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Abstract
RAlB4 (R = rare earth) have attracted increasing attention with recent reports of interesting structural, chemical and physical properties. The authors developed and we investigated the formation of the solid solution Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mn) compounds in which the Al position of YbAlB4 is substituted with T atoms using the Al flux method. From the result of XRD patterns, Yb(Al0.995 T0.005)B4 were obtained as a single phase. In this study, we investigated the formation of the solid solution Yb(Al0.995T0.005)B4 (T = Mo or W) compounds. The resulting crystals were examined for lattice constants and chemical composition, in addition, hardness values by micro-Vickers hardness and oxidation resistance by heating in air with a DTA-TG apparatus. Comparing the lattice constants of YbAlB4 and Yb(Al0.995T0.005)B4, When Mo or W were included, the values tended to increase. The hardness values of Yb(Al0.995Mo0.005)B4 was 11.0(±0.7) GPa, of Yb(Al0.995W0.005)B4 was 15.7(±1.9) GPa. The oxidation onset temperature in the heating of Yb(Al, T)B4 (T = Mo, W) is about 100 K higher than YbAlB4.
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1. Introduction


RAlB4 (R = rare earth) [α-type, Pbam][1,2] have attracted increasing attention with recent reports of interesting structural, chemical and physical properties [3-6]. RAlB4 has the same structure as that postulated for YCrB4. Fig. 1 shows a perspective view of the YCrB4-type structure. The linkage of boron atoms in the structure of YCrB4-type is made up by five- and seven-membered rings. As in the AlB2-type, the structure of RAlB4 is built up by two-dimensional boron networks sandwiched between metal layers. These boron atoma reside in the intersitial sites of trigonal prisms formed by the Y and Cr atoms. The authors developed and synthesized in obtaining a new compound, Tm(Al,T)B4, in which small amounts of Fe, Cr, Mn, Mo, and W atoms are dissolved in the Al atoms of the TmAlB4 crystal using the Al flux method [7,8]. From Table 1, we can see that when Mo atoms dissolve in the Al atoms of Tm(Al1-xMox)B4 from the XRD patterns, a solid solution is formed in the range of x = 0.002 - 0.030, but when W atoms dissolve, the solid solution Tm(Al1-xWx)B4 is only formed in the narrow range of x = 0.002 - 0.010. Furthermore, when x = 0.030, MoAlB is produced when Mo atoms dissolve, but WAlB is not observed when W atoms dissolve [9]. Recently, we reported on the crystal growth and the micro-hardness of Yb(Al1-x,Tx)B4 (T = Fe, Cr, Mn) compounds [7-9]. Based on previous results, an Al atoms to T atoms ratio of x = 0.005 was used. However the question of crystal growth and the properties of new compounds Yb(Al0.995T0.005)B4 (T = Mo, W) are still not elucidated completely: there is no report on crystal growth and physical properties. 
In this work we report on the experimental conditions for growing crystals of the solid solution Yb(Al0.995T0.005)B4 (T = Mo, W) compounds from the high temperature Al and T mixed solution.

In addition, measurements obtained crystals were examined for lattice constants and chemical compositions, the hardness values using a micro-Vickers hardness tester at room temperature were examined, and the oxidation resistance by heating in air using the TG-DTA apparatus. We report this result in comparison with previously reported Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mn) [7-9].

2. Experimental

The reagents used to prepare the solid solution Yb(Al0.995T0.005)B4 (T = Mo, W) compounds were ytterbium oxide (Yb2O3 purity: 99.9 %), crystalline boron (B < 200 mesh) (purity: 99 %) powder, aluminum metal (Al purity: 99.99 %) button, molybdenum metal (Mo purity: 99.9 %) powders, tungsten metal (W purity: 99.9 %) powders. For the flux atomic ratios of B/Yb2O3 = 9.0 (Yb2O3 + 9B → 2YbB3 + 3BO), and mixed flux Al1-xTx (referred to as “flux”). The mixtures of the materials in proper atomic ratios were placed in an α-Al2O3 crucible and heated in Ar gas. The amounts of Yb2O3 and B in the starting materials were fixed. Al and Mo or W metals were added to each mixture at a mass ratio of 93 - 95 mass%. 
We report the experimental conditions for growing crystals of the Yb(Al,T)B4 (T = Mo, W) from the high temperature Al and T mixed solution. The temperature of the furnace was raised at a rate of 300 K/h to 1773 K, kept constant for 5 h, and then lowered slowly to room temperature at a rate of 50 K/h. Under a stereomicroscope crystal were selected suitable for chemical analyses and measurements of micro-Vickers hardness, and TG-DTA. The phase analysis and determination of lattice constants were carried out using a powder X-ray diffractometer (XRD) (Rigaku, Rint-2000). The morphology, size, chemical composition and impurity content of the crystals were observed by the scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) (Horiba Co, EMAX-2770) and electron probe microanalysis (EPMA) (JEOL, JXA-8621MX). Hardness measurements on as-grown Yb(Al,T)B4 crystals were done using a Vickers diamond indenter at room temperature. A load of 1.96 N was applied for 20 seconds on about ten positions in relatively large planes of each crystal, and the values obtained were averaged. The crystals were powdered in an Al2O3 mortar and then heated to 1200 K in air using the differential thermal analyses and thermogravimetric (TG-DTA, 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. 
3. Results and Discussion

