





































































































1 :
Sulk Bioglass Silicon rich layer

Elutron Mitropul:o
10 KY

10”7 Amps

Tum Beam Diomater

10 Second Paint County nt

tarensity, leps x 103)
T

Sum Intervals

T
Co, P layer

4535 Bioglass Implant
Rat Tikie, 12 Months

2 (1] 108

Distenco, (l-} "

Figure 2.12 Compositional Profile of Bioglassm/Bone
Interface, One Year Imp]antation(49)

24



CHAPTER THREE

LITERATURE REVIEW

3.1 INTRODUCTION

From an extensive review of the literature, information was
gained on the subject of stress corrosion in glass. The basic mechanisms
of glass corrosion were reviewed with particular emphasis on the reactions
of soda- lime-silica glasses. Methods of detecting and analysing
glass corrosion were summarized. The various theories of stress corrosion
were reviewed. Experimental techniques used in the study of stress
corrosion of glass and the results obtained by several investigators
were studied. The method of lifetime prediction for a glass from
fatigue d.ata and design diagrams for several glasses were reviewed.

This chapter will present the information gathered and a plan

of study for the investigation of the stress corrosion of BioglassTM.

3.2 GLASS CORROSION

The reactions of Bioglass‘rM when exposed to a corrosive solution
were outlined in Chapter Two. For a better understanding of the processes
taking place it is necessary to review the basic mechanisms of glass
corrosion and the effects of differing composition thereon. In particular
the effects of varying alkali content, the presence of P05 and the
presence of alumina in a soda-lime-silica glass must be addressed.

Several investigators have studied the basic mechanisms of

glass corrosion. As a result of these studies, it was determined
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that a silica based glass undergoes corrosion by two processes, termed
Stage 1 and Stage 2 corrosion.

Clark{13) gives an 111us1;rative description of Stage 1 and
Stage 2 glass corrosion. Using a 2-dimensional schematic representation
of the 3-dimensional random network structure of glass, the basic
mechanisms of glass corrosion are presented in simplified form. Clark's
representation is given in Figure 3.l.

The initial stage of corrosion involves ion exchange between
~the alkali ions of the glass and hydrogen ions of solution.
SiONa(g) + Hp0 ====== SiOH(g) + NaOH

The second stage involves attack of the Si-O-Si bonds by OH- ions.

O O o OH

‘ 1 ‘ | |
0-8i-0-Si-OH + 4OH-(sol'n) === O-Si-OH + OH-Si-OH

1 i | [

o} o (g o (g OH (sol'n)

The leaching behaviour, (Stage | corrosion) of a number of
differing glasses has been extensively studied. Considerable effort
has been expended studying the kinetics of the alkali extraction and
interpretation of the process mechanism.

In general it has been found that on initial exposure of an
alkali-silica glass to water, the amount of alkali leached from the
glass is proportional to % (13), Results of corrosion studies illu-
strating this behaviour are shown in Figure 3.2. The process of ion
exchange between the glass and solution has been described as an inter-
diffusion mechanism. In a study of the leaching of potassium silicate
glasses, Boksay et al(13) developed a theory to fit the observed

profile ( Figure 3.3 ) using a concentration independent diffusion
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coefficient. The theory, however, could not be used to describe the
profiles obtained for sodium and lithium silicate glasses.

Doremus(2¥) used a concentration-dependent diffusion coefficient
to generate steady-state diffusion profiles which were consistent
with experimentally obtained profiles of the alkali ion, Figure 3.4.
The interdiffusion coefficient used was of the form;

D = DNa+ DHe /[CNa Dnat (L - CNa) DH) 3.1)
where Dpnas+ and Dy, are the individugl ionic diffusion coefficients.
By assuming these were concentration independent, Doremus developed
an approximation of the actual situation.

Das and Douglas(19) studied the rate of alkali extraction
from several binary and ternary alkali silicate glasses confirming
the 'w/'t' dependence of alkali extraction in the early stages of attack,
Figure 3.5. They attempted to relate the chemical resistivity of
the glass to electrical resistivity measurements on the assumption
that both were determined by the rate of alkali ion diffusion through
the glass. A correlation was not obtained, leading to the conclusion
that the alkali extraction could not be described by a simple ion
exchange reaction.

Das et al(13), Doremus(23) and other researchers proposed
that a "gel layer" forms at the solution/glass interface which further
complicates the leaching process.

Doremus(24) suggested that the glass network is transformed
to a loose gel structure through the reaction of water penetratihg
the glass with the silicon-oxygen bond.

HyO + Si-O-Si === SiOH HO-Si
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He suggested that water enters directly or is carried with hydrogen
as H30* in the ion exchange process. By this process the gel/glass
interface may move relative to the original glass interface. Doremus'
model of the leaching of alkali silicate glass is shown in Figure
3.6. Diffusion through the leached layer plays an important role
in the overall process. This diffusion cannot be represented by simple
mathematical solutions due to the complicating factors of concentration-
dependence of the diffusion coefficient and structural modifications
influencing mobilities of species through the "gel layer".

Schafer and Schaeffer(9l) suggest that it is not the migration
of cations through the leached layer that is the rate controlling
mechanism of corrosion, rather the controlling step is the reaction
occurring at the leached layer/bulk glass interface by which the structural
transformation to the more open network takes place.:

Schafer proposed that the very poor chemical resistance of
some glasses may be due to the microstructure of the leached layer.
In a high alkaline glass the layer may have a channel-like microstructure
composed of phase-separated regions of the water-rich gel phase and
isolated glass islands. The channels provide routes for fast transport
of cations and water molecules. The alkali leach rate under these
conditions would show a linear time dependence. Schafer, however,
does not provide any physical evidence of the microstructure suggested.

Researchers have determined that a wide range of alkali silicate
glasses show linear time dependence of alkali extraction at longer
corrosion times. The rate of silica extraction at these times also

follows a direct time dependence (Figure 3.7). At this point Stage



2 glass corrosion, or network dissolution is occurring.

There is a gradual transition from Stage 1 to Stage 2
corrosion. The rate of alkali extraction throughout a corrosion process
has been approximated by the empirical relation(25)

Q=avit + bt (3.2
At intermediate times ions exchange and network dissolution occur
simultaneously.

The rate of silica extraction is influenced by the amount
of alkali in the glass and solution and the pH of the solution. Evidence
for this statement is presented below.

Douglas and El-Shamy(25) found that the rate of silica extraction
into acid media was very low. Their results are given in Figure 3.8.
Increasing alkalinity of the solution increased the rate of silica
extraction. This is explained by consideration of the following reactions
for glass corrosion;

-Si-0-5i-OH(g) + OH-(sol'n) -~3 -Si-OH(g) + O--Si-OH(g)or(sol'n)

-Si-O-M*(g) + H*(sol'n) --» -Si-OH(g) + M*(sol'n)

By employing LeChatelier's Principle it is seen that as the
hydroxyl ion activity in the solution is increased, removal of silica
from the glass is favoured. Accompanying this is a decrease in activity
of hydrogen ions, thereby reducing the leaching of alkali from the
glass.

