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The Development of Bioglass Ceramics for Medical Applications
By Werner YVogel® and Wollram Hiland

The enormous progress made in the field of medicine over the past few decades has heen
parily due to the introdoction of new mstruments but slso 3 result of the vse of pew mate-
reake It 32 impossible 10 imapgine modemn medicine withozl metals, alliys, sumtered corun-
dum, organic high polymers {also 05 compasite materialsh, plassy carbon, vic. Hioghss cor-
simies open up new possitalities Tor medical treatment and constitute o new aren ol research
in the natural sciences and medicine. Owing o therr widely variable combinations of prop-
criics. biogliss ceramics can be mare easily sdapted 1o s medical requirements tham can
customary implante. Two propertics of bioghiss ceramics are of primary impariance : their
hincompatibalily, 1.¢., acceptance of the material by the tissues of the human body withon
irritation, rejection reactions, or loxic elfects  and thenr hi-:utl'wi[_'p, 1.6 The abilil_'.- Lo &stah-
Tesh Niem intergrowths with tissees of the human bady, This property is nol shared by any ol
the cliessical baomateriabs, & wide range of applications is envisaped for the bioplass ceram-
ics that have so far been developed: some are sull undergoing animal tests while others are
being, dinically tested in humans. Pessible applications are the seplacement of verichrae
amd use in the middle ear, throad, nose, and eye, m the entine head eegion, in the shoulder
amd lep, and in dental prosthefics, in particular the replacement of dental roots {a bard
tsue substitute in the broadest sease of the word) The question as W the bebavior of a
hane/binglass ceramie contact of bond on a long-term seale and an being expesed o vary

ing mechanical stress-has still mot been: satsfactonly answesed, becavse interdisciplinary
sesearch in this field is still immedare, Al observations meade so Gar medveate, swever, that

the materials do nod cause any adverse effects,

1. Introduction

The development of n-.-.lw matenals lor bone inl]:llalll::
and substituies in man has gained migor imporlance over
e st five to ten venrs, Tn addition to metals, sinterad
corundum, and organic polymers, bioplisses and hioplss
cerandcd have come cspecially to the fore. These new im-
plant materzals ar: nol only biocompatible, like the other
cusiomry materials, but are also Woaciive. They are ool
regarded a5 foreign hodies and encapsoleted by living
bone tissue; instead, dired interprowth takes place. The
special combinations of properties required hy medicine
can be more easily sdjusted and varied in bioglisses and
bioglass ceramics than in metaks, sintered comndum_ or or-
panic polymers. Moreover, bioglasses and biopglass ceram-
s cin be more easily adapted to the nataral composition
of hone, which ohviously adds greatly to their bicactivity
and their compatibility with Hving haman lissoe. i shoakd
be mentioned at this point that some of the uses of these
new matesials in medicine extend considerably beyond
mere bone replacement. .

2. Conditions for Controlled Crystallization in G less
as the Basis for the Systematic Development of
Glass Ceramics

A review arlicle was published in this joarmal m 1963
concerning the “Structure and Crystallization Behavior of

I°] Prof. D, W, Vaged, Dy, W. HSlasd
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Glassas 0 Buhsequent studees, which l:u'nxidnrabhl EX-
tended these eadier fAindings, have since been reviewed ™!
Tiw:,r have provided o reliakle basis For the development of
a large number of new opfical and technical glasses, for
overcoming disturbances in ghiss prodoction, and for the
development of several familties of new glass ceramics with
widely differing propenties and combinations of proper-
Lies,

It can be demonstrated experimentally thil most phase
separations that occur when glass mels solidily 1o form a
solid body produce & microheterogensows structure. In the
simplest case, a droglet-shaped microglass phase is incor-
pozated in 4 matns plass phase with a different composi-
D The resultant microglase phases are not the prodect
of statistical varations i composition; they tend instead
o assume 2 composilion corresponding (o that of defined.
stable chemical compounds—the extent o which thes i
achicved depends on the degree of undercooling of the
melt. Phase separation can b controfled in 0 multihede of
winys and represeats the key to the developments cited
abave. Figure 1a shows o typacl caample of a phaite-sepa-
rated glass with a microheterogencous struclure.

The reason for phase separation 15 presamably the pres-
coce of ab lexst two differemt building proups with ex
treaely different volume reguirements. This phase separa-
tion entails considerable consequences Tor the cryvstaliiza-
tion behavior of a glass. (For 3 theeretical (reatment of
phase-separation phenomend in plasses, see Ref. [3])

The theoretical basis for hommogencous nocleation is
given by ¥olmer's equation [Esp {13, which states that
the nuckeation rate [ depends primarily on the enthalpy
of achvation required to attain the critical nuclear size,
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Fig. 1. 3} Typical immiszibilicy phendmens in 4 silicale glise Reoplics clee-

Lan graph of @ pliss fraciore surlacs peepared i 8 high vscuum. The
droples with their “fraciure faps™ ary incorporared 103 matns glos ples
of dilferent compaosilion. ki The masi of nucleation wiihim the droplet region
[replica eSsctoon micrograph}

AT A
f=idie T 2]
A = SOnSEm

AiG* = enthalpy of acirestion for reaching the critical seclear size
Ay, = enthalpy of diffsdcs

& = Bolicmasas cmnaluan|

T = rempemanice

The enthalpy  of activation consists  of  two  temms
(A0 + Al L) The total activation energy decreises by the
amount AG, i the butlding blocks of the nucleus are al-
ready present an the nucleation site. This is the case when
phise-separnted base plasses are induced 10 nucleate and
crystallize {Fip. Ibh Since the composition of the droplel
regions closely approaches that of defined, stable chemical
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compiunds, mudeation beping simultaneously in all of the
droplets, The nomber and size of the resulting crvstals can
aceordingly be varied by contralling phase-separation rhee-
nomiena in the plass. As s shown in Figure Dby growth of
the erystallite front s stopped when i reaches the droplet
phase baundary: ve., even if nuclention happeis i be de
lawecd in one ar other of the droplets, the sizes ol the crys-
tals will be comparable because growth of the nocles stops
at the droplet bouodary. The following min criteria muost
b sateelied for controlled crystallization in pluss: (e stari-
g, consditions For nucleation should be oniform ac an
finite number of equally distnbuted sites withan the tofal
volume of pglas and the Ooal prodect shoeld comain
equil-sieed erystallines with very small dimensions {uwsaally
only 3 few micrometers],

Htl’l.'l"i:l,[l'.("l'lll'ﬁllb nuéleation {i.l.'_. nuclention in the pres-
cavee: of @ forcign nucles) is described by Turnholl's rela-
Lisn |Ey. (21} Foreign nucled can be prodoced in ﬂna:-. ina

L P TT e

f=dfp = (21

variety of ways. IT at least two of ther lattice constanis do
nof differ Tvomn those ol ihe desired  erystalline phase by
wore than & 13% {or a multiple of the Tutics constants of
the desived crystalling phase), epitaxial htefactions can
oocur. In other words, the forcign nucleus that has become
capable of growth can continue (o grow with an unrelated
substanee, ie. with the molecular bnbding groeps of the
desired a:;_-.-s:aljin-: prse, which, for ex ample, may he lo-
cated i the droglets. Thas also accoonts for the fact that it
is often very dillicult or even impossible to demonsirate
and unequivocally wdentify the eteronutled in cases of epi-
tantal interadion. Epitaxy further decrenses the neceisary
crlical enthalpy of activation For nocleation, AG*, by a
fundion of & F{#, s o function of the measurable con-
tact angle & between the foreign neclews and the mel from
which the main crystalline phase 15 to be Formed, The con-
tact angle reflects the strength of the epitazial interaction.
If dqh:miliun acours, this function is always less than 1,
which means that nucleation and crystallization proceed
much more guickly than without a foreign nueleus. The ac-
tion of foreign nuclei cin (o some extent be compared with
that af imitintors,

3 Development of Bioglass Coramics—
Present Statos, Requirements, and Our Own Goals

Impariant advances have been made in the Geld of med-
icine a5 4 resolt of developments penecally involving the
use of phosphosilicate plasses (which are closely related to
the apatite-rich bone substance) W form coatings and thin
films on implani materials such 25 medals and sintered co-
rundum,™ ™ Thin glass films have also boen employed
which, in some cases, have been converted mto aystalline
apziic by tlempening. These bone-redated  plasses and
glassy arystalline films exhibit relatively good boactivities
amd honding with the bome tissee. As a rule, however, thin
films ultimately dissolve and thus beeome wseless. Thes be-
havior has been exploated Tor dilferent purposes (o de-

