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INTRODUCTION

A class of fascinating ternary carbides and nitrides, later labelled MAX phases, was discovered in powder form in the 1960s 1 and gained renewed interest in the mid-1990s when manufacturing in the bulk form allowed the determination of their intrinsic properties. 1,2 MAX phases combine properties characteristic of metals, such as good thermal/electrical conductivity, thermal shock resistance, appreciable machinability, damage tolerance and relative softness, with properties characteristic of ceramics, such as good high-temperature mechanical properties and satisfactory resistance to oxidation and corrosion. 3 The stoichiometry of MAX phases is described by the Mn+1AXn general formula, where M is an early transition element, A is an A-group element, X is C or N, and n is usually 1, 2 or 3, but higher-order MAX phases with n values of 4, 5 and 6 have also been reported. [4][5][6] MAX phases are layered hexagonal solids, with space group P63/mmc (no. 194), the structure of which consists of near close-packed layers of M6X octahedra interleaved with layers of A-group elements. The M6X octahedra resemble the octahedra found in the cubic rock-salt structure of the corresponding binary MX carbides, and the number of M6X layers actually determines whether the overall structure is 211, 312, 413 or higher-order. [START_REF] Barsoum | MAX Phases properties of machinable ternary Carbides and Nitrides[END_REF] MAX phases in the Ti-Al-C system have already been extensively studied and are known for their outstanding oxidation resistance that results from the formation of a protective Al2O3 oxide scale. 8 Moreover, Zr-Al-C-based MAX phases, such as Zr3AlC2 and Zr2AlC, have been recently synthesized 9,10 and their properties are yet to be determined. The potential importance of the latter for the nuclear industry is associated the low neutron absorption cross-section of zirconium, which makes them promising candidate materials for fuel cladding applications.

Especially in the post-Fukushima era, the development of accident-tolerant fuel (ATF) cladding materials that can outperform the zircaloy clads used in the current fleet of light water reactors is to aqueous corrosion and high-temperature steam oxidation with adequate radiation tolerance.

Prior studies on the oxidation behaviour of Zr-Al-C compounds, such as Zr2[Al(Si)]4C5 and Zr3[Al(Si)]4C6, showed the formation of non-protective ZrO2 oxide scales. 11 Similar studies on Ti-doped Zr2(AlSi)4C5 ceramics revealed an improvement in oxidation resistance attributed to the addition of Ti. 12 Also, the addition of Zr to Ti3(Si0.95,Al0.05)C2 to form (Ti1x,Zrx)3(Si0.95,Al0.05)C2 up to x=0.07 resulted in the improvement of the high-temperature stiffness of the starting material. 13 Several prior studies on MAX phases have demonstrated property improvement for the ternary compounds by the partial substitution of the elements on the M, A or X sites. Such substitution leads to the formation of solid solutions or ordered structures where the added elements occupy a preferred atomic position. 14 Recent attempts to synthesize 211 MAX phases in the Zr-Ti-Al-C system were reported as unsuccessful 15 and no (Zr1-x,Tix)2AlC MAX phases have so far been experimentally made. On the other hand, (Zr1-x,Tix)3AlC2 MAX phases were recently claimed to have been successfully synthesized, but the results of that study have not yet been published. 16 Solid solutions reported to contain Ti, Zr, Al and C include: (Ti,M)2AlC with M = V, Nb, Ta, Cr, [17][18][19][20] (Nb,Zr)2AlC, 18,21 (Ti,V)3AlC2, 21 (Ti,Nb)4AlC3, 22 and (Nb,Zr)4AlC3. 23,24 In this study, Ti was added to the Zr-Al-C system in an attempt to synthesize (Zr1-x,Tix)3AlC2 (ZT312) and (Zr1-x,Tix)2AlC (ZT211) MAX phase solid solutions. Different Ti contents were added in order to cover the whole Zr-Ti solid solubility range.

