The O-V (Oxygen-Vanadium) System*

By H.A. Wriedt
Consuitant

Equilibrium Diagram

The equilibrium solid phases of the V-O system at 0.1

MPa hydrostatic pressure are (1) the bce terminal solid

solution, (V); (2) bet «'; (3) bet B; (4) bet g'; (5)

monoclinic ; (6) fcc 8; (7) bet §'; (8) V203, with rhom-
bohedral and monoclinic forms above and below -112
°C; (9 V305, with different monoclinic forms above
and below +155 °C; (10) the triclinic V,O2n-1 Magnéli
geries, with n = 4, 5, 6, 7, and 8; (11) VOg, with
tetragonal g and monoclinic ¢ forms above and below
+ 68 °C; (12) V6013, with different monoclinic forms
above and below —124 °C; (13) monoclinic V307; and
(14) orthorhombic V205. Numerous alternative desig-
nations to those adopted occur in the literature. Most
golid phases exhibit detectable composition ranges, ex-
cept for V305, the Magnéli phases, V6013, and V307,
where the breadths are on the order of the experimen-
tal uncertainties. The ranges in VO2 and V205 are also
very narrow. Among the many other phases reported,
most are either unconfirmed or demonstrably un-
stable. The established phases V9017 and V409 might
be marginally stable, but they are omitted from the as-
sessed V-O phase diagram (Fig. 1).

The pioneer draftings of the V-O phase diagram—
[63Sey] and [67Bur] below and above 60 at.% O,
respectively—incorporated both long-known and then
recently discovered phases: (V), B, §, V203, V30s,
VnO2n-1 Magnéli, VO2, VgO13, and V205. Major
revisions followed. Phases were deleted (“y” of
[63Sey]) or added by [55Ro0s] (), by [66Tod] (V307,
discovered by [656Tud]), by [T0Hen] («', discovered by
[69Cam]), by [71Bell (§’, discovered by [42Kle]), and
by [74Hir] (p’, discovered by [73Hir]). The phase
relationships and invariant equilibria depicted in the
assessed diagram (Fig. 1), which incorporates all of
these phases, were derived primarily below 55 at.% O
from the diagram of {71Ale] (modified by detail from
[71Bel] and [75Hir2]) and above 67 at.% O from
[66Tod] (modified by detail from [80Vas]). Between 55
and 67 at.% O, the main influence was the [66Kac]
diagram. Table 1 lists the known phase transforma-
tions and invariant equilibria.

*Unabridged version of this assessment can be found in
Phase Diagrams of Binary Vanadium Alloys, Monograph
Series on Alloy Phase Diagrams, by J.F. Smith, published by
ASM INTERNATIONAL, July 1989.

Fig. 1 Assessed V-O Phase Diagram (Condensed System, 0.1 MPa)
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Table 1 Special Points of the Assessed V-O Phase Diagram (Condensed System, 0.1 MPa)
Composition of the Temperature,
Reaction Respective phases, at.% O °C Reaction type
Lar Vo cccerinenneerenenene e rrsassaneseseesarsssesans 0 1910 Melting point
L 8 it ecescser e sse s ~50 1790 Congruent
L hV203 ..iriiicceeeesinrenecreesesissneeees 60 1957 Congruent(?)
L V3020-108) e ceseens e .. Incongruent(?)
Lar BVO2uu ettt crnressseeeesenenees 66.7 1542 Congruent
L Vo005t cas e saneaes 714 678 Congruent
B s 10 519 Ordering
€ B et es s 16 ~400 Ordering

h-Va03 e 1-Va03....cccovvieeiiicieerreeiieervrecsenens 60.0 ~-112 Polymorphic
hV305 «» 1-V305 c..oooneriieetirreeneeis e 62.5 ~ 166 Polymorphic
BVO0z «» aVOADb) ..o 66.7 68 Polymorphic
h-VgO13 «» 1-VgO 13..eceeeciicciiireeees 68.4 -124 Polymorphic
L+ V) Bt 27 17 20 1665 Peritectic
LB+ 29 20.5 ~44 1640 Eutectic
Led+h-Va03(e) e ~58 ~587 ~60 ~ 1600 Eutectic
L+ V,02,-1 ¢ Vo 24020 £~ 1) e, . Peritectic
L"'VnOZn—l + Vn +¢,02(n+(1)—1(a) ...................... es Eutectic
L+ BV02+ h-VgO13..couooirercncrircnne, 71.2 ~67 68.4 ~T700 Peritectic
LehVgOi1s+ Va0s ..o 713 68.4 714 ~670 Eutectic
B +a s 8.0 59 8.3 6508 Eutectoid
Bea +B ... 12.7 11.0 13.0 392 Eutectoid
BB+l . ~23 ~22 30 ~320 Eutectoid
BHOe Y 28.6 ~45 33.3 1186 Peritectoid
S+ hVa036 8 e 56 60 57 810 Peritectoid
Vn.—qoz("—q)—l + Vn_+b02(” +b)-1 > VnOZ",— 1a).... aee vee .ee eee Peritectoid
V021 © Vi aO20n-a)-1 + Vo46020m +b-1(8) ... ... Eutectoid
h-VgO13 + V205 <> V307 ..o 68.4 714 70 ~ 665 Peritectoid
h-V203 + 1-V203 4+ §'(€) ceccveiieriiericiecvireenns 60 60 57 ~-112 Unknown
h-V203 + 1-V203 + 1-V305(C) .ooovrrerrrenrierre e 60 60 62.6 ~-112 Unknown
h-V305 + 1-V305 + h-V203(C) ..ccvevverrireeeeienns 62.5 62.5 60 ~ 155 Unknown
h-V305 + 1-V305 + V4O7(C) oovericicricccnnieiee 62.5 62.5 63.3 ~ 165 Unknown
BVOz + aVOz + VBO16(?HC)..oo i 66.7 66.7 65.2(7 ~68 Unknown

