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The system K,0-Al,0;-Si0,. Part 1. Phases on the KAISiO ,~KAIQ, join

L. P. Cook, R.S. RoTH, H. S. PARKER AND T. NEGAS
National Bureau of Standards, Washington, D.C. 20234

Abstract

High-temperature experiments have yielded information about the part of the tectosilicate
join between KAISiO, and KAIlO,. Orthorhombic KAISiO, synthesized at 950°C [a =
9.057(2), b = 15.642(2), ¢ = 8.582(2)A], space group P2,2,2 transforms upon heating above
1450-1485°C to another orthorhombic phase having a larger unit cell [a = 18.110(3), b =
15.600(3), ¢ = 8.560(2)A]. The space group of the latter is shown from single-crystal pre-
cession photographs to be one of three possibilities: P2,am, Pma2, or Pmam.

A body-centered tetragonal phase, K, Al;,,Si,_,O, (x = 0.1), with unit-cell dimensions a
= 8.943(1), ¢ = 5.221(1)A is stable at the expense of orthorhombic KAISiO, and silica-
saturated KAIO, solid solution in the range 1400-1600°C. Five space groups within Laue
group 4/mmm are possibilities.

The compound previously reported to be K,AlSiOq is most likely a member of the f.c.c.
solid solution K, ,Al, ,Si,O,. The SiO,-rich end-member of this solid solution has a compo-

sition with x = 0.25 at 1600°C, and apparently belongs to Laue group m3m.

Introduction

Research is being conducted in our laboratories to
determine the effect of K,O on the behavior of refrac-
tory oxide materials and the properties of silicate
melts in open-cycle, coal-fired magnetohydrody-
namic (MHD) power generators. One of the areas
most important to this research is the silica-poor part
of the system K,0-Al,0,-SiO,. Hexagonal and or-
thorhombic KAISiO, have been shown to be impor-
tant phases in MHD systems (Karr et al., 1974; Hos-
ler et al., 1976). The natural occurrence of hexagonal
KAISiO, in igneous rocks, ecither as kalsilite or ka-
liophilite, is well-known. In this paper we present
experimental results for the join KAISiO,-KAIO,,
including the crystallographic properties of two new
phases having compositions corresponding to or in
close proximity to KAISiO,. A more detailed study of
the phase relations along this join is in progress.

Previous studies

KAISiO,

The polymorphism of KAISiO, was demonstrated
in the early work by Bowen (1917). Subsequently,
KAISiO, polymorphs have been the subject of a num-
ber of investigations because of their complicated
structure. Rigby and Richardson (1947) possibly

were the first to report an X-ray powder pattern
(unindexed) for an orthorhombic form of KAISiO,.
Other studies completed prior to 1950 are summa-
rized and discussed by Kunze (1954). Smith and
Tuttle (1957) reviewed the crystallographic data and
presented new data describing five possible poly-
morphs of KAISiO,, four of which were indicated as
being hexagonal. Sahama and Smith (1957) reported
a fifth hexagonal polymorph. Perrota and Smith
(1965) reported a structure determination of hexa-
gonal kalsilite.

“KpAlLSiOs”

Weyberg (1908) reported the'synthesis from kaolin
and potassium chromate of octahedra which he iden-
tified as K,ALSiOs. Bowen (1917, p. 118) reported
the synthesis of similar octahedra (n = 1.540) by
fusing silica, alumina, and KF over a bunsen burner.
However, subsequent chemical analysis, which led to
the formulation K,Al,SiQs, was performed on a two-
phase mixture. Schairer and Bowen (1955, p. 735)
reported unsuccessful attempts to synthesize
K,ALSIO4 by reacting K;SiO; and Al,O; at 1400 to
1700°C. Yamaguchi (1970) listed a unit cell of
7.650(5)A for a cubic compound described as
K,AlSiOs, and synthesized by exposing mullite to
K,CO; vapor at 1100-1200°C. Evidence was pre-
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sented for a complete series of solid solutions be-
tween K,AlSiO; and KAIO,. Lief al. (1971) reported
a maximum solubility of SiO, in KALlO, of 20 mole
percent at 900°C.

KAlO,

Brownmiller (1935) gave an unindexed powder
pattern for cubic KAIO, (n = 1.603) synthesized at
1650°C. Barth (1935) drew attention to the similarity
between cubic KAIO, and the cristobalite structure.
More recent work (Otsubo er al., 1962; Arakelyan,
1960) has shown the cubic modification of the pure
substance to be unstable at room temperature, with
an unquenchable transformation to a lower-symme-
try form at 522°-535°C.

Methods

Starting materials

KAIO,, used to prepare compositions along the
KAIO,-SiO, join, was synthesized from research-
grade anhydrous K,CO, (0.05 wt % Na) and alumina
having 0.3 um average particle size. The latter yields a
well-defined X-ray powder diffraction pattern for a-
Al,O,, and spectrochemical analysis showed less than
0.01 weight percent Na or Fe. Both K,CO, and Al,O,
were stored at 160°C until use. K,CO; stored in this
way, cooled under vacuum, weighed in a drybox,
heated at 400°C for 16 hours and reweighed gave a
0.01 weight percent loss. Alumina handled similarly,
but heated at 1100°C for 8 hours, showed 0.33 weight
percent loss. Alumina and K,CO; were weighed in
the proper proportions to yield KAIlO, in a nitrogen
atmosphere containing less than 20 ppm H,O.
Twenty-gram batches of this mixture were homoge-
nized and heated at 800° (3-24 hr), 900° (1-15 hr),
and 1000°C (0.5-1.0 hr). This process was repeated
three times, and the reaction product was cooled in a
dessicator and unloaded in a drybox. A sample of the
product was mixed with petroleum jelly to avoid
rapid hydration during X-ray analysis, which proved
it to be the well-crystallized, low-temperature form of
KAIO; (single phase). K,O loss from KAIlO, in cov-
ered crucibles was negligible at these temperatures, as
would be expected from the available vaporization
data (Plante et al., 1975).