EXPERIMENTAL SECTION

2.1. Synthesis. ZrH2 (<6 μm, >99% purity, Chemetall, Germany), TiH2 (<8 μm; >99% purity; Chemetall, Germany), Al (<5 μm, >99% purity, AEE, United States) and C (<5 μm, >99% purity, Asbury Graphite Mills, United States) powders were used as starting materials for MAX phase synthesis. The Zr:Ti:A:C ratio in the starting powder was [3(1-x)]:[3x]:[1.2]:[1.6] with x = 0, 0.1, 0.2, 0.5, 0.66, 0.7, 0.8, 0.9 and 1, so as to investigate a wide range of the Ti and Zr solid solubility on the M site of the produced MAX phases.

The initial stoichiometries were selected to target the 312 stoichiometry, using a slightly higher Al content to compensate for possible Al losses due to melting during processing, and a lower C content to compensate for C interdiffusion from the graphite die/punch setup of the hot press.

The selection of the 312 stoichiometry was based on previous work on Zr-Al-C MAX phases 9,10 that showed an off-stoichiometric MAX phase formation, i.e., the synthesis of 211 and 312 MAX phases started from 312 and 413 initial starting powder mixtures, respectively. Powders were dry mixed for 48 hours in air, on a Turbula type multidirectional mixer. The powder mixtures were cold pressed at 30 MPa in a 30-mm inner-diameter graphite die setup. The powder compacts were hot pressed (W100/150-2200-50 LAX, FCT Systeme, Frankenblick, Germany) in the same setup, using graphite punches in vacuum (10 Pa). The heating rate was 25°C/min and the dwell time at the targeted 1350-1700°C range was 30 min, during which period the initial load of 7 MPa increased to 30 MPa. Pressureless sintering involved cold pressing powder compacts at 30 MPa that were subjected to the same thermal excursions as their hot pressed equivalents.

Characterization.

Samples were produced for scanning electron microscopy (SEM) and transmission electron microscopy (TEM) examination and the remaining ceramics were ringmilled to obtain powders for X-ray diffraction (XRD). Backscattered electron (BSE) detector images of bulk samples were obtained on a FEI Nova NanoSEM, while high-resolution scanning transmission electron microscopy (HRSTEM) combined with energy dispersive spectroscopy (EDS) were employed to analyse thin foils on a FEI Titan 3 aberration-corrected transmission electron microscope (200 kV), using a high-angle annular dark-field (HAADF) detector. Thinfoil preparation for TEM analysis involved mechanical thinning with diamond lapping films and polishing down to 100 µm before final preparation to electron transparency with a JEOL Cryo Ion Slicer at 6 kV. The phase assembly in the produced MAX phase ceramics was determined by XRD (Seifert 3003), using Cu Kα radiation operated at 40 kV and 40 mA, and the XRD patterns were obtained from powder samples using a Bragg-Brentano geometry in the 5 to 75° 2θ range with a step size of 0.02° and a time of 2 s per step. Ordering in the produced MAX phases was studied by means of a Bruker D2 advanced diffractometer with Cu Kα radiation, operated at 30 kV and 30 mA in the Bragg-Brentano geometry, with a divergence slit of 0.6°, a 2θ step size of 0.02° and a time of 0.1 s, due to the higher peak to background ratio. Lattice parameters and weight fractions of phases were determined by Rietveld refinement of the powder XRD patterns, using the Materials Analysis Using Diffraction (MAUD) software. 25 XRD pattern simulations were performed using the PowderCell software. 26 

