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Crystallisation of Lithium Magnesium 
Zinc Silicates 
Part 1 Phase Equilibria in the System 

Li, SiO,-Mg SiO,-Zn2SiO, 
A. R. WEST,  F. P. G L A S S E R  
Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland 

The Li,SiO,-Mg2SiO, binary system contains a congruently-melting phase, Li2MgSiO,, 
which has an Li3PO,-type structure and is isostructural with Li2ZnSiO, at high temperatures. 
Li2MgSiO, and Li,SiO, exhibit considerable mutual solubility. Slow cooling of their solid 
solutions causes some exsolution and both phases undergo a series of transformations. 
More rapid quenching, followed by annealing at lower temperatures, gives rise to several 
metastable orthosilicate phases. The binary join Li2MgSiO,-Li~ZnSiO, shows complete 
solid solution in the 7-phase above 870~ At lower temperatures, a wide range of 
compositions, from 0 to ~ 80% Li=MgSiO,, transforms to a/3-phase. Ternary isothermal 
sections are shown at 1200, 900 and 700~ These have extensive areas of Li,SiO,-type 
and Li=(Zn, Mg)SiO,-type solid solution. Li,SiO, does not dissolve in either olivine or 
willemite solid solutions to any appreciable extent. 

1. In t roduct ion 
Crystallisation of silicate glasses yields a useful 
new class of materials: glass-ceramics. In the 
crystallisation stage both stable and metastable 
phases may form. Our knowledge of the relevant 
phase compositions and equilibria are often out- 
stripped by the empirical development of new 
glass-ceramic compositions. However, their 
development has created new interest in the 
nature of the crystallisation processes and in 
processes which may precede crystallisation, 
such as amorphous phase separation. Composi- 
tions which are based on the Li~O-SiO~ or on the 
ZnO-SiO2 systems are known to yield useful 
glass-ceramics, although, of course most practical 
glass-ceramics are chemically much more com- 
plex. Again, development of these compositions 
has proceeded along largely empirical lines. Our 
attention was directed towards the Li~O-ZnO- 
SiO2 system because, in a search for simple 
"model" systems, crystallisation studies on 
LizO-SiO~ glasses and undercooled melts [1, 2], 
and on ZnO-SiO2 glasses [3] had previously been 
undertaken. Also glass-ceramics made from 
Li20-ZnO-SiO 2 compositions containing only 
small amounts of K20 and P~O5 have been 
described [4, 5]. 
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In an effort to increase the relevance of our 
studies to the chemically more complex com- 
mercial glass-ceramics, a number of Li20-ZnO- 
SiO~ compositions had been melted, quenched to 
glasses and subsequently devitrified. Our inability 
to explain the variation in the physical properties 
of the orthosilicate phases lead, in turn, to a 
more thorough study of the stable and meta- 
stable phase relations in the system Li4SiO 4- 
Zn2SiO4. It is an unusual property of melts in the 
Li20-ZnO-SiO~ system that an orthosilicate 
phase can be crystallised from a wide range of 
compositions, including many in the glass- 
forming region. Hence the importance of the 
orthosilicate phase. These studies [6, 7] disclosed 
a number of unusual features. Extensive solid 
solution occurs between several of the ortho- 
silicates, despite the difference in charge between 
Li + and Zn ~+. The polymorphism of Li~ZnSiQ 
proved to be unexpectedly complex; seven 
polymorphs could be prepared. These poly- 
morphs are structurally related and belong to the 
LisPO4 family. Finally, phase transformations 
could be effected in reasonable times even at 
temperatures as low as 300~ although the 
transformations were often metastable. 

The present studies are aimed at finding out if 

�9 1971 Chapman and HallLtd. 
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similar phenomena will occur in systems of 
greater chemical complexity, and demonstrating 
that such systems can be accurately and rapidly 
explored. First, data are presented for the system 
Li4SiO4-Mg2SiO 4 and compared with those 
obtained for the Lir system�9 From 
this comparison, equilibria may be predicted for 
the ternary system of the three orthosilicates: 
Li4SiO4-Zn2SiO4-Mg2SiO 4. Three ternary iso- 
thermal sections have been studied experiment- 
ally; these data are presented. 

In Part 2, phase distributions in the Li20-ZnO- 
SiO2 system are explored at 650 and 900~ 
Further data are presented to show compatibility 
relationships in the SiO2-rich portions of the 
quaternary system Li20-MgO-ZnO-SiO~ includ- 
ing those which are likely to be observed under 
both equilibrium and non-equilibrium conditions. 
Physical properties, including solubilities, are 
given for some of the orthosilicate phases. 

2. Experimental 
The experimental techniques are similar to those 
used in previous studies [6, 7]. The same 
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f igure I Phase equil ibria in the system Li4SiO4-Mg2SiO 4, 
Phase equil ibria have not been studied in the l ithium-rich 
portion of the system above 1150~ The gradual invers- 
ion of high-Li4SiO4 to Iow-Li4SiO 4 and, at higher magnes- 
ium contents to D' and D phases is discussed in more 
detail in the text; shaded zones separating the D, D', low- 
and high-Li4SiO 4 phase fields represent regions of 
thermal activity as determined by DTA.  All  the crystalline 
phases except Mg2SiO 4 are solid solutions. 