Douglas and El-Shamy present a theory to explain the pH dependence
of silica extraction from the glass based upon occupancy of surface

sites at the leached layer/solution interface.
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The sites are represented as:

Empty Occupied

- 0 -0 -0
\\ N ~.

- 0-8i-0" -0 -8i-0Nat or - 0O - Si-OH
S Ve Ve

- 0O -0 -0

A dynamic equilibrium of the above states is determined by the concen-
trations and solvation energies of the ions.

The occupancy of the sites is determined by the chemical potential
of each ion in solution and the leached layer. The chemical potential
is given by:

B = M°+ KTInC (3.3)
where u is the potential at infinite dilution, C is the species
concentration (assuming that concentration ~activity of species).

At equilibrium the chemical potentials of a species across

the interface are equal. Thus:

Csurface = Ae-(surface - y’solution)/kT (3.4)

Csolution

Surface sites of the leached layer will be occupied by the
ion of lowest chemical potential if the concentration of that ion
in solution is great enough to give Cgyrface equal to fully occupied
sites. When the concentration of the ion in solution is decreased,
a fraction of the surface sites will be occupied by another ion species.

The equilibrium at the surface can be represented as equilibrium
between silica and solutions of varying H* or pH.

The equilibrium constant for the dissociation reaction
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is equal to 1098 at 30C. Assuming that the constant applies to
SiOH groups on a silica surface, it can be extended to include the

SiOH groups at the leached layer/solution interface.

[" \fi - d] surface [H‘]

. \.
[‘ /51 - OH]surface

= 10-9-8° (3.5)

or

7

[ - - O_]' -10(-9.8+pH) (3.6)

\
[- Si - OH]
Ve

Using the above equation, the relative occupancy of surface

sites by hydrogen can be calculated.

It is found that above ~ pHY, surface sites are increasingly
occupied by alkali ions. This consequently retards transport of the
alkali through the leached layer causing, in effect, a decrease in
Stage 1l corrosion and an increase of Stage 2, or network dissolution.
This is demonstrated by the results of Douglas and El-Shamy for a
K20-8i0O2 glass shown in Figure 3.9.

Das(20) explains the higher durability exhibited by alumina
glasses with this theory. The fraction of sites occupied by hydrogen
on the alumina glass surface is given by

1/(10-10-635 + pH , 1) (3.7
Network dissolution of the glass would predominate above -~ pH=ll as
opposed to pH=9 for silica glass. Consequently the alumina glass

is more insoluble over a wider pH range than the silica.
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shafer(%1) concludes that the chemical resistance of an alkali

silicate glass decreases with increasing alkali content or increasing

radius of the alkali ion in the glass. His results are given in Figure

3.10. The latter arises from the higher field strength of the smaller

ion making it more stable. The decrease of chemical durability of
a glass with increasing Na* has also been found by Clark et all2),

In general, the durability of glass is determined by the nature
of the surface film formed which in turn is controlled by the corrosive
_ solution and the bulk composition of the glass.

Hench and Clark(‘*s) identified five types of surfaces which
form on silicate glasses during corrosive reaction. These are shown
in Figure 3.1l.

Type I surface films are formed through surface layer hydration
with no significant alkali leaching or network dissolution occurring.
This surface film would be found on vitreous silica under neutral
pH conditions.

Low alkali content silicate glasses undergoing selective leaching
form Type II surfaces. At pH9, the surface silica layer serves as
a protective film against further alkali leaching.

Researchers have found that the addition of Al03 to an alkali
silicate glass leads to the formation of another surface layer on
top of the silica. Dilmore(2l) found that the addition of 2.5 mol%
Al703 to a lithium silicate glass increased its corrosion resistance
significantly. Dual protective films on the glass are characteristic
of Type III surfaces.

Hench(1%) proposes that additon of P205 to a soda-lime-silica
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glass increases its corrosion resistance by the formation of. a Type
III surface. Hench argues that phosphorous is a network former in
the glass of +5 charge existing in 4-fold co-ordination. Therefore,
one of the P-O bonds is a double bond. Hench explains, with reference
to McMillan's work (Glass Ceramics, 1964), that the double bond leads
to phase separation of the phosphate and silica groups. In the glass,
the alkali or alkaline earth oxides are more strongly associated with
the P205. The silicate phase thus reduced in CaO content is consequently
more susceptible to corrosion. As the silicate phase is attacked,
a surface film rich in CaO and P205 is formed. This layer then serves
to protect the silica from further network dissolution. Stage 1l leaching
of Na* and Ca2* continues resulting in the formation of a silica rich
layer. These two surface layers are typical of Type IIl surfaces.
Therefore, addition of P205 to the glass, while initially decreasing
the corrosion resistance serves to stabilize the corrosion reaction
with time eventually retarding further corrosion.

An important assumption of this theory is that the CaO in
the glass is associated with the phosphorous phase. Several investiga-
tors(1220,75,91) have noted the increased durability of alkali silicate
glass with the addition of CaO. Results obtained by Clark et al(12)
are given in Figure 3.12. In the early stages of corrosion the presence
of Ca increases the coupling interaction between Si-O and non bridging
Si-O bonds. The stronger structure retards leaching of the alkali.
In the later stages of corrosion increased durability arises from
the formation of a Ca-enriched zone in the Na-depleted leached layer.

This zone acts to stabilize a SiO7 rich surface layer by filling microvoids



and inhibiting further Na diffusion.

Type IV surfaces are similar to Type II with the exception
that the silica rich film formed on the surface is not highly durable.
Rapid Stage 1 and Stage 2 corrosion processes can occur. Alkali silicate
glasses of high alkali content form Type IV surfaces.

Type V surfaces formed by homogeneous attack of the alkali
and silica are found on silicate glasses under highly alkaline conditions
with pHY.

The analytical techniques of identifying and analysing the
surface layers formed on the corrosion of alkali silicate glasses

are outlined in the following section.

33 ANALYTICAL METHODS FOR STUDYING CORROSION OF GLASS
Several analytical techniques are available for studying the
process of glass corrosion. While the physics of each is beyond the
scope of this work, the methods will be reviewed briefly outlining
the application of each and the information that can be obtained.
Static or replenished corrosion experiments may be conducted
on bulk or powdered glass samples . Studies have shown that the ratio
of solid surface area (SA) to solution volume (V) strongly influences
the corrosive reactions. Maintenance of a constant SA/V ratio is
necessary for control of corrosion tests. Powdered samples undergo
rapid increases in surface area as dissolution occurs and have a tendency
to form agglomerates and localized corrosion cells. Therefore bulk
samples , in which control of SA/V is much easier, are preferred for

corrosion tests.
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Detection of reaction layers and information on the processes
occurring during glass corrosion is accomplished through solution
analysis and/or the use of a number of surface analytical tools.
Solution analysis may be used to determine the rate of surface attack
and the types and amounts of leached ionic species.

