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Assrnlcr
Polymorphic relationships as a function of temperature and ionic radius were investi-

gated for thirteen ABortype borates, including all of the normally trivalent rare earth
ions as well as La+3, Y+3, fn+3, and Mn+3. The melting points of the compounds varied
irregularly from 1660' c. for LaBo3 to 15ro' c. for EuBo:. rn general, the borate com-
pounds exhibited the same structure types as the three forms of caCor, i e., aragonite,
vaterite, and calcite. compounds of the larger ions, LaBo3 and NdBo3, shorved the arago-
nite-type structure at low temperature. These compounds were found to have a reversible
transformation at 1488o c and 1090' c., respectively. The high-temperature forms were
different from each other, and both exhibited low symmetry. The following borates showed
a stable vaterite-type phase: SmBO3, EuBO3, GdBOB, DyBOs, yBO3, HoBe3, ErBO3,
TmBOn YbBOB, and LuBOa. Above 1285" C., SmBOr inverted to the high-NdBO3 type
polymorph. Below 1310' C., LuBOs formed the calcite-type structure. No polymorphism
was observed in the eight intermediate borates. rndium borate showed only the calcite-
t'?e structure. A discussion of the factors affecting polymorphism, such as radius ratio,
density, and pressure, in addition to interpretation of infrared and structure data may ex-
plain why the vaterite-type structure is more stable in the borates than in the carbonates.
Unit cell dimensions are listed for indexed *-ray diffraction powder patterns, together rvith
limited optical data. Published r-ray powder data for vatedte are compared.

h,{rnonucrroN

The increasing availability of purified rare earth oxides has served as
an impetus to the study of systems containing these oxides. The lan-
thanide series is significant from a crystal chemical standpoint because it
consists of a large, nearly homologous chemical group within the periodic
table, in which ionic radius varies from 1.15 A for lanthanum to 0.85 A
for lutecium. Thus the effect of ionic radius can be studied on such prop-
erties as compound formation, solid solution and immiscibil i ty.

Compounds equimolar in RzOs and BzOa are of the ABO3 type. The
classic study on the "fsomorphism of Borates and Carbonates', was
made by Goldschmidt and Hauptmann (1931-32). They studied the
lanthanum, indium, scandium, and yttrium borates. Lanthanum borate
was found to have the CaCO3-aragonite type structure, whereas the
other borates were found to be of the CaCOr-calcite type structure, with
YBO3 possibly possessing a CaCOs-vaterite polymorph.

In a major study of the double oxides of trivalent elements, Keith
and Roy (1954) included a few experiments on equimolar mixtures of

* Presented at lTth Annual Pittsburgh Diffraction Conference, Nor,. 11, 12 atrd 13,
1959, Mellon Institute, Pittsburgh, Pa.

f Guest worker, summer 1959, from Vanderbilt Universitv. Tenn.
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Ianthanum, yttrium, indium, and chromium oxides with boric oxide'

They noted a high form of LaBOa but no calcite polymorph of YBOs'

None of the compounds mentioned are true rare earth borates. Thus it

is evident that phase studies in the rare earth borate systems offer a

relatively unexplored field. Such studies, along with crystal chemical im-

plications might prove helpful, moreover' in interpreting the complex

polymorphic relationships among the carbonates of divalent cations.

The primary objective of this study, therefore, was to investigate the

equimolar compositions of boric oxide and the normally trivalent rare

earth oxides. In addition, because of ionic radii considerations, Y2O3,

InzOa, and MnzOr were included. The information on ABOa polymorphs

was to serve also as a starting point for the more complete study of se-

lected rare earth oxide-boric oxide systems (Levin, et al., t96l) '

M.lrnnrar,s eNo MBruoos

Starting Materiol,s

Starting materials for the preparation of mixtures consisted of reagent

grade boric acid powder and thirteen high-purity oxides obtained either

commercially or from the Bureau of Mines. The results of general quali-

tative spectrochemical analyses of these oxides are given elsewhere
(Schneider and Roth, 1960; Schneider, 1960). The purity of the oxides,

except for YzOr (99.7Td, was better than99.9/6.

Preparation of Mirtures

Calculated amounts of boric acid and of the respective oxides sufficient

to yield, 1,2, or 3- g batches oi the 1:1 composition were weighed into

plastic containers and thoroughly blended for I hr. with a high-speed

mechanical mixer. In the preparation of mixtures, 0.3 (wt. /6) excess of

the calculated amount of boric acid (equivalent to aboft 0'2/6 excess

BzOs) was added to compensate for possible volatilization during heating.

Mixtures were pressed at approximately 20,000 psi into discs, $ in' in

diameter;fired slowly to 600o or 700o C., in covered platinum crucibles;

and ground in an agate mortar. The process of pressing, heating, and

grinding was repeated twice at successively higher temperature intervals,

up to a maximum of 900o C. Subsequent "quenching" experiments were

done in sealed platinum tubes.
The following representative samples were analyzed by the Chemistry

Division of the National Bureau of Standards: LaBOs, NdBOB, GdBOa,

TmBOa, and InBOa. Analyses were made on approximately 0.2 g sam-

ples, for BzOa only. The results indicated that the samples were deficient

in  BzOr,  about  0.5 mol /6 for  LaB03,  NdBOa, and GdBOa; about  0.75

mol/e lor TmBO3; and about 2 mol/6 for InBOs. The intermediate com-
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pounds would be expected to show similar deviations. As will be noted
later, r-ray examination also indicated that some of the heated samples
deviated slightly from the equimolar ratio of Bzor to rare-earth oxide.

Apparatus and Method,

The temperatures of polymorphic inversions were determined by the
well-established quenching technique. euenched samples were examined
mainly by r-ray diffraction powder techniques (Ni-firtered cu radiation)
using a high angle Geiger-counter difiractometer. where possibre, opti-
cal data were obtained with the aid of the polarizing microscope. Tem-
peratures were measured with a calibrated platinum versus platinum-
rhodium (10%) thermocouple and are given on the rnternational Tem-
perature scale of 1948. unless otherwise stated temperature values may
be considered accurate to within + 10' c. up to about 1300o c., and to
within + 15o C. at higher temperatures.

Melting points of the compounds were determined in air in a specially
designed, inductively heated iridium crucible (schneider, 1961). Small
fragments of material, approximately 1 to 2 mm. in length, were placed
in the covered iridium crucible and quickly cooled from variou, t.--
peratures, by shutting off the power. Temperatures were measured with
a calibrated optical pyrometer which was sighted through a hole in the
center of the crucible cover. Approximate blackbody conditions pre-
vailed, and the equipment was calibrated against the melting points of
Au (1063' c.), Pt (1769" c.) and Rh (1960" c.). Reproducibil i ty of tem-
perature measurements by this method is within + 10' c., accuracv
better than + 20' C.

Resur,rs aNo DrscussroN
General Relationships

Table 1 lists the significant quenching experiments and includes the
temperatures and periods of heat treatments, demonstrations of re-
versibility, and phases identified by r-ray analysis. The complete data
are summarized in Fig. 1, in which the cations are l isted along the
abscissa, as a function of ionic radius. The dashed lines between adiacent
compounds are postulated phase boundaries. The boundaries would
probably not be applicable for mixtures of other than adjacent com_
pounds. Melting points of the compounds, as determined with the induc-
tion apparatus, are shown by solid squares. Numerical values are given
alongside the appropriate cation designations.

The most striking result of this study is that the ABoa rare-earth
borates possess the same types of structures as calcium carbonate,
namely, aragonite, vaterite, and calcite. of particular interest is the
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existence of the vaterite type as a stable phase for ten of the borates. In

the CaCOa system vaterite is apparently only a metastable phase. It may

be noted that no one borate compound shows all three polymorphs, as in

the case of CaCOs. In fact, only LuBO3 shows two of the polymorphs,

i.e., calcite and vaterite. Lanthanum and neodymium borates both show

unidentif ied high-temperature f orms.
With decreasing ionic radius, the melting points of the ABOs tYPe

rare-earth borates decrease from a maximum of 1660* 20o C. for LaBOa
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to a minimum of 1540* 20o C. for EuBOr. The melting points, except for
YbBO3 (M. Pt .  1590+20o C.) ,  then increase to a maximum of  1650
+20" C. for LuBOs. The non rare-earth borates, YB03 and InB03, melt
at  1650*20o C.  and 1610*30o C.  respect ive ly .