Silica was processed from optical-quality colorless
Brazilian quartz, free from inclusions. This was pul-
verized in a steel mortar and pestle to pass a 200-
mesh sieve. Steel particles were removed with a mag-
net, and the material was boiled twice in 6N HCI for
several hours, then boiled in distilled water with re-
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Fig 1 Ternary plot showing compositions investigated. Com-
pounds on the tectosilicate join are shown for reference.

peated rinsing and elutriation. For most experiments,
quartz was ground again in an agate mortar and
pestle, and was then stored at 160°C prior to use.
This material showed no detectable weight loss after
heating for 10 hours at 1100°C, and semi-quan-
titative spectrochemical analysis showed less than
0.01 weight percent Fe and less than 0.02 weight
percent Al. For the flux syntheses a commercial high-
purity crystalline silica of 1.5 um average particle size
was used. Spectrochemical analysis of this material
gave 0.1 weight percent Al and 0.05 weight percent Fe
as the major impurities.

Preliminary calcinings to prepare large amounts of
KAIO, and low-temperature orthorhombic KAISiO,
were conducted using conventional resistance fur-
naces, either of the tube or box type. Temperatures
generally are known to £20°C. Batches of 10-20 g
were calcined in 10 ml Pt crucibles with tight-fitting
lids. Compositions along the KAlO,-Si0, join (Fig.
1) were prepared by weighing out the proper propor-
tions of potassium aluminate and quartz in l-gram
quantities within the drybox. Mixtures were homoge-
nized under acetone, dried at 160°C, and homoge-
nized repeatedly while hot.

Quench experiments

Quench experiments were conducted in
80Pt/20Rh-wound furnaces controlled to within
+2°C by an a.c. Wheatstone bridge controller. Un-
less otherwise noted, samples were sealed in Pt cap-
sules and quenched in water. Typically, quantities of
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from 10 to 100 mg were used. These were weighed
after welding and after quenching. Capsules which
leaked were easily identified by absorption of water
during the quench. Temperature was monitored us-
ing a Pt/Pt10Rh thermocouple assembly calibrated in
situ against the melting points of Au (1064°C) and Pd
(1554°C). For some experiments, particularly those
above 1500°C, temperature was monitored using an
NBS-calibrated optical pyrometer. Uncertainty in
temperature for quench experiments is estimated to
be less than £10°C, taking into consideration accu-
racy and precision of measurement devices, long-
term instrumental drift, and thermal gradients.

To check on the possibility of potassium loss to the
platinum capsules at elevated temperatures, energy-
dispersive X-ray analysis was performed in con-
junction with high-magnification SEM examination.
It was found necessary to examine the capsules from
runs in which melting occurred, to avoid interference
from small particles adhering to the Pt. Analysis of a
Pt capsule in which (K A1O,),,(Si0,)s was melted at
1650°C showed no detectable K (estimated detection
limit ~ 0.2 wt%). The analysis was done at an acceler-
ating potential of 20 kv.

Flux syntheses

Flux syntheses® of small single crystals (<2 mm)
were performed using halide fluxes in an uncovered 5
ml platinum crucible heated inductively. Temper-
ature was monitored with an optical pyrometer.
Charges of 1-5 grams were stirred regularly with a Pt
wire to promote chemical homogeneity during grad-
ual melting. Fluorides vaporize as the temperature is
increased to initiate reaction, but experiments were
terminated while the halide content was such that an
appreciable quantity of melt still existed. Samples
were leached in water, dried with acetone, and sieved
to provide suitable fractions for selection of single
crystals or preparation of powder diffraction pat-
terns.

X-ray diffraction

X-ray diffraction patterns were made from pow-
ders packed into a cavity of 0.07-0.15 mm depth cut
into glass slides. A high-angle diffractometer cali-
brated with tungsten, silicon, and a-quartz was used.
Nickel-filtered copper radiation was used with a scan
speed of 0.25° 26 per minute and a chart speed of 1°
20 per inch.

' Refer to Duboin (1892) for a description of some early flux
syntheses of potassium aluminosilicates.
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Single crystals were investigated using an X-ray
precession camera and Mo radiation, filtered and
unfiltered. Precession photographs were used to de-
termine symmetry and to aid in indexing powder
patterns, from which cell parameters were calculated
and refined by a least-squares computer program.