RESULTS AND DISCUSSION

3.1. Pressure-assisted MAX phase synthesis. The use of powder mixtures with an initial (Zr1x,Tix)3Al1.2C1.6 stoichiometry and x varying between 0 and 1 resulted in the synthesis of both the 5 211 (ZT211) and 312 (ZT312) MAX phases. Furthermore, local 413 stackings were observed inside 312 grains examined by HAADF STEM, as will be demonstrated later in the text. Therefore, it appears that a small amount of Ti stabilizes the ZT312 phase, which was difficult to form at higher Ti contents. At x=0.7 and x=0.8, only trace amounts of ZT312 were detected by XRD in the ceramics hot-pressed at 1600°C; similarly, trace amounts of ZT312 were found in the ceramic with x=0.66 hot-pressed at 1550C. The maximum total amount of MAX phases (76 wt%) in the hot-pressed Zr-Ti-Al-C ceramics was observed for x=0.9. Powder XRD results acquired from a whole range of ceramics hot-pressed at 1550°C are compared in Figure 2. 3a) containing fine (Zr,Ti)C grains were observed inside a ZT211 matrix. At 1450°C, the amount of intermetallics decreased and grain growth of the mixed carbides was observed, while the ZT312 phase did not form. At 1500°C, elongated ZT312 grains enveloped by ZT211 grains were observed, and the (Zr,Ti)C grains were dispersed in a mixed ZT211/ZrAl2 matrix. 

Pressureless MAX phase synthesis.

After hot pressing, solidified residues were observed on the die/punch setup, a fact indicating material loss during processing. Possible chemical reactions between intermetallics in the Zr-Al system (Zr5Al4, Zr2Al3, ZrAl2, ZrAl3) known to result in liquid phase formation are summarised below. [START_REF] Wang | Phase Equilibria Diffus[END_REF] During hot pressing, it is possible that liquid products of such reactions might be squeezed into the clearances of the die/punch setup, forming the observed residues.

𝑍𝑟 5 𝐴𝑙 4 + 𝑍𝑟 2 𝐴𝑙 3 ↔ 𝐿 (1477℃) 𝑍𝑟 2 𝐴𝑙 3 ↔ 𝑍𝑟𝐴𝑙 2 + 𝐿 (1592℃) 𝑍𝑟𝐴𝑙 2 ↔ 𝐿 (1658℃) 𝑍𝑟𝐴𝑙 2 + 𝑍𝑟𝐴𝑙 3 ↔ 𝐿 (1583℃) 𝑍𝑟𝐴𝑙 3 ↔ 𝐿 (1583℃) 𝐴𝑙(𝐹𝐶𝐶) ↔ 𝐿 + 𝑍𝑟𝐴𝑙 3 (660℃)
As aluminium and its intermetallics are the Al source for MAX phase formation, select powder mixtures, i.e., (Zr1-x,Tix)3Al1.2C1.6 with x=0.2, 0.5, 0.9, were pressurelessly sintered to eliminate liquid-phase losses during processing. Indeed, no significant losses were observed during these tests. Quite interestingly, the amount of secondary Zr-Ti carbides in all pressurelessly-sintered ceramics was lower than in their hot-pressed equivalents. Table 1 summarises the results of Rietveld refinement of the XRD patterns acquired from both hot-pressed and pressurelesslysintered ceramics having the same powder mixtures, and gives a comparison of the acquired phase assemblies. The lower carbide content can be explained by the more efficient containment of Al and its compounds, which favours potential reactions involving these carbides and leading to MAX phase formation. In support of this hypothesis, the amount of Zr2Al3 and/or ZrAl3 needed for MAX phase formation was also higher in the pressurelessly-sintered ceramics. Based on the above, pressureless sintering in the Zr-Ti-Al-C system and its sub-systems should be studied in more detail in the future to improve the phase purity of the produced MAX phase ceramics. 4 shows HAADF STEM images of Zr-Ti-Al-C MAX phases and typical structural anomalies; all STEM images were acquired along the < 112 ̅ 0 > zone axis.

