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Introduction

The Mn+1AXn (MAX) phases (n =1-3) are nanolaminated layered carbides and nitrides, where M is an early transition metal, A is a group A element, mainly from groups 13 and 14, and X is either C or N. [START_REF] Barsoum | MAX Phases: Properties of Machinable Ternary Carbides and Nitrides[END_REF] They have hexagonal crystal structure (space group P63/mmc), where the M atoms are in a near-closed packed arrangement and are interleaved with A-group element layers, with the X-atoms occupying the octahedral sites between the M layers. [START_REF] Barsoum | The MN+ 1AXN phases: a new class of solids: thermodynamically stable nanolaminates[END_REF] There are about 70 MAX phases reported to date, that are classified by their n values as M2AX "211" (n = 1), M3AX2 "312" (n = 2), and M4AX3 "413" (n = 3). [START_REF] Eklund | The Mn+1AXn phases: Materials science and thin-film processing[END_REF] By this time, it is fairly well established that these materials have a unique combination of metal and ceramic properties. For example, they are thermally and electrically conductive, thermal shock resistant, machinable and damage tolerant like metals. In addition, some of them have low densities, high elastic stiffnesses and are oxidation and creep resistant like ceramics. [START_REF] Sun | Oxidation behaviour of Ti3SiC2-based ceramic at 900-1300 C in air[END_REF][START_REF] Zhen | Compressive creep of fine and coarse-grained T3SiC2 in air in the 1100-1300° C temperature range[END_REF][START_REF] Wang | Oxidation behavior of Ti3AlC2 at 1000-1400•C in air[END_REF][START_REF] Qian | Cyclic oxidation of Ti3AlC2 at 1000-1300 °C in air[END_REF] The structures and the properties of MAX phases can be modified, and even tuned, by introducing a fourth, or more, element into their structures. This is especially true here since, isostructural solid solutions can be obtained on the M, A and/or X sites. This compositional degree of freedom has been exploited by some to tailor the MAX phases' properties. For example the oxidation resistance of Ti3SiC2 improves upon the introduction of Al on the A-sites or when Ti atoms are introduced on the M site to create Ti3(Si1-x,Alx)C2 and (Nb1-x,Tix)2AlC solid solutions, respectively [START_REF] Zhang | Improving the oxidation resistance of Ti3SiC2 by forming a Ti3Si0:9Al0:1C2 solid solution[END_REF][START_REF] Salama | Oxidation of Nb2AlC and (Ti,Nb)2AlC in Air[END_REF] . Solid solution hardening effects were also reported for (Vx,Ti1-x)2AlC [START_REF] Meng | Strengthening of Ti2AlC by substituting Ti with V[END_REF] or Ti2AlCxNy [START_REF] Barsoum | Processing and characterization of Ti2AlC, Ti2AlN and Ti2AlC0.5N0.5[END_REF] whereas a solid solution softening effect was noticed for Ti3(Al1-x,Snx)C2. [START_REF] Bei | Synthesis, Characterization, and Intrinsic Hardness of Layered Nanolaminate Ti3AlC2 and Ti3Al0.8Sn0.2C2 Solid Solution[END_REF] More recently, there has been a growing interest in MAX phase solid solutions as a way to achieve new properties. Most notably, it was demonstrated that a promising method to create magnetic MAX phases is to introduce Mn in the structure of MAX phases that do not contain Mn. [START_REF] Meshkian | A magnetic atomic laminate from thin film synthesis: (Mo0.5Mn0.5)2GaC[END_REF][START_REF] Petruhins | Synthesis and characterization of magnetic (Cr0.5Mn0.5)2GaC thin films[END_REF][START_REF] Mockute | Synthesis and characterization of arc deposited magnetic (Cr, Mn)2AlC MAX phase films[END_REF][START_REF] Ingason | Magnetic self-organized atomic laminate from first principles and thin film synthesis[END_REF][START_REF] Mockute | Solid solubility and magnetism upon Mn Incorporation in the bulk ternary carbides Cr2AlC and Cr2GaC[END_REF] In addition, new ordered MAX phase solid solutions have been recently synthesized [START_REF] Liu | Crystal structure and formation mechanism of (Cr2/3Ti1/3)3AlC2 MAX phase[END_REF][START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF][START_REF] Anasori | Mo2TiAlC2: A new ordered layered ternary carbide[END_REF][START_REF] Anasori | characterization of ordered MAX phases Mo2TiAlC2 and Mo2Ti2AlC[END_REF] and predicted. [START_REF] Dahlqvist | Order and disorder in quaternary atomic laminates from first-principles calculations[END_REF] Indeed, it is more accurate to refer to the ordered n = 2 and n = 3 solid solutions as M 2 ' M " AX 2 and M 2 ' M 2 " AX 3 , respectively, to emphasize the existence of two inequivalent crystallographic sites for the M atoms in these structures (M' being closer to the A atoms). Liu et al. [START_REF] Liu | Crystal structure and formation mechanism of (Cr2/3Ti1/3)3AlC2 MAX phase[END_REF] thus obtained the (Cr2/3Ti1/3)3AlC2 compounds in which the Ti and Cr atoms are on the M' and M" sites, respectively. In the same way, Caspi et al. [START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF] confirmed the strong tendency for the Cr atoms to occupy the M' sites in (Cr0.5V0.5)3AlC2 and (Cr0.5V0.5)4AlC3 solid solutions. Similar behavior was obtained for Mo atoms in Mo2TiAlC2 and Mo2Ti2AlC3. [START_REF] Anasori | Mo2TiAlC2: A new ordered layered ternary carbide[END_REF][START_REF] Anasori | characterization of ordered MAX phases Mo2TiAlC2 and Mo2Ti2AlC[END_REF] Most germane to this work is the fact that the thermal expansions of Cr2(Al1-x,Gex)C solid solutions can be tailored by varying x. For x ≈ 0.75, the thermal expansion coefficients, TECs, of the a-lattice parameters, a-LPs, and c-lattice parameters, c-LPs, were nearly equal. [START_REF] Cabioch | Tailoring of the thermal expansion of Cr2(Alx,Ge1-x)C phases[END_REF] The present contribution builds on these results and deals with solid solutions in the Cr-V-Al-C system, viz.