Energy-dispersive X-ray analysis

A scanning electron microscope and attached Si/Li
detector were used to perform energy-dispersive X-
ray analysis of K, Al, and Si in single crystals. Crys-
tals were attached to a carbon substrate by evaporat-
ing a drop of 2 percent collodion solution in amyl
acetate. The thickness of the resulting collodion film
is estimated as less than 2000A. Calculation of the
effect of this thickness on intensity ratios for K, Si,
and Al K« radiation indicates that it should not
interfere with semi-quantitative analysis when a nor-
malization procedure is used (see Mulligan and Lapi,
1976). Before analysis, specimens were coated with
100-200A of carbon. Standards used were melted and
quenched (KAlO;)4(Si0;)e0, (KAIO,)s56(Si05)s0, and
(KAI1O,;)5,(Si04)4, from which smooth polished sur-
faces were prepared. Smooth uncontaminated por-
tions of single-crystal faces were selected for analysis
and oriented at the same angle relative to the beam
and detector used for the standards. Aluminum and
silicon intensities were determined using portions of
the spectrum free of overlap. Use of low beam cur-
rent (10~ A) and moderate accelerating potential
(20 kV), with the beam rapidly rastered over areas
~100 um X 100 um, minimized migration of potas-
sium in the specimens due to heating.

Experimental results

KAISiO,

Quench experiments and solid-state synthesis. Re-
sults of quench experiments and solid-state synthesis
of KAISiO, compositions are summarized in Table 1
and Figure 2. To prepare a substantial quantity of
KAISiO, for quench experiments, (KAIO;);,(SiO;)s0
was calcined at 950°C for a total of 135 hr with
periodic grindings and homogenizations. Reaction,
monitored by X-ray diffraction, was nearly complete
after only a few hours. Traces of leucite and KAIlO,
solid solution were present, but disappeared with fur-
ther equilibration. The product from these heat treat-
ments yields a powder pattern similar in most re-
spects to that reported by Smith and Tuttle (1957,
Table 7) for orthorhombic KAISiO,. However our
pattern (Table 3) does not contain the extra lines at
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Fig. 2. Synthesis diagram for a part of the system KAIO,~SiO, with tentative solid-solution limits. An equilibrium diagram will be

published in a subsequent paper.

5.51, 4.484, 3.489, 3.267, and 2.901 A which are iden-
tified by Smith and Tuttle (1957, Table 7) as those of
a second phase. Our material, when heated at 1400°C
in a sealed Pt capsule, reveals no change other than a
slight sharpening of lines, presumably from anneal-
ing. However, KAISiO, synthesized at 1450-1485°C
from KAIO, and SiO,, as well as KAISiO, synthe-
sized at 950°C and then subjected to heating at
1640°C, yields a pattern (Table 4) essentially identi-
cal to that of Smith and Tuttle (1957) containing the
extra lines. Single-crystal precession photographs (see
below) show that the transition is from a low-temper-
ature orthorhombic cell with g = 9.057, b = 15.642, ¢
= 8.582A to a higher-temperature orthorhombic cell
with g = 18.110, b = 15.600, and ¢ = 8.560A. Details
of the powder patterns for these two phases are given
in Tables 3 and 4. Portions of the powder patterns
showing the appearance of the extra lines are shown
in Figure 3.

A single-phase orthorhombic material of composi-
tion (KAIO,)s4(Si0,)s, showing the doubled unit cell
is produced by heating at 1610°C followed by
quenching. However, the form with the doubled cell
has not been synthesized at temperatures below
1450° in any of the experiments thus far performed
(Table 1, Fig. 2). Data in Table 1 demonstrate
that if KAIO, is added to KAISiO, with the dou-
bled unit cell so that the final composition is

(KAIO,)s, 5(Si03)4r 5, subsequent heating at 1380°C
produces a nearly complete reversion to the form
with the smaller unit cell. These facts lead us to
conclude that the orthorhombic material with the
smaller unit cell is indeed stable at the expense of the
orthorhombic form with the doubled cell below
~1450°C. The role of composition at the phase tran-
sition remains uncertain, and considerably more ex-
perimental work on closely-spaced compositions
must be done before the phase diagram is deter-
mined.

Flux syntheses. Results of flux syntheses are sum-
marized in Table 2. In contrast to the solid-state
K AISiO, synthesis at 950°C, flux synthesis at 1000°C
using (KA10,)5,(Si0;)s yielded hexagonal KAISiO,,
with a powder pattern similar to that for synthetic
kaliophilite reported by Smith and Tuttle (1957,
Table 10). The hexagonal fluxed material, after heat-
ing at 1400°C in a sealed Pt capsule, has a powder
pattern identical to that of orthorhombic KAISiO,
synthesized in the solid state of 950°C. When the
fluxed material is heated at 1550 to 1600°C, the re-
sults again are essentially identical to those for the
unfluxed material.

Precession photographs of flux-grown single crys-
tals of orthorhombic KAISiO, (Fig. 4) agree com-
pletely with the data reported by Kunze (1954) for
orthorhombic KAISiO, and satisfy #00:4 = 2n and
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Composition
Kalo sio
mglez 2
35 65
36 64
55
47 53
47 53
50
50
50
50

Heat Treatment

Initial® Final
Temp Time Temp Time
°C  kr °C  hr

950 100
950%/ 96
1200;7 16
1300%" 64 yg00d/ 4
950 , 48
1200%’ 64
15005, 16
16005 4 o/
1600~ 24
54
64
16
2 e/
18562 0
950 54
1473% 90
950 , 54
16008’ "3 O
1500% 16
950 , 108
1200%1 64
15002/ 16
16005 2 "
1600&° 20
950 , 108
1602%/ “gg
140435 28
14008 38 o
1403
950 135
1395-9; 20
16005, 7
o/ 16405 15
14008 3 £/
1645~ 10
950,,135
1605% 18
1398-5 27
13963 26
13985/219
1350=" 311 £/
13495
147555 4
14855, ¢
1450 16 /
14505 20
1000%5 0.5 14003—; 47
1400% 47 1650 4
13108 .5 15508 16
24
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Table 1. Experimental data for the system KAIO,-SiO;