The XRD patterns of the obtained Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) compounds, Al0.89TmB3.75 (ICDD card: No.48-1678) and MoAlB (ICDD card: No.04-0787) are shown in Fig. 2. From this, the solid solution Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W) has similarity to the ICDD card. A single phase Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W) compounds were synthesized from mixed fluxes of Al and T metals. And In the case of Yb(Al, Mo)B4, the pattern MoAlB was confirmed in addition to Yb(Al, Mo)B4. However, no WAlB was observed from Yb(Al,W)B4. The obtained crystals are thick tetragonal crystals in the case of Yb(Al, Mo)B4, which may occur together with needle-like MoAlB crystals, whereas in the case of Yb(Al, W)B4, they form as single-phase polyhedral crystals with complex morphology in Fig.3. 
The relationship between the lattice constants of YbAlB4 [10] and Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W)　with metal atoms in solid solution is shown in Fig. 4. Comparing the lattice constants and unit cell volumes of YbAlB4 and Yb(Al,T)B4 (T = Mo, W), larger than YbAlB4 when Mo or W is dissolved. This suggests that this is related to the ionic radius of the metal atoms dissolved in YbAlB4. This is presumably due to the incorporation of Mo ((+3) 6 (CN) 0.69 Å), (+4) 6 (CN) 0.65 Å, (+5) 6 (CN) 0.61 Å) or W ((+4) 6 (CN) 0.66 Å, (+5) 6 (CN) 0.62 Å, (+6) 6 (CN) 0.60 Å))[11], which are larger than the Al ((+3) 6 (CN) 0.54 Å) [11] in Yb(Al,T)B4. 
The chemical analyses of Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W) compounds using EPMA measurements are shown in Table 2. From these date, it was found that Yb(Al,T)B4 (T = Mo, W) with T as a solid solution contained about 40% of each T metal. Previous reports have shown that compounds containing Fe have a low ratio of Fe atoms, whereas compounds containing Cr have a high ratio of Cr atoms. From these results, it can be understood that many metal atoms form solid solutions in YbAlB4.
The micro-Vickers hardness date of Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W) compounds are given in Table 3 together with those for YbAlB4. The values of the micro-Vickers hardness for Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) was in the range of 11.0(±0.7) - 15.7(±1.9) GPa. No significant dependency of hardness on the metals was observed. The hardness of RAlB4 is 14.5 GPa for TmAlB4, 14.2 GPa for YbAlB4, and 14.0 GPa for LuAlB4 [12-14]. When these were compared with the hardness values ​​of Yb(Al, T)B4, the values ​​were comparable and within the error range. The hardness of AlB2-type alloys, which have a structure similar to that of RAlB4, has been reported for TiB2 (33 GPa), ZrB2 (22 GPa), VB2 (27 GPa), MoB2 (21 - 24 GPa), and CrB2 (26 - 29 GPa) [15]. 
These compounds are formed by six-membered rings made of boron atoms, and the units made of boron and metal atoms form a layered structure with each other. Comparing these structures, it is suggested that the hardness of the RAlB4- type is different due to the difference in the units in which boron atoms form five- and seven-membered rings. The oxidation process of Yb(Al,T)B4 (T = Mo, W)compounds were studied at temperatures below 1200 K by TG-DTA analyses in air atmosphere. The results for TG-DTA curve using Yb(Al,T)B4 (T= Mo, W) shown in Fig.5. Table 4 shows the exothermic reaction observed from the DTA curves and the oxidation initiation temperature obtained from the TG curves of Yb(Al,T)B4 (T = Fe, Mo, Mn, W). The DTA results showed that the large exothermic peaks were located around 1000–1060 K, which was almost the same. The oxidation initiation temperature of YbAlB4 is 863 K [5], however, it was found that the oxidation onset temperature of the solid solution Yb(Al,T)B4 (T = Fe, Mo, Mn, W) were about 100 K or more higher than that of YbAlB4. After heating of the samples, XRD measurements were not possible because the oxidation products reacted with quartz.
4. Conclusions
The results of an attempt to synthesize the Yb(Al,T)B4 (T = Mo or W) compounds using the Al flux method are shown below.
1) A single phase Yb(Al0.995T0.005)B4 (T = Mo,W) compounds were synthesized from mixed fluxes of Al and T metals. 

