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I 

THE CONSTITUTION OF BONE CHINA 

I. High Tempe r ature Phase Equilibrium Studies in the 

Sys t em Tricalcium Phosp h à t e - Alumina - Silica . 

by 

P . D . S . S t. Pierre 

Metallurgist, 

Mineral Dressing and Process Metallurgy Division . 

INT ROD UC T ION 

T h e pre sent investigation repre sents a first attempt to interpret the 

thermal behaviour and cons t i t ution of b one china by means of a phase 

equilibrium study on an idealized sys t em. The re sults are of intere s t 

not only to ceramists who make bone china, but also to technologists 

wish ing t o make it from mate rials othe r than those traditionally used . 

Although petrologists have used high t emperature phase equilibrium 

studie s as a me ans of inve stigating constitutional and thermal problems 

for nearly fifty year s, it is only in comparatively recent time s that 

ceramic technologists have shown interest in this approach to their 

problems . The cernent and glass industries have been the leaders in 

this respect . With the exception of c_e r tain ceramic s used in electr ical 

applicat ions , t h e whit eware branch of the ceramic industry has been 

slow to appreciat e the potentialities of phas e equilibrium studies . 

If this work can serve as a foundation for fu rthe r r e search on 

bone china bodies then i t s abjec t of promoting knowledge of the value 

of phase equilibrium meth ods will have been achieved . 
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Histo ry 

Bane china was fi r st developed and produced commercially in England 

by Jo sial. S ode II a t the end of the eigh teenth c entury. Originally thi s 

new w . i t ewar e was intended to compet e with the porc elains imported from 

fo r eign lands, but it quickly b e came est a bli shed o n i t s own merits by vir 

tue of certain desirable propert ies. T h e most important of the se for the 

buyer were a w h i t eness and transluc ency that were superior to many of 

the cost ly Eur opean and C h inese hard porcela in s. Another factor which 

g :r. ea ly enhanc ed the valu e of bone china was the lower firing temperature 

t a t p e r mitted a greater v a rie ty of b rilliant underglaze c olour s than was 

possible with h igh .. fired hard porcelain. Te chnologically Spode 1 s product 

a lso had the advantage that it could b e manufactured more easily and 

che aply tha.n t b.e soft porcelain developed by the French. Today, bone 

china is probably the b e s t known of fine English ceramic products and is 

m uch sought afte r in the world's mar kets . 

Purpose of Investiga t ion 

A lthough bone china ha s been made in England for a great man y 

ye a rs littl e r e search ha s been published on i t s cons ti t u t ion and fabrication . 

Complications in manufactur e have limit ed its production almost entirely 

to England w h e r e the art of comp ounding and firing the war e has been 

h ighly dev elop ed . English fa ctories , howeve r, have always accepted 

_igh los ses as a normal part of manufac t ure and as a consequence t h is 

fine ware is e xpensive. 



,. 

., 

- 3 -

The chief difficulties encountered in making bone china are, 1) Tend

ency of b odies to go 11 off-colour " on firing, 2) S h ort firing range , and 

3} High s hr. inkage on firing . Most investigations on bone china have been 

c once r ned with measures to overcome the se three faults. 1, 2, 3, 4, 5, 6&7* 

T h e pre sent study differ s from previous work in t hat the subject is treat " 

ed in a more general manner . The view is held that knowledge of the 

constitution of bone china will h old the key to an unde r standing of the 

above ~mentioned unfavourable propertie s . 

Treatment of Subject 

The fi r s t published scientific work seems to have been carried out 

early in this century. The methods of investigation were crude, but 

the informat ion obtained , t hough meag re, was useful and will be re

ferred t o later . Nothing fur ther was published until 1932 and 1935 

w h en Ge r man and French papers 8 • 9 were issued describing experiments 

on bone c ina . Subsequent technical publications10 , 11 h ave been in the 

nature of reviews w h ich contributed no new knowledge t o the subject . 

In the present investiga tion an attempt has been made to laya sound 

foundation on w h ich further scientific work may be built . 

T h e best means of c. ompreh ending the thermal equilibrium 

behaviour of complex mixtures is through th e medium of t he phase 

diagram. In the t ype of phase diagram most commonly used in 

c e ramic work the fields of primary crystallization of phases en

countered in the system are shown and liquidus temperature s are 

* All reference s a r e placed at the end of paper , 
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p lotted e ith e r a s o r dinat es in two -- comp o n ent s ystems or as isotherms in 

t e rnary sys t e m s. T h e v a l ue of the d iagram to t h e ceramist may be com

pared t o that of a top ograph i c al m ap t o a tra v eller . A map enable s a 

trav elle r t o det ermine the be s t pat h t o h i s ob ject ive , w h ile a p hase diagram 

pe r mit s the c e r amis t t o predict the c r ystallizat ion path of any mixture in 

a g iv en s y s t em. In t h i s way t h e prope rties o f mixtures in the system may 

b e ant icipat ed and suitable ones chosen fo r specific purposes. 

T .e c ompilat ion of a p hase dia gram r equire s careful selection of com

p onent s so that the prop e r t ie s of the mixtures may b e suitably plotted to 

y ie l d t e maximu m of i nfo r mation . In o r de r t o de scribe graph ically the 

c on s titution of bone china and t h e th e r mal relation s h ips of its phases it 

is ne c essary to expr ess composition by not more t han four components. 

T able 1 s h ows t h e r ange of composition of bone c h ina bodies in terms of 

the raw mat erials u sed in i t s m a nufacture . Table U gives typical 

ana ly ses of sotne common b on e c hina b odies. 

TABLE 1 

Gene r al Ran g e of Com p osi t io n 
o f B o n e C h i n a B o d i e s 12 

-
Raw Material 

C h ina clay 
Bone ash 
Co r nish s t one 

P r op9 r tiq;n 

20 - 30% 
27 - 46 
20 - 32 



TABLE II 

C o m p o s i t i o n o f S o m e B o n e C h i n a B o d i e s 12 

Samp le Bone Ash C h ina Clay Flint Cornish Stone 

a 45% 26% 3% 26% 
b 46 24 3 27 
C 48 31 3 18 
d 42 29 5 24 
e 44 24 32 
f 38 12 25 25 

If the se s ub stan ces were pure s t able compounds they could be used 

t o de s cr ib e accurately b one c h ina, but unfortunately they are unstable, 

c omp lex mixtures and so cann ot b e a pplied in this way. The difficulty 

may b e o v e rc ome by expressing t h e c omposition of bone china in terms 

of th e oxide s w h ich make up t h e raw mat erials . In order to re strict 

the comp onent s t o four in number , only t h e major oxides can be con

sidered , the r est being neglected completely. Clearly t h en, the phase 

diag ram c an onl y b e considered as an approximation, but nevertheless 

i t pro v ide s a useful and practical guide to phase relationships in 

c omme rc ial b odies . A four • component system is too complex to be 

s tud i ed i n a few year s and simplificat ion t o a three -- component syst em 

is n e c essa ry. T h is may b e done with lit tle fur t her approximation as 

w ill b e s l own p resently . 

T h e four major oxide component s of b one china a r e lime (CaO), 

a lumina iAl203}, p h osph orus pentoxide (P205 ), and silica (Si02 ). 

T h e presenc e of magnesia, alkali oxides , iron oxides, and fluorine 

w ill b e neg lected since , generally, they amount to less t h a n 3% of 



the total composition, and individually do not exceed L 5% 0 Experience 

with other systems s h ows that such mino r impurities have little or no 

effect on crystallization sequence s ; they simply lower the melting points 

predicted frorn the idealized diagram. A correction must therefore be 

made w h en applying the dat a from the diag ram to practical mixtures. 

T hus, melting point and phase equilibrium data for the system can 

be s h own graph.ic a lly by means of a tetrahedron as indicated in Figure 

1, page 7 0 

Mixtures of the oxides are located by means of a tetrahedral co

ordinate system. T h e fields of primary crystallization of the various 

phases encount e red in the system are expre ssed in the tetrahedron by 

space s bounded by cont inuous ir r egular surfaces . Isotherms of liquidus 

and solidus points may be indicated similarly. A study of the system 

may be facilitated b y investigating only the plane nearest to the region 

where typical bone c h ina c ompositions falL This may b e represented 

best by the plane 3Ca0. Pz05 - Alz03 - Si02, because its three components 

melt congruently. Thus the composition of bone china bodies will be 

expressed , as a first approximation, in terms of tricalcium phosphate 

alumina - silica. T h e CaO/Pz05 ratio of many b one china bodies falls 

between the limits of 1. 18 and L 58 required by tri - and tetra - calcium 

phosphates respectively. Alth ough most bone c h ina compositions would 

be better expressed mathematically in terms of tetracalcium phosphate, 

the use of this compound as a component in phase studies is precluded 

by its decomposition on melting. It will be seen later, however, that 
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Figure 1. - Space tetrahedron for system CaO, Alz03, Pz05 
and Si Oz showing the range of campo sition of bone china bodies . 
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temporary neglect of the higher Ca0 / P 2o 5 ratio does not hinder the des

cription of the constitution of bone china . 

In order to locate bone china compositions in the 3Ca0 P
2

o
5

- Al
2

-

o3 Si0
2 

plane of the tetrahedron, the analyses of Tables 1 and II must be 

expressed in terms of the aforementioned components . This may be 

achieved by considering the bone ash used to be pure tricalcium phosphate , 

the flint to be composed of silica alone, and the Cornish stone and china 

clay to have the following simplified analyses: -

Cornish stone 
China clay* 

80% 
54 

20% 
46 

The figures quoted in Tables III and IV are derived from Tables 

I and II respectively by the use of such simplified analyses. 

TABLE III 

General Range of Composition of Bane China 
Bodies Treated as Simple Te r nary Mixtures * 

Component 

3CaO.P
2

o
5 

Al 20
3 

SiO 
2 

Proportion 

27 - 46% 

13 - 20 

27 - 42 
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TABLE IV 

Composition of Bone China Bodies 
Treated as Simple Ternary Mixtures >.'< 

Sample 3CaO. Pz',O5 AlzO3 SiO2 

a 46 . 7% 16.1% 37.2% 
b 47.6 15 . 4 37 . 0 
C 50 . 2 16. 6 33.2 
d 43.7 1 7 . 1 39 . 2 
e 45.5 15. 9 38 . 6 
f 38 . 7 9 . 9 51. 4 

Previous Research 

A lthou gh high temperature phase equilibrium relationships have 

be e n ca r efully studied for the system CaO-Al2O3-SiO213 little or 

nothing is known of the other systems repre sented by the tetrahedr on 

s h own in Figure 1. Barrett and McCaughey14 , however, have 

publi shed approximate data on the essential equilibrium relationsh ips 

in the system CaO - PzO5-SiO2 , 

A t fi r st sight it would appear that information on one internal 

plane {viz. 3CaO. P2O5--Al2O3-•SiO2) would be insufficient to gain 

much of a n insight into the phase assemblages of such a complex 

mixture a s b one china. In practice , however, correlation of t h e 

phase dist r ib u t ions in the aforementioned plane with those of the 

base plane (i . e . CaO-Al2O3-SiOz) facilitate s reasonably accurate 

prediction of phase distributions in other pertinent planes. 

·· Afte r de h ydration of clay: Al2O3 . 2SiO2 , 2HzO4AlzO3 . 2SiOz + 2HzO 
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Experimental Methods 

The experimental procedure s used to compile phase diagrams fall 

into two general classifications, l,l Dynamic methods and 2) Static methods. 

The heating and cooling curve technique used in metallurgical studies 

is repre sentative of the first class. ln this treatment the liquidus and 

solidus tempe ratures of a mixture are determined ~y noting the tempe r

ature at which the break in its heating or cooling curve occurs due to 

the absorption or release of the latent heat of melting. Thus, the data 

yielded by this method are obtained by subjecting the specimen to a series 

of continuously changing equilibrium states, and noting in particular the 

one at which latent heat is absorbed or released. In this sense the 

method is dynamic . Unfortunately the sluggish transformé;l,tions in most 

silicate systems preclude the use of this method in ceramic studies. 

The static method used in silicate chemistry was developed at the 

beginning of this century by workers at the Geophysical Laboratory, 

Washington, D . c. 15 . Briefly, the technique may be described as 

follows: - The constituents of the system are mixed in suitable pro

portions and fused in a platinum crucible to forma homogeneous glass. 

Small samples (25 mg. ) of this glass are heated and held at various 

known temperatures to attain equilibrium and then quenched in water. 

ln this way conditions at high temperatures are retained in the specimen, 

which is later examined at room temperature . Powdered fragments of 

the quenched samples are immersed in suitable oils and observed under 
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''l'. e 1 e trog:raphic mic r oscope. The liquidus of a given composition is 

de t e:rmined by seeking the tempera ture below which quenched samples 

,:: om.ain a trac e of crystal and above which they are all glass the lat+er 

condit ion 1:'epre sent ing an all-liquid state at the eleva• ed temperatureo 

Ttus. liquidus t emp erat ure and primary crystal are obtained simul 

ta.n eoasly. 

T Le ,1uench method is very accurate though slow fox earh run 

m a y take seve ral hour s to reach equilibrium and many quer.ches may 

be -r eiqui:r ed b e fore the limiting runs for a particular mixture are 

found. Commonl y, however , thirty minut es at constant t emperature 

sufffres for equilibrium conditions t o be reached. Initially twelve 

o:;: mo,i:'e :r.uns may be necessary t o locate tit e liquidus temperatur e 

+ 
of a. mixture t o within - 2°c . Howeve r , a.s the investigation 

J.-,î Oceeds more accurate estimates of the liquidus of new mixes 

rnay be made, and therefo r e the number of runs necessa~'Y t o 

determine it may be reduced. 

Wh e r ever p ossible the quenc h method 15 was used in tris p:r. esent 

study and de t ails of the technique are dis eus sed in the next four 

<' LaF t e:r.s. Mixtures which were t ao refractory for s,. udy in the 

''iuen :h furnac es were investigated by c ane fusion metlods. In 

a~L a.bout one hund r ed mixtures were made up and investigated by 

(te se two methods. Sufficient information was obtained ta sur vey 

t>- e ,v}ole 3Ca0, P20s ·-•Al203 - Si02 s y s t em. Clear. h omogeneous 
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glasses were not fot'med in every case , but all had properties which made 

it possible t o recognize the liquid state in the quenched samples. The 

composition of this minority of non glass - forming mixtures lay in the more 

refractory are as of the diagram adjacent to tri calcium phosphate and 

alumina. 

It is common in silicate technology to designate oxides by the first 

letter of their chemical formulae, and thi s method of abbreviation will 

frequently be used throughout the present work. The system under exam 

ination will thus be known by the symbols CAPS , wherein C = CaO, A = 

Alz03 P = Pz05 and S = SiOz. Compounds may be indicated as follows , 

C3P = t ricalcium phosphate , A3Sz = mullite, CASz = anorthite , etc. 

THE COMPONENTS 

The reason for selecting the c omponents 3Ca0. Pz05 , Alz03, and 

SiOz for this study of bone china was explained in the previous section. 

The properties of the se components as individual phases will n.ow be 

de scrib ed. 

Tricalcium Phosphate , 3Ca0. Pz05 

In commercial bone china the sou c e of this component is always 

calcined beef bone. It is claimed tha t synth etic phosphate Jacks even 

the slight plasticity of calcined bone and is not , t e r efore , a suitable 

addition to a c eramic body which is not very plastic at any time. Sorne 

typical analyses of the bone used are quoted in Table V . 