.15

Results of X-ray
Diffracti
Analysesﬁy

linest+Le
lines+Le

Orth., extra
Orth., extra

Lc+0rth., no extra lines

Orth., extra linest+Lc

Glass

extra lines
lines+Lc

Le+Orth., no
Orth., extra
Le+Orth., no extra lines

Le4+0rth., extra lines

Orth.,
Orth.,

extra lines
extra lines

Orth.,
+Lettr.
Orth.,
Orth.,
Orth.,

no extra lines
Tet.

no extra lines+lLc
no extra lines+Lc
no extra linestlc

Orth.
Orth.
Orth.

, no extra lines
»
’
Orth.,
s
»

no extra lines
extra lines
extra lines+Tet.
no extra lines
extra lines

Orth.
Orth.

Orth., no extra lines
Orth., extra linestTet.
Orth., extra lines+Tet.

, extra lines+Tet.

, extra linestTet.
Orth., extra linestTet,
orth,, extra lines of di~-

minished intensity+Tet(?)

Orth.
Orth.

Orth., extra lines

Orth., no extra lines
Orth., extra lines at
3.48, 3.26, 2.90
Orth., extra lines at
3.48, 2.90

Orth., extra lines
Orth., extra lines

0.01 Oorth., extra lines

0.08 Glass + Orth., extra lines

0.15 Glass

Compos
Kalo
mol

50.2

50.2

5C.2

51

51

ition
sS40
e’ 2

50

49.8

49.8

49.8

49

49

47

Heatayreatment
Initial— Final
Temp Time Temp Time

°c hr °C hr

950, , 135
1401%/ 6
14055 22
14044, 16
14024 32

1597/ 18

54
64
16

950C/
12002/
1500~

16002 2

950,, 54
1058 T4

14028/

1403/

1403/

1403/

17
12
21

21.5

950 54
1&802—/
1478%

1600% 2

19

950 96 /

16003—/ 2%
14738 19

1401/

1403/

14058/ "

1595~ 17

13808/

11
950 55

woed! 9

1405%/

1600

7.5

1404

13808 131

950,, 60
12005, 64
15003, 16
16005 4 &/

1600— 24

60

950
d/ “5.5

1403~

10 g

14058/

1408/

10

23.5

d/

1398~ 50

Results of X-ray
Diffracti
Analyses—

no extra lines
extra lines

Orth.,
Orth.,

Orth., no extra lines

Orth., extra lines

lines
lines

extra
extra

orth.,
Orth.,
+Cubic
Orth.,
+Cublc
Orth., no extra lines
+tr. Tet.+tr. Cubic ss
Orth., no extra lines
+tr. Tet.

Orth.,, no extra lines
Orth., extra lines

no
no

extra lines

no extra lines
extra lines
Orth., extra lines
Orth., no extra lines
+tr. Orth., extra lines

Orth.,
Oorth.,

Orth., no extra lines
Orth., extra lines
Orth., no extra lines
+tr. Orth., extra lines

Orth,, no extra lines

+tr. Cublc ss
Orth., no extra lines
+tr. Tet.

Oorth., no extra lines
Orth., extra lines

Orth., extra lines of
diminished intensity

Oorth., extra lines+Tet.
orth., no extra lines
+tr, Cubic ss

Orth., no extra lines
+Tet.+tr. Cubic ss
orth., no extra lines
+Tet .

Orth.,, very weak extra
lines

Orth., extra lines+Tet.

orth., no extra lines
+tr. Cubic ss
Orth.,, no extra
+Tet .+Cubic ss
Orth., no extra
+Tet.+tr. Cubic
Orth., no extra
+Tet.+tr. Cuble
Orth., no extra
+Tet.

lines

lines
sS
lines
ss
lines
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Kalo, Sio
moleX
55 45
55 45
56 44
56 44
57 43
57 43
58 42
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Heat 7reatment
Initial®
Temp Time Temp Time

°c

1600%/
c/

1600~

1605%

1595/

950
1404~

14054/

140437

w048/
1404~

950
1200%
1500
1600

950,
1200%

15005
16005

950
1404—

16068/

950
14028/

1403/
/

1403
1403%

hr

~wn

96
64
16

50
16
64

50
10

45

50
46

14.5

Final

°C hr

1600g/ 10

1595~ 33

d/

1405~ 14

16008 24

16002/ 24

103 23,5

14035/ 20.5

Table 1. Continued

Heat ;reatment
Results of X-ray Composition Initial® Final
D:ff;actig? KAlOz 5102 Tsmp Time Tsmp T
nalyses— mole% C hr [
59 41 950d/ 96
1404=~" 14
Tet.+0rth. (tr.)
d/
1402, 18.5
Tet.+Cubic ss+Orth, 14021/ 12 "
(with extra lines?) 1403~
Tet.+Cubic sst+tr.
orth., (extra lines?) 950 96
Tet. 9 4 1480
d/
1 8
Orth., no extra lines 60 40 395 15925/
+tr. Cubic ss y
Orth., no extra lines c
? 1400~ 8
+Tet . +Cubic ss 70 30 !
Orth., no extra lines 13925/ 12
+Tet.+Cubic ss
Tet.+0rth.+tr. Cubic ss 14°2£§ 19
Tet .+tr. Orth. 14001 111
Tet.+tr. Orth. 16459/
75 25 1595% 12
so 20 1400¢ 21
Tet. 16008 9
1600 11
13958/ 3
d/
Tet.+tr. Cubic 1600%" 91 ./
16409/
Orth., no extra lines o/
+Tet .+Cubic ss 90 10 1400; 12
Tet .+tr, Orth.+tr. 1398; 5
Cubic ss izggg 1;
Tet. 13992/
16454/
Orth., no extra lines 100 0 1.0

