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Modified calcium phosphate glass systems meet the requirements for the development of different biomaterials. Bioactive, long-
term stable phosphate glass-ceramics and resorbable phosphate glasses were prepared in the systems P,Os—CaO—Al,0;—Na,O
and P,05—CaO—MgO—Na,O. Due to their high thermal expansion coefficients the bioactive phosphate glass-ceramics are excel-
lently suited for coating metals. Using a salt-sintering process, porous resorbable glasses can be obtained. The properties of glass-
ceramic coatings on cobalt/chromium alloys and the production of porous resorbable phosphate invert glasses are described.

Phosphatglaser und -glaskeramiken fiir den Einsatz in der Medizin

Modifizierte Calciumphosphat-Glassysteme bieten sehr gute Voraussetzungen fiir die Entwicklung spezieller Biomaterialien fiir
den Hartgewebeersatz. Bioaktive langzeitstabile Phosphatglaskeramiken konnen aus Glédsern des Ausgangssystems P,Os—CaO—
—Al,03;—Na,O hergestellt werden, wihrend das System P,0s—CaO—MgO—Na,O die Grundlage fiir die Entwicklung in-vivo resor-
bierbarer Phosphatgléser bildet. Die langzeitstabilen Phosphatglaskeramiken eignen sich, besonders auf Grund sehr gut angepalter
thermischer Ausdehnungskoeffizienten, hervorragend zur Beschichtung von Cobalt/Chrom-Legierungen. Dabei entstehen stabile
Werkstoffverbunde, die die mechanischen Eigenschaften des Metalls mit der Bioaktivitit der Glaskeramik kombinieren. Die Resor-
bierbarkeit der Phosphatglédser aus dem System P,Os—CaO—MgO—Na,O 1a6t sich in einem breiten Bereich steuern. Zum besseren
Einwachsen des Knochens und zur VergroBerung der Oberflache konnen diese Materialien pords gestaltet werden. Die Eigenschaften
der Glaskeramik-Metall-Werkstoffverbunde sowie die Herstellung der pordsen resorbierbaren Phosphatglaser 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 properties are contro-
versial. In contrast, ceramics, glasses and glass-ceramics
have opened up new possibilities in implantology. The
chemical compositions of these materials can be ad-
justed to that of the mineralogical part 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 strength can be compensated by the pro-
duction of glass or glass-ceramic coatings on metals or
by preparation of composites. However, besides the or-
ganic components human bone consists of crystalline
and amorphous calcium phosphates, mainly hydroxy-
apatite [Ca;o(PO4)(OH),]. 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 implantation of bioactive materials, the
living bone forms a stable physicochemical bond to the
implant. Such implants should possess a considerable
stability against the chemical and biological attacks of
the body fluid, because they are intended to remain in
the living body. The presence of apatite promotes 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-
port 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 resorption
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 phosphatic materials provided for the
use as bioactive long-term stable and resorbable bone
implants, respectively. The development of these mate-
rials possessing well-defined biological properties 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 2. Investigated glasses and glassy-crystalline materials in
the base system P,Os—CaO—AlL0;.

Q" groups are PO, tetrahedra in which » is the number
of bridging oxygen per PO, tetrahedron. Reliable infor-
mation about the nature of phosphate building groups,
the neighbouring cations and the ordering state of the
materials can be obtained by 3'P MAS NMR investi-
gations.

2. Bioactive phosphate glass-ceramics

Figure 2 shows the phase diagram of the ternary system
P,05—Ca0O—Al,0O;. The calcium and aluminium con-
tents of the melted glasses were selected as high as pos-
sible to promote the chemical stability of the glasses and
the crystallization of apatite. The square points mark
compositions forming glasses, the circular points mark
compositions which crystallize spontaneously. The
phase diagram is characterized by very high melting
temperatures in the region around aluminium ortho-
phosphate. Glass forming can be observed in compo-
sitions possessing more than 45mol% P,0s. 3'P MAS

NMR investigations showed that all glasses contain Q?
and Q! groups exclusively. Therefore, the structure of
these glasses can be described by a phosphate chain
structure. Small amounts of phosphate rings cannot be
excluded. Increasing contents of network modifying
oxides result in a decreasing ratio Q? groups/Q! groups,
indicating shortened phosphate chains. However, the
chain-like structure is retained. The subsequent an-
nealing of these glasses results in the crystallization of
aluminium orthophosphate, aluminium metaphosphate,
calcium metaphosphate and calcium pyrophosphate.
The crystallization of calcium orthophosphates, for in-
stance of apatite, is inaccessible in glasses possessing
chain structure. However, by addition of increasing
amounts of Na,O it was possible to crack the chain
structures. The degree of condensation is strongly de-
creased and some glasses consist of ortho- and diphos-
phate groups exclusively. In these cases the glass forma-
tion is not determined by phosphate networks or by
tangled phosphate chains but by interactions between
the different cations. Similar effects in silicate glasses
were described by-Trap and Stevels [10]. Following their
nomenclature, the glasses are called “phosphate invert
glasses”.

