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Polymorphism of Bismuth Sesquioxide. II. 

Effect of Oxide Additions on the Polymorphism of Bi20 a 

Ernest M. Levin and Robert S. Roth 

Th e effect of small oxid e a dd it ions on t he p olym orphism of Bi,03 was studied by m eans 
of high-temperature x-ray diffrn,ctom etry. Soli d us and occasiona l liq uidus temperatu res 
were approximated, so t hat tentat ive partial phase diagra ms for 33 ox ide addil ions were 
constru cted. Only t he mon ocli nic and t he cubic f orms of B i,0 3 were found to be stab le. 
Oth er phases, frequ en tly reported by p revious in vestigators, such as tetragona l and body­
centered cubic (b .c.c.), were shown to form m etastably fr om cooled liquid or eu bie. Au 
impure b. c.c. phase of distin ct but varia~~e eompos i ~ion apI;eared in systems of ZnO,. PbO, 
13 20 3, AI,03, Ga203, Fe,0 3, S10 " GeO" 110 " a nd 1 , 0 5, lhe Imp ure b.c.c. p hase 111 t he 
s~' stems with SiO" GeO" and TiO, melted congruently about 100 ° C above the m .p. of 13 i,0 3' 
Th e imp ure b.c.c. phase was formed m etastably in s.vstems wit h R.b20, N iO, MnO, Cd O, 
V,0 5, an d Nb,0 5; t he cond it ions of fo rmation we re dependent on COHlposit ion, preparation, 
and heatin g sched ules. The impure b.c.c. p hases, bolh stabl e and metastable, had sm aller 
uni t cell dim ensions l han thal of pure Bi,0 3' 

1. Introduction 

Par t I of this paper wns an attempt to clarify th e 
stable and metastable rehttionships of pure Bi 20 3• 

It can be seen in table 1 of th nt par t, however , t hat 
seveml investigators [1 ,2,3]1 hnve repor ted phnses 
of Bi,0 3 which con tained, or were con tamin ated by, 
other oxides. Sillen [1] ob tained a body centcr ed cu­
bic (b.e.c. ) form by fusing Bi20 3in porcelain, or wi th 
Al20 3 or F e20 3, for 5 min at 900 °C. H e sugges ted the 
unit cell formula M e2Bi240 4o, Fusion of Bi20 :;in a por­
celnin crucible for 20 min yielded cubic Bi20 a. Schumb 
and Rittner [2] nlso ob tained the impure b .e.c. ph nse 
by fusin g Bi20 a at 875 °C in porcelain or with Si02. 
By quenching the fused mixture in water, they 
produced an impure cubic (C) phase. Gatto w and 
Schroder [3] repor ted impurity forms of b .c.c., C, 
and teLragonal-symmetry, designated respectively, 
as /,*,15* , f3*. 

The previous work can be ques tioned on two 
grounds: Firstly, in mos t cases the exact compo­
sit ions were not controlled and wer e no t known ; 
secondly, in no instances were the phases studied at 
temperature and, consequently, might not repre­
sen t stable equilibrium phases. Quenched liquid s, 
for example, could hardly be expected to give 
equilibrium phases fo), any tempentture. Furt her­
more, as the stable phases of Bi20 a have b een shown 
to be monoclinic and cubic-bismu t il oxide, any 
other phase, e.g., impure tetragonal (Tet) or b.c.c. 
must r epl'esen t either a me tnstable form of Bi20 a or 
a discrete phase, whose composition limits does not 
include Biz0 3. 

The m ajor objective of this por tion of the study, 
therefore, was to ob tain information on the impure 
forms of bismuth oxide, in par ticular , on the b.c.c. 
phase. To eliminate obj ections applicable to pre-

1 Figures in brackets indicate tho literat ure rrfcrcnces at 010 end Oftllis paper. 
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vious work, mixtures were formulated from pure 
materials and of known composi tions and wer e 
studied in a high-temperature x-ray diffractometer 
furn ace. 

2. Materials and Methods 

2 .1. Materials 

For the admixture s tu dy, reagen t gradc chemi­
cals (ACS) or those of higher purity were used . 
Star ting materials for formulating oxid e mixtures 
wi th Biz0 3 wel'e as follows: LizC0 3, Rb2COa, NiO, 
ZnO, UdO , MgO, CaCOa, SrCOa, BaC0 3, P bO, 
BzOa, AlzOa, Ga20 3, F e20 3, Mn COa, Sb20 3, LU20 3, 
Sm20 a, L azOa, Si02, Oe0 2, '1'i02, '1'eOz, Sn0 2, Z1'0 2, 
CeOz, P20 5, V 20 5 , Sb20 5 , T a20 5, Nb20 5, C1'20 a, VV0 3, 
and ~![oOa . These materials were chosen from crystal 
chemistry cOllsiderations, such as charge, ionic 
radius, coordin ation number , and polarizability of 
the cations. 