VO3 + aVO2 + h-VgO13(e) .ovevvevriieinrniene 66.7 66.7 68.4 ~68 Unknown

V6013 + 1-Vg013 + aVOAC) ..., 68.4 68.4 66.7 ~-124 Unknown
h-Vg013 + 1-Vg013 + V3O7(€C) .c.coovveieriricrre 68.4 68.4 70 ~-124 Unknown

(a) Where n = 2to 8 (or 9); a and b are positive integers, which may be unity. The number and types of reactions involving each
of V305 and the Magnéli phases are not established. Few of the listed reactions, if any, have been observed. (b) For VO2.000. (€)

Required or probable, but not reported as observed.

For the location of solid-phase boundaries in Fig. 1,
data from many specialized sources were used;
however, as dashed lines in Fig. 1 indicate, several
locations remain questionable. Arranged chronologi-
cally for each phase, the most important of these sour-
ces were (V) [TOHen, 71Ale, 75Fro, T5Hir2, 76Ste], o'
[70Hen, 71Ale, 75Hir2], g [71Ale, 75Hir2], B’
[76Hir2], vy [63Wes, 82Vas], § [65Ros, 59Vol, 71Ale,
T4Wat, 76Vas, 81Arb], §' [71Bel], V203 [67Kat,
T0Wak, 770pp], V305 [770pp), Magnéli V,O2n-1
[70And1, 770ppl, VO2 [750pp2], V6013 [750ppl],
and V205 [66Tod, 77Dzi, 770pp]. The liquidus
branches were located to pass through the melting
points of V [Melt], § [71Ale], V203 [73Sly]l, VO2
[760pp1], and V205 [86Fer], as well as the (V) + g + L
peritectic and g + L + § eutectic points [71Ale]. Apart
from portions near the latter pair of invariants [71Ale]
and on the VO2 liquidus [718ui, 750pp1], most of the
liquidus curves as drawn are speculative. Incongruent

272

melting of V305, the Magnéli phases, and VO2 was
suggested [66Roy, 70And1], but experimental evi-
dence is lacking.

Crystal Structures and Lattice Parameters

The crystal structures and lattice parameters of the
stable phases are listed in Tables 2 and 3, respectively,
together with those of nonequilibrium phases for
which such data are available. Transitions involving
electrical and/or magnetic properties, some of techni-
cal importance, occur also without crystallographic
change in V305, the Magnéli phases, and possibly
V205 [64Hae, 73Kac]). The crystal structures of most
stable phases are firmly established, but consensus on
v and §’ appears to be lacking.
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Table2 V-0 Crystal Structure Data

