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SOLID STATE FORMATION OF BARIUM, STRONTIUM AND
LEAD FELDSPARS IN CLAY-SULFATE MIXTURES

C. A. Sonnnw, Miam'i Unioersity, Orford', Ohio.

Assrnecr

Mixtures of kaolin-type clays and sulfates with theoretical compositions of the barium,

strontium, and lead feldspars were r-rayed continuously during heating to 1400" C. at a

rate of 5' C. per minute.
Formation of the feldspars in the solid state is characterized by the appearance of a

metastable phase with a structure similar to hexagonal celsian and hexagonal anorthite.

The barium hexagonal phase is very persistent. Prolonged heating is necessary to convert

it completely to the feldspar, the conversion proceeding more rapidly with increasing

temperature. The strontium and lead hexagonal phases are, however, very unstable,

having been detected only during continuous r-ray investigation. They also change to

the feldspars, the change occurring more rapidly with increasing temperature.
The presence of small amounts of impurities has a marked effect on the formation

temperatures and reaction rates. Titania tends to lower formation temperatures of the

reaction products and to enhance the r-ray diffraction maxima. Potash tends to inhibit

formation of the hexagonal phases and to promote formation of the feldspars in the

barium and strontium compositions but has little effect on the lead phases.

INrnorucrroN

It has long been recognized that a number of univalent and divalent
ions with suitable ionic radii can proxy for the potassium, sodium, and
calcium ions which normally occupy interstitial positions in the silica-
alumina tetrahedral framework structure of the common feldspars.

Celsian, the natural barium feldspar, is approximately isostructural
with sanidine and has been shown to form a complete series with potash
feldspar, with the coupled substitution of aluminum and barium for
potassium and silicon, analogous to the substitution of calcium and
aluminum for sodium and silicon in the plagioclase series.

Synthesis studies have shown that barium and strontium feldspars can
be formed in the solid state and from melts; however a hexagonal phase

with the theoretical composition of the barium feldspar has also been
obtained and has been assumed to be a high-temperature polymorph of
the feldspar. No lead aluminum silicate with the feldspar structure has
been definitely identified.

Celsian was discovered by Sj<;gren (1895) in the manganese mines of

Jakobsberg, Sweden. He established the composition of the mineral as
BaO.AlzOs'2SiOz and considered it tr icl inic. Strandmark (1903, 1904)
established the monoclinic symmetry. Taylor, Darbyshire, and Strunz
(1934) investigated the feldspars, sanidine, adularia, and celsian, using
*-ray techniques and indicated that celsian is isostructural with sanidine.
More recently, Gay (1956) and Newnham and Megaw (1960) have done
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detailed structural analyses of natural celsian and have determined that
ordering of silicon and aluminum ions in tetrahedral positions results in
formation of a super-lattice. The presence of a group of extremely weak
layer reflections indicates a doubling of the unit cell in the c direction
and body-centered symmetry.

The first synthesis experiments on these feldspar compositions were
performed by Fouqu6 and Michel-L6vy (18S0) who reported the forma-
tion of barium, strontium, and lead analogs of anorthite, oligoclase, and
labradorite from melts of the oxides. The phases were not well crystal-
lized and so could not be characterized optically. Dittler (1911) produced
synthetic barium feldspar from a melt and showed that it was biaxial.
However, Ginsberg (1915) obtained uniaxial positive crystals from a
melt of barium feldspar composition and regarded the phase as a barium
nepheline.

Eskola (1922) prepared both strontium and barium feldspars in the
solid state by heating oxides to 1400o C. with Sr(VO3), and Ba(VO3)2 as
fluxes. Eskola's work indicated that strontium feldspar forms solid solu-
tions with anorthite and barium feldspar forms solid solutions with the
potash feldspars.

Yoshiki and Matsumoto (1951) produced hexagonal, mica-like crystals
up to 2 cm in width with perfect cleavage and lead-gray pearly luster by
electrofusion of a mix of kaolinite and barium carbonate of the celsian
composition. The crystal structure of the phase was determined by Ito
(1950) and was found to consist of a double sheet of silica-alumina" tetra"-
hedra with common apices, held together by barium ions in 12-fold co-
ordination (Fig. 1).

Geller and Bunting (1943) reported three lead aluminum siiicates in
the high lead portion of the system. Although they did not investigate
the lead feldspar composition, they believed that other ternary com-
pounds existed and published powder data for a lead aluminum sil icate
of unknown composition (A.S.T.M. 3-0373).

