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The solidification behaviour of melts in the 
system Zn2SiO4-ag2Si04 
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The melting and solidification behaviour of various compositions across the system 
Zn2 Si04-Mg2Si04 (willemite-forsterite) was studied by means of photoemission 
electron microscopy, X-ray diffraction and DTA. The results revealed the peritectic type 
of the phase system instead of the earlier assumed eutectic one. During the formation of 
willemite solid solutions by rapid solidification of zinc-silicate-rich melts, grain-boundary 
enrichment of zinc oxide besides magnesium silicate takes place. From melts richer in 
magnesium silicate, forsterite solid solution forms primarily. The sluggish process of its 
peritectic decomposition during cooling and the preferred subsolidus formation of zinc 
silicate give rise to the formation of a ternary non-equilibrium phase assemblage even at 
slow cooling. 

1. Introduction 
Earlier studies on the formation of crystalline and 
glassy phases from melts is such complex silicate 
systems as Li20-MgO-ZnO-SiO2 [1, 2] are 
based on the knowledge of the simpler subsystems 
Li20-SiO2 [3, 4], ZnO-SiO2 [5, 6]. ZnO-  
MgO-SiO2 [7] and Zn2 SiO4-Mg2 SiO4 [8]. The 
latter pseudobinary willemite-forsterite system is 
only partially known: the limits of the willemite 
and forsterite solid solutions were investigated by 
means of solid state reactions at various tempera- 
tures [8] while the liquidus relations were only 
assumed tentatively to represent a eutectic phase 
diagram. 

The present work deals with the melting and 
solidification behaviour of various compositions 
across this system. It was undertaken as the con- 
tinuation of earlier studies in the phase systems 
Zn2SiO4-SiO2 [9] and ZnO-Zn2SiO4 [10] 
employing photoemission electron microscopy 
(PhEEM), X-ray diffraction and differential 
thermal analysis (DTA). 

2. Experimental procedure 
Powder fractions of reagent grade ZnO, MgO and 
SiO2 were intimately mixed in various molar 
portions corresponding to exact molar ratios of 
Mg2 SiO4/Zn2 SiO4 in steps of 10 tool % Mg2 SiO4. 
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A conventional thermoanalvser (Mettler, Switzer- 
land) was used for DTA measurements with an 
upper temperature limit at 1600 ~ C. Exact initial 
weights (70rag) of the mixtures were sealed in 
small platinum capsules (3 mm diameter and 20 
mm length) and submitted to heating-cooling 
cycles at rates of 10, 6 and 2~ min -1 , respect- 
ively. Since no superheating effects were observed 
at 10 ~ Cmin -1 , this rate was generally used for 
DTA peak recording with reasonable sensitivity. 
a-A1203 was used as reference material. Exper- 
imental details on the arrangements of the speci- 
mens and thermocouples, on temperature cali- 
bration and peak area evaluation are given else- 
where [ 11]. 

In order to study the intergrowth morphologies 
of the solid phases as grown from the melts, ad- 
ditional samples were produced for ceramaographic 
examination by PhEEM as follows: Powder mix- 
tures (1 to 2 g) were heated in small platinum cru- 
cibles (6 to 7mm diameter) at 1500 to 1600 ~ C. 
After melting was complete, the samples were 
either removed from the furnace and allowed to 
cool in air rapidly (mode A), or they were cooled 
slowly (6 ~ Cmin -1) until about 1300~ C and sub- 
sequently removed from the furnace (mode B). 
The surfaces of the samples were then ground and 
polished to get smooth planes for the examination 
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Figure 1 Phase diagram of the system Zn 2 SiO4 -Mg2 SiO4. 
The solvus lines S1 and $2, and the peritectic line at T O 
including the points P1, P2 and P3 are experimentally 
determined after [8] and the present work. A and B are 
zinc silicate and forsterite solid solutions, respectively. 
The two-phase fields I, II and III are discussed in the text. 

by PhEEM. Details of the method and cera- 
mographic applications of PhEEM were given earlier 
[9, 10, 12, 13]. All specimens were anlaysed by 
X-ray diffraction (CuKa radiation) to identify the 
crystalline phases present. Chemical analyses by 
conventional electron microprobe measurements 
were applied to some selected samples as well. 