The limitation in accuracy of the melting point determinations is due
not so much to the accuracy of temperature measurements but rather to
the small variation from compound composition, as revealed by chemical
analysis and by some of the r-ray difiraction powder patterns. patterns
of the compounds containing the larger ions of La, Nd, Sm, Eu, Gd, and
Dy showed a single phase. Vaterite patterns of the borates of y, I{o, Er,
Tm, and Yb showed a few weak extraneous peaks in the 26 to 30" 20 re-
gion. These additional peaks were tentatively ascribed to the compounds
of molar ratio 3 RzOa to 1 B:Os, as a result of experiments on mixtures of
TmzOr and BzOe (footnote d, Table 1). A compound of the same molar
ratio has been found in the LazOs-BzOs system (Levin, et al., 1960).
Patterns of the compounds of the two smallest ions, Lu and In, showed
free LuzOg and fn2O3, respectively, indicating that no intermediate com-
pounds form between 1:1 and RzOs.

Aragonite Type ABOs Rare-Earth Borates

Table 2 gives the indexed r-ray difiraction data for LaB03 and NdB03,
aragonite-type structures, compared with that for cacoa. The aragonite
type structure is orthorhombic, space group Pnam (No. 62), Z:4. The
unit cell dimensions determined for LaB03 are &:5.104 A, b:g.252 A,
c :5 .872  A ; fo r  NdBO s ,  a :5 .037  A ,  a :S .O7O L ,  c :5 .129  A .  f n .  powder
patterns for the three compounds are shown diagrammatically in Figure
2. For CaCOa the o axis and the b axis are smaller than for NdBOa and
LaBOa, whereas the c axis is slightly larger than for NdBOa. These rela-
tionships are indicated by the position of the 200,041, and 002 reflections.
The data of Goldschmidt and Hauptmann (Ig3l_32) (Table 2) are in
reasonable agreement with the present work. The neodymium ion is the
smallest rare earth ion to form an aragonite-type borate. The borates of
trivalent praesodymium and cerium, with ionic radii intermediate be-
tween lanthanum and neodymium, would be expected also to show an
aragonite form.

H i. gh- T em p er atur e P oly mor phs

Lanthanum borate inverted at 1488*5o C. to a high-temperature
form of low symmetry. As may be seen from Table 3, this form has the
same powder pattern as that obtained by Keith and Roy (1954) below
1560' C.; however, the optical properties discussed elsewhere (Levin, et
al., 196l) do not agree.
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ARAGONITE_TYPE A8O,  RARE EARTH BORATES

Lo 803
900"c - 2 HR

Nd BO3
l075ec-  lSHR

Co CO.- ARAGON ITE

2 0 , C u K *

Frc. 2. Diagramalic r'tay difiraction patterns of the aragonite-type ABOa borates com-

pared with CaCO:. CaCOa-aragonite after Swanson, Fuyat and Ugrinic (1954).

Neodymium, samarium, and europium borates yielded high tempera-

ture forms similar to each other but different from lanthanum borate

(Fig. 3). The *-ray powder difiraction data for the high-NdBO3 type

polymorph are given in Table 4. Neodymium borate transformed re-

versibly at 1090o C. to the high form (r.ig. 1). Samarium borate showed a

reversible transformation above 1285' C. to the high forml below 1050' C.

the high form occurred metastably. The high-temperature form of

EuBOa was never obtained as a single major phase but occurred metas-

HIGH TEMPERATURE POLYI, .4ORPHS OF ABOa RARE EARTH BORATES

roBO3
l5B0eC- gHR

NdBO3

t475"C - | HR

SmBO3

I54O"C-  IHR

,  |  !  |  |  |  |  ,  I  i  I  i  |  '  I  l -  - r -  _ l -  - l -  |  '  |  |

z f f i 3 a  4 0  4 2  4 4  4 6  4 8  n  5 2  5 4

Eu BO3
t575"C - | HR

, r l

14 16 t8 20 22 24 26 2A 30 32 34 36 38 40 42 44 46 4A 50

2 g , C u K *

Frc. 3. Diagrarqatic r-ray difiraction patterns of the unindexed high-temperature poly-

morphs of ABOa borates. LaBO3 differs from NdBO3, SnBO3, and EuBO:.
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Tesr,E 1. Pn,lsrs IonNrrlrrn rN rrre ABOa Tvpr Renr Eenrn Bonnrrs

Heat
Compound Treatmenta Time, hrs. X-Rayb

Temp,, " C.
Notes

LaBOa 700 1.5 Aragonite
1475 1 Aragonite
1525/1475c O.67/1 Arag.(l)*H-Form(s)
1490 1 H-Form
1580 0.83 H-Form

NdBOB 800 2 Aragonite
1075 18 Aragonite
ll00/1075c 2/18 Aragonite
1100 2 H-Forn
1475 1 H-Form

SmBOr 70O 1 .5 H-Form
1000 65 H-Fom
1100/1000c 15/92 Vaterite

1050 68.5 H-Form
1050 133 H-Form
1100/1050c 16/64 Vaterite
993/1080c 16/16 Vaterite (l)+H-Form (m)
1100 64 Vatedte
t500/ l240c  1 .17 lS .S Vated te

1275 1 Vaterite
1300 2 H-Form
l2O0/]3O9a 24/21 H-Form
1540 1 H-Form

EuBOs 900/850c 2/15 5 Vaterite (m)+H-Form \s./
9OO/85O/875c 2/15.5/rS YateriLe

900 2 Vareite (l)*H-Form (m)
950 15 5 Vatedte

1450 1 Vaterite
1540 0 5 Vaterite

Pattern indexed
Shows reversibility

Pattern measured

Pattem indexed
Shows reversibility

Pattern measured

Vaterite not reversible to
H-Form at lower temp.

Shows reversibility at

Measured pattern

Metastable H-Form dis-
appeared

Pattern indexed

1575 1 Vaterite (l)iH-Form (m) Sample melted

GdBOr 800 2 Vaterite
147 5 1 Vaterite
1.575 1 Vaterite

DyBOr 800 2 Vaterite
1475 0.75 Vatedte

YBOr 7OO 1 Vaterite (l)*yrOr (s)
900 2 yaterite

1100 15 Vatedte
t300 2 Vateite (l)+3YrO3.BrOad? (tr)
1580 1 Vaterite (l)*3yror.Brord? (tr). pattern indexed

e All heat treatments above 900o C. done in sealed platinum tubes.
b When more than one phase is present, the reiative amounts are given as: l:large, m:moderate, s :small,

tT:trace.
c Indicates successive heat treatments of the same sample.
d Compositions 95 mollp TMrOr, 5 m ol/6 BzOr and,66.6i mol/6 TmzOz, 33 33 mol/6 BrOa heated at 1490. C.

for t hr. showed major peaks corresponding to this unknown phase, indicating a compnund intermediate be-
tween the pure oxide and the 2 to 1 ratio wit.h BrOa.

Pattern indexed

Pattern indexed



POLYMORPHISM OF ABOS TYPE RARE EARTH BORATDS IO37

'trarn l-(conl'inued)

Heat
Compound Treatmenta Time, hrs.