+Tet,+Cublc ss

Tet .+Orth., no extra
linest+Cubic ss

Tet .+tr. Orth.+Cublc ss
Tet.+tr. Orth.+tr

Cubic ss

Tet.

ime

hr

191.5

168

10

6

50
24

12
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Results of X-ray
Diffractigy
Analyses~

Tet.+0rth., no extra
lines+tCubic ss

Tet .+0rth.+Cubic ss
Tet.+tr. Cubic ss
Tet.+tr. Cubic ss

Tet.+Cubic ss

Tet .+Cubic ss (tr.)

Cubic ss+Tet. (tr.)
+0rth.

Cubic ss+Tet.+Orth.
(tr.)

Cubic ss+Tet.

Cubic ss+Tet.
Cubic ss+Tet. (tr.)

Cubic ss+Orth.+Tet,
(tr.)

Cubic ss+Tet.+Orth.
(tr.)

Cubic ss+Tet.+Crth.
(tr.)

Cubic ss+Tet.+0rth.
(tr.)

Cubic ss+Tet. (tr.)
Cubic ss+Tet. (tr).
Cubic ss

ps. cubic ss
ps. cubilc ss
ps. cubic ss
Cubic (?) ss

ps. cubilc

LY Successive heat treatments in this column indicate that the specimen had all the preceding initial heat treatments within

its group

n/

tr. - trace; Orth., no extra lines - orthorhombic KA1lSi0,; Orth., extra lines - orthorhombic phase with doubled a, extra

lines at 5.49, 4.17, 3.48, and 2.90A; Tet. - tetragonal K1+xA11+xSil-xo4; Cubic - cubic Kl_xAll_xSixoz; ps. cubic ~

pseudocubic KAlOZ; ss - solid solution; Lc - KAIS1i, O

=’ Sealed experiment quenched in water

&/ From KF flux synthesis

i

Unsealed capsule, cooled in air

276

Experiment removed from furnace and cooled in air

£ Experiment performed in inductively heated Pt60/Rh40 capsules; air cooled

Prepared by adding more KAlO2 to previous specimen of 51.5:48.5

Specimen made by adding KA].O2 to previously equilibrated KAlSiO4 after final heat treatment at 1349°C for 50 hrs
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Table 2 Flux synthesis of single crystals for X-ray diffraction

Al/Si /
Atomic Charge2 Flux Charge/Flux
Ratio Weight Ratio

3:2 A1203+SiO2 KF 1:19

3:2 K3A1F6+SiO2 KF 1:5.67

3:1 A1203+SiO2 KF 1:19

3:1 A1203+5102 KF 1:4

2:1 KA102+SiO2 KF 1:3.33

1:1 KAlO2 +Sio2 KF 1:15

1:1 A1203+Sio2 KCI.SF.S 1:19

1:1 A1203+Si02 KF 1:9

1:1 A1203+Si02 KF 1:4

1:1 K3A1F6+S:‘_O2 KF 1:9

1:1 A1203+Sio2 KF 1:19

1:1 Al,0,+510 KNO, unknown,

273 2
large excess
KNO
3

a/

departure from blackbody conditions.

b/

Temp.—  Time Major Crystalline ?hases
°C hr After Treatment™
1300 0.75 -150 mesh fraction: Tet. +
Orth. + Cubic
1250 4.0 -150 mesh fraction: Orth. +
Tet.
1300 0.9 -150 mesh fraction: Tet. +
Cubic
1000 0.33 Orth. + Cubic + unidentified
phase with strong 2.99A peak
1000 0.75 Cubic + Orth. + Tet.
1000 0.5 Hex.
950 1.0 Orth. + KAlSi206
1310 0.5 Orth. + Tet.
1000 0.75 Orth. + Tet.
1250 3.0 =48 + 115 mesh fraction:
Orth. + Tet.
1300 0.75 -48 + 115 mesh fraction:
Orth.
500 15.5 o-quartz + a~-alumina

Molar ratio of charge constituents was adjusted to yield the desired Al/Si atomic ratio.

The indicated temperatures can only be considered approximations because of the great
No attempt should be made to compare these

temperatures with those reported for quench experiments.

more in hot water.
equilibrium phase assemblage.

In all cases, excess KF and other water solubles were removed by leaching 16 hours or
Thus, phases observed should not be interpreted as being an

Hex. ~ hexagonal KAlSiO4, pattern identical to synthetic kaliophilite of Smith and

Tuttle (1957).

Orth., - orthorhombic KA1Si0, with no extra lines

Tet, - tetragonal K

PVt
Cubic -~ cubie Kl—xAiIfo}IEZ

l-x04

00/:1 = 2n. Also, hOl:h + | = 2n is nearly satisfied but
for weak (201) and (205) reflections. The space group
then appears to be P2,2,2. It is noteworthy that this
lower-temperature orthorhombic form is dimension-
ally hexagonal, whereas the higher-temperature or-
thorhombic form (see below) is not.