Struktur-
Composition, Pearson Space bericht
Phase at.% O symbol group designation Prototype Reference
Stable phases
(Ve 0 to17 cl2 Im3m A2 W [Kingll]
P SRR R 8.1t011.7 tI216(a) (76Hir2]
B ot 7.9t028.56 t12.5(b) I4immm - . {71Ale}
B e 13t0 22 tI76(c) I4/mmm . V1603 [73Hir]
e RN 30t0 35 mC20(d) C2/m - V140¢ [75Hirl1]
SO 42t0 57 cF8 Fm3m B1 NaCl [70Ban]
B e 54 to 56 tI116 I4amd . V52064 [70And2]
1-V203(@)...cuvenrererrrnnn ~60 mlI20 120 . .. [70Mew]
h-VaOs(f).....ccovevvennne 60.0t0 60.5 hR10 R3c D5, aAlz03 [28Zac]
1-V305(@).cccuecrrraerennnsn 62.49 to 62.52 mP32 P2je . V305 (80Asb}
h-V305(D)..ccccivrirenrennen ~62.5 mlI32 12/c e e {82Hon]
L7/ L S 63.6 aP22 pP1 V4071 [Pearson3]
VBOY.oooriiiereerirnne 64.3 aP28 Pl e V509 [Pearson3]
VBO11 ievreeciiirneneienees 64.7 aP34 PI .. VeO11 [Pearson3
V7013 cooniienrieriiniinnes 65.0 aP40 PI . V7013 [Pearson3]
V8015 coorereererrriveriennes 65.2 aP46 Pl e Vg015 [78Gan]
aVOgz(e) ..., 66.7 mP12 P2/ - VO2 [Pearson3]
BVO2AD ..o 66.6 t0 66.9 tP6 P4o/mnm Cc4 TiO2 (rutile) {Pearson3]
1-VgO13(@) e, ~684 mP38 P2i/a s . [73Kaw]
h-VgO13(f) ..cceovvvrernens ~68.4 mC38 C2/m . VeOi3 [48Aeb]
A'Z: 0 L 2O ~70 mC120 C2/e e V307 [74Wal)
V205 ..ciiieceiiiiirienns ~T1.4 oP14 Pmnm . V205 [50Bys]
Other Phases
Martensite-A.............. 6.7t08.6 tI*(g) L'2(?) Martensite [70Hen]
Martensite-B.............. 6t06.7 tI*g . L'2(?) Martensite [71Ale]
€ reerrrererenrrere e steseesaenes 22to 28 mpP* P2y [80Arb]
ATZ0 TT T ST ~54 Iy [70And2]
~654 aP52 Pl - VgO17 [81Kuw]
~66.7 t1288(?) . . s [70Sat]
~66.7 mC24 C2/m . e [73Cha2]
~66.7 tP6 Pda/mnm Cc4 TiOgz (rutile) [73Cha2)
66.8t067.2 mP6 P2im . . [73Cha2]
~66.7 mC24 C2im . - {76Thel
VO2-D..oocovrerreireirennen ~66.7 oP12 Pbnm . HA10z (diaspore) [74Mul}
Ve013-C.ccoovnvvvrrrrnn ~68.4 cP76(?) .. ... . {70Sat]
VeOi13-D..overerrerreee ~68.4 mC38 C2/m . . [68The])
V40g...ciieiniiieneenn, ~69.2 oP52 Pnma . V409 [70Wil]
V4Op-E .....c.covvvvrenen ~69.2 oP104(?) . V409 [77Gryl
V205 ..ciiineiennnnn ~T7156 .. Glass [67Ken]

(a)At V30. (b)At V40. (e)At V1603. (d)At V703. (e)Below transformation temperature, Ts. (f) Above Ty, (g )2 atoms V/unit

cell. (h) Called VO2(B) by [76The].

Thermodynamics

The thermodynamics of oxygen dissolved in the (V), g,
and y phases were described by [75Fro], [76Ste], and
(83Vas], and those of the phases §, V203, VO2, and
V205 were reviewed by [79Smi] and [82Ran].
Calorimetric standard enthalpies of formation are
available for V305, the Magnéli phases, and V013
[73Chal], but the lack of low-temperatures heat
capacity values required that entropy values be based
on high-temperature equilibrium data [75Vas, 80Vas].
Standard enthalpy of formation and entropy values for

V307 were estimated by [80Vas]. Few reliable data are
available explicitly for o', 8/, and §'.

Cited References

28Zac: WH. Zachariasen, “The Crystal Structure of
Sesquioxides and Compounds of the Type ABO3,” Skrifier,
Norske Videnskaps-Akad. Oslo, I, Mat.-Nat. Kl. (4), 165 p
(1928). in German. (Crys Structure; Experimental)

42Kle: W. Klemm and L. Grimm, “Knowledge of the Lower
Vanadium Oxides,” Z. Anorg. Allg. Chem., 250, 42-55(1942)
in German. (Equi Diagram; Experimental)
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Table 3 V-O Lattice Parameter Data at Room Temperature

