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PHASE SEPARATION BEHAVIOUR OF SPECIAL BASE GLASSES - A CONTRIBUTION TO 

THE DEVELOPMENT OF BIOACTIVE GLASS CERAMICS 

W. Vogel, W. Höland, L. Horn and G. Völksch 

Otto Schott Institute, Department of Chemistry, Friedrich Schiller University 
of Jena, G.D.R. 

Résumé - La description du processus de séparation de phases dans les verres 
des systèmes Ca 0 - Si O2 - P2 0 5 et Mg 0 - Al 2 O3 - Na2 0 / K2 0 - F - Ca 0 -
P2 O5 est une condition préliminaire au développement de céramiques vitreuses 
bioactives. Une méthode de contrôle totalement nouvelle de la cristallisation 
d'un verre phosphaté pur, sans séparation de phase, a été mise au point, sur 
la base d'une élimination automatique du phénomène de sursaturation. 

Abstract - The d i s c r i b e d phase s e p a r a t i o n p r o c e s s i n g l a s s e s of 
the system CaO-SiO2-P2O5 and MgO-Al2O3-SiO2-Na2O/K2O-F-CaO-P2O5 
i s a p r e c o n d i t i o n of a l l development of b i o a c t i v e g l a s s c e r a m i c s . 
A c o m p l e t e l y d i f f e r e n t way of c o n t r o l l e d c r y s t a l l i z a t i o n i n a 
pure phosphate g l a s s wi thout phase s e p a r a t i o n has been found by 
a spontaneous e l i m i n a t i o n of s u p e r s a t u r a t i o n . 

I - INTRODUCTION 

In the p a s t t e n y e a r s , medic ine has p r o g r e s s e d remarkably i n the f i e l d 
of organ s u b s t i t u t i o n . Inorgan ic m a t e r i a l s have been used t o a growing 
e x t e n t . A remarkable advancement was a c h i e v e d by L. Hench / 1 - 2 / , who 
coated the s t e e l or s i n t e r corundum implant wi th a t h i n s u r f a c e l a y e r 
of b i o a c t i v e g l a s s . The l a y e r mainly c o n t a i n e d phosphate components, 
which were akin t o the a p a t i t e m a t e r i a l of the bone s t r u c t u r e and thus 
e s t a b l i s h e d b i o a c t i v i t y . A b e t t e r s o l u t i o n was aimed a t by t h e d e v e l o p ­
ment of s o l i d b i o g l a s s ceramics c o n t a i n i n g phosphate or a p a t i t e c r y s ­
t a l s / 3 - 6 / . They are more b o n e - l i k e i n compos i t ion than are m e t a l s and 
s i n t e r corundum, and t h e r e f o r e they are more or l e s s b i o a c t i v e , i . e . 
they l ead t o a f irm bond wi th the bone. Except s i n t e r g l a s s ceramics 
/7/, which are made by t h e powder method, a l l known g l a s s ceramics are 
deve loped and produced by way of c o n t r o l l e d phase s e p a r a t i o n p r o c e s s e s 
i n the i n i t i a l base g l a s s e s . Phase s e p a r a t i o n phenomena are caused by 
the formation of s t a b l e m o l e c u l a r s t r u c t u r a l groups and t h e i r e n r i c h ­
ment in c e r t a i n r e g i o n s . As a r u l e , t h i s w i l l c o n s i d e r a b l y f a c i l i t a t e 
c r y s t a l n u c l e a t i o n i n t h e d r o p l e t phase , as the c r i t i c a l n u c l e u s s i z e 
can be reached with l e s s than the fu l l amount of the act ivat ion energy 
that would be necessary in case of a base g lass of homogeneous s truc­
ture / 8 / . In base g lasses to be converted in to a bioglass ceramic, 
phase separation has to be control led in such a way that the bioact ive 
apat i te crysta l phase i s produced in one microglass phase during annea­
l i n g . In the other microglass phase, another s i l i c a t i c crystal phase 
i s usually separated, which has a decis ive influence on other proper­
t i e s of the resul t ing g lass ceramic, such as mechanical strength, chemi­
cal s o l u b i l i t y , machineability e t c . The study of phase separation pro­
cesses in g lasses used in the development of b ioglass ceramics i s the 
subject of the present report. 
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I1 - PHASE SEPARATION BEHAVIOUR OF SELECTED GLASSES OF THE 
Ca0-P205-Si02 SYSTEM 

Since CaO, P 0 and SiO are components of almost all bioglass ceramics 
known, it is2izportant ghat the phase separation behaviour of selected 
glasses of that system be known. All glasses studied lay on a straigth 
line connecting calcium metasilicate (Ca0.Si02) and calcium orthophos- 
phate (3 Ca0.P 0 ) ,  i.e. just outside the miscibility gap in the terna- 
ry system /9/. 