CaO 
P2O5 
K2O 
Na2O 
C 
CO2 
Fe2O3 
CaO 

PzCY5 
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TABLE V 

Analyses of Bone 12 

1 2 3 4 

47 . 8 55 . 0 52 . 0 41. 7 
35 . 0 39 . 6 39.9 26 . 5 

1. 3 2 . 9 
0 . 8 0.2 

16 . 0 4 . 5 5 . 5 27 . 7 
1. 0 1.0 o. 7 0.9 
0 . 002 0.002 o. 002 o. 002 
1. 37 1. 39 1. 30 1. 57 

C3P C4P 

54. 2 61. 2 
45 . 8 38.8 

1. 18 1. 58 

Tricalcium phosphate is extraordinarily difficult to obtain as a pure 

compound with its components in the strict stoichiometric ratio demanded 

by the formula . After many experiments a simple method of preparation 

was evolved which permitted the synthe sis of the phosphate during the 

preparation of glass mixtures . Details of preparation, etc ., are 

discussed in Appendix 1 . 

T h e melting point of C3P was found to be 1750 ! 20°C as determined 

by cone fusion observations . The experimental details of this determ

ination are given in the section on the binary system Tricalcium 

Phosphate -Alumina (CAP system) . 

High and low temperature crystal modifications of tricalcium 

phosphate exist . Sorne of their propertie s were studied and the 

re sults are summarized below: -
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o<... , high tempe rature form , refractive indices o<.. = 1 . 588 and½ 

= 1 , 591 , principal x -•ray lines with c opper radiat ion 2. 90, 2 . 61 , 

3 . 92 

/3 low tem e r a t ure form , refractive indices ol. = 1 . 620 and 

'i = L 622 , principal x - ray lines with copper r adiation 2 . 89, 2 . 60 , 

3 . 18 . 

It ha s b een s t ated2 3 that the /3 to of... transformation takes place at 

l 350°C . Quenc hing runs made to verify this value show that although 

the statement is essentially correct i t must be dis c ussed in more 

detail , if i t is t o be int erpret ed correctly . In the pre sent work it was 

found that if a sample of '13 tricalcium phosphate was heated at l 348°C 

fo r on e h our and then quenched a complete transformation to the ol, 

modifi cation t ook place , However, if the specimen was heated for the 

same p e riod at 1294 °c a mixture of o<.. and /3 re sulted . Similarly , 

if o(_ t ricalcium p h osphat e was heat ed fo r one hour at 1404°C a minute 

t race of ~ tr i c alcium phosphate w as detected under the petrographic 

microscope , Heating the ol..... format progre ssiv ely lower t emperatures 

broug ht about a g r eater development of f3 Ùntil at l 300°C the o( quench 

p::r. oduct r esemb led closely the 1294°c r quench mentioned above . 

Starting with eith e r the o( or /3 modification no transformation took 

pla ce in a one hour run at 1250°C . No doubt, on prolonged heating a 

t:r·ansfo rmation would t ake place , but in view of the length y experiments 

:required thi s investigation w a s not undertaken. 
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It will be appreciated then, that some qualification is necessary 

when q uoting a transformation temperature . A metastable trans 

formation range similar to , this one is also found in the case of 

calcium pyrophosphate (See Appendix Il) . 

The above dat a check closely with those given in 1 'Data on 

Chemicals for Ceramic Use 11 (Bulletin 118, June 1949 , National 

Re search Council, Washington, D . C.), the reference handbook 

on constants used throughout this work . Microscopically, both 

forms of tricalcium phosphate may easily be recognized . Index, 

birefringence and twinning serve to identify the d..., form . d._ 

tricalcium phosphate crystallizes very rapidly and it is impossible 

t o quench molten mixtures containing an abundance of this compound 

t o a homogeneous, isotropie glass . Such mixtures, which are noted 

later, yield a strained glass structure when quenched from above 

the liquidus temperature . The anisotropie glass may be rendered 

crystalline by annealing below the liquidus . This strained condition 

causes the glass fragments to exhibit anomalous extinction between 

crossed nicols under the microscope . 

Hydroxyapatite ( 3Ca3(P04)z . Ca(OH}z) which is readily formed 

from tri calcium phosphate under certain circumstance s is easily 

dis t inguished under the microscope by its higher refractive indices, 

w = 1 645 and E., = 1. 641 . At no time was this compound detected 

du ring the phase investigation, and therefore no complications due 

t o its presence arase . The formation of this compound is more 
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full y discus sed in Appendix 1 " It should be noted, however, that once 

formed this hydroxyapatite is difficult te deconwose since it retains 

chemically combined water up to temperatures as high as 1400°C . 

Alumina, AlzO3 

Alumina in bene china is mostly derived from china clay which is 

one of the c onstituents of the body, though the Cornish stone make s a 

definite contribution (See analyses of clay and stone }, From the point 

of view of phase rela ionship s , of course , it makes no difference 

w h ether a component be de rived from one or 1nore sources. 

Several allotropes of this oxide are said to exist, but the exist

ence of only two is well established. The r:J..., and 't forms of alumina 

are re spectively high and low tempe rature modifications whose 

prope rties may be summarized as follows :-

c/..., hexagonal crystal system, melting point 2000-2030, refractive 

indic es (;) = 1. 768 , € = 1, 760, principa l x-ray lines 2 . 08, 1. 60, 

2 . 55 . 

"6, cubic crystal system, transition tool. 750 - 1000°C, refractive 

index 1,696, p rincipal x-ray lines 1. 40, 1. 98 , 2 . 39 . 

T h e presence of alumina in the present study was readily detected 

under the petrographic microscope, since only the d..., form was en 

countered. This high tempe rature modification crystallize s into 

small , well formed hexagonal plates with very high refractive indices 

and low birefringence . In crystal habit o(_ alumina might be confused 
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with jo 3CaO. P2O5 but the higher ~efractive index of the alumina 

(1. 760 vs . 1. 622) usually reveals its identity. Confirmation of 

identity , however , can always be made by x-ray examination. 

Silica, SiO2 

Both the Cornish stone and china clay contribute to the 

presence of this component in bone china . Four stable forms 

of silica are known and their ranges of stability may be summarized 

thus : -

1470°C 

o(. Quartz ➔ /3 Quartz ➔ Tridymite ➔ Cristobalite 

Except for the two forms of quartz the inversions are very slow 

and generally an accelerator such as sodium tungstate is required 

to bring them about within a reasonablÊrperiod. Tridymite and 

cristobalite undergo miner metastable inversions at low temper

ature s giving rise to the so called 11 high and low forms" . The 

latter inversions take place very rapidly and generally the upper 

form cannot be stabilized at room temperature . In the course of 

the pre sent investigation, however, high cristobalite was 

occasionally observed. 

Since high tempe rature products are being studied the propertie s 

of only tridymite and cristobalite need be considered: -

Low tridymite , rhombic, transition to lower high tridymite 

l l 7°C , refractive indices o( = 1 . 4 78, '6 = 1. 481, principal 

x - ray lines 4 . 29 , 4 . 07, 3 . 80 . 
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Lower high tridymite , hexagonal, transition to upper high tridymite 

163°C. 

Upper high tridymite, hexagonal, transition to cristobalite 1470°C" 

Low cristobalite, t etragonal , transition to high cristobalite 220°C, 

refractive indices l.ù = 1. 487, €. = 1 . 484, principal x-ray lines 

4 . 02, 2 . 47, 2 . 83 . 

High cristobalite, cubic, melting point 1 713°C, refractive index 

1. 466, principal x-ray lines 4 . 14, 2 , 53, 1. 64 . 

All the modifications of silica have low refractive indices and this 

property may be used to distinguish them from other phases encountered 

in the system. In the specimens examined during the cour se of the 

present work siliceous material was usually seen as fine, low-index 

dots. In the GPS system mixtures containing small quantities of 

silica always crystallized with the cristobalite in the form of rosettes 

(See Figure 2, page 19) . 

EXPERIMENTAL PROCEDURE 

Preparation of Mixtures 

The constituents used in making up the requin~d mixtures were 

calcium pyrophosphate, calcium carbonate , alumina and silica . 

Details on their preparation, purity, etc . , are given below. 

Calcium Pyrophosphate, 2CaO . P2O5 

This constituent was made from the specially prepared dicalchnn 

phosphate dihydrate whose synthesis and propertie s are described in 
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Figure 2. - Rosettes of cristobalite crystallized from a 
highly phosphatic melt. 
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the appendices . The dicalcium phosphate dihydrate was ignited at 900°C 

to ensure that the reaction 2CaHPO4. 2HzO➔CazPzO7 + 5HzO would go 

to completion and also to burn out any sugar absorbed during the synthesis 

of the dicalcium salt. The stock of pyrophosphate so prepared was stored 

in an oven at 11 o0 c and weighed out as required. 

This constituent was, of course, a source of both lime and phosphorous 

pentoxide. The lime needed to bring the lime /phosphorous pentoxide ratio 

to that required by tricalcium phosphate was obtained by the addition of 

calcium carbonate to the mixtures . 

Calcium Carbonate , CaCO3 

The necessity for this constituent has just been explained. Baker' s 

special low alkali C . P. calcium carbonate was used, Traces of water 

were driven off by ignition at 400°C followed by storage in an oven 

maintained at l 10°C . The material was weighed out when necessary 

after fir st cooling in a de siccator. 

Alumina, AlzO3 

Alumina was obtained by the ignition of Bake1·'s C . P . AlzO3 . xHzO. 

This latter compound decomposes readily on gentle heating, though 

strong heating is required to remove the last trace of moisture . 

Generally the procedure for dehydration was as follows : - A sample 

of AlzO3. xHzO was warmed very gently in a large beaker. The 

material appeared to boil and erupt constantly. Much care was r e-

quired to keep dusting losses to the minimum. After a while the 
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sample subsided and stronger heat was applied. The partially de

hydrat ed alumina was then transferred to suitable platinum ware 

a nd gradually h eated to about l 2S0°C, at which tempe rature it was 

kept for three heurs. Samples were cooled in a desiccator and 

kept in ground glass stoppered bottles. 

Most fine powders are hygroscopie and fine alumina is 

particularly so . It was found be st always to calcine the prepared 

alumina for a few minutes in a Bunsen furnace prier to weighing . 

Aft er cooling in a de siccator, weighing was effected as rapidly 

as possible in o r der to minimize errors due to water pick-up . 

The short calcination had the double advantage s of removing last 

t races of water and also agglome r ating the powder so that it 

pre sented les s active surface to the air . 

Silica, SiO2 

T his was obtained by igniting Baker' s C . P . silicic acid 

SiO2 . xH2O , aft er first leaching out impurities with hydrochloric 

acid . As received, the silicic acid was qui te pure , but did 

contain some iron salts. Leaching in warm hydrochloric acid 

for seve r al days seemed to be an effective method of removing 

the se trace impurities . Leaching was continued until no iron 

was detect ed in t he washings by the ammonium thiocyanate test . 

Te s t ing , by volatilizing the silica with hydrofluoric acid, showed 

that only O. 023 per cent solids were left on ignition. The de 

hydration treatment following the leach was identical with that 
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given fo r alumina , The silica obtained , hawever, was caar ser than the 

a lumina and therefore required less elabarate precautions ta keep it 

d r y . T h e stock was kept in an aven at 110°C and used as required. 

The required amounts of the canstituents were weighed ta an 

accu ra.cy better tha.n ± 1 mg. on an analytical balance . Calcium carbon

ate and s i lica , bath of which tended to adhere to the weighing pan, were 

removed by washing with alcahol. Mixtures were calculated to yield 4 

gm. of glass, since the raw materials for this a1nount just filled a 10 

c . c . platinum crucible. 

The raw constituents were first mixed on glazed paper and then 

gently graund tagether in a corundum martar . This latter treatment 

nat anly pramoted mixing but a.lsa helped ta reduce the volume of the 

fluffy c a lcium pyraphosphate . 

Afte r charging the mixture into a 10 c . c . platinum crucible it 

was heated slawly ta about 1000°C in a Bunsen furnace . This ignition 

served to decompose the calcium carbonate, and also to sinter the 

mixt ure prior to the more rapid heating to which it was subsequently 

subjected. Next, the sinter was fused :rapidly at l 7 0 0°C i n the small 

oxy-gas blas t lamp furnace shown in Figure 3, p age 23 . 

After twenty to thirty minutes at 1 700°C the s a.mple was quenched 

by dipping t h e crucible into cold water . The glass so formed was 

broke n u p i n a h a r d steel Plattner mortar , and afterwards any trace s 

of iron p icked up during the grinding were r emoved with a powerful 

magnet. Follow ing this treatment the powde r ed glass was r emelted 

in the manner previously de scribed . 
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Figure 3. - Blast lam p furnace. 

1. Fireclay insulating brick. 
2. Bubble Alundum insulating inserts 

coated with sillimanite cernent. 

1•540 

3. Oxygen-city gas 
burner. 

4. Alundum crucible 
flame shie lds. 

~:-
Figure 4 . - Isofract diagr a m for glas s es m the CAPS system. 
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Because of their high viscosity, mixes rich in silica required as 

many as six melts before a homogeneous glass was obtained. Generally, 

however , four fusions were sufficient to produce the de sired glass. 

The criterion of homogeneity was uniformity in the refractive index 

of glass fragments examined by the immersion 1nethod under the petro 

g raphic microscope. To carry out this technique fragments of glass 

were immersed successively in different oils of known refractive in 

dices. When the index of an oil mat ched that of the glass the bright 

line (Becke line) which normally moved into or out of the fragment on 

racking the microscope up and down vanished completely. In view of 

the variation of index with wavelength of light, determinations were 

made using monochromatic sodium light as the source of illumination. 

As the various glas ses were made, their refractive indices were 

noted and plotted on a triangular composition diagram. Since it is well 

established that the refractive indices of glasses in a system vary in a 

smooth and continuous manner with compositional change , it is possible 

to construct an Isofract diagram which can be used to ve:rify the compo 

sitions made . Such a diagram is shown in Figure 4, page 23, for the 

CAPS system Unfortunately the scope of the diagram in this particular 

system is limited, for only mixtures cent ally located in the composition 

triangle form true isotropie glasses . 

A further limitation to the use of this diag ram in checking composi

tions is caused by the alignrnent of the isofracts across the diagram. 

It will be noted that the only compositional variations readily detected 
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by index changes a r e those w h ich take place along lines radiating from 

t he silica corne r of t he diagram. 

Besicles the aforement ioned application , isofract diagrams may be 

used to study course s of cry s t allization. For instance, if a partially 

crysta llized mixture is quenc h ed , an estimate of the composition of 

the liquid co - existing at high tempe ratures may be made by comparing 

t h e index of t h e glas s with the isofracts on the diagram . T h us changes 

in liquid c ompo s i t ion may be followed during the crystallization 

sequence . In the present syst em , h owever , this technique may only 

be applied t o sequences involving a change of s ilica content. 

Not all the mixtures formed glasses when quenched in a platinum 

crucible, and it was impossible , therefore, to check the homogeneity 

of t he se fusions . It is believed , h oweve r , that repre sentative sample s 

could be taken fo r quench work aft er six melts. In any event all 

mixtur es were ve r y finely ground prior to sampling . 