*All  p e r c e n t a g e s  in  th is  p a p e r  a r e  in  m o l M .  

preparative methods were used: compositions 
between Li4SiO~ and Li2(Zn, Mg)SiO4 had to be 
prepared from Li~SiO~, Mg2SiO4 and Zn~SiO~, 
rather than from Li2COz, ZnO, MgO and SiO2. 
Some of the subsolidus equilibria are apt to be 
sluggish, and additional experiments were done 
under hydrothermal conditions. In this technique, 
solid-phase reactants were put into gold foil 
envelopes. These were crimped shut, placed in a 
sleeve which also held a thermocouple, and the 
sleeve and thermocouple sealed into a pressur- 
ised reactor heated by an external furnace. 
Temperatures were read from the thermocouple; 
pressures were initially generated by an air- 
operated intensifier and read on bourdon-tube 
gauges. Water was used as the pressurising fluid. 
Pressures were generally maintained between 200 
and 400 atmospheres. This was sufficiently high 
to speed up reactions which were very sluggish at 
normal pressures, yet not high enough either to 
induce new, high-pressure transformations, or to 
significantly shift the equilibrium temperature of 
a subsolidus reaction. No hydrate phases were 
formed in the hydrothermal reactions, nor were 
the samples subject to any serious leaching in 
runs of 24 to 48 h duration. 

3. Results 
3.1. The Binary System Li,SiO,-Mg=SiO, 
Fig. 1 shows the phase equilibrium diagram 
which was constructed from the data. The 
liquidus was determined approximately by 
observing the melting temperatures of pelleted 
samples. Mg2SiO4 forms a eutectic with another 
congruently melting compound, ideally 
Li2MgSiO4, at 59 + 4 mol ~ * Mg2SiO4 and 
1425 _+ 20~ Li~MgSiO~ melts at 1460 +_ 20~ 
The precise determination of the liquidus and 
solidus profiles was handicapped by the volatility 
of lithia. This volatility increases toward the 
lithium-rich end of the system, and it was not 
possible to determine melting relations in the 
range 0 to 45 ~ Mg2SiO~ with any accuracy. 
Li4SiO~ itself is believed to melt incongruently to 
Li20 and liquid [8]; the reported incongruent 
melting is shown schematically in fig. 1. At 
subsolidus temperatures, the volatility of lithium 
is not a serious problem (except in long runs at 
higher temperatures, as are required for high 
temperature X-ray (HXTR) photographs) and 
phase relations have been studied in detail. 

Mg2Si Q has the olivine structure at all 
temperatures. "[he solubility of Li in Mg~SiO~ 
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is very small, probably not exceeding 1 }~ (as 
Li4SiO~) at the solidus. A noteworthy feature of 
the phase relations is the appreciable range of 
stoichiometry of the Li~MgSiO4 phase. At 
1100 ~ C, this range of homogeneous, single-phase 
formation extends from 41 to 51 ~ Mg2SiO4. 
Thus the range of solid solution compositions 
lies largely displaced to the lithium-rich side of 
the ideal Li2MgSiO4 composition. At 600 ~ C, a 
7Ii-Li2MgSiO4 composition inverts rapidly to a 
7,0-type phase.The shaded transition zone in fig. 1 
marking the Yo ~ Y~ inversion indicates that it 
extends over a range of temperatures. It is, of 
course, expected that in a normal first-order 
transition in a solid solution series, a two-phase 
loop will exist. In the present case, however, 
X-ray and DTA evidence shows that the transi- 
tion extends over a 40 to 50~ temperature 
interval for all compositions, including 
Li~MgSiO~ itself. In more lithia-rich composi- 
tions, the range of inversion temperatures drops 
markedly. The inversion is readily followed by 
DTA. The nomenclature of the polymorphs is, 
wherever possible, consistent with that assigned 
to the lithium zinc silicates. In the latter ortho- 
silicate system, the 7i I phase inverts to the 7'0 
phase via an intermediate phase, designated 
"7'i" [7]. No evidence has been found for the 
existence of a 7'I-Li~MgSiO4 solid solution at any 
composition. Although this introduces a gap in 
the nomenclature of the Li2MgSiO~ polymorphs, 
the scheme retains the merit of indicating where 
isostructural relationships exist, which is import- 
ant in systems such as these, where so many 
minor structural variants can occur. 