2.2 . Preparation of Mixtures 

Binary mixtures were formulated from Bi20 3 and 
a second substance, to give an atomic ratio in most 
cases of 12Bi to fM e, wb er e M e r epresents the 
second cation. The in ten t was to de tel' 111 ine which 
oxides formed Sillen 's [1] impure b .c.c. phase at the 
above ratio. Thus for monovalent, trivalen t, and 
pen tavalen t cations, oxide compositions would cor­
respond to 12Bi20 3:M e20 , 12Bi20 a:M e20 3, and 
12Bi20 a:Me20 5' For divalen t, tetravalent , and 
hexavalent cations, oxide compositions would cor­
respond to 6BizOa:M eO, 6Bi20 3:Me0 2, and 6Bi20 3: 
~![e03 ' Additional compositions were prepared in 
many of t he systems, as designated on the incli­
vidual phase diagrams. 



Preliminary treatment of the mixtures consisted 
of three cycles of grinding together calculated 
amounts of the starting materials , pressing the 
material in a mold, and then heating the disk at a 
temperature below the solidus, as described in 
previous publications [4 ,5]. 

2.3. Apparatus 

The high-temperature, x-ray diffractometer 
furnace noted in Part I was used also for the ad­
mixture study. The modification of the sample 
holder [6] which permitted the use of a thin layer 
of powered specimen was of especial importance for 
this part of the study. X-ray diffraction patterns 
of crystalline phases could be obtained in the pre­
sence of liquid, which did not flow off the platinum 
holder. Thus, it was possible to approximate 
solidus temperatures ( ± 10 °) and under favorable 
conditions even the liquidus temperatures. 

3. Results and Discussion 

3.1. Phase Diagrams 

a. General Remarks 

The data obtained by use of the high-temperature 
x-ray furnace can be presented in the form of phase 
diagrams, as shown in figures 1 through 6. Arrange­
ment of the figures is according to the Periodic 
Table. Within each figure, diagrams are arranged, 
in general, according to a combination of the Periodic 
Table subgroups and ionic radii of the atoms. As 
no table of data is given, figure captions include 
selected notes. In most instances, the rate of 
disappearance of old phases and of the appearance 
of new ones on the indicated boundary curves was 
not rapid but took place over a temperature interval. 
Phases which have been interpreted as nonequili­
brium ones are not shown in the diagrams. 

It is emphasized that these phase diagrams 
represent the best interpretation of the data within 
the limitations of the experimental method. The 
major limitation is due to volatility oJ the samples 
or of the constituents. The high surface-to-volume 
ratio inheren t with a thin film method, increases 
the effect oJ volatilization on composition. Thus, 
verification of equilibrium by long soaking periods, 
especially at high temperatures, was precluded. 

h. General Conclusions 

From inspection of all of the diagrams, several 
general conclusions become evident: 
(1) The only stable phases of pure bismuth oxide 

are Mon and C. The b.c.c. or Tet phases of 
pure Bi20 a do not appear. The conclusion is 
consistent with the stability relationships 
for Bi 20 a as deduced in Part J. 

(2) Monoclini c Bi20 a shows little or no solid 
solution. 

(3) The C phase of Bi 20 a, however, may show 
extensive solid solution; and in such cases, 
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FIGURE 1. Bi,03 rich regi ons of Bi,03 - R,O systems, as 
determined fro m high-temperature x-ray diffract ion data. 

Phases : Mon- lIlOnoclinic, C-cubic, ?-unknown , Liq- liqu id 
(A ) B i,0 3-L i,0 

a- 'Prace of unknov·,rn phase observed. 
(13 ) Bi ,0 3- Rb,O 

(4) 

(5) 

a- ::\f"o second phase seen. 
b- R b, O a ppa ren tly volatili zes from liquid. 
c- Li(IUid cools to b.e.c . phase: a=1D.22A. 

the Mon to C transition temperature is 
lowered. 

Except for the CdO and PbO systems (fig. 2 G& 
H ), the effect of solid solu tion in the C phase 
is to raise solidus and liquidus temperatures. 

A b.c.c. phase distinct from that of pure Bi20 3 

appears in a number of systems. This b.c.c. 
phase may vary in composition for different 
systems (see figs. 2F, 3B & C, 4A, 5A), may 
melt congruently (fig. 4A, B & C), OL" melt 
incongruently (figs. 2H, 3A & B), and when 
sta?le is separated from Bi20 3 by a two-phase 
reglOn. 

c . Individual Phase Diagrams 

In the following section, individual figures and 
selected diagrams will be discussed. Only two alkali 
oxide systems, representing extremes in cation radii, 
were studied (fig. 1) . Both Li20 and Rb20, in the 
region studied, were simple eutectic types with no 
solid solutions. It should not be inferred, however, 
that o}'-1des of the intermediate cations necessarily 
would behave similarly . 