(Crx,V1-x)n+1AlCn (n = 1, 2, 3) for x = 0; 0.25; 0.5; 0.75; 1.0). This system is of special interest since it is the only system, other than the Ta-Al-C system, [START_REF] Etzkorn | Ta3AlC2 and Ta4AlC3 -single-crystal investigations of two new ternary carbides of tantalum synthesized by the molten metal technique[END_REF] where phases exist for n = 1, 2 and 3. In most other MAX phase systems, only a subset is stable. Previously, Schuster et al. [START_REF] Schuster | The ternary systems: Cr-Al-C, V-Al-C, and Ti-Al-C and the behavior of H-phases (M2AlC)[END_REF] revealed that (Crx,V1-x)2AlC phases can be obtained for 0 ≤ x ≤1. However, for the "312", and "413" phases, only the x = 0.5 solid solutions have to date been synthesized. [START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF][START_REF] Zhou | Zhang New MAX-phase compounds in the V-Cr-Al-C system[END_REF] It is of special interest to study the evolution of the TEC's of these (Crx,V1-x)n+1AlCn solid solutions. In addition to the fundamental scientific interest that knowledge of this property garners, the TEC values can have an important influence on the oxidation resistance of these compounds, and therefore on possible applications. As mentioned above, some of the MAX phases are resistant to high temperature oxidation. For example Ti3AlC2 and Ti2AlC resist high temperature oxidation up to 1400 °C due to the formation of a well adhered, protective Al2O3 scale. [START_REF] Tallman | A critical review of the oxidation of Ti2AlC, Ti3AlC2 and Cr2AlC in air[END_REF] However, Cr2AlC shows cubic rate oxidation and good hot corrosion resistance against molten Na2SO4 up to 1000 °C only. Above that temperature spallation of the Al2O3 layer takes place. [START_REF] Tallman | A critical review of the oxidation of Ti2AlC, Ti3AlC2 and Cr2AlC in air[END_REF][START_REF] Lin | High-temperature oxidation and hot corrosion of Cr2 AlC[END_REF] This spallation occurs due to the TEC mismatch between Cr2AlC (13 K -1 ) and Al2O3 (8 K -1 ). [START_REF] Zhou | On the synthesis and properties of bulk ternary Cr2AlC ceramics[END_REF][START_REF] Engberg | Thermal expansion of Al2O3, BeO, MgO, B4C, SiC, and TiC above 1000 °C[END_REF] In this context, incorporation of V could improve the oxidation resistance of Cr2AlC by decreasing its TEC. The rationale behind this proposition is that V2AlC has a lower TEC (8 K -1 ) than Cr2AlC. As noted above, we already showed that to be the case in the Cr2(Alx,Ge1-x)C system. [START_REF] Cabioch | Tailoring of the thermal expansion of Cr2(Alx,Ge1-x)C phases[END_REF] Here, we use X-ray diffraction to report on the thermal expansions of (CrxV1-x)n+1AlCn solid solutions as a function of both x and n.