The points P1 and P3 on the peritectic line 
were established by evaluation of the DTA peak 
areas (heats-of-fusion) which arise at To due to the 
formation of partial melts from samples of various 
compositions. The observed peak areas are pro- 
portional to the various amounts of the melts if all 
samples have the same weight and if the measure- 
ments are performed under the same experimental 
conditions [14, 15, i1] .  

As a result, the amounts of the melts increase 
linearly from zero at a sample composition of 
about (73-+3% (P3) to a maximum at about 
28 + 3% (P1) according to the thermodynamic 
"lever rule" applied on the peritectic tie-line. 
Between 30 and 5% overall composition of the 
samples, some smaller non-linear increase of the 
peak areas was observed due to the compositional 
change of the zinc silicate solid solutions melting. 

The solvus lines S1 and $2 after [8] determine, 
respectively, the limits of the solid solutions of 
Mg2 SiO4 in Zn2 SiO4 ("phase A") and vice versa 
("phase B"). The observed compositions of P3 
after this work (73%) and after [8] (76%) are in 
satisfactory agreement. The solidus and liquidus 
boundaries of the two-phase region II (Fig. 1) 

3. Results and discussion 
The present investigation revealed the peritectic 
character of the willemite-forsterite phase dia- 
gram as depicted in Fig. 1. The several experimen- 
tal results are elucidated in the light of Fig. 1 as 
follows: 

The peritectic temperature To at 1515 -+ 5 ~ C 
was observed by DTA at the onset of strong melting 
reactions occurring from samples in the compo- 
sitional range between about 30 and 70%*. The 
melting temperatures of zinc silicate was earlier 
reported to be 1512 and 1505 ~ C, respectively [5, 
6]. A reliable melting point seems hard to be 
determined, however, since zinc silicate tends to 
partial decomposition at elevated temperatures 
under separation of SiO2 (cf. below). DTA heating 
runs in this work yielded even lower temperatures 
(~ 1480 ~ C). The DTA peak form indicated a 
melting region with respect to the temperature 
rather than a sharp melting process. Additional 
contents of Mg2SiO4 up to about 30% raised the 
melting point to about To. 

*Chemical compositions are in mol% Mg2 SiO 4 throughout. 

Figure 2 Grains of willemite solid solution (phase A, 
bright) with exsolution of forsterite and enstatite (dark) 
at the grain boundaries after annealing (see text). 
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Figure 3 Larger region of the ternary phase morphology 
between grains of phase A (bright). To obtain good bright- 
ness contrast the micrograph is overexposed so that phase 
A appears white. 

could not be determined exactly by DTA since 
this region is very narrow with respect to the tem- 
perture. 

Some typical morphological features of the 
solidified melts are presented as PhEEM micro- 
graphs in Figs. 2 to 9. They also support the 
pcritectic character of the phase diagram of Fig. 1 : 
From melts in the compositional range up to P1, 
large grains of zinc silicate solid solutions form 
during slow cooling (mode B). X-ray diffraction in- 
dicates a strong tendency to a distorition of the 
trigonal lattice with an increased a-axis. During 
subsequent annealing (6h at 1300~ the large 
grains decompose into smaller crystals with again 
"normal" lattice constants [19]. At the grains 
boundaries, forsterite and estatite form in accord- 
ance with the ternary phase relations [2, 7] due to 
preferred separation of SiO2 and MgO from the 
willemite solid solutions (Figs. 2, 3). PhEEM can 
not distinguish between forsterite and enstatite 
since both phases appear dark. Phase identification 
was obtained, however, by X-ray diffraction*. The 
separation of MgO and SiO2 from phase A is as- 
sumed to be the consequence of preceding loss of 
little ZnO by volatilization at high temperatures. 
This effect may also be the reason for the different 
melting point determinations as reported above. 
During rapid growth of phase A (cooling mode A), 
ZnO is enriched preferentially besides MgO and 
Si02 in the ambient liquid. The overall compo- 
sition of the boundary regions of phase A is there- 
fore shifted into those ternary fields [7] where 
willemite, forsterite and zinc oxide are coexistent 