For oxides of the divalent cations (fig. 2) the phase 
diagrams showed a number of variations, e.g., simple 
eutectic system (A), congruently melting b .c.c. phase 
(F), incongruently melting b .c. c. phase (R) , C solid 
solution with liquidus and solidus raised (B), and C 
solid solution with liquidus and solidus lowered (H). 

In the systems with CaO, SrO, and BaO, the 
rhombohedral solid solu tion phase described previ­
ously [7 , 8] was found to be an equilibrium phase. 
Sill en and Aurivillius had found the phase in samples 
cooled rapidly from the liquid. The unit cell di­
mensions at 700 DC for the bismuth oxide-rich com­
positions of the solid solution phase are given in 
table l. 

Sill en and Sill en [9] report finding several phases 
in the Bi20 3-CdO system, one of which might be the 
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FIGURE 2. Bb03 rich regions of Bi20 3 - RO systems, as determined fl'om high-temperature x-ray diffraction data. 

Phases : Mon-monoclinic, C-cubic, b,c.c.- body-celltered cub ic, ?-Wl ­
known, Rh-rhombohedral, ss-solid solution, Liq- liq u id 
(A) Bi,O. - MgO 

a-Second phase, possibly MgO. 
(B) Bi,O.-CaO 

a-Described by Aurivill ius (1943) [7]. 
b-Cubic B i,O, ss starting to form. 
e-Cubic lli203 55 increasing; Mon 13izOa decreasing. 
d- Mo ll Bi,O, gone. 
rrho 0:1 composition slow-cooled from 700 °C (a fter 107 hr soaking period ) 
shows Single phase Rh ss . See table 1 for unit cell diillcnsions. 

(0) Bi,O,-SrO 
a- Described by Sillen and Aurivi ll ius (1939) [8]. 
b- Rh ... a increasing; 1\ l ou decreasing. See table 1 for unit cell d imellsions. 

(D) BbO,- 13aO 
a-Described by Aurivillius (1943) [7]. 
b-H,h 8B increasing; 1\ 10n decreasi ng. Sec table 1 for unit cell dimensions. 
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(E) BbO,-NiO 
a- Liq cools to b.e.c. 

. - First heat 
D--b.c.c. reheated 
_ -S uperposition of . and D. 
T - R eheated sample cooled from Jiq to 780 °C 

b-b.c,c . decomposing to Mon. 
c-Cu bic phase when cooled to room temperature shows b.c.c. 

(F ) Il i,03-ZnO 
a-No Mon detected. 
b-ZnO detected only in specimen soaked 107 hr at 700°C and then slow-

cooled. J.,J 
The two compositiollS studied indicate that the b.c.e. phase is stablet and 
melts congruently. ,Beyond this tho diagram is conjectural. 

0) Bi,O,-C'd O 
a- Possibly one of Si llen's reported CdO-B i,O, phases [9]. 
b- Liq cools to b,o.c. 

(lI) Bi,03- PhO 
a-C .. ~ L'oo ls to b .c.c . 
b-C,,+ Lill cools to b.c,c. 
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FIGURE 3. Bh03 j'ich regions of Biz0 3 - Rz0 3 systems, as determined from high-temperature x-my diffraction data. 

Phases: Mon-monoclinic, C-cubic, b.c.c.-body-centered cubic, ?-un- (E) Bi203-Mn203 (Note different composition scale.) MnCO, used as starting 
known, Rh- rhombohedral, ss-solid solution, Liq- liquid. material, and m ixture ground in alcohol, which tends to give b.c.c.[17]. 
(A) BhO,-B203 a-1sostructural with 1:2 compounds in systems of Bh03 with Fe,O" AJ,O" 

Diagram taken from Levin et a l. [4]. Oa,O" according to unp ublished work of R. S. Roth. 
a-Unreacted 2Bh03·B,03(2: 1) and Man Bh03 at lower temperatures form b-Samples at this temperature and below show b.c.c., believed to be 

single phase b.c.c. metastable, as it disappears at Man to C inversion (730°C). 
B) BhO,-AhO, c- Ylon BhO, probably stable phase (see b). 

a-1sostructural with 1:2 compounds in systems of BhO, with 1'e,O" Ga203, (F) Bh03-Sb203 
and Mn,O" according to unpublished work of R . S. Roth. a-Above about 6,10 °c oxidation state of the antimony is unknown. Start-

b-Very strong peak at d value about 2.9A; probably orientation of Bh03' ing with Sb,O" same phases occur, but solidus appears to be lower 
2AJ,03. (~855 °C). 

e-Effect of AhO, on Man to C transition temperature not determined. (0) Bh03-Lu,03 
(C) Bh03-0a,03 a-Second phase observed, with major d value at 2.95A. 

a-1sostructural with 1:2 compounds in systems of Bh03 with Fe,O" AhO" b-As Mon transorms to C, unreacted Lu,O, transforms to ? phase. 
Mn,O" accord ing to unpublished work of R. S. Roth . e-Liq+C" cools to metastab le tetragonal". 