Composition, Lattice parameter, nm
Phase at.% O a ] ¢ Comment Reference
Stable
(472 IS 0 0.30238 e At 25°C [Kingl]
O ceereeeneenirinnnens 8.9 1.2436 e 1.7940 e [76Hir2]
B 20.0 0.2970 et 0.340 Cell with two V atoms [71Ale]
B s 16.2 1.196 e 0.6604 oo [73Hir]
Y corrernerennaiennaes 80.6 0.9507 0.2935 0.7695 B =90.84° [76Hir1}
 YSTEPUTOPOPIRRPION 50.0 0.4070 . e e [71Reu]
YRR 55.2 1.172 s 0.8245 e (70And2)
1-V203(a) .......... 60.0 0.7265 0.5002 0.56548 B = 96.75° at -196 °C [7T0Mcw]
h-V203(b)......... 60.0 0.49515 e 1.4003 e [70Der]
1-V3Os(a) .......... 62.5 0.9869 0.50416 0.6991 B = 109.478° at 25°C [80Asb)
h-V30s(b)......... 62.5 0.9846 0.560268 0.7009 B = 109.536° at 185°C [82Hon]
A'Z710  SESOn 63.6 0.56504 0.7007 1.9243 a=413%p =725°% vy = 109.4° [76Hor)
V508.ccivrirnannns 64.3 0.5470 0.7005 2.4669 a=414°p =725°%vy = 109.0° [76Hor]
L'/ {0 T O 64.7 0.5448 0.6998 3.0063 o =41.0°% B =725° vy = 108.9° [76Hor]
V7018 ceecveeinnens 65.0 0.5439 0.7005 3.6516 o=409,pB= 72.6° vy = 109.0° [76Hor]
V8015 ccvvvvrrrenan 65.2 0.5432 0.6989 3.7078 a=98.76° p = 128.39°,y = 108.93° [78Gan]
aVOz(a)............ 66.7 0.576173 0.4525696 0.538326 B =122.6148°, at 24.8 °C [79Kuc]
BVOab............ 66.7 0.455358 .. 0.284982 At 69.3°C [79Kuc]
1-VgOista)......... 68.4 1.196 0.3713 1.007 B=100.9° at -196 °C [73Kaw]
h-VgOi13(b) ....... 68.4 1.1922 0.3680 1.0138 B = 100.87°, at 20°C [71Wil]
V307 70.0 2.1921 0.3679 1.8341 B =95.61°at20°C [74Wal]
V208.ciireiianns 714 1.1610 0.4369 0.3563 . [61Bac]
Other phases
Martensite-A ... 6.7 0.3034 0.3096 c/a > 1,(c) [70Hen]
Martensite-B ... 6.7 0.3081 0.3003 cla<1l,(c) [71Ale]
Eorreerrenrerneneninsnens ~25 1.668 1.650 1.760 B =903 [80Arb]
'L 0 SN 2 ~ 54 2.608 . 0.803 - [70And2)
VgO17 e ~65.4 0.5418 0.7009 4.5213 a =393 B =74.6°% vy = 108.9° [81Kuw]
VO2-B............. ~66.7 1.74 0.864 [708at]
VO2-Ms........... ~66.7 0.9083 0.5763 0.4532 B =91.30° [73Cha2]
VO2-Tz............ ~66.7 0.4552 s 0.2852 e [73Cha2]
VO2-Ms ............ 66.8 0.4506 0.2899 0.4617 B =91L.7% [73Cha2]
VOz2-Mj4 ............ ~66.7 1.203 0.3693 0.642 B = 106.6° |'76The)
VOz2-D....ocoeue ~66.7 0.4899 0.9446 0.2916 e [74Mul]
VeOis-C............ ~68.4 0.880 s e . [708at]
VeOis-D........... ~684 119 0.367 101 B =101° [68The]
V40g....cccivenen. ~69.2 1.7926 0.3631 0.9396 s [7TO0Wil]
V409-E............. ~69.2 0.8235 1.032 1.647 e [77Gry]

(a)Below transformation temperature, Ts. (b)Above Tys. (€)From relationships based on [71Ale] and [70Hen] data.

48Aeb: F Aebi, “Phase Investigations in the System 55Ros: W Rostoker and A.S. Yamamoto, “A Contribution to
Vanadium-Oxygen and the Crystal Structure of V1202s,” the Vanadium-Oxygen Phase Diagram,” Trans. ASM, 47,
Helv. Chim. Acta, 31(1), 8-21 (1948) in German. (Crys 1003-1017(1955). (Equi Diagram; Experimental; #)
Structure; Experimental)

50Bys: A. Bystrom, K.-A. Wilhelmi, and O. Brotzen,
“Vanadium Pentoxide—A Compound with Five-Coor-
dinated Vanadium Atoms,” Acta Chem. Scand., 4, 1119-

57Bur: A. Burdese, “Research on the Oxide Compounds of
Vanadium,” Ann. Chim., 47, 785-796 (1957) in Italian.
(Equi Diagram; Experimental)

1130(1950). (Crys Structure; Experimental) B69Vol:. E. Vol'f, 8.8. Tolkachev, and L.I. Kozhina, “X-Ray Dif-
538ey: A.U. Seybolt and H.T. Sumsion, “Vanadium-Oxygen fraction Investigation of Peroxides of Titanium and

Solid Solutions,” Trans. AIME, 197, 292-299 (1953). (Equi Vanadium,” Vestn. Leningr. Univ., (10), Fiz. Khim.,(2), 87-

Diagram; Experimental; #) 92(1959) in Russian. (Crys Structure; Experimental).
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61Bac: H.G. Bachmann, FR. Ahmed, and WH. Barnes, “The
Crystal Structure of Vanadium Pentoxide,” Z. Kristallogr.,
115, 110-131(1961). (Crys Structure; Experimental)

63Wes: S. Westman, “On the Lower Oxides of Vanadium,”
Acta Chem. Scand., 17(3), 749-762 (1963).(Equi Diagram,
Experimental)

64Hae: J. Haemers, “On the Electrical Conductivity of
V203,” Compt. Rend. Acad. Sci. (Paris), 259, 3740-3743
(1964). (Equi Diagram; Experimental)

85Roy: R. Roy, S. Kachi, G.J. McCarthy, O. Muller, and WB.
White, First Quarterly Report on Crystal Chemistry
Studies, Pennsylvania State Univ, Mater. Res. Lab., 24 Aug
1965; Clearinghouse Fed. Sci. Tech. Inf. Rep. AD627406
(1966). (Equi Diagram; Experimental)