Figures 4a and4c show the (Zr0.8,Ti0.2)3Al1.2C1.6 ceramic hot-pressed at 1500°C. ZT211 stackings (Figure 4a) and alternating 211 and 312 stackings that create a local 523 structure in the ZT312 phase (Figure 4c) were observed. 523 peaks could not be identified in the XRD spectra, since the 523 stackings are believed to represent a small material fraction that might have resulted from local transformations between 211 and 312 phases. Similar observations have been made for MAX phases in the Hf-Al-C system. [START_REF] Lapauw | [END_REF] Figures 4b, 4d and4e show the (Zr0.5,Ti0.5)3Al1.2C1.6 ceramic pressurelessly-sintered at 1700°C. This sample was selected for detailed TEM analysis, due to the relatively high (52 wt%) ZT312 content (Figure 4b). Apart from the observed mixed stackings, "zipper"-like stacking faults were also observed (Figures 4d-4e), where MX layers within the same MAX phase unit cell merge into a single band of similar or larger thickness at different locations. The "zipper"-like features can be a consequence of the transition from the 211 to the 312 phase by the outward diffusion of Al, the inward diffusion of phases. [START_REF] Lapauw | [END_REF] These structural anomalies were observed at the boundaries between areas with different Ti/Zr ratios, as shown in Figures 4d-4e, where Ti-rich (darker) and Zr-rich (brighter) regions appear to converge at the locations of the defect-rich boundaries. Variations in the local chemical composition were mapped by EDS and results are presented in Figure 5. Areas marked as 1 and 2 had 55 at% and 47 at% Ti, respectively. Scanning areas situated further apart showed that the composition could vary from 78 at% to 50 at% Ti within the same grain. Similar variations in composition were also identified within (Zr,Ti)C grains. from the ceramic with x=0.5. Within this particular ceramic, grains with a higher Ti content (x0.7) were found. This could explain the deviation from the linear trend at x=0.5 in Figure 6a;

the observed overall agreement with linearity confirms that the ZT211 ceramics obey Vegard's law for solid solutions. 29 On the other hand, when the lattice parameters of the ZT312 phase are plotted, larger deviations from the linear fit is seen. Linear fit was plotted by using literature data for lattice parameters of Zr3AlC2 and Ti3AlC2 (Figure 6b). Local deviations from linearity around 0.67 Ti, is attributed to the effect of Zr and Ti ordering in the crystal structure on the ZT312 lattice parameters, as proposed below. 

Ordering of Zr and Ti in ZT312 and ZT413 MAX phases.

As possible cause for the deviation from Vegard's law, the potential Zr and Ti atomic ordering in ZT312 MAX phases at x=0.67 (i.e., (Zr0.33,Ti0.67)3AlC2 or ZrTi2AlC2 stoichiometry) was studied by simulating the unit cell and comparing the experimental XRD peak intensities to the simulated ones. The effect of preferred orientation on the peak intensities was neglected, since the XRD spectra were acquired from powder samples. In the ZT312 unit cell it is important to note that Zr and Ti elements can occupy two different crystallographic sites (M1 at position 4f (1/3,2/3,z~0.132), close to the Alayers, and M2 at position 2a(0,0,0)), in the middle of the octaedra layers. The unit cell was here modified to have different Ti occupancies in the M1 position site whereas M2 sites were occupied only by Zr atoms. Erreur ! Source du renvoi introuvable. 7 shows the evolution in the XRD peak intensities when the structure becomes progressively fully ordered (transition from black dot to blue dot), i.e., the evolution from Ti=0 (Zr3AlC2) to Ti=1 (fully-ordered ZrTi2AlC2) on the M1 site. Figure 8 Five ordered MAX phases have so far been experimentally observed in three quaternary systems: Cr2VAlC2 and Cr2V2AlC3 30 , Cr2TiAlC2 12,27 , Mo2TiAlC 31 and Mo2Ti2AlC3. 32 In these MAX phases, elements from group VI (Cr and Mo) were located in the M1-site that is connected to the A-layer, while elements from group IV & V (i.e., Ti and V, respectively) were located in the middle of the M6X layers.

Theoretical studies on ordering in MAX phases have been carried out using computational tools.

