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Assrnecr
In completely anhydrous melts of the binary system MgO-MgFz a simple eutectic re_

action at l2l4' C. was established.
The binary system Mg2Sioa-MgF2 is characterized by the formation of minerals of

the humite-clinohumite group. All of them show incongruent high-temperature reactions,
norbergite melting with a primary crystallization of chondrodite (stable) or forsterite
(metastable) at 1345' C., chondrodite melting with primary crystallization of forsterite
at 1450' c. on heating, clinohumite breaks down at 1380' c. to a mixture of forsterite and
chondrodite. Humite is only sporadically observed in subsolidus reactions; the equilibrium
temperature for the reaction clinohumitef chondroditeihumite could not be determined.
Metastable crystallization of forsterite (in the place of chondrodite) occurs mostly on heat-
ing and fusion of norbergite.

In the ternary system Mgo-MgFrsioz some of the minerals of the humite-ciino-
humite series (on the join MgzSiOrMgFz) could be outlined in their crystallization fields,
with boundary curves to the fields of primary periclase, sellaite, cristobalite and/or
tridymite, forsterite, and clinoenstatite. No magnesium amphibole of the formula
Mgz(SisOn)Fz was observed in the melt products.

INrnotucrroN

Phase equilibrium studies in ternary systems of the type oxide-fluoride-
sioz (oxide and fluoride with the same cation) have been investigated in
only a few cases. rn the main these investigations have been restricted to
the system CaO-CaFz-SiOr. Special attention has been given to the influ_
ence of CaFz on the formation of tricalcium silicate, because of the special
importance this substance plays in the hardening process of cements
(Ei te l  ( l ) ,  B i&k and Olander (2.1) .

IuponraNcB or. rrrE Sysrnu MgO-MgFz-SiOz

fn the last two decades there have been many attempts to synthesize
mica and amphibole asbestos. These took into account the necessity of
substituting F for the oH-groups, if the process was to be undertaken
from the melt at atmospheric pressure. While this method proved suc-
cessful for mica synthesis, it is questionable whether the synthesis of
asbestos is possible in the same manner. rn any case, it seemed useful to
go into more detail regarding the melting equilibria of this system.

RBvrrw oF LTTERATURE

The system MgO-SiOz was studied in l9l4 by Bowen and Anderson (3)
and supplemented by Greig (4) in 1927. According to these authors a
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eutectic exists between periclase and forsterite at 1850o C. and a second

between clinoenstatite and cristobalite at 1543' C. Forsterite melts con-

gruently at 1890o C; clinoenstatite melts incongruently at 1557' C. with

forsterite as solid phase. Melts rich in SiOs beyond the eutectic clinoen-

statite-cristobalite unmix at 1695o C. and form two liquid phases.

The system MgO-MgF2 was studied in 1953 by Eitel, Hatch and

Denny (5), and *-ray investigation revealed no new compounds. The

system MgFz-SiOr could not be studied, because the samples partly

showed strong hydrolysis and evaporation. For example' in a melt

MgF2 : SiOr : 2 : 1, norbergite MgzSiO+' MgF2 and even f orsterite Mg2SiO4

were found as reaction products.
Various partly successful attempts have been made to synthesize the

minerals of the humite group: norbergite, chondrodite (2MgzSiOa' MgFr),

humite (3MgzSiOn.MgFz) and clinohumite (4MgrSiOn'MgF ).*
In 1947 Rankama (6) succeeded in getting norbergite and chondrodite'

On the other hand an attempt to synthesize clinohumite failed. (This

paper includes a survey of l i terature since 1851).
In 1954 Karyakin and Gul'ko (7) succeeded in obtaining norbergite,

chondrodite and humite, when they melted calcium fluoride and quartz

in magnesi te cruc ib les.
Finally, in 1955 van Valkenburg (8) succeeded in synthesizing all of the

humite-minerals by using melting reactions or reactions in the solid state.

The system MgO-MgFr-SiOz was studied by Fuji i and Eitel (9) in

1957 by means of reactions in the solid state. A large number of mixtures

was heated at 1200" C. and the reaction products were investigated for

the most part by r-ray diffraction. The approximate limits of the in-

dividual compounds were represented in a triangular composition dia-

gram. As such are mentioned: periclase, sellaite, norbergite, chondrodite,
forsterite, clinoenstatite, and cristobalite. While humite and clinohumite

could not be established with certainty in the mixtures heated for three

hours, alter 42 hours of heating at the same temperature they did appear.

Clinohumite was more easilv formed than humite.