Initially , it was anticipated t h at t h e r e might be volatilization 

los ses of p h osphorous pentoxid e a t the high temperat u re s reached 

in making the glasses . Precautions were taken to ensure that glasses 

w e re always treated in an oxidizing a t mosph e r e . Checks on half hour 

fusions at 1 700°C s h owed a loss of O. 04% in t h e w eight of the mixture 

over t h at expected due t o t h e de composition of carbonate . This loss 

is negligible and it may be considered that both volat ilization and 

reduction of the phosph orous p entoxide were effectively prevented. 
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Apparatus 

Quench Furnace 

The melting studie s were carried out by heating sample s of glass 

weighing 10 to 25 mg . in a vertical tube furnace . The e ssential details 

()f the furnace are indicated in Figure 5 and the accompanying legend, 

page 27 . 

It will be observed that three different insulating materials are 

used in concentric rings a round the heating element. Light calcined 

magne sia is much superior to any other high te mpe rature insulating 

material, but suffers from the disadvantage of sintering badly on 

continued use at high temperature s (i . e. above l S00°C) . Sintering, 

of course, seriously impairs the insulating properties of the 

magnesia . For this reason an intermediate zone of bubble zirconia 

is interposed between the hottest part of the furnace and the magnesia . 

Because it conducts electricity at elevated temperatures, zirconia 

insulation cannot be used immediately next to the heating element, 

hence the need for the Alundum grain. 

The Alundum refractorie s may be used safely up to 1 750°C, but 

the mullite tube requires occasional replacement when heated 

frequently above l 6S0°C . For use at high temperature s the mullite 

tube is supported at the top, so that it hangs straight when hot. Even 

this precaution, however, is insufficient to overcome warpage 

completely, and e ventually most tubes are rejected because they 

develop slight b~nds which interfere with the free pas sage of specimens 
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Figure 5. - Quench furnace. 

1. Mullite tube. 
2. Grounded platinum shield 

wound on the mullite tube. 
3. Transite board. 
4. Alundum cernent plug. 
5. Winding, 27 ft. , 20 gauge 

( B&S), 60-40 platinum
rhodium alloy, painted 
over with Alundum cernent. 

6. 120 me sh Alundum grain 
insulation. 

7. Bubble zirconia insulation. 
8. Light calcined magne sia 

insulation. 
9. Cylindrical sheet iron 

furnace casing supported 
on three steel legs. 

10. Alundum tubes. 
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being quenched. It is po s sible that Alundum tubes would warp less than 

mullite, but on the other hand Alundum is more liable to fracture on 

the r mal s hock . S i n ce the fur na ce is often opened while hot, a re -

frac tory with good thermal shock re si stance is es sential. 

Fine platinum wire (O . 2 mm. diam.) is wound in large open turns on 

the mullit e tube . This wire, when grounded , acts as a shield which 

protects the thermocouple in the centre of the furna ce from stray 

electrical current s . Since the furnace is heate d by A . C. electricity, 

induced currents rnight reasonably be expec t e d. Fortunately the se A . C . 

currents do not affect the D . C . potentiome ter circui t used to measure 

the microvoltage of the thermocouple . However , some ionization take s 

place in the hot furnace and very small D . C . voltages are picked up by 

the couple . The shield is required to earth the se parasitic e . m . fs . 

It is commonly believed that 20 gauge 60 /,~'; platinum-rhodium wire 

is too brittle t o be wound on small diameter s . This is not correct, in 

fact if suitably annealed such wire may be wound on its own diameter 

( O. 8 mm. ) without difficulty . The success of the present investigation 

depended upon the use of 60/40 wire , because furnaces wound with the 

more common 90/10 or 80/20 wires may only be used safe ly to 1600°C. 

In the past, higher temperatures have been achieved by the use of 

c ostly iridium tube furnaces. The melting point of 60/40 wire is 

approximately 1920°C and furnaces wound with it may be run safely 

at 1 700°C . Little is gained by employing increased rhodium content 

wire , for the melting point of pure rhodium is only 46°C higher. 
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The size of the furnace is kept to the minimum 1n order to a c hieve 

flexibility in heating and cooling . Several runs are generally necessary 

to determine t h e liquidus point of a mixture , making rapid adjustment 

of tempe rature be tween r uns es sentiaL 

T h e samples , wrapped in plat inum foil envelopes , (approximately 

6 mm. x 6 mm. foil, O. 01 mm. th ick) a r e suspended from the quench 

rig in the middle of t he furnace . Details of t he rig are shown in 

Figure 6 , page 31. 

The drawing is a h alf sec t ion and the r efore only one quench lead 

and one le g of t h e thermocouple a r e visible T h e sample is tied with 

platinum wire to an alumina r ing t h rough w h ich is threaded mor e fine 

platinum wire . The ends of this lat te r wire a r e w r apped round t h e 

quench leads , T h e whole assembly is se t vertically in the furnace 

and w h en it is time to drop t h e specimen a current is pas sed through 

the quench leads . Wh en correctly adjusted . the current is just 

sufficient to fuse the fine wire stretched between t he ends of he leads . 

Excessive current causes molten plat inum t o s p atter the furnace 

walls and this increase s t h e danger of s ubse quent. specimens sticking 

to the t ube . On fusion of t he platinum wiie the sample drops freely out 

of the furnace into a beake r of c.old wat e r where it is quenched . 

Both t h e quenching rig and central t u b e of t he furnace are subject 

to rapid t empe r ature changes. T h e quenching rig experiences 

particularly seve:re s h ock w h en it is put into and taken out of t h e hot 

furnace at the beginning and end of a run :r.espe r.tively. T h e central 
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tube is cooled by the air circulation (Stack Effect) when the rig is being 

inserted or removed . Mullite seems to be the only material capable of 

withstanding the repeated thermal shock, but the sheathing of the thermo

couple and quenching lead , located in the hotte st part of the furnace, is 

made of alumina . This refractory has a higher softening point than 

mullite and specimens are le ss liable to stick to it . However, its poor 

spalling re sistance make s fairly frequent replacement nece ssary . 

Temperature Measur eme nt 

As w ell as the quenching leads, the quencr.ing rig also carries a 

platinum - platinrhodium (9 0 / 10) thermocouple . The couple is placed as 

close as possible to the specimen, in order to facilitate accurate 

temperature measurement. Since the hot zone of the furnace is 

relatively short it is important to place bath specimen and couple m 

the centre of the zone . 

The free ends of the couple are insulated from one another and 

run into the cold junction through a terminal black set at the top of 

a Dewar vacuum flask . At the cold junction, whicb. is contained in 

a glass tube surrounded by ice , two gold wires are joine<l to the Jeads 

from the couple , The se gold wire s are brought up to the top of the 

ass,rnbly, where they are connected through pin jack terminals to 

the copper leads from a potentiometer . A noble metal is used 

immediately next to the platinum wire s in order that a welded junction 

may be made . In this way it is possible to have a small junction free 
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Figure 6. - Quench rig. 

1. Soapstone block . 
2. Mullite sheath. 

3. Quench leads. 
4. Thermocouple. Platinum 

90 / 10 Platinum-Rhodium. 
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frorn parasitic e . m. fs . The wires of the thermocouple are O. 4 mm. dia

meter, but those in the cold junction only O. 2 mm. diameter . The couple 

require s a thick wire to withstand frequent flexing, whereas the junction 

wire should be small enough to reduce heat conduction to the minimum. 

The e m. f . - temperature tables for thermocouples are drawn up for a 

cold junction at o0 c . It is important, therefore, to en sure that the 

junction is maintained constantly at this temperature. This may be 

achieved by setting the glass tube high in the vacuum flask . so that it 

is always surrounded by floating ice . 

The e . m . f. of the thermocouple was measured by a White 

potentiometer 16 . This instrument was specially de signed for this 

type of work and is known to be particularly free from parasitic 

e . m . fs . The usual ancillary equipment consisting of a low-resistance 

reflecting galvanometer, cadmium cell, and lead accumulator was 

r equired in conjunction with the potentiometer . 

Temperature Control 

In the early stages of the investigation the temperature of the 

furnace was regulated by a 11 Brown Thermocouple Controller11
• This 

instrument was actuated by a control thermocouple placed close to 

the heating element of the furnace . The e . m . f. of the couple was 

applied to a sensitive low - resistance galvanometer, the path of 

whose pointer was limited by a re c iprocating chopper device 

positioned at the required temperature on the galvanometer scale . 

When t h e needle reache d the control point the trav el of the chopper 
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was int er rupte d and this caused i t t o trip a mercury switch. The switch 

eut the cuI rent t o the furnace and brought about cooling . As soon as 

the galvanometer pointer permitted the free travel of the chopper again 

the heating was resumed a nd the cycle of operations r epeated. 

T h is type of non - proportional control work s sat isfactorily on 

furnace s with a large heat re se rve, b u t wide t empe r ature fluctuat ions 

are inevitable with small furnace s . The se were minimized in the 

present instanc e by placing a by ,~pass rhe ostat ac r oss the terminals 

of the controller . Thus , even wben the controller was in the 1 1off11 

position some power was still applied to the furnace. By careful 

adjustment of the gap between the current passing during the " on" 

period and that passing du r ing the Hoff11 pe riod the t emperature 

variation could be reduced to ± 1 °c , 

T h is apparatus was eventually replaced by a Robe rt s t ype 

Wheat stone bridge controller which maintained t emperature 

w i thin ~ 0 , 25°C of the desir ed value . T he ba sic design u sed was 

that de sc ribed by Crandall e t al. in the Bullet in of the American 

Ceramic Socie ty, March, 1950 , Aft e r modifying the circuit 

given in the afo r ementioned bulletin, a contr olle r wa s built by 

E . F . V . Robinson, ele c tronics e ngineer with the National Research 

Council , O ttawa , and t est ed by the author. A wi r ing diagram is 

shown in Figure 8 , page 35 . T h e original controller and a second 

model made later are s h own, t ogether with the quench. furnaces, 

in Figure 7 , page 35 , 
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T his type of controller is t ruly p r oportional in its action, for the 

p owe r i t applies to the furnace is directly related to the deviation of 

t empera ture from standar d conditions. Reaction is rapid, because 

the thermosensitive element is the furnace winding itself. The 

principle of operation is as follows ·- The furnace winding is in 

corporated in an A . C. Wheatstone bridge circuit . When the desired 

t emp e ratur e is reached the bridge is balanced manually by adjusting 

the re si stance of t he bridge arms until a minimum voltage is recorded 

by a D . C v oltmeter c onnected t o the grid of the thyratron tube, FGl 7. 

Any t emperatu r e variations which take place after balancing immediately 

bring about re si stance changes in the sensitive furnace winding . The 

control circuit then become s unbalanced with respect to voltage and 

phase angle a.cross the bridge . After suitable amplification the 

signals are applied t o the control grid of the thyratron tube, In

corporated in the thyratron circuit is a transformer ( l : 50 ratio) 

whose impedance is regulated by the thyratron. A part of the current 

to the furnace passes through one side of this transforme r and is 

impeded by the 1: e2..c tance of the coil. An oscillos c ope, connected 

a.cross the thyr atron side of t he transformer , shows a characteristic 

waveform when the control point is approached . T he current input 

to the furna c e is then adjusted t o make the thyratr on fire for 

app r oximate ly one quarter of the A . C . cycle indicated on t he 

oscilloscope. Should the furnace cool the firing c rcle lengthens 

p r opo r tionate ly and thereby lowers the average impedance of the 
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Figure 7. - View of quench furnaces, controllers, 
potentiometer and cold junction. 
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Figure 8. - Wiring diagram of Wheatstone bridge furnace 
controller. 
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transformer permitting more current to flow to the furnace. If the 

furnace overheats the opposite action takes place. Since the magnetic 

flux in the transformer is controlled by the firing cycle of the thyratron 

it will be appreciated that the current is linked to temperature fluctua

tions in the furnace . 

The sensitivity of control ultimately depends on a high coefficient 

of increase in resistance with temperature of the furnace winding. 

Platinum and its alloys are ideal in this respect. 

The application of the controller is de scribed in the next section. 

Specifications and circuit details are to be found in the reference 

quoted above . 

High Frequency Furnace 

Sorne mixtures were too refractory for study in the quench 

furnaces . The se were studied by the cane fusion method in the 

high frequency, horizontal tube furnace shown in Figure 9, page 3 7. 

Essentially, the furnace consisted of an Alundum tube (Ur' long x 

3 /411 bore} placed in a graphite black susceptor surrounded by car bon 

black insulation and several turns of a water -cooled high frequency 

coil. The tempe rature of cone s placed in the furnace was measured 

with two optical pyrometers of the disappearing filament type, placed 

one at each end of the open tube. The mean value of readings by two 

observers was taken as the temperature of softening and melting. 
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A gentle stream of air removed carbon monoxide penetrating the 

Alundum tube at high temperatures. In this way reduction of the 

phosphate was avoided . 

Operation of Apparatus 

Before proceeding with a pre sentation of the data obtained during 

the investigation, it would be well to consider the manner of operation 

of the apparatus de scribed in the foregoing sections . The determina

tion of the liquidus point of a mixture using the quench furnace 

apparatus will fir st be de scribed . 

The sample , attached to the quench rig, was lowerec: inh; a hct 

quench furnace, the temperature of the latter being somewhat below 

the e stimated liquidus. The sample was then allowed to devitrify by 

holding it at this lower temperature for a few minutes . The furnace 

was then heated to the required tempe rature in about ten minutes, 

and held there for thirty to sixty minutes . Sample s containing over 

sixty percent silica generally took the longer period to reach 

equilibrium, because of their high -viscosity when molten. Devitri

fication of the specimen assisted observation by providing nuclei 

for crystal growth, and thereby preventing supercooling of melts . 

Thus , if a specimen was heated for a short time slightly above the 

de sired tempe rature, there was no danger of it failing to crystal

lize on returning to the control point. 

The temperature of the sample was accurately measured by 

the thermocouple next toit on the quenching rig. The e . m . f. 



generated in the couple was determined by the temperature r e quired 

and therefore the necessary microvoltage settings were made on the 

potentiometer prior to placing the couple in the furnace. When the 

furnace reached operating temperature the potentiometer circuit 

was balanced, using a sensitiv--~ reflecting galvanometer to determine 

the null point , It was important to avoid overheating the specimen, 

since this destroyed the crystal nuclei. Overshooting by more than 

1 °c could not be tolerated and when it occured the run was r epeated , 

Controller adjustments were critical during the early stages of 

a run, if overshooting was to be avoided, and initial h eating of the 

furnace was carried out with the controller on the 11 manuaP1 circuit. 

T h is meant that the energy imput to the fu:rnace winding was cont r ol c 

led by hand through a ' 1Variac11 autotransformer, Constant practice 

enabled one to e stimate power requirements qui te accurately for 

given temperatures . When the furnace was within, say, 10°C of 

operating temperature the bridge circuit was balanced and the 

controller switch turned over to the nautomatic~' position, 

Initially an oscilloscope and voltmeter were needed to determine 

the balance point of the bridge circuit, but after several runs had 

been made the furnace records indicated the settings for the various 

temperatures . All runs were logged, since the power consumption 

of the furnace changed as the insulation sintered togetb.er. It was 

intere sting to note that although the controlle:r would regulate 

temperature to ± O. 25°C, there was an overall drift. of 2°c per 

hour on high temperature runs d ue to the sintering. Fortunately 
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this drift was always suc h as to cause t he furnace to cool and so over 

shooting did not occur . The drift was generally compensated for by 

adjustin~ the bridge setting manually when ne c essar y . Although the 

final re sults were not more accurate than ± 2°c , constancy of tempe ra 

ture within finer limits during the run was de si r able be cause fluctuations 

could have caused solution and reprecipitation of phases a t unequal r ates . 