A first set of ordered, double transition metal carbides was studied in relation with MAX phasederived two-dimensional materials known as MXenes. Anasori et al. predicted a set of 24 stable ordered MXene structures based on DFT-calculations; 33 however, the Zr-Ti-Al-C system was not included in these calculations. More recently, Dahlqvist et al. evaluated order and disorder in TiMAlC, TiM2AlC2, MTi2AlC2, and Ti2M2AlC3 where Zr was included in the M elements. 34 The calculated formation enthalpy (∆Hcp) values for the relevant MAX phases (TiZrAlC, TiZr2AlC2, ZrTi2AlC2 and Ti2Zr2AlC3) were predicted by these authors to be more positive compared to the competing phases, suggesting that MAX phases were unlikely to form in these systems. However, our experimental data demonstrate the opposite. On the other hand, when looking at the most stable ordered configurations, certain agreements can be found between theory and experiments. The predicted as most stable structures, i.e., structures with the lowest ∆Hcp at 0 K, for TiZrAlC (disordered), ZrTi2AlC2 (ordered with Ti on M1-site) and Ti2Zr2AlC3 (ordered with Ti on M1-site) match with the experimentally observed atomic stackings. For the TiZr2AlC2 stoichiometry, no clear indication of atomic ordering was experimentally observed, but also here a preferred occupancy of the M1-site by Ti atoms is not excluded.

Two main factors responsible for ordering were already addressed by Hume-Rothery: a clear difference in electronegativity () and in covalent radii. 35 Both differences are significant for the Ti-Zr pair and could account for the particular ordering in the Zr-Ti-Al-C system, where Ti occupies preferentially the M1-site, while Ti occupies preferentially the M2-site in the other ordered systems. For both factors, the ordering is consistent in all ordered MAX phases so far reported. It appears that the M-element with the smallest atomic radius (Cr < V < Mo < Ti < Zr) and the highest electronegativity (Mo > Cr > V > Ti > Zr) is positioned in the outer-layers of the M1-M2-M1 'sandwich' (312-structure) or M1-M2-M2-M1 'sandwich' (413-structure) next to the A-element layer, whereas the larger and less electronegative M-element is positioned inside the 'sandwich' structure on the M2-sites. It is difficult to identify the most dominant factor of the two, as the trends for the electronegativity and the atomic radius are exactly opposite. It can, however, be mentioned that in some cases the difference in electronegativity is limited (i.e., ∆ for V and Cr is 0.03, corresponds to <2% change in Cr), while the difference in atomic radii is invariably significant (>8%). Considering this steric-based hypothesis, one might suggest that smaller M-atoms form more stable bonds with small A-atoms (e.g., Al tends to form more stable bonds with Ti than with Zr), thus forming more compact triangular prisms.

As opposed to other ordered MAX phases, such as Mo2Ti2AlC3 or Mo2TiAlC2, 32 (Zr,Ti)3AlC2 has a gradually changing lattice parameter as a function of the amount of Ti substituting Zr (Figure 6b). Formation of ZT312, not only for the ordered stoichiometry but also within a range of stoichiometries, indicates that ZT312 can be obtained in a solid solution form or as an ordered quaternary MAX phase.

Secondary phases.

