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AlLB14 (L=Li or Na or K) crystals were grown using LiF or NaF or KF and crystalline boron powders as the starting materials using high-temperature Al melt at soaking temperature 1573~1773 K for soaking time 5 h under an Ar atmosphere. A new compound AlNaB14 and AlLiB14 crystals were obtained from LiF or NaF and B powders, and the atomic ratios (n=B/L=2.0~4.0) of starting materials. AlKB14 crystal was not obtained from KF and B powders as starting materials. The micro-Vickers hardness of AlLB14 crystals is 24(±1) GPa for AlLiB14 and 25(±1) GPa for AlNaB14. The oxidation initiation temperature of AlLiB14 was about 815 K, and the peak due to the exothermic reaction was about 960 K for AlLiB14 and about 990 K for AlNaB14. The final oxidation products were Li2B2O4, Al4B2O9, B2O3 and amorphous phases. The values for the electrical resistivity of the AlLB14 compound were 2.4~157 Ω·cm. 
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1. Introduction
In the ternary Al-L-B (L=Li or Na) system, one type of ternary structure, namely AlLB14 with AlMgB14-type (orthorhombic; space group Imma) have been reported.1~3) Higher borides containing the B12 icosahedron unit have been studied because of their many interesting properties, including potential applications to thermoelectric materials and photodetectors.4) In the case of higher borides, it may be difficult to synthesize from the alkali metal-B-Al system by arc-melting method. However, the ternary borides AlLB14 have yet been fully studied well, and there is little information about the physical and chemical properties of AlLB14. Crystal of the ternary boride AlLiB14 is obtained by adding relatively large amount of Li metal.1,5,6) But, owing to the high vapor pressure of Li at high temperature, optimum conditions for growing AlLiB14 crystal are not established. Formerly we successfully prepared single crystals of the ternary borides AlLB14 (L=Li or Na) from the high-temperature Al melt using Li2B4O7 or Na2B4O7 and boron powders as the raw materials.7~10) Here, AlNaB14 crystal is a new compound found by the authors earlier.8~10) In addition, the magnetic susceptibility, microhardness, and oxidation resistance of ALiB14 and AlNaB14 were measured. The temperature dependence of the magnetic susceptibility was measured down to 2 K. The measured magnetic susceptibility of AlLB14 was -4.4×10-7 emu/g for AlLiB14 and -4.0×10-7 emu/g for AlNaB14, which were the same value at room temperature,9,11) and shows an increase at low temperatures indicative of the paramagnetic contribution, which we attribute to impurities.9,11) In addition, the syntheses of AlLB14 compounds from metal salts or oxides or metal carbonates and boron powders were reported using the same melt.11,12) Authors found that AlLB14 can be synthesized from alkali fluoride and boron element.    
In this paper, we report the synthesis conditions for growing relatively large crystals of AlLB14 (L=Li or Na or K) from LiF or NaF or KF and B powders as the starting materials using high-temperature Al melt. There are few reported examples for syntheses of AlLB14 using alkali fluoride and boron in the same melt. The metal fluorides of LiF or NaF and KF were more suitable as the source of Li or Na or K elements than Li or Na or K metals that had high vapor pressure,13) because of relatively good solubility in the Al melts at high temperature. The morphology and crystallographic data of the AlLB14 (L=Li or Na) crystals obtained were determined. In addition, micro-Vickers hardness at room temperature, electrical resistivity and oxidation resistance by heating of the as-grown crystals were investigated. Furthermore, some properties of the AlLB14 crystals obtained in this study were compared with the previously reported results. Fig. 1 shows the crystal structure of AlLB14. The structure of AlLB14 compound is made up of four B12 icosahedron units and eight single boron atoms per unit cell. The L and Al atoms are accommodated in the largest and smaller holes outside the B12 icosahedral units.8) 

2. Experimental Details
2.1 Preparation of AlLB14 crystals 
The reagents used to prepare the AlLB14 compounds were LiF or NaF or KF (purity 99~99.9%, Wako Pure Chemical Industries Ltd. Mitsuwa Pure Chemical Co. Japan), and crystalline boron (purity 99%, Mitsuwa Pure Chemical Co. Japan) powders and Al (purity 99.99%, Nippon Light Metal Co. Japan) metal buttons. The reagents and B were weighted at atomic ratios n=B/L=2.0~4.0. Al metal were added to each mixture at mass ratio 1:15~20. The quantity of alkaline fluorides in the starting material was fixed at 1.5 g throughout all experiments. The reaction equation (1) for obtaining AlLB14 from alkaline fluorides and B powders were as follows.