Thus the observed state of the spe c imen c ould, under some circumstances , 

have represented a condition above o r below that expect ed for the aver 

age temperature of the run. 

Constant use at high tempe r ature caused an e. m . f . drift in the 

termocouple, due to a differential in the r a t es of evaporation of its com

ponent parts. This and other sources o f e rror we r e minimized by 

calibrating the couple at definite time intervals . A running time of 2, 000 

minutes was found to be a satisfactory int e r val fo r tempe ratures below 
., 

l S00°C . Above this temperatu:~e the inte r val wa s r educed to 600 to 1, 000 

minutes . When the correction for a couple exceeded 125 microvolt s at a 

fixed point , the end of the couple was eut off and the wires rebeaded man 

oxy-gas flame . The fixed points used in t he present s t udy were the 

melting points of gold (1063°C), diopside (1391°C) and palladium ( 1549°C) . 

In common with most work of this t ype t he Geoph ysical Scale of t empera

ture has been used. 

Calibration a t the gold and palladium points was done by suspending 

a small Alundum ring from a piece of the appropriate pure wi r e p laced 

close to the thermocouple, and when the r ing fell out of 
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the furnace , due to the wire melting , the microvoltage of the couple was 

noted. 

Diopside is a calcium magne sium silicate (CaO. MgO . 2Si0z) which 

has a very sharp melting point when its components a:r.e in strict 

stoichiometrical proportions . This compound was synthe sized in the 

laboratory and the calibration was done by treating t h e material in 

the same manner as that used for the phosphate glas ses, Le . , by 

quenching to dete r mine the liquidus . 

The corrections at the fixed points were plotted against time, 

so that an e stimated correction could be computed for runs made 

during the interval between the calibrations. Corrections for a 

particular temperature at a given time could then be made by 

interpolation between the e stimated fixed - point corrections. T h is 

treatment assumes simple linear relationships be tween the correct ,. 

ion , time and temperature functions. Deviations from this as 

sumption, however, are not likely to be serious since couples are 

rebeaded w h en the corrections exceed 1 o0 c . 

Sorne very refractory compositions in the binary CAP and CPS 

systems were studied in the high frequency furnace desc ribed in a 

previous section. A cone, one-half inch high, was made from the 

sample by grinding and bonding it with a little 10 per cent 

polyvinyl alcohol solution. The cone was then mounted on a rhodium 

plaque and inserted in the furnace. After a trial run to determine 

the liquidus, other cones were heated more carefully to obtain 
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accurate results . The temperature of the specimen and its rr_elting 

behaviour were observed with optical pyrometers . 

The cone fusion technique was of limited value only, since the 

deformation temperature of the cone was determined by the amount 

of eutectic pre senL A further difficulty lay in the viscous char acter 

of high silica melts, which made cone s remain upright even though 

molten, In the case of the CAP and part of the CPS system this 

latter objec tion was not valid since the melts formed are extremely 

fluid. 

THE SYSTEM TRICALCIUM PHOSPHATE - SILICA 

Previous Investigations 

T h e only published, completed research which covers the above 

binary is that of Barrett and McCaugheyl4 on the system CaO - P2O5-

SiO2 , However , they were primarily interested in mapping, 

approximately , the field boundarie s of the ternary system, and a 

study of the binary 3CaO. P2O5-SiO2 was incidental to the main 

investigation, T h eir re sults , in the form of a phase diagram , are 

reproduced in Figur e 10 , page 43 . 

Acco rding to this diagram the binary system 3CaO. P2O5 - SiO2 

has a eutectic at 7% SiO2 a nd a region of liquid immiscibility ex •

tending from 52% SiO2 to almost 100% SiO2 , 

Since the publication of Barr e tt and McCaughey1 s work, Tromel 1 7 

has shown that tetracalcium phosphate melts incongruently . It is 
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C•O 

Figure l O. - Phase equilibrium diagram for the system CaO
Pz05-Si02. 
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p r o b a ble then , t hat the region of C4P s h own in the diagram will have 

t o b e re vi sedo 

Lat ely B r edi glB h as put forward evidence to suggest that the 

phases des c ribed as Nagelschmidtite and Silicocarnotite are really 

alpha di calc i um silic ate . This h ypothesis will be discussed later m 

c onne ction w ith the results of t he present work . The areas of 

Nagels chmidtite and Silicocarnotite shown on the original Barrett and 

McC a ugh ey phase diagram have been left unma r ked on the pre sent 

r e productiono 

Present Investigation 

It was imp ossible to study all of this system by the quench 

method , because a ) much of it was too refractory to be melted 

in 60/40 p lat inum - r h odium wound furnaces , and b ) some of the 

flu id melt s cont a ining silica could not be quenched without the 

p r e cipitation of c r is t obalite . The latter phenomenon has been 

discussed full y by J O W O Greig 19 in connection with its occur 

rence in oth e r silicat e systems . Most of t h is system was studied 

by t he con e fu sion meth od, but t h ree compositions close to the 

eut e ctic were inve s t igated by the quench technique . 

Data 

T h e i n fo r mat ion given in the table below is that from which 

t h e phase d iagram s h ow n i n Figure 10 is d r awn . 
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TABLE V l. 

Thermal Da ta for th e C3P - S Binary System 

a ) Co ne Fusio ns 

Composition Remar ks 

100% C3P· O%S Melted sharply at l 73ü0 ±10°c (Geophysical scale }. 
Refrac t ive index of button c o rrect for o(_ C 3P, there 
fore no reduct ion o r apatit e formation during heating 

9 5% C 3P: 5%S Melted ve ry sharply at l 56 0°C to a h omogeneous 
button. Micros cope examination shows a few den
drites of C3P in a eut ectic of C3P and cristobalite . 
May be ve r y near eute ctic composition on C3P side . 

90% C3P: lO%S Me lte d in same m anne r as pr evious cone at 1600°C . 
Residue seemed to consist of prima y bipyramids 
of cristobalite in C 3P matr ix Probably on S side 
of eutect ic composition. 

80% C 3P: 20%S Cone s t a rted to slump noticeably a t l 6 5 0°C and 
was truly molten at l 710°C , Residue free from 
coring shown in nex sample , 

70% C3P~30%S The cone finally slumped at 1 750°C The button was 
obse rved t o consis t of a small central c lear b.ard 
cone surr ounded by a larger quantity of milky white 
g l a ss , Cone was highly siliceous and contained 
blebs of C 3P . The milky w hite glass seemed t o 
c onsis t of C 3P with much fine cri s t obalite p r e -, 
c ipitat ed in it. 

60% C3P:40%S The melting behaviour of this specimen was 
identical with the previous one , t hough th e pro -
portion of cone to milky white gla ss was greater . 

50% C3P~ 50%S Beh aviour as per revious two samples . 

10% C3P: 90%S During h e ating cone bled slightly , After run it 
was not ed the cone consisted almost ent i rely 
of a silica core with only a small quantity of 
milky glass su:rrounding it , Composition 
probably close t o end of two liquid region, 



- 46 -

b) Quench Runs * 

Composition Duration 
of Run 

(Minutes) 

9 2 . 5% C 3P: 7, 5o/oS 2 0 

9 0% C 3P: 1 0o/oS 20 

Tempe rature 
oc 

1562 
1558 

1608 
1604 

1632 
1628 

Microscope 
Exam.ina ti on 

All st r ained glass. 
Glass + trace of 
cristobalite + C 3P. 
Probably on eutectic 
composition . 

Strained glass . 
Glass + a little 
cristobalite . On 
silica side of eu 
tectic . 

Strained glass only. 
Glass + trace 
cristobalite . 

Because of varying viscosity and liquid immiscibility , some canes 

only approximately reached equilibrium during the heating cycle . The 

only canes whose melting points could be determined accurately were 

those which melted sharply (viz . the C3P and eutectic compositions). 

The main value of the cane fusion study lay in determining the extent 

of liquid immiscibility in the system and in establi shing approximately 

the eutectic temperature and composition . 

Canes, whose compositions lay in the field of liquid immiscibility, 

always bled when heated to high temperatures and yielded buttons with .. 
hard siliceous glassy canes surrounded by milky w h ite glass . Refer

ring to the proposed phase diagram shown in Figure 10 , page 43, it 

* Throughout the pre sent work only limiting r uns are de scribed . 
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might be a r gued that mos t cones on h eating t o the eut e ctic temperature 

would "bleed" since t h e eutectic is a flu id phosph a t ic composition. Thus 

as the eut ectic melt dra. ined out of the cone, the remaining composition 

would become more siliceous and the r efore , viscous . While such an 

explanation of the core structure cannot b e dismissed entir.ely , ex 

perim.ent s h owed that the phenomenon only occured in ce rtain compo 

sitions and that heating to t empe r atur es in excess of l 700°C was 

necessary t o bring i t about. It was noted , for instance , tha t a 

c omposition containing 20 per cent silica could n o t be made t o ex .. 

hibit .coring , yet one containing 30 e r c ent silica showed the effect 

when heated t o 1 775°c (± 25°), Further evidence of liquid 

immiscib ility is to be found in the fact that compositions c ontaining 

30 per cent or mo r e silica did not melt completely in plat inum 

crucibles a t l 710°C . Since the sys t em is a s imple b inar y one , all 

liquidus points between 30 and 100 per c ent silica mus t fall below 

the melt:ing point of silica ( 1 7 3°C} It would appear that the 

liquidus of all the se compositions mus t be close t o that of silica. 

Such behaviour can readily be explaine d by an area of liquid 

immiscibility. T h e dat a given in Table VI indicate that this condition 

was observed in specimens between 30 and 90 per cent SiOz and 

probably extended fo r 5 p er cent on each side of the se limit s . T h e 

temperature at w h ich unmixing oc cured was not de t e rmined 

accurat ely, but Greig19 has s h own that it oc c ur.s between 1690°C 

and l 700°C fo r mos t silicate syst ems . General expe rimental 

evidence indic ated that this was likely t o be true also for the 

pre sent sys t em. 
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The fusion wo r k indicated that a eutectic between tricalcium phos 

phate and silica m i ght be expected at 5 t o 10 per cent SiOz . According •

ly, a ttempts were made to locat e t h e point by the quench method . 

In no r mal glass forming mixtures it is a simple matt er to determine 

the liquidus by interpolating between the temperature at which quenched 

samples are all glass and that at w h ich a trace of crystal is observed , 

Unfortunately mixtures rich in tricalcium phosphate are not good glass 

fo r mers and at best form only an anisotropie glass, described hereafter 

as "strained glass1 1
• It is not easy to distinguish such glass from phos

phat e c r ystal , but differentiation can generally be made by a comparison 

of r efrac tive indices , The indeterminate extinction of the strained glass 

unde r c r ossed nicols is also one of its characteristics . 

It would appear from t he quench runs that the eutectic falls at 

approximat ely 5 per cent silica , Since the field of bone china lies some 

distance away from this binary system it was considered unnecessary 

to lo c a t e the e utectic more accurately . 

Crystallization Sequence 

It will be necessary later to trace the courses of c r ystallization of 

mixtures in a t ernary system , and in order to appreciate full y the 

various features discussed it wou ld be advisable to discuss comparable 

developments in the simpler binary systems . Thus in the three 

sections de a l i ng with the binaries t h at bound the ternary C3P - A - S 

sys t em the c r yst allization sequence s of pertinent melts will be studied . 
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Consider first the crystallization path of a melt having the compo 

sition marked X ( 3% Si02 ) on Figure l Ui, page l l ... On cooling such a 

rnelt, the first substance to crystallize is tricalcium phosphate o Pre

cipitation of this compound occurs as soon as the liquidus temperature 

is reached and continues clown to the eutectic t e mperature o At this 

point the liquid, which has been c h anging composit ion along the liquidus 

curve as its phosphate content decreased , freezes sharply to yield an 

intimate mixture of tricalcium p hosphate and cristobalite . Thus all 

mixtures between pure tricalciurn phosphate and the eutectic ( 5% Si Oz) 

have a freezing range which is defined by t he temperature interval bet

ween the liquidus curve and eutecti c temperature . 

The ratio of solid to liquid at any given temperature may be found 

by the so called 11 lever arm11 rule o T h e derivation of t he rule may 

readily be understood by regarding the abscissa between tricalcium 

phosphate and t h e liquidus curve a t any given temperature as a pseudo 

binary system . By this treatment i t will be seen that at the eutectic 

tempe rature, composition X consis t s of 100 x 3 = 60% eut ectic ( con -
-S-

taining 95% C3P , 5% S ) and 100 x 2 = 40% C3P (primary phase ), In 
-s-

practice it will be noticed that t his procedu re bear s a re semblance 

to the methods used in lever problems in applied mathemat ics o 

The crystallization of melt Y is similar to that of X , differing 

only in the primary crystal precip itatedo In this and all other mix 

tures on the right hand side of the eute c tic, crist obalite is the first 
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comp ound to crys t allize out. Det e r mination by the lever r ule of the 

development of primary c rystal du r ing t h e cooling of melt Y shows 

that t h e increase i s smalL T h is is due t o the steep liquidus curve 

a nd the dis t ance of Y a nd t he eut ec t ic from t he composition of the 

ure pr ima r y phase . As a re sult , the liquidus of such mixtures is 

difficult to de t ermine because the crystal to g lass ratio changes so 

slowly with varying temperature . 

T h e beh aviour of melt Z, h owever, is some what different from 

the o the r two . A pparent ly energy considerations in t h e system are 

such t h a t all mixt u r es bet ween approximat ely 25 and 95 per cent 

silica attain maximum ent r opy only by forming two liquids on melt 

ing . At 1 700°C t h e c ompositions of the two liquids for all the mix 

t u r es so affected a r e given by the points A and B in Figure 11, page 

51 . A t high er tempe r a tures the composition s of the two liquids 

a pproach one a nothe r as s h own b y t h e dottè'd lines , and at some very 

high t empe r a t u r e t h e composit ions c oïnc ide t o fo r m a homogeneous 

melL T h us , on cooling such a me lt, unmixing occurs first and the 

c ompositions of t~e two liquids formed c h ange cont inuously along 

the dotted lines a s cooling proceeds , T h e relativ e p r oportions of 

the two liquids may be found a t any t emperat u r e b y applying the 

lev e r arm r ule as previously de scribed. At 1 700°C liquid B de 

compose s , precip i t ating cristobalite and forming liquid A . After 

this , t he m a nne r of c ry s t allization is identical with t h at of melt Y . 
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THE SYSTEM ALUMINA - TR IC ALCIUM PHOSPHATE 

Present Investigation 

There appears to be no information published on this system. The 

re sults of the pre sent investigation may then be considered forthwith . 

This system is even more refractory than the C3P - S and is just 

as susceptible to crystal formation . Thus, quench work was limited 

by the maximum operating temperature of the furnace, and also by 

the difficulty of quenching mixtures to a glass . Cone fusion studies 

were first made in the h igh frequency fu r nace apparatus and from 

the re sults obtained some mixtures were selected for quench runs . 

By this means it was found possible to draw a reliable phase diagram. 

Da t a 

TABLE VII 

Thermal Data fo r the A-C3P Binary System 

a ) Cone Fusions 

Composition Re marks 

0 r:,,, ~ - -:> r:M ~ C· ' "1~ :-;u.ft,.üèd at -~ 8o6c , Down at i ;oo0 c. 
9C% C3P 10'1/o A Simuar to previous c one in behaviour . 
80% C3P: Z0%A Cone melted quite sha r ply at 1680°C . 