The two compositions studied indicate that the b.e.c. phase is stable and (H) BhO,-Sm,O, 
melts congruently. Beyond this the diagram is conjectural. a-Essentially isostructural with Rh" phase in CaO-, SrO -, and BaO-

(D) 81,0, -Fe,O, (Does not obey phase rule .) BhO, systems. See table 1 for unit cell dimensions. 
a- Ylay represent metastable eu tectic between b.c.c. and metast. ble B iFe03. b-When cooled to 450 °C shows Rh,,+ tetragonal (Tet) •• (metastable) . 
b- Liquidus curve does not show maximum temperature at meltillg of c-Liq+C" cools to Tet .. +C .. (both metastable) . 

b.c.c. phase. d-Liq+C .. cools to Tet" (metastable). Single phase Tet" (19 :1) reheated 
The BiFeO, phase is believed to be metastable because t he compound to 625 °C trans forms first to C .. + Rh .. , then the C" transforms to the 
composition can nevcr be made single phase, according to the unpublished equilibrium Man phase. 
work of R. S. Roth . (I) Bi,O, -La,O, 
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a-Essentially isostruetural with Rh .. phase in CaO-, SrO -, and BaO­
BhO, systems. See table 1 for unit cell dimensions. 

b-Cools to C .. (metastable) 
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FIG URE 4. Bi20 3 l'ich regions of Bb03- RO, systems, as determined Fom high-temperature x-ray dijJractwn data. 

Phases : Mon- monoclinic, C-cubic, b .c.c.- iJody-ccntered cubic, 1-un­
known, 5s-solid f'oiution, LiQ- liquid 
(A) Bi,0 3-8iO, 

a-Unrcaciecl IV[oa transforms to C, on heating. 
Co mposition studied shows that the b.c.e. phase (6: 1) me lts congruently. 
Beyond Lh is the d iagr-am is conjectural. 

(B ) m ,0 3-GeO, 
a-Unpublished work of C. R. Rol)b ins, :>I BS. 
CompOSitions studied show tha.t the b.c.c. pha~e melts co ngruently, near 
to but not necessa rily at the 6:1 co"'posiLion. 

(C) BI,03-'J'iO, 
CompOSitions studied show that the b.c.c. pha~c melts co ngruently, ncar to 
but not necessaril y at the 6:1 compositiOll. 

(D) BI,03-8110, 
a-Compound describ~d by R. R. Roth [14]. 
b- 1: 2 + Liq cools to 1: 2 + M Oll + b.c.c. (trace) . 
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(E) 

(F) 

(G) 

Hb03-TeO, 
Oxidation sta te of tellurium a t high temperature is un known. 
a-Unknown composition, apparently of cubic sY lllln cLry. 
b-Unit cell dimensions at 700 · C: C'" !l=5.6JA; ?, a=5 .57A 
13i,0 3- ZrO, 
a- Zr0 2 does not show in x-ray pattern below solidus. 
b- Liq + ZrO, (Man ) cools to TeL Ri,O,,,. 
No b.e.c. foulld in this systelll although reported by Aurivillius and Bil­
len [15[. 
Bi,0 3-CeO, 
No b.e.c. found in this system although reported by Aurivillius and Sil-
16n [15] . 
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unknown phase in the present study of the cadmium 
oxide system (fig. 2G) , 

The PbO-Bi20 a system (fig, 2H) is interesting for 
several reasons. It varies significantly from the 
reported phase diagram of Belladen [10, 11]. The 
latter shows neither the Mon to 0 transition, nor the 
solid solution of PbO in Bi20 a, nor the b .c.c. phase 
at the 6Bi20 a·PbO composition . It is evident from 
the present diagram that the molal heat of fusion of 
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FI GU RE 5. Bi,0 3 rich regions of Bi20 3- R20 ; systems, as 
determined from high-tempe1'ature x-ray diffraction data. 

Phases: Mon- monclinic, C-cubic, C'-pseudocubic, b.c .c.-body-centered 
cubic, ?-wlkn owll , ss-solid solut ion, L iq- liquid 
(A) Bi,03-P ,O, 

a-The b.c.c. phase decreases marked ly in amouut at about 815 °C, but 
persists in di minishing anlou nts to about 850 °C. It is possible, therefore t 
t hat the tme solidus is at 850 °C and (1) a 2-phase region of C" +? exists 
between 815 ° and 850 °C or (2) t he decomposition temp. of b.c.c. should 
be raised to 850°C. 

b-The Mon to C transit ion with the high-temp. x ray occurs at about 
720 °C. However, a sample lleld at iOO °c for lOi hr and slow-cooled 
does not show Mon. Therefore, t he temperature of the Mon to C inver­
sion is in douht. 