Precession photographs showing the effects of
heating flux-grown orthorhombic KAISiO, to
1650°C are presented in Figure 4, The heated crystals
appear to have the same diffraction pattern for [0k/]
and [A0/] as the lower-temperature form. Most im-

portant is the fact that the [#k0] and [kk1] photo-
graphs show doubling of the a axis. The new ortho-
rhombic cell has diffraction symmetry P*a*,
indicating P2,am, Pma2, or Pmam.

An energy-dispersive X-ray analysis of a single
crystal of orthorhombic material synthesized in flux
at 1250°C and heated at 1610°C for 10 hr showed it
to be, on a mole percent basis, (K;O0)zs 541
(AL, O3)24 541(Si05)5,.2. The analysis should be re-
garded as semi-quantitative; it does net include fluor-
ine, and the assumption was made that K, Al, and Si
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are present as oxides. This crystal gave precession
photographs similar to the ones in Figure 4 ¢, d ex-
cept for differences attributable to twinning about c.

Tetragonal K, Al ,.Si,_,0,

Quench experiments and solid state synthesis. X-ray
powder diffraction patterns of (KAlO;)(SiO;)s
heated at ~1400°C initially showed principal lines of
orthorhombic KAISiO, and of K,_ Al,_,Si,O, solid
solution. Continued heating in sealed Pt capsules
with intermediate grindings resulted in an increase in
intensity of a line at 3.17A with concomitant decrease
in intensity of the principal KAISiO, line at 3.11A.

Existence of a phase between K,_,Al,_,Si, O, and
KAISiO, on the tectosilicate join is necessary to ex-
plain this (Fig. 2). Material synthesized from
(KAIO,):5(Si0,),5 at 1600°C with intermediate crush-

Table 3. X-ray powder diffraction data for low-temperature
orthorhombic KAISiO2/

b/ c/ c/
dcbs bt 29obs Zecalc Iobs
6.23 101 14.20 14.21 4
5.79 021 15.29 15.32 4
4.521 200/130 19.62 19.59/19.63 4
4,286 002 20.71 20.68 11
3.996 131 22.23 22.22 1
3.877 211 22.92 22.90 7
3.563 221/041 24.97 24.96/25.00 24
3.477 122 25.60 25.62 1
3.422 230 26.02 26.04 18
3.312 141 26.90 26.90 7
3.175 231 28.08 28.07 5
3.112 202/132 28.66 28.64/28.67 100
2.959  310/240/150 30.18 30.13/30.17/30.20 3
2,816 320 31.75 31.75 2
2,798  311/241/151 31.96 31.92/31.96/31.99 23
2.688 023 33.30 33.32 6
2.674 232 33.48 33.49 8
2.612 330/060 34.31 34.30/34.37 31
2,577 123/250 34.79 34.80/34.83 2
2.504 160 35.83 35.82
2.4934 061 35.99 35.98
2.4353 242/152 36.88 36.86/36.89
2.4138 133 37.21 37.17
2.3890 340/213 37.62 37.60/37.61
2.3553 322 38.18 38.19
2.2631 400 39.80 39.78
2.2582 260 39.89 39.87
2,2372 143 40.28 40.28
2.2308 070/332/062 40.40 40.33/40.39/40.45
2.1868 261 41.25 41,29
2.1628 162 41.73 41.72
2.1446 004 42.10 42.08
2,1088 421 42.85 42.86
2.1041 171 42.95 42.97
2.0760 430/303 43.56 43.54/43.55
a/

2/ Synthesized by heating at 950°C for 135 hr, with inter-
mediate grindings.

=/ Tndexed on the basis of an orthorhombic primitive unit
cell. Least-squares refined dimensions: a=9.057(2)A,
b=15.642(2)A, c=8.582(2)A, volume = 1215.7(3)A.

=/ CuKa, radiation, A = 1.540598A.
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Table 4. X-ray powder diffraction data for the high-temperature
orthorhombic phase?

b/ cf c/
obs hk&= 26calc ZBobs— obs
6.21 201 14.23 14,25 2
5.78d/ 021 15.36 15.33 6
5.49— 121 16.12 16,13 2
4.699 311 18.85 18.87 2
4.532 400 19.59 19.57 4
4.505 230 19.67 19.69 6
4.277d/ 002 20,74 20.75 11
4,168~ 321 21.29 21.30 1
3.992 231 22.27 22.25 2
3.938 330 22,55 22.56 2
3.875 411 22.92 22,93 3
3.580 331 24.86 24,85 2
3.558 421 24,99 25,01 13
3.551d/ 041 25.07 25.06 12
3.482- 141 25.56 25.56 10
3.413 430 26,08 26.09 3
3.302d/ 241 26.96 26.98 2
3.259— 511 27.32 27.34 6
3.249 132 27.41 27.43 2
3.169 431 28.11 28.14 1.¢/
3.107 402/232 28.68/28.73 28.71 100
2.971 530 30.04 30.05 6
2.951d/ 250 30.28 30.26 3
2,900~ 332 30.82 30.81 3
2,816 620 31.76 31.75 2
2.800 611 31.93 31.94 13
2,790 251 32.07 32,05 15
2,722 203 32.89 32,88 1
2,679 023 33.41 33.42 4
2.670 432 33,55 33.54 3
2.611 630 34.33 34,32 24
2.600 060 34,47 34.47 21
2.575 160 34.83 34.82 3
2.547 313 35.24 35.21 1
2.4961 631 35.94 35.95 1
2.4461 711 36.72 36.71 2
2.4100 233 37.26 37.28 2
2.3179 730 38.85 38.82 3
2.3122 333 38.94 38.92 3
2,2636 800 39.79 39.79 2
2.2533 460 39.96 39,98 2
2,2287 070 40.44 40.44 12
2.2068 162 40.88 40,86 2
2,1792 461 41.38 41.40 1
2.1568 071 41.87 41.85 2
2,1504 343 41.96 41,98 3
2.1402 004 42.20 42.19 10
2,1074 821 42.89 42,88 2