Angew (hem s Bd, Sagl, 5 (10877 507 59



velop completely reahsorhalle gl 5 CERIm-

amil - gl

"LAnether approach was o de vp sintered coeTnmics

ws selid matenals, nsually siniered |||u.;|u-;|_~ Cil
i

coystalime  apafite FPowdered  phosphate

which crystalliee apatte o formed by tempering have also
been used s simtered products ' The resulimg proper-
e were fhen Purthes mosdifizd by sindering mixtures of a
phasphate gliss powder and a silicote ghass powder n
which ervstalline salicates such as wollastonite or devitrite
separate aut!" " The produscis obtained are parses and
of vanable bioactivity, depending on their apatite content,
and cun be worked oo limited extent with tools made ol

hard metals. Tlerr poresity amf relatively poor mechanical

strengih, however, offen prove 10 be senous disndvan-
. I

litges

An imporant advance was made when ;I.._q_\_-._-.- crysiallme
products were obbiined by fempering solid glasses,

The [irsl important step toward the formadion of o solid
hond betwesn inerganic matesials and bene was taken by
Hench et al, with the preparagion of glass Tilms aed par
lially cryseafline plasses!"™ ™ Their hase plass had U Tol

lowding composation [wi %]

S, 4% Caly 24,5
MHad) HS Pl )

In the #9705, the development of the so-calfed ceravital
madertal {which is based on the base plass system Si,-
MaA0-Ca0-Cay{ PO, - MO K ACaF,) led o 8 significant
improvement in chenucal stability and thus opencd up the
way for pew applications.!}™" More recent developments,
which are essentrally ol based on the above base glass sys
fem, have brought abowl Forther advances ™ 7 Exiensive
studics, especially on different possible apphcasions, re-
wealed that the bioadivity of these matenals was good but
that the bonsding zone between e bone {or other tissee)
and the plassy crystalline material broadened owing b the
relatively high solubabity of the latter; moseover, thas pro-
cess did not come 1o a sandstill on prolonged comtact of
the material with the bone. This means that there is a risk
that the implant will become loose o the bonding zone
i3 subjected to mechanical strezs The bonding is ade-
quate, however, for other types of applications, The main
crystailine phases of the new materials cited are apatite
(5, [FA{POLEL wollastonite {Ca,[Si,00]), andfor devitrite
(M- 3 Callr- 6,500

The authors” swn amm has been to develop biogluss cor-
amics with novel properties by using available knowledge
abwout the microprocesses occurring on solidification of a
glass mell and during comversion of o plass to 3 glass cer-
amic by means of controlled eoystallization. The require-
ments of our meanwhile large number of medical collabo
rators vary widely; ot thus seems likely that a senes of bin-
glass matertals will be developed that 15 1o a certain degres
comparible with the range of stainless steels now available
for varicus applications, The properdies primarily required
ol

complete hiocompatibility or
mazimum hisactiviry with

maxienum mechamcal sirength,

Angeve Chem, fak B Exat, 26(198 5 327544

@ |.|.§:I-| deprec of chemical resistance, "“I"'-'-“\-'i-'lli_"." agiinsi
bacly fuids, and
wiood mackumability, ideally carmed om by the sur

o,

Lo bagcompatibility means, for example, that cell
compatibility tests, bogh i vitee end in vive, do not indi-
ciie the eccurrence of delinse repciions or texic effects
andd that direel comtact is estahlished with the bone without
the lormation of connective tissuc. Bioactivity s under

stoodd to be the ability of te implant 1o stimulate the ssoe
ta forrm @& troe Biochemical bond with it after o Hmited -

rigd of dissolution and ion exchanpe.

4. Development of Biocompatible, Machinable
Gilass Ceramics

4.1, Machinable Glass Ceramics from the System
MaO-MpO- ALY -5i0,-F
wilh Flat, Flake-Shaped Mica Crystals! ™

ned as bedng machinable if it can

be turned, milled, drilled, or threaded with metal-work
lawsls [primarily those made of hard metads) withaul ¢

ing the workpicee e fraciure as i the coee with ary
cerans. The test devised 1o compare machinability in
volves measpring the Gme required Tor o hard-metal deill
ta penetrate to 4 spedified depth under otherwise identical
conditions,

The development made by Beal! and Groromena e
2l i the cady 19705 entails the controlled separa-
tion of mica coysials in a given base ghass In order 1o en-
sure good machinability the crystals shoald be of optimal
size, chould be in muteal contact, and should account for
atwrul two-thirds of the wotal volume of the ceramic.!

Figore 2 shows a typical example of this type of material
developed by cur proope A standdord base glass (155 maol %

Fig. L Han sodivm phlogepss mica crvstals acranped like 3 “card house™ an

3 machinabde gliss Ceiy

{mcanning clociron micnigapli
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BlpCr 126 ol % ALCH, and 719 mol % 5i0k) was used m
VE.Z mic ™ ol ¢l

were replaced by Mo

ith 5.2 mod %

e s and whech wiss additionally doped

sodinm oxide. By controlled phose separation of the base
s M E ) Bl LS O Fal),
a Lype of mica, were made 0 separate out in & specific
fashion in accanlance with the given requireimeas," ™"
The machinability is based on the Tact o
fractures  produced by machining actor  preferentiafly
;|,|-_”|,-=-_ thiz (T plame of the mica crysbitls (see Fig, 3). Since

glass, sodinm philopapite crys

o macro

the crystals are mmeomutied contact, the microlractures eead-

iy pro te do neiphboring ervstals. The malenal can
thos be worked withowt shattering. The (6] plane of the

muca crystal e the prefernsd direction of fraciure owing to
the presence of afkali fons (see Fig. 43, which loosely con
el bwen |ri|'|Iq-1¢}'|_-r packers,

This ceramic, developed lor speaal applicions in
seietific instruneents and mechanical engineering, iz also

nod the srecture of phlogopie, T
hatifed Triasgles, |AIL] tcirshaidra; @ S o,
Me" " F com Be peplocod by OH - Mg by Fett '™ by

ocormpaiihis can he wsed in oa vaniety of ways in

medicine. Its physical propenes are listed in Tahle |

B plos coramed Contanmg; (i Me
ofta]s Mo 3- 15, Ml 723

Tahie | Proponsss.of the mach
phlopapite mica eryst .
[ 1T 115 8 L O

Blenuitiy

Eamear coelMicserd of thermal expuanzion |20 #©HEECY
Prl el s
Fodulus of daaiciy
Fessuie resisnce
Shick resistance

Hiydrolyic <lass I3
MAoed olxss 1
Alkaly class 1-1

noes height alter polishing LERANTTI
Ve fpanied

4.1 Glass Ceramic with Maximum Machinability from
the Systeam PvapOh B O Mgt AL (K 5000 < F

with Curved Mica Crysiald ™=

A previoasly onknown mich phase eould he indiaced

separte in g diflerem standard base & (212 maly
Ma 195 moibe Ak, 393 mal¥ 5i0d,) afler do
1.2 mol% Fooand eod mol® MO0 K600 §
ciwsbals dooml occur as Tt Aakes bui a5 cabbagelike 3
gregations of corvesd “leaves” (see Fig, 4), Comy a ol
the Mg and Al peaks in the X-ray spectra obtained by en-
ergy-dispersive electron-heam  microanalysis (ERAX)™
[see Fig. 5) revenled that the Al concentration in the curved

ng with

=re, 1 mica

mica crystals is hipher than thai in the flar cresals In
creasing the tedal (ALD, + MgO) content of the glass rela
tive to the 5§00 content resulls i replacement ol part of
the Mg™* jons by AI™ jons (1,5 Mj correspond o 1
Al ) i the new mice crystal. As o result, siresses dowelop

spherical aggrepnte [ anning dedtiun micrngraph}
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in the potnhedron bayver of the mica stracturs, which cause
the crystal to bend. Thiz state s abe reflected 0 the

M cates AL

LR

chanpe of the dioctahedron-tricctahedron character of

the crystab: as shown by Meray diffeacton. 1 the
(M pO - AlOh) concentration of the base plass were lurther
increased, cordicrite aryatials o B g AT AL 0D would be
formed. The 1A ] groaps of cordieride are stabilized by
Mg ioms. The machinabilily of the glass ceramic con-
taining curved mica crystals is four to five times better="™
than that of the glass ceramic with Mat mica Makes de
seribed in Section 4.1,

This machinable glass ceramic 1= onee again biocom pati-
hle and is suitable for many medical applications. s main
properties are compiled in Table 2.