(il) Bh 0 3-V20, 
A more complete phase diagram co u.ld not be postulated because of incon­
sistencies in the temperatures of t ra nsitions and the relative anlounts of 
phases present . 
a-b.c.c., if a stable phase; otherwise, unknown phase . 
b- Above 815 0 , on ly CS~ ; between 715 ° and 815 °e, C~~ + b .c.c.; below 715 °0, 

phases present depend on previous heat trea tment. Stab ility and 
approximate e0111posit ion of b.c.c. could not be ascertained. 

c- Css cools to b.c.c. 
(C) .8i,0 3-Ta,05 

a-Apparently cub ic symmetry; composition may correspond to C' phase 
in B iz0 3-Nb,O, system ll7] (about 4:1). 

b- Liq + C" cooled slowly sholVs only C" at all temps. 
c-Because of non reversibility (see b), this boundary may actually be much 

lower, as in the Bi,03-Nb20, system (D ) . 
(D ) B i,0 3-Nb,O, 

" - Values ta ken from phase diagram of Roth and Wa ring [17]. 

BizOa calculated by Kelley [12] from the liquidus 
curve of Belladen 's diagram (6800 cal/mole) is in 
error. The molal heat of fusion of Biz0 3 was 
discussed by Levin and McDaniel [4] . 

With regard to the systems of bismuth oxide with 
oxides of the trivalent cations, the Bi20 3-B20 a system 
(fig. 3A) was reported previously [4] , as determined 
by the quenching technique. However , one com­
position , 12Bi20 3 : B20 a, was used to compare both 
methods and to show that agreement was satis­
factory. 

Apparently isostructural 1:2 compounds were 
found in systems of Bi20 a with Al20 3 (fig. 3B), 
Ga20 a (fig . 30), and Mn20 3 (fig. 3E ) . An isostruc­
tural 1:2 compound also exists in the Bi20 a-Fe20 a 
system; however , the high-temperature x-ray study 
revealed only a 1: 1 compound (fig. 3D). The 
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FIGURE 6. Bi20 3 rich regions of Bi20 3 - R03 systems, as determin ed from h1:qh-temperature x-ray diffraction data. 

Phases: Mon- monoclinic, C-cubic, ss-solid solution , ?-unJ.:nown, Liq­
liquid 
(A ) Bh03-Cr03 

Compositions formulated fWln Cr20 3. Diagranl sho wn on Cr03 bas is be­
cause on calcining, specimens changed in color from green to red , a nd ? 
p hase is siInHar to that fonned with the hexavalent ions. 
a-Unknown cOlnposition, apparenLiy pseudotetragonal (similar to the 

phase in the Bh03-Mo03 and B{z03- W03 systems). 
b- Phases found at these temps. do not agree en ti rely with postulated 

phase boundarics, because system may be pseudob inary. 
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(B ) 

(C) 

Bh03-Mo03 
a-Unknown composition, apparently pseudotetragonal 

phase in the Bi,03-Cr0 3and Bi,03- W03syslems). 
b- Reversib ili ty demonstrated with high-temp. x ray. 
il i,03- W03 
a-Unknown composition , a pparently pseud otetragonal 

phase in the Bi,03-Cr03and B{z03- Mo03systems). 
t - Reversibility deTllOllstrated with high-teulp . x ray. 

(similar to the 

(similar to the 

I 
J 



TABLE 1. Unit cell demensions of rhombohedral phases f ormed in Bi,0 3 systems 

Final Ionic Unit cell dimensions 
Oxide Starting composition heat Additional pllases present radius of 

addition treatment 

°e/hr 

CaO' 6Bi,0" CaO 700°/107 None 
SrO • . b 19BhO,,2SrO 699°/144 Mon Bi,O, (modera te) 
BaO' 613hO"BaO 700°/107 b.c.e. HilO, (small) 
Srt1 20a 12BhO,:Sm ,O, 700°/107 tr? 
La,O, 12BhOa:Lu20a 700°/107 b .c.c. Bh O, (m oderate) 

• Rhombohedral phase dcscribed by Aurivillins [7J. 
b Rhombohedral phase described by Sillen and Aurivillins [8J. 

BiFe0 3 phase is believed to be metastable, because 
according to the unpublished work of R . S. Roth, 
the compound composition can never be m ade single 
phase. It should also be noted that the portion 
of the diagram to the right of the b. c.c. phase does 
not obey the phase rule. Royen and Swars (1 3J 
who also have stud ied this system reported two 
Tet phases of approximately 30:1 and (12- 13) :1 
compositions, a b. c.c. phase of composition 15 : 1, 
as well as 2: 1 and 1: 1 compounds . The present 
work does not substantiate the 30: 1, (12- 13): 1, and 
2: 1 compounds; and the composition of the b .c.c . 
phase appeared slightly greater than 24Bi20 3: F e20 3' 
As Royen and Swars obtained their compound s from 
fused mixtures, it is believed that som.e of t hem 

I represented m etastable states. 
The system with the rare ear th oxides Sm20 3 (flg. 