2) Comparing the lattice constants of YbAlB4 and Yb(Al,T)B4, the lattice constants of Yb(Al,T)B4 (T = Fe, Cr, Mo, Mn, W) tends to be smaller when Cr, Fe or Mn metals were contained, and tends to be larger when Mo or W metals were contained.

3) The hardness of Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) was in the range of 11.0(±0.7) to 15.7(±1.9) GPa. The hardness values of Yb(Al,T)B4 were almost the same value as YbAlB4.

4) The oxidation onset temperature by heating of Yb(Al,Mo)B4 were 972 K and Yb(Al, W)B4 were 987 K. The oxidation onset temperature in the heating of Yb(Al,T)B4 (T = Mo, W) is about 100 K higher than YbAlB4. 
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Table 1 Growth conditions of Tm(Al1-xTx)B4 crystals obtained from Al1-xTx (x = 0.002 - 0.050) flux (T = Mo [4] or W). 
Table 2 Results for chemical analyses of the Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W)　 compounds obtained from Al0.995T0.005 flux. 
Table 3 Results for micro-Vickers hardness of Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) and YbAlB4 [5] compounds.

Table 4 The results for measurement TG-DTA of Yb(Al0.995T0.005)B4 (T = Fe, Mo, Mn, W) compounds.
Fig. 1 Crystal structure of YCrB4.

Fig. 2 XRD patterns of samples obtained from Yb(Al0.995T0.005)B4 compounds systems.
〇: Al0.89TmB3.75 (ICDD card of No. 48-1678), ×:MoAlB (ICDD card of No. 04-0787)
Fig. 3 Stereomicroscope photographs of Yb(Al0.995T0.005)B4 (T = Mo or W) crystals.
(a) Yb(Al0.995Mo0.005)B4　crystals.

(b) Yb(Al0.995W0.005)B4 crystals.
Fig. 4 Relationships for lattice constants of YbAlB4 [10] and Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) compounds. 
Fig. 5 TG-DTA analyses of (a) Yb(Al0.995Mo0.005)B4 and (b) Yb(Al0.995W0.005)B4 crystals heated in air. Sample was heated in air at a constant rate of 10 K·min-1.
[image: image1.emf]0.002 Al

0.998

Mo

0.002

TmB

4

, Tm(Al

1-x

Mo

x

)B

4

0.005 Al

0.995

Mo

0.005

Tm(Al

1-x

Mo

x

)B

4

0.010 Al

0.990

Mo

0.010

Tm(Al

1-x

Mo

x

)B

4

0.030 Al

0.970

Mo

0.030

MoAlB, unknown phase

Tm(Al

1-x

Mo

x

)B

4

0.050 Al

0.950

Mo

0.050

MoAlB, unknown phase

0.002 Al

0.998

W

0.002

TmB

4

, Tm(Al

1-x

W

x

)B

4

0.005 Al

0.995

W

0.005

Tm(Al

1-x

W

x

)B

4

0.010 Al

0.990

W

0.010

Tm(Al

1-x

W

x

)B

4

0.030 Al

0.970

W

0.030

unknown phase

0.050 Al

0.950

W

0.050

WAl

4

, unknown phase

Atomic

ratio (x)

Phases identifield

(from XRD)

Al

1-x

W

x

 flux

Atomic

ratio (x)

Al

1-x

Mo flux

Phases identifield

(from XRD)


Fig. 1 Crystal structure of YCrB4.

Table 1 Growth conditions of Tm(Al1-xTx)B4 crystals obtained from Al1-xTx (x = 0.002 - 0.050) flux (T = Mo [4] or W). 
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Fig. 2 XRD patterns of samples obtained from Yb(Al0.995T0.005)B4 compounds systems.
〇: Al0.89TmB3.75 (ICDD card of No. 48-1678), ×:MoAlB (ICDD card of No. 04-0787)
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(a)                     (b)

Fig. 3 Stereomicroscope photographs of Yb(Al0.995T0.005)B4 (T = Mo or W) crystals.
(c) Yb(Al0.995Mo0.005)B4　crystals.

(d) Yb(Al0.995W0.005)B4 crystals.
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Fig. 4 Relationships for lattice constants of YbAlB4 [10] and Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) compounds. 
Table 2 Results for chemical analyses of the Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W)　 compounds obtained from Al0.995T0.005 flux. 
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Table 3 Results for micro-Vickers hardness of Yb(Al0.995T0.005)B4 (T = Fe, Cr, Mo, Mn, W) and YbAlB4 [5] compounds.
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(a) DTA-TG curve of Yb(Al0.995Mo0.005)B4
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(b) DTA-TG curve of Yb(Al0.995W0.005)B4
Fig. 5 TG-DTA analyses of (a) Yb(Al0.995Mo0.005)B4 and (b) Yb(Al0.995W0.005)B4 crystals heated in air. Sample was heated in air at a constant rate of 10 K·min-1.
Table 4 The results for measurement TG-DTA of Yb(Al0.995T0.005)B4 (T = Fe, Mo, Mn, W) compounds.
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