-thick films deposited in 60 min on Al2O3(0 0 0 1) substrates at (a) 500, (b) 600, (c) 700, (d) 800, and (e) 900 ◦C. 
(f) SEM image of a cross-section of a thin film deposited on Al2O3 (0 0 0 1) substrate at 900 ◦C in 90 min. 

Fig. 6. (a) Overview of the thin film deposited at 900 ◦C in 90 min on an Al2O3 substrate: columnar grain growth (area i), continuous film bulk (area ii), and film/ 
substrate interface (area iii). (b) Columnar grain growth and intermetallic (IM) core; Al, Ti, Zr, O, C EDS elemental maps of this region in STEM mode and Al + Ti + Zr 
map overlay. 
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MAX phase (Fig. 8(e)), or the 211 MAX phase and the (Ti,Zr)C carbide, 
albeit more stable, cannot form due to high interfacial energies. How-
ever, the lattice parameter mismatch is more probable as both inter-
metallic and carbide are known to be precursors of MAX phase 
compounds. [34] Indeed, it is likely that a reaction between Al2(Zr,Ti) 
and (Ti,Zr)C has led to the formation of the 211 phase that is observed at 
the interface, causing discontinuities in the Al2(Zr,Ti) layer and thick-
ness variations. Furthermore, similar reactions occur within the thin 
film, since the 211 MAX phase was found invariably close to the Al3(Zr, 
Ti)2 intermetallic core, indicating that 211 phases tend to form close to 
an abundant Al source (see Fig. 7). 

In order to determine the Ti:Zr ratio of each MAX phase, EDS spectra 
were collected from the numbered square areas shown in Fig. 9, and are 
summarized in Table 2. One may notice the variations in the Ti:Zr ratio, 

depending on the MAX phase compound. Indeed, the 312 MAX phase 
appears to be slightly Ti-rich compared to the 211 phase, which main-
tains a Ti:Zr ratio close to 50:50. This could be due to a depletion of the 
carbide in Ti rather than in Zr, as ZrC is a more stable compound, thus 
promoting and supporting the formation of a Zr-rich carbide. The EDS 
data collected from the 211 phases indicate that the mismatch of the 211 
MAX phase peaks in the XRD patterns of Fig. 3 and the reported (Ti0.5, 
Zr0.5)2AlC peak positions [28] can be largely attributed to internal 
stresses and oxygen content. 

4. Conclusions 

A (Ti,Zr)2AlC compound target was used to deposit films of different 
thicknesses. 30 min-long depositions yielded a (Ti,Zr)C carbide 

Fig. 7. (a) High magnification STEM micrograph of a protrusion showing the columnar MAX phase and IMC features. (b) FFT pattern of area (iv) indicative of the 
312 MAX phase, and (c) FFT pattern of area (v) indicative of an Al3(Zr,Ti)2 intermetallic. 

Fig. 8. (a) High magnification STEM micrograph of the thin film and the Al2O3/film interface. FFT patterns of the (b) zone denoted by (Ti,Zr)C, (c) zone denoted by 
211, and (d) zone denoted by Al2(Zr,Ti). (e) Interplanar spacing of each crystalline species parallel to the thin film surface. 
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containing up to 17 at.% of Al, as evidenced by ion beam analysis. High 
substrate temperatures and longer deposition times have resulted in 
films mostly composed of the (Ti,Zr)C carbide with MAX phase pro-
trusions. Both 312 and 211 MAX phases were identified by TEM, with a 
Ti:Zr ratio of ~1.5:1 and ~1:1, respectively. Moreover, two interme-
tallic phases were identified by means of XRD and STEM analyses, i.e., 
Al2(Zr,Ti) and Al3(Zr,Ti)2. These intermetallics appear to be instru-
mental to the nucleation and growth of the MAX phases. Under the 
selected deposition conditions, the growth mechanism involved the 
deposition of an Al-containing (Ti,Zr)C followed by the formation of 
intermetallics, both of which acted as Al sources for the growth of the 
MAX phases. Furthermore, the interface between the Al2O3 substrate 
and the film was compositionally inhomogeneous, possibly because of 
solid state reactions. The growth of the MAX phase was clearly affected 
by the substrate temperature. Indeed, up to 800 ◦C, only intermetallics 
and (Ti,Zr)C formed, indicating that the temperature must be above 
900 ◦C for MAX phase formation. These findings also support the solid- 
state-driven formation of MAX phases from the reaction of intermetallics 
with carbides. 
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Sputter deposition from a Ti2AlC target: process characterization and conditions 
for growth of Ti2AlC, Thin Solid Films 518 (2010) 1621–1626, https://doi.org/ 
10.1016/j.tsf.2009.11.059. 

[20] O. Wilhelmsson, J.P. Palmquist, E. Lewin, J. Emmerlich, P. Eklund, P.O.Å. Persson, 
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