Davis and Tuttle (1952), during extensive studies of the hexagonal
anorthite, synthesized the barium hexagonal phase by heating the oxides
at 1500" C. for four days. Longer heating changed it to celsian.

The primary objective of this study was to determine the temperatures
and rates of formation of barium, strontium, and lead feldspars from
mixes of kaolinite-type clays and the sulfates and to investigate the
stability relations between the hexagonal phases and the feldspars. In
conjunction with this work it was necessary to study the effects of im-
purities, notably potash and titania, which are common constituents of
clays, on the temperatures and extents of the reactions.
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Frc. 1. The structure of the hexasonal barium aluminum siiicate according to Ito (1950).

ExpBnrunNrar Pnocroune

Characteristics of starting materials. Several factors were considered in

the selection of starting materials. Oxides and gels are commonly used

in solid state reaction studies of this type. However, clays of the kaolinite
group were chosen as sources of silica and alumina and the sulfates were

chosen as sources of barium, strontium, and lead primarily because of

the fact that these materials are widely used as ceramic raw materials

for reasons of avaitability in bulk at moderate cost. Clays of the kaolinite
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T.qsr,B 1. Cnrurcar, CouposrlroNs or Cr,evs

Kaolin Halloysite

Sio:
Al2o3
KzO
NarO
CaO
Fe:Os
FeO
TiOz
Mso
MnOz
CuO
BzOa
PzOs
HzO*
HzO-

45 83
3 8 . 6 0

1 . 6

0 0 6
0.051
0 .64

0 .  10
0.  1-0.31

0 .05 r
0 .01
0 .08 r

4 2 3
30.4
0 . 0

0 . 0
2 . 3
0 . 1
l . t

0 . 1

0 . 5
l l . . )

1 1  0

I Spectrographic analysis

group occur with varying degrees of crystallinity and with significantly
different thermal behaviors. Therefore, they provide an opportunity for
the study of the effects of structural characteristics on the formation of
high-temperature phases.

Two clays of greatly different crystallinity were used. As a representa-
tive of a typical commercial kaolin, Baker N.F. grade kaolin, containing
approximately 5 per cent muscovite-type mica, was used. The outstand-
ing chemical characteristic of this material is the relatively high potash
content. The iron content is moderate and other impurit ies are present
in very minor amounts (Table 1). Halloysite from Muswellbrook, New
South Wales (Loughnan and Craig, 1960), was used because of the poorly
crystalline nature of the material. It contains a moderate amount of
coarse quartz and some anatase. The chemical analysis of Loughnan and
Craig is given in Table 1 and reveals relatively high iron and titania
contents. Reagent grade barium, strontium, and lead sulfates were used.

Compositions stwdied,. Three basic compositions were studied. The com-
positions of the three {eldspars, BaAIzSizOs, SrAlzSirOs, and PbAlrSizOs,
are referred to throughout this study by the shorthand notations, BAS2,
SrAS2, and PbASr, respectively.

AII three feldspar compositions were prepared using the sulfates in
combination with each of the clays, for the purpose of determining the
basic reaction sequences and the effects of structural variations on phase
formation. The molar ratio of silica to alumina in kaolin-type clays is
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the same as that  in  theoret ica l  fe ldspar,2:1.  Therefore '  i t  was not

necessary to add free sil ica or alumina to formulate the compositions.

For the study of the effects of t itania and potash, TiOs (anatase) was

added to the previousiy prepared kaolin-sulfate mixes in an amount

equal to 2 per cent, by weight, of the kaolin content of the mixes.

Potassium metasil icate (KrSiOB) was added to the halloysite-sulfate mixes

to provide KzO in an amount equal to 2 per cent, by weight, of the

halloysite content of the mixes. The sil icate was used because its melting

point, 976o C., is near the temperature at which mica dissociates. Potas-

sium presumably would thus become available to the reacting materials

in the same general temperature range as would potassium from the mica.

A series of mixes of the sulfates with a fl int clay containing 2.5 per cent

titania and 0.4 per cent iron was investigated but is not described here.