Fig. 1 shows the related pseudobinary equilibrium diagram of Ca0.Si02- 
3 Ca0.P 0 /lo/, which is essential for understanding the phase separa- 
tion bega?iour of corresponding glasses. The system is eutectic and its 
"edge miscibility" is low, i.e. the amount of calcium metasilicate dis- 
solved and taken up in the calcium orthophosphate crystal phase is low, 
and the same applies vice versa. These relationships are reflected in 
the phase separation behaviour of corresponding glasses. The schematic 
drawing of Fig. 2 serves to explain the results of examination by elec- 
tron microscopy. On the P205-rich side of the pseudobinary glass sys- 
tem, we have a matrix glass phase rich in CaO and P205 (A), in which a 
CaO- and Si02-rich droplet phase ( B )  is separated. 

o .rb r'o i o  ,j 4 , e  

(a0 SIO, - p205 % 1- 3 CaO.Pz05 

A =COO- and %%-rich n d r i x p h a r a  - - 
B=CclO-and Si0pic.h phase 

C =SiOZICoOl-rich phase 

i) = P2051C.aOl-rich p h a u  

1 2 

Fig. 1 - Pseudobinary system Ca0.Si02-3 Ca0.P205 /I O/. 
Fig. 2 - Phase separation behaviour (schematic) of a base glass of the 

pseudobinary system Ca0.Si02-3 Ca0.P205. 

In. a P 0 -rich base glass (according to Fig. 2), a certain cooling or 
subseqzezt annealing process will, because of the resultant non-equili- 
bria, cause further secondary unmixing to take place in steps in the 
two phases separated during the primary process. In accordance with 
the edge miscibilities occuring in the pseudobinary system (Fig. 1) at 
higher temperatures, the dissolved portion of Si02 and CaO in the phos- 
phate-rich matrix phase and the dissolved portion of P 0 and CaO in 
the SiOg- and CaO-rich droplet phase are separated as Pmzller droplets. 
This produces a base glass consisting of four glass microphases of dif- 
ferent compositions. An interesting observation made for the first time 



two secondary d r o p l e t  phases  form mulber ry - l ike  a g g r e g a t e s .  Th i s  seems 
t o  i n d i c a t e  t h a t  t h e  g l a s s  a l r e a d y  c o n t a i n s  wel l -developed,  s t a b l e  
s t r u c t u r a l  e lements  of m e t a s i l i c a t e  and o r thophospha te ,  which a r e  
abou t  t o  a g g r e g a t e  i n  l a r g e r  unmixing r e g i o n s .  

F i  . 3a and b  a r e  e l e c t r o n  micrographs of such  a  g l a s s .  The l a r g e  p r i -  
ma:y d r o p l e t  phase B ( s e e  Fig .  2 and 3 a ) ,  r i c h  i n  S i 0 2  and C a O ,  i s  
l e s s  a t t a c k e d .  The P  0  - and CaO-rich d r o p l e t  phase  D c o n t a i n e d  i n  i t  
s u f f e r s  l e s s  c o r r o s i g n 5 t h a n  t h e  m a t r i x  phase  A which i s  a l l i e d  t o  i t .  
T h i s  i s  a n o t h e r  c l u e  t o  t h e  f a c t  t h a t  t h e  d r o p l e t  phase  D a l r e a d y  con- 
t a i n s  a l a r g e  p r  o p e r t i  on of o r thophospha te  s t r u c t u r a l  e l e m e n t s ,  which 
a r e  more r e s i s t a n t  t o  c i t r i c  a c i d  t h a n  a normal phosphate  g l a s s .  

F i g .  3a and b a r e  micrographs of t h e  mulber ry - l ike  d r o p l e t  a g g r e g a t e s  
formed i n  b o t h  pr imary phases  by secondary phase  s e p a r a t i o n .  A compari- 
son of F i g .  3b (phase  C) and F i g .  3a (phase  D) r e v e a l s  a  d i s t i n c t  d i f f e -  
r e n c e  i n  e t c h i n g  behav iour .  The f i n d i n g s  have a l s o  been conf i rmed by 
phase  a n a l y s i s  by means of t h e  electron-beam microprobe.  I f  such  P  0 
r i c h  base  g l a s s e s  having t h e  d e s c r i b e d  phase s e p a r a t i o n  behav iour  
t r ans formed  i n t o  a g l a s s  ce ramic ,  a c o n t r o l l e d  s e p a r a t i o n  of hydroxyl  
a p a t i t e  and w o l l a s t o n i t e  as main c r y s t a l  phases  can be ach ieved ,  and 
i t  i s  only now t h a t  we come t o  unders tand  p r o p e r l y  t h e  k i n e t i c  proces-  
s e s  of n u c l e a t i o n  and c r y s t a l l i z a t i o n .  