3H ) and La20 3 (fig. 31), showed the same rhombo­
hedral solid solution phase as was found in the CaO, 
81'0 , and B fI,O systems (flg. 2B- D ) . The unit cell 
dimensions fl,re given in table 1. The phn.se did not 
form in the LU20 3 system (fig. 3G) nol' in the M gO 
system (flg. 2A); consequently, the minimum cationic 
radius required for formation of this phase lies be-

I tween that of LuH and CaH or between 0.85 and 
0.99A (Ahrens). 

In the systems s tudied with th e group IV cations 
(fig. 4), Si0 2 (A), Ge02 (B), and Ti0 2 (C) showed 
a congruently melting b. c.c. phase at or near the 
6: 1 composition . The phase diagrams provide pos­
iti ve proof, for the first time, that the impure b.c.c. 
phase is a discrete composition and not a solid 
solution phase of Bi 20 3. 

The Bi20 3-8n02 system (fig. 4D) contains a 1:2 
compound described by R. 8. Roth (14J as having 

I a distorted pyrochlore-type structure. 
No b.c.c. phase was found in the Zr02 and Ce0 2 

systems , although this phase was obtained from 
fused mixtures by Aurivillius and 8 illen (15J. As 
will b e discussed later under the b. c.e. phase, cool­
ing of the liquid or C phfl,ses tends to form metastable 
phases. 

I In the group V cations (fig. 5) , systems with 
P20 5 (A ) and V20 S (B) showed in consistencies which 
could no t be reconciled, and these di agrams are most 
questiollftble. The systems with Ta20 s (C) and 

I Nb20 s (D ) arc similar, alld it is possible that th e 
boundary curve in the T a20 s sys tem between (Css + ?) 
and Css should desce nd continuously as in the 
Nb20 s sys tem (see band e in legend to fig. 5C). 
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cation 
(Ahrens) ITexagonal Uhom bohedral 

a c c/a a " A A A 
0.99 3.94\ 27.9, 7.09 9. 590 23°44' 
1.12 3.95, 28. O. 7.11 9.63, 23°40' 
1. 34 3.97, 28.5. 7.18, 9. 78. 23°26' 
1. 00 3.950 27.9, 7.07 9. 58, 23°46' 
1. 14 3.97, 28.10 7.07 9.64. 23°48' 

Finally, in the Bi20 3- R03 systems (fig. 6), t he 
three systems studied are similar , including the occur­
rence of a phase of apparently pseudo tetragonal 
symmetry but of unknown composition . Gattow 
(16J prepared a mixed oxide 2Bi ~03·Mo03' by pre­
cipitation from solution , and studied it by means of 
x-ray and thermal analysis. B ecause of insufficient 
data, however , it was not possible to compare the 
unknown phase in the present study with Gattow's. 

3.2. Metastable Phases 

The results of the high-temperature x-ray experi­
ments were especially inform aLive r egarding the 
occurrence of metasta,ble phases observed at room 
temperfl,Lure in samples cooled from higher Lempera­
tures. Such informa tion is included in the figure 
captions. Illustrative examples are as follows: 
(1) Liquid cooled to a metastable b .c.c. phase in 

Bi:;0 3 systems wiLh Rb20 (see c to caption of 
fig. IB), NiO (a of fig. 2E), and CdO (b of 
fig.2G) . 

(2) Cubic or cubic solid solution cooled to a metasta­
ble b .c.c . phase in systems with NiO (c of 
fig. 2E) and V20 S (c of fi.g. 5B). 

(3) Liquid + cubic solid solution cooled to m etastable 
cubic solid solution in sysLems with La20 3 (b 
of fig. 31), T a20 s (b of fig. 5C), and Nb20 s (17J . 

(4) Liquid + cubic solid soluLion also cooled to 
metas table Tet in systems with Lu20 3 (c of 
fig. 3G), Sm20 3 (b and d of fig. 3H ), and 
Nb 20 5 [17J . 

(5) In the zirconia system, liquid + Zr02 cooled to 
metastable tetragonal. 

It is emphasized that an exhfl,ustive study of the 
formation of metastable phases was not attempted. 
In general, only one cooling cycle for a limiLed num­
ber of compositions was studied in each sys tem. It 
is apparent, however , from the frequen cy and divers­
ity of the matastable phases found , that phases 
obta,ined by the cooling of fu sed mixtures or of high­
temperatW'e forms may well r epresent nonequilib­
riull1 states at all temperatures. It is not surprising, 
therefore, tha,t previous investigators (1, 2, 13, 15J 
studyin g fused samples of unknown compositions 
obtain ed various impurity phases. Many of these 
are metastable phases and have no place in Lhe 
equilibrium diagrams. 