Tabdz 2. Pruy af tke hest § Fiass cormic coetaining curved
Nuorepllegopile wets cryilake Comporifion fmed]: B0 502 (Na 0.8,
FooO 0, W0 3-07, AL, 21-36 5D, -6, F 1-7 39

Linear coetlicesn ol thermal exgansion (202007 S-Tie - K

Mechanical flex-cracking resisianoe Up s 118 MPa
Hypdralyptic: class 12

Alkali class 13
Machinstslay Excollen

4.3 Machinabbe CGlass Ceramic from the
System MayOrKO0-MeO-ALO -Si0-F
with both Mica aml Cordierite Crystald™?

Machinable plass cernmics that only contain mica crys
tals have already been described, Glass ceramucs contam

ing solely cordierite cryvstals (Mg, AlJAIS0 ] are also

Angew, ChAem Jar, Ed. Engl 16 (1971 127- 544

41, Mp/ S .31 B FLRAK sprrira

kv The mechanical strenpth and fracture (oupghness
af these muderials are particulady high. Mica and cordaes-
ite crysials can be made to separate oul simultaneonsly in
specifically modified base glasses by means of controlled
phass separation s described in Section 4.2 Glasses of the
Tollowing compositton were wsed [wi ]

S, 4350 F g
AL, I Clo 001k
(L) 11-1% Calr 01-3
Ma KA 710 Paldy  QL1=5

The plass cersmacs thuy obtaned exhibiled a combinn-
tion of advantageous properiies — good machinability, high
mechanical strength, and high [rmctore tonghess, This ma-
termal 15 soitable For a wide range of wees in d-;nl;[s:nr q'u.-[ni-.
tar these properties and becayse it is totally biocompatible;
can readily be polished, has a very low roughness heghi,
can be colored, etc.

Figure 6a shows a typacal cordiente crystallite in o tech-
mical glass
in the new glass cermamic described above is shown in Fig-
ure 6ib for comparison. The close correlations {iransition
Trom the curved phlogopite crystal to the cordiente erystal)
are clearly revealed in the ligure.

Tee: must oulstanding prope

a5 a glass defect; cordierte-mica crystalfization

5 0f the biocompatible,
machinable micy-cordisrite ploss ceramic are compiled in
Table 3.

The three types of glass ceramics described above (sec
Tables 1-3} and other subdypes that satisfy special require-
ments can he veed as biocompatible matenals in science,
technology, and medicine.

i3



Fig- 6. a) Cordierite arysal as & defodt in 2 rechifcal glass (uptical photo
micrograph). b Condicrsie orvamal in the new machinable gl cemmic thas
sritl has curved phlogopile mica crysmls [scanning cleciron micographi

Tabide 3. Properics of the mechinstds o
amic.

Crrmssy 15 pom'
Lingar coslficient of theemal expansisn (20040070 7512500 T K

[phiogopitel cordicric glass cor

Mechanicad Mexcracking rediilancn Lo PRI
Maidulus of clasziony T O
A5 Wil

Alp e 1,9 By o 1
Upio AN M1

¥Wecher's hagdasss

Hydralytic class 1-2

Acid €l 2

ATl <l 1

Row, e height afier polishing A pm
Mzchinatulity oo to vty
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5. Drevelopment of Biosactive Glass Ceramics

2.1 Machinable, Bioac {alass Cermmies amd the

Kimetic Processes Involved in Their Production!*3 1

The glass cerarmes deseribed in Secion 4 have proved
cells. An im
plant material is peocrally broactive if it contains apine

be bioceanpaiible and do pol desturch Tivi
F

vrystals, ie.. the natural building substance of bope A

The next logical step, therelore, was to use controlled crs
tnllization 1o simmlimesosly sepregitle baoth mica ._|_1|-.|.\_.:-...
pitek o apatite crvstals fooom 2 plass melt in vaaable pro
portions,. In arder 1w underss

nd the procedures esed, i

should be remembered that contrslled phiase separation is
haily the basis of and a prevequistle for almos CYEDY XFn
tearlled erystallization in gl Phise separation occurs 254
resull of the formation of stable molecular strectural
groups ond therr ennchment inspezific regions. As o rule,
ihiz comsaderably Bcilitiies nucleatien in the droplet phase
sinee e Tull amasunt of the sctivalion enerpy megensary lor

a hase plass of home clure is nad mecded Lo

tain the ertical nuele ¢ phase-scparalion sirus
sses an the types of machinable ginss
blished. What

TvELY

ture ol the hase B

ceramics already deall with hag been

suhseguedl slepes are neguircd Tor baact

S Cal) and Pob, Doping of the Bose Gilass from wiich
Fluseophlogopite Mice Crpstals Separase (s

When the base glass from whicl: phiogopite crystals sep-
arate out s doped with small proporions of Cal Pk, it
phasc-separation - structure does ot change. Figure Ta
shows a silicite deopler phase in which Mg Al alkali me
tal, and Nuoride fons along with silicic acid are cnoiched:

Fg. 7. a) FMhase- separatiss siructmre af the bw Cats Padogicd hase hans
ifier ragad emderonoling: Smell e o roplris, b) Phose separatien siruce
tire off the high Ok Polls-doped bie glass. Larpe phosphaie drogiet Thie
small silicate draplts kave dSmppeared {eeplica cloctrnn micrograph),

the matrix. phase, on the other band, s very rich in St
Doping the same base plass with high proporticns of Ca0/
Fytds chunpes its phase separation behavier fundamenealiy,
The silicate deoplet phase disappears. Instead, relatively
Farge deepbet regions rich in PO are formed in the silicate
aratrix phase {sec Fig Thi. IF the two Cals/ P00 doped
bise - glasses are subpected 1o specific thermal tremiment,
only the familiar lar phlopopite crystal Nakes
tite: will separate oot from thie low Cads PO, doped pixss,

f nid. apa-

Angew. O, Ini. Bd Ewpl, 28 (7887 527544



Uh the other Band, anly apagite ~cparates out from the
high Lald PaOdoped glass: phlozopite crysials do nog
separate out simpltineswsly. This apparently negative re-
sull ex adwe to the different phaseseparation kinetics of the
twiy doped base glasses (see Fig. 8).

Mg, AL
K, 54 F

.

Silly-rich matrix |_ Sl rich malrix

1Pyl Fhermal

tepatmend Frmat menl
plilogapite ®atite
trpslallization ceyatallzation

A B

Fig: 3. Sthematic represnianion of phase sepuraiion and crystallizmion kine-
tics et glaess shown in Fig 7.

In case A, most of the low Cal/Fal content s tiken
up homogencously by the droplet phase withoot funda-
mental alteration of the familiar crystallczation hehavior,
In case B, where Cald/Po0), doping & high, a pore phos-
phate droplet phase enriched with Ca®*, M=+, al'*,
E*/Ma, and F~ is formed in the solidified base plase
The P*' ion has a higher freld strength (z7a®, where = 15
the valency and a is the distance between the anion and
the cation} than the 5% fon (2.1 and 1.57, respectively):
the P** jon therefiore has o greater shielding tendency. A
farge propostion of the Mg ™, Al'", and alkali-metal ions
are consequently removed from the origingl silicatic drop-
let phase so thot it disappears in favor of the phosphate
droplet phase,

This process is promoted by increasing the Ouoerne con-
tent of the base glass because of 'a pronounced reduction
of vigcosity. I this base plass is tempered, onlfy apatite
crystallizes. The conditions required for simultaneous sep-
aration of phiogopits have been Iost,

Sd2 Calh (T0-19 mol %) and P00, (-9 mal %) Doping
of the Bave Clars fram which Spierical, Lamellar dggregiies
af Phlogopite Crystaly Separate O

Doping 2 bose glass having a high Mp®* asd &1°" jon
content (se¢ Section 4.7) with Ca0 and F,(% primarily
yields o three-phase glass (see Fig. %a) Two droplet phases
with different dimensions and compositions are embeddesd
wa melrix glass phase that is very rich in $i0),.

The large droplets constitute a phosphate phase that i
enriched with MgC, AlvO,, K00 MNa,0, and F~, The sinall
deoplets are also rich in Me, AL, MNo2O/K-0, and F-
and represent the original silicale separation plase, which
thus still coexists with the phosphate dropler phase.