Experimental Details

Samples were synthesized by using powder metallurgy techniques. Chromium (-200 mesh, 99.95%, Alfa Aesar GmbH & Co KG Karlsruhe Germany), vanadium (-325 mesh, 99.8%, Alfa Aesar GmbH & Co KG Karlsruhe Germany), aluminum (40-325 mesh 99.8%, Alfa Aesar GmbH & Co KG Karlsruhe Germany) and graphite (<40 µm, Chemwatch) powders were first weighted to obtain the requisite molar compositions. In all cases, an excess of 10 at.% Al was used to compensate for its loss by evaporation during the sintering process. These powders were then mixed for 3 h in a Turbula™ mixer. Cylindrical compacts of 3-4 g in weight, 12 mm in diameter, were obtained by cold pressing the mixed powders in a uniaxial press at a load corresponding to a pressure of 200 MPa.

Ten different starting nominal compositionsall listed in first column in Table 1 -were prepared. These compositions were then heated either pressureless sintered, PS, in a tube furnace under flowing Ar, in the 1400 °C to 1600 °C temperature range or hot-isostatically pressed, HIPed at 1450 °C. Twenty eight different runs-listed in columns 2 and 3 -of varying durations were carried out.

As noted above, several samples were also HIPed. Those are designated by HIP in column 2

in Table 1. In this case, the cold pressed cylindrical samples were sealed under a mechanical vacuum inside borosilicate glass (Pyrex) tubes. The HIP was then heated to 1450 °C and pressurized, using Ar gas, to a pressure of 80 MPa and held at temperature for 4 h, before furnace cooling. The dense compacts were then further annealed for 1 h at 700 °C under Ar flow to relax any internal stresses that may have accrued during the HIPing process.

After a mechanical polishing, all samples were characterized at room temperature, RT, by XRD in a Bragg-Brentano configuration using a diffractometer (B8 Bruker) operating at 40 kV, 40 mA with Cu-Kα radiations with a LynxEye TM rapid detector and a fixed divergence slit of 0.4°. Steps scan of  2 = 0.01-0.02° for 2-3 s per step were typically used for obtaining the RT XRD patterns.