Temp. " C.
X-Rayb Notes

HoBOa 900 2 Vaterite
1100 10 Vaterite
1450 I Vaterite*3Hoz0ilBzOrd? (tr). Pattern iddexed

ErBOr 700 1.5 Vatedte (l)+Erro3 (m)

900 2 Vaterite
1100 15 Vaterite (l)+3ErrorBzOrd? (s)

1300 23 Vaterite (l)+3ErrOa'BzOsd? (s) Heated in open Pt tube

1550 1 Vaterite (l)*3Erzoa BrO3d? (s) Pattern indexed

TmBOr 900 2 Vaterite
1100 lg Vaterite (l)+3TmzOa BzOad? (s)

1450 1 vaterite (l)*3TruOs'BzOrd? (m)

YbBOr 700 I .5 Vaterite (l) *YbzOr (l)

1100 15 Vaterite (l)*Ybroa (s)

1300 2 vaterite (l)+3Ybro3'Brosd? (tr)

1550 1 vaterite (l)+3YbrOs'BrOBd? (tr) Pattern indexed

LuBOs 900 2 Calcite (l)fluzOr (m)

1100 19 Calcite (l)*LuzOr (m)

1275 1 Calcite (l)+LurOs (m)

145O/1275c 1/l vaterite (l)+calcite (l)*Luzos (m) calcite to vaterite inver'

sion reversible

l2g7 l7 Calcite (l)+Luroa (m) ?attem indexed

l32o 1 Vaterite (l)*Calcite (m){LuzOa (s)

1450 1 Vaterite (l){LuzOa (m) Pattern indexed

InBOr 800 2 Calcite (l){InzOr (l)

900 18 Calcite (l)*InzOa (m)

1475 0.75 Calcite (l)*InzOr (m)

MnzOr:BrOa 600 1 25 MnOr (l)*Mnror (m)

800 5 MnrOe
900 16 Unidentified

Pattern indexed

Not a CaCOa type struc-
ture

tably in minor amounts in samples quenched from above the liquidus or

as prepared below 900o C.

V aterite-Type A BO e Borates

A brief review of the literature concerning vaterite is given in the ap-

pendix.
Table 5 gives the ,r-ray diffraction data for the ten borates found in

this study to possess the vaterite-type structure. The diagrammatic com-

parison of the difiraction patterns (Fig. 4) shows that they agree with the

CaCOs-vaterite pattern of DeKeyser and Degueldre (1950). The c axis

for CaCO3, evident from the position of the 002 reflection' is smaller than

for the borates, whereas the a axis (see 100 reflection) is larger' fn the
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Trrl-n 2. X-R.cy Drrrnecrrow Dere lon Anecowrrn-Tvpn ABOI Bourrs
(Cu Kor RalrarroN)

LaBOa"

Qa75"/ rhr.) LaBOab CaCOrd

dA F.ryo* dA F.ryo* dL F.rTo* dL RrTo*

NdBOr"
(1075' /18 hr . )

1 1 0
o20
ttl
02l
002
l 2 l
012
200
031
l r z
130
022
211
220
040
221
04r
202
132
l+l
1 1 3
Z J I

o23
222
042
310
)an\
srl)
ost/232
150
241
32r
1 5 1
223
or4/3r2

4 . 3 4
4 . r 2
3.49
3  .38
2.936
2.820
2 .765
2 .552
2.489
2 .43 r
1  A ) n

2 .391
2 253
2 . r 7 0
2.062
2.036
1 .947
r.926
1 .868

r .784

L . 7 6 9
r .745
1 .688
r.667
1 .604

r .548

r . J l /

1 . 4 5 4

3 . 4 8
3  . 3 6
2.928

2.547

2 . 4 t 5
2 . 3 9 4

2.164

2.O34
1.940
1.919
1 .863

r . 7 7 8

| .762
r .740

1.602

1 . 5 6 7
1 . 5 4 5

1  . 5 1 3

4 . 2 1

3 .396
3 .273
2  .871
2 .730
2 . 7 W
2.481
2.409
2 .372
2 .341
2.328
2.188
2. t06

r .977
1.882
r .877
1.814
1 .759
1 .742
1 . 7 2 8

l 2
4

100
M
a A

4
1 1

3 l

JJ

30
t4

.t

12
4

A 1

r7
27
J /

2 l

r7
6
4

l 1

100
52
4
9

4()

t4
38
31
6

1 1
Z J

OJ

32
25
33
4

25
I J

100
60
40

90
10

100
50
50
90

10
10

4 . 2 7  2 l
4.04 10
3.43 100
3 .30  53
2.865 20

2 .696  5
2 . 5 1 8  1 7
2 .436  5
2 .377  42

2.336 12

2.137 L6
2 .018  8
2.003 50
1.903 22
1.893 23
1.828 34

| .744  25

t .727  t4
r . 7 r 3  8
1 .651  5

1 . 5 8 1  1 1

1 . 5 1 9  t l

r .484 10
1 . 4 2 5  1 5

4
a

4
J

q

2
50

15
6

1 . 5 5 7
1 " 5 3 5

1.499
r . 4 7 5
1.466

t .4 l l

* RI is the intensity of each diffraction peak relative to the strongest peak.
" Orthorhombic cel l :  o:5.104, b:8.252, c:S.BI2 A.
b Goldschmidt and Hauptmann, p. 67 (lg3l-32) d values calculated from corrected

d values listed by authors.
" Orthorhombic cel l :  o:5.037, b:9.076, c:5.729 A.
d Swanson, Fuyat and Ugrinic (1954).
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Trern 2-(continued.)

LaBOs"
(1475" /r hr.) LaBO:b

NdB03"
(1075' /18 hr . )

dA RITa* RIT,* dA F.rTo*

J

5

| .404 3

1 .365  3
1 .358  3
t . 328  2
r .261 6
t .240 7

t . 224
1.205\

)
t .1892
1 .1712
1 .1599

dA

330
043
1 4 1

tr4
060
332
400
244
313
l J +

o62
243
153
260
421
402
351
115
025
262
314
2M
MI
423
225
334
045
M2
J ) J

1  .381
1 .358

t . 2 7 6

t . M 7  1 1
t .420 6
1 . 4 0 8  4
1 . 3 9 1  8

t .298

1 . 2 7 2
r.269
t .255
1.246
t.2409
r.2250
I.2rO9
t . r94l
r .1707
1 .1619
t.1334
r.1297
1 . 1 1 9 5
1 .1015
1 .0832
1.0673
1 .0353
r.0327
1 .0305
1.0204
1.0180
1 .0137

8
9

t9
6
7
8

10
6
3
6
5
5
6
9
3
5
5
6
6
5
5

15

5

6

6

vaterite-type borates, if the two weak reflections 101 and 103 were mrss-
ing, the c axis would be halved. In CaCOs, however, the 101 reflection is
pronounced (see Fig.4). Decreasing ionic radii of the rare earth ions
from SmBOa to LuBOe are associated with decreasing interplanar spac-
ings (larger two theta values) for corresponding reflections.

A number of the o-ray diffraction peaks, especially for angles larger

than 60o 20, were broad and difiuse rather than narrow and sharp as is

characteristic of well-crystallized material. Furthermore, the K"1 and
Koz doublets were not resolved in any of the vaterite patterns. Attempts

to obtain better material by heating in the sealed platinum tubes for
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periods of 64 hrs. at 1100" C. (SmBOr, Table 1) and23 hrs. at 1300" C.
ErB03) were unsuccessful. Likewise, S-minute heating periods in the in-
duction furnace just above or below the melting points failed to produce
sharper patterns. Study of YbBO3 with a high-temperature r-ray spec-
trometer up to 1000o C. did not reveal any inversions or improvement
of the pattern.

Optical examination showed that the vaterite-type borates had a
moderately low birefringence, about .007 for SmBOa and EuBO3, and

Tesr,B 3. X-Rev Powu;n DrrlnacrroN Derl ron rrra Hrcrr-Trupnruq.runr, Fonu
or LaBOs (Cu Ko1 ReoratroN)

Present Investigation
(1580'/3 hr.)