PnnpanattoN oF SAMPLES

One of the main difficulties of these investigations was the extraordi-
narily high sensitivity of magnesium fluoride to moisture. Magnesium

fluoride retains surface-adsorbed water up to high temperatures, and

HzFz is split ofi by hydrolysis. For this reason by "open" conditions it is

impossible to melt MgF2 once it has been exposed to the free air without

the forming of MgO. The vapor pressure of MgFz, even at 1400 to

x In the natural minerals F- is substituted in part by OH-.
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1500" C., has very l itt le disturbing effect (5). According to new investiga-
tions carried out by Giinther (10), the vapor pressure is 0.1068 Torr at a
temperature ol I282"C. and certainly does not have to be taken into
account (at least, when the duration of the experiment is short).

The possibil i ty of forming SiFa exists rvhen the mixtures contain both
MgFz and SiOz as shown in various references in l iterature, and clearly
conf i rmed by our  own exper iments.

The escaping SiFa is hydrolysed instantaneously when moisture is pres-
ent, and clouds of smoke escape. Therefore it was necessary to control the
Ioss in weight, or better to determine the change in composition by ana-
Iytical methods.

The grbater part of the mixtures were prepared with purest MgO from
the Schering Works. For some attempts "magnesium carbonate, p.a.
Merck, Darmstadt" was used. Both substances were heated for about
half an hour at 1150o C., and as is the case with the other raw materials,
preserved above PzOs until their application.

SiOz was obtained by hydrolysis of sil icon tetrachloride (Institute of
Sil icon and Fluorcarbon Chemistry, Radebeul) in an ammoniac-water
solution. The product was fi l tered off, sl ightly washed, dried, and heated
at  1150'  C.  for  one hour.

For the first orienting experiments "magnesium fluoride, precipitated,
pure" produced by Riedel de Hadn, Seelze near l lannover, was used. It is
a fluffy white powder. Before its appiication it was melted as quickly as
possible, poured from the crucible, and crushed. During the melting and
pouring out, a distinct odor of hydrofluoric acid was noticeable (hydroly-
sis by adsorbed water and moisture of the air). A great number of ex-
periments were made with a shortly fused "magnesium fluoride, pure, for
optical use" of unknown origin. This substance was heavier than the
first and it seems likely that it was produced at a higher temperature.

For the last experiments we had at our disposal a "magnesium fluoride,
precipitated" (Werkstdtten fi lr Photochemie, Berlin-Charlottenburg).
It had a slight resemblance to the first mentioned MgFr; it was l ikewise
quichly fused.

Concerning the degree of purity of the ingredients used, it should be
said that MgO and SiOz were checked by spectral analysis. As contami-
nations, MgO contained only about 0.lo/s CaO; SiO: contained about
0.37o AlzQ3 and beiow 0.O57a of other oxides. MgF2 was determined by
chemical analysis.

The compositions of the samples after one melting are shown in Tabie
1. The three sampies of MgF2 contained only a small or very small quan-
tity of MgO. The contaminations of the "magnesium fluoride, for opticai
use" may be far below the l imit of analytical determination.



SY STEtrI M sj-M sFz-Si.Oz

Tasr-n 1. Couposrrrox or DTITERENT Seupr-ns or Couunncrer-

MacNBsrun Fr,uonmn

A-from Riedel-de Hadn;

B-pure, for oPtical use;

C-from Werkstiitten fur Photochemie

t20I

Weight 7o

Mgo
CaO
BaO
Fe"OJ
nlrO'l
SiOz
F:

63,79  |  64 ,24
1 , 2 5  I  O , t 2
0 ,41  |  0 *
0 ,  1 5  O , z Q

0,  10
60,49

I  t q  1  q

25,47

0 ,34
59, 16

' t 1J  L7

2 4 , 9 1

99,20
0 ,06
0, 10
0,  12

0 ,20

99,68

6+,31
0,40
0 r
0 , 2 6

96,97
1 , 0 5
o , l 7
l ,  z J

0 , 4 1
0,  15

97,O2
_ t ,  J 4

0 , 3 4
0 , 4 0

o , 2 6

99,56Sum
o : F z

99,68 99,56

t Indirectly calculated.
x Not identified by l;pectral analysis.

Normally, befor,: adding the weighed quantity of MgF2, the corre-

sponding mixture of MgO and SiOr was pulverized and heated for some

time at 1350. C.-1400o C. to make the mixtures less voluminous. f, ike-

wise by sintering the MgO-SiO2 mixtures the troublesome development

of electrostatic charges in the MgO powder was avoided'

ExpnnruBNrAL PROCEDURE

made it possible to work with unprotected platinum'

For the measurement of the temperature a Pt-Pt, 10 Rh thermocouple

was used, the hot junction of which was dipped directiy into the melt.

