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SUMMARY

This research program has had two primary objectives since
its inception: (1) to achieve a direct chemical bond between
orthopaedic devices and bone using surface active glass and
glass-ceramic materials or coatings, and (2) to develop a scien-
tific understanding of the interfacial reactions occurring be-
tween materials and bone. This report summarizes progress
toward realizing these objectives by reviewing accomplishments
of the past five years and presenting a series of new findings.

The influence of phosphorus, boron and fluorine additions
on the surface chemical reactivity of a soda-lime-silica glass
has been investigated. Several techniques, including infrared
reflection spectroscopy, ion solution analysis, scanning elec-
tron microscopy, energy dispersive x-ray analysis, x-ray dif-
fraction, Auger electron spectroscopy and ion beam milling,
have been employed to develop insight into the morphological
and chemical changes which occur on glass surfaces corroded in
a simulated physiologic environment.

The resulting corrosion layers and the influence of phos-
phorus, boron and fluorine on their compositions and rates of
formation are defined. Surface ion concentration profiles
determined with Auger spectroscopy and ion beam milling detail
the structural alterations produced by aqueous attack. A
mechanism is postulated which explains the sequence of events
leading to the formation of the multiple-layer corrosion struc-
tures.

Having defined the surface chemical behavior of the
glasses in an in-vitro environment, an effort is made to relate
these observations to the response elicited when identical
glasses are implanted in laboratory animals. Stable interfacial
fixation results when specific surface chemistry conditions are
satisfied.

The in-vivo results demonstrated that the four compositions
implanted all exhibited direct attachment to bone. There was a
wide variation in the appearance of the tissue near the implant.
Only the interface of the glass containing 6 wt.$% P,0s exhibited
a healthy zone of ossification characterized by numerous osteo-
cytes in close proximity to the glass, a layer of unmineralized
osteoid, and a layer of osteoblasts actively engaged in laying
down new osteoid. The other glasses exhibited a low density of
viable osteocytes and an absence of an active osteoid front.

Based upon the in-vivo observations, a theory is proposed
that an ideal implant material must have a dynamic surface
chemistry that induces histological changes at the implant sur-
face which would normally occur if the implant were not present.
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Development of a mechanically suitable resorbable bone
plate for the bioglass-ceramics has proven to be difficult. A
long series of in-vitro and in-vivo fabrication and design ex-
periments have been conducted to produce plates which will not
fracture during implantation. As a result of these studies
several successful implantations have been performed. Stable
fixation was maintained for relatively short periods of time
(4-9 days) followed by failure of the implants. The failures
have been attributed to static fatigue which has necessitated
further studies to optimize the mechanical strength of the bio-
glass-ceramic implants.




FOREWORD

The program undertaken in the contract is an interdisci-
plinary effort of the Departments of Materials Science and
Engineering and Mechanical Engineering, College of Engineering,
University of Florida; the Departments of Orthopaedics and
Anatomy, College of Medicine, University of Florida; and the
Department of Orthopaedics, Veterans Administration Hospital,
Gainesville, Florida.

In conducting the research described in this report, the
investigators adhered to the "Guide for Laboratory Animal
Facilities and Care," as promulgated by the Committee on the
Guide for Laboratory Animal Resources, National Academy of
Sciences-National Research Council.
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I. INTRODUCTION AND OBJECTIVES

There are two primary objectives in this program. 1) To
achieve a direct chemical bond between a ceramic material and
bone. Accomplishment of this objective will enable the devel-
opment of a wide range of orthopaedic prosthetic devices which
will not loosen with time and require removal from the
patient; and 2) to develop a scientific understanding of the
interfacial reactions occurring between materials and bone.
Accomplishment of this objective will enable the engineer and
physician to collaboratively design a materials system to
satisfy a specific combination of mechanical and physiologi-
cal requirements in medical applications.

Previous progress in achieving these objectives has been
discussed in Reports No. 1, 2, 3 and 4 prepared for this con-
tract in August 1970, August 1971, August 1972, and August
1973, respectively.

II. PROJECT OVERVIEW

In order to meet the above objectives, glass and glass-
ceramic materials have been developed which promote the forma-
tion of a direct chemical bond at the interface of the mate-
rial and bone. The direct bond is obtained without the use
of a porous structure in the glass-ceramics, thereby retaining
the intrinsic strength of these materials and also enabling
the glass-ceramics to be used as coatings on high strength
metals. As discussed in Reports No. 1, 2, 3 and 4, promotion
of the chemical bonding is accomplished by incorporating into
the glass-ceramic structures soluble sodium, calcium and phos-
phate ions in ratios which can influence the precipitation of
hydroxyapatite in bone. Variable rates of ion release have
been achieved by varying (1) the Ca/P ratio, (2) the percent-
age of network formers in the glass, (3) the type of network
former (SiO; or B203), and (4) F~ additions.

Previous in-vitro studies have been conducted to estab-
lish parameters controlling the bonding of the glass-ceramic
materials with bone. These studies have demonstrated that
the phosphate containing glass-ceramic surface enhances sur-
face crystallization of hydroxyapatite. Studies presented in
Report No. 4 showed what appeared to be a hydroxyapatite-like
layer forming on top of a silica-rich layer, due to the reac-
tion of bioglass with an aqueous medium in-vitro. The role
of a soluble Si0O; gel layer at the implant interface may be
critical for bonding in light of recent studies showing SiO,
present as an osteogenic precursor. Certain protein
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macromolecules also bond to the bioglass-ceramic surface in a
dense, randomly distributed conformation in contrast to a
highly oriented distribution on quartz surfaces and a complete
lack of bonding on other mineral and ceramic surfaces.

Continued study of the surface chemical behavior of bio-
glasses during the past year has provided a detailed analysis
of the sequence of reactions which lead to the formation of
the corrosion films. The degree of selective attack of the
silicate network and the resulting corrosion layers are influ-
enced by the quantity of phosphate in the glass, with the
addition of phosphate producing a double layered corrosion
film which is more effective in protecting the bulk glass
from aqueous attack. Detailed concentration profiles of cor-
roded bioglass surfaces have been obtained with Auger Elec-
tron Spectroscopy and ion beam milling which confirm the exis-
tence of the silica-rich gel and the calcium phosphate gel.
The crystalline product which grows from the initially amor-
phous calcium phosphate film has been identified as hydroxy-
apatite which contains a considerable quantity of CO; within
its structure.

Implantation of duplicate bioglass-ceramic samples in
rat femurs has been used to evaluate the formation of the
chemical bond at a living interface. Tetracycline tracers,
microradiography, scanning electron microscopy, light micros-
copy and transmission electron microscopy all show evidence
of new bone growth contiguous with the bioglass and bioglass-
ceramic implant surface. A histological sequence shows that
mature bone appears at points on the active glass-ceramic
surface at four weeks. After twelve weeks a complete mature
laminar interface has been established. Transmission elec-
tron micrographs show an amorphous gel-like layer immediately
adjacent to tge implant surface, with highly elongated hydroxy-
apatite crystals bridging the gap between the implant and the
mature bone which has formed around the implant. These
hydroxyapatite crystals apparently form after osteoblasts
have laid down collagen fibers on this silica gel layer.

In-vivo studies conducted during the past year support
the contention that a silica-rich gel on the glass surface
serves as the induction site for ossification. Four bio-
glasses including a soda-lime-silica glass and three composi-
tions produced by adding 3, 6 and 12 wt.$ P05 to the ternary
glass exhibited direct attachment to bone at three weeks.

As the ternary glass only forms a silica-rich surface, even
when phosphates are present in solution, and the glass-bone
interface appears very similar for all four comgositions. it
seems likely that the silica-rich layer is serving as the

site for osteoblasts to lay down the organic intercellular
substance of bone. The calcium phosphate layer which develops
as phosphorus is added to the bioglass composition may serve
as a source of ions to be incorporated into the mineralization
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process. However, an excess of calcium and phosphate ions
lead to cell death and ectopic calcification.

Bioglass-ceramics of low reactivity exhibit very slow
mineralization at the materials interface when implanted in
regions of low metabolic activity. Transmission electron
microscopy shows bone mineral development in a transition
layer next to the implant simultaneous with homogeneous min-
eralization in the newly forming bone in the repair site.

The transition layer mineralization incorporates ion released
from the implant surface and firmly bonds the newly formed
bone to the implant,establishing that interfacial chemical
variables are the critical factors in ultrastructural compat-
ibility of bone and implants.

The results of the in-vitro and in-vivo studies have been
used to develop prosthetic devices made from the bioglass-
ceramics and from high-strength metals flame sprayed with bio-
glass coatings. The mechanical strength of the interfacial
bond developed between a glass-ceramic bone splint with a
reactive surface and a rat femur was measured. Interfacial
strength began to develop as early as six weeks. After 28
weeks sufficient strength was established that the bone failed
under a torsional stress of 513 kg/cm? with the glass-ceramic
interface remaining intact. Statistical evaluation of seg-
mental bone replacement in monkeys show development of a
strong interfacial bond. Computer programs to evaluate
stresses actually applied at the implant interface are used
in the interpretation of the mechanical test data.

Partial hip prostheses for stumptail monkeys were de-
signed using biomechanics factors. The 316L surgical stain-
less steel prostheses flame spray coated with bioglass showed
stable fixation in the intermedullary canal without the use
of screws or other mechanical means of fixation. Functional
use of the hip was retained. Histological evaluation after
one year showed complete protection of neighboring tissues
from metal corrosion products.

The most recent application in this project has centered
around an effort to utilize bioglass and bioglass-ceramic
materials as resorbable bone plates for fixation of fractured
limbs. A plate was designed for application to a fractured
dog femur. Initially, problems were encountered as a result
of plate failure during the implantation procedure. Revision
of the plate design alleviated the problem and several success-
ful operations have been performed.

The plates have remained stable for a maximum of nine
days with fracture occurring as early as three days post-
operation. The problem has been attributed to static fatigue
of the plates, which has necessitated a temporary halt in
plate manufacture. A concentrated effort to optimize the
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strength of the plates by varying the fabrication process is
underway.

Implantation of bioglass-ceramics in soft tissues (rat
muscle) shows interfacial phagacytosis by macrophage cells at
a rate proportional to the solubility of the implant. This
behavior indicates the chemical specificity involved in the
biocompatibility of an implant. Although release of Na, Si,
Ca and P ions from the bioglass-ceramic surfaces, and accom-
panying creation of an alkaline pH, elicits the interfacial
mineralization required for compatibility with bone, such an
environment is foreign to soft tissue requirements and rejec-
tion occurs. The rejection occurs by digestion of the implant
by cells differentiated to achieve that end.

ITI. SUMMARY OF MAJOR ACCOMPLISHMENTS, 1969-74

1. Nonporous glass and glass-ceramic materials have been
develeped which will directly bond to bone by means of a
chemical bond. The strength of the bond is sufficient that
implants in rat femurs cannot be forcibly extracted. The bond-
ing strength is sufficient that the interfacial attachment of
the ceramic to the bone will withstand the impact force of a
milling machine cutting bar and diamond microtome.

2. Low viscosity, biocompatible glasses with a variable
rate of release of surface ions and change of surface pH have
been developed. This series of glasses involved the partial
replacement of the SiO; network forming oxide with B,0; net-
work formers. The Na0-B,03; ions in the glass complex to form
a tetrahedral structural unit akin to that of the SiO, units.
However, the viscosity of the glass is greatly reduced, thus
making it possible to flame spray or enamel the bioglass.

Both in-vitro and in-vivo evaluations establish the equivalent
behavior of this new line of bioglasses to that of the 45S5
composition originally developed in this program.

3. In-vitro evaluation of the surface chemical response
of bioglasses to a simulated physiologic environment has been
accomplished. A corrosion layer or layers are formed as a
result of aqueous attack of the glass structure. If phos-
phorus is absent from the bioglass composition, sodium and
calcium are selectively leached, producing a silica-rich gel
layer. The addition of phosphorus to the glass composition
does not interfere with the development of a silica-rich gel
layer initially. However, a second film composed of an amor-
phous calcium phosphate develops at the silica gel-water
interface and with time crystallizes to form an apatite struc-
ture. Increasing the phosphorus content of the glass compo-
sition accelerates the formation of the calcium phosphate film.
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Partial substitution of B20s for SiO2 accelerates the initial
dissolution process. The addition of fluorine to the glass
composition significantly enhances the resistance of the glass
to aqueous attack, probably by substituting for hydroxyl ions
in the apatite structure.

4. Composition profiles of the corrosion layers formed
on a series of bioglasses with increasing phosphorus content
have been measured employing Auger Electron Spectroscopy and
ion beam milling. The profiles provide detailed compositional
maps which confirm the existence of the calcium phosphate gel-
silica gel-bulk glass structure at the bioglass surface after
reaction.

5. Confirmation and extension of our earlier bone-
bioglass-ceramic interface reaction mechanism studies have
been achieved by comparing 45S5, 45BsS5 and 45S5F bioglass-
ceramics implanted in the cancellous bone of the tibial cor-
tex of young rats. All of the implants grew with the newly
forming bone away from the epiphyseal plate.

6. Ultrastructural studies of the bone-ceramic interface
have led to a new theory of the formation of the bond, which
is through the production of an amorphous ion surface gel on
the bioglass. An amorphous gel-like layer has been noted on
the surface of the implant, extending over a distance of 800
to 1,000 angstroms. This layer may be equivalent to the
substance comprising the '"cement line' in mature bone. Osteo-
blasts lay down collagen fibers onto this bonding layer and
mineralization then occurs in an ectopic manner. The result-
ing, highly elongated, crystals bridge the space between the
implant surface and the mature bone.

7. Implantation of a series of bioglasses with variable
phosphorus content has given support to the concept of the
soluble silica-rich gel serving as an induction site for
osteogenesis. In addition, there is an optimum phosphorus
level in the bulk composition which leads to a situation
where a sufficient but not excessive supply of calcium and
phosphate ions is available for incorporation into the miner-
alization process.

8. It has been shown that sufficient strength is devel-
oped at the interface of a bioglass-ceramic segmental bone
replacement that a rat femur will fracture in the bone in tor-
sion rather than at the materials-bone interface.

9. Biomechanical evaluation of femoral segmental re-
placements in primates has shown that the bond developed
between the 45S5 glass implants in bone was strong enough to
cause the fracture developed in a torsional test to pass
through the implant as well as the surrounding bone and the
interface. This demonstrates that the bond strength is quite
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substantial. This type of bond strength has not been found
in stainless steel implants flame sprayed with the 45S5F
composition.

10. Implants of the glass-ceramics of the 45S5F composi-
tion in the vastus lateralis muscle of the right hind leg of
rats showed a fibrous tissue response with the tissues firmly
adhering to the implant surface. The reactions to the im-
plants can be interpreted to show early synovial cell type
formation about the implant. It can be demonstrated that this
cell layer is involved in phagocytosis of the implant.

11. Comparison of other glass-ceramic compositions, 45S5
and 45BsS5, in rat muscle showed that the more surface-reac-
tive implant materials induced a more marked foreign body type
reaction with multinucleated phagocytic cells attempting to
destroy the implant. This general behavior is in marked con-
trast to that observed for the implant responses on bone. In
bone, the more reactive glass surfaces induced osteoblastic
formation and development of a chemical bone.

12. Long-term studies (>10,000 hours) of the solubility
and pH-time dependence of the various bioglass and bioglass-
ceramic compositions show a controlled release rate of Ca,
Na, Si and P ions from the implant surfaces. The ion losses
in buffered solutions provide the physical-chemical correla-
tion required to interpret the soft tissue and hard tissue
in-vivo responses. Fluorine additions decrease the ion re-
lease rate and thereby evoke a slower mineralization. Boron
oxide additions accelerate the interfacial reactions. Thus,
the bioglass and bioglass-ceramics can be designed to match
specific metabolic activities.