Li4SiO4 itself forms an extensive range of 
magnesium-containing solid solutions. At 
temperatures up to 1170~ a two-phase gap 
separates the fields of LiaSiO 4 and Li2MgSiO ~ 
solid solutions. At temperatures above ~800~ 
the width of this two-phase gap begins to con- 
tract markedly. The two-phase gap may persist 
up to the solidus, which is probably only 
slightly above 1170 ~ C, but it is also possible that 
the two-phase gap closes over below the solidus, 
to give a range of solid solutions between 
Li4SiO4 and Li2MgSiO4 which are continuous, at 
least for some temperatures. It is difficult to 
obtain evidence on the phase behaviour of 
compositions in this range. In the time required 
for a high temperature X-ray, appreciable lithia 
loss occurs, as indicated by the formation of 
Li2SiO ~ in the sample. Brief heating, followed by 
quenching, produces new phases which are 
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believed to be metastable. On the other hand, 
quenching is necessary because solution and 
exsolution processes occur very rapidly, especi- 
ally above about 1000 ~ C. Many DTA patterns 
also show vague evidence of thermal activity 
beginning above about 1000~ This may be 
associated with a non-quenchable transform- 
ation or with the onset of melting, either at the 
solidus in the binary system or at a "ternary" 
Li20-MgO-SiO~ invariant point. In summary, 
the equilibria are not known above 1170~ it is 
quite possible that Li4SiO4 and Li~MgSiO4 are 
completely miscible over a short range of 
temperatures just below the solidus. 

Li4SiO4 itself is thermally active giving three 
reversible heat effects in the temperature range 
600 to 725~ These appear as small, but 
reasonably sharp effects on DTA. However, the 
inversions are not so clearly defined by HXTR. 
The entire range between 600 and 725~ is 
marked both by a rapid, but apparently continu- 
ous variation in the d-spacings and also by 
pronounced, but gradual, changes in the inten- 
sities of many of the reflections. The former 
effect is superimposed on the effects due to 
normal thermal expansion. It was concluded 
that these transformations are of the type loosely 
classified as "higher order". The effect of Mg 2+ 
is to lower all three transformation temperatures 
and also, to cause each heat effect to spread 
over a wider range of temperatures, until by 
about 10~ Mg2SiO4 the separate effects have 
merged to give a single, very broad DTA signal. 
At the same time, the low-Li4SiO4 solid solutions 
are now able to undergo a new series of inver- 
sions, first to D' and then to D solid solutions. 
The nomenclature again shows the analogy with 
the phases observed in the Li4SiO4-Zn~SiO4 
system, although in that ease the D and D' 
phases are metastable. The Mg-containing D 
and D' phases are readily distinguished from 
either high- or low-Li4SiO 4 solid solutions by 
high-resolution X-ray powder photographs. The 
distinction is shown diagrammatically in fig. 2; 
powder data are also collected in table I. The D 
phase is probably a superstructure of Li4SiO4 
which arises by ordering of Li + and Mg 2+ ions. 
The development of D' and D from Li4SiO~ 
solid solutions is sufficiently rapid to be followed 
by DTA. Several reversible heat effects are 
observed: one at 300 to 320~ is associated 
with the D ~-D'  transformation. A smaller 
effect at 340 to 360~ is correlated with the 
onset of a progressive change in the D' phase 
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T A B L E  I X-ray powder diffraction data for lithium magnesium orthosilicates 

~,ii ~'o lithia-'/o 

d(A) I d(A) I d(A) I hkl 

*5.50 < 10 5.50 20 5.50 
5.40 10 5.40 10 5.40 
4.55 < 10 4.60 < 10 4.58 
4.09 100 4.09 80 4.09 

4.08 
3.93 80 3.93 60"~ 3.92 

3.90 20 f 3.90 
3.67 } 20 3.67 40 3.67 
3.66 10 
3.16 40 3.17 < 10~_ 3.16 

3.155 20f 3.15 
3.10 < 10 3.10 20 3.10 
2.90 20 2.90 10 2.90 
2.72 100 2.71 80 2.71 
2.665 60 2.665 60 2.68 

2.67 
2.635 40 2.64 20 ) 2.64 

2.625 20 f 2.63 
2.58 40 2.595 20 \  2.59 

2.57 20f  2.57 
2.565 

2.495 100 2.495 100 2.52 
2.495 

(a) (a, g) (b, g) 
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Figure 2 X-ray powder diffraction data at 25~ for some of 
the Li4SiO4-Mg2SiO 4 phases which are structurally 
related to Li4SiO4: the compositions of the solid solutions 
are in mole %. Powder data for high-D', which is also 
structurally similar, are not shown. Its pattern is identical 
with that of high-D, except that the reflections marked (*) 
are absent for high-D'. 

itself. This change continues up to 420 to 450 ~ C. 
The D '  phase, whose powder X-ray pattern now 
closely resembles that of a low-Li4SiO4 solid 
solution, may transform either to low- or high- 

Li4SiO4 solid solution, depending upon its bulk 
composition. Further difficulties in the interpret- 
ation of results in the compositions containing 
10 to 20% Mg2SiO 4 arise because the powder 
patterns of the low- and high-Li4SiO4 solid 
solutions become increasingly alike. The shaded 
regions in fig. 1 have been used to show how 
each of the higher-order transitions varies as a 
function of temperature and composition. 