Reactions in the flint-clay-sulfate mixes were nearly identical with those

of the halloysite, indicating that the iron content of the halloysite
(2.3 per cent) has l itt le effect on the reactions. The effect of iron as an

impurity was therefore not further investigated.
Preparation of samples. For calculations of the weight percentages of

the starting materials to be used in formulation of the compositions, the

available chemical analyses of the kaolin and halloysite (Table 1) and

the theoretical compositions of the sulfates were used.
All starting materials were dried at 60o C. for several hours prior to

preparation of the mixes. Halloysite was heated to 300" C. for one hour

to eliminate all interlayer water and thereby prevent excessive shrinkage

during firing. The materials were passed through a 230 mesh screen
prior to weighing and mixing. Thirty-gram batches of the materials were

weighed to the nearest mill igram and mixed by hand for at least ten

minutes.
Methods of analysis. Differential thermal analysis and *-ray diffraction

techniques were used in this study. Detailed powder data were obtained

by conventional diffractometer methods, using nickel-filtered copper

radiation at 45 Kvp. and 18 ma. with a scanning rate of one degree

20 per minute.
The continuous s-ray heating method was used to follow the courses

of high-temperature reactions. The furnace used was a platinum-wound

electric furnace, powered through a motor-driven Variac arrangement
programmed to increase the temperature at a rate of 5" C. per minute.

The furnace was constructed on the principle developed by Kulbicki and

described by Grim and Kulbicki (1957) and was adapted for use with a

Phillips recording diffractometer. All high-temperature r-ray work was

done with nickel-filtered copper radiation at 45 Kvp. and 18 ma. with

a scanning rate of two degrees 20 per minute.
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Prepared mixes were placed in recessed platinum slides, packed firmly
with a spatula, and placed in the furnace. A thermocouple was placed
beneath the platinum slide for temperature determination. During
heating, diagnostic diffraction maxima of the phases were scanned re-
peatedly and temperatures, obtained with a potentiometer, were re-
corded on the diffractogram. The normal procedure was to scan a wide
20 range in order to detect all phase changes and then, with a new
sample, to scan narrow 20 ranges to obtain recorded intensity values
of diagnostic peaks at small temperature intervals.

The recorded intensity of each diagnostic reflection was plotted versus
the recorded temperature. These plots are referred to as continuous dif-
fraction curves or continuous phase development curves. The intensity
values provide an estimate of the amount of a phase present at various
temperatures. Other variables are involved, however. The intensity of a
given peak may vary with crystallite size, the absorption characteristics
of other phases present, with crystallinity, and with the degree of order-
ing in the crystal lattice. The curves do not provide a quantitative esti-
mate of the relative amounts of two or more reacting phases, but do
indicate the temperatures at which an amount of a phase sufficient to
be observed is developed and the temperature interval through which
development occurs at that particular heating rate.

The differential thermal analysis apparatus used consists of a platinum-
wound tube-type furnace heated through a motor-driven Variac at a rate
of 10o C. per minute. Samples were placed in a platinum sample block
and referred to an alpha-alumina standard. Differential temperature was
recorded by an electric cell recorder activated by a reflecting galvan-
ometer connected to the differential thermocouple circuit. Temperatures
were read from a potentiometer and marked on the thermogram by the
observer.

All observations by continuous r-ray methods and differential thermal
analysis were made up to 1400o C. All temperatures reported are in
degrees centigrade.

Expnnrunrsrer, Dara AND RESUT,TS

Thermal behaaior of the sulfates anil clays. Thermograms of the sulfates
are shown in Fig. 2. Hodgman (1953) Iisted barium sulfate as rhombo-
hedral with transition to a monoclinic form at 1149o and a melting point
of 1580o. Birch, Schairer, and Spicer (1942) gave the transition point as
1178". The thermogram shows an intense endothermic effect with a
sharp break at 1150". Continuous r-ray examination indicates a rapid,
reversible transition at approximately 1150o. Powder data for the high-
temperature form are listed in Ta"ble 2.

Hodgman (1953) gave the melting point of strontium sulfate as 1580o
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Frc. 2. Thermograms of the clays and sulfates used as starting materials.
Fro. 3. Thermograms of the feldspar compositions prepared with the sulfates and

clays.
Frc. 4. Continuous diffraction curves showing high-temperature reactions-in the

clays. (H) halloysite (02, ll) peak; (K) kaolinite (111) peak; (M) mullite 5.40 A peak;
(C) cristobalite (111) peak; (A) anatase (101) peak; (Q) quartz (alpha-beta undifferenti-
ated) (101) peak; (Mica) muscovite-type mica 10 A peak.