F i g .  3a-b - E l e c t r o n  micrograph (Pt-Ir-C r e p l i c a  method) of g l a s s  
a f t e r  a week s u r f a c e  e t c h i n g  w i t h  2 % c i t r i c  a c i d  f o r  30 seconds 
(compare w i t h  F i g .  2 ) .  
Mulberry- l ike  d r o p l e t  a g g r e g a t e s  formed i n  bo th  pr imary phases  by 
secondary phase s e p a r a t i o n .  
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I11 - PHASE SEPARATION AND CRYSTALLIZATION BEHAVIOUR OF BASE GLASSES 
OF THE SYSTEM Ca0-P205-Mg0-A1203-Si02-Na20/K20-F 

A s  expounded i n  a n  e a r l i e r  p u b l i c a t i o n  /11/,  base  g l a s s e s  of t h e  sys-  
tem MgO-A1 0  S i 0 2  w i t h  d i f f e r e n t  dopings  can  be employed f o r  deve- 
l o p i n g  new2g?ass ceramics  hav ing  most d i f f e r i n g  combinat ions  of pro- 
p e r t i e s ,  e . g .  such  having 

- v e r y  h i g h  mechanical  f l e x - c r a c k i n g  r e s i s t a n c e ,  

- m e t a l - l i k e  m a c h i n e a b i l i t y ,  

- magnet ic  p r o p e r t i e s  p l u s  m a c h i n e a b i l i t y ,  

and o t h e r s .  

I n  a l l  c a s e s ,  t h e  base  g l a s s  i s  a  two-phase one, w i t h  s i l i c a t i c  drop- 
l e 3 ~  emb?$ded i n  an S i02- r i ch  m a t r i x .  Enr iched i n  t h e  d r o p l e t  phase  a r e  
Ng , A 1  and t h e  doping e lements .  I f  t h i s  g l a s s  i s  s u b j e c t e d  t o  a 
c e r t a i n  the rmal  t r e a t m e n t ,  i t  w i l l  s e p a r a t e  f l u o r o p h l o g o p i t e  mica c r y s -  
t a l s  NaMg3/A1Si3OI0F2/ as main c r y s t a l  phase  i n  t h e  d r o p l e t  phase .  

A s  mica c r y s t a l  c l e a v e  e a s i l y  a l o n g  t h e  001 p l a n e ,  t h e  r e s u l t i n g  g l a s s  
ceramic i s  machineable ,  i . e .  i t  can ,  l i k e  a  m e t a l ,  be sawn, d r i l l e d ,  
t u r n e d ,  m i l l e d ,  t apped  e t c .  wi thou t  b r e a k i n g  a s  normal ce ramics  would. 
I n  t h e  base  g l a s s  j u s t  d e s c r i b e d  g e t s  a d d i t i o n a l  dopes of 1 0  t o  29 
mole-% of CaO and 2  t o  9  mole-% of P  0  and h a s  a  composi t ion of 1 9  - 
54 S i 0 2 ,  8 - 15 A1203, 2  - 21 MgO, 32-58 Na20/K20, 3 - 23 F', 1 0  - 34 
C a O ,  2  - 1 0  mole-% P 0  , a th ree -phase  base  g l a s s  r e s u l t s ,  as shown i n  
F i  . 4 /12/. ~mbeddeg  ?n a m a t r i x  g l a s s  phase  v e r y  r i c h  i n  SiO a r e  two 
d r t p l e t  phases  of d i f f e r e n t  composi t ion and d r o p l e t  s i z e .  The l a r g e  
d r o p l e t s  a r e  a phosphate  phase  w i t h  enr ichments  of CaO, MgO, A 1  0  
K20/Na20 and F-. The smal l  d r o p l e t s  a r e  t h e  o r i g i n a l ,  s i l i c a t i c ~ u ~ ~  
mlxing phase ,  l i k e w i s e  e n r i c h e d  w i t h  MgO, A1203, Na20/K20 and F  , which 
i s  s t i l l  c o e x i s t e n t  w i t h  t h e  phosphate  d r o p l e t  phase .  

When such  a three-phase  g l a s s  i s  a n n e a l e d ,  t h e  l a r g e  phosphate  d r o p l e t s  
s e g r e g a t e  f lu9$apat3$e.  The s m a l l ,  s i l i c a t i c  d r o p l e t s  s t i l l  c o n t a i n  
s u f f i c i e n t  Mg , A 1  , a l k a l i  and f l u o r i n e  i o n s  t o  a l l o w  t h e  f o r m a t i o n  
of p h l o g o p i t e  mica c r y s t a l  by r e a c t i o n  w i t h  t h e  m a t r i x  phase .  