The subsequent annealing of these glasses results in
the crystallization of apatite besides other crystalline
phosphate phases. It can be controlled by the addition
of nucleating agents, for instance iron oxide or zirconium
oxide. In vitro and in vivo tests showed that these glass-
ceramics are biocompatible, bioactive and stable for a
long time [11 and 12].

The disadvantage of these glass-ceramics is their low
mechanical strength. The bending strength amounts to
around 45 MPa for the glasses and around 80 MPa for
the glass-ceramics. This is insufficient to apply the mate-
rials as bulk materials. However, these materials possess
a high thermal expansion coefficient, «, similar to that
of cobalt/chromium alloys (phosphate glass-ceramic a =
(14 to 18) - 107K !, cobalt/chromium a = (15 to 18) -
1076 K 1). Therefore, a good connection between the al-
loy and the glass-ceramics could be expected by using
thermal coating techniques. To produce phosphate glass-
ceramic coatings on cobalt/chromium alloys, a simple
sintering procedure was used, but plasma spraying is
also possible. The shearing strength values measured at
sintered layers amount to around 30 MPa. The results
of long-term mechanical strength measurements of a
sintered glass-ceramic layer on a cobalt/chromium alloy
are as follows: 10 - 10° bending cycles were fixed as the
limiting value. It was reached by applying a bending ten-
sion of 320 MPa, approximately corresponding to the
basic value of the used alloy (340 MPa) [13].

The described results were the base of further animal
experiments. Pins of cobalt/chromium alloy coated with
phosphate glass-ceramic by sintering were implanted
into the pelvic bone of pigs. The scanning electron
micrograph (figure 3) shows a microtome section of an
implant 32 weeks after operation. The integration of the
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implant into the bone is good, and the obtained results
are similar to that of pure glass-ceramic implants. The
glass-ceramic layer of this sample possesses many
bubbles and so far it is not exemplary. However, in the
right side of the implant a crack is detectable caused
by the preparation of the microtome section. This crack
passes through the glass-ceramic layer exclusively, but
never through 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 phosphate
systems the preparation of phosphate invert glasses is
possible, the development of resorbable phosphate
glasses possessing a comparable structure was intended
in the P,Os;—CaO—Na,O system. The implantation of
these resorbable glasses into the living bone should
promote the complete resorption process.

Figure 4 shows the phase diagram of the ternary sys-
tem P,Os—CaO—Na,O. Square points mark compo-
sitions forming glasses, circular points mark compo-
sitions crystallizing spontaneously. Glass formation can
be observed in compositions possessing more than
36 mol% P,0s. Some of the glasses were investigated by
3P MAS NMR. The lines of two kinds of Q" groups
could be observed: Q? groups mainly influenced by
sodium ions and Q! groups influenced by sodium and
calcium ions. Their contents differ clearly with the P,Os5
quantity. Increasing P,O5 contents promote the building
of long phosphate chains. Decreasing P,Os contents
promote short chains. The intended phosphate invert
glass structure is not available in the ternary system
P,O5—CaO—Na,O. The further increase of the CaO
content results in spontaneous crystallization. Glasses
containing high contents of sodium oxide react with
moisture.

Investigations of Murthy et al. [14] showed that the
combination of the binary systems Li,O—P,Os,
Na,O—P,0s, K,O—P,0Os results in a considerable exten-
sion of the glass forming area compared with that of
the pure binary systems. However, because of the strong
increase of the solubility, the content of alkaline oxides
could not be increased in the here investigated glasses.
Therefore, the diagonal relationship lithium/manganese
in the periodic table was used and MgO was added. The
obtained glasses were investigated by 3'P MAS NMR
spectroscopy [15]. Corresponding to the decreasing
P,Os5 content (caused by increasing MgO content), the
fraction of Q? groups decreases in favour of Q! groups.
Below 33mol% P,Os also the fraction of Q! groups
decreases in favour of ’isolated’ orthophosphate groups
and the glasses possess invert glass structure. In vitro
investigations of these glasses showed excellent results in
view of the intended controlled solubility.

Figure 3. Scanning electron micrograph of a metal implant
coated with bioactive phosphate glass-ceramic, 32 weeks after

operation, pelvic bone of pig.
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Figure 4. Investigated glasses and glassy-crystalline materials in
the base system P,Os—CaO—Na,O.

The porous textures of the glasses were obtained by
a sintering process. Mixtures of common salt (grain size
250 to 315um) and glass powders (grain size around
10 pm) were sintered at temperatures above T,. 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 porosity
ranges from 40 to 75% depending on the glass to salt
ratio of the sintered mixture (table 1). Around 15% of
the porosity are caused by the sintering process. The
diameters of these pores range from about 1 to 60 pm.