Frc. 5. Continuous diffraction curves showing phase development in barium feldspar
mixes. Sulfate (211) peak; high-ternperature sulfate 3.77 A peak; barium hexagonal
phase (001) peak; barium feldspar (020) peak.
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but did not mention a transition point. Birch et al. (1942), holever,
indicated a meiting point of 1605' with a transition at 1166o. The
thermogram (Fig. 2) shows a very intense endothermic effect beginning
at approximately 1165o. Continuous *-ray examination indicates a rapid,
reversible transition at approximately 1165". Powder data are in Table 2.

Hodgman (1953) l isted lead sulfate as monoclinic or rhombohedral
with decomposition at 1000o. However, that temperature is well above
the melting point of the decomposition product, PbO, which Hodgman
indicated melts at 888". Birch et al. (1942) l isted a rhombic to monoclinic
inversion at 865o. The thermogram is characterized by a very intense
endothermic effect beginning at approximately 830" with a sharp break
at 865o. Continuous r-ray investigation was complicated by the fact that

Tesla 2. Powonn Dat,l ron Hrcn-Tplrponerunn Ba aNo Sr Sur,lerns

H.T.  BaSOrt H.'f SrSOr2

I/Itd(A)I/ltd(A)

4 3 5
4 . 3 1
3 7 7

2 . 6 5
2 . 2 6
2  . 1 7

J I

30
100

64
30
t2

4 .  l J

3 6 2
2 . 8 7
2 . 5 4
2 . r 7
2 . 0 8

100
6

4l
I J

9

I Data obtained at 7234" C. Reversible transition at approximately 1150'C.
2 Data obtained at 1182'C. Reversible transition at approximately 1165" C.

marked bloating of the sample accompanied the endothermic effect at
865". Bloating was followed almost immediately by fusion. The nature
of the endothermic effect has not, therefore, been satisfactori iy deter-
mined. X-ray data indicate that the formation of PbO occurs in con-
junction with the endotherm. BJ.oating, moreover, would suggest that
loss of SO3, rather than inversion, is the cause of the effect. The observed
melting temperature is in agreement with that of PbO.

The continuous diffraction curves of both clays show loss of hydroxyls
beginning at approximately 400o with loss of structure and disappear-
ance of diffraction characteristics between 500o and 575o.

In the kaolin (Fig. a) mull ite appears between 1000o and 1050', sl ightly
above the lemperature of the exotherm. Mull ite content increases rapidly
between 1150" and 1200" and decreases slightly above 1300". The ten
angstrom peak of mica decreases gradually over a large temperature
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range and disappears near 10000. No cristobalite forms within the range
of temperatures investigated. Both the lack of cristobalite and the slight
decrease of the mullite near 1400o are interpreted as the result of the
relatively high potash content. The weli-sintered character of the kaolin
after f ir ing indicates formation of an appreciable quantity of glass. The
thermogram shows no iarge heat effect in the high-temperature range.

Mullite appears in halloysite (Fig. a) at 1180o, develops rapidly, and
decreases slightly above 1350o. Cristobalite appears at about 1250o,
reaches a maximum at 1300o, and decreases slightly above 1350o. It is
noted that quartz persists over a temperature range of some 40o after the
formation of cristobalite as a dissociation product of kaolinite. Anatase
disappears above 1300o. The deiayed appearance of mull ite is interpreted
as a result of the poorly crystall ine nature of the halloysite, with higher
temperatures required for crystal growth from nuclei. The decreases in
the intensities of mull ite and cristobalite peaks near 1400" may be con-
nected with the high iron and titania content. The init ial decrease of
anatase is approximately coincidental with the nucleation of mull ite and
the disappearance is coincidental with rapid mullite development. It
might reasonably be assumed, therefore, that t itania is incorporated into
the mullite lattice.

X-ray characteristics of thefeldspars. Preliminary studies of fired kaolin-
sulfate mixes indicated that barium, strontium, and lead feldspars, with
r-ray characteristics quite similar to those of sanidine, can be formed in
the solid state. Firing at 1400o for at least twelve hours was required for
complete formation of barium feldspar. The strontium mix, however,
converted completely to strontium feldspar in less than one hour at
1400o. Lead feldspar formed alter a very short t ime at 1000'. Meltin3 of
the lead mix occurred above 1200o.

Table 3 summarizes the x-ray powder data for all three feldspars
formed under the conditions described above. Data for sanidine, calcu-
lated from Weissenberg data of Taylor, Darbyshire, and Strunz (1934),
are included. The d-values for celsian have been calculated, using the
uni t  ce l l  d imensions of  Taylor  et  a l .  (a:8.63 A,  A:13.10 A,  c :7.29 h,

9:116"), for comparison with observed values of celsian and the other
two feldspars.