Angew, Chem, i, Ed. Engl 26 (1987 517 544

P % g Theow e bune plees Larpe phosphisse dooglets and ssall silicai:
drapkels oietil b The Lige phesplaie droples smim o bome trani-

frrmed imo spacite crestabs scmning

keeraon micnegraph L

I a standard base glass Iroom which Mo mica Makes sep-
arate ont, the addition of phosphorus causes the formation
of o new phosplate droplet phose and the disithution @
tio for the Mg, A1, Ca' |, fuoside, and alkali-metal
wons 5 shifted Wnsidtfal}l_\- toward the phosphate phise.
The silicate deopler phase disappears,

[n the case of » base glass with a high Mg} and ALD,
conbent that separates oot spherical, lamellar aggregates off
phiogepite mica flakes, the basic sm ofF doping with CaQy
Py} is to obtain the same change in the distribution of
Mg+, AI'*, Aooride, and alkali-metal fons a5 15 found in
the standard base glass. The ratio does not, however, favor
the phosphate droplet phase so extremely. Owing fo the
higly Mgty and AlaO; content of the bage plase sufficient
Mg®®, Al'*, F-, and alkali-men ions remain in the origi-
nal silicite droplet phase so that row both droplet phases
can exist side by side (see Fig. 9a)

Whieis this type of three-phase glass is tempered, fuoro-
apaute s formed in the large phosphate droplets, The
sesall stheate droplets still contain encugh Mgt A%+
flusrde, and alkali-metal jons to permiz formation  of
phlogopite mica crystals by reaction with the matrix phase.
Since, however, the higher fteld strength of the P!* ions
compared with that of the 5i'* jons withdraws Mg™*,
A=, fluoride, and alkali-metal ions from the silicaze
droplet phase, the mica crysiaks no longer separmte out s
lamellar spheres—they revert o the Mt fake form. In Fig-
ure 5h, the farge PyOs-rich droplets are beginning to be
transformed into- apatile crystals whose faces can already
be discerned. Figure 10 shows apatife crystals together
with flucrophlepepite crystals. The catio of apatite o phio
gopite crysials and the ratio between the residual gliss
phase and the crystafline phases can be varied. Although
the machinability of the glass ceramic s redoced By the
simpitineous formiation of apatite crystals along with mica
crystals, it is stll adequate. A major part of the goal out-
lined at the gutzet has thus besn soccessfully actomplished
in the form of a base glass with the following composition
[mad %3]

Sic, 19-54 F-  ixm
ALY, B IS Caly 1034
Mgy 2-21 Pk 250

Moyl KaD 3B
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Fig: 10, Bupenve, machingtke glaos coramic. Amuiac and Meonphlogopiv:
eryslals aoenr skl by wicke 02 mate glas phase Gremning diedg ¥

i

Eraphh

Fo0d Chenmead aod Meckaaien! Prapertics

The behavier of the surfaces ol bioglass cermics towird
chemicil agentsis of particular interest with regard to their
|_||:|-_-,5i|:|'lr uses. In the standard wiled sesistanae I::Sl:..l:l':':I the
iapiuss caramic aplimized for medical applications was
fpund o belong to the “hydeolhic class™ 1-1 Machinable
pliss ceramics with a high apatite content belong to the
“hydealynic class™ 2, whereas those with a high phosphats
coatent and a low apatite content are classilied in class 3
For comparison, the values for two alernationally well-
keaown: hioglass ceramics (which are not machimable, how-
ever) belong to the “hydrolylic class™ 5. The alkah clags,
deteriraned by standand tests, is 1 and the acid class 3.
Thess two properties are of fittle significance as Tar as
medicing 5 concemed, however, becawse the teat condi-
fions are not comparible o those existing o the human
hody.

“Ringer's solution™™ iz a moded liquid that resemiles
human physiological body Muid; it is an aqueous solution
comainiag Ma®, Ca’*, C1°, and C04~ fons. Samples of
the rew machinable bioglass ceramic boiled in Pinger’s so-
lution for 40 had o muoghness height of anly 0.5 um.
Tuste o derect possible increnses in the WNa™ and K *ien
concentrations of the “Ringer solution™ due fo leaching
proveed 1o be negative.

Angther highly infusmaive method for decermining the
release of jons from an implant under guast-physiological
conditions consists in treating the powdered bioglass cer-
amic with “Trs” buofler solution (2-amino-2-hydroxy
methyl-1,3-propanadiol-HC-HL0 mixiure). The results of
these tests are given in Tabls 4,

Ferther studies showed that the relesse of MNa® and K7
igns had almeost siopped after 14 days and practically came
to o standstll after 4 weeks, A5 has alrendy been men-
ligned in Section 5.1.2, the propertics of machinable glass
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ceramics containing apatite crystals can be vaned within
wide |mits by changing the ratio of apatite to mica crys-
tals. The machinability grades determined by 2 drilling Lest
ranged [rom “machinable™ to “excellently machinable.”
Mlechanical flex-cracking resistance was measured using
samples nesting on three pomnis, values ranged from 140
M Pa for glass ceramics with a low apatiie content o 220
MPa for samples with a high apatite content. In order to
minimize scattering of the measured values, the surface of
the sample under Lt was systesnatically damaged prier to
measurement; this wis done by exposing 1@ o the astion of
SiC granulés in a rotating drum, (For mechanical proper
ties see Table 5.

Table 5. Mechanisil preperiics of the machinahle, hinstlive gliss ceranic
For compossion woe Seciiom 502

Dieniily 214 ghom

Lincar cocifeciear ol thermal axpansos M-EXbe

120- 30070

Piechandical (g oowcking resiztano 143200 MRy

Belnduluzs of alesticily TR

Pressire nesisianor i M=

Fraoans ioughnes K, Q5-10 MPam =T

Wickrrs Handnos g 1o 500 MPa 036 H ¥
I

504, Biscompetibility and Biexcriviy

The results of laboratory tests commonly osed 0 medi
cane such-as the INT reduction fesd, the LDH refeage fest,
and, in particalae, cell culmire experiments wers extfemely
favprable. [n the lawer case, the materials wers added o
the cell cultures 1o the [oem af 2 dost at a eoncentration of
0.4-3.2 mg/mL. Meither the ghss ceramic nor the Sintered
corundum reference sehstance w:Ls.FnumJ Io hidve any ef-
fect on cell multiplication; the giass ceramic must thus be
regarded as being compietely biscompatible.

The ammal experiments performed by 1 Gumee! and
K-F. Schelzel yielded further results of eriucal impor-
tance. Double implants of @ glass ceramic ond sintered co-
rundum were made in each experiment; sintered corun-
dum is kmown Lo be absolutely biocomparible.

To assess bivactivity, & series of implints were intro-
duced into the tikial heads of guinen pigs. The animals
were sacrificed &, 12, or 16 weeks later or after up to twao
years, and the tibial heads were removed and subseguently
subjected 10 special tests.

A, Them, fnr. Eol. Exgd, 267 P07} 527- 004



e sheanng strength of the implant-bone boundary
wai determingd by measaring the mechanical force neces
sary 1o push oot the implant cubes. The walues found for
olass ceramic implants wend on dver cighl tmes preater
than those for the sintersd corundum implants. The max-
mum values ware 5 NAmm Maoreover, electron micro
stopac examination revealsd that residues of bone adhered
to the Toccibly removed glass ceramic implants.

Crptical gnd electron micrographs of the ceramiz-bone
hond provided lfurther interesting insights. Figure [ 1 shows
an aptical photomicrograph revealing the direct bond be-
tween the bone and the gliss ceramic. 1t can be seen that
the alizarin-stained booe substance grows directly into the
gl.nss ceramic mmplant alter oy el.gh'[ 'ﬂ-'l:::kls. Furthermore,
Bone ceils and a blood wessel kre foned in the immediate
vicinity of the implant. Crprimal hinactivily has thus been
achieved.