a/ Synthesized at 950°C, 135 hr with intermediate grindings,
sealed in Pt capsule, heated at 1600+20°C, 7 hr, quenched
in water.

b/ Indexed on the basis of an orthorhombic primitive unit
cell., Least-squares refined dimensions: a=18.110(3)A,
b=15.600(3)A, c=8.560(2)A, volume = 2418.2(5)A3.

s/ Cuka, radiation, X = 1.540598A.

Y Lines also observed by Smith and Tuttle (1957) and
attributed by them to a pcssible second phase.

&/ Abnormally large intensity indicates small amount of

tetragonal K1+xA11+xSil—x04'

ings and grindings produced a pattern containing no
trace of KAIO, solid solution and with only a trace of
KAISiO,. The powder diffraction pattern can be
completely indexed on the basis of the tetragonal unit
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cell (@ = 8.943, ¢ = 5.221A) determined from the
precession photographs. It was thought at first that
this pattern might represent a disordered hexagonal
phase structurally related to tridymite. Indeed, the
pattern could be partially indexed on the basis of a
hexagonal cell with a = 10.44, ¢ = 8.94A; however,
several peaks of low intensity deviated from the cal-
culated values by as much as 0.25° 26. Precession
photographs of flux-synthesized crystals proved une-
quivocally that the actual symmetry is tetragonal. A
tabulation of calculated vs. observed d-spacings for
the tetragonal phase is given in Table 5.

Flux synthesis. (A1;04)4(Si0;);; heated to

3.5% —
34 -
330 —
37 -
. -
2,97

2,80 —

[ | [ I I I | i i I ] ! °
R RN H8 8 8a A
MM N MM M N o™ N o~ (o I o |

Fig. 3 Portions of powder patterns of orthorhombic KAISiO,.
(a) Synthesized at 950°C, 135 hr. This pattern is typical of single-
phase KAISIO, heated for extended periods at temperatures up to
1400°C. (b) Synthesized at 1605°C, 18 hr, annealed at ~1400°C,
53 hr. This pattern is typical of single-phase KAISiO, heated for
extended periods above 1600°C, and shows development of extra
lines discussed in fext.

Fig 4. Precession photographs of orthorhombic KAISIO,
synthesized from K;AlF, and SiO, in KF flux at 1250°C (a,b) and
subsequently heated in sealed Pt capsule at 1610°C for 10 hr (c,d).
Zr-filtered Mo radiation was used except for b and ¢ (unfiltered). q,
c—[hkO]; b, d—[hk1].

~1300°C with excess KF yielded crystals of the tetra-
gonal phase plus some cubic K, _,Al,_,Si,0, (Table
2). Precession photographs of single crystals (Fig. 5)
clearly indicate a body-centered tetragonal symmetry
(" + k + 1 = 2n) with Laue group 4/mmm. As there
are no other special extinctions, five space groups
including /4/mmm are possibilities. The relation be-
tween cell dimensions of the tetragonal phase and the
orthorhombic KAISiO, is as follows: tetragonal ¢ is
equivalent to one-third orthorhombic b, and tetra-
gonal a is approximately equal to the average of
orthorhombic a and c.

An energy-dispersive X-ray analysis of the single
crystal used for precession work showed it to be, on a
mole percent basis, (K;0)a7 5:1(A1303)27.5:1(S103 )45 4 2.
The analysis should be regarded as semi-quantitative;
fluorine could not be determined and in computing
this analysis it was assumed that K, Al, and Si are
present as oxides.



Ki_Al,_,Si.0, solid solutions

Quench experiments and solid-state syntheses. Pre-
liminary experiments (Table 1) have indicated a con-
siderable solubility of SiO, in cubic KAIlO, at temper-
atures of 1400 to 1600°C. Limits of solid solution
have not yet been established precisely, but lie be-
tween 20 and 25 mole percent SiO, at 1600°C. The
addition of SiO, apparently lowers the phase transi-
tion temperature in this material or alters the kinetics
enough to allow quenching the cubic form to room
temperature. The least-squares refined cell parameter
for the SiO,-rich end member synthesized at 1645°C
isa = 7.644A. A tabulation of observed vs. calculated
d-spacings is given in Table 6.