The (220) line, prominent in ail three feldspars, was not listed by
Taylor, Darbyshire, and Strunz (193a) but was l isted as a strong line
by Taylor in an earlier study (1933). The (130) Iine of celsian is a single
peak at 3.82 A but the same line is a well defined doublet in the strontium
and lead feldspars, suggesting that celsian is monoclinic and the other
two synthetic feldspars are triclinic.

The powder data for the lead feldspar are virtually identical with those
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Teela 3. Pomnn Dlr,t lor l-ltospens

Sanidine
Taylor et al,.

Celsian
Calc.

hkl d(A)

6 . 3 7
J  . 6 5

4 . 5 9
3  . 8 6

3 . 7 4

3 . s 9

3 . 4 9

3 . 2 4
3 0 0
2 . 9 6
2 . 9 2
2 8 8
2 . 7 7
2 . 6 1
2 . 5 2
a  A i

2 . 3 4
2 . 3 0
2 . 2 1

2 . 1 8

2 1 2
2 . 0 9

2 . 0 6

1 .93

1 . 8 2
1  . 8 1
1 . 8 0
1 7 0

1 . 6 4
1 . 6 3
I  . 5 9
r . 5 7

6 5 5
5 . 9 2
4 . 6 3
3 .88

3  . 8 1

3 .65

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

2 9 3

2 . 8 0
2 6 0
2 . 5 0
2 4 4
z . J o

2 . 3 2
2 -22

2 . 1 8

2 . 1 3
2 . 1 0

2 . 0 7

1 . 9 4

I  .83
1 . 8 2
1 .80
l . 7 l
1 . 6 7

1 . 6 4

1 .59

d(A)

020,001
1 1 1
02l
200

130

13r

112
220

040,002
l . t  I

222
022
041
132
241
240
157
1 1 3
o42
151

060,003

r52
153

061,023

400,351

262
0@,o43

171
171
440

080,004
1s4
081
024

Celsian
Obs.

Sr Feldspar
Obs.

I/It d(A) I/Ir

.t.)

15
1 1

12

39
20
20
7 l
94

100

?o

24

36
6 l
9

t l
t 2
9

1 1
12
I t

9
8

I I

I J

1 1
9

23
8
8

o

t l

6 5 6
5 .88
+.  oJ

3 . 9 2

3 . 8 2

3 . 6 3
3  . 5 6
3 .48
3  . 3 6
3 . 2 8
3 .03
2 . 9 7

2 . 9 2

2 . 7 8
2 . 5 9

2 4 2
2 4 0
z  . 5 J

2 . 2 2

2 . 1 8

2 . 1 3
2 . O 9

2 . 0 6

1  . 9 5

1 .8s
1  . 8 1
1 .80

1 .68

1 .65

1  . 5 8

6 .  5 6
5 .83
4 . 6 0
4 . 1 5
3 8 2
J , t t

3 . 6 2
3 5 0
3 4 5
3 . 2 9
3 . 2 4

2 . 9 9

2 9 0

2 . 7 5
z . J o

2 . 4 9
2 . 4 1
2 . 3 6
2 3 2
2 . 2 3
2 . 2 0
2 . 1 7
2 . 1 2
2 . t o
2 . 0 7
2 0 5
1 . 9 7
1 9 0
1 8 8
1 . 8 4
| . 7 9
t .  / J

1 . 6 6

l . o . t

1  . 5 9

64
1 8
40
2 l

l 7

27
40
77

100
33
60
8

34

39
73

10
7

T4
t7

10
t3
19

Pb Feldspar
Obs.

d(A)

6 . 6 2
5 .98
4 . 6 4
3 . 9 7
3 8 3
3 .80
3 .63
3 . 5 2
3 . 4 8
J . J I

3 . 2 5

3 .02

2 .93

2 . 7 8
2 . 5 7
2 5 0
2 4 2
z , J t

2 . 2 5
2 . 2 2
2 . 1 8

2 . 0 9

2 . 0 7

1 .98
r . 9 l
I  .88
1 .85
1 .80
r . 7 6
r . 6 7

1 .63

1 5 8

T/It

79
40
30
14
40
35
26
35
95

100
56

40

19

38

9
1 2
1 2
9

19
1 2
1 2

9

19

t6
o
o
7

74
o
o

5

t4
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Tnsr.r 4. Powonn Dlre lon Benruu HBxecoNer- Pnesul