The cold junction rvas kept at 20o C. in a Dewar vessel. The thermocouple

was compared wit.h a calibrated standard element of the German "Amt

fi ir Maasse und Gowichte."

TnBnlroeNalYSts

The first runs were carried out using the dynamic method' The mix-

tures of t2 gm.were placed in a platinum crucible with a volume of 20 ml'

Weight 7o

MgF:i
Mgot
SiOz
CaO
BaO
Ferot\
AI:O'
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As soon as the sample was fused, the melt was stirred with a
sheet. At temperatures above 1350o C., however, the stirring
abandoned, because the crucible was often welded with the
stirrer.

platinum
had to be
platinum

After fusing and stirring, the thermocouple was introduced into the
melt, avoiding a contact of the thermocouple with the crucible. Then the
power of the furnace was diminished and the cooling curve taken.

This method was applied for the investigation of mixtures rich in
MgFr, which are inclined to a disturbing undercooling in the field of the
primary crystail ization of MgF2; an undercooling efiect of about 10o
could be rather regularly observed. rn order to grow single primary crys-
tals, the dynamic method was partry modified. Shortry afier the begin-
ning of the primary crystallization the cooring curve was interrupted by
removing the thermocouple with the adhering crystals. Relatively large,
clear crystal needles of this rapid growth were very suitable for micro-
scopic examination and for r-ray difiraction.

QunwcurNc Mrrnoo

fn mixtures in the neighborhood of the binary system MgO_SiO2,
equilibrium is mostly not arrived at with sufficieni speed in spil of the
presence of magnesium fluoride which is known to be a strong mineral-
izer. Mixtures with as much as IS mol/6 MgF, .u., be kep"t as clear
glasses, if they are quenched with sufficient speed.

rt also seemed undesirable in many experiments to work in certain re-
gions of the system with open crucibles. smail tubes of pratinum foil
(of 0.06 mm. thickness) with a diameter of about 3 mm., and a length of
10 to 15 mm., were welded together and fi l led with about 100 ms. of sub_
stance. The opening was folded together, the platinum tube connected
with a ceramic tube by a platinum wire and the whole put into the fur-
nace, which was already at the required temperature.

Then the temperature of the furnace was slowly reduced to the equilib-
rium temperature in:questionqand held=lthere for some time. After the
heat treatment, the iamples i"".. ,.-ir.d from the furnace and air-
quenched from the fusion temperature.

This method allowed a clear differentiation between larger primary
crystals and crystals formed by reaction in the solid state, or crystals
simply formed by quenching.

- 
The furnace temperature was controled by hand by means of a trans-

former and kept constant to about I2 to 3" C.

Mrcnoscoprc fNvBsrrcerroN
To identify the different crystalline compounds, the petrographic thin

section method has been of great service. Thus pericrase (Mgo) courd be
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Frc. 1. (left) Periclase grains in periclase-sellaite-eutectic-Analyser 60' (Composition

I0 mol. ls MgO ; 9070 l,4gF). X 85

Frc. 2. (right) Sellaite skeletons, between them periclase-sellaite eutectic-Analyser 90'.

x85

900' c.
SiOz could be identif ied just as easily. It showed irregular grains

marked by a very slight birefringence. (Regarding the differentiation be-

tween cristobaiite and tridymite, see later.)
In some cases it was possible to determine the angle of the optical

axes; for  norbergi te i t  is  2V:45'  15 ' .

X-nev IxvBsucerroN AND CnBurc'qr- ANar-vsrs

X-ray patterns were taken from samples of the fused products as well

as from single cr;rstals, after having determined for clearly identified

specimens which crystal interferences lie on the equatorial line'

Sometimes only' one needle or a few very small, thin needles which

could not be investigated by the powder method were at our disposal'
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Rotation patterns were made with a camera 57.3 mm. in diameter, the
powder patterns in a Debye-Scherrer camera, 114.6 mm. in diameter, and
a Guinier camera, 57.3 mm. in diameter. Both Cu Ka, and Co Ka radia-
tion were used. For comparison, lhe r-ray data of the humite-minerals,
as determined by Sahama (12) were used.

The Shell and Craig methods (13) were used for bulk analysis, but
fluorine was precipitated as calcium fluoride. From a special sodium car-
bonate melt all the other ingredients were determined (cf. Thomas (14)).

DrscussroN oF THE RBsurrs

The system MgO-MgFz

The experiments of this binary system were carried out using the
dynamic method. The system proves to be simply eutectic, as shown in
F i e . 3 .

