
Original Paper

Phosphate glasses and glass-ceramics for medical applications^^
Jürgen Vogel and Peter Wange

Otto-Schott-Institut für Glaschemie, Friedhch-Schiller-Universität, Jena (Germany)

Peter Hartmann

Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität, Jena (Germany)

Dedicated to Prof. Dr. Günther Heinz Frischat on the occasion of his 60th birthday

Modif ied ca lc ium p h o s p h a t e glass Systems meet the requirements for the development of different biomaterials . Bioactive, long-
t e r m stable p h o s p h a t e glass-ceramics a n d resorbable phospha te glasses were prepared in the Systems P 2 0 5 - C a O - A l 2 0 3 - N a 2 0
a n d P 2 0 5 - C a O - M g O - N a 2 0 . D u e to their high the rmal expansion coefficients the bioactive phospha te glass-ceramics are excel-
lently sui ted for coa t ing metals . Us ing  a salt-sintering process, porous resorbable glasses can be obta ined. The propert ies of glass-
ceramic coat ings on coba l t / ch romium alloys and the product ion of porous resorbable phospha te invert glasses are described.

Phosphatgläser und -glaskeramiken für den Einsatz in der Medizin

Modif iz ier te Ca lc iumphospha t -Glas sys t eme bieten sehr gute Voraussetzungen für die Entwicklung spezieller Biomaterial ien für
den Har tgewebeersa tz . Bioakt ive langzeitstabile Phosphatg laskeramiken können aus Gläsern des Ausgangssystems P 2 0 5 - C a O -
- A l 2 0 3 - N a 2 0 hergestellt werden, w ä h r e n d das System P 2 0 5 - C a O - M g O - N a 2 0 die Grund lage für die Entwicklung in-vivo resor-
b ie rbarer Phospha tg läse r bildet. Die langzeitstabilen Phosphatg laskeramiken eignen sich, besonders auf G r u n d sehr gut angepaßte r
thermischer Ausdehnungskoeff izienten, hervorragend zur Beschichtung von Cobal t /Chrom-Legierungen . Dabei ents tehen stabile
Werkstoffverbunde, die die mechan ischen Eigenschaften des Metal ls mit der Bioaktivi tät der Glaskeramik kombinieren. Die Resor-
bierbarkei t der Phospha tg läse r aus d e m System P 2 0 5 - C a O - M g O - N a 2 0 läßt sich in einem breiten Bereich steuern. Z u m besseren
Einwachsen des K n o c h e n s u n d zur Vergrößerung der Oberfläche können diese Mater ia l ien porös gestaltet werden. Die Eigenschaften
der Glaskeramik-Meta l l -Werks tof fverbunde sowie die Herstel lung der porösen resorbierbaren Phosphatgläser werden dargestellt .

1. Introduction
Metals and alloys, plastic materials, ceramics, glasses
and glass-ceramics are used as alloplastic implant mate-
rials for the Substitution of human bone. The advantages
of the metals consist in their good mechanical proper-
ties, however, their biological propert ies are contro-
versial. In contras t , ceramics, glasses a n d glass-ceramics
have opened u p new possibilities in implantology. The
chemical composi t ions of these materials can be ad-
jus ted to that of the mineralogical pa r t of bone. Differ-
ent Silicate bioactive glasses and glass-ceramics have
been described, for instance, in [1 to 4]. The impressive
results of these investigations are known: the living bone
grows together with the implant materials. The lack of
sufficient s t rength can be compensa ted by the pro-
duct ion of glass or glass-ceramic coat ings on metals or
by prepara t ion of composites. However, besides the or
ganic componen t s h u m a n bone consists of crystalhne
and a m o r p h o u s calcium phosphates , mainly hydroxy-
apat i te [ C a i o ( P 0 4 ) 6 ( O H ) 2 ] . Therefore, it is suitable to
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investigate phosphate ceramics [5 to 7], phosphate
glasses [8] and phosphate glass-ceramics [9] in view of
their biological properties.

After the Implantat ion of bioactive materials, the
living bone forms  a stable physicochemical b o n d to the
implant . Such implants should possess  a considerable
stability against the chemical and biological at tacks of
the body fluid, because they are intended to remain in
the living body. The presence of apatite p romotes the
good biological properties. On the other hand , often the
regeneration of bony defects is favoured compared with
bone Substitution. Porous resorbable implants can sup-
por t this regeneration, especially of spongy bone, by
bridging large defects. The porosity of the implants acts
as  a guide rail for the bone growing in. The resorpt ion
of the implant materials begins simultaneously, and
around one year or one and a half years later the defect
is filled with new bone.