Keith and Roy (1954)
(below 1560')

dL F.ryo* dL F.rTo*

6.03  10
3.98  20
3.92  43
3.89  76
3 . 1 3  M
3 . 1 1  1 0 0
s .02  73
2.94  11
2 . 8 7  t r
2 .60  t3
2 .54  34
2.50  13
2.143 26
2. t35  30
2.114 10
2.092 20
2.013 11
1.962 9
1 .948 28
1 . 9 1 9  5 6
1.902 2 l
1 .872 19
1.854 t4
1 . 8 3 1  2 6
1 . 7 3 8  9
1 . 7 0 0  7
1 .631 10
1 . 6 1 3  1 3
1 . 5 8 2  7
1 . 5 5 6  1 0

5 .64  7

3.91 20

3 .10  100
3.01 90

2 .86  5

2 .54  7

2 .13  10
2.085 3
2 .O7  2
2 .01  15

1.946 5
1.916 15

1 .875  3

r .828 7

1 .610  5

# RI is the intensity of each difiraction peak relative to the strongest peak.
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Tesl-n 4. X-Rlv DrlrnecrroN Dete lon NdBOs, SmBOa ANo EuBO: Hrcn-Truper-l-
runE Por,vuonrns (CuKor Reorarror)

NdBO:
(r+75" /r hr.)

SmBOa
(1550"/1 hr.)

BuBOr'
(1575"/1 hr.)

dA F.lTo' F.ITrj dA RTTob

o . l /

5 . 1 3
4 . 2 9
3 .65
3 6 1
3 . 2 4
3 . O 7 6
2.983
2.968
2.839
2.828
2 . 7 5 3
2 . s 7 7
2 .552
2.507
2.462
2.39r
2.290
2 . r77
2. t41
2.100
2.490
2 .051
2 .018
2.000
1 .973
r.957
1 .901
1 .861
1.824
1 . 8 0 1
1 .750
r .  / J . )

r .728
r .719
1 . 6 7 4
1.654
1 . 6 3 3
1.603

16
8

52
58
49
8

100
28
33
26
52
10
18
n 7

6
6

13
9

20

10
10
9

t9
t9
10
7
9

10

13
t+
l4
t2
8
6

1 1
8
8

6 . 0 7
5 . 0 6
4 .  Z O

3 . 6 0
3  . 5 6
3 . 1 5
3 . 0 M
2 . 9 M
2.926
2.832
2 . 7 8 9
2 . 7 t 5
2 . 5 5 6
2 .53 r
2.490

2 .356
2 .264
2 .  158
2 .131

2 .070
2.026

1.997

1 .953
1 .873
r .837
I .801
1 . 7 7 9

r .728
t .697

1.613

I J

t 1
J O

72
28
13

100
27
29
20
34
10
30
4J

9

4 . 2 6
3 .60

3.04

2 . 9 r

2 . 7 7 5

48
58
J J

42

40

15
15
26
8

t2
20

2 l
2 l
20
20
2 l

14.

t 2

" Formed in quenched liquid, Vaterite is major phase present.
b RI is the intensity of each diffraction peak relative to the strongest peak.



Tasr,r 5. X-Rav Powonn DrrrnacnoN D.a.ra lon Vemnrrn-Tvpn ABO3 ReRx-
Ean:rn Bonarus (CuKor Reorlrrox)

SmBOr EuBOr
(r2oo" /24 hr.) (14s0"/1 hr.)

GdBOa DyBOr

Ga75"/1tu) (r+ts"/ ' - tu)
YBOa Keith & Roy

(1s80 ' /1  h r  )  (1es4)
hhP

Rl7obdA d;\ F.tzoh dL F:rzob d]\ F.ITor. dL l.tzob d;\ F.rzob

002
100
101
102
004
103
1 t 0
104
112
200
202
006
114
106
204
210
2 1 2
1 1 6
008
206
300
2r4
302
108

4 . 4 8  4 4  + . 4 7  3 7
3 . 3 4  1 0 0  3 . 3 3  1 0 0
3 . 1 3  9  3 1 , 2  1 0
2  6 8  9 1  2 . 6 7  9 1
2 . 2 4  1 5  2 . 2 3  1 6

2 2 2  7
1 . 9 3 0  4 8  1 . 9 2 2  4 6
1 .861 4 t  1  .856 40
1 . 7 7 3  4 1  1  7 6 6  3 4
1 672 19  1  665 16
1 . 5 6 6  2 6  1 . 5 6 1  2 l

t . 4 6 2  1 4  1 . 4 5 6
1 . 3 6 3  1 4  1 . 3 5 9
1.340 13  I  334
1 . 2 6 3  1 3  1 . 2 5 8
1 . 2 1 6  1 9  1 . 2 1 2

1 . 1 7 6

t 2
1 2
1 4
t 2
t 7
9

1 . 1 1 3  1 0  1 . 1 1 0  1 r
1 . 1 0 1  1 2  1  0 9 7  1 1
1  0 8 0  E  1 . 0 7 6  9

4 . 4 5  5 2  4 . 4 2  4 0
3 . 3 2  1 0 0  3 . 2 8  1 0 0
3 . 1 1  1 0  3 . 0 8  8
2 . 6 6  9 9  2 . 6 4  5 1
2  2 2  1 4  2 . 2 1  7
2 . 2 0  6
1 .915 42  1  896 25
1.848 49  1  834 17
1 . 7 6 0  2 3  1 . 7 4 2  1 3
1 6 5 8  1 3  1 6 4 1  9
1 . 5 5 4  2 L  1  5 3 9  9

1 . 4 5 1  1 0  1 . 4 3 8  5
1  354 15  1 .344 3
I  . 3 3 0  1 5
1 . 2 5 3  1 2  1 . 2 4 2  5
1 .208 16  1  .  195 7

4 . 4 1
3 . 2 7
s . o 7
2 . 6 3
2 . 2 0
2 1 9
1 .888
1 826
1 . 7 3 5
1 636
1 533
1 . 4 6 8
7 . 4 3 3
1 338
1  3 1 3
1 . 2 3 6
1 t90
1 .  1 5 8

1 .090
I  .078
1 058
1.042

4 375 30
3.277 100
3 . 0 6  1 0
2 6 2  6 0

2 . 1 9 5  1 0
1 .885 35
1 . 8 2  2 5
1 . 7 3  2 0
1 6 3 1  7
1 . 5 3 2  1 5

1 . 3 3 7  5
1 . 3 1 1  2
1 .3284 2
I  . 1 8 9  1 0

30
100
16
72
el
4)

87
59

1 0

2
4
6
6
5
9
2

4
5
3
2

HoBOg ErBO3
(1100" /19hr . )  (1ss0 ' /1hr . )

TmBOs YbBOa LuyBOr
(1450 ' /1  h r . )  (1551" /1  h r  )  (1a50" /1  h r  )

dA RITIRlToRITa dA dL dL I.rTo dA RIT,

oo2
100
1 0 1
102
004
103
1 1 0
104
112
200
202
006
t14
106
204
210
2 1 2
1 1 6
008
206
300
214
302
108

4 . 4 1  6 1  4  3 8  3 2
3 . 2 7  1 0 0  3 . 2 5  1 0 0
3 . 0 6  1 1  3 . 0 5  1 1
2 . 6 3  8 9  2 . 6 2  7 6
2 . 2 0  t 5  2 . 2 0  8
2 . 1 9  4  2 1 8  2
1  888 32  1 .880 40
1 427 35 1.821 28
1  . 7 3 5  2 4  1 . 7 2 9  2 8
1 6 3 5  8  1 6 2 9  1 3
1 . 5 3 3  1 2  r . 5 2 7  1 7
1.465 2  1 .462 2
1 . 4 s 2  6  1 . 4 2 9  7
1 . 3 4 0  7  1 . 3 3 5  6
1 . 3 1 3  6  1 . 3 0 9  7
1 . 2 3 6  4  1 . 2 3 t  7
1 . 1 9 0  8  1  1 8 6  1 1
1 . 1 6 0  2  1 1 5 5  3