In situ HT-XRD patterns were also obtained for select samples using an Anton-Paar device (Domed Hot Stage for Four-Circle Goniometers (DHS 1100)) with a graphite dome mounted in line in the same X-Ray diffractometer. To accurately determine the temperature of the samples hexagonal boron nitride, h-BN, powder was evenly distributed on the MAX samples' surfaces. h-BN possess a relatively large and well known thermal expansion along it c-axis (c (Å) = 6.6516 Å + 2.74 x 10 -4 T•Å•°C -1 ) [START_REF] Pease | An X-ray study of boron nitride[END_REF] allowing a precise determination of samples' temperatures when the c-LP of h-BN were deduced from Rietveld refinement of the X-Ray diffractograms.

A XRD pattern of a chromia standard powder (NIST 674b) was collected at the same geometrical conditions to generate an instrumental resolution function to account for experimental broadening, and to estimate the systematic uncertainty in the determination of the lattice parameters (LP). Rietveld refinements of all diffractograms were performed using the Materials Analysis Using Diffraction (MAUD) software. [START_REF] Lutterotti | Total pattern fitting for the combined size-strain-stress-texture determination in thin film diffraction[END_REF] At RT, the uncertainty in the LPs is lower than 0.013% and 0.03% for the a and c LPs, respectively; at higher temperatures the uncertainly is lower than 0.03% and 0.07% for the a and c LPs, respectively.

Using the Rietveld refined LPs in the 200-800 °C temperature range, the linear TECs of the phases in this study were calculated by fitting ∆L/Lo, where L is either the a-or c-LPs, and Lo are their values at RT, with a linear fit. This method, however, underestimates the uncertainty in the calculated values, as it ignores the variations on the TECs with temperature. Thus, an average linear method was also used to calculate the TECs using discreet derivatives of the measured data. For more details see Refs. [START_REF] Bentzel | A high-temperature neutron diffraction study of Nb2AlC and TiNbAlC[END_REF][START_REF] Lane | A High-Temperature Neutron Diffraction and First-Principles Study of Ti3AlC2 and Ti3(Al0.8Sn0.2)C2[END_REF] 

Results and discussion

Columns 5 to 10 in Table 1 summarize the weight percentages of the different phasesobtained from Rietveld analysis -for all 28 runs carried out in this study. The RT XRD for the HIPed samples are plotted in Fig. 1 whereas a typical result of a Rietveld refinement of a XRD didagram is given in Fig. 2. Before proceeding, it is worth noting that the weight percentages listed in Table 1, are not necessarily fully representative of the average composition of each sample. Said otherwise, they need to be taken with a grain of salt because Al loss from the powdered bed samples is not uniform. For example, Al loss was found to be highest near the surfaces exposed to the Ar gas for the pressureless sintered samples. It follows that the exact fraction of each phase obtained will depend on where exactly the XRD were obtained.

Fortunately, this does not affect any of the conclusions reached herein since the TEC results are obtained from the peaks belonging to each phase.

A perusal of the results listed in columns 5 to 10 in Table 1 indicate that for the PS samples of the 211 composition, the 211 phase is predominantly obtained when the reactive sintering temperature was 1400 °C. Nevertheless, even for this temperature, the lowest used in this study, in some cases and especially for the V-rich compounds, Al-loss resulted in the formation of 413 phases for x = 0 composition, and 312 phases for the x = 0.25 and 0.5 compositions. Annealing at 1500 °C and 1600 °C increased the content of the 413 phase for x=0, confirming the loss of Al, whereas for x=0.25 to 0.75, the 312 and 413 phase contents increased at the expense of the 211 phases, the 413 phase formation presumably coming from an Al loss from the 312 phase.

The results shown in columns 5 to 10 of Table 1 also clearly indicate that for the most part, the phase purity of the HIPed samples were significantly higher than those that were PS. It is for this reason that the HIPed samples were -with one exception -the ones used to determine the HT TECs.