13. In-vitro solubility studies on flame sprayed 45BsS5
and 45S5F bioglass-ceramics have shown that the relative
solubilities of these two materials in the flame sprayed state
is the same as in the bulk materials.

14. Fatigue studies of flame sprayed specimens show that
stress and life are inversely related in a manner quite simi-
lar to that shown by ferrous materials. Specimens tested
while submerged in distilled water exhibit a lower fatigue
life than specimens tested dry. The wet specimens, however,
exhibited much smaller cracks once failure began than the dry
specimens.

15. In-vitro solubility studies show that crystallization
does not significantly affect the rate of surface ion release
from the bioglass-ceramics. Implants of identical specimens
in rat cortices also show interfacial bonding of bone to the
implant irrespective of degree of crystallinity. This corre-
lation shows for the first time that it is interfacial chemi-
cal variables that control ultrastructural compatibility of
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implants with bone rather than crystallographic or microstruc-
tural features of the implants.

16. Physiological dosages of parathyroid extract given to
rats for 72 hours prior to sacrifice have not evoked an osteo-
clastic resorption at the interface of the bioglass-ceramic
materials.

17. A partial hip prosthesis combining high strength
mechanical behavior and controlled biocompatibility has been
achieved on an exploratory scale by flame spray coating the
45SSF bioglass on 316L surgical stainless steel monkey hip
prostheses. The hip prostheses have been evaluated in primate
after a one-year implantation and show stable fixation in the
intramedullary canal without the use of screws, cement, or
any other means of mechanical fixation.

18. Histological analyses of the tissue reactions at the
interface of the 45SS5F flame sprayed monkey hip prostheses
shows the absence of migration of metal particles into the
tissue surrounding the implant with the bioglass coating. In
contrast, the tissues around a surgical stainless steel screw
of the same metal composition, without the bioglass coating,
have been examined after an equivalent implantation time and
show massive migration of metallic deposits into the tissues.

19. In-vitro studies have shown that the crystal structure
of the glass-ceramic will promote direct chemical bonding of
hydroxyapatite crystals at the interface. These results sug-
gest a mechanistic explanation for the direct bonding achieved
in the in-vivo studies. They also suggest means of directly
controlling bonding and interfacial reactions desired in spe-
cific medical applications.

20. Precipitation of polypeptides on the surfaces of glass-
ceramics and various other minerals have shown that the com-
patibility of proteins is a function of crystal structure and
orientation of the crystalline materials surface and is a
function of glass composition.

21. The bioglasses and bioglass-ceramics developed in this
program bond with certain charged protein groups.

22. Techniques to evaluate the nature of interfacial bond-
ing between ceramics and bone have been successfully developed.
These techniques include transmission electron microscopy,
scanning electron microscopy, microradiography, tetracycline
tracers and optical microscopy.

23. Methods for evaluating the specitif ions released at
the surface of the bioglasses and bioglass-ceramics and the
structural changes in the implant surfaces have been developed.
These include atomic absorption analysis, atomic emission
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analysis, colorimetry, infrared reflection spectroscopy,
scanning electron microscopy. Auger spectroscopy has been
recently used to understand the exact chemical nature of the
interfacial surface of the implant materials. Ion-milling

of the surface followed by segmental Auger spectroscopy reveal
the detailed sequence of Na, Si, Ca and P ions release from
the implant surface and build-up of surface gel layers.

24. An effort to enamel 316L surgical stainless steel,
in collaboration with Ferro Corporation, met with only limited
success because of diffusion of transition metal ions in the
bioglass enamel.

25. Human and chick fibroblastic tissue cultures exposed
to glass-ceramic compositions (45S5F, 45BsS5 and 45S5) were
fed and maintained under physiological conditions for periods
of two and three weeks on bioglass substrates. During that
time the cells were observed to attach to all of the bioglass-
ceramic compositions and in some instances to multiply nor-
mally. A desensitization of the bioglass surface involving
equilibration to solutions of tissue culture media is required
to achieve maximum tissue culture compatibility. This equili-
bration procedure is now used for all in-vivo prostheses prior
to implantation.

26. A systems analysis of the various activities in the
research program has been completed and has been used to
establish budget and personnel allocations as well as the
time sequencing required for the interacting functions of the
research. ‘

27. A simple method for attaching strain gages to bone
for the measurement of mechanical properties during mechanical
loading has been accomplished. Evaluation of bone plates has
been achieved using this method.

28. A set of computer programs has been developed which
allows the computation of torsional and bending stresses in
arbitrary multiply-connected cross sections. The programs are
user oriented, and allow a quite flexible input data structure.
The program has been tested using certain configurations for
which analytical stress distributions are available and has
demonstrated accuracy to within five percent of the calculated
value.

29. Application of the protein-mineral epitaxial results
obtained in this program has been made to the problem of uro-
lithiasis. The interfacial interactions between the inorganic
substances and organic matrix in the formation of urinary
stones is akin to the type of interfacial interactions being
examined in detail in this contract. Consequently, applica-
tion of these results to other medical problems appears to be
possible and our research has provided guidance on these mat-
ters wherever it seems justified.
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30. In studies of the torsional strength of paired bones
from three groups of animals it has been shown that there is
no significant left-right bias in the measured strength, and
that the standard deviation of the percent difference side-
to-side strength is typically about 0.10.
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V. REVIEW OF PROGRESS

A detailed description of the progress made in this pro-
gram during the 1973-74 contract year will be presented in the
form of four papers and one review note. These papers and
note comprise the remainder of this report and follow on succeed-

ing pages.
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A. A Comparison of Bioglass Implant Behavior Wi th

Other Orthopedic Biomaterials, by A. E. Clark
and L. L. Hench

Introduction

~

Orthopedic prosthetic devices are employed for fixation,
stabilization, and replacement of damaged or diseased bone.
A wide variety of implant configurations are in use today.
These include plates, nails, screws and pins for fixation,
and weight-bearing devices such as hip, femoral, and total
knee prostheses.

Historically, metals have played the predominant role as
prosthetic devices. As early as 1775 AD, evidence in the
literature documents the use of iron wire to suture fractured
bone segments together [1]. Since that time numerous metals
ranging from gold, silver, aluminum, zinc, lead, copper,
nickel, high carbon steel, low carbon steel, cobalt chromium
molybdenum alloy, copper aluminum alloy, magnesium, iron,
titanium, and titanium-aluminum-vanadium alloy have been
investigated as candidates for prosthetic devices [2-7]. As
might be expected, a wide range of responses is elicited by
the various metals and alloys. These responses range from
gross corrosion of the metal and bone necrosis adjacent to
the implant, to situations in which the presence of the im-
plant in a physiological environment is well tolerated and
bone formation occurs in close proximity to the implant. As
the investigation of metallic implants has progressed, a
series of requirements for an ideal implant material has
evolved. Included in this 1list are: (a) high corrosion re-
sistance, (b) suitable mechanical properties for the applica-
tion, (c) excellent wear and abrasion resistance where re-
quired, (d) good tissue compatibility, (e) structural homo-
geneity and soundness, (f) non-thrombogenicity, and (g) rea-
sonable cost [8].

Metal devices predominantly in use in this country fall
into three categories: Type 316, 316L and 317 stainless
steels (wrought); cobalt-chromium based alloys (cast and
wrought); and titanium (unalloyed, wrought). These materials
all exhibit superior corrosion resistance in the physiologi-
cal environment of the body. However, it has been demon-
strated that there is an absence of adherence between im-
plants made from these materials and bone, because there is
always a fibrous capsule or sheath surrounding the implant
and isolating it from tissue [9,10].

The thickness of the fibrous capsule is an indication of
the degree of tissue acceptability; i.e., the thinner the cap-
sule the better the acceptability. The development of the
fibrous tissue is due to cither corrosion of the implant or
mechanical irritation produced by movement of the implant
111,12},

24

e sl - - :




The lack of direct attachment of living tissue to metal-
lic implants can lead to loosening and motion. The resulting
pain can force surgical removal. Sufficient movement can
lcad to implant failure or bone fracture. As a result of
this situation, numerous investigations have been initiated
to find a material which will firmly adhere to bone.

One approach has involved the use of porous metallic im-
plants. The concept involves bone ingrowth into a porous sur-
face providing mechanical interlocking. The mechanical load
is distributed over a wide area, reducing the chance of bone
necrosis due to stress concentrations at localized sites.

Hirschhorn et al. reported deep bone ingrowth into spec-
imens of sintered T1 and Ti-6A-4V alloy with a pore size of
200 wm [13]. Welsh et al. documented bone ingrowth into
porous Co-Cr-Mo alloy (Vitallium) coatings on solid Vitallium
rods [14].

Galante et al. [15] used titanium fibers which were com-
pacted in dies and vacuum sintered. The resulting pore size
was reported to be within an order of magnitude of the fiber
diameter. Specimens placed in rabbit and dog femurs revealed
bone ingrowth after 12 weeks. In another related study, hip
prostheses were evaluated after 3 months to a year in dogs.
Deep bone ingrowth and firm stabilization were reported [16].
Pore size was 230 um.

A process to produce porous metal implants which in-
volves the use of a sacrificial metal with a low vaporization
temperature has been developed at Battelle Northwest Labora-
tories [17]. A composite containing the sacrificial metal
and the implant material is formed and machined to the desired
size and shape. The implant is heated to vaporize the sacri-
ficial metal and then sintered. Cylindrical plugs made with
304 stainless steel, Ti, and Ti-6A1-4V powders have been im-
planted into dog femurs for time intervals up to 12 weeks.
Bone ingrowth was reported to depths of 2,500 um [18].

A method for plasma spraying titanium hydride powder on
solid titanium specimens has been developed by Hahn and
Palich [19]. Implants with a porous surface (pore size 50-75
um) were implanted into femurs of sheep for 14 and 26 weeks.
A significant increase in bond strength was noted when porous
specimens were compared with implants with smooth surfaces.
Although histological examination of the bone-porous surface
was not reported, bone penetration into the pores was postu-
lated on the basis of the differences in bond strength be-
tween the porous and non-porous implants.

The use of porous metal surfaces to anchor prosthetic

devices to bone seems promising. One of the major points
which remains to be shown is the effect of the increase in
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surface area associated with a porous surface and the result-
ing corrosion which would occur over long periods of time.

Another area of interest has centered around the use of
inert porous ceramic materials. Due to their highly oxidized
state, ceramics are inert materials capable of resisting
degradation in severe environments [20]. In addition, ions
incorporated into most ceramics (Na, K, Mg, Ca) are normally
found in the body. Thus, release of these ions from a cer-
amic implant would not present as serious a problem as re-
lease of foreign or toxic elements.

One of the first attempts involved the use of a slip
cast mixture of alumina, silica, calcium carbonate and mag-
nesium carbonate. The resulting porous material (average pore
size 17 um) was strengthened by vacuum impregnating with an
inert epoxy [21]. Openings at the surface were obtained by
dissolving the epoxy to a depth of 50-70 mils with methylene
chloride. The composite material was called Cerosium and
exhibited mechanical properties similar to bone. Evaluation
of this material revealed little bone ingrowth into the pores.
This was attributed to a small pore size. In addition, a
reduction in the strength values of Cerosium which had been
implanted was related to epoxy degradation by body fluids
[22].

The use of porous calcium aluminate has been investigated
by Klawitter and Hulbert [23]. Calcium carbonate and alumina
were mixed with water, pressed into pellets, dried, and fired.
An interconnected pore structure was produced by the break-
down of the calcium carbonate and the subsequent release of
CO,. Pore size was controlled by varying the particle size
of the calcium carbonate. In-vivo studies revealed that a
minimum interconnection pore size of 100 um was necessary for
mineralized bone growth. In addition, there was a lack of
inflammatory responses due to the calcium aluminate implants.
The one unusual response was the presence of a layer of oste-
oid (~50 um thick) separating mineralized bone from the cer-
amic composite. The authors speculated that a lccal alkaline
pH change produced by hydration of the surface of the ceramic
composite inhibited mineralization within 50 um of the cer-
amic. Although there was a lack of inflammatory response
elicited, the porous ceramic cannot be considered completely
inert, because of the hydration and resulting effect on bone
mineralization.

Hulbert et al. [24] have reviewed the in-vivo behavior
of numerous porous ceramic materials and found no adverse
tissue response and mineralized bone ingrowth into several
materials.

Preliminary investigations have been conducted employing
dense aluminum oxide (A1,0;) as a prosthetic device [25].
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The development of a fibrous sheath separating bone and cer-
amic was noted as the major drawback.

Graves et al. have recently reported on the development
of a resorbabTe ceramic implant [26]. The concept of a re-
sorbable ceramic material has several attractive features.
The initial pore size can be restricted to values less than
optimum for bone penetration. This will result in an in-
crease in the initial strength of the ceramic. As resorption
proceeds, enlargement of the pore structure will stimulate -
bone ingrowth. The drop in strength associated with the in-
crease in pore size will be compensated for by the presence
of the new bone. The stress concentration at the implant-
bone interface of permanent devices is not a problem as the
material is completely resorbed with time. There is the
potential for influencing ossification through the release of
specific ions incorporated into the ceramic [26].

Calcium aluminate ceramics with additions of phosphorus
pentoxide were implanted into femurs of mature Rhesus monkeys.
The results pointed to an enhancement of bone formation at
the ceramic-tissue interface as well as within the ceramic
as the P,0s concentration was increased [26].

A completely unique approach to the problem of permanent
fixation has been initiated by L. L. Hench et al. [27-30].
The concept involves the use of surface reactive bioglasses
to achieve intimate bonding between an implant and bone tis-
sue. In-vivo results, obtained at an early stage in the pro-
gram, in the form of transmission electron micrographs,
demonstrated glass-ceramic implants intimately bonded to bone
at 6 weeks with no indication of an inflammatory response to
the implant [31]. It was suggested that some chemical char-
acteristics of the implant may have enhanced ossification at
the glass-bone interface.

The purpose of this text is to describe a systematic
study of a series of glasses (referred to as bioglasses) with
the intent of developing an understanding of their chemical
surface behavior. New surface sensitive techniques such as
Auger Electron Spectroscopy and Infrared Reflection Spectros-
copy along with several other tools have been employed to
examine the response of bioglasses to an aqueous environment
maintained at physiologic temperature and pH. An effort is
then made to relate the observed in-vitro reactions to a
series of in-vivo responses. It is the authors' opinion that
such an approach has been lacking in many previous investiga-
tions of candidate biomaterials and, hopefully, will serve
as a model for future studies.
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B. The Influence of P'%, B'® and F™! on the
Corrosion Behavior of an Invert Soda-Lime-
Silica Glass, by A. E. Clark and L. L. Hench

Abstract

The influence of phosphorus, boron and fluorine additions
on the surface chemical reactivity of a soda-lime-silica glass
has been investigated. Several techniques including infrared
reflection spectroscopy, ion solution analysis, scanning elec-
tron microscopy, energy dispersive x-ray analysis and x-ray
diffraction have been employed to develop insight into the
morphological and chemical changes which occur on glass sur-
faces corroded in a simulated physiologic environment.