4 . 3 8  4 3  4  3 7  3 4  4 . 3 5  5 4
3  2 5  1 0 0  3 . 2 3  1 0 0  3 . 2 3  1 0 0
3 0 +  6  3 . 0 3  7  3 0 2  5
2 . 6 1  7 4  2 . 6 0  ? 1  2 . 5 9  7 8
2 1 9  1 0  2 1 8  I  2 1 8  1 5
2 . 1 7  2 . 1 6  2
1 - 8 7 3  3 5  1 . 8 6 6  3 7  1 . 8 6 1  3 5
1  8 1 6  2 7  1 . 8 1 1  2 5  1 . 8 0 5  3 2
1  7 2 3  2 6  t ' 1 I 7  2 7  r . 7 1 3  2 7
1.622 11  1  616 14  1  613 12
1 . 5 2 2  1 4  1  5 1 6  1 6  1 . 5 1 3  t 4
1  461 1  1  456 1  1 .453 2
1 . 4 2 3  6  1 4 L 9  7  1 4 1 9  7
1 . 3 3 1  6  1 . 3 2 8  5  1 . 3 2 5  7
1  304 6  1 .300 6  r  298 7
1 . 2 2 7  6  1 . 2 2 2  7  1 2 1 9  6
1 . 1 8 1  9  1 . 1 7 7  1 0  1 . 1 7 4  9
1  . 1 5 3  3  1 . 1 4 9  2  1 . 1 4 6  2
1 096 1 1 092 1 1.089 2
1 . 0 8 7  3  1 . 0 8 3  3  r . 0 8 2  3
1  082 4  1  078 4  1 .076 4
1 . 0 7 1  5  1 . 0 6 7  5  1 . 0 6 5  5
1 0.50 4 1 046 4 1.044 3
1 . 0 3 8  2  1 . 0 3 5  2  1 . 0 3 2  2

1 . 0 9 0  4
1 . 0 7 8  4
1 . 0 5 8  3
1 0 4 3  2

1 . 0 8 6  5
r 0 7 4  6
1 . 0 5 5  4
L O 4 1  2

3 Unit cell dimensions for the hexagonal indices are listed in Table 9.
b RI is the intensity of each difiraction peak relative to the strongest peak.
o Out of order, possibly 1.238.
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VATERITE-  TYPE ABO3 RARE EARTH BORATES
CoC0.

DeKs DEQ o l  o r l  3= t  = , t Y

,roo-J.l!!r* ,H El .o El E,E :, ,E ,: ,H ,R E : g, ,e x, ;, :

Lu BO3
t450"c - rHR

2 0 , C u K q

Fro. 4. Diagramatic *-ray diffraction patterns of the vaterite-type ABOa borates compared

with CaCOr. CaCOrvaterite after DeKeyser and Degueldre (1950).

about.015 for the others (Table 6). The indices of refraction decreased
with decreasing radius of the rare earth cation from Sm+3 to Lu+3. With
the exception of Y+3 (not a rare earth), the indices are grouped by pairs,

e.g., SmB03 and EuBO3, GdBO3 and DyBOe, etc. The positive character
of the compounds was easily ascertained on ofi-centered interference
figures. However, as the intersection of the isogyres was never observed,
it was not possible to characterize the material as uniaxial, or biaxial
with a small optic axial angle. No twinning phenomenon was apparent,
although some of the sample showed good anhedral grain growth.

The most logical explanation for the r-ray and optical data is that
vaterite-type borates are only pseudo-hexagonal.

An infrared examination made by C. Weir of this Laboratory showed
that the pattern of p-CaCOa was considerably dif ierent from that of the
vaterite-type borates. In the three forms of CaCOr, carbon is in a COa2-
planar group with three-fold oxygen coordination. However, the infra-
red patterns of the vaterite-type borates can be interpreted as indicating
that boron has a tendency toward oxygen coordination greater than 3' A
non-planar boron-oxygen configuration may explain the stability of the

vaterite-type borates.

Em.
l 4 s O " C - l " H R  r  I  |  , .  l t  t  ,  r  - ,  , '  ,  r

,orr9"ogtn,
Uu trtJ.

r + z s ' b - r Z H n l  l ,  |  , .  l r ,  ,  ,  " ,  . .

,o#:u-0,3r,
t B %

l s 8 o . c - i H R l  l l  I  I '  l l l  t  |  ' ,  ' r  '  '
E;E63

t s s c P c - i n n l  l l  I  l ,  l l l  |  |  r  r t  t  I '

,orJt'lin*
,rrJ"o.tlin*

t9  23  ?7  31  35  39  43  47  51  55  59  63  67  71  75  79  83
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Heat
Treatment

Compound
Temp., Time,

'C .  h rs .

Indices of Refraction

(rD, 2s. c.)

alpha beta gamma

E. M. LEVIN, R. S. ROTH AND J. B. MARTIN

Tenrn 6. Oprrcl.r, PnoprnrrBs ol ABOa Rnr-n-Enrrn Bonarns

Structure
Typ"b

2vSign
Bire-

fringence

Low-LaBOs
High-LaBOr
Low-NdBOra
High-NdBOa
High-SmBOr

SmBOa
EuBOr
GdBOa
DyBOr
YBOr
HoBOa
ErBOa
TmBOo
YbBOr
High-LuBOr
Low-LuBOsa
fnBOa

1300 3 i
1 5 8 1  1
1075 18
1475 1
1550 1

1250 1
1525 1
1575d
1525d
1645d
1475 1
1604d
ft47d
1550 1
ft47d
1297 17
1475 1

1 . 8 0 0  1 . 8 7 7
1 . 7 4 2  I  8 5 6

1 789
1 . 7 8 9

^ - l : - ^ , . .

1 842
1 .8 ,11
1 . 8 2 4
1 . 8 2 3
1 788
I  . 8 1 6
1  . 8 1 5
1 812
1 .809
1 .803

1  . 8 7 3

1 882
1 878

1 883
1 . 8 9 7

extraordinary
1 .849
1 848
1 840
1 . 8 3 7
1.802
1 .830
1 .830
I  828
1 . 8 2 4
r . 8 1 7

1 . 7 ? 3

T

+"
+"
+"
+"
T

T

+"
T

+"

-2O" 0.084 Aragonite
-50" 0.136 Unknown

Aragonite
medium O-O94 Unknown
medium 0,108 Unknown

0.007 Vatedte
0 007 Vatedte
0 016 Vaterite
0 014 Vaterite
0.014 Vaterite
0 014 Vaterite
0.015 Vaterite
0 016 Vaterite
0.015 Vaterite
0.014 Vaterite

Calcite
0.100 Calcite

a Too fine grained to obtain optical data.
D From indexed *-ray powder pattern.
c From ofi-centered interference figure,
d Held at temperalure in induction lurnace for about 5 minutes.

The similarity of the n-ray data for vaterite-CaCOa and many of the
borates indicates that the arrangements of the heavy cations are essen-
tially the same. On the other hand, the dissimilarity of the infrared pat-
terns indicates that some differences exist in the anion bondinq con-
figuration.

Yttrium Borate

It may be noted from Fig. 1 that YBOs lies in the middle of the field of
vaterite-type compounds and that no polymorphism is indicated. Various
contemporary texts on crystal chemistry l ist YB03 as having the calcite-
type structure. The source of this statement is probably the original
paper of Goldschmidt and Hauptmann (1931-32). They reported that a
sample of YBOB quickly cooled from the melt gave a residue ("Reste")
of the calcite-type structure. At lower temperatures, a "biaxial-crystal
type" was found, which was believed to be related to the vaterite struc-
ture. It should be emphasized that the "yttrium" used by Goldschmidt
and Hauptmann in the preparation of the yttrium borate was a mixture of
yttrium earths of average atomic weight 104.7 (atomic wt. Y:88.92), ob-
tained from the mineral thalenite.