I n  F i  . 5  t h e  l a r g e ,  P  0  - r i c h  d r o p l e t  r e g i o n s  beg in  t o  t r a n s f o r m  i n t o  
apati:e c r y s t a l s ,  whoa2 ?aces  a r e  a l r e a d y  v i s i b l e  on t h e  d r o p l e t s .  The 
a p a t i t e - t o - p h l o g o p i t e  r a t i o  and t h e  r a t i o  between t h e  r e s i d u a l  g l a s s  
phase  and t h e  c r y s t a l  phases  can  be v a r i e d .  

I V  - CONTROLLED CRYSTALLIZATION I N  GLASSES N O T  TENDING T O  PHASE 
SEPARATION 

L a t e s t  r e s u l t s  of our b a s i c  r e s e a r c h ,  have shown t h a t  under  c e r t a i n  
c o n d i t i o n s  i t  i s  p o s s i b l e  t o  e f f e c t  c o n t r o l l e d  volume c r y s t a l l i z a t i o n  
i n  base  g l a s s e s  of homogeneous s t r u c t u r e  wi thou t  phase s e p a r a t i o n ,  and 
t h u s  t o  make t h e s e  g l a s s e s  a v a i l a b l e  t o  t h e  development of b i o g l a s s  
ce ramics .  These a r e  pure  phosphate  g l a s s e s  i n  which t h e  spontaneous 
e l i m i n a t i o n  of s u p e r s a t u r a t i o n  w i t h  c e r t a i n  components l e a d s  t o  a base  
s t r u c t u r e  which l o o k s  q u i t e  similar t o  a phase  s e p a r a t i o n  b u t  h a s  
n o t h i n g  t o  do w i t h  i t .  

The phenomenon i s  a spontaneous pr imary n u c l e a t i o n  th roughout  t h e  g l a s s  
volume. Nuclei  i n  t h e  e l l i p s o i d s  obv ious ly  r e l e a s e  t h e  fo rmat ion  of t h e  
main c r y s t a l  phase  by way of e p i t a x i a l  i n t e r a c t i o n s .  I n  F i g .  6 ,  t h i s  
phase i s  shown i n  i t s  i n i t i a l  s t a g e  as e l l i p s o i d a l  s p h e r u l i t e s  and may 



Fig.  4 - Base g l a s s  of t h e  system MgO-A1 0  -Si02-Na O/K20-F doped w i t h  
CaO and P  05. S e p a r a t i o n  of two d r o p l e t  Bhases of different composi t ion 
i n  t h e  s i a 2 - r i c h  m a t r i x  ( e l e c t r o n  micrograph of a  r e p l i c a ) .  

F i g .  5  - Three phase  g l a s s  as i n  F i g .  4 w i t h  t h e  l a r g e  P205-rich drop- 
l e t s  beg inn ing  t o  t r a n s f o r m  i n t o  a p a t i t e  c r y s t a l  ( e l e c t r o n  micrograph 
of a r e p l i c a ) .  

F i g .  6 - Beginning c o n t r o l l e d  n u c l e a t i o n  and c r y s t a l l i z a t i o n  i n  a p u r e  
phosphate  g l a s s  of homogenious s t r u c t u r e ,  by means of spontaneous e l i -  
mina t ion  of s u p e r s a t u r a t i o n  phenomena ( e l e c t r o n  micrograph) .  
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be mis taken  a s  phase s e p a r a t i o n .  From t h e  t h r e e  s e l e c t e d  examples 
t r e a t e d  h e r e  it i s  obvious t h a t  i n  t h e  s u c c e s s f u l  development of new 
b i o g l a s s  ceramics  f o r  u s e  i n  medicine,  t h e  more profound e x p l o r a t i o n  
of phase s e p a r a t i o n ,  or of t h e  m i c r o s t r u c t u r i n g  p r o c e s s e s  d u r i n g  t h e  
c o o l i n g  of a g l a s s  m e l t ,  p l a y s  a key r o l e .  

V - CONCLUSION 

The key t o  t h e  g o a l - d i r e c t e d  development of new g lass -ce ramic  mate r i -  
a l s  i s  t h e  c o n t r o l  of t h e  m i c r o s t r u c t u r e  fo rmat ion  p r o c e s s e s  i n  t h e  
b a s i c  g l a s s e s .  A s  a r u l e ,  t h i s  concerns  t h e  c o n t r o l  of phase separa -  
t i o n  b u t  it has  been found f o r  t h e  f i r s t  t ime t h a t  c o n t r o l l e d  c r y s t a l -  
l i z a t i o n  can a l s o  be ach ieved  i n  g l a s s e s  of homogeneous s t r u c t u r e  by 
t h e  spontaneous e l i m i n a t i o n  of s u p e r s a t u r a t i  on phenomena. 
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