Mot  -Z

Ftc. 3. Phase equilibrium diagram of the binary system MgO_MgFz.

The fusion point of an especially pure substance "magnesium fluoride,
for optical use" was found to be at 1238o c. rn consequence of the sright
contamination, by extrapolation a value of 1240" C. was obtained, in
exact agreement with the value found by Venturello (15). rn the l itera-
ture the values vary between 1221" and, 1270" c. To identify the sub-
stances, microscopic investigation was sufficient.

Refractive indices and r-ray pattern showed no indication of sorid
solution.

under the microscope the eutectic showed sellaite crystals which were
interspersed with straight paraliel veins (Fig. 1). An addition of as l itt le
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as I0 mol/6 of MgO to MgF2 brings about periclase as the primary crys-

tall ization.

The system MgFz-SiO,

The border system MgFz-SiOz is not binary under normal experimental

conditions as Eitel, Hatch and Denny (5) had previously observed' Mix-

tures of MgF2 and SiOz showed, on heating, an intense smoke evolution;

the solid reaction products belong to the ternary system MgO-MgF2-

SiOz (see below).
The white smoke evolved from a mixture of the composition

MgF2:SiOr:2: l  on heat ing to 1300o C.  in  a p lat inum crucib le was con-

densed in a water-cooled tube of copper fixed above the crucible. A

voluminous white mass was deposited. The result of the analysis was

s5.670 SiOz and 1.057a Mgo. No determination was made for f luorine.

The remainder may have consisted of adsorbed water. It is to be sup-

posed that according to the equation

2 MgFz * SiOz + 2 MgO f SiFr,

SiFa forms first of all, which under the influence of air is hydrolysed to

SiOz and HzFz.

The syslem M gzSiO+-M gFz

The join MgzSiO+-MgFz of the ternary system can be considered as a

binary system, and minerals of the humite group appear as pseudo-binary

compounds. Of the humites, only norbergite and chondrodite could be

found as primary crystall ization products from melts which bears out the

observations of previous authors (6, 9), while clinohumite and humite

are only obtained by reaction in the solid state.

According to Fig. 4, there is an eutectic between norbergite and sel-

laite. Norbergite melts incongruentiy at 1345" C' with primary crystal-

I ization of chondrodite. Forsterite, however, is often formed as a meta-

stable primary crystall ization of a melt of norbergite, so norbergite shows

a double incongruent melting type. The stable incongruent melting point

of chondrodite may be about 1450" C.

Clinohumite appears only below about 1380o C' as shown by r-ray

diffraction patterns; at higher temperatures forsterite and chondrodite

are Iormed.
Starting materials with the composition of humite, after heating at

!252" Ior 
-81 

ho.r.., showed forsterite, clinohumite and chondrodite. The

boundaries of the crystall ization range of humite could not be estab-

Iished. The thermoanalysisshowed, beside the arrest point at 1215o C', a

second one at about 1192o C. The cause of this may be seen from the

followins:
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According to chemical analysis all of the samples contain a Iittle more
MgO than corresponds to the proportion 2 MgO:SiOz for forsterite.
Therefore the observed thermal data are not fully valid for the binary
system Mg2SiO4-MgF2 but rather for points lying in the ternary system
on the Mgo-side of the join MgzSiOa-MgFz. Thus it may be assumed that
the mentioned second thermal efiect has to be coordinated to the arrest
point of the ternary eutectic periclase-norbergite-sellaite.

T he system M gO- M gF2-M gzSi,Ot

Beside the eutectic periclase-norbergite-sellaite, E, two reaction points,
F and G, exist. The corresponding compositions and temperatures are
contained in Table 2. The position and temperature of the ternary eutec-
tic and the reaction point F for periclase, chondrodite, norbergite and
melt were relatively accurately determined, while the data for the reac-
tion point G for periclase, chondrodite, forsterite, and melt are to be con-
sidered as approximate (see Fig. 5). As is to be expected, the fusion tem-
peratures in the periclase field rise very sharply, so their determination
was seldom possible.

t t t
4:t  3r 2 ' l

loo5r
@ 7 0

!-rc. 4. Phase equilibrium diagram of the binary system MgrSiOn-MgFz.
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Ta.er.n 2. INvlmexr PorNrs