Figure 4 Rapid growth of phase A (A) from melts < 45% 
Mg~SiO~ generates a ternary phase assemblage of 
relatively pure zinc silicate (white), forsterite (black) and 
zinc oxide (as dendrites) at the grain boundaries. 

as seen in Fig. 4. From these boundary regions, 
forsterite may grow into the interior of the large 
crystals of phase A nucleating partial inhomogen- 
eity (Fig. 5). By additional annealing of these 
samples (6 to 9 h at 1300 ~ C) the non-equilibrium 
phases are dissolved and phase A becomes hom- 
ogenous while a similar morphology as in Fig. 2 
appears. 

From melts with compositions between P1 and 
P2, primary formation of phase B above To takes 

�9 place. These B-crystals have to be dissolved com- 
pletely below To. Figs. 6 and 7 are examples of 
two different steps of the peritectic decomposition: 
Fig. 6 illustrates the formation of zinc-silicate-rich 
clusters while the peritectic reaction proceeds 
from the boundaries into the interior of the pri- 
mary B-crystals. In Fig. 7, phase B has reacted 
with the melt nearly completely leaving skeleton- 
like remainders with a composition close to P2 
(about 45% MgzSiO4 after microprobe measure- 
ments). 

*It may be noted in this context that reliable identifications of minor phases at grain boundaries are often difficult 
since quantitative analyses by electron microprobe need phase areas of about 3 to 5 #m, and X-ray diffraction often 
suffers from poor crystallinity or from too small amounts of the minor phases present. 
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Figure 5 Coarse inhomogeneity of phase A by the growth 
of dendrites induced by exsolved forsterite (dark) at the 
grain boundaries. 

Figure 7 Residual skeleton-like particles of nearly com- 
pletely decomposed forsterite (dark) and phase A (A). 

Figure 6 During peritectic decomposition of a primary 
forsterite crystal (B), zinc silicate rich clusters (bright) are 
formed. The ambient melt solidifies as phase A since the 
overall composition is < 45% Mg 2 S i O  4 . 

The phase morphologies of solidified melts with 
overall compositions >45% change markedly: Pri- 
mary phase B is dissolved below To only partially 
and phase A grows in a lath-shaped, elongated 
habit (Fig. 8). Low cooling rates (mode B) do not 
change these principal features but only increase 
the width of the A-crystals. Phase A does no more 
crystallize in the stable a-form (wfllemite) but in 
an intermediate structural state between the stable 
a-and the metastable/3-state [5, 9]. A similar tran- 
sitional structure was also observed earlier in the 
systems Zn2SiO2-SiO2 [9] and ZnO-Zn2SiO4 
[10]. In all these cases, zinc silicate has to crystal- 
lize in a two-solid phase field below the eutectic or 
peritectic temperature i.e. outisde its solid-liquid 
field of primary formation. 

The mechanism of common phase formation 
A + B in the two-solid phase field III (Fig. 1) is 
governed by the growth of phase A, from which 
SiO2 is separated rather than MgO as observed by 
PhEEM (Fig. 8) and semi-quantitative microprobe 
analysis. Even after slow cooling (mode B) novel 
formed phase B was not observed. In consequence 
of this solidification behaviour, the compositions 
of the intergrain regions of phase A move from the 
pseudobinary section into the ternary field. This 
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Figure 8 Primary forsterite (B) grown from melts > 45% 
Mg2SiO 4 is only partially decomposed below T O (see 
arrow). Lath-shaped growing phase A (bright) leaves 
SiO~-rich melt (dark) at the boundaries. 