65Tud: J. Tudo and G. Tridot, “On the System Vanadium-
Oxygen: Existence of a New Phase with the Composition
VOg.33,” Compt. Rend. Acad. Sci. (Paris), 261, 2911-2914
(1965) in French. (Equi Diagram; Experimental)

86Kac: S. Kachi and R. Roy, “Phase Equilibrium Studies and
Transitions in the System V203-V205,” Second Quarterly
Report on Crystal Chemistry Studies, Pennsylvania State
Univ., Mater. Res. Lab., Jan 1966; Clearinghouse Fed. Sci.
Tech. Inf. Rep. AD627468 (1966). (Equi Diagram; Ex-
perimental)

66Tod: T. Toda, K. Kosuge, and S. Kachi, “Phase Diagram of
the System VgO13, V307, and V20s,” Nippon Kagaku Zas-
shi, 87,1311-1314 (1966) in Japanese. (Equi Diagram; Ex-
perimental; #)

687Kat: T. Katsura and M. Hasegawa, “Equilibria in the V203-
VOg2 System at 1600 °K,” Bull. Chem. Soc. Jpn., 40(3), 561-
569(1967). (Equi Diagram; Experimental)

67Ken: TN. Kennedy, R. Hakim, and J.D. Mackenazie,
“Preparation and Properties of Crystalline and Amor-
phous Vanadium Pentoxide,” Mater. Res. Bull., 2, 193-201
(1967). (Crys Structure; Experimental)

68The: F. Théobald, R. Cabala, and J. Bernard, “On the
Preparation and Properties of New Phases of the
Vanadium-Oxygen System with Compositions near
V120326,” Compt. Rend. Acad. Sci. (Paris) C, 266, 1534-1537
(1968) in French. (Meta Phases; Experimental)

69Cam: M. Cambini, M. Heerschap, and R. Gevers, “On the
First Vanadium-Oxygen Suboxide Phase (VO,) by Means of
Electron Microscopy, Electron Diffraction, and X-Ray Dif-
fraction,” Mater, Res. Bull., 4, 633-642 (1969). (Equi
Diagram; Experimental)

70And1: J.S. Anderson and A.S. Khan, “Phase Equilibria in
the Vanadium-Oxygen System,” J. Less-Common Met., 22,
209-218(1970). (Equi Diagram; Experimental)

70And2: B. Andersson and J. Gjgnnes, “Ordered Phases in
the Monoxide Region of the Vanadium-Oxygen System,”
Acta Chem. Scand., 24(6), 2260-2252 (1970). (Crys Struc-
ture; Experimental)

70Ban: M.D. Banus and T.B. Reed, “Structural, Electrical,
and Magnetic Properties of Vacancy Stabilized Cubic 'TiO’
and 'VO,'” The Chemistry of Extended Defects in Non-
Metallic Solids, L. Eyring and M. O’Keeffe, Ed., American
Elsevier, New York, 488-5621 (1970). (Crys Structure; Ex-
perimental)

70Der: PD. Dernier, “The Crystal Structure of V203 and
(Vo.p62Cro.038)203 near the Metal-Insulator Transition,” J.

O-v

Phys. Chem. Solids, 31,2669-2675 (1970). (Crys Structure;
Experimental)

70Hen: J.L. Henry, S.A. O’'Hare, R.A. McCune, and M.P
Krug, “The Vanadium-Oxygen System: Phase Relations in
the Vanadium-Rich Region below 1200 °C,” J. Less-Com-
mon Met., 21, 116-135 (1970). (Equi Diagram, Crys Struc-
ture; Experimental; #)

70Mcw: D.B. McWhan and J.P. Remeika, “Metal-Insulator
Transition in (V1-«Cry)203,” Phys. Rev. B, 2(9), 3734-3750
(1970). (Crys Structure; Experimental)

70Sat: T Sata and Y. Ito, “Reduction of V205 under
Hydrogen Atmosphere and Phase Relations of the V20;-
V203 System,” Bull. Tokyo Inst. Tech., (98), 1-13 (1970).
{Equi Diagram; Experimental)

70Wak: M. Wakihara and T. Katsura, “Thermodynamic
Properties of the V20O3-V407 System at Temperatures from
1400 to 1700 °K,” Metall. Trans., 1, 363-366 (1970). (Equi
Diagram; Experimental)

70Wil: K.-A. Wilhelmi and K. Waltersson, “On the Crystal
Structure of a New Vanadium Oxide, V40y,” Acta Chem.
Scand., 24(9), 3409-3411 (1970). (Crys Structure; Ex-
perimental)

71Ale: D.G. Alexander and O.N. Carlson, “The V-VO Phase
System,” Metall. Trans., 2, 2805-2811 (1971). (Equi
Diagram, Crys Structure; Experimental; #)

71Bel: PS. Bell and M.H. Lewis, “Non-Stoichiometric Vacan-
cy Order in Vanadium Monoxide,” Phys. Status Solidi (a),
7,431-439(1971). (Equi Diagram; Experimental; #)