Figure 3 shows which of the (Crx,V1-x)n+1AlCn phases have to date been experimentally observed. As noted above, the existence of 211, 312 and 413 phases with x = 0.5 was already known. [START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF] We show here that the same is true for x = 0.25. However, for x = 0.75, apparently only the 211 and 312 phases exist. In agreement with Schuster et al. [START_REF] Schuster | The ternary systems: Cr-Al-C, V-Al-C, and Ti-Al-C and the behavior of H-phases (M2AlC)[END_REF] , however, 211 solid solutions were obtained for the entire 0  x  1 range. The synthesis of a bulk 312 solid solutions appears to also be possible in a large range of Cr contents, at least 0.25 ≤ x ≤ 0.75. Interestingly, we did not find any evidence for the existence of the end members Cr3AlC2 or V3AlC2. Some of the latter have been synthesized in thin film form, however. [START_REF] Scabarozi | Combinatorial investigation of nanolaminate ternary carbide thin films[END_REF] Finally, Fig. 3 clearly shows that the 413 phases can only be obtained for V-rich compounds, viz. in the x ≤ 0.5 range. A precise determination of the maximum values of x for which the 312 and 413 phases remain stable (and the minimum values of x for the 312 phase) requires a more detailed study.

The situation is more complicated for the C-content since it is difficult to quantitatively determine its composition using XRD or Energy Dispersive X-Ray Spectroscopy, especially in samples containing heavier elements such as Al, Cr and V. However, simple mass balance dictates that when the higher order MAX phases are produced from the 211 phases, the former have to be C-deficient. For example, if one starts with a nominal (Cr1-x,Vx)2AlC stoichiometry, Al loss alone should result in (Crx,V1-x)3AlC2(1-0.25) or (Crx,V1-x)4AlC3(1-1/3) for the 312 and 413 chemistries, respectively. Similarly, the loss of Al from a (Cr1-x,Vx)3AlC2 composition should result in (Cr1-xVx)4AlC3(1-1/9) phase.

We can also note that the formation of an amorphous Al4C3 phase (presumably at the grain boundaries) occurred during the synthesis since an odor of methane, generated by a hydrolysis reaction of Al4C3 (Al4C3 + 12 H2O → 4 Al(OH)3 + 3 CH4), was detected after the sintering process as already observed in the literature. [START_REF] Li | Spontaneous pulverisation of Al4C3 containing MAX bulk ceramics at room temperature[END_REF] The formation of the Al4C3 phase would also contribute to a decrease the amount of C in the 312 and 413 phases. Furthermore, as already discussed in the literature, the 312 and 413 phases in the (Cr1-xVx)n+1AlCn system have indeed been found to be C-deficient. [START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF][START_REF] Etzkorn | V2AlC, V4AlC3-x (x ≈ 0.31), and V12Al3C8: Synthesis, Crystal Growth, Structure, and Superstructure[END_REF] It is thus reasonable to conclude that the 312 and 413 phases synthesized in this study are C deficient. We can also propose that for the same Cr:V ratio, different C-contents can be obtained in the 312 and 413 phases depending on the nominal composition of the reactants and on the annealing temperatures. and this was the case when refining every diffractogram obtained in this study. Nevertheless, some of the uncertainties given in Table 2 are much higher. In fact, slightly different LPs were obtained for the same (Crx-1Vx)n+1AlCn compound depending of its synthesis conditions (nominal composition, temperature, synthesis technique, etc.) and this can certainly be attributed to slight variations in the final MAX phase stoichiometries, especially in light of the variations in C and Al contents alluded to above.