Figure 9 By annealing samples with a morphology of Fig. 
8 at 1450 ~ C, large crystals of willemite (bright) grow in 
a partial melt according to the ternary phase diagram (see 
discussion in the text). 

gives rise to a decrease of the melting temperature 
until about 1400 ~ C depending on the actual com- 
position [7]. Hence, additional annealing of such 
samples at about 1300 and 1450~ yields dif- 
ferent effects: Annealing at 1300~ for 6 to 9h 
(i.e. at sub-solidus temperatures) provides larger 
regions of both phases A and B. By annealing at 
1450~ for 3h, however, partial melting takes 
place and phase A grows with a morphological 
habit as in its field of primary formation [9]. This 
growth process generates a morphological change 
from that of Fig. 8 to that of Fig. 9 which is ob- 
served besides unresolved primary B-crystals. Little 
enstatite is also present according to X-ray dif- 
fraction. 

Prolonged annealing (>  5 h) at 1450 ~ C pro- 
duces even macroscopical softening and melting of 
the samples. The earlier observed [8] lower 
peritectic temperature of 1460~ may therefore 
also be due to the presence of small amounts of 
extra SiO2. 

The liquidus and solid lines of the regions I and 
II in Fig. 1 have been drawn tentatively. They can 
be checked by some approximate calculation using 
the equation [17] 
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which describes the change of the melting tem- 
perature A T =  Tf, z - - T  of a compound Z in 
relation to the presence of a second component in 
the liquid melt. In this equation, X~ and X~ are 
the molar fractions of the compound Z in the co- 
existing solid and liquid phases, respectiyely, at the 
actual temperature T(K). 2d-/f,z and Tf, z are, 
respectively, the enthalpy and temperature of 
fusion of the compound Z, and R is the gas 
constant. This equation has been shown earlier 
[18] to give reasonable agreement between experi- 
mental and calculated liquidus temperatures. Con- 
sidering the experimental values of forsterite as Z 
with X s = 0.73 (P3 in Fig. 1), X 1 = 0.28 (P1) at 
the peritectic temperature T =  1788K and T~ = 
2163K [16], the equation above yields z3J-/f ~. 
19 kcal mo1-1 . This is in good agreement with the 
known values of 2t/-/f of F% SiO4 and Mn2 SiO4 
(22.0 and 21.4 kcal mol - I ,  respectively[16]) 
according to their crystallochemical relationship to 
Mg2 SiO4. On the other hand, by use of the liquid 



composition and the temperature of the earlier 
proposed eutectic [18], one obtains M-/f 
(Mg2 SiO4) ~ 7 kcal tool -1 which is far from those 
enthalpy values above. 

In the same way, the observed lower melting 
temperature of zinc silicate with A T = - - 4 0 ~  
below the peritectic temperature is confirmed by 
calculation using X s = 0.55 (P2) and X 1 = 0.72 
(P1) at T =  1788K as experimental values and 
assuming 2d-/f to be about 25 kcal mo1-1 . 

4. Conclusions 
Zn2 SiO4-Mg2 SiO4 forms a peritectic system (Fig. 
1), where the peritectic temperature (1515 ~ C)is 
situated above the melting point of zinc silicate. 
At the peritectic temperature To, the coexisting 
melt (28%Mg2SiO4,. P1) and forsterite solid 
solution (73%, P3) react with each other to form 
zinc silicate solid solution (45%, P2). 

The formation of willemite from zinc-silicate- 
rich melts is influenced by kinetic factors: due to 
the loss of some ZnO at high temperatures, the 
exceeding SiO2 and MgO is kept in the solid 
solution only during slow growth from the melt. 
The crystal lattice is then distorted. By subsequent 
annealing, MgO and SiO2 is preferrently separated 
from the willemite solid solution. On the other 
hand, rapid growth from the melt gives rise to pre- 
ferred exsolution of ZnO rather than MgO and 
SiO2 at the grain boundaries of willemite. 

From melts containing more than about 30% 
Mg2SiO4, primary forsterite solid solution forms 
above To and reacts only sluggishly with the 
residual melt below To under decomposition. 
During the growth of zinc silicate solid solution in 
the two-solid-phase field (III, Fig. 1), SiO2 is more 
strongly enriched in the ambient regions than 
MgO and ZnO. Thus, a ternary phase assemblage 
forms with a melting temperature of ~ 1400~ 
[7] which can no longer be completely trans- 
formed to the pseudobinary phase assemblage. 
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