3LF + (3n + 1)B → 3LBn + BF3 -------------(1)  

The mixture was placed in a dense alumina crucible (Nikkato Co. SSA-H). The crucible was inserted in a vertical electric furnace with a SiC heater and then heated under an argon gas. The mixture was heated at a rate of 300 K·h-1, raised to 1573~1773 K, kept for 5 h and then cooled to room temperature at a rate of 50 K·h-1. The crystals were removed from the solidified melt by dissolving the matrix with dilute hydrochloric acid. The crystals obtained as described above were dried in a dryer. After drying, the resulting crystals were selected with a stereomicroscope.

2.2 X-ray and chemical analyses of AlLB14 crystals 
The crystal structure and lattice constants of the compounds were examined by the powder X-ray diffraction (XRD) (Rigaku, Ultima Ⅲ) with monochromatic CuKα radiation.14) The values of lattice constants were used as the internal standard with high-purity Si (purity 99.99%, High-Purity Chemical Co.). The morphology, size, chemical composition and impurity content of the crystals were observed by a stereomicroscope, the scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX) (Horiba Co. EMAX-2770) and electron probe microanalysis (EPMA) (JEOL, JXA-8621MX).15) 

2.3 Properties
2.3.1 Determination of micro-Vickers hardness, electrical resistivity, and oxidation resistivity heated in air
As-grown AlLB14 crystals were measured using the micro-Vickers hardness in air. The hardness of the crystal was determined from the average value at room temperature with the load of 1.96 or 2.94 N and a load time of 15 s using about 8 to 12 positions on a well-developed face of each crystal. The values of electrical resistivity were measured by the direct-current four-probe technique at room temperature in air atmosphere. For hardness and electrical resistance measurement, the crystals were embedded in the resin, polished, and then measured. The electrical resistance was measured using KEITHLEY as the power supply and ESSTECH (ESS Tech Co.) as the small prober system. The crystals were powdered in an Al2O3 mortar and then heated to 1473 K in air using the differential thermal analyses and thermogravimetric (DTA-TG, Seiko Instrument) apparatus for oxidation resistance. After inserting the sample into the quartz cell, it was heated in air at a constant rate of 10 K·min-1. The oxidation products were analyzed by powder XRD measurements. 

3. Results and Discussion
3.1 Syntheses of AlLB14 crystals
AlLB14 crystals could be grown under the conditions using LiF or NaF or KF and boron powders as starting materials by high temperature Al metal. Here, AlLB14 was performed based on experimental conditions obtained from L2B4O7 (L=Li or Na) and B powders. AlLB14 crystals could be grown under the conditions of the atomic ratios n=B/L=2.0~4.0 from LiF or NaF and B powders as starting materials (Table Ⅰ). However, while synthesis of AlKB14 was attempted by utilizing KF and boron powders, AlKB14 was not obtained in the Al-K-B system as shown in Fig. 2. In this case, mixed crystals of grayish black α-AlB12 (tetragonal, space group P41212 or P43212)16,17) and amber color β-AlB12-type18,19) were formed. It can be inferred that the cause of this is that potassium and boron atoms do not react in the high temperature Al melt. Alternatively, it can be inferred that the AlKB14 phase was not formed because the K atom has a larger atomic radius (2.31 Å) or ionic radius (+1) Corresponding Number (CN) (6) 1.52 Å20) than the Li or Na atoms. The XRD patterns of AlLiB14 and AlNaB14 were shown in Fig. 3. From this, AlLB14 phase and alumina were identified. Al2O3 phase is thought to be a contamination derived from the alumina crucible used for crystal synthesis and the alumina mortar used for XRD measurements. AlLB14 crystals could be grown under the conditions of the atomic ratios n=B/L=2.0~4.0. AlLB14 crystals having the typical crystal form are shown in Fig. 4. AlLiB14 and AlNaB14 crystals were obtained as plate-like shape with the pink-grey color. In addition, the lattice constant value of AlNaB14 is related to the size of the atomic radius (for Li, 1.52 Å; for Na, 1.86 Å) or ionic radius (for Li, (+1) CN (6) 0.76 Å; for Na, (+1) CN (6) 1.02 Å13,20) of the metal in the crystal structure, and it can be inferred that it is larger than that of AlLiB14 and AlNaB14. 