3.2. N o n - E q u i l i b r i u m  Phase  T r a n s f o r m a t i o n s  
in the  S y s t e m  Li4SiO4-Mg2SiO, 

The lithium magnesium orthosilicates, like the 
lithium zinc orthosilicates, readily form meta- 
stable crystalline phases. The conditions for 
formation of each of the metastable phases are 
quite reproducible, but are sharply dependent on 
the bulk composition and phase composition o f  
the starting materials, and on the nature of the 
thermal treatments used. Some typical condi- 
tions for producing the metastable phases are 
given in fig. 3. The four metastable phases have 
been designated high-D, high-D', E and lithia-y0, 
In addition, a number of phases which appear 
on the equilibrium diagram at higher tempera- 
tures, can be quenched to ambient over certain 
compositional limits. These are also listed: for 
example, a range of high-Li4SiO4 solid solutions 
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T A B L E  I contd. 

HIGH-D' HIGH-D D D'  HIGH-Li~SiOa ss E 

d(/~) I d(/~) I d(A) I d(]k) I d(A) I hkl d(l~) I 

7.4 < 10 
5.70 10 5,70 20 5.70 20 

5.30 40 5.30 20 5.35 40 5.30 40 5.30 20 001 5.25 20 
5.20 20 5.15 10 5.20 20 5.15 20 5.10 10 100 5.15 10 

5.15 10 4.62 < 10 
4.70 20 4.48 < 10 

4.06 80 4.04 80 4.04 80 4.04 60 4.04 80 011 4.01 100 
4.01 40 4.02 40 3.98 100 

3.98 80 3.96 80 3.96 100 3.93 80 3.93 80 110 3,91 < 10 
3.71 60 3.69 40 3.69 60 3.69 60 3.68 40 101 3.88 10 

3.39 10 3.39 < 10 3.70 60 
3.32 20 3.34 10 3.66 < 10 

3.30 10 3,30 20 3.42 10 
3.16 60 3.16 60 3.1-7 80 3.16 60 3.16 60 111 3.40 10 
3.12 10 3.11 10 3.10 10 020 3.30 < 10 

3.04 20 3.04 < 10 3.16 80 
2.69 80 2.68 100 2.69 80 2.68 40 2.68 80 021 3.10 < 10 
2.66 60-/. 2.66 403,. 2.66)_ 80 2.65 100 2.65 80 120, 002 3.09 10 
2.65 6 0 f  2.65 4 0 f  2.65f 20 2.63 10 2.86 < 10 

2.62 40 2.57 40 2.70 < 10 
2.575 20 2.58 80 2.55 80 2.55 100 200 2.68 100 

2.56 100 2.555 80 2,55 (f) (d) 2.66s 100 
(c) (d) (e) 2.62 100 

2.60 20 
2.58 100 
2.52 < 10 
(c) 

NOTES: 
*This line was absent at 700 ~ C; It may be due to a small amount of 7o. Solid solution compositions (mole ~ Mg2SiO4): 
(a) 50 (b) 41 (c) 40 (d) 30 (e) 25 (f) 20; (g) indexed on the basis of pseudo-orthorhombic symmetry. All data were 
obtained at 25 ~ C. Intensities were estimated visually. 

conta in ing  20 to 35 ~ MgzSiO4 may  be quenched 
to ambient ,  a l though high-LiaSiO~ itself  canno t  
be quenched using the same cool ing rate.  The  
fast  quench rates were achieved by d ropp ing  20 
to 50 mg samples,  wrapped  in p l a t i num foil, into 
mercury.  W h e n  an init ial  h igh- tempera ture  
t r ea tment  is requi red  to develop the app rop r i a t e  
phase  compos i t ion ,  1170~ has been specified. 
This  t empera tu re  is no t  necessari ly fixed, but  is 
used where possible  to facil i tate compar i son  
between the effects of  changing bu lk  compos i -  
t ions and  the rmal  t rea tments .  

A t  5 to 1 0 ~  Mg2SiO4, the p roduc t  ob ta ined  
u p o n  cool ing varies wi th  the speed of  cool ing:  
fast  quenching gives a low-Li4SiO~ solid 
solu t ion;  progressively slower cool ing gives D '  
and  D solid solut ions  respectively. A t  30 to 35 
MgzSiO4, high-Li~SiO4 solid solut ions  m a y  be 
quenched to ambient .  These are now metas tab le  
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with respect  to the two-phase  mixture  (7'0 + D 
solid solutions).  U p o n  reheat ing to 400~ no 
phase  changes occur,  but  subsequent  slow cool-  
ing o f  the solid solut ion to ambien t  yields a new 
phase,  des ignated  high-D.  Compa r i son  of  the 
X- ray  powder  da ta  for  this phase  with the 
pa t te rns  ob ta ined  for  D, D '  and  L i~S iQ  solid 
solut ions (fig. 2) shows tha t  while all have a close 
s t ructura l  reIation,  the new phase  is mos t  closely 
re la ted to the D phase,  but  its powder  pa t t e rn  is 
s impler ;  hence its des ignat ion  as "h igh -D" .  
F o r m a t i o n  o f  h igh-D is dependent  on being able  
to quench a homogeneous  high-Li4SiO 4 wi thout  
exsolut ion o f  ),-phases occurring.  This exsolut ion 
is essential for  fo rma t ion  o f  the equi l ibr ium 
two-phase  assemblages,  but  is sluggish at  lower 
temperatures .  The solid solut ion ins tead inverts 
to ano ther  homogeneous  but  metas table  phase.  