71Reu: H. Reuther and G. Brauer, “On the Cubic Vanadium
Monozxide,” Z. Anorg. Allg. Chem., 384, 15656-159 (1971) in
German. (Crys Structure; Experimental)

718ui: H. Suito and D.R. Gaskell, “The Thermodynamics of
Melts in the System VO2-V20s,” Metall. Trans., 2, 3299-
3303(1971). (Equi Diagram; Experimental)

71Wik: K.-A. Wilhelmi, K. Waltersson, and L. Kihlborg, “A
Refinement of the Crystal Structure of VgO13,” Acta Chem.
Scand., 25,2675-2687 (1971). (Crys Structure; Experimen-
tal)

78Chal: T'V. Charlu and O.J. Kleppa, “High Témperature
Combustion Calorimetry. II. Enthalpies of Formation of
Vanadium Oxides,” High Temp. Sci., 5, 260-268 (1973).
(Thermo; Experimental)

73Cha2: B.L.. Chamberland, “New Defect Vanadium Dioxide
Phases,” J. Solid State Chem., 7, 377-384 (1973). (Meta
Phases; Experimental)

73Hir: K. Hiraga and M. Hirabayashi, “Long Range Ordering
of Interstitial Oxygen in Vanadium near V40,” J. Phys, Soc.
Jpn., 34(4),965-972(1973). (Equi Diagram, Crys Structure;
Experimental)

78Kac: S. Kachi, K. Kosuge, and H. Okinaka, “Metal-In-
sulator Transition in VrOg,_1,” J. Solid State Chem., 6,
258-270(1973). (Crys Structure; Review)

73Kaw: 1. Kawada, M. Nakano, M. Saeki, M. Ishii, N.
Kimizuka, and M. Nakahira, “Phase Transition of VgO1s,”
J. Less-Common Met., 32, 171-172 (1973). (Crys Structure;
Experimental)

73Sly: N.P. Slyusar', A.D. Krivorotenko, E.N. Fomichev, A A.
Kalashnik, and VP Bondarenko, “An Experimental Study
of the Enthalpies of Vanadium Trioxide (V203) and Pen-
toxide (V205 at High Temperatures,” Zh. Fiz, Khim.,
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47(10), 2706 (1973) in Russian; TR: Russ. J. Phys. Chem.,
47(10), 1625 (1973). (Thermo; Experimental)

74Hir: M. Hirabayashi, 8. Yamaguchi, H. Asano, and K.
Hiraga, “Order-Disorder Transformations of Interstitial
Solutes in Transition Metals of IV and V Groups,” Order-
Disorder Transformations in Alloys, H. Warlimont, Ed.,
Springer Verlag, Berlin, 266-305 (1974). (Crys Structure;
Review)

74Mul: J. Muller and J.C. Joubert, “Synthesis in Hydrother-
mal Conditions and Characterization of the Vanadium
Oxyhydride V3* OOH and of a New Allotropic Variety of the
Dioxide VOs,” J. Solid State Chem., 11, 719-87 (1974) in
French. (Meta Phases; Experimental)

74Wal: K. Waltersson, B. Forslund, K-A. Wilhelmi, S.
Andersson, and J. Galy, “The Crystal Structure of V307,”
Acta Crystallogr, B, 30, 2644-2652 (1974). (Crys Structure;
Experimental)

74Wat: D. Watanabe, B. Andersson, J. Gjbones, and O.
Terasaki, “Determination of Structure Factors of Disor-
dered Vanadium Monoxide Crystals by the Intersecting
Kikuchi-Line and Critical-Voltage Methods,” Acta Crystal-
logr. A, 30, 772-776 (1974). (Crys Structure; Experimental)

76Fro: E. Fromm and R. Kirchheim, “EMF Measurementsin
the Oxygen Systems of the Va-Metals with a ThO2Y203
Solid Electrolyte.” Z, Metallkd., 66, 144-150 (1975) in Ger-
man. (Equi Diagram, Thermo; Experimental)

75Hir1: K. Hiraga and M. Hirabayashi, “ Crystal Structure of
Vanadium Suboxide V201" J. Solid State Chem., 14,
219-228(1975). (Crys Structure; Experimental)

76Hir2: K. Hiraga and M. Hirabayashi, “Crystal Structure
and Phase Transformation of the Vanadium-Oxygen Sys-
tem near VOo.1,” Trans Jpn. Inst. Met,, 16, 431-440 (1975).
(Equi Diagram, Crys Structure; Experimental)

750pp1: H. Oppermann, W. Reichelt, and E. Wolf, “Thermal
Analysis in the System VO2-VOg2;5,” Thermal Analysis, 1,
Proc. Fourth Int. Conf. Therm. Anal., 1974, I. Buzas, Ed.,
403-412(1975). (Equi Diagram; Experimental)