Figure  1 represents the different directions for the
development of phosphat ic materials provided for the
use as bioactive long-term stable and resorbable bone
implants, respectively The development of these mate-
rials possessing well-defmed biological propert ies is fa
cilitated by knowledge of the glass structure. Usually, the
structure of phosphate glasses is described by Q  groups.
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Figure 1. Base Systems for the development of phospha te bio
materials.
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F i g u r e 2. I n v e s t i g a t e d g l a s s e s a n d g l a s s y - c r y s t a l l i n e m a t e r i a l s i n

t h e b a s e s y s t e m P 2 0 5 - C a O - A l 2 0 3 .

Q" groups are PO4 te t rahedra in which η is the number
of bridging oxygen per PO4 te t rahedron. Reliable infor-
mat ion about the nature of phosphate building groups,
the neighbouring cations and the ordering S t a t e of the
materials can be obta ined by ^ ^ P M A S N M R investi-
gations.

2. Bioactive phosphate glass-ceramics
F i g u r e  2 s h o w s t h e p h a s e d i a g r a m o f t h e t e r n a r y s y s t e m

P 2 0 5 - C a 0 - A l 2 0 3 . T h e c a l c i u m a n d a l u m i n i u m c o n

t e n t s o f t h e m e l t e d g l a s s e s w e r e s e l e c t e d a s h i g h a s p o s -

s i b l e t o p r o m o t e t h e c h e m i c a l s t a b i l i t y o f t h e g l a s s e s a n d

t h e c r y s t a l l i z a t i o n o f a p a t i t e . T h e S q u a r e p o i n t s m a r k

c o m p o s i t i o n s f o r m i n g g l a s s e s , t h e c i r c u l a r p o i n t s m a r k

c o m p o s i t i o n s w h i c h c r y s t a l l i z e s p o n t a n e o u s l y . T h e

p h a s e d i a g r a m i s c h a r a c t e r i z e d b y v e r y h i g h m e l t i n g

t e m p e r a t u r e s i n t h e r e g i o n a r o u n d a l u m i n i u m o r t h o -

p h o s p h a t e . G l a s s f o r m i n g c a n b e o b s e r v e d i n c o m p o -

s i t i o n s p o s s e s s i n g m o r e t h a n 4 5 m o l % P2O5. ^ ^ P M A S

N M R i n v e s t i g a t i o n s s h o w e d t h a t a l l g l a s s e s c o n t a i n

a n d g r o u p s e x c l u s i v e l y . T h e r e f o r e , t h e s t r u c t u r e o f

t h e s e g l a s s e s c a n b e d e s c r i b e d b y a p h o s p h a t e c h a i n

s t r u c t u r e . S m a l l a m o u n t s o f p h o s p h a t e r i n g s c a n n o t b e

e x c l u d e d . I n c r e a s i n g c o n t e n t s o f n e t w o r k m o d i f y i n g

o x i d e s r e s u l t i n a d e c r e a s i n g r a t i o g r o u p s / Q ^ g r o u p s ,

i n d i c a t i n g s h o r t e n e d p h o s p h a t e c h a i n s . H o w e v e r , t h e

c h a i n - l i k e s t r u c t u r e i s r e t a i n e d . T h e s u b s e q u e n t a n -

n e a h n g o f t h e s e g l a s s e s r e s u l t s i n t h e c r y s t a l l i z a t i o n o f

a l u m i n i u m o r t h o p h o s p h a t e , a l u m i n i u m m e t a p h o s p h a t e ,

c a l c i u m m e t a p h o s p h a t e a n d c a l c i u m p y r o p h o s p h a t e .

T h e c r y s t a l l i z a t i o n o f c a l c i u m o r t h o p h o s p h a t e s , f o r i n

s t a n c e o f a p a t i t e , i s i n a c c e s s i b l e i n g l a s s e s p o s s e s s i n g

c h a i n s t r u c t u r e . H o w e v e r , b y a d d i t i o n o f i n c r e a s i n g

a m o u n t s o f N a 2 0 i t w a s p o s s i b l e t o c r a c k t h e c h a i n

s t r u c t u r e s . T h e d e g r e e o f c o n d e n s a t i o n i s s t r o n g l y d e -

c r e a s e d a n d s o m e g l a s s e s c o n s i s t o f o r t h o - a n d d i p h o s -

p h a t e g r o u p s e x c l u s i v e l y . I n t h e s e c a s e s t h e g l a s s f o r m a -

t i o n i s n o t d e t e r m i n e d b y p h o s p h a t e n e t w o r k s o r b y

t a n g l e d p h o s p h a t e c h a i n s b u t b y i n t e r a c t i o n s b e t w e e n

t h e d i f f e r e n t c a t i o n s . S i m i l a r e f f e c t s i n S i l i c a t e g l a s s e s

w e r e d e s c r i b e d b y - T r a p a n d S t e v e l s [10]. F o l l o w i n g t h e i r

n o m e n c l a t u r e , t h e g l a s s e s a r e c a l l e d p h o s p h a t e i n v e r t

g l a s s e s " .