A t  4 0 ~  Mg2SiO~, a phase  which is closely 
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COMPOSITION : ~  
(mol % Mg2SiO4) 

10 to 20 HIGH - Li4SiQss, 1170~ 

' \ 
(Intermediate 

(Hg Quen cooling rates) (Slow cool) 

LOW-Li~SiO~ ss 

30 to 35 HIGH - Li4SiO4 ss, 1170~ 

(Hg Quenc/chh) 
/ 

H I G H -  ki~S~O4 ss Reheat Slow HIGH-D 
to 400 ~ C-- cool -'- 

40 HIGH - Li4SiO4 ss, 1170 ~ C 
/ \ 

(intermediate (Hg Quench) 
cooling rates) 

LITHIA_yo + L~i~SiO4 TYPE , - ss HIGH-D' Reheat Slow E 
to 480 ~ C" cool 

50 •II, t 1 7 0  ~  

(Hg Que(ch) \ (Slow cool) 

y ~ (  X~y o 

Figure 3 Some representative methods for the synthesis of metastable Li4SiOa-MgaSiO 4 phases. Solid solutions are 
abbreviated to ss. 

related to high-Li~SiO4 solid solution can be 
quenched to ambient. Its powder pattern 
shows slight differences from those obtained in 
more lithia-rich compositions. For instance, in 
quenched high-Li4SiO4 solid solutions, the 
a-axis contracts regularly with increasing mag- 
nesium content. The 40 % composition did not 
fit this trend. Instead, the powder pattern 
appeared to be intermediate between those of 
high-D and high-Li4SiO4 solid solutions; it has 
been designated "high-D"'. Thus at 40~ 
Mg2SiO4, a minor transformation probably 
occurs during quenching of high-Li4SiO4 solid 
solutions. It may be that high-D and high-D' 
are nothing more than metastable extensions of 
the D and D' phases respectively. However, 
powder patterns of the former pair are consider- 
ably simpler than those of the latter pair. Also, 
no patterns intermediate between the two types 

(e.g. D and high-D, etc.) were ever obtained. 
With slightly slower cooling rates some 

exsolution occurs giving a two-phase mixture. 
One of the  phases is a Li4SiO4-type solid 
solution; the other is a distorted 70 phase, 
designated "lithia-y0". Lithia-70 occurs only at, 
or very close to, the lithia-rich limits of solid 
solution in the y-type phases. It is probably 
metastable: for example, on prolonged heating 
at 300~ it transforms to a 70 solid solution. 

In the Li4SiO4-Mg2SiO 4 system, the limits of 
the two-phase region (y-type + Li4SiO4-type 
solid solutions) are accurate only to _+ 4 % in the 
temperature range 400 to 800 ~ C. Because of the 
large number of phase assemblages possible, and 
the close similarity of many of the X-ray 
powder patterns, interpretation of the X-ray data 
from quenched samples was extremely difficult. 

High-Li4SiO4 solid solutions containing 40 
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Mg~SiO4 can also be used to prepare phase E. 
Rapid quenching from about 1170~ yields the 
high-D' phase. To obtain a quantitative yield of 
phase E, the high-D' is subsequently reheated to 
480~ and slowly cooled to ambient. The 
conditions for formation of phase E are similar 
to those described for preparing high-D; a 
metastable solid solution yields a new meta- 
stable phase more readily than it exsolves. The 
reverse reaction (conversion of E to metastable 
high-D' solid solution) was followed by HTXR. 
The transformation took place in several steps 
which occurred between ~ 100 and 250 ~ C. None 
of the intermediate phases present at these steps 
were isolated, nor were further attempts made to 
characterise them. 

At 50 ~ Mg2SiO4, either 7n  or 70 phase may 
be obtained at ambient, depending on the speed 
of cooling. No additional metastable phases 
could be produced in compositions containing 
> 5 0 ~  Mg~SiO~. 

900~ 

800- 

"c 
700- 

600- 

50( L~ 

Pz 

sio~ 2b 4'o do ~b U~MgSiq 
MOL. % 

Figure 4 Phase equilibria at subsolidus temperatures on 
the join Li2ZnSiO4-Li2MgSi04. The gradual, higher-order 
transition between 7o and 7 i i  solid solut ions is shown by a 
stippled region. 