Keith and Roy (195a) found that only one crystall ine form of YBO3
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existed from room temperature to the melting point. They concluded that
their YB03 compound was not of the vaterite type when compared with
the incomplete data of Brooks, Clark and Thurston (1951). However, the
r-ray data of Keith and Roy and that obtained in the present study are
in good agreement (Table 5). The melting point of YB03 (1650+ 20' C.)
determined by the inductively heated iridium crucible method is some
70'C.  above that  repor ted by Kei th and Roy (1580+20'C.)  us ing a
strip furnace.

C alcite-Ty pe A BO 3 Borates

Lutecium borate, formed from the smallest rare-earth ion, and indium
borate were the only two calcite-type structures found in this study.
Lutecium borate showed a reversible transformation at 1310o C. from
the low-temperature calcite form to the high-temperature vaterite form.

The r-ray dif iraction data for the calcite-type borates are given in
Table 7, together with the data of Goldschmidt and Hauptmann for
InBOa. For purposes of comparison the data for calcite are given, and
both rhombohedral and hexagonal indexing are shown. A diagrammatic
comparison of the powder patterns is shown in Fig. 5. The space group
for calcite is R 3c, with 6 molecules per unit cell when indexed on a
hexagonal basis.

In InBO3, the c axis (from the 006 reflection) is considerably less than
in LuB03, but the o axis (from the 110 reflection) is only slightly smaller.
Consequentiy, for large values of . l relative to hk, a number of reversals
occur in the order of the position of the reflections, e.g., 108/116 arrd

Co CO3

l -
l o : * :HRJ

Lu BO3
1297"C- t7 HR

I n B O 3

1475"C-3/4HR

23 27 3t  35 39 43 47 51 55 59 63 57 71 75 79 83 87 9l

2 O ,  C u K q

I''rc. .5. Diagrammatic o-ray diffraction patterns of the calcite-type ABO3 borates
compared with CaCOg CaCOrcalcite after Sr,r.anson and Fuyat (1953).

!

Ru
o _ -

CALCITE-TYPE ABO3  RARE EARTH BORATES
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Tesr,n 7. X-Rlv Pomrn Dnlna.crroN Dare lon CercrrB-TVpn ABOa Bonerrs
(CuK"r Relrarrox)

Rhombo- Hexag-
hedral onal

110 lo2
121 014
222 006
011 110
120 lr3
o20 022
220 204
332 108
23r 116
o2I r2l
tzT 2t2
343  0 .1 .10
130 124
242 028
342 ttg
xa 2t5

rr2/I2T 300
M4 0 .0 .12
24t 127
442  2 .0 .10
34t 218

r4t/330 306
022 220
4 5 3  r . r . t 2
03T 132
3 5 2  t . 2 . t 0
23I 314
244 226
4 5 2  2 . l . t l
4&  0 .2 . t 4
554  1 .0 .14
222 402
040 0M
251 138
132 322

LuBOa

RIToo dA RrZ*

3 . 8 6
3 .035
2 . U 5
2 . 4 9 5
2.285
2.095
r . 9 2 7
1 .913
1 . 8 7 5
1 . 6 2 6
1.604
1 . 5 8 7
1 .525
1 . 5 1 8
1  . 5 1 0
r .473
1.440
1 . 4 2 2
1 .356
I  .339
1 . 2 9 7
t . 2 u
1 .247
I . Z s J

1 . 1 8 0
1  . 1 5 4
1.1425
1.1244
1 .0613

1 .0613
r .0M7

J .  / O

2.933
2.699
2.453
2.235
2.057
1 .883
I  .828
1.8r7

1 . 5 7 7
1  . 5 1 5
| . 4 9 5
1.468

1.290 6
1 .260 10
r .256 t2
t . 2 2 8  5
r . r84  8
1 . 1 6 8  7
t .142 7
t . t 3 3  8
r . 1 1 8  8

| .0547 2
1.0290 4
1 .0199 7

12
100

T4
18
18
5

1 i

A

8
2

4
3
z

5
?

1
2

I
I
z

96
100
10
53
7

44
26
3 1
54

2 7
10
1?,

1 1

t4
4

I
+

* Reversal in order of /zftl CaCOrcalcite.
3 Swanson and Fuyat (1953).
b RI is the intensity of each peak relative to the strongest peak.
n Converted from corrected 2d to interplanar spacing.

InBOr
Gold. & Haupt.

(r93r-32)

RIToo R-IToo

J .  O /

2.836
2 . 5 7 4
2.4 t1
2 .184
2.016
r .837
|  .7 53*
t . 7 6 0

1 . 5 4 7
1 .450*
| .462
I  . 4 1 8

1 . 3 9 2
1 . 2 8 8

1  A l n

|  -2224
1 . 2 2 5
1.206
1 .136*
| . t46
1. 104*
1 . 1 1 0
L . W 2

0.9761*
r .0673

3 .68
2.840
2 . 5 8 3
2.414
2 . 1 9 3
2.016
1.837

I .  / J O

| . 5 4 6

r .457

1 . 4 1 8

1 . 3 9 0
1.287

r .243

1 . 2 2 2

1.206
1 .1364
1.  145

1.  105

1 . 0 9 1
1.0357
0 .9760*
1 .0681

1.0068
.9924
.9498

(n

60
5

40
20
40
30

100

60

60

30

100
98

q

36
7

28
20
r r  )
JOJ

t9
' t

14)
8

50
20

10

)

J

A

4 l

6 )

20

80

2A
40
40

60

50
10
20
20

30
50
5U
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Trnrn 7-(continueil)

Rhombo- Hexag-

hedral onal
LUBO:

dA Rr7ob

InBOa
Gold. & Haupt.

(re31-32)

di\. RITob

.9445 60

InBOr

363/552 0 .3 .12
5 6 5  0 . 1 . 1 6
14T 234
4 5 1  3 .  1 . 1 0
440 408

r23/r32 410
5 6 3  2 . t . 1 4
4 6 2  2 . 2 . 1 2
664 2 .4 . rc

rs0/s4I 146
666 0 .0 .18

.9455 4\

.s4r2 2l

.9304 3

.9268 2

.9188 2

.9rr7 2

.9048 2

.8803 2

.8595 4

.8587 3

.8307 r

.8240 2

.8 lM 3

.8088 2

.8039 2

.7993 1

.7853 2

.9278

.9179

.9112

.9041

.8800

.8781

.8660

.8579

60
20
40
20
50
20
10

r00

0, l, l0/I24 pairs. No reversals in l ine position occur for the portion of

the patterns of CaCO: and LuBOs that are shown in Fig. 5.
Scandium borate, reported by Goldschmidt and Hauptmann (1931-

32) as having the calcite structure, was not investigated. As MnzOa has

the same structure as Sczoa a composition of one to one molar ratio of

MnrOa to BzOs was investigated for compound formation. No calcite-type
compound was formed (Table 1).

Birefringence of InBOa was found to be 0.100 (Table 7). According to
Hartshorne and Stuart (1952, pg. 148), the greater the oxygen-oxygen
separation in a planar group the less the birefringence, because of less in-

ductive effect between the oxygens. The oxygen-oxygen separation in a

BO33- group was calculated to be about 2.38 A, ftom data on Coa(BOa)z
and Mge(BOs)z structures given in Tables of Inter-atomic Distances
(1958).  This  separat ion is  la iger  than that  in  the CO:2-  group (2.18 A)
and the NO;group (2.10 A). Consistent with the principle stated
above, with decreasing oxygen separation, the birefringence of the calcite
structures increases from 0.100 for InBO: to 0.I72 for CaCOa to 0.250
for NaNOe.
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F actors Afecting P olymor phism

The unit cell parameters for the indexed ABO3 polymorphs obtained in
this study are given in Table 8, together with the larger cation radii,
radius ratios (A3+/O'-) and the densities calculated from the r-ray
powder patterns. Cation radii in parentheses are taken from Roth and
Schneider (1960), as determined from a plot of the unit cell dimensions of
the C-type rare-earth oxide structures versus the cation radius,

A comparison of the radius ratios for the ABO3 compounds of the
carbonates, borates, and nitrates is instructive. In the carbonates a
radius ratio of 0.71 (Ca'z+/O2-) appears to be crit ical. Compounds with
radius ratios above 0.7I, e.g., SrCOr and BaCO3, form an aragonite type