The evolution of the average RT LPs, as functions of x and n are given in Fig. 4. From these results it is reasonable to conclude that: i) Vegard's law appears to apply -for all n -with the LPs decreasing linearly with V-content. Such a linear evolution is generally observed in MAX phases solid solutions when mixing either the M or the A sites. Interestingly, a non-linear behavior is observed for solid solutions on the X-sites in Ti2Al(C,N). [START_REF] Cabioc'h | Structural investigation of substoichiometry and solid solution effects in Ti2Al(Cx,N1-x)y compounds[END_REF] The (Cr0.5,V0.5)2AlC, (Cr0.5,V0.5)3AlC2 and (Cr0.5,V0.5)4AlC3 samples are of special interest here since their LPs were previously studied by neutron diffraction in the 1.5 to 500 K temperature range. [START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF] A combination of the neutron and XRD data obtained herein are shown in Fig. 5. Whereas the LPs remain almost constant (i.e. negligible thermal expansion) below 100 K, above this temperature there is a progressive increase of the slopes of the lines, until a linear increase is observed in the 450-1000 K temperature range. It follows that, the TECs of these compounds can be considered more or less constant in this temperature range. It should also be noted that determining the thermal expansion coefficients of polycrystalline materials in different lattice directions (in the present case the a-and c-axis) with XRD may be affected when exhibiting anisotropic thermal expansion due to the fact that the material remains coherent over the temperature range and hence generates local stresses varying on the scale of the grain size.

The functional dependencies of the TCE's along the a and c-directions on x and n are plotted in Fig. 6a and listed in Table 3. Based on these results the following points are salient: i) For the 312, 413 and the 211 compositions for x > 0.5, a > c. ii) The TEC anisotropies of the 312 phases are significantly higher than those of their 211 and 413 counterparts. iii) At x = 0.5, a ≈ c for the 211 series. At this composition the material would thus not accrue any thermal stresses on cooling or heating. Said otherwise, the material should behave as if it was cubic. iv) The TEC's of the 413 solid solutions are smaller than their 211 counterparts. This is further validated when the average TEC's -av = (2αa+αc)/3 -are plotted as a function of x and n (Fig. 6b). From these results, it is clear that av for 211 > 312 > 413. This result is common in the MAX phase in MAX phases but also, quite surprisingly, it demonstrates that there is no straightforward evolution of the isotropic behavior of the TEC as a function of n. 

Figure 1 :

 1 Figure 1: X-ray diffractograms obtained at room temperature for HIPed samples with reactants having a (Crx,V1-x)n+1AlCn stoichiometry + 10 at.% of Al.

Figure 2 Figure 3 :

 23 Figure 2 Rietveld refinement of a X-ray diffractogram obtained at room temperature for a HIPed sample with reactants having a (Cr0.25,V0.75)3AlC2 stoichiometry + 10 at.% of Al and with some h-BN grains randomly dispersed on the surface for temperature calibration. The difference between the experimental and computed data is given below the diffractogram (Rw = 11,3%)

Figure 4 :

 4 Figure 4: Evolution of the room temperature LPs of the (CrxV1-x)n+1AlCn phases as a function of x and n (c parameter was divided by 2(n+2) to allow for easy comparisons between the various phases). The error bars are smaller than the symbol size.

Figure 5 :

 5 Figure 5: Relative variation of the a (a) and c (b) lattice parameters of (Cr0.5V0.5)n+1AlCn phases (n=1,2,3) deduced from neutron diffraction data (ND) measured on two different diffractometers.[START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF] 

Figure 6 :

 6 Figure 6: Thermal expansion coefficient of (CrxV1-x)n+1AlCn in the temperature range of 450-1000 K, determined by lattice parameters measurement using XRD (a) along the a and c-directions (αa and αc) (b) average av = (2αa+αc)/3.

Table 2

 2 

lists the average RT values of the a and c-LPs, of the different phases synthesized herein as deduced from Rietveld refinement. It is well known that precise values of the LPs can be deduced from Rietveld refinement of X-ray and neutron diffractograms (typically 10 -4 -10 -5 Å)

Table 1 :