hkl r/r1

29

973

100

49

9

363

001
100,010
101 ,011

002
102,012

110
003
1 1 1

200,020
103,013
20 t ,o2 l

lt2
202,022

004
113

t04,ol4
203,023
210,120
2 t2 ,122
114,005
300,030

7 .84
4 .54
3 .93
3 . 9 2
2 . 9 7
2 . 6 3
2 . 6 r
2 .49

2 . 2 7

7 .83
4 . 5 9

3 . 9 7

2 . 9 8

2 . 6 5

2 . 5 r

2 . 2 6

2 . 2 0

1 . 9 5

1 .86
1 . 7 9

243

93

I BASz.Kaolin oriented aggregate; 1135' C., 12 hours.
2 Calculated with unit cell dimensions of Ito (1950): a:5.25 A, c:7.84 fi.
3 Enhanced slightly by difiraction maxima of Ba feldspar.

of the unidentif ied lead aluminum sil icate of Geller and Bunting (1943).
X-ray characteristics of the heragonal phases. BASr mixes fired at tem-

peratures somewhat below 1400o or for t imes less than twelve hours con-
tained, in addition to varying amounts of barium feldspar, a phase with
diffraction lines which indicate a crystal identical with, or quite similar
to, the hexagonal barium aluminum sil icate described by Ito (1950) '
The powder data listed in Table 4 were obtained from an oriented aggre-
gate fired at 1135o for twelve hours, after which time the hexagonal
phase was at maximum development and the feldspar was present in a
very minor amount. Observed d-values agree well with those calculated
from the unit cell dimensions of Ito.

Although the strontium and lead analogs of the hexagonal phase were
not observed during preliminary firings of the mixes, they were observed
during continuous r-ray investigation. The very unstable nature of the
phase required that they be fired in the r-ray furnace. In this way the
phases could be quenched for detailed r-ray investigation. The c axis
dimensions were calculated from the observed (004) values and the o axis
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T,tsLB 5 Powlln D,rrl ron SrroNrruu HBxacoNal PII,rser

hkl d ( C a l c  ) 2 c i rob ,  ) I / I r

001
100,010
1 0 1 , 0 1 1

002
102,012

1 1 0
003
1 1 1

200,020
201,O21

112
202,022

004
113

104,014
203,O23
210,120
211,121
, r1 ' ,  1 ' ra

144
005

300,030

7 . 5 6
4.  54
3 9 0
3 . 7 8
2 . 9 r
2 6 3
2 . 5 2
2 . 4 8
2 2 7
2 1 8
2 1 6
1 9 5
1 .89
1 8 2
I  .  / . )

1 . 7 3
1 . 7 2
1  . 6 8
I  . . ) O

l . J . t

1  . 5 1

/ . J O

4 5 4
. t  6 /

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

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

1 . 6 8
1  . 5 5

7
4

543
393

1003

24
I J

I J

223
1 7

9
(]

133
22

1 5 1

I  SrASz.Fl int  CIay or iented aggregate;  1160'C,30 minutes.
2 Assumed uni t  cel l  d imensions:  a:5.25 A,  c:7.56 A.
r Coincident with difiraction maxima of SrSO+ or Sr feldspar.

dimensions from observed (100,010) vaiues. . The complete sets of
d-spacings were then calculated with the assumed unit cell dimensions.
Powder data for the strontium hexagonal phase are l isted in Table 5 and
those for the lead hexagonal phase in Table 6. The three hexa,gonal phases
are apparently isostructural, with the major difference being in the c
axis dimensions.

B ariwm feld,s par f ormati,on Continuous diffraction curves for the barium
feldspar mixes (Fig. 5) show that the sequence of reactions is the same in
both clays. However, there are considerable differences in the tempera-
tures at which the high-temperature phases appear.

Although some evidence of the formation of a very minor amount of
mull ite in the barium and strontium feldspar mixes was present, the dif-
fraction maxima were not sufficiently rvell developed to allow accurate
or consistent measurement of the intensities. It must be assumed, there-
fore, that mull ite formation is quite l imited and of minor importance.
The mica, qvartz, and anatase reflections were, in all cases, very weak
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or coincident with reflections of the other phases. Therefore no con-
tinuous curves were obtained for these constituents.

The hexagonal barium phase forms between 1050o and 1100'at this
heating rate with a corresponding decrease in the sulfate content. The
inversion of the sulfate at approximately 1149" appears to have litt le
effect on the sil icate phase development. The high-temperature sulfate
disappears rapidly with increasing temperature. The barium feldspar
appears at approximateiy 1250o in the kaolin mix, but becomes evident
only near 1400o in the halloysite mix. The formation of the feldspar is
clearly at the expense of the hexagonal phase.