Probably on or near eutectic point. 
75% C3P ~25%A Behaves in manner similar t o the first two 

cones. 
65% C 3P: 35% A Cone softened a l 68o0 c 

Probably past eutect ic . 
Down at 1 750°C . 

Microscope examination of all the fused cones indicated t hat tri ~ 
calcium phosphate and alumina are he only solid phases in the 
system. 
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b) Quench Runs 

Composition Duration Tempe rature Mic r oscope 
of Run oc Examina tian 

Minutes 

8 5% C 3P= l 5o/oA 20 1687 Mixture of glass , o(_ C3P 
and o(A. Liquidus out of 
range of furnace. 

80% C3P =20o/oA 20 1678 All glass + ve r y minute 
trace A " Right on 
liquidus . 

1674 W ell developed C 3P and 
o/.....A . Probably right 
on eut ec t ic point since 
c h ange so rapid on 
dropping 40c . 

75% C3P:25%A 20 1687 Similar to first mixture . 
Liquidus out <>T rla ng__e 
of fu r nace . On alumina 
sicle of eutectic . 

The phase diagram shown in Figure 12, page 55, h as been drawn 

from the data given in Table VII. It will be noted that the system is 

a simple one with a eutectic campo sition at 20 per cent alumina . 

The melting point of the eutectic ( l 678°C ) governs the melting 

behaviour of most of the canes since at t is tempe ratur e all mix

tures in the system contain liquid . T hus , those c anes w h o se campo •, 

sitions lie near the eutectic contain much liquid at 16 78°C and there 

fore they all collapse close to this t empe r ature . 

Crystalliza t ion Sequence 

The binary system cont ains one invariant point, namely the 

eutectic, and only at this composition does a mixt u re have a s h arp 
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melting point. The end members of the system, alumina and tricalcium 

phosphate also have sharp melting points. 

On cooling , alumina is the primary crystal separating from melts 

whose compositions fall on the alumina side of the eutectic . As the 

alumina crystallize s the remaining liquid changes composition steadily 

until the eut ectic is reached, at w h ich point the last primary alumina 

precipitates and the liquid freezes sharply , as the eut ectic mixture . 

. The ratio of liquid to crystal at any point during the crystallization 

m a y be determined by the lever-arm rule previously mentioned. 

Compositions on the tricalcium phosphate side crystallize in a similar 

manner except that the primary crystal is tricalcium phosphate. All 

melts complete solidification on reaching 16 78°C (the eutectic temper

ature ) the last liquid t o freeze yielding an intima te mixture of alumina 

and tricalcium phosphate. 

THE SYSTEM ALUMINA - SILICA 

Previous Investigations 

This binary is perhaps the be st known of all silicate systems 

since it was one of the first to be studied and h as subsequently proved 

invaluable to those engaged in the ceramic industry . The phase 

diagram, first de scribed by S h ephe r d , Rankin and Wright, was la ter 

modified by Bowen and Greig 2 0, and the accuracy of the la t er diagram 

is now so well established that no further checks were considered 
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necessary. T h e dia gram shown m Figure 13, page 57 , is that given by 

Bowen and Greig . 

Crystalliza t ion Sequence 

This d.iagram (Figure 13 ) differs from the others in that an in 

congr u e ntly melting compound, mullite , occurs in the system. Thus, 

be s ide s the eutect ic at 5½%A there is anothe r invariant p oint in the 

sys t em. This gives r ise to several interesting crystallization sequences 

that may be studied by considering the effec t of cooling melts with the 

compositions marked X , Y and Z , in the dia gram. 

In the case of melt X , alumina crystallize s as soon as the liquidus 

temperature is reached . As the alumina separates, the composition 

of the r e sidual liquid changes continuously, its locus being the 

liquidus curve . W h en the t empe rature has dropped t o 1810°C a 

r eact ion point is r eached and the liquid, who se composition is now 

approximately 55% A 45% S , reacts with a part of the precipitated 

alumina t o fo r m the c ompound mullite (A3S2} . The mixture is now 

complet ely frozen and t h e relative proportions of alumina t o mullite 

in the mixture may be dete r mined in t h e usua1 manner by the lever

a r m rule . 

Initially, melt Y behaves in the same manner as melt X, but 

w h en the reaction point is reached all the primary alumina is re -

dissolved t o form mullit e . After this reaction the excess liquid 

cont inues c ooling wit h the precipitation of mullite . The composition 
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of th e coohng liquid changes in the usual way as the mullite crystal

lizes and w h en it reaches the eutectic composition it freezes sharply 

as a n intimate mixture of mullite and cristobalite . The final crystal 

assemblage contains only mullite and cristobalite , and therefore 

differs from mixture X in phase composition . 

Melt Z crystallizes in the same way as any other non-eutectic 

composition in a simple b inary eutectic system. In this instance 

mullite is the primary crystal and freezing is completed when 

the la st liquid pre sent reache s the eutect ic campo sition. The final 

phase assemblage is similar t o tha t of melt Y , differing only in 

the relat ive proportions of mullit e and cristobalite. 

THE SY.STEM 

TRIC ALC IU M PHOSPHATE - ALUMINA - SILICA 

P r esent Investigation 

No info r mation has been published on t his system and therefore 

the discussion that follows is based on the re sults of the pre sent 

s tudy . 

The pha se equilibrium relationships in t h e s y stem were studied 

almost ent i rely by the quench method . Compositions in the central 

portion of the ternary diagram formed clear homogeneous glas ses 

w ithout difficulty. Such compositions could be studied admirably 

by the quench method and it was fortunate therefo re that bone china 

compositions fell w ithin this area . 
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In the alumina and silica corners of the dia gram mixtures were 

found to be too refractory for treatment in platinum ware. Further 

to this, highly siliceous mixtures were very viscous and did not 

devitrify easily. It will readily be appreciated that runs of 

considerable duration would be necessary to ascertain accurately 

the liquidus temperature of the se compositions. Mixtures rich in 

tricalcium phosphate were also found t o be refractory and 

investigation was made more diffic u lt by the ease with which tri

calcium phosph a t e crystallized . For this latter reason mixtures 

containing more than 65% Ca3(P04)z were almost impossible to 

quench to a true glass. Generally the se compositions yielded a 

mixture of strained devitrite and true glass on quenching. Hence, 

for the reasons just given, few mixes were made close to the 

component corners . 

Phases 

The phases were identified chiefly by petrographic methods , 

but in difficult cases X ray studies were made to check the 

re sults of the microscope examination. The optical propertie s 

of the various phases occuring in the system have been well 

de scribed by petrologists and therefore recognition of well 

formed crystals was a relatively simple matter . 

Both high and low t emperatur e forms of tricalcium phosphate 

appeared in the system. The rapid crystallization of the high 
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t emperature modification prevented the formation of well defined crystals. 

This allotrope was always found in a granular form with the optical and 

X-ray constant s already quoted in an earlier section. The low or (ô 

fo rm normally crystallized from mixtures capable of forming a true 

glass. As a result of the slower crystallization, well formed crystals 

were usually seen. Its normal habit was as small hexagonal plates, 

but in a few instances crystals formed which were well developed m 

three dimensions. Such crystals were observed to exhibit the 

r hombohedral habit of whitlockite, as de scribed in Dana t s Mineralogy 

(Ed . 7 , p . 685 ). 

The optical cons t -mts of the se crystals were the same as those 

of the pure compound . It would appear then, that there was little 

or no solid solution of silica in tricalcium phosphate . This is 

surpri sing since it should be fairly easy for silicon to substitute 

for phosphorus in the P04 lattice of tricalcium phosphate . 

Alumina always crystallized in the c/.-... form (corundum) as small 

hexagonal plates of high refracti ve index . The /3 tricalcium pho s -

phate had similar crystal habit, but a lower index and birefringence . 

Since the primary fields of ~alumina and f3 tricalcium phosphate 

were a djacent, care was r equi r ed in examining compositions near 

the field boundary. 

Ano rthite , whose primary field was found in the central portion 

of the ternary phase diagram, crystallized in the form of plate ~ 

like rhombs . O b servation of the rhombs in quem:hed sample s was 
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sometimes difficult , s ince in pa r t of the sys t em the index of the glass 

matr ix closely mat c h ed t hat of t he cryst al. Consequently the observer 

was fr equently mo r e conscious of t hose crystals w h ich were oriented 

on edge . C ry stals in this posit ion had a lat h - like appearance, and 

unde r c r ossed nicols showed limited polysynth etic twinning 

(plag ioclase t ype ) and inclined extinct ion. T h e so - called laths could 

b e distinguished from mullite by their inclined extinction and stubby 

h a b i t . 

Mullit e was found in t h e system mostly in its usual radiating 

needle - like form . It also appea r ed as fine blebs with a moderately 

high refractive index in sample s which had been quenched close to 

t h e liquidus . This latter property served to distinguish it from 

c r is t obalit e and tridymite whose fields were adjacent to that of 

mulli t e . 

C r is t o b alit e and tridymite have very low refractive indices 

(appr ox . 1 . 48 ) and this made recognition simple because of the 

h igh e r index of phases in adjoining fields , Generally the se 

modificat ions of silica tended to be needle - like in habit, but some 

s p ecimens were observed in which a b ipyr amidal form had been 

assumed , 

Data 

The final result s of t he quench runs made on compositions 

in the s y s t em a r e summarized in Table VIII, page 64 . The table 
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is subdivided by grouping t ogether c ompositions with the same primary 

crystal. T he refractive indices of all true , homogeneous glas ses are 

recorded in the table . It was from t h is information that the isofract 

diagram s h own in Figure 4 was constructed. The limiting runs made 

to bracket liquidus temperatures were not more than 4°C apart in all 

cases. Thus nominally the accuracy of the tempe ratures given is 

:!: 2°C . Uncert aintie s in calibration, composition, e t c . , reduce the 

overall ac cura c y so that it probably falls between ± 2°c and ! s0 c. 

In most cases e quil ibrium was establish ed in a thirty to forty-minute 

run, but c omposit ions c ontaining mo r e than 65 per cent silica and 

those devitrifying below l 350°C were run for sixty minutes . On an 

av e r age , six runs were necessary t o establish each liquidus point. 

F r e quently , the behaviour of the quenche s could be anticipitated 

by obse rving the nature of the product from the synthesis of the 

glass mixture . Mixt ures c onta ining 60 per cent or more tricalcium 

phosphate in the primary field of this compound oft en yielded an 

o al glass on quenching in a platinum crucible. T h e se so c alled 

glas ses were in a ctual fact seen to b e ext e n sively c r ystallized 

when v iewed under the microscope . The small samples of such 

mixtures t aken fo r equilibrium studie s quenched in an irregular 

fa s h ion, somet imes a true glass was obtained , but generally 

birefringent s trained glass or crystal r esulted on chilling in water . 

Replacing t he water by mercury brought about no improvement in 

the quenching . It was thus difficult to distinguish between bire -
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fringent str ained glass and crystal ( o( tricalcium phosphate ) which had 

a similar birefringen c e . In most cases liquidus was taken as the point 

between quenches w h ich we r e all ,, strained glass1 1 and those in which 

small hexagonal shaped cryst als of f3 tricalcium p h osphate appeared . 

This cannot be regarded as entirely satisfac tory since the liquidus 

was frequently close to the region of the sluggish o( to /3 trans 

formation, and it was p ossible therefore , t o quench t o this in-

de fini t e transition point rath~ r than the true liquidus . Fortunately 

this condition occured in v e ry fe w com p ositions and had no bearing 

on the conclusions drawn la ter . 
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TABLE VI II 

Quench Runs ln the C3P - A - S Ternary System 

A . Primary Field of Tricalcium Phosphate 

Composition Refractive Index Liquidus 

C3P A s Glass Temp. oc 

90 7 . 5 2 . 5 - - - - -
80 14 . 4 5 . 6 - ,=, - - -

80 10 10 
75 12 . 5 12 , 5 - - - - .... 

70 17 . 5 12 , 5 1. 588 1457 
70 15 15 1. 585 1435 
70 12 . 5 1 7 . 5 1. 582 1444 
65 20 15 1. 586 1430 
65 1 7 . 5 17 . 5 1. 582 1427 
65 15 20 1. 580 1457 
60 22 , 25 17 . 75 1. 580 1413 
60 20 20 1.578 1413 
60 1 7 . 5 22 . 5 1. 577 1419 
60 15 25 1. 571 1423 
57 . 5 18 . 5 24 1. 575 1415 
55 20 25 1.570 1392 
55 1 7 . 5 27 . 5 1. 568 1406 
50 20 30 1. 564 1379 
50 17 . 5 32 . 5 L 562 1405 
44 23 33 1 . 556 1331 
44 20 . 36 1. 550 1369 
40 22 . 5 37 . 5 1 . 548 1328 
40 20 40 1 0 546 1356 
35 22 . 5 42 . 5 1 , 540 1302 
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B . Primary Field of o(Alumina (Corundum} 

Composition Refractive Index Liquidus 

C3P A s Glass Temp . oc 

7:; 20 5 - - - - - 1649 
74 23 3 - - - - 1689 
70 21. 6 8 . 4 1. 596 1595 
65 22 . 5 12 . 5 1. 590 1502 
60 28.8 11. 2 1 . 592 1615 
55 27 . 5 17 , 5 1 . 580 1494 
50 30 20 1. 580 1499 
44 33 23 1. 572 151 8 
40 43 . 2 6 , 8 1 . 583 
40 35 25 1. 570 1538 
35 40 25 1. 570 1637 
35 35 30 1. 559 1516 
35 32 . 5 32 . 5 1. 559 1442 
30 40 30 1 , 560 1627 
30 35 35 1. 552 1508 
20 57 . 6 22 . 4 - - -·--
20 44 36 1. 550 

C. Primary Field of Anorthite 

Composition Refractive Index Liquidus 

C3P A s Glass Temp . 0 c 

57 24 19 1 . 580 1407 
55 25 20 1. 578 1405 
55 22 . 5 22 . 5 1. 575 1392 
50 27 . 5 22 . 5 1. 575 1408 
50 25 25 1. 570 1388 
44 28 28 1. 564 1392 
40 30 30 1. 560 1399 
40 25 35 1. 552 1321 
35 30 35 1. 552 1379 
35 25 40 1 . 544 1310 
30 30 40 1. 543 1356 
30 25 45 1. 535 1273 
27 . 5 23 . 75 48 . 75 L 530 1294 
25 27 . 5 47 . 5 1. 532 1302 
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D. Primary Field of Silica 

Composition Refractive Index Liquidus 

C3P A s Glass Temp . 0 c 

70 9 21 - -- - - 1470 
50 15 35 1. 552 1468 
40 15 45 1. 539 1492 
35 20 45 1. 536 1352 
35 15 50 1.530 1516 
30 21 49 1. 532 1307 
25 22 . 5 52 . 5 1. 527 1331 
25 17. 5 57.5 1. 518 1469 
20 20 60 1. 511 1403 
20 16 64 1. 509 1512 
13 15 72 1. 497 1523 
10 18 72 1. 496 1510 

E . Primary Fie 1 d of Mullite 

Composition Refractive Index Liquidus 

C3P A s Glass Temp . 0 c 

28 34 38 1. 544 1481 
27 . 5 31. 25 41.25 1. 544 1419 
26 34 40 1. 546 1494 
25 32 . 5 42 . 5 1. 538 1478 
23 27 50 1. 530 1359 
20 40 40 1. 544 1649 
20 30 50 1. 528 1495 
20 24 56 1. 518 1305 
17 27 56 1. 520 1491 
15 37 . 5 47. 5 1. 534 1669 
15 22 . 5 62 . 5 1. 509 1421 
10 27 63 L 508 1612 
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A few compositions were prepared in order t o study the extent of 

liquid immiscibility occuring with t h e ternary system. The se mix 

tures were inve stigated by the cane fusion method in the high frequency 

furnace apparatus . The results are summarized in Table IX below. 