3.3. Body-Centered Cubic Phase 
Table 2 gives the unit cell dimensions for the stable 

and metastable b.c.c. phases of bismuth oxide 
found in this study. The unit cell dimensions were 
obtained at room temperature; and except for Rb20 
and Bi~03 (see footnotes d and e, respectively) the 
samples were heated in sealed platinum tubes 
according to the schedule given in the column under 
"Final Heat Treatment". As observed from the 
x-ray diffraction patterns, most of the compositions 
studied were not single phase but showed a second 
phase. 
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Concerning the systems with a stable b.c.c. phase, 
it is seen that an exact 12Bi to 1Me atom ratio was 
not substantiated in most cases. Except for PbO 
and B20 3, systems with divalent and trivalent 
cations would show single phase b.c.c. at ratios of 
Bi to Me greater than 12: l. Systems with the 
tetravalent ions Si4+, Ge4+, and TiH approached 
most closely tbe ideal ratio of 12Bi: 1Me, proposed 
by Sillen [1]. This conclusion is more apparen t 
from figure 4A,B,C, where the b.c.c. pbase in these 
systems is seen to melt congruently at a temperature 
about 100 DC above the melting point of Bi20 3. 
With the oxide o( the pentavalent cation , p H, the 
single phase b.c.c. composition appears to be less 
t han 12Bi: IMe (fig. 5A) . It can be seen from 
table 2 that within each valence group increased 
ionic radius of the cation is associated with increased 
unit cell dimensions of the b.c.c. phase. Unit cell 
dimensions versus ionic radius for all of the cations 
are plotted in figure 7. The general correlation 
between the two for the stable phases (solid points) 
is seen to be good, although not linear. 

FIGURE 7. Unit cell dimensions versus ionic radius f or impure 
body-centered cubic phases of B i2 0 3• 

Oxides shown in the figure refer to the impurity additions. See figures 2 
through 5 for approximate compositions of the phases. 

. -equilibrium phases 
o-metastable phases 
... . 6-uuit cell d imensions after Aurivillius and Si ll~n [15J. 

TABLE 2. Unit cell dimensions of body-centered cubic phases fonned by small additions of oxides to Bi,03 

Oxide Final heat 
addition Startin g composit ion trea tment 

---
° C/hr 

ZnO 613i,0" ZnO 700°/107 
PbO 613i,0"PbO 725 °/1 
B,O, 12B;,0"B,O, 600°/65 
AhO, 1213 i,O, : AhO, 700°/107 
Oa,O, 1213 i,0" Oa,O, 700°/107 
Fe,O, 19B i,O" Fe,O, ' 700°/3 
TJ,O, 
SiO, 6Bi,O, :SiO, 700°/107 
OeO, 613;,O,:OeO, 700°/107 
TiO, 6Bi,O, :TiO, 700°/107 
P,O, r 12Bi'O, :P,0, 700°/107 

Rb,O 1213;'0, : Rb,O 795% .1 d 
NiO Bi,O"NiO ' 785°(1 
MnO Bi,O, :MnO' 735°/1 
CdO 6Bi,0"CdO 700°/107 
Bi,O, 
ZrO, 

Bi,O, 7Roo/0.1 • 

CeO, 
V,O, 12Bi,0" V,O , 700°(107 
Nb,O, 6lli,0" Nb,O, ' 700°/3 
Nb,O, 24Bi,O" Nb,O, 0 700°/3 

a Converted from kx units . 
b Cation is tetrava lent accordin g to Aurivillius and Sillen [15J. 
o Starting materials groun d together in alcohol. 
d Sample cooled from liq. in high-temp .• x-ray furnace. 

Stable phases 

Ionic radius Levin and Aurivillius 
Additional phases present of cation 

(Ahrens) 
Roth and Sillen [15J 

A A Aa 
Trace ZnO 0.74 10.20, 
None 1. 20 10.25, 10.25 b 
Trace Bi,O,+ trace 2:1 0.23 10.12. 
Trace B;'O,·2AhO, . 51 10.16, 10.16 
rr'race BhOa·2Ga203 .62 10.176 
Trace BiFeO, .64 10.18, 10.18 

. 95 10.17 
Small amt. B;,O, . 42 10.10 • 10.10 
Trace OeO, 

I 
.53 10.14, 

None .68 10.176 
Trace? . 35 10. 16 • 

Metastable phases 

Trace Bi,O, 1. 47 10.22 
NiO 0.69 10.227 
Moderate amt. B;'O,·2Mn,O, .80 10.22, 
Trace CdO .97 10.22, 
Small amt. Mon Bi, O, L 20 f 10.268 10.264 g 

0.79 10. 23 
. 94 10.22 

Small amt. Tet . Bi,O, ss .59 10.210 
Moderate amt. cu bic (C' [17]) .69 10.19 
Tracc cubic (C' [17]) . 69 10. 26, 

e Slow-cooled in high-tmnp. , x-ray furnace. 
f Ahrens gives 0.96A, which is low. See [4J . . 
• Agrees with value obtained by Schumb & RIttner [2J. 
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An interesting and surprising finding is that oxides 
of cations so diverse in ionic radius , oxygen cOOI'dina­
tion number , and polarizability as ZnH, B3+, Ti4+ 
and PbH can form with bismuth oxide a discret~ 
phase of the same symmetry. An appealing ex­
planation is the concept of a clathrate- or cage-type 
structure, in which as postulated by Sillen [1] for 
Si2Bi240 4o, central Si atoms are surrounded by spheres 
of BiJz0 20 atoms. For the case of a central ion with 
valence different from 4, charge balance would be 
achieved through cation or oxygen adjustments. 