Infra-red reflection spectroscopy (IRRS), electron probe micro-
analysis (EPMA), scanning electron microscopy (SEM), energy dispersive
x-ray analysis (EDXA), secondary ion mass spectroscopy (SIMS), and
Auger electron spectroscopy (AES) provide additional information on
surface corrosion reactions. Each technique has limiting factors
which govern its use in corrosion analysis.

One of these factors, important when studying the chemical
composition of a corrosion layer, is the sampling depth of each technique.
These are illustrated in Figure No. 3.13.

SIMS and AES have sampling depths of 5 to 50 1.\, making these
techniques useful for analysis of thin corrosion layers. Monitoring
of the composition (through secondary ion of Auger electron emission)
whilst ion beam milling gives a composition profile through the corrosion
layer. SIMS has full elemental detection and isotopic characterization
capabilities. This is a useful technique for determination of the
extent of hydration of the corrosion layer. Sputtering eifects pose
a problem for quantitative composition analysis . Similarly, AES
is semiquantitative. Users of the AES technique, as well as SEM/EDXA
and EPMA analysis, experience problems due to charging of the glass
sample under the incident electron beam causing subsequent changes

in emitted x-ray intensities. The migration of alkali from the beam



is also a problem.

EPMA analysis has a greater sampling depth than SIMS and AES.
Cross-sectional profiles are usually obtained on the EMP . The spatial
resolution of the probe is approximately 2 um, however, a value often
larger than the full depth of the corrosion layers on glasses. The
EMP shows very good compositional sensitivity (about 0.1%) but only
a few species may be monitored at one time. EDXA, on the other hand,
allows rapid total analysis of small areas. Surface heterogeneities
less than lum may be analysed. Sensitivity to compositional variations
is poor though, being of the order of 5%.

Surface roughness causes error in the chemical analyses performed
by the above mentioned techniques. Chemical analyses by IRRS is unaf-
fected by surface roughness. Species are identified by IRRS from
the wave number position of a peak indicating a specific bond vibration.
IRRS méy also indicate microstructural changes occurring due to the
corrosion process.

Physical changes of the glass surface can be studied by SEM.
High magnification (up to 20,000x) and a large depth of field allow
identification of pitting, exfoliation or precipitation occurring

as a result of the corrosion process.

3.4 STRESS CORROSION OF GLASS
3.4.1 THEORY

Stress corrosion cracking, or static fatigue of glasses is
a phenomena that has been studied extensively. Several investigators

have proposed theories to explain the propagation of cracks in glass
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under the combined influence of stress and corrosion, the corrosive
medium of prime consideration being water.

Static fatigue of glass is a term used to explain the time
dependant behaviour of the strength of glass. Delayed failure of
glass was discovered by Grenet in 1899 who found that glass could
statically support a weight for a time and then fail. It is believed
that, under load, microscopic cracks in the glass grow due to environmental
interaction until the Griffith criteria for fracture (energy to create
new surface € energy stored) is satisfied and abrupt failure occurs.

Orowan(102) proposed that delayed failure was due to diffusion
of water vapour or other species to the tip of a crack where they
were adsorbed causing a reduction of the surface free energy. This
in turn caused a reduction in the breaking strength of the glass (from
the Griffith equation for strength, strength oC surface energy).
This mechanism for delayed failure was discounted because the curves
of. existing data could not be explained by surface diffusion consider-
ations.

Gurney(loz) determir!ed that at a crack tip in glass under
load, the bonds of the glass were severely stretched and more susceptible
to corrosive attack than the bulk glass. Chemical erosion at the
tip would cause the crack to grow to the critical failure size. Gurney's
theory however did not fit the experimental data.

By studying the fatigue behaviour of sodium-silicate glass
in the temperature range -170C to 242C Charles{100) determined that
static fatigue is an activated process. He obtained straight line

plots for time-to-failure under constant load versus inverse temperature.
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From the slope of the curve a value of 18.8 Kcal/mol was calculated
for the apparent activation energy of the fatigue process. This was
approximately equal to the value Charles obtained for glass corrosion,
20 Kcal/mol, and the value for the activation energy for Na* diffusion
in glass, 17-23 Kcal/mol. Charles reasoned therefore that static
fatigue occurred by a chemical reaction at crack tips in glass in
which diffusion of sodium ions was the rate determining step. This
is an unlikely explanation as stress corrosion occurs in pure silica
glass.

Charles and Hillig(loz) developed the theory further assuming
that the activation energy was stress dependent and the rate limiting
step was the attack of the silicon-oxygen bonds of the glass by hydroxyl
ions. The source of hydroxyl ions was water vapour present in the
test environment. They proposed an equation for crack propagation
which is given below.

V= Vo (OH NAglasslexpl-A E* + & AVA/3 - Vi ¥/p)/RT)  (3.8)
where (OH) = hydroxyl ion activity at the crack surface

(Aglass). = chemical activity of flat glass surface in corrosive

environment

AE* = activation energy for chemical reaction

AV* = activation volume for chemical reaction

Vym = molar volume of glass

¥ = interfacial surface tension
p = radius of curvature of glass surface

From their equation, for a given glass and environment, crack
motion is controlled by stress and crack curvature.

Charles and Hillig suggested that different changes to the
crack geometry would occur from stress corrosion depending upon the
magnitude of the stress. These are shown in Figure 3.14. Above a

threshold stress level flaw sharpening occurs as the crack advances.
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Below this "static fatigue limit" the crack tip becomes blunted.
In the former case the crack grows to a critical size and geometry
causing the stress at the tip to reach the critical level at which
abrupt failure occurs.

Lawn(62) argues that the fundamental understanding of the
chemical reactions causing static fatigue is limited by the approach
taken by the researchers. He suggests that theories developed from
reaction rates and crack tip geometry are phenomenological and are
limited in capacity to explain and predict material behaviour. To
understand the mechanism of static fatigue it must be approached at
a molecular level.

Evidence gathered by electron microscope studies(62) showed
that crack healing occurs in brittle materials. This suggests that
the crack tip cannot be rounded but must be atomically sharp. Thomson
et al(62) model the crack as a thin slit terminated by non linear
linkage bonds. This representation is shown in Figure 3.15. Under
the influence of high stress fields, the bond at the crack tip, repre-
sented as a spring element, is stretched beyond its linear response
range.

Michalske and Freiman(67) developed a molecular model for
stress corrosion in silica glass. A schematic representation of their
model is shown in Figure 3.l6.