The results show that the glasses investigated develop a
corrosion layer or layers in response to attack by an aqueous
solution buffered at a pH of 7.4 and maintained at 37°C.
Sodium and calcium are preferentially leached from the soda-
lime-silica glass, producing a silica-rich film which serves
as a buffer zone protecting the remaining bulk glass from
aqueous attack. As phosphorus is added to the glass composi-
tion a second film is generated at the silica-rich film-water
interface. The second film is an amorphous calcium phosphate
compound which crystallizes to an apatite structure with time.
Increasing the phosphorus content of the glass reduces the
time required for the calcium phosphate film to form. Par-
tial substitution of B,03 for SiO; leads to weakening of the
silicate network and acceleration of the initial dissolution
process. Fluorine additions significantly enhance the resis-
tance of the glass to aqueous attack, probably by substituting
for hydroxyl ions in the apatite structure of the corrosion
film.

Introduction

The corrosion of silicate based glasses can occur by
either selective leaching or complete dissolution, but usually
involves a combination of the two. In general, the process
leads to the formation of a thin film or gel on the exposed
glass surface with the composition of the gel being signifi-
cantly different from that of the uncorroded glass.

The composition and profile of the gel layer are usually
a direct measure of the durability of the glass. Studies on
binary soda-silica and lithia-silica glasses have established
that the corrosion resistance is maximized when the reactions
at the glass surface lead to the formation of a thin gel with
a high surface silica concentration [1].
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A series of invert silica glasses are under investigation
for use as prosthetic devices [2-5], and it has been demon-
strated that it is possible to achieve bonding between glass
and living bone in the body [6]. The biological acceptabil-
ity of a soda-lime-silica glass is significantly affected by
the presence of small amounts of phosphorus, boron, or fluo-
rine [7-10].

The mechanism by which the bond is developed is essenti-
ally a controlled corrosion of the glass which produces a
surface composition that is compatible with bone. The re-
sults of this study have shown that the corrosion behavior of
the bioglasses is directly related to the effects of additions
of phosphorus, boron, and fluorine on the composition and pro-
file of the resulting gel.

Four nondestructive techniques, infrared reflection spec-
troscopy (IRRS), ion concentration analysis of the corrosion
solution, scanning electron microscopy coupled with energy
dispersive x-ray analysis and x-ray diffraction,are employed
to characterize the corrosion gels. IRRS provides a direct
measure of the surface silica concentration [11], while two
parameters calculated from the solution data provide a mea-
sure of the total amount of silica available for gel forma-
tion [12]. The parameter a is a measure of the extent of
selective dissolution and varies in magnitude from 0 to 1.
When o approaches 0, selective leaching predominates. As a
approaches 1, total dissolution is the controlling proress.
The second parameter, €, referred to as excess silica, is a
measure of the amount of silica available for gel formation
and is calculated from o and the concentration of SiO; in
solution. (For a detailed discussion see Ref. 12.)

Six glasses were chosen for study. This series of com-
positions provides information as to the influence of phos-
phorus on the corrosion behavior of the ternary soda-lime-
silica glass (see comp. 1, Table 1) as well as the influence
of boron and fluorine on the behavior of glass number 3.
Glass number 3, which contains 6% P,05,is the most compatible
with bone. Boron and fluorine were added to facilitate flame
spraying onto metal substrates as they both reduce the melt-
ing temperature of the glass [13].

Experimental Procedures

The glasses were prepared from reagent grade sodium car-
bonate, reagent grade calcium carbonate, reagent grade phos-
phorus pentoxide, reagent grade boric anhydride, and S um
silica. Premixed batches were melted in platinum crucibles
in a temperature range of 1250 to 1350°C for 24 hours. Sam-
glﬁs were cast in a steel mold and annealed at 450°C for 4 to

ours,
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Table 1

Bioglass Compositions
for Surface Chemistry Analyses

Weight % Weight % Weight %
1. 45S-0% P,0s 3. 45S5-6% P,0s 5. 45BsS5
45% SiO2 45% SiO, 40% SiO;
24.5% CaO 24.5% CaO 5% B20s
30.5% Naz0 24.5% Naz0 24.5% CaO
6% PzOs 24.5% Nazo
2. 45S-3% P20s 6% P20s
45% Si0, 4. 45S5-12% P,0s 3 o
24.5% CaO 45% SiO; —_
27.5% Naz20 24.5% CaO 43% SiO0;
3% PzOs 18.5% Nazo 12% CaO
12% PzOs 16% Can
23% Nazo
6% P20s

Bulk samples of each composition were prepared by wet
grinding with 180, 320, and 600-grit silicon carbide paper.
After a final dry grinding with 600-grit silig¢on carbide
paper, samples were immersed in 200 ml of aqueous solution
buffered at a pH of 7.4. Buffering was accomplished with a
physiological buffer (trishydroxymethyl aminomethane) [14].
Stock solutions of .2 M tris (hydroxymethyl) aminomethane and
.2 M HC1 were mixed with distilled and deionized water to
produce a pH of 7.4, Temperature was maintained at 37°C and
the duration of exposure was varied from .1 to 1,508 hours.
All sample solutions were maintained in a static sta&e. A
Coleman Metrion IV pH meter with $0.05 pH accuracy qu used

to monitor change in pH.
Each sample was subjected to infrared reflection\knaly-
sis immediately upon removal from the corrosion solutidn and

compared with the spectrum of an uncorroded sample. The IR
radiation reflected from the glass surface is measured over

a spectrum of wavenumbers from 1,400 to 250 cm !. The peaks
produced are characteristic of the vibrations of specifi
ionic bonds in the glass structure [15]. By comparing the
reflectance spectra of corroded versus uncorroded glasses)\ and
also the spectra of glasses of varying composition, inforpa-
tion about the type of structural change as well as the rates
of changes can be obtained [11]. All measurements were taken
on a Perkin-Elmer 467 Grating Infrared Spectrophotometer
equipped with a specular reflectance accessory.
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Solution analysis was performed employing atomic emis-
sion spectroscopy and colorimetric techniques. Figure 1 is
a schematic block diagram of the atomic emission spectropho-
tometer employed for these analyses. Samples of buffered
aqueous solutions in which glass specimens had been immecrsed
for specific periods of time are introduced into the flame
through the nebulizer burner system. An atom vapor which
consists of atoms in the ground state and thermally excited
states is produced in the flame. As atoms in the thermally
excited states return to the ground state, they emit radia-
tion with a wavelength characteristic of the type of atom
involved. This characteristic radiation, which is isolated
in the monochromator and intensified in the photomultiplier
module, can be related to the concentration of the atoms in
the original sample solution.

The normal procedure consisted of running undiluted sam-
ples and comparing the results with a series of premixed
standards with concentrations ranging from 10, 25, 50, 100,
150 and 200 ppm of the ionic species being analyzed. Based
on these results, the unknown samples were diluted into a
range of 1-10 ppm. Premixed standards of 1, 2, 4, 6, 8 and
10 ppm were analyzed and a plot of intensity versus concen-
tration (ppm) was obtained. The diluted samples were run
along with the second series of standards. Plotting the
intensities of the unknown samples on the predetermined stan-
dard curve enabled one to obtain an accurate measurements of
the unknown ionic concentration. This method was employed
to determine calcium and sodium released into solution.

The colorimetric procedure involves the use of a Hach
Direct Reading Colorimeter which relates the intensity of
light at a specific wavelength passing through a sample solu-

tion to the concentration of a particular ion in the solution.

The colorimetric molybdosilicate method and heteropoly
blue method were used for silica determination [16]. In both
of these procedures ammonium molybdate is added to the un-
known solution, and reacts with any silica present to form
molybdosilicate acid which has a yellow color. The intensity
of the yellow color is proportional to the concentration of
silica in solution. In the heteropoly blue method, the
yellow molybdosilicate acid is reduced with aminonaptholsul-
fonic acid to heteropoly blue. The resulting blue color is
more intense than the yellow and provides a more sensitive
measurement of the amount of silica [17]. The molybdosili-
cate method has a range of 0-150 ppm, whereas the heteropoly
blue method has a range of 0-3 ppm. Normal procedure in-
volved measurement of undiluted samples with the molybdosili-
cate method, followed by dilution and a second measurement
with the heteropoly blue method. In both tests oxalic acid
was used to eliminate interference from phosphate groups.
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The Phos Ver III method [16] was employed for total phos-
phate determination. This method has a range of 0-3 ppm.
Dilutions were made until two successive dilutions yielded
the same results.

Several samples of each composition were examined with a
Cambridge Scanning Electron Microscope equipped with an Ortec
Energy Dispersive X-ray Analysis System. In this system a
lithium drifted silicon detector is used to separate radia-
tion according to its energy. X-rays, produced as a result
of the primary electron beam striking the sample surface,
excite electrons of the silicon atoms. Each of the excited
electrons absorbs 3.8 eV of energy. Since numerous electrons
are excited by a single x-ray, the total charge generated
produces a current which is proportional to the energy of the
x-ray. The current is then stored in a multichannel analy:zer
according to its amplitude, until a sufficient number of
x-rays have been counted [18].

X-ray diffraction patterns of selected samples were
utilized to identify the corrosion films which formed on the
glass surfaces. A Phillips Vertical Diffractometer with a
graphite diffracted beam monochromator was employed. CuKa
radiation was used, with tube settings of 40 kV and 15 milli-
amps. Pulse height selection was utilized to reduce back-
ground noise.

Data Analysis

Sanders and Hench have presented the following equation
for the calculation of o for binary silicate glasses:

(1) a= moles of Si0O, in solution moles SiO, in glass
moles K,U 1in solution moles R,0 1n glass

(2 - [PPM Si0 MV R*  Pm
172 PPM R? MW 5102 T-Pm

where Pm = mole fraction R0 in glass, MW = molecular weight,
PPM Si0, = concentration of SiO, in solution, and PPM R* =
concentration of R* in solution ([12].

Extension of the relation to a ternary soda-lime-silica
glass leads to the following modification of equation (2).

PPM Si0, 1-p

(3) o = ]qw SIU 4 Sioz
172 PPM Na* & ﬁl’M Ca*? PS.O
T NsT T RGs i

where Pgij0z = mole fraction of SiO, in glass and all other
symbols are as presented in equation (2). All alpha values
presented in this text were calculated from equation (3).
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The presence of small amounts of phosphorus, boron, and fluo-
rine in the bioglasses may introduce slight inaccuracies into
the absolute magnitudes of the individual alpha values. How-
ever, the significant information obtained from the a data is
the extent of selective leaching from the silicate network
with time and its effect on the resulting corrosion layers
which are produced. In this respect, the equation employed
for the alpha calculations (3) becomes a sensitive indicator
of the influence of the phosphorus, boron, and fluorine addi-
tions on the corrosion behavior of the silicate network.

The equation utilized for the calculation of the excess
silica (€) was introduced by Sanders and Hench [12] and is
presented in equation (4).

(4) € = PPM SiOz(—l—;‘—a

Results

The time dependent behavior of ion release into solution
is presented in Figures 2-5 for the four glasses with increas-
ing phosphorus content. The glasses containing 0, 3 and 6
wt.% P,0s exhibit an orderly decrease in the amount of Na, Ca
and SiO2 in solution, whereas the glass containing 12% P,0s
reverses the trend with an increase in Si0O, and Ca released
compared with the 6% P,0s glass.

Figure 5 shows the phosphorus solution data for the
three glasses with increasing phosphorus content. The behav-
ior of all three compositions is similar in that a linear in-
crease is followed by a drop in the phosphorus level. The
glass containing 3% P,0s exhibits an increase in phosphorus
released for 100 hours, whereas the glasses containing 6 and
12% P20s show a drop after 10 hours.

The theoretical parameters a and € are calculated from
the solution data. Figure 6 is a plot of a, the extent of
selective leaching, versus time for the four glasses. The
glass containing 0% P,0s exhibits a behavior which suggests
that selective leaching predominates throughout the entire
process. Although the curve initially increases, indicating
a tendency towards complete dissolution [12], the maximum a
value attained is only 0.37 and this is followed by a leveling
off to an a value of 0.28. As the phosphorus content of the
glass is increased, the maximum a value achieved increases,
with the glass containing 12% P,0s having an a value of 0.6
at 100 hours.

In evaluating the influence of P,0s content on the over-
all corrosion process, Figure 6 can be divided into three time
regimes. During the initial 20 hours of exposure the glasses
containing 0, 3 and 6 wt.% P,0s show a fairly consistent
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increase in their respective a values. The curve obtained
for the glass containing 12% P20s fluctuates above and below
the curve of the 6% P20s glass. In region II a uniform trend
is observed, i.e., as the P,0s content increases the a values
increase. At 100 hours this behavior reverses with the
glasses containing a larger percentage of P,0s exhibiting a
more negative slope as the a values drop (region III).

Epsilon is plotted as a function of time in Figure 7.
As was stated earlier, epsilon is a measure of the amount of
silica available for film formation. An increase in epsilon
indicates that a film is forming while a decrease is a result
of film breakdown. In order for a film to be protective it
should have a high epsilon value. However, the magnitude of
epsilon alone does not completely characterize the effective-
ness of a corrosion film. The profile of the film is an
important parameter. Thin films with a high concentration of
silica at the surface (within 5 um) are much more effective
at retarding network breakdown and release of silica into
solution than are thicker films with a more even silica dis-
tribution.

The data of Figure 7 illustrate that, as the P,0s content
increases, the amount of silica available for film formation
decreases for the glasses containing 3 and 6 wt.% P,0s. The
curve for the 12% P,0s glass deviates from this pattern.

Infrared reflection spectra of vitreous silica and the
glass containing 6% P20s are shown in Figure 8. The vitreous
silica peak at 1,115 cm™' has been attributed to a bond
stretching vibration of silicon-oxygen-silicon atoms [19,20],
while the peak at 475 cm™' is produced by bending or rocking
motions of silicon-oxygen-silicon atoms [19,20]). As alkali
or alkaline-earth oxides are added to vitreous silica several
events occur. The Si-0-Si (S) stretching peak experiences a
reduction in intensity and a shift to a lower wavenumber.
Also, the intensity of the Si-O rocking (R) peak is suppressed.
In addition, a new peak develops in the region of 950 cm™!
The addition of alkali and alkaline earth oxides (i.e., Na,O0,
Ca0) disrupts the continuous three-dimensional vitreous silica
network by producing silicon-nonbridging oxygens to satisfy
the new cations (i.e., Na* or Ca). The intensity drops of
the S and R peaks of vitreous silica are due to the decrease
in the number of Si-0-Si bonds. The new peak at 950 cm~! has
been ascribed to bond stretching of the silicon-nonbridging
oxygen atoms (NS) [11]. The shift of the S peak to a lower
wave number is a result of the change in local environment
brought about by the presence of the silicon-nonbridging
oxygen-cation groups. Simon and McMahon have indicated that
the Si-O bond force constant is decreased by the presence of
the cationic field of the network modifiers [21].
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Infrared reflection spectra of corroded and uncorroded
surfaces from the series of glasses containing P,0s are pre-
sented in Figure 9. Comparison of the uncorroded spectra
with the short and long corrosion times reveals several
interesting facts. The silicon-oxygen-silicon stretching
peak (S) at 1,000 cm™ ' begins to sharpen and shift towards
the location of the Si-0-Si stretching peak for pure vitre-
ous Si0; (1,115 cm™ ') after 15 minutes for the glass contain-
ing 0% P20s. Simultaneously there is a considerable drop in
the intensity of the silicon-nonbridging oxygen peak (NSX) at
950 cm~'. The silicon-oxygen rocking peak (R) located at 500
cm~ ! also increases in intensity and sharpness after 15 min-
utes' corrosion. In addition, there is a shift in location
towards the Si-0-Si rocking vibration frequency of pure sil-
ica (475 cm~'). These trends continue for a corrosion expo-
sure of 120 minutes with one exception. The intensity of the
rocking peak at 475 cm™ ! is somewhat lower than it was at 15
minutes.