3.2 Lattice constants and chemical analysis 
Table Ⅱ shows the lattice constant values of AlLB14. From this, it can be seen that the lattice constant of AlNaB14 is slightly higher than that of AlLiB14. As described in Section 3.1, it can be inferred that this is a difference in the size of metal atoms or metal ions contained in the AlLB14 compound. In addition, the lattice constants of AlLB14 are very similar to those reported synthesized from different starting materials; AlLiB14 (for example, AlLiB14 obtained from Li2B4O7; a=5.847(1), b=10.354(1), c=8.143(1) Å, V=493.0(1) Å3,7) AlLiB14 obtained from metal Li; a=5.8469(9), b=10.3542(6), c=8.1429(8) Å, V=492.97(9) Å3,2) and AlNaB14 obtained from Na2B4O7; a=5.844(1), b=10.465(1), c=8.231(1) Å, V=503.4(1) Å3.8) Chemical analysis for the AlNaB14 crystal corresponds to atomic ratio Al:L:B=1:1:14 (see Table Ⅲ). However, chemical analysis of AlLiB14 has not been performed. The chemical analysis value of AlNaB14 crystals seems to have fewer Na and Al atoms than the atomic ratio Al:Na:B=1:1:14 of stoichiometry ratio. The values of the chemical analysis of AlNaB14 obtained from Na2B4O7 and boron in Al metal reported earlier are consistent with the stoichiometric ratio of the atomic ratio Al:Na:B=1.00:0.95:14.8) According to the results of this experiment, the chemical analysis value of AlNaB14 crystal seems to have slightly fewer Na and Al atoms than the atomic ratio Al:Na:B=1:1:14 in the stoichiometric ratio. As a result, it can be inferred that the change in the composition ratio of the AlNaB14 crystal is the difference of Na2B4O7 or NaF in the starting materials.

3.3 Properties  
3.3.1 Measurement of micro-hardness and oxidation resistance by heating in air
Table IV shows the micro-Vickers hardness values of AlLiB14 and AlNaB14 crystals together with the values of AlLB14 reported by the authors. From them AlLiB14 and AlNaB14 are approximately the same hardness value. The values of the crystals are in comparatively good agreement with the values of these faces for AlLiB14 and AlNaB14 in the literature.2,7,9) Higher borides containing B12 icosahedron unit have been reported to have relatively high hardness. For instance, B6O (Hv=34~38 GPa), B4C (Hv=34.5~40 GPa), cBN (Hv=50~60 GPa),21) and Al1.1Be0.7B22, Al1.4Mg0.45B22, AlxCuyB105 (x=2.8~3.3, y=2.9~1.0) and Al1.3Cu1.1B25 (Hv=25.4(±0.5)~27.8(±1.7) GPa) crystals.22,23) However, the authors report on the hardness of TmAlB4 and YbAlB4 with YCrB4-type compounds and the novel solid solution Tm(Al,Mo)B4 and Yb(Al,T)B4 (T=Cr, Fe, Mn, Mo). These hardness values were 14.5(±1.4) GPa for TmAlB4, 13.0(±1.5)~15.5(±2.4) GPa for Tm(Alx-1Mox)B4 (x=0~0.01), 14.2(±1.4) GPa for YbAlB4 and 13.0(±0.6)~16.8(±1.5) GPa for Yb(Al1-xTx)B4 (x=0~0.1; T=Fe, Cr, Mn).15,24~26) It can be seen that the hardness of AlLB14 crystals is higher than that of YCrB4-type compounds. The crystal structure of YCrB4-type is similar to that of AlB2-type, but YCrB4-type is layered in the c-plane direction by the 5-membered and 7-membered rings of boron atoms (the structure of AlB2 is the 6-membered ring of boron atoms).4) It can be inferred that this is due to the difference between these structures and the crystal structure of AlLB14. AlLB14 crystals have the same values in the hardness of higher borides that have B12 icosahedral unit in the crystal. 
The oxidation process of AlLiB14 and AlNaB14 crystals were studied at temperatures below 1473 K by DTA-TG analyses in air atmosphere. Oxidation of the AlLiB14 crystals were starts at about 805 K (see Fig. 5). From the TG curve, the oxidation initiation temperature was about 815 K for AlLiB14 and 814 K for AlNaB14. The final oxidation products, as analyzed by powder XRD, were Li2B2O4, Al4B2O9, B2O3 and amorphous phases, and so the exothermic peaks (for AlLiB14 about 960 K; for AlNaB14 about 990 K) are attributed to oxidation products.