Flux syntheses. Flux syntheses with two different
types of starting materials (Table 2) yielded cubic
solid solutions. Although KAIQO, reacts with atmos-
pheric moisture even at room temperature to “melt”
in its own liquid of hydration, the solid-solution end
member apparently is insoluble in hot water and can
easily be separated from KF by water-leaching. Pre-
cession photographs and powder diffraction data
(Table 6) indicate that this solid solution is face-
centered cubic with hkl:h, k, ! all odd or all even, and
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Table 5. X-ray powder diffraction data for tetragonal
K1+1A11+xsil—x04§/

b/ c/ </

dobs S Zeobs— 26calt: Iobs
6.32 110 14.01 13.99 11
4.510 101 19.67 19.67 28
4.471 200 19.84 19.84 10
3.168 211/220 28.15 28.08/28.20 100
2.827 310 31.62 31.61 25
2.612 002 34.31 34.32 28
2,588 301 34.63 34,62 58
2,4150 112 37.20 37.23 16
2.2544 202 39.96 39.96 4
2,2415 321 40.20 40.22 22
2.2372 400 40.28 40.31 33
2.1083 330 42,86 42.87 6
2.0015 411/420 45,27 45,24/45.32 6
1.7534 510 52.12 52.11 3
1.7076 103 53.63 53.60 3
1.6973 402 53.98 53.95 2
1.6909 431 54.20 54,16 6
1.6405 332 56.01 56.03 7
1.5959 213 57.72 57.72 7
1.5876 422 58.05 58.06 5
1.5821 521/440 58.27 58.26/58.32 8
1.5332 530 60.32 60.30 5
1.5028 303 61.67 61.66 11
1.4902 600 62.25 62.24 6
1.4557 512 63.90 63.89 5
1.4251 323 65.44 65.46 1
1.3053 004 72.33 72.33 1
1.2944 602 73.04 73.04 4
1.2918 631 73.21 73.22 8
a/

that it belongs to the Laue group m3m.

Conclusions

Additional lines occurring at 5.49, 4.168, 3.482,
3.259, and 2.900A in powder patterns of orthorhom-
bic KAISiO, heated at 1600-1650°C can be com-
pletely accounted for by a doubling of the @ dimen-
sion of the unit cell described by Kunze (1959). The
doubling of the a axis is proved by single-crystal
precession photographs of flux-grown material. The
experimental evidence disproves the interpretation of
the extra lines as a second phase as postulated by

x

L

d.

b.

Synthesized from (KAlO,) 55(Si0 )_45 by three heat
treatments at 1600+20°C followeg by quenching in
water and grinding (22 hr total heating); product
was nearly-single-phase, with trace of KAlSiOz'.

Indexed on the basis of a tetragonal body-centered

unit cell. Least-squares refined dimensions:
2=8.943(1)A, ¢=5.221(1)A, volume = 417.54(8)A3,
&/ cuka radiation, A = 1.5405984.

1

Smith and Tuttle (1957). Our data support revers-
ibility of the change from orthorhombic KAISiO, (a
= 9057, b = 15.642, ¢ = 8.582A) to the higher-
temperature orthorhombic KAISiO, with the larger

*

d

c‘l~

Fig 5. Precession photographs of tetragonal K, ;Al,.,Si;_,O, synthesized from (Al;0;)45(Si0.)s7 in KF flux at 1300°C (refer to Table

2) Zr-filtered Mo radiation was used. a—[h0/}, b—[hkO], c—[hk1].
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Table 6 X-ray powder diffraction data for cubic K,_,Al,_,Si,0,%

b/ 26 c/ c/

dobs hk&= obs Zecalc_ Iobs
4.414 111 20.10 20.10 18
2.701 220 33.13 33.12 100
2.3059 311 39.03 39.05 5
2.2068 222 40.86 40.86 7
1.9115 400 47.53 47.54 3
1.7541 331 52.10 52.11 2
1.5600 422 59,18 59.16 18
1.3514 440 69.50 69.50 5
1.2923 531 73.18 73.19 2
1.2086 620 79.19 79.18 3

2/ peat treatment of (KALOy) 70(Si0,) 34 at 1392 to 1400°C
(160 hours total) followed by heatlng at 1645+10°C
(6 hours); product contains trace tetragonal phase.

b/

—' Indexed on the basis of a cubic face-centered unit
cell., Least-squares refined dimensions: a=7.644(1)A,
volume = 446.72(9)a3,

</ CuKa

1 radiation; X = 1,540598A.

cell (@ = 18.110, b = 15.600, ¢ = 8.560A) in the range
1380-1485°C, at least in the presence of excess
KAIO,. The tetragonal phase K, ,Al;,,Si;_,O, is
stable at the expense of cubic K,_,Al,_,Si,O, and
orthorhombic KAISiO, over a temperature range ex-
tending at least from 1400 to 1600°C. No evidence
has been found for the existence of a specific com-
pound with composition K,;Al,SiOq at 1400-1600°C.
Rather, the maximum solubility of SiO, in cubic
K AIlO, suggests K;Al;SiO; as a limiting composition
of this series, which corresponds to K,_,Al,_,Si,0,
with x = 0.25. The cubic nature of this phase suggests
that it is the one observed by Bowen (1917), Weyberg
(1908), and others. The exact range of solid solution
as a function of temperature and the effect of compo-
sition on the cubic/non-cubic phase transition must
await further experimentation now underway in our
laboratory. Subsolidus reactions along the join KAl-
Si0,-KAIO, are very sluggish, and repeated grinding
appears necessary for equilibration even at temper-
atures approaching 1600°C. Short-term experiments
may sometimes be expected to produce metastable
results, as shown by the data in Tables | and 2.
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