For glasses with higher phosphorus contents, the 15-
minute spectra show an increasing preferential attack of the
silicon-oxygen-silicon stretching peak (S), and a decreasing
preferential attack of the silicon-nonbridging oxygen peak
(NSX). The increase in intensity, and location of the shift
of the silicon-oxygen rocking peak (R) are also retarded for
the higher phosphorus glasses.

At corrosion times varying from 75 to 120 minutes, there
is a complete reversal in behavior. For each of the three
glasses containing P,0s there is an increase in the intensity
of the S peak while the intensity of the NSX peak is signifi-
cantly reduced. The longer corrosion times for each composi-
tion represent the maximum exposure before the glass surface
has roughened to the point where the intensity of the spectra
is reduced to the extent that reliable data cannot be ob-
tained. The time required before surface roughening dominates
is shortened as the P,0s content of the glass increases.
Eventually the spectra of the glasses containing P,0s become
flat curves with a very low intensity.

However, with sufficient corrosion time a new infrared
spectrum develops which is different from that of the glass.
Figure 10 contains a series of IR spectra which illustrate
the sequence of reactions for the glass containing 6% P,0s.
This new spectrum (see Figure 10d and e) develops for all
three glasses containing P,0s, the only variable being the
length of corrosion treatment required to produce it. The
new spectrum begins to appear in as short a time as 4 hours
for the glasses containing 12% P,0s, and takes 12 hours to
develop for the glass containing 3% P,0s.

X-ray spectra taken from the glass containing 6% P,0s
with the energy dispersive system of the SEM are shown in
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Figure 9. Changes in infrared reflection spectra of four

bioglasses with increasing phosphorus content as
a function of corrosion time. Solutions were
buffered at a pH of 7.4 and maintained at 37°C.
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Figure 10. Changes in infrared reflection spectrum of bio-
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glass composition 455-6% P,0s as a function of
corrosion time.




Figure 11. The iron peak seen in each of the spectra is pro-
duced by x-rays originating from a pole piece in the SEM
column. The variance in the size of the iron peak indicates
that identical conditions (i.e., specimen tilt angle and
counting rate) were not achieved for each spectrum. A crude
comparison of peaks from different spectra can be obtained
by dividing the peak intensities of the various elements by
the intensity of the iron peak in the same spectrum. Another
way of achieving the same end is by comparing the ratio of
two peaks in one spectrum with the same ratio from another
spectrum.

After two hours in solution, the Si/Ca ratio for the
glass with 6% P,0s has increased from 0.9 to 2.2. In addi-
tion, the sodium and phosphorus peaks have completely dis-
appeared. The Si/Ca ratio began to drop after two hours and
at 1,500 hours was 0.23. The phosphorus peak reappears at
20 hours and continues to increase with corrosion time. The
24-hour spectrum shows that the ratio of Si/Ca has dropped to
1.43 while the ratio of Ca/P is 2.4. At 1,500 hours the phos-
phorus peak has reached a sufficient magnitude to make the
ratio of Si/P (.47) and Ca/P (2.04) several times smaller
than was observed in the uncorroded glass.

Micrographs of the corroded surfaces of the four glasses
with variable phosphorus content are shown in Figure 12.
Although the exposure time was only 1 hour, a thick film has
formed on the surface of each glass, indicating a significant
amount of corrosion has already occurred. Figure 13 is a
plot of the change in ratio of Si/Ca as a function of P,0s
content for the four samples shown in the preceding figure.
The Si/Ca ratio of each glass in the uncorroded state is also
included. The ratio of Si/Ca drops significantly as the P,0s
content of the glass increases. However, the ratio of Si/Ca
is greater in the corroded glass than in the uncorroded glass
for all four compositions.

Figures 14-17 present the time dependent behavior of ion
release into solution for the glasses which contain boron and
fluorine. Since these two glasses are variations of the com-
position containing 6% P;0s, its solution data are included
for comparison., The release of SiO; and Na'! into solution
is similar for the three compositions. However, it should be
noted that after .1 hour of exposure, the amount of silica
released into solution is slightly higher for the boron-
containing glass at every point on the curve. Comparison of
the glass compositions (see Table 1) reveals that 5 wt.% B,0;
was substituted for SiO;. Thus, the glass which contains
boron has the least amount of silica in its bulk composition.

There is a significant difference in the behavior of

calcium released into solution (Figure 16). At 10 hours
there has been more Ca*? released from the glasses containing
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boron and fluorine than from the glass containing 6% P,0s.

The level of calcium released remains fairly constant through-
out the remaining 12490 hours for the glass containing fluo-
rine, while the Ca*® release level of the glass containing

6% P20s surpasses it at approximately 150 hours. The level

of calcium released into solution for the glass containing
boron continues to increase at a slower rate after 10 hours,
but it remains above the Ca*? release level of the glass con-
taining 6% P20s for the entire duration of the corrosion
treatment.

Up to 10 hours, the concentration of phosphorus in solu-
tion is very similar for the glass containing fluorine and
the glass containing 6% P20s (see Figure 17). After this
point there is a drastic drop in the P*® level for the glass
containing fluorine. The glass containing boron parallels
the glass containing 6% P.0s but the P*® level is signifi-
cantly lower at every point.

Figures 18 and 19 show the alpha (a) and epsilon (eg) data
for the glasses containing fluorine and boron as well as the
glass containing 6% P:0s. The alpha curve (Figure 1%) for the
glass with boron rapidly attains a maximum value of .58.

After two hours there is a gradual decrease in alpha and at
1,500 hours it has dropped to a value of .25. The alpha
curve for the glass containing fluorine remains constant at

a value of .45 for two hours, and then increases to a maximum
value of .56 at 40 hours. After 40 hours alpha decreases
linearly to a value of .4 at 1,500 hours.

The amount of silica available for film formation (e)
increases uniformly for all three compositions for the initial
10 hours (see Figure 19). After 10 hours, the epsilon values
for the glass containing boron are significantly higher than
those of the glass containing 6% P,0s, while the epsilon
values of the glass with fluorine are lower than those of the
glass with 6% P,0s.

Infrared reflection spectra of the glass containing
boron (Figure 20) reveal the same sequence of steps as was
seen for the glass containing 6% P,0s. Initially there is
selective attack of the silica peak (15-minute exposure), but
by one hour a silica-rich layer has formed on the surface.
Surface roughening leads to a drop in intensity of the entire
spectrum, producing a flat curve at three hours. A new spec-
trum begins to develop within 7 hours, and is identical to
the spectrum which was described previously for the glasses
containing 3, 6 and 12% P,0,4.

A similar series of reactions was observed for the glass
containing fluorine and the results are presented in Figure
21. One difference between the glass containing fluorine and
all other compositions was the shape of the peaks in the IR
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REFLECTANCE

A. 45B5S5 FRESHLY ABRADED

B. 15 MIN.IN SOL.

C. 1 HR.IN SOL.

D. 3 HRS. IN SOL.

E. 75 HRS. IN SOL.
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Figure 20, Changes in infrared reflection spectrum of the

59

bioglass 45BsSS as a function of corrosion time.
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Figure 21. Changes in infrared reflection spectrum of the
bioglass 45SSF as a function of corrosion time.
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spectrum which developed after the spectrum of the glass dis-
appeared. Figure 22 enables one to compare the IR spectra of
the glass containing 6% P.0s, the glass containing boron, and
the glass containing fluorine, after each had been in solution
for 100 hours. There are three peaks in the wavenumber region
500-650 cm™' and the peak at 600 cm”! has the greatest inten-
sity for the glass containing fluorine. The spectra of the
other two compositions have only two peaks in this region and
the peak at 560 cm™' is dominant. In addition, the main peak
at 1,035 cm™! is sharper and more intense for the glass with
fluorine than for either of the other two compositions.

Infrared reflection spectra of the glass containing
boron (which had been exposed for 1,500 hours) and reagent
grade hydroxyapatite are shown in Figure 23. The two spectra
are very similar, the main differences being the lack of defi-
nition of the shoulder at 1,085 cm”! and the broadness of the
peak at 1,035 cm™! for the spectrum of the glass surface.

Figure 24 contains x-ray diffraction curves of the glass
containing 6% P,0s which was immersed for 15, 100 and 1,500
hours. This series illustrates the gradual development of an
amorphous film into a crystalline product. Figure 25 illus-
trates the diffraction curve of the glass containing boron
which had been in solution for 1,500 hours.

Discussion

The behavior of the glass containing 0% P,0s is easily
interpreted since the results all point to the development
of a silica-rich film through a corrosion reaction dominated
by selective leaching. The evidence in support of this state-
ment is:

(1) The maximum value of a is .37 (see Figure 6) and
this occurs at an early stage (10 hours). In order for com-
plete dissolution to occur, a must approach a value of 1 [11].

(2) After reaching its maximum value, a rapidly drops to
.3 and remains near this value for over 1,400 hours, indicat-
ing no tendency for the film to break down.

(3) Epsilon (Figure 7) increases linearly with time for
100 hours and then levels off. The rapid increase in € which
occurs during the initial 100 hours indicates that a silica-
rich film is developing. Any tendency for film breakdown
would result in a drop in the € curve. Clearly, no such ten-
dency is observed throughout the entire 1,500 hours of expo-
sure.

(4) The infrared reflection spectrum in Figure 9a shows
immediate selective attack of the silicon-nonbridging oxygen
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peak (NSX) and the development of stretching (S) and rocking
(R) peaks associated with pure vitreous silica. After twe
hours, the intensity of the entire spectrum begins to drop
uniformly. This drop is due to greater light scattering as
the surface roughens. This phenomenon is unfortunate because
it does not enable one to obtain a quantitative estimate of
the surface composition.

Sanders and Hench have shown that infrared reflectances
are proportional to the amount of species causing them [11].
This relationship assumes that the surface is sufficiently
smooth to produce predominantly specular reflection. This is
not the case with the glasses under investigation. However,
qualitative interpretation can lead to information concerning
the extent of selective leaching from the surface. It should
be pointed out that IRRS has a maximum depth penetration of
less than 1 um for silicate glasses, and is therefore provid-
ing information about changes occurring at the surface of the
corrosion film. In this case it can be seen that a surface
film composed almost entirely of silica forms within 2 hours.

(5) The use of energy dispersive x-ray analysis shows
that after 1 hour in solution the ratio of Si/Ca on the glass
surface increased from .9 to 5.6 (see Figure 13), again demon-
strating that the glass is being selectively leached, leaving
behind a silica-rich film.

The influence of P20s content on the corrosion behavior
as seen in the data is somewhat complex. Referring to region
I of Figure 6, the initial change in alpha suggests that the
glass structure is more uniformly attacked as the P,0s con-
tent increases. The glasses containing 6 and 12% P,0s have
alpha values slightly above 0.5, indicating that a significant
part of the corrosion mechanism is total dissolution. This
is substantiated by the IR spectra of Figure 9. Referring to
the 15-minute exposures, the decrease in intensity of the S
peak as the phosphorus content increases is a result of pref-
erential attack of the silicon-oxygen-silicon bonds. The
thickness of the corrosion film at very early corrosion times
is less than 1 um, so the IR spectra are representative of
the entire film. Within an hour the film thickness has been
observed with scanning electron microscopy to increase to
values on the order of 5-10 um [22]. Then the IR spectra are
providing information about the surface of the corrosion film.

The Si/Ca ratios in Figure 13 of the four glasses with
increasing phosphorus content indicate that a silica-rich
film has formed on each of the glasses within one hour. How-
ever, the level of the Si/Ca ratio on the surface decreases
as the phosphorus content increases, suggesting that the sur-
face is more uniformly attacked as the phosphorus content of
the glass increases. The corrosion films in Figure 12 exhibit
less surface roughness as the phosphorus content increases,
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as would be expected if the glass structure was being uni-
formly attacked. Examination of the corroded glass surfaces
with a scanning electron microscope equipped with an energy
dispersive x-ray system leads to the same conclusion derived
from solution analysis of the ions leached from the glass
structure.

The glass containing 3% P.0s forms a silica-rich layer
almost immediately, while the 6 and 12% P,0s glasses show
preferential silica attack within the first 15 minutes of
exposure. This behavior is reversed within two hours for the
glasses containing 6 and 12% P,0s as the intensity of the S
peak increases while the intensity of the NSC peak is reduced
(see Figure 9). As was discussed earlier, light scattering
resulting from surface roughness leads to an intensity drop
in an IR spectrum. The fact that the intensity of the S peak
increases after the initial drop indicates that a significant
amount of silica is present on the surface.

The amount of silica available for film formation (Fig-
ure 7) increases uniformly with time in region I for all four
compositions. It is during this period that the silica-rich
film forms on the glasses. A break occurs in each of the
curves in region II. This event corresponds to the formation
of a calcium phosphate film for the three glasses containing
P,0s and occurs earlier as the P,0s content increases.

Direct evidence for the existence of the calcium phos-
phate film is presented in Figure 11. The series of spectra
show the changes which occur at the surface of the glass con-
taining 6% P,0s when it is exposed to an aqueous environment.
A silica-rich film forms within 2 hours as has already been
discussed. The phosphorus peak has reappeared in the 24-hour
spectrum and the ratio of Si/Ca has dropped. By 1,500 hours
the phosphorus peak has continued to grow while the silicon
peak has been drastically reduced. Comparison in Figure 11
of the respective ratios of Si/Ca, Si/P, and Ca/P clearly
demonstrates the formation of a calcium phosphate rich layer.

The calcium phosphate film is responsible for the infra-
red reflection spectra which develop after surface roughening
causes the spectra of the glasses containing phosphorus to
diminish. The new spectrum is very similar for all the
glasses containing phosphorus and it develops more rapidly
as the phosphorus content increases. Fiyure 10e illustrates
the spectrum for the glass with 6% P,0s which had been
immersed for 1,500 hours. The peaks occur in two regions,
1,045 cm”! and 560 cm™'. Levitt et al. have identified funda-
mental wavenumbers for the phosphate ion of hydroxyapatite in
these same regions (23]. In addition, Nakamoto [24] has pre-
dicted that the infrared active fundamentals of the PO;® ion
in aqueous solution are at 1,080 cm™'! and 500 cm“!. This
evidence, along with the simultaneous buildup of calcium and
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phosphorus at the surface, identified from Figure 11, is the
basis for specifying the origin of the new spectrum as a
calcium phosphate compound.

The details of the calcium phosphate compound film forma-
tion are not completely understood. It has been established
that after 10 hours, phosphorus which has been leached into
solution precipitates back onto the glass surface (see Figure
5S) for the compositions containing 6 and 12% P,0s. In addi-
tion, Ca*? release is retarded during this same time period.
Figure 3 shows a leveling off in the amount of Ca*? released
after 10 hours and the effect is more pronounced as the P,0s
content of the glass increases. The data points in Figure 13
emphasize this concept. The ratio of Si/Ca drops signifi-
cantly with increasing P20s content when the four glasses are
corroded under identical conditions. The decrease indicates
that proportionally less Ca*? is removed as the phosphorus
content of the glass increases.

The formation of the calcium phosphate film influences
the corrosion behavior of the glasses significantly. Its
effect is seen in region III of Figure 6. As the phosphorus
content of the glass increases, the o curves descend with
increasing negative slopes, indicating selective leaching is
the controlling mechanism. The solution data (see Figures
2-4) show that both the silicon and sodium release levels off
during region III but that the Ca*? release actually in-
creases after the calcium phosphate film is formed. This
could be due to the excessive amount of Ca*? present in the
glass compositions as compared to the P,0s content. Once all
the phosphorus has been used up in the film formation, the
remaining Ca*? goes into solution. However, the film acts
as a barrier to furthe:r attack of the bulk glass structure.