 1 Phase contents, in wt.%, deduced from Rietveld refinement analysis of XRD patterns (except * deduced from neutron diffraction data[START_REF] Caspi | Ordering of (Cr,V) Layers in Nanolamellar (Cr0.5V0.5)n+1AlCn Compounds[END_REF] ) for (Crx,V1-x)n+1AlCn samples obtained by different techniques (PS: pressureless sintering under Ar flow; HIP: Hot Isostatic Pressing under 80 MPa of Ar) with various dwell time (DT). 211, 312 and 413 phases correspond to (Crx,V1-

	x)n+1AlCn with n=1,2 and 3 respectively. (Cr,V)C phase corresponds to (Crx,V1-x)C carbide with	
	the rock salt structure. The samples used for TEC determination are denoted in bold. The	
	uncertainty is typically of 1 wt.%.									
	Reactants	Synthesis	T	DT (h)	211	312	413 (Cr,V)C Cr2Al Al2O3 Rwp
		technique	(°C)								(%)
				211							
	V2Al1.1C	PS	1400	8	84		8			8	14.7
		HIP	1450	4	95		4			1	17.4
		PS	1500	8	28		66			6	15.7
		PS	1600	8			30	53		16	18.9
	(Cr0.25V0.75)2Al1.1C	PS	1400	8	89	5				6	14.6
		HIP	1450	4	100						14.9
		PS	1500	8	39		53			8	15.2
		PS	1600	8	20	12	35			33	18.1
	(Cr0.5V0.5)2Al1.1C	PS	1400	8	76	24				1	23.5
		HIP	1450	4	91	7				2	19.1
		PS	1500	8	5	92				3	14.1
		PS	1600	8	17	43	11			29	18.7
		*PS	1400	1	96				2	2	5.6
	(Cr0.75V0.25)2Al1.1C	PS	1400	8	100						16.7
		PS	1500	8	94					6	13.4
		PS	1600	8	78	20				2	12.2
	Cr2Al1.1C	PS	1400	8	100						14.9
		PS	1500	8	100						17.5
		PS	1600	8	100						13.2
				312							
	V3Al1.1C2	PS	1450	8	10		87			3	16.8
	(Cr0.25V0.75)3Al1.1C2	PS	1450	8		48	49			3	15.8
		HIP	1450	4			100				11.3
	(Cr0.5V0.5)3Al1.1C2	*PS	1500	1	3	95		1	2		5.4
		PS	1450	8		13	60	21		7	13.3
		HIP	1450	4	25	74				1	11.2
				413							
	V4Al1.1C3	HIP	1450	4	5		70	25			14.3
		PS	1450	8			21	72		7	20.4
	(Cr0.5V0.5)4Al1.1C3	*PS	1400	3	3	3	81	7	5	1	3.3

Table 2 :

 2 Lattice parameters of (Crx,V1-x)n+1AlCn compounds determined by Rietveld analysis of RT XRD data from samples synthesized in this work. Also listed for comparison are literature values.

	n	x (Cr content)	a (Å)	c (Å)	ref
	1	0	2.918(2)	13.142(1)	This work
			2.9107(6)	13.101(4)	37
			2.909	13.127	25
		0.25	2.9046(6)	13.038(3)	This work
			2.903	13.054	25
		0.5	2.891(1)	12.975(7)	This work
			2.89237(4)	12.9749(3)	19
			2.893	12.970	25
			2.885	12.94	26
		0.75	2.8774(1)	12.886(2)	This work
			2.873	12.928	25
		1.0	2.8643(1)	12.822(1)	This work
			2.866	12.825	25
	2	0.25	2.909(1)	17.848(4)	This work
		0.5	2.8948(5)	17.747(5)	This work
			2.89502(4)	17.7529(3)	19
			2.892	17.73	26
		0.75	2.889(1)	17.657(3)	This work
	3	0	2.9277(6)	22.693(1)	This work
			2.9302(4)	22.745(5)	37
		0.25	2.9187(3)	22.561(1)	This work
		0.5	2.910(2)	22.43(3)	This work
			2.91036(7)	22.4169(9)	19
			2.905	22.39	

Table 3 :