1207

rointsl

-1" I
r lgs.
s, +, sl

Composition

Crystal Phases

i I 
- 

lrusol\agn'lsio'
Binary Equilibria

A

B
(-
D

Periclase, Sellaite

Norbergite, Seilaite

Chondrodite, Norbergite

Forsterite, Chondrodite

Eutectic
Eutectic
Reaction Point

Reaction Point

1214
rzt5
1345
1450

9
10
33
48

9r
85
J I

28

5
t6
1 A

Ternary Equilibria

E
F
G
H
J
K
L

Periclase, Seliaite, Norbergite

Periclase, Chondrodite, Norbergite

Periclase, Forsterite, Chondrodite

Chondrodite, Norbergite, Tridymite

Forsterite, Clinoenstatite, Chondrodite

Clinoenstatite, Chondrodite, Tridymite

Clinoenstatite, Cristobalite, Tridymite

Eutectic
Reaction Point

Reaction Point

Reaction Point

Reaction Point

Reaction Point

Inversion Point

l t92
1330
1440
1250
1340
1300
r470

4
13
22
35
40
41
49

1 A

34
49
J '

4J

46

82
53
29
28
16
1 6
5

Note: The data of Bowen and Anderson (3) and Greig (4) are omitted'

Frc. 5. Phase equilibrium diagram of the ternary system MgO-MgFrSiOz'
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T he system M gzsi24. M gFz-SiOz

On the side beyond the join MgzSiOa-MgFr (Fig. 5) the position of rhe
ternary eutectic could not be determined. rn this region such strong reac-
tions take place, at the required temperatures, that methods applied
here could not be used. A further diff iculty must be noted here, obviously
caused by the very great fluidity and low surface tension of the melts.
Quite frequentiy, they crept over the margins of the platinum capsule. rn
the open atmosphere, the melt was hydrolysed, and MgO formed. This
often happened also on nearly imperceptible pores and scratches formed
in welding the platinum capsules. Nothing can be said on the entire ex-
tension of the sellaite field, but some statements can be made for the
fields of chondrodite and norbergite extending toward the MgFz apex.
The boundary against the Sioz field (see TabIe 2) could be estabrished
only approximately. The fields of crystallization of chondrodite and
clinoenstatite with their boundaries against forsterite and Sior could be
established more precisely.

The question of a clear differentiation between cristobalite and tridy-
mite in the products was rather diff icult, especially in milky glasses

Frc' 6. (left) cristobalite skeletons embedded in miiky glass-Analyser 60" (composi-
tion 35 mol. ToMSO;25/sMgFr;40% SiO,). X85

Frc. 7. (right) Two large norbergite needles, between them quenched substance (sellaite
in characteristic dendrites)-Analyser 60" (Composition lS nol. /s MgO; TSyo MgFr;
10% sioz). x8s
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Flc. 8. (left) The chondrodite crystal in the middle shows many little periclase grains.
Analyser 70' (Composition 40 mol Vo MSO ; 45/6 MgF z; 1 5% SiOt. X 85

Frc. 9. (right) Chondrodite crystals surrounded by a fringe of quenched substance
embedded in glass.-Analyser 60" (Composition 40 mol. /sMgO;2570 MgF:; 35lo SiO).
x85

quenched from the melts. Usually the silica is observed in granular ag-

gregates, but sometimes in dendrites (Fig. 6) or octahedral shapes. The

rlray patterns of these crystallizations show the lines of cristobalite,

which was also identif ied by its refractive index. Because of the smallness

of the cristobalite crystals in the milky glasses, the index of refraction

could not be determined, and the r-ray photographs showed no lines; evi-

dently too l itt le crystall ine material was present. In Fig. 5 and Table 2

the inversion tridymite-cristobalite is considered to be 1470' C.
Particularly well developed lath-shaped primary crystals of norbergite

(together with characteristic sellaite dendrites in the matrix) are seen in

.tr Ig, / .-Chondrodite 
crystals with many inclusions of periclase grains are ob-

served in Fig. 8, and euhedral chondrodites surrounded by a fringe of

quenched material in a glass in Figure 9.
A mixture of the composition of a hypothetical magnesium-amphibole

(6MgO'MgF'SSiOz) was heated to 1315o and 1614" C. ,  but  no new
phases could be found.

No compositions near, or in, the field of liquid immiscibility on the side
MgO-SiOr was investigated.

1209
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bUMMARY

In a part of the system MgO-MgF2-SiOz the l iquidus points were de-
termined. For this purpose dynamic and static methods were applied.
The identif ication of the crystall ine phases was undertaken by the
microscopic investigation of thin sections, by determination of the re-
fractive indices, and by the *-ray diffraction method.

The position and temperature of the eutectics, incongruent melting
points and reaction points were as far as possible determined.

The join MgzSiOa-MgF2 proved to be a binary system, where the
humite-minerals norbergite and chondrodite appear as incongruently
melting compounds. Neither here nor in the three-component system
could humite and clinohumite be obtained as products of crystall ization.
No further compounds could be found.
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