Figure |Z shows an optical photomicrograph of the
hone-sintered-corundwm: contact zone that has also heen

Bioakive Gloskeromik

knochen2elan

Fig. L Imergrosth Setwees bose and glass cerimic agheowedks afior im-
plamation in an amimal esperirment, There 13 ires inigrgromih beioeen the
hinsctive 2lass cecamic aed the banc (optical phoiemizograps laksn by
O L Giwsmn' wfver alizrin scinisg (321 Tl uzlirve Gleler-
mik = hina<five plars ecmimic; Knpcien = bone! Ko neeilen = Do calls:
Murpefl =biood wesel

Fig. 12 Bone-sinperad corundum comastzone 16 wesks afler implamation
in an animal exporiment. The implant & encipaulinsd by & leyer of oonoeg
five tinsue fepllagen). There i noinkergrow th betonesn e Tiocompatibly -
plant and the bone josdical photomicropraph faken by b, J Sammed alier
sligrin siimnog 325 Tramstnion:  Simerkorund =simernl commbes,
Kaachei =hane: Bindegauess: - pomssrine lue

Aogew, Cleoe. Inr, Bl Eogl 26 <JS87) FI7 A48

glained with slizarin for comparizon. Even 16 weeks after

imiplantation oo divect bonding with the bome g wischie. A
gap between the bane and dhe imp|.|:|'|.1 has becorme (3lled
with a layer of connecieve Lssoe. The implant could cinke
quently be pulled out ke 3 cork fromn oo boltle. Simtered
corundum is thersfore biocompatihie bot not bioxciive.
Figure 13 shows o scanning electron micrograph of the
boundary faver between the glass cermmic amd the bone

aod Dome o un

dury loyer s 5

Fig - 13; Intgrgromis pong hrmoan bipaciivg phiss o
mnimal expormgni, The m um Shcknssi af the |
19 pm £ecanning cletros micrographl

Specific dissalution and won Ailfuzion Processed musl oc-
cur ab the surface of the implant eodec the action of the
cell fuid if a firm bond is to be formed belween the bone
and the implant and new coystals of apatite are (o be pro

duced. Thiz dissoluticn must, hewsver, be brought to a
hitlg 4t et Loo grear a depth, sioce the reaction zoms will
otherwize become tog wide which may lead Lo !umning af
the implant if it i5 subjected fo continuous stress leter on
Implantation experiments with the new machinable biaac-
Live ghass ceramic show that the reaction zons docs not £x-
ceed G-10pm (s=e Fig. 13} In the case of other forsign
bioactive implant materials, the corresponding oone was
1= 150 wrn and. it was not ewven certain whether the reae-
tron process had completely stopped ot the fime af exame-
naron.

Figure 14 shows an electron-beam microprobe analysis
of the boundary kuper between the bone and the implant,
The X-ray intensity profiles for Sig., Cag,. Peand K,
radiation suggest the Following;

— There is shght leaching of the glass marcis from the sur-

face of ‘the glass ceramic; however, diffusion of 5i0;
into the bone docs not oceur.
Leaching of potassium wons From the implant surfice 1
almost quantitative up 0 & depth of 5 um. This oon-
firms the prewious stalement made concerning the
width of the rezction zone.
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The G and Focomtent 15 hagher in the resction snae
lass cenimic, This indicates that dew apa-
tite is formed which results in a lirow bood betwesn the
bioceramic and the bore. The possibility of further
bome erystal growlh wsing substances dissolved from
the surface of the implant iz not exclwded.

than m the ¢

hane qlass ceram

Aalatioe wnitg
-
\-|
A
i
g

W20 30 40 50 G0 I B0 um

Fig 4. Edsttran-beam micrnprobe investigation of the fbergeowth boss
shown i Fig L X-suy intemity prafiles for S, Ko, G, and Py, mdis
o i e boundary layer

Figures 151 and b show the ceramic-bone bond after 54
and 71 weeks, respectively. The original zone of contact 15
hardiy recogmizable, particularly in Figure 15b.

Fig. 13, Scanning eleciron micsograph of e gl crramic-Some bond in an
amimal expemimesa: aj affer 54 wesks; ) aler T weecks. The conlad romc
docy not brosdeon as 2 resell of dissoluson of the glas cemmic; it
there i inlimale intergroewth
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SoLa dmerim basexsmeent oud Evaluarios of Resmles

Lahoriery and animal experiments designed wo1est the
switability of the machinable, highly bioactive glas cer-
amunc for bine implants and artificial bones have almost
been completed. Experimenis on several speoul appiica-
tions are still in progress.

The first stage of clinical westing on humans has so for
vielded solely positive sesolls. The machinable, hiphly
bigaclive ghass cerwmics. provide the surgeon with an im
plant malerial thal can not anly be subjected o the oormal
procedures used for machining metals Bl can also be b
ricated infe comples forms The surpeon himsell will be
able 140 meake spectal cormections and ch:].ngcr; ﬂujil]l:_ i
aperation.

5.2. Binactive, Piezoclectric Phosphate Glass Ceramic
Dreevwridd of Silicic Acid

11 Develppmental Tremds in Phosphate Class Ceramiics

The successful -development of biocompatible  and
browctive silicate hiogliss ceramics and their mechical nses
have resulted in medical advances and new passibilities
For medical treatment.

It is snill ot toatly certain, however, whether prolodiped
comtact ol silicale compounds with the human berdy will
produce uncesirtble reactions or negative interactions. I
wansld thies be much betier to replace bone with a pure big-
phosphite pless. ceramic whase chemieal composition cor-
responds mores closely to that of bone than do these of all
the bioplass ceramics s far developed. Preliminary effons
in this dircction have been made, 71

Thie preparation of such o material has not yet been fully
accomplished, however, because almost all phosphate
ghisses have g r-:]ati'l'u.‘ly hl:unugl:r:u-::-l:ls; hise plass strocters
and do not display the phase separation that is 3 preregui-
site for controlled coyvarallizstion. Only “wild™ crystalliza-
tion is thus posable within or at the surface of the materal
and does net produce the distinctive properties of 2 “vitro-
coramie.”

In some cases attempis have been made (o overcome the
matural structural barriers standing in the way of the dawvel.
opment of phosphate plass ceramics by using the glass-
powder sinter method """ This method consists in tempes-
ing, sintering, and crystallizing o phosphate glass powder
of suitable composition whose particle sizes approxsmately
correspond 1o the dimensions of the droplet-shaped im
miscihility regions in silicate plasses. Crystallization starts
mainly frem the surfaces of the particles and procesds in-
ward toward the center of =ach glss granule. Unifarm
crystallization with equal-sized crystallites can thus be
achieved in the sintered product by selecting a suitable
particle size. The preduct = porous, however, and ils me-
chanical sesistanes i lower than that of solid glass cerams-
1. These materals are therefore ooly of limited use for
medicine; the same also holds for the sintered products of
pure crystalline apatite."™

The main aim of owr sledies was 1o find a way of con-
verting a pure phosphate glass into a glass ceramic by

Angew, Chem, dwd. B, Emgl, 26/ T987) £27-544



means ol cantrolled crpstalizanon: one crysialline phise
B o b connpered of apatite, biecouse exising evidence
mchicated that this material would be bioactjve

SLL Neewcture ind Crpatallization Religiéor of Pirospliare

faliases

Sificate glasses are gencrally compased of o three-di-
mensional netwark of [$i0,] tetrahiedre. The intraduction
ol neswork-medilying oxides leads ta the breaking of osy-
aren Bridpes in the [5i0),] teteabedron network and resulis
in the ncorporation of the Jarge netwark- modifving ions
m the Lirge nebwork cavities consequently Tormed fsee
Fage. iz

Fig. in. Mypachencal meodcls Tee the struciune of 2} a silicote glass having a
aclvwick sirsilune: e S e, @ e M {seording (0 Fachavised sl
Warsen [3]) il Inh o0 howsie: phasphate glass having o chas dmcere: = 6,
M- Pl B Wi

In many cases, however, the network-modifying ions are
not distributed satisgically within the three-dimensional
network, Phase separation occurs owing to the different
volume requirements of two different molecular buoilding
umits, ¢ne of which tends to concentrate in one microphase
and the other in another such phase M

To some extent, the above phenomens can be compared,
on the ome hand, with sixed crysial formation in analogy
with a homogeneous glass and, on the other hand, with a
eutectic erystal mixture in analogy with a glass undergoing
microphase separation, Az has already been discussed in
Section 2, however, microphase separation of a gliss is of
criical mmponance for controelled  erystallization. The
structure and thus the erpstallzation behavior of phos-
phate glasses differ from those of silicate glasses. Acadic
phosphate glasses also oimsast of 3 network, but only three
corners of each [P0, tetmbedron are linked with neigh-
boring tetrabedny,  Basic phosphate. plasses, especially
those with a network-modilfying exide : P, matio = 1 have
a chain structurs™ ™ (see Fig. 16h), The covitics between
fangled chuins are so larpe, however, that they cen easily
accomotodale o different molecular butlding blogk of the
glass. A tendency to undergo phase separtion is therelone
not observed, It B thes smpossible 1o use the costomarny
appraach 16 satisfy the criteria for controlled crystalliza
tion in these glasees. Other ways muet be foand.