The relative effectiveness of the films in isolating the
bulk glass from the aqueous environment is demonstrated in
Figure 26. It can be seen that the time required to override
the pH of a buffered solution increases as the P,0s content
increases. Since the pH increase results from a sodium-
proton exchange between the glass and solution [25], the
formation of the calcium phosphate film retards this reaction
and the effect is more pronounced as the film formation is
accelerated.

Now let us turn our attention to the influence of boron
and fluorine additions on the corrosion behavior of the glass
containing 6% P,0s. There is a pronounced difference in the
protectiveness of the calcium phosphate film which forms on
these glasses. Figure 27 demonstrates the effect of adding
boron or fluorine to the bulk glass on the time required to
override the pH of a buffered solution. Obviously, the glass
containing fluorine is much more effective than either of the
other two glasses in preventing an increase in pH due to a
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sodium-proton exchange. In fact, the addition of boron actu-
ally reduces the reaction time necessary to overcome the buf-
fering capacity of the solution.

The reasons for the drastic difference in behavior are
not intuitively obvious. Both the glass with boron and the
composition containing fluorine exhibit a behavior similar to
that of the glass with 6% P,0s. That is, initially there is
selective leaching of silica which ceases after approximately
15-30 minutes. Within the next 30 minutes a silica-rich film
is established, and finally a calcium phosphate film is pro-
duced at the silica-rich film-water interface (see Figures
20 and 21).

The key to the variable corrosion resistance appears to
be associated with the calcium phosphate films. Initially,
they appear to be amorphous. Figure 24a contains an x-ray
diffraction pattern of the surface of the composition contain-
ing 6% P20s which had been in solution for 15 hours. Infra-
red reflection spectra of this sample showed that a calcium
phosphate film was present on the surface. The absence of
any diffraction peaks indicates that the film is completely
amorphous. However, it is possible that some crystalline
material is present but not in sufficient quantity to produce
peaks. A diffraction pattern of the same composition after
100 hours in solution shows peaks beginning to appear (Fig-
ure 24b). Figure 24c is a diffraction pattern of the glass
containing 6% P,0s which had been in solution for 1,500 hours.
The d spacings obtained from the film show reasonable agree-
ment with the d spacings of carbonate hydroxyapatite (dahl-
lite). The values are compared in Table 2. There is one
discrepancy in the relative intensities and that is for the
3.402 d value. It is the sharpest peak and has the highest
intensity for the calcium phosphate film, whereas it has a
relative intensity of 70 for dahllite. This effect could be
accounted for if growth occurred along a preferential direc-
tion. Figure 25 contains a diffraction pattern of the cal-
cium phosphate film on the surface of the glass containing
boron which has been in solution for 1,500 hours. Again
there is reasonably good agreement between its d spacings
and those of dahllite. The relative intensities are also in
good agreement.

Referring to Figure 23, the similarity between the infra-
red reflection spectrum of the reagent grade hydroxyapatite
and the spectrum of the glass containing boron which had been
in solution for 1,500 hours takes on added significance.
Considering the x-ray diffraction patterns, the infrared
reflection spectra and the energy dispersive analysis which
shows calcium and phosphorus to be the main components on the
surface after 1,500 hours in solution (see Figure 11), it
would indicate that the crystalline calcium phosphate material
which forms contains a considerable amount of hydroxyapatite.
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Table 2

d-Spacings Obtained from Corrosion Films on
455-6% P,05s and 45BsSS5 Glasses Corroded for 1,500 Hrs.
Corresponding d-Spacings of Dahllite Are Included.

455-6% P,04 45B4 S5
Dahllite 1,500 Hrs in Sol. 1,500 Hrs in Sol.
4,120 -- --
3.402 3.411 3.411
2.768 2.769 <777
2.687 2.688 2.697
2.607 2.619 2.619
2.25¢ 2.268 Z.287
1.931 1.939 1.931
1.834 1.832 1.839
1.721 1.717 1.713

It has been stated by Kérber and Tromel [26] that in the
system Ca0-P,05, hydroxyapatite will form at temperatures up
to 1050°C if water is not carefully excluded.

It should be pointed out that the most synthetic calcium
phosphate precipitates form nonstoichiometric crystal com-
pounds with numerous possible substitutions existing, i.e.,
sodium for calcium, carbonate for phosphate, fluorine for
hydroxyls, water for hydroxyls. McConnell {27] has stated
that unless special precautions are taken it is practically
impossible to obtain apatite crystals which do not contain
carbonate groups. Furthermore, he suggests that carbonate
substitution for phosphate groups can produce distortion in
the hexagonal apatite structure which can lead to line split-
ting in diffraction patterns.

It thus seems likely that the calcium phosphate film
which forms at the silica-rich film-water interface of the
glasses containing phosphorus is indeed hydroxyapatite.
However, it almost surely deviates from stoichiometry due to
substitution of carbonate, sodium and possibly silicon.

One explanation for the significant difference between
the protectiveness of the calcium phosphate film of the glass
containing fluorine and all of the other compositions is that
the fluorine substitutes for the hydroxyl ions in the apatite
structure. It has been reported that if water containing
trace amounts of fluorine is brought into contact with hydrox-
yapatite, fluorapatite will form as an insoluble product [28].
Another source [29] has stated that in aqueous systems
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containing trace amounts of fluorine, fluorapatite is the
most stable calcium phosphate compound. Referring to Figure
17, it can be seen that there is a drastic drop in the phos-
phorus level in solution between 10 and 100 hours for the
glass containing fluorine. The level of calcium released
into solution is also significantly lower after 100 hours for
the glass containing fluorine, when compared to the data for
all other glasses examined (see Figure 16).

The main influence of boron is an acceleration of the
initial attack of the glass network. Figure 14 illustrates
that even though the glass containing boron has the least
amount of silica in the bulk composition, more silica is
released into solution than is released from the glass con-
taining 6% P20s or the glass with fluorine. This effect is
thought to be due to a weakening of the three-dimensional
silica network due to the presence of the boron atoms. Boron
can exhibit either three-fold or four-fold coordination. It
has been reported (30] that at high temperatures, boron pres-
ent in borosilicate glasses exhibits three-fold coordination
which changes to four-fold at lower temperatures. However,
during the cooling process there is not sufficient time for
complete reordering and some of the boron remains in three-
fold coordination. It is the presence of the boron atoms
with three-fold coordination which produce weak regions in
the glass network. Aqueocus solutions attack these areas,
releasing substantial amounts of boron and sodium.

A similar type of behavior could account for the observed
surface reactions of the glass containing boron. The presence
of three-fold coordinated boron atoms lead to an accelerated
release of sodium and boron atoms. This would produce a more
rapid overriding of a buffered solution which has been ob-
served (see Figure 27). Release of silica would also be
accelerated due to the increased basicity of the solution.

The data in Figure 18 substantiate this hypothesis. The addi-
tion of boron to the glass containing 6% P,0s results in an
increase in the initial alpha values, which is a sign that

the extent of total dissolution is increasing. It should be
noted that this event is only temporary as a silica-rich film
is established within 1 hour. The epsilon curve of Figure 19
shows an increase in magnitude of € for the glass containing
boron which is greater than the glass containing 6% P,0;,
indicating there is more silica available for film formation.

Conclusions

In summary, the following facts have been established:
(1) The glass containing 0% P,0s forms a silica-rich

film which protects the glass throughout 1,500 hours of expo-
sure.
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(2) The glasses containing phosphorus also form silica-
rich films. However, in the case of the glasses containing
6 and 12% phosphorus, the silica-rich film formation is pre-
ceded by a short period (15-30 minutes) of selective silica
attack.

(3) After the silica-rich film formation, the phosphorus
containing glasses form a calcium phosphate film at the silica
film-water interface. The rate of formation of the calcium
phosphate film is accelerated as the amount of phosphorus in
the bulk glass composition is increased.

(4) Although the calcium phosphate film appears to be
amorphous initially, it crystallizes with time into an apa-
tite structure.

(5) The calcium phosphate film is more effective than
the silica-rich film in isolating the glass from its aqueous
environment.

(6) The addition of fluorine to the glass containing
6% P,0s significantly increases the resistance of the glass
to aqueous attack. -

(7) The addition of boron to the glass containing 6%

P,0s accelerates the initial dissolution process in an aqueous
solution.
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C. Auger Spectroscopic Analysis of Bioglass Corro-
sion Films, by A. E. Clark and L. L. Hench

Abstract

Auger spectroscopy and ion beam milling are used to
determine surface ion concentration profiles on a series of
bioglass implant materials after exposure to simulated body
conditions. Four glasses were examined, a soda-lime-silica
glass and three compositions produced by adding 3, 6 and 12
wt.% P,05 to the ternary glass.

The results show an SiO,-rich film is formed on the sur-
face of all glasses investigated. As P,0; is added to the
bulk composition a second film rich in Ca and P forms at the
Si0,-rich film-water interface. The rate of formation of the
Ca-P film is accelerated as the P,0s content of the bulk
glass increases. Furthermore, when glasses are corroded
under identical corditions, the thickness of the Ca-P layer
increases as the P,0s content of the bulk composition is
increased.

Introduction

Auger electron spectroscopy has been employed to further
characterize the corrosion films which form on a series of
bioglasses. An investigation by Clark and Hench [1] has
established that when exposed to an aqueous environment, a
silica-rich film forms on the glasses within two hours. A
second film composed primarily of calcium and phosphate is
produced at the silica film-water interface. This second
film is produced only when phosphorus is contained in the
glass composition and the rate of formation is related to the
amount of phosphorus in the bulk glass. IRRS, EDXA and X-ray
diffraction confirmed that the film crystallized into an apa-
tite structure with time. Auger electron spectroscopy has
been utilized to obtain detailed chemical profiles of the
corrosion films in hopes of elucidating the mechanism of film
formation.

Theogz

The technique involves bombarding the sample surface
with a beam of monoenergetic electrons. A series of inter-
actions leads to the release of electrons which were con-
tained in the electronic structure of the surface atoms.
Figure 1 illustrates such a series of interactions. Imping-
ing electrons from the beam create a vacancy in the K shell.
An electron from one L shell then cascades back into the
empty slot in the K shell. In the process, sufficient energy
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Figure 1. X-ray energy level diagram depicting a KL)L;
Auger transition.
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is available for the ejection of an electron from another L
level. This process is termed an Auger transition and the
electron with an energy characteristic of the atom from which
it was ejected is called an Auger electron. The Auger elec-
trons produce peaks in the secondary electron energy spectrum
and thus by monitoring the energy distribution due to Auger
electrons, it is possible to identify the atoms producing
them. In actual practice, the derivative of the energy spec-
trum is taken, which enhances the Auger peaks and suppresses
the background present in the secondary electron distribution
[2]. Due to a short mean fiee path, Auger electrons have a
maximum escape depth of 50 A, making this a truly surface
sensitive process. In addition to atom identification, it is
possible to relate the amplitude of the Auger peaks to the
concentration of the atoms producing them.

A complementary process of Argon ion bombardment removes
surface atoms a layer at a time. By simultaneously ion mil-
ling the surface and measuring Auger spectra it is possible
to obtain a chemical profile of the structure.

The raw data directly observed are the changes in peak
height with ion milling time. In order to obtain quantitative
information about the amount of atoms present at the surface,
the differences in Auger transition probabilities for differ-
ent atoms must be considered. Factors contributing to these
differences are the influence of the environment on an atom's
electronic structure as well as the distribution of atoms
within the volume of material producing the detected Auger
electrons.

.0

To overcome this problem, sensitivity factors were deter-
mined by a recently developed process [3]. These factors
normalize the Auger peaks, enabling one to make a quantitative
comparison of one component with respect to another. The
sensitivity factors were obtained by analyzing Auger spectra
of uncorroded glasses which had been ion milled for long
periods of time to expose the bulk structure, and comparing
these data to the known glass composition. Modifying the raw
data with the sensitivity factors allows one to obtain a mea-
sure of relative atomic percent versus ion milling time.

By assuming that the cations are present as specific com-
pounds with oxygen, i.e., SiO,, CaO, P,0s, the relative atomic
percent data can be altered to provide a measure of mole per-
cent versus ion milling time. There was usually an excess of
oxygen near the surface which was unaccounted for. The extra
oxygen atoms are probably associated with hydrogen atoms
(which cannot be detected with AES) as water molecules.
Although approximations are involved in determining the amount
of species present, the observed changes in peak height with
ion milling time correspond to an increase or decrease in the
amount of species at the surface and are unaffected by the
approximations.
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Experimental Procedure

The four glass compositions selected for investigation
are listed in Table 1. The glasses were prepared from reagent
grade sodium carbonate, reagent grade calcium carbonate,
reagent grade phosphorus pentoxide, and 5 um silica. Pre-
mixed batches were melted in covered Pt crucibles in a tem-
perature range of 1250 to 1350°C for 24 hours. Samples were
cast in a steel mold and annealed at 450°C for 4 to 6 hours.

Table 1

Bioglass Compositions Selected for
Auger Spectroscopic Analysis

1. 45S-0% P,05 3. 45S-6% P,0s

45 wt.% SiO, 45 wt.% SiO,
24.5 wt.% CaO 24.5 wt.% CaO
30.5 wt.% Na,O 24.5 wt.% Na,0

6 wt.% P,0s

2. A45S-3% P,0s
45 wt.% SiO

4. 45S-12% P,0,

24.5 wt.% CaO 45 wt.% SiO,
27.5 wt.% Na,O0 24.5 wt.% CaO
3 wt.% P05 18.5 wt.% Na,0

12 wt.§ P,0;

Bulk samples of each composition were prepared by wet
grinding with 180, 320, and 600-grit silicon carbide paper.
After a final dry grinding with 600-giit silicon carbide
paper, samples were immersed in 200 ml of aqueous solution
buffered at a pH of 7.4 (trishydroxymethyl aminomethane
buffer). Temperature was maintained at 37°C, and all sample
solutions were maintained in a static state. Samples of each
of the four compositions were immersed in buffered aqueous
solution for one hour. In addition, samples of the glass
containing 6% P,0s were exposed to the buffered aqueous solu-
tion for 10, 20, 30, 40, 50 and 60 minutes.

The samples were placed in a stainless steel vacuum
chamber maintained at a background pressure of 1x10-7 Torr.
To prevent destruction of the corrosion films, the beam cur-
rent was held at a low value (5-10 pa) and was slightly
defocused. Previous attempts to obtain spectra with a beam
current of 75-100 ua resulted in complete degradation of the
films. The beam energy was 3 KV for the series of samples
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corroded for one hour and 2 KV for the 10-60 minute exposures
of the glass containing 6% P20s. The angle of incidence of
the electron beam was kept at 45° to prevent unstable charg-
ing on the surface. The energies of the emitted Auger elec-
trons were measured with a cylindrical mirror electron analy-
zer.

Ion bombardment of the sample surface with 2 KV Argon
ions was employed to remove the outermost atoms. As dis-
cussed in the previous section, the concurrent use of milling
and AES produces a chemical profile of the corrosion films.

Profiles were determined for each of the four composi-
tions corroded for one hour. Two silicon peaks can be seen
in the Auger spectra of Figure 2. It was observed that the
low energy silicon peak (78 eV) changed shape as the sample
was ion milled. The correlation between peak size and atom
concentration does not hold if the peak shape varies. As a
result, the high energy silicon peak (1,630 eV) was measured
for the silicon profiles.

A recording profilometer with a sensitivity of .02 um
was employed to calibrate the ion milling rate. Figure 3
contains the type of plot generated by the profilometer.
Using the value obtained and assuming a uniform milling rate,
calculations were made to convert ion milling time to depth,
yielding an estimate of the corrosion film thickness.