T h e s u b s e q u e n t a n n e a l i n g o f t h e s e g l a s s e s r e s u l t s i n

t h e c r y s t a l l i z a t i o n o f a p a t i t e b e s i d e s o t h e r c r y s t a l l i n e

p h o s p h a t e p h a s e s . I t c a n b e c o n t r o l l e d b y t h e a d d i t i o n

o f n u c l e a t i n g a g e n t s , f o r i n s t a n c e i r o n o x i d e o r z i r c o n i u m

o x i d e . I n v i t r o a n d i n v i v o t e s t s s h o w e d t h a t t h e s e g l a s s -

c e r a m i c s a r e b i o c o m p a t i b l e , b i o a c t i v e a n d s t a b l e f o r a 

l o n g t i m e [11 a n d 12].

T h e d i s a d v a n t a g e o f t h e s e g l a s s - c e r a m i c s i s t h e i r l o w

m e c h a n i c a l s t r e n g t h . T h e b e n d i n g s t r e n g t h a m o u n t s t o

a r o u n d 45 M P a f o r t h e g l a s s e s a n d a r o u n d 80 M P a f o r

t h e g l a s s - c e r a m i c s . T h i s i s i n s u f f i c i e n t t o a p p l y t h e m a t e -

r i a l s a s b u l k m a t e r i a l s . H o w e v e r , t h e s e m a t e r i a l s p o s s e s s

a h i g h t h e r m a l e x p a n s i o n c o e f f i c i e n t , a, s i m i l a r t o t h a t

o f c o b a l t / c h r o m i u m a l l o y s ( p h o s p h a t e g l a s s - c e r a m i c α

(14 t o 18)  I Q - ^ K - i , c o b a l t / c h r o m i u m α  (15 t o 18)
10 ^ K~^) . T h e r e f o r e ,  a g o o d c o n n e c t i o n b e t w e e n t h e a l

l o y a n d t h e g l a s s - c e r a m i c s c o u l d b e e x p e c t e d b y u s i n g

t h e r m a l c o a t i n g t e c h n i q u e s . T o p r o d u c e p h o s p h a t e g l a s s -

c e r a m i c c o a t i n g s o n c o b a l t / c h r o m i u m a l l o y s ,  a s i m p l e

s i n t e r i n g p r o c e d u r e w a s u s e d , b u t p l a s m a s p r a y i n g i s

a l s o p o s s i b l e . T h e s h e a r i n g s t r e n g t h v a l u e s m e a s u r e d a t

s i n t e r e d l a y e r s a m o u n t t o a r o u n d 30 M P a . T h e r e s u l t s

o f l o n g - t e r m m e c h a n i c a l s t r e n g t h m e a s u r e m e n t s o f a 

s i n t e r e d g l a s s - c e r a m i c l a y e r o n a c o b a l t / c h r o m i u m a l l o y

a r e a s f o l l o w s : 10  10^ b e n d i n g c y c l e s w e r e f i x e d a s t h e

l i m i t i n g v a l u e . I t w a s r e a c h e d b y a p p l y i n g  a b e n d i n g t e n -

s i o n o f 320 M P a , a p p r o x i m a t e l y c o r r e s p o n d i n g t o t h e

b a s i c v a l u e o f t h e u s e d a l l o y (340 M P a ) [13].

T h e d e s c r i b e d r e s u l t s w e r e t h e b a s e o f f u r t h e r a n i m a l

e x p e r i m e n t s . P i n s o f c o b a l t / c h r o m i u m a l l o y c o a t e d w i t h

p h o s p h a t e g l a s s - c e r a m i c b y s i n t e r i n g w e r e i m p l a n t e d

i n t o t h e p e l v i c b o n e o f p i g s . T h e s c a n n i n g e l e c t r o n

m i c r o g r a p h ( f i g u r e 3) s h o w s  a m i c r o t o m e s e c t i o n o f a n

i m p l a n t 32 w e e k s a f t e r O p e r a t i o n . T h e I n t e g r a t i o n o f t h e

-

- - - ­

-

" 

=

 · =  · 
~ ­

· 
-



implan t in to the b o n e is good, and the obtained results
are similar to tha t of pure glass-ceramic implants. The
glass-ceramic layer of this sample possesses many
bubbles and so far it is no t exemplary. However, in the
right side of the implant  a crack is detectable caused
by the prepara t ion of the mic ro tome section. This crack
passes th rough the glass-ceramic layer exclusively, but
never th rough the interface metal/glass-ceramic, indicat-
ing an excellent mechanical behaviour of the coated im-
plants in the living body.