Suitable porous resorbable phosphate invert glasses
possessing a total porosity of around 65% were im-
planted into the tibia of guinea pigs and into the pelvic
bone of pigs. First results show that bony cells grow into

222

Glastech. Ber. Glass Sci. Technol. 70 (1997) No. 7



Phosphate glasses and glass-ceramics for medical applications

4. References

[1] Hench, L. L.; Splinter, R. J.; Allen, W. C. et al.: Bonding
mechanisms at the interface of ceramic prosthetic mate-
rials. J. Biomed. Mater. Res. Symp. 2 (1971) p. 117—141.

[2] Kokubo, T.; Shigematsu, M.; Nagashima, Y. et al.: Apa-
tite- and wollastonite containing glass-ceramics for
prosthetic applications. Bull. Inst. Chem. Res. Kyoto Univ.
60 (1982) p. 260—268.

[3] Vogel, W.; Holand, W.: The development of bioglass ce-
ramics for medical applications. Angew. Chem., Int. Ed.
25 (1987) p. 527—543.

[4] Strunz, V.; Bunte, M.; Stellmach, R. et al.: Bioaktive Glas-
keramik als Implantatmaterial in der Kieferchirurgie.
Dtsch. Zahnérztl. Z. 32 (1977) p. 287—290.

[5] Osborn, J. F.; Kovacs, E.; Kallenberger, A.: Hydroxylapa-
titkeramik = Entwicklung eines neuen Biowerkstoffes und
erste tierexperimentelle Ergebnisse. Dtsch. Zahnérztl. Z. 35
(1980) p. 54—56.

[6] Jarcho, M.: The future of hydroxylapatite ceramics. In:
Oonishi, H.; Aoki, H.; Sawai, K. (eds.): Bioceramics.
Vol. 1. Tokyo: Ishiyaku EuroAmerica, 1989. p. 57—61.

[7] Nebelung, A. O.; Vogt, M.: Uber die Eigenschaften von
Calciumphosphaten im Hinblick auf ihre Verwendung in
der Biokeramik. Sprechsaal 119 (1986) no. 7, p. 566—569;

Figure 5. Scanning electron micrograph of a porous resorbable no. 12, p. 1131-1134.

phosphate invert glass. [8] Courpied, J. P; Deplus, P; Barthas, J. et al.: Les bioverres
et le tissu osseux. Etude expérimentale. Int. Orthopaedics
6 (1982) p. 1-7.

[9] Pernot, F.; Zarzycki, J.; Bonnel, F. et al.. New glass-
ceramic materials for prosthetic applications. J. Mater. Sci.

Table 1. Porosity and pore volume of porous resorbable phos- 14 (1979) p. 1694—1706.

phate invert glasses [10] Trap, H. J. L.; Stevels, J. M.: Physical properties of invert
glasses. Glastech. Ber. 32 K (1959) p. VI/31-52.

sample NaCl content  porosity in vol%  pore volume [11] Holand, W.; Vogel, W.; Beleites, E. et al.. Reactions

in vol.% (open pores) in mm?/g between Bioverit® and hard tissue. In: Advances in

biomaterials. Vol. 9. Amsterdam (et al.): Elsevier, 1990.

Al 333 46 312 p. 265-270.

A2 35.7 50 370 [12] Wange, P.; Carl, G.; Naumann, K. et al.: Development of

A3 40.0 36 473 glass ceramics and ceramic reinforced glass ceramics. Silic.

Ad 45.5 61 565 Ind. 56 (1991) p. 21-27.

AS 50.0 65 680 [13] Jana, C.; Wange, P.; Grimm, G. et al.: Bioactive coatings

A6 4.5 7 924 of glass-ceramics on metals. Glastech. Ber. Glass Sci. Tech-

AT 56.5 7l 918 nol. 68 (1995) no. 4, p. 117—122.

A3 58.3 72 975 [14] Murthy, M. K.; Smith, M. J.; Westman, A. E. R.: Con-

A9 60.0 74 1032 stitution of mixed-alkali phosphate glasses. Pt. 1. Con-
stitution of constant lithium variable sodium-potas-
sium phosphate glasses. Pt. 2. Consitution of variable
lithium constant sodium-potassium phosphate glasses.

the porous texture of the implants and the pores are J. ?;151 gggam- Soc. 44 (1961) no. 3, p. 97-105; no. 10,

: p. —480.

A, st young bony cells only a few weeks later. [15] Hartmann, P; Vogel, J.; Schnabel, B.: NMR study of phos-

Further animal experiments have . to be conducted phate glasses and glass ceramic structures. J. Non-Cryst.

especially in view of the exact resorption term of the ma- Solids 176 (1994) p. 157—163.

terials.

Addresses of the authors:

J. Vogel, P. Wange
Friedrich-Schiller-Universitit
Otto-Schott-Institut fiir Glaschemie
Fraunhoferstralie 6

D-07743 Jena

P. Hartmann
Friedrich-Schiller-Universitit

Institut fir Optik und Quantenelektronik
Max-Wien-Platz 1, D-07743 Jena

Glastech. Ber. Glass Sci. Technol. 70 (1997) No. 7 223