The reaction between a water molecule and a crack tip occurs
in three stages :

Stage I: The strained crack tip bond adsorbs a water molecule.
The lone pair of electrons on the oxygen of the water

interacts with the silicon and the hydrogen proton forms
a hydrogen bond with the bridging oxygen of the glass.
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Stage 2: The cleaving of the Si-O and O-H bonds to form two hydrogen
bonded silanol groups.
Stage 3: The.cleaving of the hydrogen bond and consequent fracture
at the crack tip.

The sequential rupturing of the freshly exposed crack tip
bonds leads to crack growth and static fatigue of the glass.

Michalski and Freiman performed static fatigue experiments
in other solutions and concluded that the model can be extended to
include active species other than water. They found -that species
promoting stress corrosion in silica possessed at least one lone pair
of electrons (Lewis base) opposite a proton donor site with the distance
between the acid and base sites approximately equal to the Si-O bond
distance. Figure 3.17 shows some of the active species identified
in their study.

In further development of the atomistic model, Michalske and
Bunker(65) performed molecular orbital calculations to estimate bond
energies and electron distributions which would give information on
bond strength and reactivity as a function of bond strain. From their

calculations they drew the following conclusions:

L. Unstrained, the Si-O bonds are relatively inert.

2. Changes in O-S§i-O or Si-O-Si bond angles create Lewis acid
sites on Si and Lewis base sites on O thereby increasing their
reactivity.

3. Chemicals known to dissociatively absorb on strained surface

bonds have also been shown to cause stress corrosion. Strained
bonds more readily adsorb molecules and are more susceptible
to subsequent reactions that cause bond rupture than unstrained
bonds. '
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Michalske uses these results to develop an atomistic fracture
model. He represents the crack front as a line separating brokgn
and unbroken bonds. For the crack to grow the bonds bordering the
front must be broken. Michalske presents a model whereby a kinked
front develops (see Figure 3.18 ) the kinks being highly strained
and reactive bonds. Crack growth occurs with the rate being controlled
by kink site nucleation and the rate at which the kinks move laterally
across the front.

Research on the stress corrosion of glass has shown that,
for a given environment, the crack velocity is a function of the applied
load and crack length expressed as the stress intensity factor ,Kj.

Williams developed a relationship for the stress intensity
at a crack tip starting from the Airy stress function equation:

vAv2Y¥) =0
O'xii;f_ ’ O'fﬂ. » Txy= >a
y J x* x Jy

Williams argued that ¥2Y is harmonic and if 92(92%) could
be expressed as a function of two harmonics, £ and g, with v 2£=0
and Vzg=0, then V:r2f+g would be a solution to the stress function

equation. Williams' coordinate system is diagrammed below.
7]

r2=x12+x22 : P2)

\

From the fact that the stresses at the free surfaces of the

crack must be equal to 0, the function must have imaginary solutions.

Therefore, to traverse the crack tip an imaginary coordinate system
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was chosen, z=x1+ix2=rei°(6= angle from -xj to -x2).
Williams expressed the two functions f and g as real parts

of two polynomial series;

f=ZRe z*-1
substituting z=rel t=Fr*1 cos(A-1)0
and g==rM!l cos(A +1)8
giving Y =SeMl £(09)

The stresses Ty, Ty, txy were defined in terms of LP in polar
coordinates,ie. @, Og, Trp -

The equation was then solved for the boundary conditions;
1’ O'g =0 when © =0 and 27 (crack faces)
2) Tre =0 when @ =0 and 27 (crack faces).

This yielded two solutions;
1) Y =0
2) ¥Yo=1(r,8)

By replacing © by K (K=©-7), Williams developed an equation
for Oy:

o y= -_'%.a cos K/2 (l+sin K/2 sin 3K/2) + ...
aj= constant
Under an applied stress;
Oy = Tapp (-'a_r.ﬁ cos K/2 ( ...))
which can be reduced to ; _
Ty =Sappy/ B Y

were Y is a geometric factor replacing the series function.

K' was originally termed the stress intensity factor.

Ty=_K
oA
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K' =0va)

The value of the constant a] is related to the crack length

2c so the stress intensity at a crack tip can be expressed as;
K = Youc (3.9)

The fatigue behaviour of a glass is detailed by a plot
of crack velocity versus stress intensity, a typical example of which
is shown in Figure 3.19.

Figure 3.19 is representative of the behaviour of a silicate
based glass in a water containing environment. Three distinct regions
of crack growth behaviour are identified on the figure.

In Region I the crack velocity is exponentially dependent
on the stress intensity factor. In this region the data can be fitted
to an empirical relation v = AK|D where A and n are constants for
a given glass composition and test environment. For environments
of lower water concentration the curve is shifted to lower velocities
and higher stress intensities. This shift and the exponential behaviour
of the curve can be explained by the Charles and Hillig theory of
stress corrosion. Therefore, it is believed that the rate of crack
growth for this region is controlled by the rate of the corrosive
reaction of water at the crack tip.

The presence of a static fatigue limit, ie. K} = Kjo below
which no detectable crack growth occurs, also supports the Charles-Hillig
theory of stress corrosion cracking.

In Region II the crack velocity is independent of the stress

intensity factor and a velocity plateau is observed on the curve.
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The velocity at which the plateau is found depends on the water concen-
tration in the test environment. Region Il crack growth is due to
stress enhanced chemical reaction between the glass and water with
the rate of crack growth controlled by the rate of transport of water
to the crack tip.

In Region IIl the crack velocity again increases exponentially
with the stress intensity but with a slope that is usually higher
than that found for Region I behaviour. At the high stress intensities
of Region IIl crack growth occurs by purely mechanical failure. The
rate of crack growth in this region is independent of the water in
the environment and is controlled by the chemical composition and
structure of the glass. The curve for Region Ill asymptotically approaches

the value of Kj. for the glass.

3.4.2 EXPERIMENTAL TECHNIQUES FOR STRESS CORROSION STUDY

Because stress corrosion is a process whereby subcritical
flaws can be propagated to failure, the fatigue behaviour of a glass
component is an important engineering design consideraiton. The lifetime
of a glass piece in service is limited by the time needed for initial
cracks in the glass to grow to critical size. A knowledge of the
fatigue parameters A and n is necessary to calculate estimated lifetimes.
A detailed analysis of the methods of lifetime prediction will be
presented later. The following review details the experimental techniques
used to quantify the static fatigue behaviour of glasses.

In general, there are two methods of studying stress corrosion

_in glass; direct and indirect. Direct methods employ fracture mechanics
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type specimens containing macroscopic cracks. Accurate measurements
of crack velocity and stress intensity can be made during testing
from which crack growth parameters are directly determined. Indirect
methods use strength measurements to infer the crack growth parameters.
Direct methods offer the advantage that detailed information on fracture
behaviour is obtained. The indirect method has the advantage that
the crack growth parameters are determined for flaws similar to those
naturally found in the glass component of concern. In the latter,
the need for an assumption of identical fracture processes at the
tip of a large artificial crack and natural cracks which occur in
a typical glass piece is eliminated.