3.3. The Ternary System Li,SiO4-Mg2SiO4-- 
Zn2SiO, 

3.3.1. The Join Li2MgSiO,-Li2ZnSiO, 
Phase relationships on this join are shown in 
fig. 4. At subsolidus temperatures a continuous 
range of 7n  solid solutions sweeps across the 
diagram. With falling temperatures, this contin- 
ues to ~-o870~ a t  this temperature VII 
Li2ZnSi04 inverts to the ~II phase. This inver- 
sion is sluggish at the Li~ZnSiO~ composition. 
In static heating runs of a few days duration, Vii 
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converts completely to  /~II at temperatures up to 
about 750~ on reheating, a ]~II ----~ VII transi- 
tion can be detected by DTA or HXTR. It occurs 
at ~-~ 870 ~ C over a broad range of heating rates; 
only at faster DTA heating rates does super- 
heating occur. Thus the equilibrium inversion 
temperature is probably about 870~ The 
effect of adding magnesium is two-fold; the 
7n  -~- /3// inversion temperature falls and also, 
the conversion of 7n to ]3// becomes more 
sluggish. Thus, it becomes progressively more 
difficult to follow the inversion by static equi- 
libration of samples in a dry atmosphere. It can, 
however, be readily followed under hydrothermal 
conditions. Inversion temperatures thus deter- 
mined for the magnesium-rich compositions 
follow the trend which would be expected from 
this interpretation of the data obtained in "dry"  
runs. The two-phase region (VII-t-/~II solid 
solutions) is quite narrow, judged from H TX R 
photographs obtained on the heating cycle. The 
range of/~-type solid solutions is not complete, 
but terminates between 80 and 100 ~ Li2MgSiO 4. 
Thus, fig. 4 shows schematically what occurs in 
this composition range. At 80 ~ Li~MgSiO4, a 7 
solid solution converted completely to /~ in a 
hydrothermal run of 18 days duration at 400 ~ C, 
but no /3 phase was ever obtained from 
Li2MgSiO4 itself at either this or lower tempera- 
tures. 

The ]~I r /~II inversion is rapid, and can be 
followed reversibly by DTA. Addition of 
magnesium causes the inversion temperature to 
fall slowly from 649~ at the LizZnSiO4 
composition to 611~ at 8 0 ~  Li2MgSiO4. The 
rate at which the ~ I I @  /~I inversion is depressed 
by magnesium is not as rapid as that of the 
~II ~ 7II inversion, so the /~II field is diminished 
by adding magnesium. Eventually, a short 
range of compositions have a fii solid solution 
which coexists with a 7-type solid solution; this 
is 70, but possibly includes vn  over a short 
temperature interval: the gradual nature of 
the 7o ~ 7n  inversion in Li~MgSiO~ has been 
mentioned earlier. It is probably coincidental 
that the peritectoid at which /3//, /3i and 7 solid 
solutions coexist also lies within the transitional 
zone between 7o and Vn solid solutions. 

Although the 7o ~ VII inversion is stable over 
only a short composition range it may be 
followed metastably across the entire join, as Vn 
solid solutions are readily undercooled with 
respect to the inversion to/3. Fig. 5 shows the 
variation in 70 ~ Vii inversion temperatures, as 
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Figure 5 The 7II ~- Yo inversion in Li2ZnSiO4-Li2MgSiO 4 
solid solutions, The stippled region shows the approxi- 
mate temperature interval of the transit iom The stable 
portion of this inversion is also shown in fig. 4; how- 
ever, in composit ions from Li2ZnSiO 4 to about 90% 
Li=MgSiO4, the inversion is metastable. 

determined by DTA. The reversible nature of the 
heat effects found by DTA, and their assign- 
ment to a V0 ~ ~/i1 inversion was confirmed by 
HTXR. 

In a previous study [6] it was suggested that 
/3iI need not invert directly to /3i-Li2ZnSiO ~ on 
cooling, but that instead there might be a small 
temperature range in which another phase, 
designated /31i', was stable. Its existence could 
only be demonstrated in static heating runs of a 
few days duration, where fiI-Li2ZnSiO4 converted 
first to/311', then to/3ii on heating at progressively 
higher temperatures. Thus, the inversions 
~1I ~-/3II '  @ /3I were fully reversible in static 
runs; in dynamic runs, e.g. by HTXR, /311' was 
only occasionally observed. 

In the present study, the appearance of fin' in 
some dynamic runs has been explained. If/3E, 
prepared by static heating, is used as starting 
material it converts readily and reversibly to 
either/3iior/31on heating and co oling respectively. 
On the other hand, Li2ZnSiO 4 which has never 
had the /31i' structure, tends to transform 
reversibly and directly from/3I to  /311 without any 
intermediate /31i' phase being formed; thus 
Li2ZnSiO4 crystals may retain a memory of their 
former existence as the/3H' phase. 

Further evidence for a field of stability of fiE- 
Li~ZnSiO 4 has been obtained from hydrothermal 
experiments. A lithia-rich V0 solid solution was 
used as the starting material. At 330 bars and 
450~ excess lithia was leached out during the 
run, leaving /311'-Li2ZnSiO4 as the crystalline 
product. This /3ii' could be heated by DTA to 
yield /311, but unlike /3II' prepared by "dry" 
heating, the former transformed reversibly on 

cooling only back to /3E. The reversible /3ii 
fill' inversion occurred at 642~ On the other 
hand, hydrothermal synthesis at 450~ gave/31' 
solid solutions at the Li2(Zn0.TMg0.3)SiO 4 
composition, but at Li2(Zn0.sMg0.DSiO~ and 
Li~(Zn0.2Mg0.8)SiO,, gave a/31 solid solution. By 
DTA the inversion of either/3i,/3{ or/311' to/311 
occurred within a range of 10~ for any 
composition. Owing to the incomplete nature of 
the data regarding the individual stabilities of the 
/3'-type phases, the/3-phase field in fig. 4 has not 
been subdivided further. Some of the differences 
in the/31,/3I',/3zI and /3II' powder patterns have 
been shown previously; the appearance of the 
patterns is virtually unchanged by substitution of 
magnesium for zinc. 