3.3.2 Electrical resistivity
The results for measured resistance (Ω) and the electrical resistivity values (Ω·cm) of AlLiB14 and AlNaB14 crystals are shown in Table Ⅴ. Comparing these results with the electrical resistivity of higher boride and metal borides, it is as follows: B12P2 (p-type) 5.2×104 Ω·cm, B12P2 (p-type) 9.0×104 Ω·cm;27) B4C 1.0 Ω·cm;28) B4C 0.1~10 Ω·cm;29) hBN 1.7×1013 Ω·cm, cBN 1×1016 Ω·cm, ScB2 13×10-6 Ω·cm, TiB2 5.7×10-6 Ω·cm, VB2 38×10-6 Ω·cm, YB2 39×10-6 Ω·cm, TaB2 14×10-6 Ω·cm;29) DyB12 25.56×10-6 Ω·cm, HoB12 13.18×10-6 Ω·cm, ErB12 12.40×10-6 Ω·cm, TmB12 14.04×10-6 Ω·cm, LuB12 11.5×10-6 Ω·cm;29) LuAlB4 86(±6)×10-6 Ω·cm, Lu2AlB6 31(±3)×10-6 Ω·cm;30) PrRh4.8B2 670×10-6 Ω·cm.31) From this result, it can be understood that the electrical resistivity values of AlLB14 crystals were relatively close to the value of B4C with B12 icosahedral units. Namely, the electrical resistivity of the AlLB14 compounds were close to that of the semiconductor region, in contrast to the insulating RB66 (R=rare earth) compounds which also have B12 icosahedral units. AlLB14 has a structure similar to that of NaBB14 (NaB15 orthorhombic, space group Cmcm),31) and the basic structural units of the NaBB14 structure are the B12 icosahedron units and the boron atoms. In NaBB14, free boron atoms are stored at the site corresponding to the Al site in AlNaB14. Although this structure is close to the structure of AlLB14, there are few reported examples of various physical properties due to the difficulty of synthesis. In addition, B4C (rhombohedron, space group R-3m) is classified as β-rhombohedral boron,21) but the structure of B4C is located at the midpoint of the lattice point and the ridge of the B12 icosahedral lattice, and there are two B28 units on the diagonal of the rhombohedral lattice. There is a single boron atom between the two units. It was found that B4C having such the structure has an electrical resistivity close to that of AlLB14.

4. Conclusions
AlLB14 (L=Li or Na or K) crystals were grown using LiF or NaF or KF and crystalline boron powders as the starting materials using a high-temperature Al melt at soaking temperature 1573~1773 K for soaking time 5 h in an Ar atmosphere. Mixtures of these materials in various atomic ratios (n=B/L=2.0~4.0). The results are as follows.
1) AlKB14 crystal is not obtained from KF and B powders. In that case, α-AlB12 and β-AlB12-type crystals are obtained.
2) AlLiB14 and a new compound AlNaB14 crystals obtained have the plate-like shape. The lattice constant values of the obtained AlLB14 compounds were in good agreement with the previously reported values of AlLB14 obtained from L2B4O7 or lithium metal and B powders as starting materials.
3) The results of micro-Vickers hardness measurements of as-grown AlLB14 crystals are discussed. In particular, the hardness values of AlLiB14 and AlNaB14 were equivalent to the higher borides with B12 icosahedral units of Al1.1Be0.7B22, Al1.4Mg0.45B22, Al1.3Cu1.1B25 and AlxCuyB105 (x=2.8~3.3, y=2.9~1.0) crystals. 
4) The oxidation resistance in air up to 1473 K of as-grown AlLiB14 and AlNaB14 crystals were investigated. 
5) The electrical resistivity of the AlLB14 compound are the values of 146~157 Ω·cm for AlLiB14 and 2.4~57 Ω·cm for AlNaB14. These values for the electrical resistivity of AlLB14 are in the semiconductor region.
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Table Ⅰ. Synthesis conditions of AlLB14 compounds obtained from LF and B powders as starting materials at soaking temperature 1573~1773 K for soaking time 5 h.  
	　
	B/L
	Soaking temperature
	　