760pp2: H.Oppermann, W. Reichelt, V. Gerlach, E. Wolf, W.
Briickner, W. Moldenauer, and H. Wich, “The Range of
Homogeneity of VO2 and the Influence of the Composition
of the Physical Properties. I. The Preparation of Defined
VOzand the Determination of Its Phase Boundaries,” Phys.
Status Solidi (a), 28, 439-446 (1975). (Equi Diagram; Ex-
perimental)

75Vas: [.A. Vasil'eva, I.S. Sukhushina, and R.F. Balabaeva,
“Thermodynamic Properties of V,02,-1(n = 4t09) at High
Temperatures and at 298.15 K,” J. Chem. Thermodyn., 7,
319-328(1975). (Thermo; Experimental)

76Hor: H. Horiuchi, N. Morimoto, and M. Tokonami, “Crys-
tal Structuresof V,,02,-1(2 < n < 7),” J. Solid State Chem.,
17,407-424(19786). (Crys Structure; Experimental)

76Ste: G.L. Steckel and C.J. Altstetter, “Solubility and Ther-
modynamic Properties of Vanadium-Oxygen Solid Solu-
tions,” Acta Metall., 24, 1131-1136 (1976). (Equi Diagram,
Thermo; Experimental)

76The: F. Théobald, R. Cabala, and J. Bernard, “Test of the
Structure of VO(B),” J. Solid State Chem., 17, 431438
(1976) in French. (Meta Phases; Experimental)

76Vas: I.A. Vasil’eva and Zh.V. Granovskaya, “Ther-
modynamic Properties in the Region of Homogeneity of

Vanadium Monoxides and the Oxide VOq.54 in the Range
1173-1373Kand at 298K,” Zh. Fiz,. Khim., 50(6), 1450-1453
(1976) in Russian; TR: Russ. J. Phys. Chem., 50(6), 876-878
(1976). (Equi Diagram; Experimental)

77Dzi: R. Dziembaj and J. Piwowarczyk, “Oxygen Equi-
librium Pressure above the V205, Oxide System at 600 °C
(x < 0.43),” J. Solid State Chem., 21, 387-392(1977). (Ther-
mo Diagram; Experimental)

77Gry: G. Grymonprez, L. Fiermans, and J. Vennik, “Struc-
tural Properties of Vanadium Oxides,” Acta Crystallogr. A,
33, 834-837(1977). (Meta Phases; Experimental)

770pp: H. Oppermann, W, Reichelt, G. Krabbes, and E. Wolf,
“On the Transport System V-O-Te-Cl and the Transport
Behavior of the Vanadium Oxides with TeCly. (II) The
Chemical Transport of the Magnéli Phases VnOg,_1, of
Vg011, and of V20s,” Krist. Tech., 12(9), 919-928 (1977) in
German. (Equi Diagram; Experimental)

78Gan: J.R. Gannon and R.J.D. Tilley, “Microstructures Oc-
curring in Reduced Vanadium Dioxide,” J. Solid State
Chem., 25,301-307 (1978). (Equi Diagram; Experimental)

79Kuc: D. Kucharczyk and T. Niklewski, “Accurate X-Ray
Determination of the Lattice Parameters and the Thermal
Expansion Coefficients of VO3 near the Transition
Temperature,” J. Appl. Crystallogr, 12, 370-373 (1979).
(Crys Structure; Experimental)

798mi: J.F. Smith, “Analysis of the Thermodynamics and
Phase Relationships of a Portion of the Vanadium-Oxygen
System,” lowa State Univ. Sci. Technol., Rep. IS-M-212,
CONF-790560-1(1979). (Thermo; Review; #)

80Arb: M.P Arbuzov, N.T. Bugaichuk, and B.V. Khaenko,
“Crystal-Geometrical Characteristics of Phases of the
Series ~V40-V20,” VINITI Dep. Pub. No. 3127-80 (1980)
in Russian. (Crys Structure; Review)

80Asb: S. Asbrink, “The Crystal Structure of and Valency
Distribution in the Low-Temperature Modification of
V30s5. The Decisive Importance of a Few Very Weak
Reflexions in a Crystal-Structure Determination,” Acta
Crystallogr. B, 36, 1332-1339 (1980). (Crys Structure; Ex-
perimental)

80Vas: I.A. Vasil'eva and I.S. Sukhushina, “Thermodynamic
Properties of the Oxide V307,” Zh. Fiz. Khim., 54(9), 2251-
2254 (1980) in Russian; TR: Russ. J. Phys. Chem., 54(9),
1284-1286 (1980). (Thermo; Experimental)

81Arb: M.P Arbuzov, N.T Bugaichuk, and B.V. Khaenko,
“Phase Relations in Alloys Based on Vanadium Monoxide,”
Izv. Akad. Nauk SSSR, Neorg. Mater., 17(3), 448-451 (1981)
in Russian; TR: Inorg. Mater., 17(3), 300-302 (1981). (Equi
Diagram; Experimental; #)

81Kuw: H. Kuwamoto, N. Otsuka, and H. Sato, “Growth of
Single Phase, Single Crystals of V9017,” J. Solid State
Chem., 36, 133-138(1981). (Crys Structure; Experimental)

82Hon: S.-H. Hong and 8. Asbrink, “The Structure of the
High-Temperature Modification of V305 at 4568 K,” Acta
Crystallogr. B, 38, 713-719 (1982). (Crys Structure; Ex-
perimental)

82Ran: M.H. Rand, “The V-V203”, Comm. Eur. Commun.,
Rep. EUR 7820, Pt. 2, 16-1-16-20 (1982) (Equi Diagram,
Thermo; Review).