TABLE IX 

Thermal Data for the C3P - A - S Ternary System 

Cane Fusions 

Composition Remarks 

60% C3P: 4%A: 36%S 

40% C 3P: 6%A: 54%S 

20% C3P : 8%A: 72%S 

Cane heated to 1 740°C . No evidence of 
coring . Not in 2 liquid field . " i 

Cane heated to l 720°C . No evidence of 
coring . Not in 2 liquid field . 
Cane heated to 1 7zooc to bring about 
complete collapse . No evidence of coring . 
Not in 2 liquid field . 

The data given in the above tables is summarized in the form of 

the phase diagram shown in Figure 14, page 69 . It is customary to 

place silica at the apex of triangular phase diagrams. In this 

instance tricalcium phosphate has been placed in this position, since 

observation is facilitated by this arrangement when studying the 

C 3P -- A - S place in the C - A - P - S tetrahedron See next section) . 

Crystallization Sequence 

The phase diagram shows that the system is not a true ternary, 

since a phase , anorthite, appears that cannot be described in 

terms of the three components , The implications arising from this 

condition are of great importance and will be discus sed la ter . 
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It is impossible to de sc r ibe full y the crystallization sequence s in 

this par t ial system, since all mixtures contained therein involve the 

crystallization of anorthite . Immediat ely the crystallization J:)ath of 

a mixt ure reache s the point at which ano rthite separate s, the re sidual 

liquid becomes enriched in phosphorus pentoxide and the crystallization 

proceeds in a direction out of the C3P - A - S plane . 

Consider , for example, the various stages of crystallization of a 

mixture located in the primary field of tricalcium phosphate near to ·· 

the fields of silica and anorthite . This composition would closely 

approximat e a bone china body . Tricalcium phosphate will crystal

lize first from such a mixture. As the phosphate precipitates the 

composition of the r emaining liquid changes continuously along the 

projection of the line made by joining the tricalcium phosphate corner 

to the original composition of the mixture . When the composition of 

the liquid reache s the anorthite field boundary, both tricalcium 

phosphate and anorthite crystallize concurrently. As the c r ystal ~ 

lization of the se compounds proceeds the composition of the liquid 

then changes along the field boundary towards the phosphorus 

pentoxide corner of the quarternary system C-A ~- P - S . Since nothing 

is known of the field boundary in this direction it is impossible to 

trace the course of crystallization further . 

Taken by itself, knowledge of the phase distribution in the 

plane C3P - A - S is of limit ed value when interpreting the properties 

of bone china . However, when this plane is considered in con -
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Figure 14. - The system tricalcium phosphate -alumina-silica . 
The trapezoidal area represents the limits of composition of 
bone china bodies. E stimated i sotherms are shown as dotted 

lines. 
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junction with the quarternary system, of which i t forms a part, its 

value become s more apparent. This treatment will be discussed in 

de t ail in the next section. 

The region of liquid immiscibility found in the binary C 3P - S 

system has practically d isappeared in the ternary syste m . The 

presence of alumina in silicate sys t ems has a strong effec t in the 

prevention of liquid immiscibility, as shown by the wo r k of Greig. l 9 

DISCUSSION OF DA TA 

T h e (' u a r t e r n a r y S y s t e m P h o s p h o r u s P e n t o x i d e - L i m e -

Alumina-Silica 

It was suggested in the first section, that the composition of 

bone china might be expressed more accurately in terms of 

t e tra- rather than tri - calcium phosphate . This statement was 

occasioned by the observation that the lime/phosphorus pentoxide 

ratio in bone china is closer to that of the tetracalcium salt. It 

would be more accurate, however, to de sc ribe the composition 

of bone china by the quarternary system, phosphorus pentoxide 

lime -alumina - silica . An interp r etation of the constitution and 

thermal behaviour of bone china should therefore be preceded 

by a discussion of this quarternary system applying the data 

presented in the preceding se ctions . 

Refer ring to Figure 15, page 71 , it will be seen that exc ept 

for tricalcium phosphate, all the fields found in the plane 
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Figure 15. - Photograph of a plastic model of the C-A-P-S 
system. The apex (P) and the alumina corner (A) are the 
points ne are st to the viewer. The C -A-P and A-P-S planes 
have been removed from the model in order to reveal the 
C3P-A-S and C3P-CASz-S planes. The latter plane appears 
darker and has no markings of any kind. Tie lines are 
shown joining C3P with A3Sz, and A3Sz with CASz. These 
lines, together with the appropriate joins made by the 
plastic planes, delineate the probable compatibility 
tetrahedron {C3P-CASz-A3Sz-S) in which bone china compo
sitions fall (See lightly marked trapezoidal area). 
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C 3P - A - S also a p pea r on t he base plane C ~A - S. The se fields must there

fo r e inte r cep t any:mt e r mediate plane from the A-S binary (e . g., C4P - A-S). 

Inte r mediat e planes may, h owever, have additional fields where they 

e ut o the r phase fields rising from the base . Thus, the C4P-A - S plane 

may c ont ain a small field of gehlenite. 

There i s a distinct tendency in the bounding ternary systems, C-P - S 

a nd C •-A c, p , fo r fields t o sweep up towards t h e C - P binary from the C-S 

a nd C ~A base lines . T h e position of the mullit e, alumina and silica 

int ercept s on the C3P-A-S plane indicates that this tendency also finds 

e xpress i on inside t h e tetrahedron. Since the existence of quarternary 

compounds within the tetrahedron is very improbable ':< , the phase fields 

oc c u r in g in the C - C3P - A-S portion of the main tetrahedron will be 

th ose p r esent in t h e surrounding ternary systems. 

Knowledge of the binary sys t ems C-P, C-A and C3P-A makes it 

possible to sketch app r oximately the field boundarie s of lime and 

alumina (in part) in the hithert o unknown C - A-P t ernary system. The 

join bet ween the eutectic in t h e C3P - A system and the c 3A5 - A eutcctic 

in the C - A system demons t rat e s t h e 11 sweeping effec t 11 in a striking 

manne r. 

,, T h e s t abilit y of complex compounds cannot be discussed in full 
h e r e . F r om discussions with Profe ssor A . E . van Arkel 
{Unive r s ity of Leiden) it would appear that geometrical 
conside rations i n packing atoms make t he existence of stable 
c ompounds of this type unlikely . 
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The field of dicalcium silicate ( C2S) shown by Barrett and 

McCaughey14 in their phase diagram of the system C -· P-S seems to 

be unnaturally small when considered in conjunction with the CzS 

field in the C - A - S system. If, however, the areas they marked 

"nagelschidtîte11 and 11 silico-carnotite" are included in the dicalcium 

silicate field the proportioning in the space model improve s. While 

this sugge sted modification is mere speculation, it de serves serious 

consideration in view of Bredig' sl 8 hypothe sis mentioned earlier in 

this paper . 

The Constitution of Bane China 

An examination of the C3P-A- S plane (See Figure 14, page 69i) 

shows that tricalcium phosphate, anorthite and silica forma com

patibility t riangle, since their fields meet at a common point. This 

means that any melt whose total composition falls in the C3P - CAS2-S 

plane will ultimately yield on complete crystallization the se three 

compounds in. p-roportions dictated by t he position of the composition 

in this plane. The quantities of the components may be determined 

readily by se t ting up a triangular coordinate lattice on the plane 

and reading the proportions in the usual way for such co - ordinate 

systems . 

When the plastic model shown in Figure 15 is correctly oriented, 

i t is possible to correlate to some extent the phase distribution on 

the C 3P -- A - S plane with that on the base plane C - A-S . The plane 
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C 3P ., CASz .. S falls between the two known planes just mentioned and it 

is p oss ible the re fo r e t o speculat e on probable phase distributions in 

this plane. Observations indicate that the system C3P - CASz - S is 

likely to be a simp le ternary with a eutect ic at approximately 30% 

C 3P, 40% CASz and 30% S . It must be emphasized, however, that 

the se figures are very approximate and are intended only to give a 

gene r al indication of the eut.ectic point . More information on this 

point will be p ublished when current studies on this system are 

completed . 

The c ompo sit ion of most bone china, when calculated in t erms 

of lime, alumina, silica and phosphorus pentoxide, falls below the 

C3P - A - S plane, but slightly above the C3P - CASz - S plane . As a 

second approximation then, t he thermal behaviour of bone china 

may be considered in terms of the C3P - CASz - S plane . Since bone 

china doe s not fall complet ely in this plane an accurate description 

of its constitution cannot be given unle ss a fourth component is also 

taken into accounL Unfo rtunat ely there is ti.nstl!ff:ici e nt :i:nformation 

available on the phase distribution in the C - A - P - S tetrahedron to 

predict with c ertainty the campo sition of the required fourth 

component . 1f the fields of C 3P , CASz, S and A3Sz corne .together 

at any p oint they would constitute a compat ibilit y tetrahedron and 

mullit e w o uld be the required fourth component . Judging from 

the tendency fo r pha se fields to sweep towards the C - P line, it 

seems likely that the aforementioned fields corne together at 
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View o f quench furnace s, cold junction, and quench rig. 
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some point above the sugge sted compatibility tetrahedron. 

While the above condition seems to be the most probable, binary 

or terna ry compounds of phosphorus pentoxide with silica and/or 

alumina as c ons tituent s of the compatibility tetrahedron cannot be 

dismissed entirely. Both AlP04 and SiP2o 7 are known to be stable 

compounds , but the extent of their fields in the tetrahed r on is un 

known. No ternary compound of silica, alur.1.1.ina and phosphorus 

p entoxide has ever been reporte d . Until evidence to the contrary 

is brought forward it is not unreasonable t o consider mullite 

(A3Sz as being the fourth component in the qua rternary sub

syste m. 

The justification fo r s tudying the C3P rather than the C4P 

plane may now be appreciated better. Although the lime /phosphorus 

pentoxide ratio for bone china is frequently close to that of tetra

calcium phosphate, this c ompound is not considered in discussions 

on bone china compositions because it falls outside the re levant 

compatibility tetrahedron. The phas e diagram shows that any 

exc e s s of lime over t h at r equired to fo rm tricalcium phosphate 

reacts with silica and alumina to yield anorthite . 

Since the r e is no indication of solid solutions in the C3P-A- S 

plane, it is probable that they are also absent in the re levent 

part of C 3P-A3Sz - CASz-S tetrahedro n. If the absence of solid 

solutions is as sumed , the theoretical proportions of the four 

components in a bone china may be calculated in the manner 
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illustrated by the following example : ,-

a) 

Thus, 

Ana1ysis24 of Coalport Bone China 

Component 

SiO2 
Al2O3 
CaO 
F2O5 
N2O , Na2O , MgO , 

Fe2O3, e tc. 

P r oportion 

42 . 88% 
15 . 06 
23 . 16 
16 . 30 

2 . 60 

Combine all P2O5 t o fo r m 3CaO. P2O5: -

142 units (weight) of PzO5 require 168 CaO. 

therefore 16. 3 P 2o5 require 168 x 16 . 3 = 19 . 3 CaO . 
I4T 

3CaO. P2O5 formed = 16. 3 + 19 . 3 = 35 . 6 3CaO. P2O5, 

and CaO left = 23 . 16 - 19 . 30 = 3 . 86 . 

b ) 

Thus, 

Use remaining CaO to form CaO. Al2O3 . 2SiO2 : -

56 CaO require 102 Al2O3 and 120 SiO2 

whence 3 . 86 CaO require 102 x 3 . 86 = 7 . 04 Al2O3 
-S-0 

and 120 x 3 . 86 = 8 . 28 SiO2 
~ 

CaO. Al2O3. 2SiO2 formed = 

3 . 86 + 7 . 04 + 8. 28 = 19 . 18 CaO. Al2O3 . 2SiO2 

15 . 06 ~ 7 . 04 8 . 02 , 

and SiO2 left = 42 . 88 - 8 . 28 = 34 . 60 . 

c} Re sidual AlzO3 forms 3AlzO3. 2SiOz: -

306 AlzO3 require 120 SiOz 

whence 120 x 8 . 02 = 3 . 15 SiOz , 
3Uo 

3AlzO3 . 2SiOz fo r med = 8 . 02 + 3. 15 = 11 . 1 7 3AlzO3 . 2SiOz 
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d) The silica remaining is left unreacted: -

34. 60 - 3. 15 = 31. 45 SiOz 

Summarizing: - 3CaO.PzO5 = 35 . 60 

CaO. AlzO3. 2SiOz = 19. 18 

3AlzO3 . 2SiOz = 11. 1 7 

Siôz = 31. 45 

Unaccounted = 2.60 

Interpretation of Results 

From the foregoing discussion one might expect to find tricalcium 

phosphate, anorthite, mullite and one of the forms of silica in X-ray 

patterns of bone china. In actual fact only f3 tricalcium phosphate 

and anorthite were found in X-ray powder diagrams prepared from 

sample s of Royal Doulton, Ayne sly, Floral, Royal Graf ton, 

Hammersley etc. This may be explained by considering the bone 

china to be in a non-equilibrium state. It must always be remembered 

that a phase diagram represents conditions in equilibrium, a state 

seldom completely achieved in most industrial pro cesses. The 

calculation just made for the phase assemblage of a typical bone 

china shows that mullite and silica are to be expected in quantitie s 

which could easily be detected by X-rays. Now since the con-

stituents of bone china bodies are very fine grained and well mixed 

it is reasonable to suppose that they would react readily on heating 

to l 300°C followed by slow cooling . It has already been noted 

that melts in the vicinity of the bone china composition precipitate 
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tricalcium phosphate first and then anorthite on cooling . Conversly on 

heating, anorthite and tricalcium phosphate would be the last phases to 

disappear. Thus, when a bone china body is heated, a viscous, highly 

siliceous liquid is formed first . Referring to the calculation it will be 

seen that free silica and mullite will form such a liquid. If the reaction 

went to compietion the liquid would contain 81. 25 per cent silica, and 

would be extremely slow to devitrify on cooling. Thus only tricalcium 

phosphate and anorthite would be found i_n a matured bone china body, 
', 

because the mullite and silica would be in the glassy state. This 

reasoning leads to the hypothesis that bone chinais made up essentially 

of an intimate mixture of tricalcium phosphate and anorthite bound 

together by a highly siliceous glass. In commercial bodies the pre sence 

of 1. 5 per cent alkali metal oxides would promote the formation of the 

glass at temperature s lower than might be expected from phase 

equilibrium data . 

A phase diagram give s no information on the kinetic s of reaction 

between phases, therefore great care must be exercised _ when inter -

preting the behaviour of mixtures in systems that do not reach 

equilibri_um rapidly. The system just discussed illustrates this point 

particularly well. 