Ion milling was not employed on the series of samples
corroded at 10-minute intervals, as only Auger spectra of
the surface were taken. An attempt was made to measure a
layer as thin @< possible. Since the electrons which_produce
the low energy silicon peak have an escape deRth (8 K) about
one-fourth that of the high energy peak (v30 A), the magni-
tude of the low energy peak was monitored. The lower beam
energy (2 KV) was used for these samples to minimize the
thickness of the detected volume and to prevent radiation
damage which can lead to splitting of the low energy silicon
peak.

Results

Figure 2 shows Auger spectra obtained at three different
ion milling times for the glass containing 6% P,0s which was
corroded for one hour. The location of the peaks on the
abscissa enables one to identify the atoms producing them.

As was discussed earlier, changes in peak height are caused
by an increase or decrease in the amount of element in the
surface layer. These changes are most pronounced for the
phosphorus and calcium peaks in Figure 2. Plotting the peak
magnitudes versus ion milling time produces a chemical pro-
file as is seen in Figure 4.
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Figure 2.
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Features of importance are the buildup of phosphorus and
calcium at the surface, followed by a region in which the
oxygen, calcium and phosphorus levels fall off drastically,
and finally a buildup in the oxygen, calcium and phosphorus
levels to values characteristic of the uncorroded glass.
Modifying the raw data with the sensitivity factors and con-
verting ion milling time to depth of milling produces a semi-
quantitative chemical profile of the corrosion film. Figure
5 illustrates the results of this process for the glass con-
taining 6% P20s which was corroded for one hour. When com-
paring Figures 4 and 5 it is important to note that, although
the magnitudes of the elements have been altered with respect
to each other, the changes observed with milling time or
depth of milling have been maintained. Ion milling through
the corrosion films into the bulk glass was achieved only for
the glass containing 6% P20s (Figure 5). The thickness of
the silica-rich film is on the order of 2.0-2.5 um, while the
outermost film rich in calcium and phosphorus is only 0.5 um
thick.

Figure 6 is the result of converting atomic percent of
surface species to mole percent. This final adjustment of
the data can only be applied for the corrosion films, because
the sodium has been leached out. Since the bulk glass con-
tains a significant amount of sodium which is not detected
with AES, it would be very difficult to accurately compute
mole percentages in the region of uncorroded glass.

The absence of sodium which will be seen in all of the
chemical profiles is not unexpected. It has been reported by
several investigators that leaching of alkali is one of the
initial steps in the corrosion of silicate glasses in aqueous
solution [4]. In spite of these findings, one factor which
had to be considered is the difficulty in detecting the pres-
ence of sodium with AES. Previcus work [5] has suggested
that electrostatic conditions produced by electron bombardment
cause the extremely mobile sodium atoms to migrate out of the
area of analysis. Another possibility is that the Argon ion
milling process preferentially removes the sodium. For these
reasons two samples of the glass containing 6% P,0s were
examined with Electron Spectroscopy for Chemical Analysis
(ESCA). This technique involves bombarding the surface with
a beam of x-rays and detecting the ejected photoelectrons.
Information on composition and chemical binding can be ob-
tained from this process. By examining a sample which had
been corroded for one hour along with an uncorroded sample,
the absence of sodium in the corrosion films was shown to be
real and not an artifact of AES. Figure 7 compares the
sodium, phosphorus and silicon peaks for the uncorroded and
corroded samples using ESCA or photoelectron spectroscopy.

Chemical profiles of the glasses containing 0, 3 and
12% P,0s are shown in Figures 8, 9 and 10. They were

85




e R —

‘p°L = Hd pue D, /¢ 3B INOY 3UO PIPOIIOD
sse1801qs0?d %9-SSt ® JO u:ouuoa ud__oum utr passairdxa arrjord yedtwayy °¢ aInd1yg !

86

SSV1D v::m.ll..lllmoimwkz_ ww:&.oltlzo_m <o.._.mL ” o.“u_mo

[wr] 39viUNS WO¥4 H1d30

ot

op N304
9INOLY




HE.-“_ edejng woi4y \yideQg

juedied
9|ON
eAnle|aYy
os
!
0% % 9-SSP :
o~
@
‘vl = Hd pue D_.§ 3B InOoYy duU0 papoIrod

sse1301q S0%Jd %9-SSp B 10J 3IUDIAA d[0ow ur passardxad arrjord [edrwdy) ‘9 andty




‘$°L = MG pur ) /€ 3® INnOy
U0 10j popoliod ssey¥orq SOTg §9-SSy * jo middads Y3 yyim sseqdorq

S0%d 19-SSv Popeige A[ysaij ® jo ®wiydads uoildajaojoyd jo uostiedwo) ‘; dundty
[A®] ABieu3z Buipwg
(syenN
02 4
— NOY | papriIOD
Ayjisueyu)
26 i sz sk 201 2904
faad
s2)'8 soen
PapoIIOduUN

€11290dS U0i3129|90310yd

i

o —

N




45S-0% P,0,
mOF
Mﬁ - . o~
(1] 3
80}
Relative
Mole 3
Percent
T3
>
0
M—“—h—& <& a —
0 1 P —— | L L n 4 i - ’. 2
0 2 X ) ( } 8 10

Depth From Surface [nm]

Figure 8. Chemical profile expressed in mole percent of a
455-0% P,0s bioglass corroded one hour at 37°C
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determined by the same technique previously described for the
glass containing 6% P,05. Note in Figure 9 that the P,0s
level is intensified near the surface but the Ca0 level
remains relatively constant and even drops within .05 uym of
the surface. Immediately underlying the phosphorus-enriched
region is a silica-rich film. The profiles of the glasses
containing 6 and 12% P,0, (Figures 6 and 10) both contain
aveas of P,0; and Ca0 enrichment near the surface with silica-
ri ‘h regions below them. The calcium-phcsphorus-rich film of
the glass containing 12% P,05 is larger than that of the
glass containing 6% P,0q.

Figure 11 presents the raw data from the Auger spectra
of the sample corroded at 10-minute intervals. The silicon
peak was not detected after 20 minutes of corrosion, whereas
the Ca and P levels remained above their uncorroded values
for the entire 60 minutes.

Discussion

The profiles of Figures 6 and 8-10 clearly show the exis-
tence of silica-rich films for all four glasses. Furthermore,
as the phosphorus content of the glass increases, a calcium
phosphate film of increasing thickness overlaps the silica-
rich film,

The profile of Figure 9 indicates that there is a mini-
mum phosphorus level which must be reached near the surface
before the calcium begins to build up. This level should
depend on the phosphorus content of the uncorroded glass as
well as the length of the corrosion treatment. In the case
of the glass containing 3% P,0, there is not a sufficient
amount of P,0, to initiate the calcium buildup within one
hour. Previous work [6] has shown that the calcium phosphate
film will form at the surface of the glass containing 3% P,0s
with time.

The results shown in Figure 11 point to the formation of
a thin surface layer (10-15 R) rich in calcium and phosphorus.
This layer is established within 20 minutes of corrosion

time during which silicon is preferentially removed. This
thin calcium phosphorus film is present on the surface during
the time when the silica-rich layer is forming beneath it.

In fact, the change from selective silica leaching to the
formation of the silica-rich film coincides with the time
when the thin calcium phosphorus layer has formed. The evi-
dence indicates that the thin calcium phosphorus film pre-
vents further preferential silica removal, but allows the
other components of the bulk glass composition to be continu-
ally leached. Once a sufficient amount of calcium and phos-
phate has been leached into solution the thin calcium phos-
phate film serves as a nucleation site for the formation of
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the calcium phosphate layer which eventually crystallized into
an apatite structure. One point which is not clear is whether
the silica-rich film formation which is produced only after
the thin calcium phosphate layer has formed plays a role in
the grewth and crystallization of the calcium phosphate film.

These results are in complete agreement with those pre-
sented in the previous chapter, and add some additional in-
sight into the sequence of steps involved in the corrosion
process. The following series of reactions are now known to
occur when the glass containing 6% P.0s is placed in an
aqueous environment buffered at a pH of 7.4 and maintained
at 37°C:

(1) Within the first 15-30 minutes silica is preferen-
tially leached.

(2) During this same time a thin layer rich in_calcium
and phosphorus is established at the surface (10-15 R thick).

(3) Once the thin calcium-phosphorus layer has formed,
the preferential silica attack ceases and a silica-rich
layer, 2-3 um thick, is formed within one hour.

(4) After the silica-rich layer has formed and there is
sufficient calcium and phosphate in solution the thin calcium
phosphate layer begins to grow. It was reported in the pre-
vious chapter that the calcium phosphate film formed at the
silica-rich film-water interface. The techniques which were
used to characterize the corrosion process were not suffi-
ciently sensitive to detect the presence of the thin calcium
phosphate film which forms initially. Only through the use
of Auger Electron Spectroscopy was the detection of this thin
film possible.

(5) The calcium phosphate film crystallizes into an apa-
tite structure with time.

This sequence of steps can be explained through the
following mechanism. Phosphorus is a network former which
exists in four-fold coordination. Due to the +5 charge of
the phosphorus atom one of the phosphorus oxygen bonds must
exist as a double bond. McMillan has stated that the exis-
tence of the double bond in the phosphorus tetrahedra leads
to conditions which promote separation of the phosphate
groups from the silica network. Furthermore, he states that
it would be probable for the P,0s to be associated with
alkali or alﬁaline earth oxides present in the glass composi-
tion [6]. Tomozawa has reported that P,0s additions to
sodium silicate and lithium silicate glasses promote phase
separation by widening the immiscibility boundary and accel-
erating the kinetics [7]. The influence on the immiscibility
boundary is related to the relative magnitude of the cationic
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field strength with respect to that of Si**. P*%, which has

a larger cationic field strength [Z/a?(P) = 1.91, Z/a?(Si) =
1.58] than Si, was shown to promote phase separation while
Ti*" and Zr*"*, which have smaller field strengths than Si,
were both found to suppress phase separation in the soda
silica system [7]. Although this effect was only substanti-
ated for simple binary systems, Tomozawa felt that the chances
for this relation to hold in more complex silicate glasses
were quite possible.

Based on these findings, it seems likely that the P,0s
additions to the soda-lime-silica glass promote a tendency
towards phase separation and, in the process, disrupt the
silicate phase by tying up some of the calcium from the
ternary phase. This would have the effect of reducing the
corrosion resistance of the silicate phase as calcium addi-
tions have been shown to increase the durability of soda
silicate glasses [8]. Evidence for phase separation of the
glass containing 6% P20s was presented by Hench et al. [9].
A scanning electron micrograph showed a second phase which
existed as droplets, and was thought to be the phosphorus-
rich phase.

The net result of this situation would be that the soda
silica phase would be preferentially attacked by the alkaline
aqueous solution. This effect would be enhanced as additional
phosphorus tied up an increasing amount of calcium. As the
silicate phase is attacked, a surface layer rich in calcium
and phosphate would be produced which would then shield the
remaining silicate phase from further network breakdown.
Diffusion of Ca*? and Na*' into solution would still be pos-
sible, thus leading to the formation of a silica-rich layer
. under the calcium phosphate layer. When sufficient phosphate
and calcium have been released into solution, a reaction
between these two components and water would cause the cal-
cium phosphate layer to grow and eventually crystallize into
the apatite structure.

Reactions of this type have been cited in the literature.
Weyl has postulated that phosphate opacification in soda-lime-
silica glasses is produced by the formation of apatite crys-
tals [10]. The crystal formation occurs when calcium and
phosphorus react with water in the glass melt. It was also
reported that the reaction of calcium and phosphorus with
moisture in the atmosphere can lead to apatite formation at
the glass surface, producing surface roughness and brittle-
ness of the phosphate opacified glass [10].
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Conclusions

1. Chemical profiles have been measured with Auger Elec-
tron Spectroscopy and ion beam milling which define the
silica-rich and calcium phosphate corrosion layers.

2. When the bioglasses are corroded under identical con-
ditions, the thickness of the calcium phosphate layer increases
as the phosphorus content of the bulk glass composition in-
creases.

3. There is a minimum phosphorus level which must be
reached near the surface before the calcium begins to build

up.

4. A thin surface layer (v10-15 K) rich in calcium and
phosphate forms during the initial 15 minutes of corrosion of
the 455-6% P,0s bioglass. The data indicate that the thin
calcium phosphate layer initiates the formation of the silica-
rich layer and serves as the nucleation site for growth of
the calcium phosphate layer once sufficient calcium and phos-
phorus have been leached into solution.
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* D. The Influence of Surface Chemistry on Implant
Interface Histology: A Theoretical Basis for
Implant Materials Selection, by A.E. Clark,
L. L. Hench and H. A. Paschall

Abstract

A theory is proposed that an ideal implant material must
have a dynamic surface chemistry that induces histological
changes at the implant interface which would normally occur
if the implant were not present. Evidence for the validity
of this theory is a series of bone-implant studies which
result in stable interfacial osteogenesis under specific im-
plant surface chemistry conditions. Insufficient or excess
surface ion concentrations produce negative osteogenesis and
fixation results. Implantation of osteogenic implants in
soft tissues also produce undesirable histological responses
as proposed in the theory. A variety of surface chemical
analyses of the implant are reviewed which provide a scien-
tific basis for the implant surface theory.

h Theory

The following theory is proposed for implant materials
design and selection: An ideal implant material must have a
dynamic surface chemistry that induces histological changes
at the implant interface which would normally occur if the
implant were not present. This paper examines the histologi-
cal evidence for this theory in hard and soft tissues and
describes the surface chemical basis of the theory.

Evidence from Hard Tissue Studies

Long experience with metallic implants in bone has led
to the general observation of the development of a non-adher-
ent fibrous capsule around the implant of varying thickness
dependent upon type of metal, implant location, geometry,
stability of fixation, etc. The surface chemistry of the
metallic implants is such that if reactions do occur, both
the pH change and the ions leached into the physiological
solutions are not normally associated with development of
either immature or mature osteoid. As a consequence, inter-
facial osteogenesis does not occur.

In contrast, a series of studies conducted on Ca, P, Na
and SiO2 containing bioglasses and bioglass-ceramic implants
reported previously in this report and elsewhere show that
these materials exhibit stable interfacial osteogenesis when
appropriate combinations of implant surface chemistry and
implant sites are met [1-6]. These studies provide positive
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evidence for the theory advanced above. A summary of the evi-
dence includes the following data: (1) The ions released from
the implant surface are required for osteogenesis (see Table

1 for implant compositions). (2) Time dependent pH changes
occurring at the implant interface are equivalent to the
changes necessary for osteogenesis. (3) Ultrastructural
changes of the implant surface provide a medium for collagen
fibril and mucopolysaccharide bonding with an inorganic gel
and mineralization to occur. (4) Hydroxyapatite precipitation
takes place at the implant-osteoid interface simultaneous with
the precipitation of hydroxyapatite crystals away from the
implant interface. (5) Mechanical loads applied to the bio-
glass-ceramic implant-bone interface, either by chipping,
microtoming or torsional fracture of segmental replacements,
always break away from the interface. Fracture lines stop

at the interface.