82Vas: 1A Vasil'eva and AN. Seregin, “Partial Ther-
modynamic Properties of Vanadium Oxides in the
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Al-Am
Homogeneity Region of the vy- and §-Phases,” Zh. Fiz. Khim., 57(7), 1624-1627 (1983) in Russian; TR: Russ. J,
Khim., 66(6), 1374-1377 (1982 in Russian; TR: Russ. J. Phys. Chem., 57(7), 987-988 (1983). (Thermo; Theory)
Phys. Chem., 56(6), 837-839 (1982). (Thermo; Experimen- 86Fer: M.J. Ferrante and R.V. Mrazek, “High-Temperature
tal) Relative Enthalpies of V205,” U.S. Bur. Mines Rep. Inv.

83Vas:1.A. Vasil’‘evaand A.N. Seregin, “Thermodynamic For- RI9039(1986). (Thermo; Experimental)
mation Functions of Oxides in the V-VO System,” Zh. Fiz.
#Indicates presence of a phase diagram.

V-0 evaluation contributed by H.A. Wriedt, 148 Washington St., Pittsburgh, PA 15218. This work was supported by ASM INTERNATIONAL.
Part ofthe literature search was provided by ASM INTERNATIONAL. Professor J.F. Smith of Iowa State University kindly supplied bibliographic
material and reprints. Literature searched through 1985. Dr. Wriedt is the ASM/NIST Data Program Category Editor for binary oxygen alloys.

The Al-Am (Aluminum-Americium) System

By M.E. Kassner
Lawrence Livermore ‘rjlational Laboratory
an
D.E. Peterson
Los Alamos National Laboratory

A phase diagram is not available for this system, which Cited References

was reviewed by [Moffatt]. Two intermediate phases ,
have been verified—AmAlz by [76Ald] and AmAlg by ~ 78Ald: AT Aldred, BD. Dunlap, . Lam, and G K. Shinoy,
[82Con]. Crystal structures for Am-Al phases are rystal Structure and Magnetic Properties of Americium

A . . A : Laves Phases,” Transplutonium 1975, W. Miller and R.
}Il‘zi)elg én Table 1, and lattice parameters are given in Lindner, Ed., North-Holland, Amsterdam, 191-195 (1976).

(Experimental)

82Con: WV, Conner, “Investigation of Americium - 421 Metal
Alloys for Target Applications,” Nucl. Inst, Methods, 200,
55-66 (1982). (Experimental)

Table1 Am-Al Crystal Structure Data

Compaosition, Pearson Space Strukturbericht
Phase at.% Al symbol group designation Prototype Reference
GAM(R)..eveieiiereerenns 0 hP4 Pégmmc A3’ aLa [Massalski]
BAMD) ... 0 cF4 Fm3m Al Cu [Massalski]
YAM(C) ...oovevvinirinnns 0 cl2 Im3m A2 w [Massalskil
AmAlg......ccoovvvveeinrenne 66.7 cF24 Fd3m C15 CuzMg [76Ald}
AmAlY....oociiiiienninne 80 ) ... . ... [82Con]
Al.oorriiiiriiiierieee 100 cF4 Fm3m Al Cu [Massalski]
(a) Up to <769 °C. (b) From 769 to <1077 °C. (e) From 1077 to 1176 °C. (d) Orthorhombic.
Table2 Am-AlLattice Parameter Data
Composition, Lattice parameters, nm

Phase at.% Al a b c Comment Reference
QA ..c.oovveiirennennee 0 0.34681 . 1.1241 At 25°C [Massalskil]
BAM ..o 0 0.4894 . . At >769°C [Massalski]

A ..ooiiiieireeiniens 0 . . At >1074°C |Massalski)
KmAlz ...................... 66.7 0.7861 At21°C [76Ald]
AmAlY.....oooviie. 80 0.442 0.626 1.366 At21°C [82Con]
Y-\ TN 100 0.40496 . e At 25°C [Massalskil]

Al-Am evaluation contributed by M.E. Kassner, Department of Chemistry and Materials Science, Lawrence Livermore National Laboratory,
Livermore, CA 94550 and D.E. Peterson, Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87645.
This work was performed under the auspices of the U.S. Department of Energyby the Lawrence Livermore National Laboratory under contract No
W-7405-ENG-48. Literature searched through mid-1987. Dr. Kassner is the ASM/NIST Data Program Contributing Editor and Dr. Peterson is the
ASM/NIST Data Program Category Editor for binary actinide alloys.
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