The results obtained from quenching runs on a commercial bone 

china are in accordance with predictions made from the theory out

lined in the preceding paragraphs . Glaze-free samples of bone 

china were quenched from several different tempe ratures using the 
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technique applied to the phase systems studied in this work. The 

quenches were examined optically and by X-rays to determine the 

phases pre sent. The primary phase was found to be l3 tricalcium 

phosphate, anorthite being observed as a secondary phase. Pro

lorrged heating at lower temperatures failed to induce crystallization 

of other phases . Samples subjected to this long heat treatment of 

ten hours or more yielded a mixture of f3 tricalcium phosphate 

and anorthi t e in a siliceous glas sy matrix. Being rich in phosphate 

the melts tended t o solidify with a strained glass structure when 

quenched from t emperatures near the liquidus (1450°C*) . 

Knowledge of the constitution derived from phase diagrams 

greatly aids in the interpretation of X - ray powder diagrams of 

bone china. All the samples of bone china that were examined 

gave an X - ray p owder diagram similar to that shown in Figure 

16a, page 81 . This pattern appears to be that of tricalcium 

phosphate (Figure 16b) but the intensitie s of the principal line s 

are incorrect for this compound . 

Examination of Figure 16c shows, however, that one of the 

principal lines (3 . 18) of anorthite is identical with one in the 

'f3 tricalcium phosphate spectrum. The complex triclinic 

s tructur e of anor thite causes it to reflect X-rays weakly, so 

that even under the be st conditïons it yields a weak powder 

pattern. In bone china where the anorthite present is very 

* An a verage figure . 
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a 

b 

C 

Figure 16. - X -ray powder diagrams: -
a) Bone china 
b) J? tricalcium phosphate 
c) Anorthite 
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fine - grained and in relatively small quantities, only the strongest lines 

are likely to appear. Sin_c:e the se are close to, or identical with, those 

of f3 tricalcium phosphate, tha pattern obtained is that of the phosphate 

with the single strong anorthite line (3. 18) superimposed. If the bone 

china is quenched from a temperature at which all the anorthite is 

dissolved the normal /3 tricalcium phosphate pattern is obtained. 

The quench work on commercial bone china substantiates the 

belief that the pre sence of small quantitie s of extraneous matter, s uch 

as soda and magnesia etc., has no appreciable effect on the phase 

relationships in the quarternary system. Their action seems to be 

one of fluxing, thereby facilitating vitrification and bringing about 

the formation of glass at a lower temperature. This experience is 

in agreement with that of other investigators in silicate chemistry. 25, 2 6 , 27 

Discussion of Results of Previous Investigation s 

on Bone China 

The scientific investigationsl , 2, 3, 4 , 5 on bone china made at 

the beginning of this century were mo stly concerned with a) the 

action of bone ash on clay bodies, b) the constitution of the fired 

bone c h ina body, and c) the tendency of the body to go "off colour". 

The latter subject is beyond the scope of the present work, but the 

first two points may be discussed profitably in the light of the new 

data . 
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a) The Role of Bone Ash in Bone China Bodies 

An advantage of the phase equilibrium approach t o the fi ring 

behaviour of ceramic bodies lies in the more detailed u n d erstandi ng 

of the role of the component s used in the body. Frequently a substance 

is descr ibed as a F 1 ux because it lowers the melting point of many 

well known ceramic bodies . That this behaviour i s n o t necessarily 

general is revealed by an examination of many p u b li s h ed phase 

diagrams, wherein it may be seen that a compound may flux some 

mixtures yet render other proportions of the same c omponents more 

refractory . It is essential therefore that the significance of the word 

flux be adequately appreciated when c onsidering the e ffe ct of addi tions 

t o ceramic bodies . 

One example of the difficultie s caused by the unc ondition al labelling 

of a compound is to be found in the role of bone ash i n bone c h i na . 

Early inve stigat ors we r e divided into two schoo ls of thought on t he 

subject , viz . those who believed bone ash was a flux and those who 

conside r ed it as a r efractory. Figure 14, page 69, s hows that both 

schools were partly c orrect, for init ially t ricalcium phosphate 

fluxes alumina - silicate mixtures (i.e . clays) but after reaching 

a minimal fusion point the bodies t end to become more refra c tory; 

In many bone china bodies t he alumina: silica ratio is 1: 2 . 3 

(see Table IV, page 9 ), and thus if a line be drawn from th e C 3P 

corner of F igure 14 to the 1 : 2 . 3 :: A :S r atio (i . e. 3 0% A) o n the 

base line it will be seen t hat tricalcium phosphate acts as a fl ux 
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up to approximately 25 per cent but further additions increase 

refractorine s s . The actual point at which the change - over occurs 

depends on the point of interception of the line from the C3P corner 

with the mullite (A3Sz) - silica eutectic line in the ternary system. 

Thus small quantitie s of tricalcium phosphate begin to increase the 

refractoriness of bodies rich in silica sooner than those containing 

le ss silica . It should be emphasized, however, that the above 

discussion relates to tendenc ies and not to absolute quantities. All 

alumina - silica mixtures whose melting points exceed 1 730°C are 

rende red les s refractory by additions of tricalcium phosphate, but 

there is , however, an optimum percentage for maximum fusibility. 

b ) The Constitution of Bane China 

The constitution of bone china has hitherto remained unknown, 

because of the difficulty of examining it by microscope. Exam

ination of the fine - grained glassy body has failed to yield significant 

information. 4, 7&8 It is interesting to not e that Cronshaw4 observed 

in an experimental body the pre sence of crystals similar t o mullite 

but diffe ring in optical properties ( e . g. extinction angle) . He 

sugge sted that they might be a complex calcium alumina-silicate. 

It is evident from the C3P-A - S phase diagram that the crystals 

he tentatively identified were anorthite . 

In recent time s, Weyll O has speculated on the constitution of 

bone china . His work on bone ash opal glas ses, taken in con

junction with that of the earlier workers previously mentioned, 
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led him to advance the hypothesis that bone china onsists essentially 

of a lime-rich g ~assy phase with hydroxy- and/or fluor- apatite as the 

main crystalline phase and with mullite and quartz as minor constitu

ents. The X-ray and phase equilibrium data prove this hypothesis to 

be incorrect. 

The last scientific investigation on bone china described in the 

literature is that of Krause and Schlegelmilch8 published in 1932 . 

While their particular interest lay in the development of a bone china 

body from German materials, some of their conclusions are worthy 

of comment. They confirmed the microscope observations of 

Cronshaw4 , but like him were unable to identify what they saw . They 

took X-ray diffraction photographs of bodies at various stages of firing, 

but beyond stating that a change took place in the bone ash at 1275°C 

were unable to interpret the patterns . In common with the present in

vestigator they found no mullite lines in the X-ray patterns . This, 

t ogether with heating curve data , indicated to them that the usual de -

composition products of burnt kaoline {viz. mullite and silica) were 

not formed . Results from density and compression strength deter

minations pointed to the formation of a eutectic at 900°C. Above 

l000°C the development of eutectic was so rapid that the form of the 

ware being fired was endangered. Final y, they concluded that apart 

from quartz , the fired body was built up of the de composition products 

of bone ash held together by a siliceous bond containing lime. 



- 86 -

It will be appreciated, that although many of their conclusions are 

superficial they contain sufficient information to confirm the predictions 

made from the data derived from the present investigation on a model 

system. 

General Observations 

From the discussions in this and previous chapters the following 

observations may be made on the constitution and thermal characteristics 

of bone china: -

1. The system tricalcium phosphate - alumina-silica is not a true 

ternary, and therefore the crystallization sequences of mixtures 

occuring 1n or close toit cannot be described fully . 

2 . In spite of the above limitation, knowledge of this plane is 

important, since it enable s the general phase relationships to be 

inferred of the part of the quaternary system in which bone china 

compositions fall . 

3 . A consideration of this quaternary system (lime -alumina

phosphorus pentoxide -silica} leads to the hypothesis that a full y 

crystallized bone china would consist of tricalcium phosphate, 

anorthite , mullite and silica . 

4 . Only tricalcium phosphate and anorthite are to be expected 

as crystallized phases in normal bodies , since mullite and silica 

along with small amounts of soda, potash, magnesia etc ., form 

a stable glass. Free silica, however, may be present as an 
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unreacted constituent of the body or, for those bodies whose compo

sition falls in the field of silica, it may be a primary pnase. In 

either case the quantities will be small be cause, firstly, the normal 

fine grinding and thorough mixing applied to the bodies promotes 

interaction and, secondly , the location of those bone china bodies 

which lie in the silica field is such as to permit a minimum of 

primary silica formation. 

5. The composition of bone china falls close to a eutectic between 

tricalcium phosphate, anorthite and silica. This condition accounts 

for its very short firing range, for as soon as bodies reach the 

eutectic temperature substantial quantities of liquid are formed 

rapidly which may cause the body to deform. From the calculation 

made in this section it can be seen that as muchas 40 per cent 

of a body may liquefy quite rapidly on reaching the eutectic 

temperature. It is only the extremely viscous nature of this 

liquid that les sens the susceptibility of the body to deformation. 

The only way in which the quantity of liquid forming at the 

eutectic temperature can be reduced is to increase one of the 

components such that the composition of the body falls further 

away from the eutectic. If the e ssential character of bone 

china is to be pre served this me ans that the bone ash content 

must be increased. This however, may cause other difficulties 

in the manufacture of the ware . It is easy to envisage the 

difficulties likely to be encountered on reducing the clay 
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content of a body w h ich already has little plasticity and poor working 

properties o 

6 . In view of the restrictions imposed by other requirements, such 

as plasticity dur ing the fabrication of ware, it is unlikely that the 

sugge sfed direc t ion of compositional change can be made to full ad

vantage for all bone china bodies . The value of phase equilibrium 

studies lies in the fact that they clearly show the inherent difficulties 

of processing this type of ceramic body . They are also extremely 

useful to persans wishing to make bone china with materials other 

than those traditionally or normally used, for the firing behaviour 

is analysed in terms of the final constituents of the body rather than 

of the raw ingredients . Krause and Schlegelmilch8 commented on 

the lack of such data during their investigations on the development 

of a bone china body from German materials. 

7 . A more detailed understanding of the thermal behaviour of 

bone china will be obtained when data is available on phase 

equilibrium relationships in the proposed compatibility tetrahedron, 

tricalcium pho sphate - anorthite -mullite and silica . The study of a 

quaternary combination is a lengthy undertaking, but v'aluable 

information will be obtained most rapidly by investigating first 

the ternary system t ricalcium phosphate-anorthite-silica, since 

its es sential relations can be inferred from the data given in the 

pre sent inves t igation . The study of the quaternary system could 

be developed from the ternary system by the investigation of the 
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10 per cent mullite plane. A complete study on the effect of higher 

concentrations of mullite would be unnecessary since it is the least 

abundant component. 

APPENDIX I 

Preparation of Tricalcium Phosphate 

In phase studies as in all precise scientific investigation 

only pure compounds of constant composition may be used if 

accurate re sults are to be obtained. It was found in the pre sent 

study, however, that although pure alumina and silica could be 

obtained commercially, pure tricalcium phosphate of 

stoichiometric composition was unprocurable . Severa! samples 

of alleged C. P. tricalcium phosphate were tested and found to 

be hydroxyapatite. Further to this, all of the se salts contained 

notable quantities of sodium and frequently iron as well. The 

combination of non- stoichiometric composition and alkali 

impurity depressed the melting point from 1 730°C (m. p. pure 

Ca3(BO:d2 ) to as low as 140r·0 c. 

Barrett and McCaughey14 met with the same difficulty in 

their investigation of the system CaO-PzO5-SiOz, but found 

that calcined dicalcium phosphate (CaHPO4. 2HzO) was a good 
1 

source of phosphorus for their mixtures. Contrary to Barrett 

and McCaughey' s experience, tests made during the pre sent 

investigation showed that the C. P. dicalcium phosphate 
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obtained commercially was as liable to compositional variation and 

alkali contamination as the tricalcium phosphate just mentioned. 

For instance, a sample of alleged C. P. dicalcium phosphate purchased 

fro m one of .the most reputable chemical supply houses in North 

America was found to be nearer to tricalcium phosphate in compo

sition and carried O. 5 per cent sodium. Alk2.li salts are common 

contaminants in so-called C . P. reagents, and because of their 

powerful fluxing action they render such materials useless for phase 

studies. The theoretical loss-on-ignition of dicalcium phosphate 

dihyd rate (CaHPO4 . 2H2O} is 26. 2 per cent, but samples obtained 

from commercial hou ses had lo ss -on-ignition values at 1000°C 

varying from 7 to 14 pèr cent only. This range of loss-on-ignition 

may be taken as some indication of the variability of the commercial 

salts . 

Attempts to synthe size tricalcium phosphate in the labo ra tory 

using the method suggested by Maclntyre et al. 21 met with no 

success. The basic principle of the method lay in the precipitation 

of Ca3(PO4}z . nHzO from chilled calcium sucrate solution by the 

addition of concentrated phosphoric acid in very slight excess. 

Although instructions were carefully followed the experimental 

re sults anticipated were not forthcoming . The gelatinous 

precipitate obtained was tested in the manner described by 

Maclntyre to distinguish between hydroxyapatite and tricalcium 

phosphate . This test involved the determination of the solubility 
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of 1 gm. of precipitate (dried at 105°C) leached for one hour in 100 

cc. of 2 per cent aqueous cit ic acid solution at 20°C . If more than 

85 per cent of the precipitate dissolved, it was to be described as 

tricalcium phosphate ; if less dissolved it was to be called hydroxy

apatite . The highest solubility found among several precipitates 

was 80 per cent and accordingly they were designate d "Hydroxy

apatites". 

Melting point dete rminations were found to be more convenient 

in a laboratory equipped for phase equilibrium studies. It was 

quickly discove :red that all the precipitate s melted in the 

neighbourhood of 1400°C and that the refractive indices (approx. 

1. 595) of the fusions were too high for pure t ricalcium phosphate 

(tricalcium phosphate ol...., = 1. 588, 't = 1. 591 ) . This evidence 

of hydroxyapatite formation confirmed that derived from the 

citric acid solubility test, and as a re sult the synthe sis of 

tricalcium phosphate by wet methods was abandoned. lt is 

interesting to note in passing that X-ray powder diagra1ns are 

use le ss fo r deteciing the apa tite content of the se precipitate s, 

since the pattern for~ Ca3(PO4 )2 is always obtamed. 

In the course of studying the wet preparation of tricalcium 

phosphate it w as observed that when chilled calcium sucrate 

was added to dilute phosphoric acid, neutralization proceeded 

only t o the displacement of the second hydrogen atom from the 

acid molecule . Furthe1 investigation indicated that this was 

an ideal method for the preparation of pu:re dicalcium phosphate 

dihyd rate (C aHPO4. 2HzO) of stoichiometric composi.tion. The 



- 92 -

dicalcium salt was easily converted to calcium pyrophosphate (Ca 2P2O 7 ) 

by ignition at 900°C and this latter compound was then used as a source 

of P2O5 throughout the phase investigation. 

The preparation of the se two compounds (CaHPO4. 2H2O and 

Ca 2P 2O 7 ) was ca.refully studied and the optimum conditions for their 

formation determined . The re sults of this investigation are now given 

in some detail. 

The P r eparation of Dicalcium Phosphate Dihydrate 

and Calcium Pyrophosphate 

Prior to making sufficient dicalcium phosphate for the entire 

phase investigation many preliminary experiments were undertaken. 

All of the se runs showed that, provided the calcium sucrate was 

added to chilled dilute phosphoric acid, the neutralization always 

stopped at the second stage of hydrogen replacement, even when a 

large exce s s of sucrate was pre sent . Thus, provided the additions 

were made correctly and the solutions kept chilled ( 1 o0 c), a good 

product was obtained without any special attention being paid to 

the quantities mixed. For more certain results, however, it is 

recommended that the quantitie s of reactants be carefully measured and 

only a very slight exce ss of calcium sucrate . used . 