T.q.srr 8. UNrr Crr,r, DrlrnnsroNs oI ABO* Rnru-E.a.nur Bon,qrns

'Radius

Compound of Aa+
A

bRadius 
ah bA

ratlo

"Densitv,
cA 

-:*' 
calc.

c /a
g /cc

Aragonite-Type
LaBO:
NdBOa
CaCOe
Vaterite-Type
CaCO:
SmBOa
EuBOg
GdBOr
DyBO:
YBOs

HoBOs
ErBOs
TmBOs
YbBOs
LuBO3
Calcite-Type
CaCOra
LuBOa.
InBOar

t . t 4
1  .04
0 . 9 9

0 9 9
1 . 0 0
0.98
0 9 7
o . 9 2

[o .oz
t  ( . e l )
0 . 9 1
0 . 8 9
0 8 7
0 . 8 6
0 . 8 5

0 . 8 1  5 . 1 0 4
0 .74  5  .037
0  . 7  |  4 . 9 5 9

0  . 7 1  4  . 1 3 4
0 . 7 r  3 . 8 5 8
0 . 7 0  3 . 8 4 5
0.69  3 .829
0 . 6 6  3  . 7 9 1
0 . 6 6  1  s  . 7 7 7)
0 .6sJ
0.65  3 .776
0.64  3 .76r
0 . 6 2  3 . 7 4 8
0 . 6 1 4  3 . 7 3 2
0.647 3 .725

o . 7 l  4 . 9 8 9
0 . 6 1  4 . 9 1 3
o. s8l  4.823
0 . s s J

8.252 5  .872
8 . 0 7 6  5 . 7 2 9
7 .968 5 .74r

5 .309
5 .786
2.930

o .99
0 8 5

lo.zr
\  t .zzl

8 . 4 7  2 . 0 5  2 . 6 5
8  9 6  2  . 3 2  6 . 0 1
8 . 9 4  2 . 3 2  6 . 1 2
8 . 8 9  2  . 3 2  6 . 3 6
8 . 8 4  2 . 3 3  6 . 6 8
8 . 8 1  2 . 3 3  4 . 5 1

8 . 8 0  2 . 3 3  6 . 8 4
8 . 7 9  2 . 3 4  6 . 9 7
8 . 7 6  2 . 3 4  7  . 1 3
8 . 7 4  2 . 3 4  7 . 3 0
8 . 7 1  2 . 3 4  7 . 4 2

17.062 3 .420 2 .711
16 .2r4 3 .300 6 .87 |
15 .456 3 .244 5 .555

" Ahren's radii. Values in parenthesis after Roth and Schneider (1960).
b Ratio of radii of rare earth cation to oxygen ion.
o From lattice parameters, with Z:4 for aragonite, 2 for vaterite, and 6 for calc.ite
d For rhombohedral cell: a:6.375 A, a:46.08'.
u For rhombohedral  cel l :  a:6.104 A,  a:47.46".
I For rhombohedral cell: o:5.856 A, a:48.64".
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structure at room temperature and calcite type structure at elevated

temperatures. Below a radius ratio of 0.71, e.g., CdCOa, ZnCO3, and

MgCO3, calcite-type structures are found. Calcium carbonate at room

temperature shows both aragonite and calcite, with the exact stability

relationships somewhat in question. This carbonate is the only one which

can form a vaterite phase.
The stability relationships of the borate polymorphs are difierent.

Above a radius ratio of 0.71, the aragonite-type borates are stable at

room temperature, e.g. NdBO3 and LaBOa. Between radius ratios of

0.71 (for SmBO) and 0.61r (for YbBOa), the vaterite-type exists as the

only stable phase. At radius ratio 0.607 (for LuBO), the vaterite-type

structure is stable above 1310o C.; the calcite-type structure is stable

below this temperature. Below a radius ratio of 0.607 the calcite-type

structure is stable, e.g., InBOa and ScBOs.
It is interesting to note that CdCOs among the carbonates and NaNOs

among the nitrates with radius ratios of 0.69 and 0.67, respectively, form

calcite-type structures even though the radius ratios fall within the

vaterite group when compared with the borates. However, the radius

ratio for NaNOa is 0.54 when based on univalent cation and anion values
(Na+/O-) (Pauling, 1960). This radius ratio would place it in the calcite

group, as the 0.61 borate tolerance ratio would not be greatly lowered

when calculated for univalent radii. The next larger alkali ion' K+, forms

aragonite-type KNO3; thus it is not surprising that a stable vaterite-type

structure is not found in the nitrates.
Another significant comparison between the borates and carbonates

concerns the densities of the vaterite and calcite-type structures. Whereas

the vaterite form of CaCOs has a slightly lower density than the calcite

form at atmospheric pressure, LuBOr-vaterite type has a considerably

higher density than the calcite-type polymorph (Table 8). The vaterite-

type structure sti l l  would be more dense than the calcite-type structure

at the temperature of transition, 1310o C., because of the large difference

in room-temperature densities of about 0.55 g/cc. Jamieson (1957) did

not find a change in x-ray pattern when precipitated CaCO3-vaterite con-

tairiing 10/6 calcite was pressure cycled up to a maximum of 24,000 bars'

Applying LeChatelier's Theorem to the transition of LuBOa from the

low-temperature-calcite type to the high-temperature' denser vaterite

form, the efiect of increased pressure would be to'lower the transition

temperature, or at constant temperature to favor the transition.

An increase in pressure would not favor the formation of a calcite-

type structure for any of the rare earth borates. Unit celi dimensions and

densities of calcite-type structures can be postulated for the rare earth

borates, by extrapolation of data from known calcite-type borates. The
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postulated calcite-type structures would always be the Ieast dense, as in
the case of LuBOg. The fact that the vaterite-type borate has a greater
density than the calcite type is consistent with the postulated nonplanar
configuration of the BO33- group in the vaterite-type structure, which
would result in more efficient packing.

Lander (1949) reported that BaCOa and SrCO3, which have the arago-
nite structure at room temperature, show a calcite-type structure at ele-
vated temperatures. The calcite-type structure was not quenchable but
was observed with high-temperattxe tc-ray equipment. The possibility
should be considered that LaBOa and NdB03, for example, might possess
a non-quenchable calcite-type polymorph. High-temperature x-ray
difiraction patterns showed only the aragonite-type structure up to
1100" C. Therefore, such a transformation seems unlikely.

A consideration of the reported tentative crystal structure of CaCOr
vaterite together with the infrared data of the vaterite-type borates is
instructive. Both Hans-Jurgen Meyer (1959) and McConnell (1960) in-
dependently arrived at the conclusion that CaCOa-vaterite is one end
member of the group bastnaesite (CeFCO3)-parisite (2CeFCOa.CaCO)-
roentgenite (3CeFCOa. 2CaCO3)-synchisite (CeFCOa. CaCO3)-vaterite
(CaCO3). Ifowever, Donnay and Donnay (1953) conclude that ,,com-

positions richer in calcium than synchisite with analogous crystal struc-
tures are not to be expected," because with the nearly vertical arrange-
ment of the carbonate groups, the calcium coordination number would
be too low. In accordance with this conclusion, CaCOe-vaterite only
exists metastably. Ilowever, as mentioned previously, the infrared
data for the vaterite-type borates indicate that the anion configuration is
difierent from that in CaCOr-vaterite. This difierence may account for
the greater stabil ity of the vaterite borates.

Sulrlrenv

(1) Polymorphic relationships as a function of temperature and ionic
radius were investigated for thirteen ABO3-type borates, including all of
the normally trivalent rare earth ions as well as La+3, Y+3, In+3, and
Mn+3. The chief method of identification was by means ol r-ray powder
diffraction techniques.