A bimodal grain size distribution was observed for the (Zr,Ti)C carbides, i.e., a combination of significantly larger (>2 µm) and submicrometre-size grains (see Figure 3). It should be noted that the grain size of these mixed carbides is well below the grain size of the initial TiH2 and ZrH2 powders. The angular morphology of the (Zr,Ti)C carbides indicates that they might have precipitated from a liquid phase rather than formed by solid state diffusion. Fine-grained ZrC synthesis was also reported during a self-propagating reaction in elemental Al-Zr-C powder mixtures. 36 Formation of secondary phases was also observed in interrupted pressurelessly-sintering ceramics made from a (Zr0.8,Ti0.2)3Al1.2C1.6 starting powder that was heated at the same rate as the hot-pressed ceramics. When heated to 625°C, i.e., below the melting temperature of Al (660°C), for 5 minutes and immediately furnace cooled, the ceramic contained only about 3 wt% elemental Al (Table 3). The amount of elemental Al was comparable after a similar treatment at 675°C, while the Al content in the initial powder mixture was 10.6 wt%. This indicates that Al reacts to form intermetallics even below its melting point. The presence of substantial amounts of ZrAl3 and especially ZrAl2 (Erreur ! Source du renvoi introuvable.3) was confirmed by XRD and Rietveld refinement results. No Ti was seen in the XRD patterns, while the lattice parameter of Zr and its intermetallics with Al were refined to be smaller than in their original pure phases, suggesting that Ti was in solid solution with both Zr and/or its intermetallics with Al. The solubility of Ti in ZrAl3 (crystal structure D023, ordered tetragonal I4/mmm) was reported to be 15 at%, while the Zr solubility in TiAl3 (crystal structure D022, ordered tetragonal I4/mmm) was up to 2 at%. 37 Isostructural aluminides Ti5Al11 and ZrAl3 (both D023) have a continuous solid solubility, while ZrAl3 and TiAl3 with the same structure (D023) also show a continuous solid solubility. 37 It was also reported that Zr substitutes Ti in TiAl and Ti3Al. 38 As a result, a certain amount of Ti is also expected to be found in the Zr-Al intermetallics. However, no detailed analysis on these intermetallics was performed within this study. Formation of ZrC was observed in the ceramic heated to 675°C, but not in the one heated to 625°C. These results indicate that the coarse (Zr,Ti)C grains observed in the hot-pressed ceramics might have already formed during the heating stage between 625-675°C. The lattice parameter of ZrC was close to the literature value of 4.683 Å, 39 indicating no (or a very small amount) of Ti in solid solution at such low temperatures. The ZrH2 and TiH2 starting powders dehydrogenated during heating and no residual peaks of these phases were identified. With a Ti content in the starting powder of ≥25 at% (≥ x=0.5), two distinct sets of peaks were observed in the XRD patterns of the hot-pressed discs, belonging to two ternary mixed (Zr,Ti)C carbides, one rich in Zr and the other rich in Ti. The lattice parameters of the Zr-rich and Ti-rich carbides are plotted in Figure10, indicating the phase separation. Taking into account the miscibility gap in the ZrC-TiC system, 40 the decomposition of mixed carbides is not surprising.

Although the calculated temperatures for the miscibility gap are very high (~2000 K), simulation studies suggested that carbon vacancies in the mixed (Zr,Ti)C carbides account for significant deviations in the onset temperature of phase separation. 41 The onset of immiscibility was shown to occur at lower temperatures as the amount of C vacancies in the mixed carbide increased. The separation temperatures in the performed simulations for 20% C vacancies are very similar to the experimental processing temperatures in this work, but the extent of the C sub-stoichiometry was not systematically analysed. This decomposition was noticed for (Zr1-x,Tix)3Al1.2C1.6 stoichiometries with x≥0.5. Pressureless sintering was found to be an alternative method of MAX phase synthesis in the Zr-Ti-Al-C system that resulted in a higher MAX phase content and less secondary carbides as compared to the hot-pressed ceramic equivalents, probably due to the reduced loss of liquid phase material.

Figure 1

 1 Figure 1 shows the evolution of the different types of MAX phases (211 and 312) as a function of the hot-pressing temperature and atomic fraction, x, of Ti in the (Zr1-x,Tix)3Al1.2C1.6 starting powder. Each circle indicates a hot-pressed ceramic and the numbers indicate the type of MAX phases identified by XRD analysis. All ceramics contained Zr-and/or Ti-rich ternary (Zr,Ti)C carbides, whereas only the Zr-and Ti-based end members contained binary ZrC and TiC, respectively. The secondary carbides are addressed in a dedicated section below. ZrAl2, ZrAl3 or Zr2Al3 intermetallics were also observed in some of the ceramics hot-pressed below 1550°C. In order to avoid confusion, secondary carbides and intermetallics are not included in Figure 1.

Figure 1 .

 1 Figure 1. Map of MAX phases synthesized in the Zr-Ti-Al-C system as a function of the hotpressing temperature and the Ti content, x, in the (Zr1-x,Tix)3Al1.2C1.6 starting powder. Only the 312 (red) and 211 (blue) MAX phases are indicated. Green indicates trace MAX phase amounts.

Figure 2 .

 2 Figure 2. XRD patterns and phase assembly in ceramics hot-pressed at 1550°C as a function of the starting powder composition. Numbers in parenthesis indicate uncertainty in the last digit.

Figure 3 .