The stock of dicalcium phosphate was prepared as follows: -

322. 5 grams of C . P . calcium carbonate were calcined at 1000°C 

for one hour and the lime so obtained dissolved in 5 litres of 22. 5% 

CO2-free aqueous sugar solution. Previous experience showed that, 
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if the freshly ignited lime was immediately added to the sugar solution, 

it dissolved easily and completely. The sucrate solution was chilled 

to 10°C and added to 190 cc . phosphoric acid ( 1. 05 grams PzO5 per 

cc . ) diluted to 3 litres with water. 

The pho sphoric acid had previously been as sayed by titration 

with standard sodium hydroxide solution, using phenolphthalein 

as indicator and a littie sodium chloride to sharpen the end point. 

The following equation indic a tes the reaction which take s place: -

2NaOH + H3PO4 = NazHPO4 + 2HzO" 

Addition of sodium chloride sharpens the end point by reducing 

the hydrolysis of the disodium phosphate. 

The phosphoric acid was contained in a large stoneware vessel 

maintained at 10°C by an ice bath. The acid was vigorously stirred 

and the sucrate added slowly, in eleven stages. Samples for pH 

determinations were taken two minutes after each sucrate 

addition. Figure l 7, page 9 5, shows how the pH changes as the 

acid is gradually neutralized. After stirring for one hour 

following neutralization the pH dropped to 8 . 2 . 

It will be noted that there is a slight inflexion in the neutral

ization curve at 2 . 5 litres calcium sucrate, the point of formation 

of monocalcium phosphate . Completion of the reaction, however, 

is clearly shown by the rapid rise in pH once the second hydrogen 

atom has been displaced from the phosphoric acid. 
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The dicalcium phosphate prepared by this method settles readily 

and may be filtered easily. (Contrast with 11tricalcium phosphate" 

made by Maclntyre I s method 21) . Afte r filtration the precipitate wa s 

washed with l 0 litres of chilled distilled water. The small exce s S 

of calcium sucrate was washed out easily since it is a very soluble 

compound. This was one -reason for its use as a source of calcium 

in the preparation. Finally the precipitate was dried at S0°C for 

several days and stored ready for conversion to calcium pyro 

phosphate . 

Since the ultimate aim was to produce tricalcium phosphate in 

the mixtures used in the phase study, it was found convenient to 

c alcine the dicalcium salt a t 900°C to obtain calcimn pyrophospha.te, 

Ca2P2O7 . Thus when tricalcium phosphate was required, calcium 

pyrophosphate and calcium carbonate were mixed in the proportions 

shown by the equation: -

Ca2P2O7 + CaCO3 ➔ Ca3(PO4 )2 + CO2 

and the required tricalcium salt formed in situ when the mixture 

was heated to 1600 - l 700°c . 

Prio r to converting all the dicalcium phosphate to pyrophosphate, 

sample s were taken for lo ss - on-ignition determinations at 900°C . 

All samples we re found to have a loss-on - ignition of 26. 4 per cent, 

which is very close t o the theoretical 26. 2 per cent for the reaction: -

2(CaHPO4 . 2HzO) ➔ Ca2P2O7 + SH2O 

It was concluded therefor e that the dihydrate of dicalcium phosphate 

had been 1nade by the reaction betwèen the phosphoric acid and 
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Figure 17. - pH vs. neutralization of phosphoric acid by 
calcium sucrate. 
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calcium sucrate . 

Since pyrophosphate was used as the source of P2O5 in the 

preparation of mixtures for the phase study, chemical analyses 

were made of this compound rather than of the initial precipitate. 

Accurate chemical analysis was found difficult and much time was 

spent checking methods of analysis before a thoroughly reliable 

scheme was evolved. Spectrographie analysis indicated high order 

or purity, and no sodium or alkali salts could ·be t detected on a Bec1.::-:nan 

flame photometer (Sensitive to O. 002% Na) . The determination of 

CaO and PzO5 is described in the next section. 

Determination of Cal'cium 1n Calcium Pyrophosphate 

Severa! methods of determining lime in phosphate were tried and 

even though there were similarities to one another the details were 

sufficiently different to affect the comparison of results. The method 

de scribed below yielded the most consistent re sults and was adopted 

as the standard. 

A d r ied sample weighing O. 625 grams was dissolved in a little 

hydrochloric acid and the volume of this solution made up to 250 cc. 

with distilled water in a volumetric flask. Duplicate analyses were 

then run on O. 25 gram samples obtained by withdrawing 100 cc. 

aliquots . The ac idi ty of the aliquot was adjusted with hydrochloric 

acid until a few drops of brom phenol blue added to the solution 

turned yellow . Ten cc. of O. 5 Molar oxalic acid were added and the 
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solution was then boiled. 1 M ammonia solution was added dropwise 

until the indicator turned green (pH 3). This caused calcium oxalate 

to be precipitated free from contaminating phosphate. After standing 

for three hours on a steam bath the precipitate was filtered on a 

fine sinter glass filter and washed with chilled O. 1 M ammonia. The 

glass filter containing the precipitate was then transferred to a 

beaker containing 25 cc. of 1 : 8 sulphuric acid. After being warmed 

gently to dissolve the oxalate the solution was diluted to 100 cc. with 

distilled water, heated to 80°C, and titrated with O. IN potassium 

permanganate . The permanganate had been previously standardized 

against United States Bureau of Standards sodium oxalate dissolved 

in a similar quantity of the same strength sulphuric acid and heated 

to 800C. One cc . of O. lN potassium permanganate is equivalent 

to 2. 804 milligrams of calcium oxide (lime). 

Sorne standard works suggest that the calcium oxalate 

precipitate be filtered on paper, ignited , and weighed as calcium 

oxide. However, it was found that the great activity of the freshly 

ignited lime made accurate weighing impossible. The samples 

continuously absorbed carbon dioxide and water from the air and 

increased in weight . Filtering on a tared sinter glass filter and 

weighing as calcium oxalate has also been recommended, but it 

wa.s found that the alkaline filtrate noticeably dissolved the filter, 

thereby rendering the results less accurate. 

The calcium pyrophosphate stock used in making the phase 

study mixtures was found to contain 44. 1% CaO (Theoretical:44. 12%). 
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Determination of Phosphorus in Calcium Pyrophosphate 

As with the case of calcium, precise assaying was difficult and the 

well known standard methods were found wanting in accuracy. The 

methods based on t he precipitation of phosphorus as phospho-molybdate 

were not at all satisfactory and the results obtained , most erratic. The 

best method22 foun d was to precipitate magne sium ammonium phosphate 

from t he filtrate left after the removal of calcium oxalate in the lime 

assay, and after careful drying, to weigh it as MgNH4PO4. 6H2ü on a 

tared sinter glass filte r. The details of the method are given below: -

The filtrate and washings from the lime determination were 

evaporated to 100 cc. in volume and then acidified with hydrochloric 

acid until the solution turned red. Ten cc. of O. 5M magnesium 

c hloride were then added and the solution neutralized with 9. 0M ammonia 

u ntil t he indicator turned blue . After adding a 5 cc . excess of ammonia 

the bulk w a s made up to 125 cc. and the as say allowed to stand over 

night . The precipitate obtained was filtered on fine sinter glass and 

then dissolved in 40 cc. of lM hydrochloric acid. The bulk was made 

up to 100 c c . , then 6 cc . of O. 5M magne sium chloride solution were 

added, t oge ther with sufficient 9 . 0M ammonia to turn yellow a few 

drops of met hyl red added to the solution. Five cc. more ammonia 

were added, then the bulk was made up to 125 cc. and allowed to 

stand overnight. This second precipitate , which was more definite 

in composition was filtered, washed, and weighed on a tared sinter 

glass filter. Much care in treatment was required at this stage if 

accurate results were to be obtained. Tne sinter glass filter was 
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prepared by washing it successively with dilute hydrochloric acid, 

water, absolute alcohol and finally ether . The filter was then 

dried at 37°c and weighed. After filtration, the precipitate was 

washed with O. 04M ammonia in three lots of 5 cc . and then 

absolute alcohol and ether. Finally the precipitate was dried at 

3 7°C and weighed. By the se me ans a pure precipitate of strict 

stoichiometric composition was obtained . One milligram of 

MgNH4PO4 . 6HzO represents O. 289 milligrams PzO5. 

The stock of calcium pyrophosphate was found to contain 55. 5% 

PzO5 according to assays made by the above method . 

Experiments on the Limitations of Application 

of the Sucrate Method of Preparing 

Dicalcium Phosphate Dihydrate 

The success in making a stock of pure formula composition 

calcium pyrophosphate prompted further investigation on the 

sucrate meth od of synthe sizing di calcium phosphate dihydrate. 

Accordingly, runs were made to check the effect of a) temperature 

and b) great excess of calcium sucrate. 

To study the above factors several runs were made in the 

manner described for the stock material, but varying appropriately 

the tempe rature or sucrate exce s s . Analyses were also made on 

the resulting products . The expe r imental results may be 

summarized as follow s : -
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1 . At t emperature s up t o 25°c , the neutralization of phosphoric 

acid proceeds to the second stage of hydrogen displacement only. 

2 . Above 25°C neutralization begins to carry on to the third and 

final stage. 

3 . Dicalc ium phosphate settle s readily and is easily filtered . 

As soon as third stage neutralization commences the mixed 

precipitate become s gelatinous and difficult to filter. 

4 . Below 25°C excess calcium sucrate does not appear to react 

appreciably with the precipitated dicalcium phosphate, even 

aft e r two hour s stirring. 

5. Although it is possible to prepare a satisfactory precipitate 

by simply adding calcium sucrate solution to dilute phosphoric 

acid at room tempe rature until an indicator, such as 

p henolphthalein, t urns red, it is recommended that the more 

rigorously cont r olled procedure outlined earlier be followed 

fo r be st re sults . 

APPENDIX II 

The Prope rt ies of Calcium Pyrophosphate 

In view of the purity of the calcium pyrophosphate obtained by 

the sucrate method it was considered worthwhile to investigate 

quantitatively some of its physical p r operties in order to evaluate 

data given in the literature . 
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Melting Point 

Tromel 13 , and Barrett and McCaugheyl4 both give a melting point 

of l 300°C , while Hill et al. 23 report a tempe rature of l 353°C. The 

11 Ha.ndbook of Physics and Chemistry 11 (Chemical Rubber Publishing 

Co . Ed . 31) indicates a melting point of 1230°C . 

Using the quench equipment described earlier in this ·study the 

melting point was found to be 1356°c. Since there is little difference 

in the atomic arrangement between t he glass and crystalline 

pyrophosphate the quenching method is applied with difficulty. Using 

water as the quenching medium it was found that the first crystals 

formed at 1356°c and the last glass disappeared at 1352°c. Be cause 

of the possibility of supercooling, the liquidus temperature has been 

taken throughout the pre sent work as the tempe rature at which crystal 

first appears in the quenched glass matrix. Hill et al. 23 preferred 

to consider liquidus as the point at which the last glass disappeared. 

This gave them liquidus at 1357°C. They preferred, however, to 

consider the re sult of l 352°C , yielded by a heating curve, as 

repre senting the true melting point of calcium pyropho sphate. In 

general, the agreement between their re sults and those given here 

must be regarded as very satisfactory. 

It is stated in' the literature 23 that calcium pyrophosphate 

exists in high (o(.) and low ( /3) tempe rature forms with a transition 

point at l 140°C. Checks were made by heating both allotrope s at 

temperatures just above and below this temperature. The 
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re sults indicated that any change must be very sluggish, for if both 

of.... and /3 were heated at the same time for one hour neither one 

transformed. In view of the lengthy runs which would have been re

quired to locate the transformation point accurately, it was decided 

to abandon this determination. However, it was observed that the 

/3 form will transform rapidly to o( at l 250°C, but not at l 200°C. 

Thus, whatever the true transformation temperature is, it would 

appear that temperatures in the region of 1250°C are needed to 

bring about the transformation in a short period of, say, one hour. 

It was also noted that molten pyrophosphate had a tendency to 

supercool and then freeze rapidly to form the low temperature or 

(b modification. Samples of (3 calcium pyrophosphate were 

prepared in this way for optical and X - ray examination. The high 

temperature or o( modification was obtained .readily from the 

f3 form by heating the latter for one hour at l 250°C in a platinum 

crucible, and then quenching. 

The high temperatur e modification was used for the optical 

and X-ray examinations de scrib~d below. 

Optical Properties 

Sample s of o( and /3 calcium pyrophosphate prepared as 

desc ribed above were examined under the petrographic 

microscope. Refractive indices were found by immersion in 

various oils of known index. The optical constants found are 

summarized as follows: -
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/3 Ca2P2O7:- Uniaxial positive, 0:) = 1. 630, E, = 1.638 

This data is in excellent agreement with that pre sented by Hill 

et al. 23 

Density 

The densitie s of the o( and {3 forms were found by using a 

Berman torsion balance. The experimental results indicated 

that o( calcium pyrophosphate has a density of 2. 88 grams per 

cc. and /3 a density of 3. 10 grams per cc., both taken at 25°c. 

X - ray Data 

X-ray powder diagrams of the sample s were prepared using 

copper Ko( radiation ( ,À.= 1. 5374 kX, Siegbahn). The data 
1 

obtained are tabulated below: -
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o(.Ca 2 P2O 7 

d (kX )* I+ d (kX) I d (kX) I 

7.00 vw 2 . 45 w 1. 54 vw 

6 . 31 vw 2.34 vw 1. 52 vw 

4 . 91 w 2.10 s 1. 49 vw 

4 . 26 w 2 . 04 m 1. 38 vw 

3 . 76 w 1. 98 vs 1. 33 m 

3 . 52 w 1. 90 vw 1. 29 m 

3 . 32 vs 1. 83 vw 1. 25 w 

3 . 20 s 1. 78 1n 1. 23 vw 

3 . 07 s 1. 70 vw 1. 21 vw 

2 . 77 m 1. 67 vw 1. 20 vw 

2 . 64 m 1. 63 m 

2. 59 m 1. 58 vw 

* Distance between parallel planes in the crystal lattice in 
Siegbahn ünits. The three strongest lines have been underlined. 
To convert kX units to Angstrom multiply by 1. 00203. 

+ Intensit y of line recorded on film, vs = very strong, 
s = strong, m = medium, w = weak , and vw = very weak . 
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f?> Ca 2 P2O7 

d (kX) >:é I+ d {kX } I d (kX) I 

6 .. 49 vw 2. 76 w 1. 94 vw 

5 . 20 vw 2 . 61 m 1 . 90 vw 

4 . 43 vw 2 . 40 vw 1. 77 vw 

4. 07 vw 2 . 34 vw 1. 73 w 

3.47 vw 2 . 26 vw 1. 69 vw 

3.34 vw 2.19 vw 1. 55 vw 

3 . 22 s 2 . 16 vw 1. 47 vw 

3.09 vw 2 . 09 vw 1.41 vw 

3 . 01 m 2.03 vw 1. 39 vw 

2.89 vs 2 . 00 vw 

* Distance between parallel planes in the crystal lattice in 
Siegbahn units. The three strongest lines have been underlined. 
To convert kX units to Angstrom multiply by 1 . 00203. 

+ Intensity of line recorded on film , vs = very strong, 
s = strong, m = medium, w = weak . and vw = very weak. 
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