The results immediately suggest that the hexagonal phase is not a
high-temperature polymorph of the feldspar, but rather a metastable
form produced as a result of rapid crystal growth.

The differences between the reaction temperatures suggest that the
effects of structural differences in the clays are small and that impurities
are a major factor in phase development. Reactions in flint clay-sulfate

T.q.sr,n 6. Powonn Dar,t ron Lnlo HoxacoNAr, PHASET
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203
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.73

.72
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I  .54

1 PbASg.Kaolin oriented aggregate; 790" C ,30 minutes.
2 Assumed unit cell dimensions: a:5.25L, c:7.60 A.
3 Coincident with difiraction maxima of Pb Feldsoar.
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mixtures, not described in this report, were essentially identical with
those of the halloysite-sulfate mixtures, thus substantiating this con-
clusion. The flint clay used was structurally similar to the kaolin but
chemically similar to the halloysite.

The thermograms of the barium feldspar mixes (Fig. 3) show no pro-
nounced heat efiects other than those observed in the components. A
slight endothermic trend is noted between 980o and 1150o, approximately
correlative with growth of the hexagonal phase. The trends above 1200o
are not well defined or consistent.

strontium f eldspar formation. The continuous diffraction curves for the
strontium feldspar mixes (Fig. 6) show that the strontium Ieldspar forms
in the same general manner as barium feldspar. The hexagonal phase,
however, is not observed in the kaolin mix and is very unstable in the
halloysite mix. The feldspar forms rapidly above 1150'to 1200o and is
the only detectable phase above 1350".

Thermograms of the strontium feldspar mixes (Fig. 2) indicate that
feldspar formation is accompanied by a strong endothermic effect with
a peak at approximately 1375o. The beginning of the reaction is difficult
to detect. The development of the hexagonal phase apparently produces
no large heat exchange.

Lead f eldspar Jormation. The formation of lead feldspar from the kaolin
mix occurs at approximately 800o simultaneously with the formation of
the hexagonal phase and with a correlative decrease in the lead sulfate
(Fig. 7). The hexagonal phase is very unstable, disappearing at about
930'. Rapid melting is preceded by a gradual decrease in peak intensity
and so the melting point is not well defined.

Feldspar formation in the halloysite mix occurs approximately 40.
higher than in the kaolin mix and the range of the hexagonal phase is
slightly less.

The thermograms of the lead feldspar mixes (Fig. 3) show that for-
mation of the feldspar is accompanied by a moderately strong endo-
thermic effect beginning at approximately 800o and continuing past the
temperature range of the strong endotherm of the sulfate. The complex
endotherm between 935" and 1100o cannot be correlated with data shown
in the continuous curves. The beginning of the endotherm corresponds
to the melting point of lead oxide and thus may be related to melting
of residual oxide and to further reaction not indicated by the continuous
diffraction curves. Melting of the feldspar is shown by endothermic
trends beginning between 1100o and 1200o.

Efects oJ i.mpurilies on phase d,evelopment. As stated previously, the
continuous difiraction curves for phase development in the clay-sulfate
mixtures indicate that the difierences noted are the result of chemical
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differences in the clays. The kaolin has a very low titania content and
relatively high potash content. conversely, the halloysite has no potash
and a high titania content. Therefore, potash was added to the halloysite-
sulfate mixes and titania rvas added to the kaolin-sulfate mixes in ap-
proximately the same amounts as were present in the original mixes.

Figure 8 shows continuous phase development curves of barium feld-
spar and the hexagonal phase with and without added impurit ies. Addi-
tion of t itania to the kaolin mix serves to lower the temperatures at
which both the feldspar and the hexagonal phase are first recorded. The
intensity of the (020) reflection of the feldspar is slightry increased.
Addition of potash to the halloysite mix lowers the formation tempera-
ture of the barium feldspar by nearly 100o and retards formation of the
hexagonal phase.

In general, t i tania appears to have a mineralizing effect on the re-
actions. It is not the presence of t itania, but rather the absence of potash,
which retards formation of the feldspar in the halloysite mix. potash
tends to inhibit development of the hexagonal phase and to markedly
promote feldspar development.