3. Resorbable porous phosphate glasses
After it was found that in modified calcium phospha te
Systems the prepara t ion of phospha te invert glasses is
possible, the development of resorbable phospha te
glasses possessing  a comparable s t ructure was intended
in the P 2 0 5 - C a O - N a 2 0 system. The Implantat ion of
these resorbable glasses into the living bone should
p r o m o t e the complete resorpt ion process.

Figure  4 shows the phase d iagram of the ternary S y s -

t em P 2 0 5 - C a O - N a 2 0 . Square points mark compo-
sitions forming glasses, circular points mark compo-
sitions crystallizing spontaneously. Glass formation can
be observed in composi t ions possessing more than
36 m o l % P2O5. Some of the glasses were investigated by
^ip M A S N M R . T h e Hnes of two kinds of groups
could be observed: groups mainly influenced by
sod ium ions and groups influenced by sodium and
calcium ions. Thei r contents differ clearly with the P2O5
quanti ty. Increasing P2O5 contents p romote the building
o f long phospha te chains. Decreasing P2O5 contents
p romote shor t chains. The in tended phosphate invert
glass s t ructure is no t available in the ternary system
P 2 0 5 - C a O - N a 2 0 . The further increase o f the C a O
content results in spon taneous crystallization. Glasses
conta in ing high contents o f sodium oxide react with
moisture.

I n v e s t i g a t i o n s o f M u r t h y et al. [14] s h o w e d that t h e

combina t ion o f t h e b inary S y s t e m s L i 2 0 - P 2 0 5 ,

N a 2 0 - P 2 0 5 , K 2 O - P 2 O 5 results in a considerable exten-
sion o f the glass forming area compared with that o f
the p u r e b inary S y s t e m s . H o w e v e r , b e c a u s e o f the s t r o n g

increase o f the s o l u b i l i t y , the conten t o f alkaline oxides
could no t be increased in the here investigated glasses.
Therefore, the d iagonal relat ionship l i th ium/manganese
in the periodic table was used and M g O was added. The
obta ined glasses were investigated by ^ ^ P M A S N M R
spectroscopy [15]. Cor respond ing to the decreasing
P2O5 content (caused by increasing M g O content) , the
fraction o f g roups decreases in favour o f groups.
Below 3 3 m o l % P2O5 also the fraction o f groups
decreases in favour o f ' isolated' o r thophospha te groups
a n d the glasses possess invert glass structure. In vitro
investigations o f these glasses showed excellent results in
view o f the in tended control led solubility.

1 mm

Figure 3. Scanning electron micrograph of a metal i m p l a n t

coated w i t h bioactive phospha te glass-ceramic, 32 weeks after
O p e r a t i o n , pelvic bone of p i g .
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Figure 4. Investigated glasses and glassy-crystalline materials in
the base system P 2 0 5 - C a O - N a 2 0 .

The porous textures of the glasses were obtained by
a sintering process. Mixtures of c o m m o n salt (grain size
250 to 315 pm) and glass powders (grain size a round
10 pm) were sintered at temperatures above Tg. After
sintering the salty phase was dissolved by water. The
diameters of the pores caused by dissolution vary be-
tween 150 and 400 pm (figure 5) and the total porosi ty
ranges from 40 to 75 % depending on the glass to salt
ratio of the sintered mixture (table 1). Around 1 5 % of
the porosity are caused by the sintering process. The
diameters of these pores ränge from about 1 to 60 pm.

Suitable porous resorbable phosphate invert glasses
possessing  a total porosity of a round 6 5 % were im-
planted into the tibia of guinea pigs and into the pelvic
bone of pigs. First results show that bony cells grow into
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Figure 5. Scanning electron micrograph of a po rous resorbable
phospha te invert glass.

Table 1. Porosity and pore volume of porous resorbable phos -
pha te invert glasses

sample N a C l content porosi ty in vo l% pore volume
in vol .% (open pores) in mm^/g

A I 33.3 46 312
A2 35.7 50 370
A3 40.0 56 473
A4 45.5 61 565
A5 50.0 65 680
A 6 54.5 71 924
A7 56.5 71 918
A 8 58.3 72 975
A9 60.0 74 1032

the porous texture of the implants and the pores are
filled with young bony cells only a few weeks later.
Fu r the r animal experiments have to be conducted
especially in view of the exact resorpt ion te rm of the ma
terials.
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