Differences in some of the Vo-phases following 
hydrothermal treatment were also observed. 
The composition Li2(Zno.~Mg0.8)SiO 4 was first 
reacted to give the flI phase. On subsequent 
DTA heating, the /3i-~/3ii and /3II--+VII 
inversions were found; on cooling, the VII-+ 7o 
inversion was observed, but at about 20 ~ below 
the expected inversion temperature. Further- 
more, the resulting Y0 powder pattern obtained at 
ambient had some lines which were abnormally 
diffuse and weakened, relative to ordinary V0. 
The diffuse lines had odd k indices (using 
orthorhombic indices for V0). This product 
which may be a disordered V0 phase, is desig- 
nated V0'; its pattern is shown, together with 
those of some other y-type phases, in fig. 6. V0' 
could similarly be produced for other composi- 
tions, although it was never obtained for 
Li~ZnSiO 4 or Li2MgSiO4. Its inversion to ~'~i was 
always lowered by 10 to 20~ relative to the 
V0 ~- 7zz inversion temperature. 

L~2MgSi04 I 
, ,, I ,  I I l l  

f,o 
>" I Li2MgSi04 I,, 
"- I  h , I I I  1 i l  , II 

~1Xo, Li2(Mgo'sZno'2)SIOf ] . u  
_Zl ., lh II i. 

I LITHIA-u 
I Li2( Li0.36 Mgo.82)lsip4 
I " , I ,, J h l t l l l l ] l lJ 

14 ~ 18 o 2;~ o 26 o 3OO' 3:4o 38 ~ 
20 Cu K~ 

Figure 6 Powder X-ray diffraction data at 25 ~ C for some of 
the Li4SiO4-Mg2SiO4-Zn2SiO 4 phases which are structur- 
ally related to ~'E Li2MgSiO4, Diffuse reflections in the Yo' 
phase are indicated by a thicker line, 
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figure 7 Phase equilibria in the system Li4SiO4-Zn=SiO 4. The data are from reference [6]. 

3.3.2. The Ternary Phase Relations 
The limiting binary systems have been studied in 
detail and are shown in figs. 1,7 and 8. One minor 
correction to the data for the Li~SiO4-Zn2SiO~ 
system should be noted. Re-examination of  
annealed Li~SiO4-Zn2SiO4 compositions contain- 
ing lithia-rich 3, solid solutions, shows that a 
lithia-3,0 solid solution is the equilibrium phase 
for compositions containing 25 to 35 ~ Zn2SiO 4 
below ~-~ 350 ~ C. Partly because of the difficulty 
of distinguishing a new, minor structural variant 
by X-ray powder methods alone, the significance 
of the line-splittings in the zinc-containing 
system had been overlooked. Thus in fig. 7, the 
equil ibr ium diagram for the system Li4SiO4- 
Zn2SiO4, the 3,0 field is in fact, the lithia-3, o field, 
and 7o is metastable at all compositions. By 
HTXR, there is no intermediate 3,o phase in the 
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conversion lithia-3,0 ~ 71-+ 3/1I. The field of 3,0 
in fig. 2 of [7] should be divided to include a 
field of lithia-3,0 at its lithia-rich end. Also, the 
X-ray powder data given in Table 1A, [6] are for 
lithia-70. The Mg2SiO4-Zn2SiO4 system has 
been studied [9, 10]; these results are shown in 
fig. 8. No compounds are formed; Zn2SiO~ and 
Mg2SiO 4 are partially miscible. 

Ternary isothermal sections have been studied 
at 1200, 900 and 700~ these are shown as 
figs. 9, 10 and 11 respectively. At 1200~ a 
broad range of  3,11 solid solutions straddles the 
join Li2ZnSiO4-Li~MgSiO4. It has not been 
possible to study the Li-rich corner of the system 
at 1200 ~ C. Hence the lithia-rich limits of the 3,1i 
solid solutions are not known. However, the 
lower-lithia limits can be determined with more 
accuracy. The ~'ii solid solution which is in 
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Figure 8 Phase equilibrium diagram for the system 
Mg2SiO4-Zn2$iO 4. The data are from references [9] and 
[10]; dashed lines represent the present author's extension 
of these data to 700~ Al l  the solid phases (olivine and 
willemite) are solid solutions. 

equilibrium with both olivine and willemite solid 
solutions has the composition 51 Zn2SiO4-28 
Li4SiO(21 Mg=SiO4. Addition of more mag- 
nesium causes a rapid contraction in the extent 
of the yii solid solution field. The effect of 
Mg 2+ - - -  Zn 2+ substitution on the appearance 
of the ~1 powder pattern is very small and the 
Li+/(Mg ~+ + Zn 2+) ratio of the solid solutions 
can be estimated from the X-ray powder patterns 
by simply using data collected for solid solutions 
on the Li4SiO~-Zn2SiO4 edge. The ternary limits 
of solid solution thus have to be estimated partly 
from the presence or absence of a second or 
third phase. The method is sensitive because 
Mg2SiO4 and Zn2SiQ can be detected readily by 
X-rays. No ternary solid solution of Li4SiO4 in 
either willemite or olivine solid solution was 
detected. 