Regarding the metastable b.c.c. phase, the mono­
valen t ion Rb+ formed the phase on cooling in the 
high temperature x-ray experiments. The composi­
tions containing NiO, MnO, and Nb20 s, which in 
the process of preparation were ground in alcohol , 
also formed the b.c. c. phase, metastably. These 
results would scem to support the conclusion that 
an impure b .c.c. phase of Bi20 3 might be formed 
(metastably) with ITlOSt cations, under the proper 
conditions of composition, grinding, and heating 
schedules. 

It is seen from figure 7 that with the exceptio n of 
PbO the unit cell dimensions of the m etastable 
phases are larger than those of the s table phases. 
The cell dimensions . of the metas table impure 
phases, also, are less t han those for the b.c.c. meta­
stable phase of pure Bi20 3 . Therefore, the composi­
tions of the impure metastable phases cannot be that 
of pure Bi20 3. Howevcr, contrary to the case of 
the stable b.c.c. phases, no correlation exists between 
unit cell dimensions and ionic radius for the meta­
stable b.c.c. phases. The x-ray diffraction patterns 
of the b .e.c. phases of the stable and metastable im­
purity forms are similar in d spacings and in tensities 
to the pattern for pure Biz0 3 . It is a reasonable 
assumption that the structures are similar. 

To summarize (see fig. 7), the b.c.c. phase of 
pure Bi z0 3 has the largest unit cell dimensions, and 
the addition of a foreign ion to Bi20 3 tends to de­
crease the dimensions. This decrease is least for 
the larger ions, which tend to form the m etastable 
b. c.c. phase. The decrease in cell dimensions is 
greatest for the smaller ions, which tend to form the 
stable b .e.c. phase. Whereas the stable b.c.c. phases 
show correlation with ionic radius, the metastable 
phases do not. These findings are compatible with 
a cage-type structure in which a central cation, in­
cluding Bi, is surrounded by a sphere of atoms of 

, approximately Bi120 zo composition. 

4. Summary 

The imporLant phase equilibria relationships for 
the bismuth-rich portions of the phase diagntms are 
shown schemaLically in figure 8. Elements in bold­
faced Lype refer to the respective o)"ide mixtures 
sLudied . ElemenLs enclosed in heavy ouLlines repre­
sent oxides which formed the sLable b .c.c. phase with 

I bismuth oxide. Composition of Lhe b.c.c. phase was 
found to be variable for different systems, but most 
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IT ill ill :ll :Ill IlZJI 1=1 

FlG U RE. S. Summary of some phase eq11ilibria data on the effect 
of oxuZe add~twns to BJ, 0 3' E lements shown in boldfaced type 
on the P eriodic Table refer to oxide additions. 

E lements enclosed in heav~ out lines represent oxides wh ich fo rm stable body-
centered CUhlC phases with bismuth oxide: 

9-congruently lIl oitin g 
I- incon gruently JllclLin g 
D - d ecoIIIJ)OSCS 
M- meta,tab le body·centered cubic phase 
E---eutcctic-Lype sys t.em 
SSr-SOIi9 soluti~n of ~xid e i~ I3bOa, wit h sol id us and liquid us raised 
SS L-solid solutIO n, wi th solid us a nd liq uid us lowered 
Rh- rholllbohedral solid solution phase 17. ]. 

nearly approached the ideal 12Bi: 1Me raLio for 
oxides of the LeLravalen Lions Si4+ '1'i4+ and Ge4+. 
Designations in the upper I'ight-ha~d cO{'ners of Lhe 
boxes for Lhe sLable b .c.c. phases refer Lo Lhe naLure 
of l:nelting, e .. g., cOll~ruent, incongruenL , or deco m­
posltiOn. OXides of elements which formed the 
metasLable b .c.c. phase are indicated by an Iv[ in the 
upper right-hand corn el' of the box, a'nd those that 
formed the rhombohedral solid solution phase, by 
Rh. The nature of the liquidus curves is indicated 
by a designation in Lbe lower right-hand corner of 
each box, as follows: E, simple eutecLic ' ssr solid 
soluLion type wiLh liquidus and solidus l:aised' SSL 

solid solution type with liquidus and solidus low~recl : 

. The authors acl~nowledge their sincere apprecia­
LiOn to Robert Fneclman , who as a guest worker, 
summer 1961 , fr~n: the University of Chicago, pre­
pared the compOSItiOns and obtained some of tbe unit 
cell dimensions. 
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