Table 1

Composition of Bioglass Implants
Used for Developing Theory

Weight Percentage
Code # SiOz Nazo Ca0 CaFL P205 BzO;

1. 4SS5 45 24.5 24.5 6.0

2. 45SS5F 43 23 12 16 6.0

3. 45BSS 40 24.5 24.5 6.0 5.0
4. 458w 45 30.5 24.5

S. 45810 45 27.5 24.5 S

6. 45S2.5 45 18.5 24.5 12

If compositional alterations of the bone-bonding bio-
glass-ceramics are made, the surface chemistry dynamics change
as discussed in sections B and C. These changes lead to the
following evidence in support of the proposed theory: (1) A
slower reacting implant surface when placed midshaft in old
femoral cortical bone in rat (slow metabolic rate) produced
a fibrous encapsulation; an implant of the same composition
when placed in the metaphyseal region of young rat tibiae
(high metabolic rate) induced interfacial osteogenesis and
bonding. (2) Implants placed in the young rat metaphyseal
region accompany the adjacent bone as growth occurs.

(3) Altering the interfacial pH-time dependence by a factor
of 100 does not significantly alter the osteogenesis as long
as the interface becomes alkaline within 5-6 weeks. (4) The
silica-rich layer formed on the bioglass surfaces serves as
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an induction site for osteoblasts to lay down the organic
intercellular substance of bone. (5) Implant surfaces that
are too reactive and release a surplus of phosphate ions
result in ectopic calcification of neighboring tissues and,
histological attack of the implant.

Evidence for points (4) and (5) has been obtained from a
new series of in-vivo experiments. Compositions 1, 4, 5 and
6 (see Table 1) were selected to study the influence of phos-
phorus additions on the behavior of bioglass implants.

One series containing the glasses with 0 and 6% P,05 was
gas sterilized and soaked in conditioning solution for 72
hours. Samples of each of these two compositions were sub-
jected to IRRS and SEM analysis after gas sterilization, 24,
48 and 72 hours in the conditioning solution.

A second series was gas sterilized and soaked in condi-
tioning solution for 72 hours before implantation. The con-
ditioning solution contains Eagles MEM (Minimum Essential
Medium) and Earles balanced salt solution, 10% fc*tal calf
serum, and 10% newborn calf serum [7].

Samples of bioglass S mm by 5 mm by 1 mm were placed in
defects products in the metaphysis of the tibia just distal
to the epyphyseal plate of Sprague Dawley male rats. The
limbs were not immobilized and the animals were sacrificed
at 3 and 8 weeks.

The tibiae were dissected clean of all soft tissues and
the area of bone surrounding the bioglass was cut into 1 mm
thick sections with bone on either side of the glass. The
slices of bone and glass were immediately placed in cold
cacodylate buffered gluteraldehyde, fixed for two hours and
then washed with fresh cold buffer. The tissue sections were
then placed in 2% osmium tetraoxide collidine buffered at a
pH of 7.4 and fixed for an additional hour. After a final
wash with additional buffer, the blocks were dehydrated in
graded alcohols and embedded in Epon 812. Sections were pre-
pared on a Porter-Blum MT-2 ultra microtome. Thick sections
(1 m) were cut with glass knives, stained with Richardson's
methylene blue azure II stain and examined with a light
microicoge. A diamond knife was used to cut thin sections
(600 thick). Prior to TEM analysis the thin sections were
stained with saturated fresh alcoholic uranyl acetate and
lead citrate [8]. All TEM sections were examined with an
Hitachi HU 11C electron microscope.

Table 2 illustrates the time dependent change in the
surface ratios of Si/Ca and Ca/P for the glasses containing
0 and 6% P,0s during the conditioning treatment. These
ratios were obtained with a scanning electron microscope
equipped with an energy dispersive x-ray analysis system.
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Table 2

Energy Dispersive X-ray Analysis of the Effect
of Conditioning Treatment on Bioglass Surfaces

Condition of 45S5-0% P,0s 455-6% P,0
Sample S1/Ca Si/Ca Ca?i
Freshly abraded .910 .912 6.2
Gas sterilized .912 .912 6.1
Gas sterilized +
24 hrs in cond. sol. 2.03 1.43 2.38
Gas sterilized +
24 hrs in cond. sol. 2.41 1.75 1.97
Gas sterilized +
72 hrs in cond. sol. 2.40 0.80 1.89

X-rays produced as a result of the electron beam striking the
sample surface are detected and identified according to their
energy. As different atoms have their own discrete energies,
the resulting spectrum can be used to determine the atoms
present on the surface. For a more detailed discussion refer
to page 35. The gas sterilization treatment produces little
or no change for either composition. After 24 hours in the
solution there is a significant increase in the ratio of Si/Ca
for both glasses. In addition, the Ca/P ratio for the glass
containing 6% P,0s drops drastically. These trends continue
through 48 hours. Between 48 and 72 hours of exposure the
ratio of Si/Ca remains constant for the glass containing 0%
P,0s. During the same geriod, the ratio of Si/Ca has dropped
from 1.75 to 0.80 for the glass containing 6% P,05, while the
ratio of Ca/P continued to drop to a value of 1.89.

Figures 1 and 2 show infrared reflection spectra of the
glasses containing 0 and 6% P,05s at selected intervals during
the conditioning treatment. The spectra of the glass with
0% P,04 (Figure 1) reveal the formation of a silica-rich
surface layer which is present at the conclusion of the 72-
hour conditioning treatment. Little change is noted between
the freshly abraded spectrum and the spectrum of the gas
sterilized sample. After 24 hours in solution, there is
selective attack of the silicon-nonbridging oxygen peak at
840 cm-'., The silicon-oxygen-silicon stretching (S) and
rocking (R) peaks, located at 955 and 500 cm~', respectively,
begin to sharpen, increase in intensity and shift towards the
location of the S and R peaks of vitreous silica. These
changes continue to occur through 48 hours of exposure. The
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Figure 1. Changes in infrared reflection spectrum of 45S-0%
P,0s glass during conditioning treatment.
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Changes in infrared reflection spectrum of 45S-6%
P05 glass during conditioning treatment.
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curve after 72 hours exhibits no additional changes, indicat-
ing a stable condition has been achieved. The data obtained
with infrared reflection spectroscopy and the x-ray system of
the scanning electron microscope both point to the formation
of a silica-rich surface layer on the glass with 0% P,0;.
This glass exhibited the same type of behavior in the in-
vitro studies presented in sections B and C.

The IR spectra of the glass containing 6% P,0s (see Fig-
ure 2) are similar to the spectra of the glass with 0% P,0;
through 24 hours of exposure. That is, little change can be
noted between the freshly abraded and gas sterilized spectra.
After 24 hours in solution, selective attack of the silicon-
nonbridging oxygen peak occurs, and the peaks associated with
the silicon-oXygen-silicon bonds exhibit changes in shape and
location which indicate the concentration of silica is in-
creasing on the surface. The 48-hour spectrum of Figure 2
contains the S and R peaks of silica but their intensities
have dropped to values below their level at 24 hours. This
trend continues with the 72-hour spectrum. Behavior of this
type was also observed in the in-vitro studies on the glass
containing 6% P,0s. After the silica-rich layer is formed,
the calcium phosphate layer begins to grow. Apparently the
rate of these reactions is slower in the conditioning solu-
tion and there is not a sufficient amount of calcium phosphate
on the surface at 72 hours to produce the infrared reflection
spectrum seen in-vitro. However, the data obtained with the
x-ray analysis shows the ratio of Ca/P is becoming smaller
with time, while the ratio of Si/Ca drops significantly from
its 48-hour level, indicating an increase in the calcium and
phosphorus concentration on the surface.

These observations clearly show that the surface struc-
ture of a bioglass implant is drastically influenced by the
conditioning treatment and interpretation of the histological
results of conditioned samples should take these changes into
consideration.

Small pieces of glass implant were attached to bone in
almost every case, but a distinct variation was observed in
the tissue responses evoked by the different compositions
which had been conditioned prior to implantation.

Figure 3 is a transmission electron micrograph of a 45S-
0% P,0s glass-bone interface at 3 weeks. The material which
exhibits the regular fracture pattern appears to be the
silica-rich corrosion film (CF) which forms on the surface
of the glass implant. The relative softness of the corrosion
layer compared to the glass produces the uniform fracture
pattern, with long nonbranching fracture lines. The corro-
sion film contains a tear which was probably produced during
the sectioning process. Close examination reveals that a
thin layer of the corrosion film (CF) remains attached to
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bone (B) along the interface (I), indicating the corrosion
film-bone interface has considerable strength. The elongated
cell (EC) in close proximity with bone has the appearance of

a normal endosteal cell on a resting bone surface and does not
appear to be actively engaged in laying down new bone. Exami-
nation of thick sections containing the glass with 0% P,0;
revealed a small number of viable osteocytes present in newly
formed bone and bone surfaces characterized by a lack of
active bone formation and very few active osteoblasts.

A 45S-3% P,0s glass-bone interface at three weeks is
shown in Figure 4. Small pieces of implant are attached along
the surface. It should be pointed out that before sections
are cut, the glass is chipped out of the block. If this was
not done it would be very difficult to cut sections as glass
knives are used and they would constantly break. The presence
of small pieces of glass attached to bone indicates that there
is considerable strength associated with the glass-bone inter-
face because fracture occurs within the glass implant rather
than at the interface.

The mineralized bone adjacent to the implant interface
of Figure 4 contains several osteocytes and an area of unmin-
eralized osteoid. There is a layer of plump osteoblasts
which appear to be laying down new bone.

Figure 5 is a photomicrograph of a 455-6% P,0s glass-
bone interface at three weeks. Large pieces of bioglass (G)
are intimately attached to bone (B) and several normal osteo-
cytes (0) are present in the mineralized area. There is a
well-defined layer of osteoblasts actively engaged in laying
down new bone (OF) and this front is separated from the min-
eralized area by a transition zone of partially mineralized
osteoid. These features indicate that induction of normal
osteogenesis has been achieved. An electron micrograph of
the same section (Figure 6) shows the corrosion layer directly
attached to mineralized bone along the wavy interface I.

A 45S-12% P,0s glass-bone interface at three weeks is
shown in Figure 7. There is an absence of activity along the
ossification front with no evidence of osteoid and only one
osteoblast in the area. Figure 8 is a photomicrograph of a
455-12% P,0s glass-bone interfcce at eight weeks. An impor-
tant feature to note is that the implant G has been separated
from the bone B by an interval containing a capillary C.
Electron microscopy of this section (Figure 9) reveals inter-
cellular crystallization (X) has been induced along the edges
of the capillary. It can also be observed that part of the
corrosion film (CF) remained attached to the bone when the
igte;val containing the capillary separated the implant from
the bone.
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Figure 7. Light microscopy three weeks after implantation of
a 45S-12% glass. Glass (G) is attached to bone
(B). There is an absence of activity along the
new bone surface (OF). (1,800X)
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Figure 8. Photomicrograph of a 455-12% P,05 glass-bone inter-
face eight weeks after implantation. Glass implant
(G) has been separated from bone (B) by an interval
containing a capillary (C). (1,800X)
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Figure 9.
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Electron microscopy
Note intercellular crystallization (X) along

edges of capillary.

of capillary in Figure 8.

(44,200X)
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Referring to Figure 8, note the unhealthy appearance of
the osteocytes (0). They have withdrawn from their lacunar
walls and the nuclei are pyknotic. There is also an absence
of new bone formation at the bone surface.

The in-vivo results of this study show that direct attach-
ment of glass to bone is achieved within three weeks for the
four compositions studied.

The in-vitro studies in sections B and C establish that
silica-rich corrosion films form on the surface of the bio-
glasses in a simulated physiologic environment. Furthermore,
the in-vitro results of this chapter show that the condition-
ing treatment produces the same response.

Carlisle has reported that silicon-rich regions are asso-
ciated with active mineralization sites in young mice and
rats and, once mineralization has gone to completion, the
silicon content drops [9]. Recent in-vitro investigations by
Hench and Paschall [S5] have shown that 45S5-6% P,0s glass im-
plants are bonded to bone by an amorphous cement-like layer,
probably comprised of Si0O,, CaO, and P,0s, which serves as
the active site for collagen attachment followed by mineral-
ization.

In view of the findings of this study as well as those
in the literature, it seems likely that the silica-rich layer
serves as an induction site for osteoblasts to lay down the
organic intercellular substance of bone. This substance con-
tains collagen and mucopolysaccharides. Normally, minerali-
zation would begin to occur as soon as the organic inter-
cellular substance was secreted by the osteoblasts. The
exact mechanism of mineralization is not completely defined;
however, the concentration of Ca and PO, ions in the area is
thought to play an important role ([10].

The phosphorus content of the bioglasses may be the
important parameter which influences mineralization. The
buildup of calcium and phosphorus which occurs on the surface
of the silica-rich films could provide a source of ions for
mineralization. The results obtained indicate that, as the
phosphorus content of the glass increases from 0 through 6%
P,0s, the appearance of the total ossification process becomes
increasingly healthy. In the case of the glass containing 6%
P,0s, the resulting situation is one of normal ossification.

The results obtained with the glass containing 12% P,0;
suggest that there is an optimum phosphorus content which
should not be exceeded. The ectopic crystallization seen in
Figure 9 might well have been induced by an excessive amount
of phosphorus. Matthews et al. have reported that the addi-
tion of phosphates to a fixative, followed by incubation,
will result in apatite crystal formation [11]. Furthermore,

112




, g ——
s

they reported that release of phosphate from cells which led
to the formation of an amorphous calcium phosphate was
prompted as a response to administered doses of thyrocalci-
tonin.

In the case of a bioglass, a specific enzyme would not
be necessary to release large amounts of calcium and phos-
phorus as the response of the bioglass surface to body fluids
would accomplish the same end. If the calcium and phosphorus
released from the glass when combined with calcium and phos-
phorus present in the body fluids resulted in a critical
supersaturation, apatite crystal formation would result.

Based upon the evidence obtained, it can be concluded
that the optimal response is elicited by a composition which
has the ability to form a silica-rich corrosion film and pro-
vide an adequate but not excessive supply of ions to be in-
corporated in the mineralization process. The glass composi-
tion containing 6% P20s (45S5) appears to be the best candi-
date based upon the relatively short implantation times of
this study.

As added evidence for the importance of implant surface
chemistry on osteogenesis, a series of uncrystallized, par-
tially crystallized, and nearly fully crystallized 45S5 im-
plants were compared as rat femoral implants. Equivalent
osteogenesis and interfacial bonding was observed for all
three microstructures and crystallographic states. In-vitro
analyses showed nearly equivalent surface chemical behavior
due to the presence of a residual glassy phase left after
crystallization.

Evidence from Soft Tissue Responses

Whenever muscle is injured or foreign material is im-
planted into muscle, healing occurs by formation of a colla-
genous scar of fibrous incapsulation of the implant without
direct attachment to the implant. Bone induction in muscle
has not been successful, although autogenous bone grafts im-
planted in muscle are revascularized and new bone is formed
within the graft. Therefore, an ideal implant for muscle or
other soft tissues which behave in the same fashion, i.e.,
tendon, ligaments, or skin, would be one which induces a
collagenous scar with direct attachment to the implant. With
these facts in mind, several possibilities of the type of
response to the implants in muscle would be: (1) induction
of bone formation around the implant thus securely anchoring
it to the muscle; (2) fibrous tissue incapsulation of the
implant without attachment; (3) fibrous tissue encapsulation
with direct collagen bonding to the implant; (4) incapsula-
tion and bursa formation about the implant; or (5) tissue
rejection with acute and chronic inflammatory response with
sterile abcess formation and extrusion of the implant.
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Recognizing the above possible physiological reactions to
an implant, a study was done to determine the histological
response of muscle to various compositions of bioglass-ceramic
implants [12]. Small pieces of each material that exhibit var-
iable surface reactivity (Table 1) measuring 1 cm x 1 c¢cm Xx
0.1 cm were implanted under asceptic techniques in the lateral
thigh muscles of male Sprague-Dawley rats. The animals were
sacrificed at 3, 6 and 16 weeks. The bioglass and surrounding
muscle were removed as a block and fixed in cold cacodylate
buffered (pH 7.4) gluteraldehyde, dehydrated in graded alco-
hols and Propylene oxide and embedded in Epon 812. The blocks
were sectioned for light and electron microscopy.