Of the number of sample geometries employed for direct deter-
mination of the stress corrosion parameters of a glass, the double
cantilever beam (DCB) is most often used. This is because the specimens
are easy to prepare, the crack front propagated in the sample approximates
a straight line simplifying data analysis, and considerable lengths
of stable crack growth can be maintained. The double cantilever beam
configuration is shown in Figure 3.20.

Several investigators have determined expressions for the
stress intensity factor for the DCB specimen. The detailed mathematics
of their solutions will not be presented here. A comprehensive analysis
can be found in the literature. The following table lists some of
the expressions obtained and the range of crack lengths for which

the solutions are valid. The variables are defined in Figure 3.20(a).



TABLE 3.1

Ki_for DCB CONFIGJRATION (%)

K; FORMULA RANGE

Ki=_3.46 P_ (c/h+0.688) c/hy w/h-2
“béR :

Ki=3.467 P (c/h+0.668) 1.54 c/hdk
“bvR

Ki=3.464 P_ (c/h2+¢1.2(c/h)=0.693) c/hd 0.875
Y

K1=3.208P ‘Ph.'o.tmoy 4.893 0.52¢/hs2.2

bvh (c/h)4-4.71(c/h)+5.545

To guide the movement of the crack down the centre of the
DCB sample, a groove is often machined along either side. This is
shown in Figure 3.20(b). For a side grooved DCB sample the stress
intensity factor can be expressed as(108),

Ki=(Pe/(bbp)+? hl-3)(3.47+2.32 h/c) (3.10)

Fatigue tests using DCB glass samples are usually conducted
under fixed load, fixed displacement or constant applied moment conditions.
During the fatigue tests the crack tip position is monitored optically
using a travelling microscope. The time is recorded at each crack
length measurement and the crack velocity is calculated from this
data.

For fixed load conditions the stress intensity is calculated
using Equation 3.10 with P being constant. Under fixed displacement
conditions the load will vary, decreasing as the crack grows. Calculation
of the stress intensity requires monitoring of the load with time,
done by continuous chart recording of a load cell output. For a constant
moment loading configuration the stress distribution in the beam is

constant. The stress intensity for this configuration is independent
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of crack length and is determined from the -applied moment.

Hibino et al(52) developed a system for studying static fatigue
of glass under dynamic loading conditions. The test geometry was
an edge-cracked tensile specimen stressed in a tensile testing machine
under fixed strain rate loading. The crack length was monitored using
an ITV camera and video recorder. The crack tip position, time and
load data were recorded for the duration of the test and analysed
later to determine crack velocity and stress intensity.

Using the above methods, data of crack velocity and stress
intensity are obtained from which the stress corrosion Kj-v diagx"am
may be plotted. The fatigue parameters A and n may be determined
directly from the resulting curves.

Indirect methods of studying fatigue behaviour offer simpler
experimental techniques but involve more complicated data analysis
to obtain values for A and n.

Experiments measuring the loading rate dependence (€= constant
or O = constant) of strength can be used to determine a glass' fatigue
parameters.

Ritter developed equations for failure strength as a function
of stress rate for dynamic fatigue tests. The details of the derivation
are given below (the variables have their usual meanings).

The general equation for stress intensity at a crack tip is
given by:

K = Yovc (3.11)
The velocity of the crack can be expressed:

v = de/dt = Qc/do )k, (90 /It) (3.12)



 or

do = (5/v) dc (3.13)
From: v = AKR (3.14 )
for Region I crack growth behaviour:
v = Vo (K/Kp)P (3.15)
So, from (3.11);
K = Ko (C/Co)% (/) (3.16)
Substituting for v in (3.13) and integrating from initial conditions

(indicated by subscript o):

T =Ko [L2énrfniico(ni2 «5/2.1 ( l;./u) 1/n+l o1
(r Co)i/2 VoKo(n-2) ¢l

(renters the equation from the assumption that Y is a constant equal

ton’ for surface flaws).
Assuming very small initial cracks, ie CC and large values of n
(as for glass)
(1/Co)n/2)-1 - (1/c)n/2)-1 = (1/C)(n/2)-1 (3.18)
This reduces equation (3.17) to :
o = Ko I+ 23268 () ]ll(ml)
(gl VoKo(n-2) N

Evans and Wiederhorn(33), used this derivation to obtain a
simple equation for the stress rate dependance of strength;
o - Bé.l/(n+l)¢1c(n-2}(n+1) (3.20)
where B= 2/ (AYZ(n-2)K)."2)

The equation for constant strain rate experiments has the
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same form i.e.:
=B & l/n+l glc(n-Z),(ml) (3.21)

The fatigue parameter n may be determined from a plot of log
failure-stress versus log strain rate for a number of different strain
rates. The slope of the curve generated is equal to l/n+l. An example
of this curve is shown in Figure 3.2l.

Alternatively, by assuming equal failure probabilities for
two sample populations of a glass ieQ’|¢] =6|c2 n may be determined
from tests at two strain rates only. Equation (3.21) then becomies:

S /o2 = (E1/ &1/ (.22)
or
log@| = logop + L/n+l log (£ (/€ ) (3.23)

N strength measurements are made at each strain rate, with
the values ranked in order of magnitude. Corresponding ranked strengths
are piotted on logarithmi; axes with the intercept of the curve giving
the value of n. The validity of the assumption of equal failure probab-
ilities for the two sample distributions is verified by a slope =l
for the data curve. An example plot for this method of fatigue parameter
determination is given in Figure 3.22,

The configuration commonly used for strength testing of glass
is the four point bend sample. The sample configuration and loading
pattern are shown in Figure 3.23. The expression for the bend strength
can be developed from simple beam theory.

The stress in a beam is given by:

T =My



where : M=applied moment

I=moment of inertia

y=distance from centroid

For the four-point bend sample the maximum tensile stress
occurs at y=h/2,
and I=wh3

.12
From the loading diagram of Figure 3.23, the maximum bending moment
is between the inner spans and is equal to:
M=PL/8

Solving the equation for the maximum stress in the beam gives
the expression for the four-point-bend strength:

S = 3PL (3.24)
. bwh2
where: P=load

L=lower span

w=sample width

h=sample height
3.4.3 REVIEW OF LITERATURE RESULTS

The stress corrosion behaviour of soda-lime-silica glass has
been extensively studied. Results obtained for such glasses in a
water containing environment are shown in Figure 3.24 .

The crack velocity-stress intensity curve clearly shows the
three regions of crack growth behaviour. For increasing water content
in the test environment, the curves are displaced to higher velocities
but maintain the same slope. This follows directly from the Charles-Hillig
theory of stress corrosion and equation 3.8. For crack growth due

to a chemical reaction, increasing the concentration of the reactive

species will increase the rate of growth. The mechanisms of growth
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are the same. The data points in Region III of the curve all lie
along the line of a single curve verifying the hypothesis that in
this region failure is purely mechanical and independant of the test
environment.