(2) The melting points of the ABO3 compounds determined with an
inductively heated iridium crucible were found to be within * 20o C. as
fo l lows:  LaBOr1660" C. ;  NdBO3-1570o C. ;  SmBOrl545'  C. ;  EuBOa-
1540'  C. ;  GdBOB-1590'  C. ;  DyBOa-1585" C. ;  YBOa-1650'  C. ;  HoBOg-
1605'  C. ;  ErBOr-1630o C. ;  TmBOa-1650o C. ;  YbBOr1590'  C. ;  LuBO3-
1650 C. ,  and InBOs-1610'  C.

(3) In general, the borate compounds had the same structure types as
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the three forms of CaCOa, i.e., aragonite, vaterite, and calcite.
(4) LaBOa and NdBOa showed a low-temperature aragonite-type

structure. At 1488'C. and 1090o C., respectively, they transformed to

high-temperature forms, which were difierent from each other.
(5) Above 1285o C., SmBOa showed the same high-temperature poly-

morph as NdBOa. The stable polymorph below this temperature was

vaterite. The behavior of SmBOe was interesting in that the high form

occurred metastably below about 1050' C.
(6) Whereas vaterite only forms metastably in the CaCO3 system, the

following borates were found to have a stable vaterite-type phase up to

the melting point: EuBO3, GdBO3, DyBO3, YBO3, HoBO3, ErBOa,

TmBOa, and YbBOs.
(7) Lutecium borate, containing the smallest rare earth ion, was found

to have a reversible transformation at 1310o C. between the vaterite-

type structure at high temperature and the calcite-type structure at low

temperature. Indium borate existed only as the calcite form. Yttrium

borate did not form a calcite-type structure, as often reported in the

literature. Preliminary experiments to form a MnBOa carbonate-type

structure were unsuccessful.
(8) Optical and *-ray examination of the ABOa vaterite-type com-

pounds indicated that the unit cell might be only pseudo-hexagonal.
(9) A discussion of radius ratio, density, and pressure, in addition to

interpretation of infrared and structure data may explain why the vater-

ite-type structure is more stable in the borates than in the carbonates.
(10) A comparison of the published powder diffraction data for vater-

ite is given in an appendix.
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AppBr.tnrx
Val.erite-Type CaC03

The literature pertaining to the n-ray data for vaterite is widely scattered and has
never been summarized Ali published r-ray data have been obtained from poorly crystal-
line artificial preparations. Although vaterite has been recognized as a constituent of gall
stones (Phemister, et a1.,1939), it has only recently been found as a naturally occurring
mineral (McConnell, 1960).

Early confusion in the naming and identification of vaterite was clarified by Gibson,
wl'ckofi, and Merrvin (1925), who were among the first to apply ;r-ray powder difiraction
techniques to the problem. They stated that the name vaterite v'as first used by Meigen
(1911) as an abbreviation for "vater's Third Modification of calcium carbonate.,'
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Table 9 lists the r-ray powder diffraction data for vaterite as reported by different in-
vestigators. Rinne (1924) and Heide (1924) were the first to report r-ray data. Heide, un-
fortunately, did not list d values, but they were calculated by the present authors from his
stated film distances by assuming a 40 mm. camera radius.

Olhausen (1925) continued Heide's study of vaterite. He did not report radiation wave-
length data or d values. The latter were calculated by the present authors, by conversion of
his '0/2 observed' data. Olhausen was the first to show that vaterite crystallizes in the hex-
agonal system. He indexed the powder pattern on essentially the same unit cell as that used
by later investigators: a:4.110 kX, c:8.513 kX, with 2 molecuies per unit cell. However,
his reported c/aratio, l.036,isexactlyhalf of thatcalculated fromhisstated unitcelldi-
mensions. An additional complication arises from the fact that Olhausen used a left-handed
coordinate system. For interplanar spacings in the hexagonal system, he used the formula:
Q: P(h]+h,]-hthz)Iqhz2, which is equivalent, in conventional terminology, to:

h 2 + k 2 - h h  ,  1 2

The accepted formula for interplanar spacing, however, is:

7  _ h 2 + k 2 + h h  _ L 1 2
d2 a2 c2

Therefore, in order to convert Olhausen's indices, the value of the expression h2+kz-hk,
nsing his indices, must be made equivalent to the sum of h2lk2!kk, from which the equiv-
alent indices can be deduced.

Gibson, Wyckoff, and Merwin (1925), pg. 961, showed that the calcium carbonate of
spherulitic habit investigated by Rinne, Heide, and several others, was essentially Vater,s
p-calcium carbonate (true vaterite); whereas, the lorm originally designated ,vaterite'

was in reality calcite. Gibson, et al. and, Olhausen apparently were unaware of each other's
work. The data of Prien and Frondel (1947), also listed in the X-ray Powder Data File
(Card No. 5-0844), is probably that of Gibson, et al,.,withd, values rounded off to 3 figures
and intensities given as percentages.

The X-ray Powder Data File contains a second vatedte pattern (Card No. 1-1032), the
original source of which is not given. Although indexing is absent, the unit cell dimensions
are jisted as a:4120 A, c:8.556 A, apparently obtained from Wyckofi (1931,p.273).

DeKeyser and Degueldre (1950) and Brooks, Clark and Thurston (1950-51) have re-
ported some of the major interplanar spacings for vaterite found in their studies of the
factors governing the formation of calcium carbonate phases from solution. DeKeyser and
Degueldre indexed their pattern using the same unit cell dimensions listed by Wykcofi
(1e31).

the crystal structure of vaterite was reported by Hans-Jurgen Meyer (1959) as a vari-
ant oI the NiAs-type in which the plane of the COpgroup is parallel to the c axis. He stated
that vaterite was probably only pseudo-hexagonal, orthorhombic space group Pbnm,
a:4.734,b:af \ ,c :8.484,  Z:4.Theseuni tcel ld imensionscorrespondcloselytothose
found in the present work for a specimen of pure vaterite supplied by D. Graf of the rilinois
Geological Survey: a:4.134 A, c:8.47 A. McConnell (1960), however, reported c:8.524
A, which value is in closer agreement to that reported by Olhausen (1925). The differences
in c dimensions might be related to the methods for precipitation of vaterite.

McConnell (1960) also concluded that the true unit cell of vaterite is hexagonal with a
equal to /3 times the o value reported by previous investigators. On the basis of the larger
cell an attempt was made to index the r-ray diffraction data for the vaterite used in the
present study (Table 9). Three interplanar spacings, namely, 2312 A, l.sM A,and 1.143 A,

a2

1 _
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however, could not be satisfactorily indexed on the basis of either cell. These discrepancies

lend support to the conclusion made for the vaterite-type borates that the symmetry of

vaterite is only pseudohexagonal.

Nom Arnnr rN PRESS

structural with CaCOrvaterite, whereas the low-temperature form has a slightly difierent

structure of greater density. The high-temperature f-ray patterns never showed improved

crystallinity, thus still indicating that both forms are not truly hexagonal. The transition

temperatures on heating and cooling, respectively, were found by DTA to be as follows:

S-BOI-834", 530" C.; EuBO3-878o, 561' C'; GdBO3-927", 578" C'; DyBOa-999',

627" C;YBOs-1024o, 600" C.; HoBO3-1020o, 646" C.; ErBOr-LO22o,632" C'; TmBOr-

10tl0", 604' C.; YbBO:-1041', 577" C.; and LuBOa (metastable inversion)-1037"'

538" C. High-temperature r-ray data for YbBoa at 1050'c. Are as follows:low form-

a:6.542A, c:8.771A, c/a:1.341,  p:7. tO4 g/cm3; h igh lorm-o:6987A, c:8 '3364'

c/a:1.193, p:6.552g/cms.Eventhough previous thermalhistorymay affectthehigh<-+low

vaterite inversion, the very large hysteresis has been found to be relatively independent

of the heating rate. For example, no transformation was observed in SmBOr after holding,

in the high-temperature r-ray furnace, either the low-vaterite form at 800" c. for 22

hours or the high-vaterite form at 600' C. for 66 hours