Angev. Cliewr, I Ed. Eogl. Jb f 6870 527 540

523 Development of Pyre Biephasphare (lass
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Cerumis

Cteesies o Hepe spstem CalAlo-FL0: Melis of the ter-
nary system Calk-ALO PO can solidily e Torm o
glaz within limiled ranges of compasilion. The M MNMR
studies of Hawbenpeizser ot al M in paniculor, hive elearly
demonsteated the chain struclire of these glasses. Teomper
ing brinps about zurfac: or wild crystallecaton o which
the AP, CafPOy),, and Ca, A, crvstalline phase is
formieel, Apatite does not sepanete our

Gilasses of the Spatem M= Cat-AL G -Pad aord Napf)-
I'_:wt.i-.-d.l'_-vl'l‘rl’_ﬂ’.-'-.-.f": The: chann structores ol the sysicm
Cald ALy PO, can be specilically depraded by adding
increasing. amounts of Mag0; this mu= improve the
changes for the subsequent sepiarlion of apatile.

That all ol these glases are “invert ghisses” with o PA,
comtert of fess than 50 mal % can be seen from the compo
siions o The melts fmal %):

33 4
1430

Maa 100320 AlyQy
Calk.  TEQ-275 Pk,

The struwetural groups deterenmed m the P SME sted
s ol Hawhemreisser e 0l are solely monie and diphos
phate groams.

In 1959 Frape and Seevels wers the fiest 10 demonstrate
the tendency of silicate mehts with less than 50 mol®% of
Sil; to Form glagses witheut 2 teee-dimensional nelwerk,
which they refarred to as “inven glhses. ™ The resulis
discussed here indicate that & somilar siluation may exisl in
phosphate glass mels. Hypothetical modely for the struc

tures of thess ghisses are presented in Figoee 17,

L
3y
il "L‘?a
. el -

Al £
"E“ﬁé' ;ﬁpi
e on4a ® *L

-k

Fig. 17, typotheiical model for the strecrne ol @ phosphse inven glass
Trmingles, [P0 itrahedra: black circley, cations (ha . Ca®al's)

Invert glasses, 1., glases that are composed exclusively
of very small molecular structoral groups, tend to crystal-
lize mach more rapidly. It was hoped that this would per-
haps provide a new way of achieving controlled crystalli-
zation in phosphate glasses,

After special thermal treatment, the following crystalline
phiases can be indoced to separate from the above-men-
tioned glasees: the crdobalite-satype AN, modification,
Lhe: enidymite-isodyps AIPCY, modification, f-Ca,P.0,, an
unkpown “complex phosphate,” a diphosphate, and apa-
tite. However, the crystallization is waild, Most important, a
modified hydrox ylapatite phase has been made to separic
Tor the first time,

Considerable changes in the crystallzation process are
observed on addinon of Muonide companents o mels of
the system Na O-Ca-ALCH POy, [mol %:
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Wild erystallization new produces the following orystal
line phases: Muoroapatite, the lowguartzasoiygc AP
(berhnite™ 1 which displays piezoeleciric properlies,
and the “comples phasphate phase.” TAl-NME studies
conducied by Hapberreizser o @l 2 revealed that the ratio
of fourfold- o sixfold-coordinated Al'" was 3:10 This
Fact, topether with the results of the *"P-MMR studies and
chemical analyses of the glasses, has boen vsed to deduce a
stopctiaral madel Tor the “complex phosphare™ {see Fip
143, Such a structursl model can indeed be constrcted
withoul any strain whatsoever. The precise struciure still
has to be determned, however, Allhouph controlled crys-
tallization has nol yet been achigved in this base glass, at-
tention should he drawn o the special importance of the
flusroapatite and preeoclecine berlinite crystaliine phases
that have becn prmiuced.

Fig. IE. Hypothetical srecbere ol the crysallise "oomplex phosphatz.”

Cilastex of the System Na O-Call-Aly 00 Pyl e-Feid Feyls
and  Na-Cal-AL0,-F,0-F-FellsFe, 0 Controlbled
crystallization 18 not possible in glasses with phosphate
chain structures. Phosphate plasses with an invert glass
structure {i.e., which contain exclusively mone- or diphos-
phate structural groups) tend to undergo rapid nuclzation
and erydtallization on lempering. In the comesponding
melting diagram, they are located extiemely close to the
bowndary of glass formation. Supersaturation of such
melts belonging o the system MagO-Calh-AlLOq-PaO. with
Feid/Fea3; and cooling or suhsequent lempering Wiggers
an effect that resembles phase separation but has aothing
at all e do with it

The sclected compositions of the base gheses ane
[l %]:

Masl L1357 ik |
Cald  PAOELD FelrFey, 1784
AlAO,  E-140

Figure |92 shows a replica electron micrograph of @ -
tected plass belonping o the system MNa,O-Ca()- AL,
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Fige. 19, Replica ehectron micrograph of g selected phavs of the system a0
Lok AL B e Fregly, 5} After rapid undoreonling, the glass displayd
& homogeneous sirudere. ) On lempenag, supenaiuraizzs ghenomeana s
appear: sponincous nudeation and coystallimlics eoon uniformiy thiough-
out the whole ghiss. £ A singde orystlise; 3 primary ison phisphaic e bEids
apparenily ennlmess 10 grow by mens ol epilaaaal imetacsion will the apa
tiir huilding substance.
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Pel-beld Fedls Comparison of e Tractured surface

wilh a Mol coystal test plane deardy demonstrates the ho

moapeneons sleacture of the ploss,

Frgiere 1% shaws o mice il 1zken alter ‘5||hj-_w|,inl_-
the same ghass o thermal trestment, Numerous, egoal
s, mostly ellipsaid strictuos can be seen throughout
the plass and are of the kind produced by phase separa-
tigen. Fach ellipsoid regron also containg 3 cleardy defined
nucleus {see panticulady Mg 19ch The textured struciure
in Figures 19 and oes o result of the iermination of the
supersaturation effects hecsuse of iron axides m the hase
elass.

The nucleus of the ellipseid repion consists of crystalline
iren phosphate which has not yet been fully identified. As
soon as thas primary nucleus has reached a critical size, it
apparently cominues o grow by means of epitaxial inter
actien with the hydroxylapatite busilding substance. Com
parizon of the latlice constants of opatite with those of var
s irom plosphates reveals thae ad beost two constants of
iron phosphate corespond with two constants of apatite
I
aiple, epitaxial interoctions are therefore possible: the in-

o e medd dil¥or Ry mare than & 15% (see Table 6], Tn prin-

termediary Formation of ron apatites doss not appear
b tatally inconcereable either

Tabile &, Ciunprarsion of the lirice parametes of seac aoo-—cunliising phos
phates wath those of Muore- sl hypdroxyiapaie
Coyulalline phase Lamics Dilfemacs

pnr-m"I-:l.:ri-‘.l swith poxpecl 4o apaiie [T

Flaaroapaite u= BEJ
Cag Fr{ M) B HE
Hydrnaylapine P
U O TP = DHE
ol Py o= EED — &8 — b [ = apatie &)
B 10,50 164 (2 & apalile )
r= 4y 22 {1 x apatile <}
HaleP.os, | A= T & 33 {1 Kapstite o)
b= 1300 + 03 big 7.E {| xapatilc aj
r= EO¥ — 157 his — 30 (1 x apatac a)
AT 1 dw= T.33 + A1 % apacie )
b= 720 + 145 {1 = apagiic )
= b LSk 421 {1 = apwiiie a)
Lo, Fe PO, =] = 539 + 0E e — 05 (1% apstile o}

o= D3 (1 o Epale )

[alx w05, yoa® S 7o |25

An X-my scanning micropraph tiken vsing Cay,, radia-
tion demonsirates the enrchment of Ca in the ellipsoads
{see Fig 200 X-ray dilfraction micrographs clearly inds-
cate that the clhipsoids consist of crvstalline. hydroxylapa:
tite. Furtleer tempering of such plasses eads Lo the separa-
thom of the crystalline “complex plosphate phise™ and the
triclymzte- or cristobalite-like AP, copstalline phase. Fig-
ure 21 showse the tndymitelike AIPO, ervetalline phase:
interestingly, this phuse is cxtremely similar do the tridy-
mile shape found in silicate plimes. It can also be seen,
however, that as the temperature increnses, the axes of the
star-shaped crystals rearrange 10 give the erstobalite-like
modification of AP, i which the axes inlersect ol righi
angles. Equally surprising are the ideatical appearinces of