Figure 3.25 shows the effect of test temperature on the stress
corrosion of glass. The v - K] curves shift to higher velocities
and the data fit a relationship of the form v = A®XP(-Q/RT). These
results agree with the Charles and Hillig theory of stress corrosion
as an activated process.

Ki-v curves obtained by investigators showing the effects
of glass composition on stress corrosion behaviour are shown in Figure
3.2 .

The addition of alumina to a silica glass decreases the slope
of the v-K curve. This follows from the theory of glass corrosion
presented earlier. Alumina-containing glésées form durable aluminosilicate
surfaces with the Al-O bond being more resistant to OH- attack. The
increased susceptibility of soda-lime silica glass to stress corrosion
is shown in the figure. The curve for soda-lime-silica glass is displaced
to much higher crack velocities, e.g. at Kj=4 x 10° N/m3/2, v= 10-10
m/s for silica and 10-® m/s for soda-lime-silica. Ilon exchange at
the crack tip causes an increase in the local pH of the solution.
Ion exchange may cause changes in the electronic structure of the
Si-O bond at the tip. Also, the differing sizes of the Na* and H*
ions may induce tensile stresses during exchange. All three of these
reactions may result in an increased crack velocity for the soda-lime-

silica glass and the observed differences in slope for the two curves.
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The effect of pH on the rate of crack growth is shown in Figure
3.27. Increasing the concentration of the reactive species in solution,
e.g. replacing IN NaOH by 6N NaOH causes a displacement of the crack
growth curve to higher velocities. This follows from the Charles and
Hillig equation for crack velocity and Equation 3.8 . which directly
relates velocity to OH" concentration.

The widely differing slopes of the curves for glass in NaOH
and HCl suggest that a different process controls the rate of reaction
at the crack tip in each case. At low pH values the primary corrosive
mechanism is ion exchange of Na* and H*. At higher pH values, the
attack of the Si-O bond by OH- ions becomes predominant. Both mechanisms
cause weakening and rupture of the bonds at the crack tip. The slope
of the curve for soda-lime-silica glass in water is approximately
the same as that for the glass in NaOH, indicating that:the localized
solution pH at the crack tip is alkaline ,a fact supported by findings
of Weiderhorn(101), The high pH is; induced by Na*-H* ion exchange
at the tip.

Michalske and Frechette(66) studied the stress corrosion of
glass in the presence of water. In an environment of liquid water
they observed that the velocity curve exhibited a bend, or plateau
region for velocities of ~ 1002 m/s. The shape of the curves obtained
are shown in Figure 3.28. Michalske explains that, for wii0-2 m/s,
water facilitates crack growth. As the velocity increases, drag of
the water on the walls of the crack causes fine cavitation bubbles
to form. The wetted sections of the crack front grow around the dry

area joining on the other side forming a hackle step. The energy
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used to generate the hackle steps and propagate them causes a decrease
in the crack velocity. At higher velocities a stable cavitation bubble
forms across the crack front separating the tip from the liquid.
The crack growth then proceeds as for a dry environment. This is
shown by a jump in crack velocity to approximately critical velocity.

The results obtained by various researchers for the fatigue
parameters of several glasses in water afe listed in Table 3.2.
These results are taken from the accumulated data of Freiman, Baker

and \Vachtman(38).

3.5 LIFETIME PREDICTION

Fatigue parameters obtained from stress corrosion studies
of a glass can be used to determine the lifetime of the glass under
given service conditions.

An equation to determine the time-to-failure for a glass under
constant load can be derived from the expressions for crack velocity,
v = dc/dt, stress intensity at a crack tip, K| = o Y¥C and the empirical
relationship v = AKR which has been shown to hold for glass. Integrating
v = dc/dt from the initial to the final conditions yields;

tg = 2K);j>- N/ Aca2Yn-2) (3.29)
where tf = time to failure
Kijj= stress intensity for initial flaws
G,= applied stress
assuming that for large values of n, (Kj.2-N¢K)j2-N).
K1i is a parameter which is difficult to measure and so

is replaced by:

Kij = (ga/T1e)Kic (3.26)
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which follows from the linear relationship between applied stress
and stress intensity. O | is a measure of the critical fracture
strength for the same glass in an inert environment determined from
a series of strength measurements.

Using these substitutions, equation 3.25 becomes;

tf = 20570 (K1c/O 10)% N/ AYZ(n-2) (3.27)

Therefore, design diagrams for a glass can be calculated from
the parameters obtained from Kj-v diagrams and the inert or pristine
strength of the glass.

Statistical analysis of the strength of the glass can be used
in conjunction with the above equations to determine the design stresses
for specified failure probabilities.

Alternatively prgof tests may be used to eliminate samples
containing flaws larger than a maximum size and so ensure a minimum
service life.

For a sample to survive the prc;of test

Kip = 9p YVC; £ Ky (3.28 )
where O is the proof test stress and C; is the maximum flaw size
in the piece.
Kij = @4 Y ~Gj (3.29)
is the stress intensity at the beginning of service. This can also
be expressed as:
K1; <(Ca/Op) Ki¢ (3.30)

Substituting this into (3.27) the minimum time to failure

results,i.e.;

tmin = 207372 (chO'a/o'p)Z-ﬁ | AYZ(n-2) (3.31)
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Using equation (3.31) design diagrams for a glass component

can be obtained. Two examples are shown in Figures 3.29 and 3.30.

3.6 BIOGLASST™ APPLICATIONS

Researchers at the University of Florida have undertaken pre-
clinical experiments and clinical trials to examine the potential
for use of Bioglass‘l'M as a prosthetic material in a series of appli-
cations. In a review paper on the research some of the potential
applications are listed as follows;

l. tooth root replacement

2. orthodontic anchors

3. periodontal packing material

4. hip devices

5. spinal fixation

6. finger joint anchors

7. joint resurfacing

8. ossicular chain replacement

This list covers only the applications for which clinical
or preclinical tests have been initiated. There are other possible
applications for Bioglass‘rM as orthopaedic devices including various
joint replacement devices, bone fixation or intramedullary devices.

To obtain a measure of the expected lifetime for BioglassTM
in these applications it is necessary to determine the stresses which
would be acting on the material in service. Of particular importance

is the maximum tensile stress, this being the stress which would act



at the flaw tips to cause stress. corrosion cracking of the glass.

An exact determination of stresses in a prosthetic device
requires detailed analysis of loading and boundgr‘y conditions "and
implant geometry. These parameters will vary for each case being
dependant on the patient's skeletal structure, musculature and weight.
However, approximate values for the maximum tensile stresses incurred
can be used to obtain estimated lifetimes for the glass. Some values

of these stresses are given in the following table.