All of the compositions evoked a similar tissue response
which varied quantitatively according to the surface reactiv-
ity of the material. At three weeks, there was a resolving
inflammatory reaction with early fibrous incapsulatien of the
implants. Figure 10a is a photomicrograph of a 45S5 glass-
muscle interface at three weeks. Several layers of elongated
fibroblasts (F) are separating the glass implant (I) from the
muscle tissue (MT). An electron micrograph of the glass cell
interface (Figure 10b) reveals a single layer of macrophage-
like cells (MC) between the glass implant (I) and the fibro-
blasts (F). These cells have attacked and are altering the
implant surface. There is a band 3 or 4 cell layers thick
where cells have ingested bioglass (IB) within cisternae.

At six weeks, there was a synovial membrane identifiable
about all implants. At 16 weeks, there was evidence of con-
tinued attack of the implants by the synovial cells and phago-
cytosis of the ceramic particles. The less surface reactive
materials showed the slowest development of attack. These
findings demonstrate that although certain bioglass-ceramic
compositions (45S5, 45BsSS5, and 45S5F) fulfill the criteria
of an ideal implant material for bone, in that they induce
normal bone formation with direct attachment to the implant,
they do not fulfill the criteria of an ideal implant material
in soft tissues. The reactive surfaces of the materials
release into the micro environment surrounding the implant
Ca and P ions which ordinarily are not found in muscle in any
significant quantities. Therefore, the materials evoke an
inflammatory reaction which continues into a form of rejec-
tion. A similar form of rejection for the same reasons has
been found in equivalent implants in porcine tendon.

Dynamic Surface Chemistry Evidence

The histological reactions of bioglasses and bioglass-
ceramics are significantly influenced by composition as indi-
cated in both hard and soft tissue responses. Therefore, it
is important to define the roles of the individual ionic
species in the surface chemical reactions of these materials
in order to establish a surface chemical theory of response.
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Figure 10a.

Figure 10b.
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Photomicrograph of a 45S5 bioglass-muscle inter-

- face at three weeks. (1,670X)

w 2

Transmission electron micrograph of the area
adjacent to the implant surface of Figure 10a.
(47,500X)




The results of section B have shown that the glasses in-
vestigated develop a corrosion layer or layers in response to
attack by an aqueous solution buffered at a pH of 7.4 and
maintained at 37°C. Sodium and calcium are preferentially
leached from the soda-lime-silica glass producing a silica
film which serves as a buffer zone protecting the remaining
bulk glass from aqueous attack. As phosphorus is added to
the glass composition, a second film is generated at the
silica-rich film-water interface. The second film is an amor-
phous calcium phosphate compound which crystallizes to an apa-
tite structure with time. Increasing the phosphorus content
of the glass reduces the time required for the calcium phos-
phate film to form. Partial substitution of B,0; for SiO,
leads to weakening of the silicate network and acceleration
of the initial dissolution process. Fluorine additions sig-
nificantly enhance the resistance of the glass to aqueous
attack, probably by substituting for hydroxyl ions in the apa-
tite structure of the corrosion film.

The results of section C confirm the observations of
section B by providing chemical profiles of the corrosion
films which define the silica-rich layer and the calcium phos-
phate layer. The thickness of the calcium phosphate layer was
found to increase as the phosphorus content of the bulk compo-
sition increased when glasses were corroded under identical
conditions.

Additional results in sectjon C point to the existence
of a thin surface layer (10-15 A) rich in calcium and phos-
phorus which forms during the initial 15 minutes of corrosion.
The observed sequence of events indicates that the thin cal-
cium phosphate layer initiates the formation of the silica- {
rich layer and serves as the nucleation site for growth of «
the calcium phosphate layer once sufficient calcium and phos-
phorus have been leached into solution.

The consequence of the sequence of surface chemical reac-
tions described above is osteogenesis. Sodium ion release
from the surface eventually overrides the effect of acidic
enzymes associated with would healing and bone repair and per-
mits a local alkaline pH to be maintained. Osteoblasts differ-
entiate in the implant vicinity. The silica-rich gel and
amorphous calcium phosphate layer produced on the implant sur-
face incorporates collagen fibrils and mucopolysaccharides
generated by the osteoblasts. Crystallization of the calcium
phosphate layer proceeds simultaneous with mineralization
within the collagen fibrils resulting in a cojointly crystal-
lized bone-implant junction.

In soft tissues high calcium and phosphorus ion concen- 3

trations are not desired and an inflammatory reaction is i
evoked which develops into a form of rejection.
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E. Development of a Resorbable Bone Plate System,
by D. Burney and G. Piotrowski

Introduction

The objective of Phase I of the resorbable bone plate
project was to '"test the suitability of the existing bioglass
and bioglass-ceramic materials as plates, using metal screw
fasteners." A plate was designed for application to a frac-
tured dog femur. The plate design was subsequently revised
to improve its strength during the implantation procedure.
Several dogs have been implanted successfully with sintered
composite plates (Figure 1).

Initial attempts at implantation were unsuccessful due to
failure of the plates during installation. An extensive in-
vitro study revealed that several steps in the manufacture
were causing problems. These have been remedied, resulting in
the successful implantations.

Early Attempts to Implant Canine Plates

The first attempts to utilize plates to repair fractures
of canine femurs were spectacular failures. A group of 12
plates (see Figure 2) were fabricated, 6 from triple strength
45S5C (with 0.01% Pt), and 6 from the BA6 composite, as indi-
cated in Phase I of the July 11, 1973, proposal (compositions
2 and 5, Table III). Four plates of each group were tested
in-vitro, following ASTM standard F382* as much as possible,
for bend strength. The 45S5 plates required an average bending
moment, in air, of 17.3 Nem (153 in-1b) to fracture, while the
BA6 plates could withstand a moment of 20.3 N-m (180 in-1b).
These strengths are about one half of the strength of an in-
tact canine femur. The strengths exhibited proved to be mis-
leading, as the plates fractured readily while the plates were
being screwed to the bone during implantation. Both composi-
tions suffered the same fate, but the very low strength
reported by the surgeon could not be demonstrated in the labo-
ratory.

Extreme difficulties in the fabrication of the 45S5C
(0.01% Pt) plates were encountered, with success rates of less
than 50%. Thus it was decided to abandon use of that composi-
tion temporarily, until a sintered plate could be demonstrated
to be usable.

*Recommended Practice for the Static Mechanical Testing of
.Bone Plates, Annual Book of ASTM Standard, Part 46.
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Figure 1. Post-operative x-ray of a f(ractured dog femur

repaired by a bioglass-alumina « posite plate.
Wire sutures appear as artifact in: the X<ray.
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Figure 2. Original design configuration of the plates used
for in-vivo trials for repair of canine femoral
fractures.
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Figure 3. Modified plate design with ends redesigned to be
less susceptible to failure due to screws being
tightened down against it.
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In light of the fact that failures during implantation
occurred frequently at the tapered ends of the plate, the
plate design was changed to that of Figure 3. Except as noted,
all subsequent in-vitro tests were performed with specimens of
the configuration of Figure 3.

Preliminary Failure Analysis

A systematic study of the strength of sintered composite
bone plates was initiated to establish the cause of the low
strength in situ. Two types of mechanical tests were per-
formed.

A four point loading test (ASTM F382) was used to ascer-

’ tain the strength of the plate in bending. The strength of
‘ the material in the plate was assessed using the SCADS compu-

ter program [1]. A second test involved tightening a screw
’ down on the plate. The torque required to produce fracture
was monitored and recorded. In both of these tests the fabri-
cation procedure was analyzed by varying sintering tempera-
tures and compaction force. The degradation in saline for
short times was also examined.

} a. Ten plates were used to establish a baseline set of
data for bending strength. These plates required bending
moments of 12.4 N.m (110 in-1b) for fracture. The nominal
fracture stress was computed to be 60.7 MPa (8,800 psi).

b. For plates fabricated identically except for the com-
paction force during the pressing stage, the strength was
found to increase linearly with compaction force (Figure 4).
At the higher forces internal defects called laminations were
formed by the transverse contraction of the die as the compac-
tion force is removed. This problem was overcome by the con-
struction of a stiffer die, which allows the higher compaction
forces to be used during fabrication.

c. After pressing, the plates are fired to cause the
particles to fuse into a single mass. The bending strength
was found to be nonlinear with firing temperature (Figure 5).
The large scatter can be attributed to surface condition of
the pre-machined specimens.

d. A group of plates was fabricated without holes to
study the effect of exposure to saline on the strength. The
group was divided into three batches. One batch was tested
dry, one was immersed in saline for 30 minutes prior to test-
ing, and one was soaked in saline for 24 hours. No signifi-
cant differences were found for both the bending moment and
the fracture stress. The bending moment at failure was 25.4
N:m (225 in-1b), while the fracture stress was about 77.2 MPa
(11,200 psi).
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Figure 5. Influence of firing temperature on strength of plates.
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Two additional batches of identical plates but with a
single hole and no countersink, and with a countersunk hole,
were also tested and found to have bending strengths and nomi-
nal fracture stresses of 14,7 N.m (130 in-1b) and 68.9 MPa
(10,000 psi), respectively. No significant difference in
properties could be attributed to the countersink. The hole
acts as a stress concentration of about 1.15, while the loss
of bending strength of the plate, e.g., from 25.4 N.-m to
14.7 N-m, is due to both the stress concentration and the
reduction in cross sectional area, and amounts to about 40%.

e. A large group of small plates were fabricated for

screw torque tests to model the observed fracture mode in situ.

These specimens were mounted on a torsional load cell, and the
torque required to produce fracture of the specimen was
recorded. Holes with and without countersinks were used, and
little difference in the fracture torque (average value 4.7
N.m (42 in-1b) was noted.

f. All specimens up to this point had been drilled and/
or countersunk prior to firing. A screw down test of a group
of plates containing a full complement of four countersunk
holes showed that only 1.9 N'm (17 in-1b) was required to
split the plates. A careful examination of the holes showed
that the plates had contracted transversely during the firing
phase in manufacture, and therefore the holes and countersinks
were elliptical. This is probably due to density gradients
in the large plates associated with the dry pressing opera-
tion. The contact force between screw head and plate was no
longer evenly distributed, but applied at two distinct points.
When some of these same plates were re-countersunk after fir-
ing, the screw down failure torque rose to 4.0 N.m (35 in-1b).

In order to establish further the appropriate time for
drilling the holes in fabrication, a test series comparing
plates machined before and after firing was made. The
strength as shown in Figure 6 was not significantly decreased
by post-fire drilling; however, when compared to the large
increase in screw torque (1.9 N'm + 5.7 N.m) of 300%, it is
apparent that the overall effectiveness of the plate is im-
proved with post-fire drilling.

g. Based upon the results of the biomechanical modeling
studies outlined above, a group of 14 plates was fabricated
for the purpose of in-vitro and in-vivo testing to confirm a
design and fabrication technique that eliminates the complex
stress fields. A compaction force of 53.4 kN (12,000 1bf) was
used. The bottom grove was machined prior to firing, the
plates were fired at 1200°C, and the holes were drilled and
countersunk using diamond drills after firing. All plates
were gas sterilized and prepared as for implantation. Five
of the plates were tested after 30 minutes' immersion in
saline and exhibited bending strengths comparable to previous
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values. The processing and handling history of the plates
was identical to undergoing implantation procedures.

Three plates of this group were employed in sham opera-
tions on canine cadavers. Special consideration was given to
the handling of the plates during surgery to reduce surface
damage. The results of the above testing indicate a high
sensitivity to surface flaws. The plates were successfully
applied, with no failures noted during the sham operations.
These results indicated that the fracturing of the plates
accompanying implantation had been initially eliminated.

Re-structuring of Surgical Techniques
a Solution to Preliminary Failure

The surgical implant operations demonstrated that proper
reduction of the fracture and application of the plate was
technically quite difficult. Special instrumentation was
therefore developed to facilitate implantation of the plates.

After the dog is anesthetized and prepared for surgery,
an incision is made over the femur on the lateral aspect of
the thigh. The femur is approached between the tensor fascia
lata and the vastus lateralis muscles, a Gigli saw is passed
around the femur and used to score it at midshaft on the medial
side. A blunt osteotome is then struck with a mallet to pro-
duce a controlled transverse fracture of the femur. The Gigli
saw is withdrawn and the bone is reduced and clamped by a
device specially designed as part of this research project.
The clamp is designed to hold each bone fragment firmly, and
allows all holes to be drilled and screws to be driven with-
out moving the clamp, as illustrated in Figure 7. (A modi-
fied version of this clamp may prove to be useful to the
orthopedic surgeon for plate fixation of fractures.) A metal
replica of the ceramic implant is then used in conjunction
with a drill guide to accurately locate the four screw holes
drilled through both cortices of the femur. As the holes are
drilled, metal pins are use” to prevent the bone from shift-
ing relative to the plate. When all the holes have been
drilled, the replica is removed and the ceramic plate, shown
in Figure 8, is screwed onto the bone. The clamp is removed
and the bone checked for secure fixation (Figure 9). Muscle,
fascia and skin are sutured, with wire sutures on the skin to
discgurage removal by the dog. The operation requires about
one hour.

Success ful Surgery Exposes New Problems

Five plates were successfully implanted using the above
surgical procedure. Two of the five plates were applied on
intact femurs of the same dog, for a 20 week study of the
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Figure 7.
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The clamp holds both bone fragments in alignment

while the four screw holes are drilled, using the
metal replica plate as a template. The locating
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Figure 8.

Once all the holes have been drilled, the ceramic
plate is substituted for the replica plate, and
the screws inserted.
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Figure 9.
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After all screws are tight the clamp is removed
and the quality of the fixation checked.
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biocompatibility of the plate geometry (Figure 3). The other
three implants were applied on fractured femurs of the dogs.
The plates remained stable for nine, five and four days. The
three failures may be attributed to static fatigue, which is
proportionate to ultimate strength, or high contact stresses
induced by femur geometry. Experience with the fatigue phe-
nomena has created the need for developing a higher strength
glass by further studies in the variations of the fabrication
procedures.

The first hurdle of successful implantation has been
overcome with the previously described procedure. However,
post-operative plate stability is not maintained and a thor-
ough study to improve resistance to static fatigue has neces-
sitated a temporary halt to plate manufacture and a concen-
trated effort to manufacture a large quantity of small test
discs.

A More Sophisticated Fabrication Study
1s Needed to Solve New Problems

Canine plate manufacture was temporarily discontinued to
allow time for an extensive study of fabrication variables
using 1-1/8" dia. x 1/8" circular discs for ease of manufac-
ture. Stress is tested using a biaxial flexural test rig
[2,3]. The parameters for study are firing temperature,
firing time, alumina variations, forming pressures, and nucle-
ation of frit. Once an optimized procedure is found, varia-
tions on the sintering techniques are proposed in hopes of a
further increase in strength. Variations of particle size
recompressed composite material, nucleation and crystalliza-
tion of the sintered discs, etc., will be tried. Results
from these studies will be utilized in the next quarter for
continuation of canine plate fabrication and implantation
studies.

A Theoretical Approach to Optimize Design
of Plate Geometry

A computer study, using the SCADS program, has been ini-
tiated to investigate the effect of changes in the cross sec-
tional configuration of the plate on its strength. The first
phase of this study is nearly complete, and should lead to
in-vitro verification of an improved plate design. This work
will be carried over into the next year.
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