	Alkali fluorides
	(atomic ratios)
	(K)
	Phases identified

	LiF
	2.0, 4.0, 6.0
	1573, 1673, 1773
	AlLiB14

	NaF
	2.0, 4.0, 6.0
	1573, 1673, 1773
	AlNaB14

	KF
	2.0, 4.0, 6.0
	1573, 1673, 1773
	α-AlB12, β-AlB12-type


 

Table Ⅱ. The results for lattice constants of AlLB14 compounds.
	Compounds
	     ―
	Lattice constants (Å)

	AlLB14
	Alkali
fluorides
	a
	b
	c
	V (Å3) 

	AlLiB14
	LiF
	5.850(1)
	10.359(1)
	8.145(1)
	493.6(1)

	AlNaB14
	NaF
	5.851(2)
	10.455(4)
	8.243(3)
	504.2(3)




Table Ⅲ. The results for chemical analysis of AlNaB14.
	Compound
	Crystal 
	Chemical analysis
(mass%)
	In total
	Chemical
composition

	
	
	Al
	Na
	B
	
	

	AlNaB14
	Plate
	5.55
	4.96
	89.49
	100
	Al0.87Na0.78B14




Table Ⅳ. The values for micro-Vickers hardness of AlLB14 crystals.
	Compounds
	Micro-hardness values 
	Reference

	AlLB14
	metal salts or metal
	(GPa)
	

	AlLiB14
	LiF
	24(±1) 
	this work

	˶
	Li
	25(±1)~29(±1)
	2)

	              ˶
	Li2B4O7
	20(±1)~29(±1)
	7)

	AlNaB14
	NaF 
	25(±1) 
	this work

	˶
	Na2B4O7
	23(±1)~28(±1)
	9)




Table Ⅴ. Results of resistance (Ω) and electrical resistivity (Ω·cm) of AlLiB14 and AlNaB14 crystals.
	Compounds
	resistance (Ω)
	Electrical resistivity /ρ (Ω・cm)

	AlLiB14
	64~594
	146~157

	AlNaB14
	17~399
	2.4~57





Figure captions
Fig. 1 Crystal structure of AlLB14 compound: a-plane perspective and three-dimensional perspective6) view.
Large boron lump: B12 icosahedron unit. large circle: L (Li or Na), middle circle: Al, small circle: B
Fig. 2 XRD patterns of AlLB14 (L= Li or Na) obtained from LiF or NaF and B powders as starting materials and Mg0.78Al0.75B14 (ICDD Card No.39-0459). 
Fig. 3 Photographs for stereoscopic microscopy of AlLiB14 (A) and AlNaB14 (B) crystals obtained by LiF or NaF and B powders as the starting materials. (C) α-AlB12 and (D) β-AlB12-type crystals obtained from KF and B powders as the raw materials. Soaking temperature; 1673 K, Soaking time; 5 h
Fig. 4 DTA-TG analyses of (a) AlLiB14 and (b) AlNaB14 crystals heated in air. Sample was heated in air at a constant rate of 10 K·min-1.
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Fig. 2 XRD patterns of AlLB14 (L= Li or Na) obtained from LiF or NaF and B powders as starting materials and Mg0.78Al0.75B14 (ICDD Card No.39-0459). 
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(A) AlLiB14 crystals          (B) AlNaB14 crystals
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(C) α-AlB12 crystals         (D) β-AlB12-type crystals

Fig. 3 Photographs for stereoscopic microscopy of AlLiB14 (A) and AlNaB14 (B) crystals obtained by LiF or NaF and B powders as the starting materials. (C) α-AlB12 and (D) β-AlB12-type crystals obtained from KF and B powders as the raw materials. Soaking temperature; 1673 K, Soaking time; 5 h



[image: ]DTA curve
TG curve


(a) DTA-TG curve of AlLiB14 
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(b) DTA-TG curve of AlNaB14 
Fig. 4 DTA-TG analyses of (a) AlLiB14 and (b) AlNaB14 crystals heated in air. 
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