 3 Figure 3. BSE images of (Zr0.8,Ti0.2)3Al1.2C1.6 ceramics hot-pressed at (a) 1400°C, (b) 1450°C and (c) 1500°C.

Figure 4 .

 4 Figure 4. HAADF STEM images along the < 112 ̅ 0 > zone axis of MAX phase grains. (a) 211 and (c) 523 stackings in the (Zr0.8,Ti0.2)3Al1.2C1.6 ceramic hot-pressed at 1500°C. (b) 312 stackings and (d-e) "zipper"-like stacking faults in the ZT312 phase in the (Zr0.5,Ti0.5)3Al1.2C1.6 ceramic pressurelessly-sintered at 1700°C. Stacking faults outline the boundaries between areas with different Ti/Zr ratios, as indicated by differences in the local compositional contrast.

Figure 5 .

 5 Figure 5. HAADF STEM image and EDS maps for Zr, Ti and Al showing compositional nonuniformities within a ZT312 MAX phase grain.

Figure 6 .

 6 Figure 6. Lattice parameters of the ZT211 (a) and ZT312 (b) MAX phases obtained by Rietveld refinement of the XRD spectra of the produced ceramics, as a function of the Ti content, x, in the starting powder.

  compares simulated and experimental XRD intensities for the ZT312 phase in the (Zr0.5,Ti0.5)3Al1.2C1.6 ceramic hot-pressed at 1700°C. Only the refined ZT312 intensities are plotted from the experimental XRD data, while the theoretical peak intensities of Zr3AlC2, Ti3AlC2 and disordered (Zr0.5,Ti0.5)3AlC2 phases are added for comparison. The comparison of XRD peak intensities was done by normalising intensities to the one of the (014) diffraction peak.. In order to evaluate only the evolution of the XRD peak intensities, the lattice parameters were kept constant during simulation even if 2θ values are also expected to shift when the element occupancy changes. The intensity trend, indicated by arrows for the main peaks in Figure 7, agreed with the changes occurring in the simulated XRD patterns (Figure 8), implying that ordering presumably occurred in the ZT312 phase.

Figure 7 .

 7 Figure 7. Simulated XRD patterns of the ZT312 structure with changing Ti occupancies in the M1 site (1/3,2/3,0.1324). The arrows show the change in XRD peak intensity as the structure

Figure 8 .

 8 Figure 8. Theoretical XRD peak intensities of Zr3AlC2, Ti3AlC2, and (Zr0.33,Ti0.67)3AlC2 with Ti occupancy of 0.5 at both M1 and M2 sites, as compared with the refined peak intensities of the ZT312 phase in the (Zr0.5,Ti0.5)2Al1.2C1.6 ceramic hot-pressed at 1700°C.

Figure 9 .

 9 Figure 9. (a-b) STEM/EDS results acquired from a (Zr0.5,Ti0.5)3Al1.2C1.6 ceramic pressurelesslysintered at 1700°C indicate Zr enrichment in the central M-site of the ZT312 phase. (c) An average intensity profile reveals ordering in the vertical atomic rows, where a frame highlights a local 413 stacking.

Figure 10 .

 10 Figure 10. Cubic lattice parameter of mixed Zr-Ti carbides as a function of the starting powder composition of the hot-pressed ceramics.

  MAX phase solid solutions have been synthesized in the Zr-Ti-Al-C system by reactive hot pressing, as well as by pressureless sintering of ZrH2, TiH2, Al and C powder mixtures. (Zr1-x,Tix)3Al1.2C1.6 starting powder stoichiometries with x=0-1 were investigated. Ti was found to substitute Zr in Zr2AlC and Zr3AlC2 phases to form (Zr,Ti)2AlC and (Zr,Ti)3AlC2 solid solutions over the complete compositional range. HAADF STEM imaging combined with EDS revealed ordering of the Ti and Zr atoms in ZT312, with the Zr atoms 'sandwiched' between two Ti layers in the M6C structure. Atomic ordering similar to that observed in ZT312 was also observed in ZT413 bands, with the two middle layers (M2 position) showing a higher Zr content 'sandwiched' again between two Ti layers (M1 position). The ordering was also supported by the comparison of simulated and experimental XRD spectra. HRSTEM examination of ZT211 and ZT312 showed that a mixture of 211-312 (523) and 413 stackings can be present inside a single grain, suggesting a transition from one MAX phase to another. Decomposition of the mixed (Zr,Ti)C secondary phases into Zr-rich and Ti-rich carbide mixtures was observed upon sintering in the 1350-1700°C range, in agreement with the existing miscibility gap in the ZrC-TiC system.