Figure 9 shows the continuous phase development curves of strontium
feldspar and the hexagonal phase in the mixes with and without added
impurit ies. Addition of t itania to the kaolin-surfate mix lowers the for-
mation temperature of the feldspar approximately 20o and tends to in-
crease the intensity of the (020) reflection. The amount of potash added
to the halloysite-sulfate mix completely prohibits formation of the hexa-
gonal phase and apparently decreases the intensity of the (020) reflection
of the feldspar.

The effects of added impurit ies on phase development in the lead fetd-
spar mixes were slight. Therefore, continuous diffraction curves are not
included. Titania retarded development of the feldspar and the hexa-
gonal phase slightly and increascd the intensities of the diagnostic re-
flections. Added potash had no visible effect on the reactions in the
halloysite-sulfate mix.

Drscussron

One of the most important factors in a solid state reaction study is
the crystali ine form of the starting materials. It would be expected that
the feidspars investigated would form from mixes of oxides or other
compounds of the cations, but that the temperatures of formation, the
reaction rates, and stabil it ies of the intermediate compounds would be
considerably different from those reported here. Synthesis of the barium
hexagonal phase from a dry mix of the oxides, for example, was reporled
by Davis and Tuttle (1952) to require heating at 1500o for four days and
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even longer heating was required to convert it to the feldspar' In the

present siudy the hexagonal phase 1ormed in clay-sulfate mixes at 1400o

in a matter of minutes and conversion to the feldspar was immediately

detectable. Therefore, it would appear that clays are among the more

reactive of possible sources of silica and alumina'

The presence of small amounts of impurities has been shown to in-

fluence the formation temperatures and reaction rates' This factor, in

addition to the effects of varying cooling rates, may explain why some

earlier investigators obtained the barium feldspar from melts and others

obtained the barium hexagonal phase.

The powder data for the synthesized feldspars appear to be sufl icient

to establish the basic crystal structure as that of the feldspar type. The

barium feldspar is monoclinic and the strontium and lead feldspars are

probably triclinic. In all probability, the phases formed by rapid crystal-

i ization in the solid state are disordered. No information as to the rates

of ordering was obtained. For these reasons the barium feldspar was

indexed according to the unit cell dimensions of Taylor et al', (1934)

rather than those of an ordered cell with a super-lattice as given by

the hexagonal phase being the complicating factor' Reactions in the two

mixes begin in the same general temperature range and the formation
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to satisfy valency requirements but would also tend to hold the sheets
apart so that the electrostatic influence of the smaller strontium ion
wouid be insufficient to maintain the structure. The tendency for potas-
sium to retard development of the hexagonal phase and to enhance
development of the feldspar, therefore, appears to have some geometric
basis.

The presence of potassium in the lead feldspar composition has ritt le
effect on the stabil ity of the hexagonal phase. Geometric considerations
do not provide a ready explanation of this fact. The high reactivity of
the composition at a relatively low temperature suggests that the forma-
tion of lead feidspar might be largely independent of those ions whose
activit ies are low at that temperature.

The occurrence of barium, strontium, and lead in lattice positions of
natural feldspars is well known. Numerous determinations of the barium
contents of hyalophanes have led to the recognition of a complete series
between potash feldspar and celsian and there is evidence that a similar
series exists between strontium feldspar and the plagioclases.

The present study suggests that the presence of lead in the potash
feldspar lattice may be more common than previousry realized. The
structural and thermal similarities between the lead feldspar and the
potash feldspars also suggests that a complete isomorphous series might
exist between these phases. rt might be expected that lead-bearing feld-
spars or nearly pure lead feldspars would occur in the zones of alteration
of many ore deposits.

The feldspar compositions studied could have numerous ceramic appli-
cations. Barium and strontium feldspars qualify as refractory materials.
The lead feldspar is particularly interesting from a ceramic standpoint
in view of the numerous applications of lead compounds for electrical
purposes. The melting point of the feldspar is substantially higher than
any of the lead sil icates, the lead aluminates, or the lead aruminum sil i-
cates reported in the ceramic l iterature.

An extensive series of time-temperature studies, not included in this
report, indicate that reaction rates are a function of temperature and
are unaffected by the inversions of the sulfates. The true formation
temperature of the barium and strontium feldspars and of the barium
hexagonal phase prepared from the kaolin-sulfate mix is 1090o c. This
indicates that the hexagonal phase has no stability range under the con-
ditions of this experimental technique and therefore the name alpha-
celsian is inappropriate.

A l imited study of mixed crystal compositions, also not reported here,
indicates that extensive substitution among the three types of ferdspars
is possible. The extent of substitution has not, however, been completely
determined.
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