TABLE 3.3

STRESSES IN PROSTHETIC DEVICES
PROSTHETIC DEVICE MAXIMUM TENSILE STRESS  SOURCE

patella 3-3.5 MPa 44
femoral head 2.5 MPa 4
tooth (blade design) " 1 MPa 17
total hip:lateral neck 70-120 N/mm?2 . 15
total hip:distal lateral 180-254 N/mm2 15
total hip:distal medial 16-218 N/mm?2 15
Freeman-Swanson knee 19 MPa 79
fracture fixation:pin 105,500 psi 8
bone plate 20-50 ksi 64

The prosthesis for which ceramics are most often suggested
as a potential material is the total hip replacement device. An analysis
of the stresses incurred on loading in the femoral component of the

device is given in Figure 3.3l.



3.7 PLAN OF STUDY

T'he overall objective of this study is to investigate the
stress corrosion behaviour of Bioglass'rM 4585 with the aim of being
able to predict the lifetime of the glass in use as a posthetic device.
The plan of study undertaken to achieve this objective is outlined
as follows.

BioglassTM of the composition developed by Hench will be prepared.
Following the prbce_dure used by Hench et al, the corrosion behaviour
of the glass in a solution representing the physiological environment
will be assessed. This experiment will yield information on the bone-
bonding potential of the glass and will determine if the glass behaves
similarly to that tested in-vivo and in-vitro by Hench.

The fatigue parameters,A and n, will be determined from slow
crack growth studies of the glass. Crack growth in double-cantilever
beam specimens under fixed strain rate loading and load relaxation
will be monitored using an optical technique. The static fatigue
behaviour of the glass will be analysed in solution and in air. Standard
soda-lime-silica glass will also be tested for comparison and as a
means of testing the experimental system.

Four-point-bend tests will be performed on the glass in solution.
The fatigue parameter n will be determined from the results of the
tests at two strain rates. This value will be compared to that obtained
from the slow-crack-growth studies.

The inert strength of the glass will be determined by four-

point bend strength tests at rapid strain rates and in a liquid Nz
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environment.
The values of A, n and inert strength will be used to determine
estimates for the lifetime of BioglassTM used in several prosthetic

devices. The potential application of the glass may then be assessed.



TABLE 3.2

CRACK GROWTH PARAMETER (n) VALUES

Glass Composition %

SiO2 Al;03 By03  CaO Ka/Li0  MgO Na0 n
39.9 50.3
823 121  12.40 3.990  34.1-39.8
75.6 297 16.000 12.200 25.2
75.0 25.000 19.0
73.0 18.80 3.08 25.1-32.6
714 175 7.440 591  13.400 18.1
713 1.16 7.430 0.632 591  13.400  13.0-19.3
7.2 5.72 745 2310 3.440 9.410  25.3-3l.4
70.0 23.00 7.000 28.3
68.8 1.78 1.7  5.420 0.645 6.03 14700  13.0-16.9
67.0 33.000 11.0
67.0 33.000 21.0
66.6 10.80 0.462 2.330 579  13.000 28.7
6l.4  9.83 21.300 7.37 30.0
58.4 12.00 3.54 6,59 18.30 0.99 26.5
57.2 8.88 8.52  18.300 6.97 22.0
56.9 8.9 8.5  18.400 7.04 19.0
56.7 8.89 8.53  18.300 6.97 0.504 22.0
54.8 8.6l 8.23  17.800 6.79 3.640 17.0
544  8.55 8.17  17.600 2.21 6.74 2.140 11.0
53.8 8.5 8.07  17.400 6.66 5.440 20.0
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Figure 3.1 Stage 1 and Stage 2 Glass Corrosion
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Solution Data for Glasses Corroded in Static Aaueous
Solution at 100°C

Time(h) pH Na (ppm) Ca (pom) Si(ppm)

20Na20—10Ca0-7OS1'02

0.167 6.5 10.4 4 9.7

1 7.6 33.5 3 7.4

3 8.0 38.0 11 26.8

12 9.7 7373 37 50.0

48 10.1 500 47 143

216 10.8 566 108 566
20Na,0-80510,

0.083 7 31 36

0.5 9 50 85

1 10.5 204 391

2 10.5 93 683

3 10.5 1.6x10% 6.0x10%

12 10.5 2.5x10° 8.5%10°

Figure 3.12 Efféct of Ca0 Content on Glass Corros%on(lz)
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Figure 3.13 Sampling Depths of Analytical Techniques
Used in Studying Glass Durability (13)
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Figure 3.14 Changes to Crack Tip Geometry by Stress Corrosion(13)
a) Flaw sharpening by stress corrosion
b) Flaw growth with tip rounding balanced
by the lengthening of the flaw
c) Flaw blunting by corrosion



Figure 3.15 Thin S1it Model of a Crack Tip!&2)

P- load on crack tip
Uy= crack tip displacement:
B-B - strained crack tip "1inkage" bond
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Figure 3.16 Molecular Model for Stress Corrosion of G1ass(65)
1. Strained crack tip bond adsorbs water molecule
2. Cleaving of Si-0 and 0-H bonds to form two
hydrogen bonded silanol groups
3. Cleaving of hydrogen bonds and subsequent fracture
at crack tip
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Figure 3.17 Species Inducive to Stress Corrosion of Glass (67)
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Figure 3.18 Kinked Front Model of Stress Corrosion Cracking (65)

a) two-dimensional model of crack front
o broken bonds
¢ unruptured tonds
b) * crack front kinks creating new broken bonds

77



Cvf'a'c.l;‘ Velocity (m/s)

0017 % RYH

40 9 e %0 80

Stress intensity
(N/m* x 10%)

Figure 3.19 Slow Crack Growth, K-v Diagram
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Figure 3.23 Four Point Bend Strength Test
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CHAPTER FOUR

EXPERIMENTAL

4.1 INTRODUCTION

A knowledge of the stress corrosion parameters of a glass
in a particular environment allows the design engineer to determine
the lifetime of a piece of the glass in service.

To this end, a study has been performed on the stress corrosion
behaviour of BioglassT™ in a simulated physiological environment.-

Crack growth parameters were determined using direct crack growth

studies in DCB samples and indirect, 4point bend strength, analysis.
methods.

The following sections of Chapter 4 detail the experimental

procedures followed for fatigue testing of BioglassTM,

4.2 SAMPLE PREPARATION
The BioglassTM chosen for this stress corrosion study was
4555. Samples for fatigue experiments were prepared from melts of
the component oxides. Composition 45S5 is given in Table &4.1.
TABLE 4.1

Bioglass Composition
OXIDE WEIGHT %

Si02 45,0
CaO 24.5
Naz0 24.5
P05 6.0
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Reagent grade NaxCO3, CaCO3, and P05 were combined with -325
mesh SiO2 in 100 gram lots and melited in covered fireclay crucibles
at 13509C for two hours. Melting times were kept to a minimum to
prevent extensive contamination of the glass by dissolution of the
fireclay. Melts were stirred for homogenization of composition, and
quench cast into graphite molds. Further homogenization of the glass
batch was performed by ballmilling the cullet in polypropylene bottles
with alumina milling media for 18 hours. The glass powder was remelited
for fining in covered alumina crucibles at 13500C. A f{iring cycle
of 2.5 hours rise and 5 hour soak was employed. Blocks of glass were
cast in a graphite mold preheated to 450°C and placed immediately
in an annealing furnace maintained at 450°C. The glass was held at
this temperature for ~ 15 hours and then furnace cooled.