Argew. Chear. fwt. Bd. Fogl 60871 527 544

viibpy O 1liE gles shawwm nFrg 190
o lhipsaid regione can cleady he

Fig. .y
Agrepation of Ca

“2EN,

the wriginal cristobalite in sificate plasses and the crisjobal

e-like modification of AP0,

Fig- 21. Farmation of the pidyomie-like modileatess of the ASPLS orpstal in
ihe gl matiir ob d alter funter temparing of the glass shown in Fig.
196 Tranziions o she cristobalite-like AP0y modiEofion oo be eoog-
mized al the ends of the main prowtd socs ol the staralsaped ormeal whers
ihe azcy inloevea af right angles (o g, <l eotid mecrograpil

A pnore unportant advance iy attaining optimal Rionctive
ity in phosphate ples ceramic would be achieved if, in-
stead of the cristohalites or tridymie ke musdalzestion of
AP, the lowquantz-like AIPOy modification “berlimite,”
which exhehils paesoelectne propetes " would separate
il In modern medical practice, microcurrends an: konown
to dramatically promote healing of bone Frachpes !t
Crystallization of apatite and formatien of & plesoelecine
“herdinite” ‘plaze would complement each other very fa-
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vorabely as regards developing a boactive pure phosphaie
ahnss - ceramic

Separation of “heelinite” can also eecur, dependmg on
the Muonde content, in the erystallization of melts be-
longing t0 the system Ma.O-Ca0-ALG-PAO-F A0 thos
seened |1.1gi1’:u.| i add Mooride 1w melis of the systen
MaCa AL Py Fel) Teady in order o produce
the same effect, Beparation of “kerlinite” has indeed been
obtained by adding 2494 mol% of Nueoride o base
glazses  of  the  system M O0Ca0e ALY PaD.-Fei)
- P

The complete crystallization sequence occornng during,
the tempering of cerain glasses belongmge W the system
Ma U Cal b ALY - BoFel)/ Fe,y(), is shown in Figure
I AL low lemperatores, aniron diphesphate pliase and
flupraapatite are formed in additton e the tndymite-like

Ral whiby e

T
a0g

] ——
Fig. Y. The lemperitere dependence of the sryssilizanon seqoeece of o
glaex Croe the system N OO Al O F-Fel i Feylhy w2 o apaiing
(20 O — 0, aadymite-lkie ALPCY, (FOHD & — &, berlinile {1025, r1—01,
aros diphosphale phase; & &, oomeplex phosphioe.

AP, modificatton; the latrer diecomposes at igher 1em-
peratures, however, o [orm “berliniie™ Al aboat 52570,
the crystalling “complex phosphate phase™ is formed as
well. Figure 22 also shows that an optimal apatite and ber-
linite content can be obtained at a temperatere of approxi-
mately 360°C. Thos, & pure phosphate glass with an inver
glm struciure has been :1u1:j:|:'l.|_"d Lo contralled coystalliza-
tean (e, volume coystallization) by supersalurating it with
ron oxides. I"lumm'ml.in: and the preroelecine lowgquarz
form of AIPO, partcularly improve the bioactivity of the
bipglass cermmic. It 35 not yet totally clear, however,
whether the other crystalline phosphates also contrilbute to
the increase in bioactivity.

5,24, Arimeal Experiments on the Boadiag of Phosphate
Glass Ceramics and Boae ar the Medizinische Akademic
Dresden

The first implantation experiments performed in the 5-
bal heads of puined pigs demonstrated that the bone sub-
stance grows into the phosphate plass ceramic without the
Tormation of connedive tissue {see Fig. 230 Moreover, i
croprobe imvestigalions (see Fig. 24) revenl that the hond-
ing zone is only aboot 10 pm wide and that the dissolution
process, which is a prereguisite for intergrowth, stops after
about 12 weeks (cf. Fig. 14} The wedth of the bonding
wone i The plass cerame was Liken as being the disiance

Sd0

CRPERITE W
wrapaphh Translagion: Koochen =bose. Phiosphsmelaskemmik= phosphae
Ehits ceramic

between the point i Figure 24 where the Cay,, inlensity
suddenly draps and the Al intensily simolinneonsly in-
ereases and the peint where the Cag,, and Aly, intensitics
again rench steady bevels, IT intergrowih is poor or a pap is
fermed between the glass ceramic and the bone tissoe, a
tokally different microprobe profile is abtained.

Retatie unils

)

Fip: M. Elesimn-beam microprobe profile of the honding zone = Fp 21
The ranc i not sigeaficantddy wider than chat ahamved wishosilicate glos oer
amits (. Fag. 14),

Angist, Chdar. Inr, Ed. Eagl, 20 (TREF) 32 FA4



B Development of an loorganic-Chrognie
Bonding Material as 0 Substitute For Hard Tissue

Chone cement” s onl

wired in medscene fep., to
ciibed encoprost heses « ling teeth) and usiaally Soi-
sisls of  lowemoleculne-woiglt orgamic compounds thar
quickly polymesize and barden. Inorganic additives are
often mixed with the srgame components viclding com
posite matertls. lo keeping with more recent applications
{e.g. bor Diling cavities in bones Tormed dunng opera
tians), thie

e e cement” shoubd be replaced by the
maore Niiging e '
I tlae wrganic compou

‘moldable hard-tissoe subsnse,”
£

used {e.g., methyl methacry-
Bates, polyurcthanes, polyamides, epoxide resins) ane ap
plied te a Fresh wound =

manomers of aligomers, lwey
by the bloed durimg the initial
phase prior te polymerization. They iy Chen accomulaie
a1 other sites where they can have detrimental effecls, in-

er, they may B¢ remave

cluding a pronounced drap i blood prissure, Fat émbol-

[EH R

amdl blocsd clods "™ Farthiermore, non-reacied jso-
ol with bawky [k,
id

i o give metaboliles contianmmg, aming

cyunale groups or oligomess comor

body fissucs, blood corpuescles, of individual proleins, un

derpoing Bydeol

groupe Annmlic dinmines, in particulir, are potentind cae-
cinagens 1

In all cases, the biocompatible or bigactive plass cecam
ics o other inorgamc mmuerials added o the organic com
pounds were used exclusively as fillers. The optimal par
ticle: size for the wmorginic filling matcrials is 60 m,
The reaction zone of many known biosctive glas ceramics

saches 150 jwm or more during i|'|l:|:|'5f{w,'|_|:l i.e, any Baend-
ing of bone Lo the mixture of filling matenal and hiocer-
amic parbcles occurring in the ieal phase s virtually
cantcelled out by complete dissolution of the particles.

A campletely new solution lo this problem has oow been
found ®3 A biocompatible, monomsr-free, epoxidated, po
Tymeric hydrocarton i wsed which consists solely of C, 1,
and O, It bas o mean molecalar weipht of 2000 0 600
with 50 to Ml g of epoxide cquivalents. After special sur-
face weatmicnt of the hioactive I_l‘]as;-'. ceramic powders or
other additives, they are mixed with the highly palymeric
compound to lorm a chemically bonded substance. Since

the suiface reaction sones lormed dhinng interprowih with
the hone only becomw 5- 12 pm o wide (see Section 5.1.4), 2

sulficicnt amsmend of the 4 6-pm bioglass ceramic gran-

H

le remains 10 allow irm imergrowth,. 1t i possible 1o con-
ol hﬂrdfl'lillg and the |l.':-\.l.|ll:i|i!.' :r.'ll.lss-rl‘ilsl.':s of the produet,
whach fiay viery From cartilape- hge o bone-hard, There js
wiz Dol o Far bo the manpe of applications of these new
compasie maleriale

T Climical Testing of the MNoew Bioglass Ceramics
in Man

Aonumber of the broplass corannes desenbed alsove have
bizen succmslully lested in ammals by our medical collabo-
ralers, Other bioplas ceramics that are intended for mogse
specin] applications (e,
lests in animals. Four cl
tis perform the firsd level af chmcal dests m homans in =P

in the eye) are stll underpoing

s bave been prven e goeabead

cial cases.

Al the Okt hapiiad
harite der Humboldi-Universitas Beclin, Prof, H _,-:.’||l--
aet in collaboration w [ X Gyl and 1. H.
Hvilererl, Dins suprrvise

che Kiinik {nrthopedic clinic] of

sepliccemment of e verle

bieae in several fumoer abients with a bioactive, machin
views af
i 25d

able plass cervmic. Figures 25a ¢ show sev
a destroved vertebrn before the opera
and e show the sabstitute vertebra immediately afie
the operation: it is held in place with a Selke beidpe.
The fiest patent was able 1o walk without pain alter six
months,

AL the Hals-, Nasen- wnd Ohrenklimsk (theoat, mese,
and ear chnie) of the Predrch-Schillerdniversitit
incompatible, and

Jena, o large range of machinable,
hooactive f;l.“{ umiics have heen successfully im-
planted in the middle car, the nose, the jaw, and the
entire shull region {operations performed by D K
Beledtes mnder  the  supervision  of  Prol. K.-H.
Gramaowiia)

Thee followeng operations have been performed as parn
af the first bevel of clincal tests:

» collumellization in Lympanoplasty

& asproentabion of the stpes

al 1]

Fig 2. Replucement o 2 werichia in 3 qusor patiest with o mackmable biosctve plass ceramie U, J Gasrmet, € bar

il el

1 Berlin; ap-e)

Dilferant views of the dediped wericten: dL o) The vemebesd prsthesis | X-mar paciurel Soe teat.