Table 1 .

 1 Phase assembly of the pressurelessly-sintered and hot-pressed ceramics, as obtained by Rietveld refinement of the acquired XRD patterns.

	Powder Mixture	T (C) / P (MPa)	ZT211 ZT312 (Zr,Ti)C (Ti,Zr)C Zr2Al3	ZrAl3	Rwp (%)	Rexp (%)
	(Zr0.8,Ti0.2)3Al1.2C1.6 1550/30 12(1)	34(1)	54(1)	-	-	-	9.49	2.90
	(Zr0.8,Ti0.2)3Al1.2C1.6 1550/0	55(1)	12(1)	30(1)	-	3(1)	-	11.55	3.09
	(Zr0.5,Ti0.5)3Al1.2C1.6 1700/30	-	14(1)	46(1)	40(1)	-	-	8.46	3.28
	(Zr0.5,Ti0.5)3Al1.2C1.6 1700/0	-	52(1)	27(1)	5(1)	-	16(1) 10.69	3.41
	(Zr0.1,Ti0.9)3Al1.2C1.6 1500/30 43(1)	34(2)	-	23(2)	-	-	12.13	8.84
	(Zr0.1,Ti0.9)3Al1.2C1.6 1500/0	51(1)	39(1)	-	10(1)	-	-	12.87	3.92

3.3. STEM results. Figure

Table 2 .

 2 . Refined lattice parameters of the ZT211 and ZT312 MAX phases as determined by

	Rietveld analysis XRD data. Refinement was done using the P63/mmc space group with the	
	following atomic positions: for ZT211 (Zr1-xTix) at 4f(2/3,1/3,z~0.08), Al at 2c(1/3, 2/3, 1/4), and	
	C at 2a(0,0,0); for ZT312, (Zr1-xTix)1 at 4f(1/3,2/3,z~0.132), (Zr1-xTix)2 at 2a(0,0,0), Al at		
	2b(0,0,1/4), and C at 4f(2/3,1/3,z~0.07);							
	x	0 9,10	0 †	0.1 †	0.2 †	0.5 †	0.67 †	0.7 †	0.8 †	0.9 †	1 †	1 1,7
	312 a (Å) 3.33308(6) 3.3263(4) 3.3106(3) 3.2938(3) 3.220(1) 3.206(1)			3.0897(3) 3.0624(6) 3.07
	312 c (Å) 19.9507(3) 19.947(3) 19.836(2) 19.755(3) 19.325(9) 19.209(2)			18.641(3) 18.544(2) 18.58
	211 a (Å) 3.3237(2) 3.323(2) 3.314(3) 3.2656(5) 3.1813(1) 3.1627(2) 3.1583(1) 3.1314(2) 3.0919(2) 3.0596(4) 3.04
	211 c (Å) 14.5705(5) 14.570(3) 14.507(7) 14.363(3) 14.0204(9) 13.9534(9) 13.9307(9) 13.8381(8) 13.750(1) 13.647(2) 13.60
	Rwp (%)		16.8	11.42	9.5	8.86	10.82	8.79	12.63	10.26	15.44	
	Rexp (%)		2.96	2.93	2.89	3.5	3.56	3.41	3.51	4.58	4.13	
	† These stoichiometries were studied in the framework of this work.					
	A hexagonal crystal structure with space group P63/mmc was assumed for both ZT211 and ZT312 MAX phases.	
	Numbers in parenthesis indicate uncertainty in the last digit.						

Table 3 .

 3 Rietveld refinement results of XRD data from interrupted pressureless sintering runs.
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