The positions of tie lines within the two-phase 
regions have not been determined accurately in 
this or other isothermal sections, but the limiting 
tie l ines-  for example, those which form the 
three-phase triangle (olivine + willemite + 7'n 
solid solutions) (fig. 9) -w e re  determined accur- 
ately. These are reasonably regular, so that the 
other tie lines are also presumed to be regular. 

At 900~ (fig. 10) studies have been extended 
to the entire range of ternary compositions. The 
extent of the field of homogeneous yxx solid 
solutions has contracted markedly, as compared 
to its extent at 1200 ~ for example, the VII solid 
solution in equilibrium with both olivine and 
willemite solid solutions now lies at 52 Zn2SiO4-33 

L~,SiO. L~7~s~o, Z~2SiO ~ 

Figure 9 Phase equilibria in the system Li4SiO4-Mg2SiO 4- 
ZnzSiO4; the 1200~ isothermal section. Compositions 
studied are shown by small open circles. Ranges of 
binary solid solutions are shown by cross-hatched lines 
and ranges of ternary solid solutions by stippled areas. 
Al l  the crystalline phases are thus solid solutions, Phase 
relations were not studied in the lithia-rich region; solidus 
temperatures may be below 1200~ 

Li 4 SiO 4 LJ2ZnSiO 4 Zn~SiO 4 

Figure 10 Phase equilibria in the system Li4SiO4-Mg2SiO 4- 
Zn2SiO4; the 900~ isothermal section. Other symbols 
are as in fig. 9. 
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Figure 11 Phase equi l ibr ia  in the system Li4SiO4-Mg2SiO 4- 
Zn2SiO 4 : the 700 ~ C isothermal  sect ion.  Other symbols  are 
as in f ig.  9. Phase re lat ions on the Li2ZnSiO4-Li2MgSiO 4 
join are shown in f ig. 4. The  repet i t ion of  the same one-  
and two -phase f i e l ds  (e .g . f ie lds  of ~'iI, or ~'II + f i l l  sol id 
so lu t ions)  at d i f ferent  p laces on any one isothermal  
sect ion is a most  unusual  feature of  t h i s  and other 
isothermal  sect ions taken at temperatures be low about  
870 o C. 

Li4SiO4-15 Mg2SiO4. The contours of the 
magnesium-rich limit of the 711 phase field are 
similar at both 900 and 1200~ At 900~ 
high-Li~SiO4 and yii solid solutions are separated 
by a two-phase gap. The shape of the interven- 
ing two-phase region is not known. 

At 700~ (fig. 11), the 711 solid solution field is 
now disrupted by the conversion of Li2ZnSiO 4 
and a range of ternary compositions to the /311 
phase. Li2MgSiO4 itself does not form a/3-type 
phase at any temperature and this is reflected in 
the shape and direction of the field of/311 solid 
solutions. Another novel feature of this iso- 
thermal section is the appearance of two separate 
fields of ~'ii solid solutions. This is caused by the 
increasing thermal stability of the/3-type phase, 
at or close to the Li2ZnSiO4 composition; 
alternatively, it may be easier to picture it as due 
to the decreasing stability of the y-type solid 
solution as the Li2ZnSiO4 composition is 
approached from either direction. The contrac- 
tion of the y- and/3-solid solution fields (taking 
both collectively), continues with falling tempera- 

ture. Thus at 700 ~ C, the ~ii solid solution which 
is in equilibrium with both olivine and willemite 
solid solutions lies at 53 Zn2SiO4-36 Li4SiO4-11 
Mg2SiO4. The compositions of the olivine and 
willemite solid solutions coexisting at 700~ 
were estimated by extending the data in fig. 8; 
inasmuch as the solubilities change only slightly 
with temperature in this range, this is probably 
valid. Direct reaction of olivine and willemite to 
give the equilibrium assemblage is only possible 
under hydrothermal conditions at 700~ As a 
consequence of the partial inversion of some VII 
solid solutions to fill solid solutions, the field of 
(olivine + 711 solid solutions) is broken up into 
a series of two- and three-phase regions. The two- 
phase gap separating ~ii and high-Li~SiO4 solid 
solutions has expanded and become more asym- 
metric due to the rapidly decreasing solubility of 
Li~ZnSiO4 in Li~SiO 4 with falling temperatures. 

For isothermal sections below 700 ~ C, the size 
and shape of the various fields should follow the 
trends already established. New fields will 
appear - for example, a field of ~'0 solid solutions 
will appear below 670~ while other fields 
present at 700~ e.g. that of/3H solid solutions, 
will disappear. 
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