 3 Thermal expansion coefficient determined from Rietveld analysis of (Crx-1,Vx)n+1AlCn XRD patterns.

		αa (µK) -1	αc (µK) -1		Anisotropy (αa /αc)	(2αa+αc)/3 (µK) -1	Ref.
			211	Cr2AlC	
	Linear fit	13.3	11.7		1.14	12.77	23
			211		(Cr0.5,V0.5)2AlC	
	Linear fit	11.4(2)	11.4(2)		1.0(1)	11.4(6)	This work
	Avg. linear	11.2(7)	11.1(6)		1.01(2)	11.2(7)	This work
			211 (Cr0.25,V0.75)2AlC	
	Linear fit	10.5(6)	11.1(7)		0.95(11)	10.7(19)	This work
	Avg. linear	10.5(2)	11.0(6)		0.95(1)	10.7(3)	This work
			211	V2AlC	
	Linear fit	9.6(2)	9.6(6)		1.0(1)	9.6(10)	This work
	Avg. linear	9.0(1) OK?	9.4(4)		0.9(0.1)	9.1(8)	This work
			312		(Cr0.5,V0.5)3AlC2	
	Linear fit	12.7(5)	8.0(3)		1.6(2)	11.1(13)	This work
	Avg. linear	12.6(7)	9.0(2)		1.40(5)	11.0(7)	This work
			312	(Cr0.25,V0.75)3AlC2	
	Linear fit	12.0(5)	7.5(5)		1.6(2)	10.5(15)	This work
	Avg. linear	12.0(1)	7.70(2)		1.60(2)	11.0(7)	This work
	413		413	(Cr0.5,V0.5)4AlC3	
	Linear fit	10.2(5)	8.8(2)		1.16(8)	9.7(12)	This work
	Avg. linear	10.0(1)	9.0(2)		1.1(3)	9.7(1)	This work
			413	(Cr0.25,V0.75)4AlC3	
	Linear fit	9.0(2)	8.6(1)		1.05(4)	8.9(5)	This work
	Avg. linear	9.4(2)	9.9(5)		1.06(3)	9.2(3)	This work
			413	V4AlC3	
	Linear fit	9.1(1)	8.65(4)		1.05(2)	8.9(3)	This work
	Avg. linear	9.2(4)	8.8(2)		1.05(3)	9.1(3)	This work

and simply reflects the fact that the thermal expansions of the M-A bonds are typically larger than the MX bonds. Apart from these comments, there are unfortunately little more generalizations that can be reached. Some of the variables that could have been in principle been used to shed more light on these results -such as ordering of the M-atoms and/or C-vacanciesare lacking and must await more in-depth characterization and/or ab initio calculations.

Summary and Conclusions

(Crx, V1-x)n+1AlCn compounds were synthesized, with n =1, 2 and 3, by pressureless sintering and/or HIP. A complete range of solid solution with the MAX phase structure was obtained for n = 1. For n=2, (Crx, V1-x)3AlC2 compounds were characterized only for x varying from 0.25 to 0.75 whereas (Crx, V1-x)4AlC3 were obtained for vanadium-rich compounds (0≤x≤ 0.5). The lattice parameters of all these MAX phases were determined by Rietveld refinement of XRD diagrams obtained for temperatures varying from RT to 800 °C. At RT, the values of the a and c lattice parameters linearly decrease with vanadium content. As a function of the temperature, a linear increase of the lattice parameters was observed above 450K. Thermal expansion coefficients of the different phases were deduced from Rietveld refinement of XRD diagrams obtained at elevated temperatures. As a general trend, the average TEC decreases with the value of n. TEC values vary from 12.8 K -1 to 9.1 K -1 for n= 1, and remain almost constant around 10 K -1 and 9 K -1 for n= 2 and 3 respectively. (Crx, V1-x)2AlC and (Crx, V1-x)4AlC3 solid solutions have almost isotropic TEC (i.e. a ≈ c). On the contrary, for (Crx, V1-x)3AlC2 compounds, an anisotropic behavior is obtained, the TEC along the a-axis being 60% larger than along the c-axis. This study confirms the possibility to tailor TECs by using solid solution effects