Augeie. Cherr. Jod 00 fngd 26 SPONTE 337 85404
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I of the auditory

reconshucioon of The posleniod
1

e reconsiraction ol the skull hase

c

& maintenamee of e base of the orbil

& coatstruction of the anterior wall of the frental sious
= rhinoplasiy

Figure 26 shows middiecar mophents oucde By the sor-

geon. They allowed the patient (0 hear normelly. Am

mal caperiments have demonsirated that inlergrowth

Do 5 and that

wilhoul ciuzing amy adverse ceact
the hincompatibl
Intergrawth i

thiz body {see Frg. 270

implant 15 covercd with epitheliom,

s plice as if the implant were part ol

Fig. I0. Maddle car impilases made of machinakic le e binalive
lass il were shaped hy e surgeo H M- Kk der
Frisdnch-Xahiller-Universitt fenag S

Fig. 27, Intergrowth of an implant made of hiscompatihle, machinable plas
crramme in an ssmsd expermmenl lasengrowsh procoeds withoul causing any
Eilatios gad U implant s covered with @l of cpithcium (epiecad pho-
samicragraph, D, £ Sefearer. - Edinik cher Fricdrich-Schiller Dniversichy
Bena)

— Ar the Onhopidische Klimk (orthopedic clinic) of the
Medizginische Akademis Dresden, muchinable bioac-
tive implants have boen used for o wide range of appl-
cations, The following eperations have been perforned
as part of the first level of clinical tests under the super-
vision of Prol. K-t Schulze in collaboration with D
W, Purath and D, T Schubert

547

recanstrachion of e coot of the acetabulum in a dis-

located hip ot the desplasee stage |pencapsolar -

preoslgenlianiy -.|l.\'l".'<!|||:='. o Pemberian)

lipament ixation o capsule lipament plastic surgery
of the knee joing

cesfentomy of the ubial head and avpmentation of the
tihial plateau

operation according 1o Bandi
partnl peplacement of vertebrme in the dozsal pard of

the spine

ventral spondyledests i the ¢covical vertehm accord-

1 10 Ratunton

o plislic surgery of the shoulder joind acconding (o

Edom-fivhinette

-

distraction osteplomy for kecping ol distance
falling ‘of lacge bone cysis (plass cermmic as filler)

Figures 28 and 24 shows two examples for the broad
application of muchmable, Moactive glass ceramics ot
the Cinhopidischen Klinik der Medizimschen Akp-

demic Divesden

al bl

Fig. 18. Uk of & wodgeshaped smpiant madi of machinabds, binetive gl
cevammic Tor treating recurmnd chebocadion of the shoulder Ty an Ddew. b
fery opermtion. sk Preoporatee; hi cipht momthe afier the operacoa. Integra-
tion snn ihe bone wilh good diniesd resulis (Pral. K.-F Sekxe, e B
Porarh, D, T. Sckaderr, Mediziosche Aksdemie Dicsden)

al ] d

Fig. 20 Use af an ohligue, cubs-duped implant made ol machinsble, oot
e phaes ceramie with a centrad hole ared @ fivation pin for bealsg patddis
femaorad arhroess by means of vemralzation of the teberele off fhe e ac
earding to Bamdi. a) Preopentive; bj one week and cf cight iihs afier the
aperation. Integration of e implam o the bane wilbost loes de 12 oo
et (Frol, F.-F Sohuler, Dv, W, Pureek, Dr. T, Schuber, Medi
Akwdemie Diresdenk

ks

Angew. Chern. far. B, Eagl, Fo (087 127-F44



Al the Khoik und Pofiklinik e Kieler CGesichis-Chir
urgis und Chingg
clinie For orsl and Greild surgery and surgissl stomain
logyh of the Sektion Stematolopie of the Medizinische
Akpdemic Dresden, dental roots have been replaced
with mactunable, highly hioactive gl cemmics ol

chie: Stommiologie {cline and poly

fowing the successlul completion of experiments o
pigs performed by Do, D B Pieker. The preliminay
results are extremely encouraping Figure b shows
some of these crude dental root implanis. they are
made Trom hyuid glnss by using a centrifugation Lech-
muger

il are lnter ceramieneed. They were made from
an impression of the ompinal afler prepaging & ceramic
mold by means of the centrifugation techmgue.

Eag. W Uride denlad sood ingelans sade of machinable, highle biaders
phass cerames The implints weore mepared by @ cosonlgatea tzchniyur
D, D & fawben, Mediinische Akdemic Dmuten)

8. Summary and Outlook

Considerable progress has been made  this young, in-
terdisciplivary area of science. Mot just sne but a whels
apectium of hioglass ceramics are now available for medi-
caf wies. The propectics of these materials can be vared
wnd adpested within wede limels 40 suit special medical e
quirements and different types of applications. However,
many questions have oo ver been satisfactonly answered;
What ‘happens (o 3 boglass ceramic/bone conlac and
intergrowth wn the long-term scale or when subjected to
heavy, variable mechanical londs? How does the pum
covering the jaw bome react to dental rood implants? As far
a3 prolonged contact is concemed, positive resuls have
beer obbwned in animal tests extending over scveral
s

Mew, unpredictable problems sometimes anse during
animal or ¢lindcal tests. 1 can be concluded, however, that
the matenials have not so far foiled in any of their clinical
applications. Thes has encouraged ux bo pursue forther the
current direction of development.

e ol the advantapes of the machinahle hioglss cer-
amics in medicine that is repeatedly stressed is that an o
plant can be modified and fitted by the surgeon with his
own instruments during the cowrse of an operation, This is
very imporiant, For instance, in CIMECEENCY SUrpery, oral
surgery, and stomatology. One of our magsr ains is W in-
creass the mechanical and shearing fesistance of bimplass
ceramics cither directly or indirectly sa-that hip joint pros-
theses can- be construcied, 01 15 ool el possible 10 sy
whether this goal can be realized. It is evident. Rowever,

dogen, Chom, fod, &, Sagl 3 (10T 527544

that the oew opportesitics ler medical teatment thae are
aflered by the development and wlilization of oew inoc-
ganic biomaterials o medicing & by one means ex-
Einested.

The gt wourdd fimafly fke to chank their mony mo-
workers amd coffahonmiory for feer aotine erd somstrEoine
copereitan. i impossible to meatior them afll Beee b
severerd e dhe Friedrich-Schiller- Universitdr Jena - deseme
special merticn for their wark oo e depclopmert af biaona-
fevinls: fr. K. Nowmans, D I Vogel, D, G Carl, Dipl -
Chem, & Wonge. Doz, T, batel. B Gidiz (X-ray crpstalio-
graphyl B, G Falksoli and feg. I Hoen (eleviron micros-
coprl, Do geo nud. Hoaberreisser (minclear puigredic. resan
e i), J“m_.f. Dir. Dl fe. Hlewbiein ara Dipd e,
M. Hise [organic paelpener dvrrl’.-lp.mr'nr} TTei HUR TS -
md experimente and chirical wesis performed by dhe fellodng
medical colleagries fuve mode o décsoe contrabunon to the
presead stars of deoclopmentt; Do seo med, L Ghimere!
¢ Humboddr- Dafoerandr Beelinl D ommd E Releies |'|r'.r.ll'|’.|l-
rick-Schiller-Univernde Peral  Brolf B ose wored K -0
Sekulze (Mediziiecte Afadenoe | Beeagdenl. De. pred. T
Kebeherr {Medizmmclie Akademie Deesdenp, W weed. W
FPuraif | Medeinizche Akpdemie Drevden), {doz, b fr xe
e, B Pinfer? (Mediziniwhe Afmdemie Thovdfend Chr
! colfecngures wiove s

thareks alve gt muny otler meds
icx ane st ai it stage of fabermtary and animal tecs. Maay
aff our own co-workers - nreeercl giudenrs, Inbanatery agsiss-
ants, aod sechnicians — fape also arade considerable o=
turtions toethe sucoes of e work presenied deere
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