Several different mold sizes were tested in preliminary casting
experiments. The mold dimensions were optimized with regards to available
furnace size, melt size, the ease and quickness of casting and the
cooling rate of the cast block. Pouring of the melt must be performed
quickly and smoothly to prevent cords or high stress regions forming
in the block as it casts. In addition, the casting system (glass/mold)
must be dimensioned such that cooling of the glass through the crystal-
lization temperature range occurs quickly. The dimensions of the
mold used for the bulk of the sample preparation are given in Figure
h.1,

Double cantilever beam samples for slow crack growth studies
were machined from the cast glass blocks. The rough surface produced

on the base of the block from the casting mold was smoothed by lapping
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(Logitech) with 600 grit SiC powder/water grinding media. Once smooth,
the block could be mounted on a sample holder for sawing. "~ A high
speed saw (Micromeretics) with a 0.015" thick d}iamond blade was used
to slice the block into single sample pieces. The blocks were cut
across their width to yield samples (6.0 cm xl1.3 cm x0.6 cm). The
individual samples were then lapped to size and parallelism. A groove
was machined down the centre of the sample on both faces leaving a
web of uncut glass approximately one third of the total sample thickness.
This web provided a path for crack guidance during the fatigue testing.
A 0.040" thick diamond saw blade mounted on a wafering machine was
used to cut the side grooves.

The samples were then reannealed at 4500C for several hours
to relieve stresses induced by the extensive machining. After annealing,
the glass was examined under crossed polars and samples exhibiting
regions of high stress concentration were discarded.

Sample dimensions were measured with a micrometer and a microscope
vernier eyepiece. Typical final dimensions for the double cantilever
beam samples are given in Figure 4.2.

Steel tabs with centre holes through their thickness were
attached to the sample ends with a thermal setting wax. These tabs
were used to mount the sample in the loading system. Problems with
sample breakage and misalignment prohibited the drilling of holes
for the loading pins directly in the samples. In the subsequent analysis,
the tabs were treated as direct extensions of the cantilever arms.

Several methods of introducing sharp cracks in the samples

were investigated. Tests using notches sawn by a diamond blade were
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unsuccessful due to the high overloading necessary to initiate a crack
at the blunt notch tip. A rig designed to initiate a crack by forcing
a wedge into the sawn notch also proved unsuccessful. The best results
were obtained by touching the hot tip of a soldering iron to a point
on the glass approximately 1/8" along the side groove. Stresses induced
from thermal expansion of the glass caused a crack to form from the
sample end to the point of heat application. Some extent of crack
healing was evident on removal of the heat source suggesting that

the crack tip was atomically sharp.

4.3 CORROSION TESTING

Static corrosion tests were conducted on bulk samples of
BioglassTM 4555 to verify the corrosion reaction occurring at the
glass surface -in-vitro. Corrosion profiles were compared with those
obtained by Hench and others for the same glass.

Small samples of 4555, 5mm x 5mm x 2mm were freshly abraded
with 600 grit SiC polishing paper and immersed immediately in 500ml
of test solution at room temperature. The solution, representative
of the physiological environment, consisted of distilled water buffered
to pH=7.4 by the addition of HCl and trishydroxymethyimethylamine.
This test solution composition was used throughout the study. After
one hour, the samples were removed and blown dry by a gentle air stream.

The corrosion profiles were analysed by Auger and SIMS analysis.

4.4 FATIQUE TESTING

Fatigue tests were performed by fixed strain-rate and fixed-grips



95
load relaxation techniques. In the former, the DCB samples were loaded
quickly to initiate crack opening and the crack then propagated at
a slow strain rate (typically 0.0012mm/min). Measurements of crack
velocity were taken for crack lengihs in the range 2 £c/h £10 (c=crack
length,2h=sample height) where the effects of the sample free ends
on the crack tip stress field are low. The fixed- grips test method
consisted of loading the sample under constant strain rate to initiate
crack motion and when the crack had grown to c > 2h the machine was
stopped and the crack motion continued under the steadily decreasing
load. The load was continuously monitored by the millivolt output
of a load celle It was found during the course of testing that the
system used for transmitting load to the piezoelectric load cell as
designed by the manufacturers was unacceptable because of an unstable
zero load reading. The drifting of the load was caused by a variable
stress being transmitted to the cell from the threaded loading attachment.
To overcome this problem a new loading arrangement was designed to
transmit load by direct pressure on the active bearing surface of
the load cell. This is shown in Figure 4.3. Prior to fatigue tests
the load cell was calibrated in position on the tensile machine using
weights suspended from the loading rod. All fatigue tests were performed
on a Wykeham Farrance tensile machine. Rods, with universal joints
at the ends, were attached to the stationary load cell at the top
of the machine and to the moving piston at the bottom. The universal
joints were used for sample fixation. The joint ends were cut to
a channel shape and drilled to hold the loading pins which passed

through the steel tabs attached to the arms of the glass DCB samples.
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A schematic of the loading system is shown in Figure 4.4 and a photograph
in Figure 4.6.

Stress corrosion tests were performed in air and in the test
solution. A plexiglass box was constructed to contain the solution
and allow complete submersion of the BioglassTM sample whilst still
allowing visual monitoring of crack growth. The box was mounted with
silicone rubber fixed just below ~the lower universal joint hinge.
A clamp holder fastened to the lower loading rod served to support
the box when filled with solution.

\ To prevent unbalanced loading at the beginning of the fatigue
tests (i.e. a moment introduced by the unsupported sample) from turning
the crack from the grooved midplane, a sharpened screw threaded through
the bottom of the plexiglass immersion box was used to level the glass.
When the tensile load reached a level sufficient to support the glass
horizontally the screw was retracted to non-contact. At this point,
the downward moment due to the weight of the sample was considered
negligible in comparison to the applied load and would therefore have
no appreciable effect on the velocity of crack motion. The validity
of this assumption was checked by considering the worst possible case,
i.e. the total weight of the sample acting on the upper loading pin,
and comparing the force of this load with the applied load. These
values were found to be 0.1 N and 8 N respectively, supporting the
above assumption.

To prevent moments being applied to the sample by hinging
actions of the lower universal joint, the joint was fixed in an upright

position. A dummy sample was loaded in the test rig to pull the joint
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to the upright, aligned position. It was then secured by packing
the joint with silicone seal. The experimental apparatus designed
for testing the stress corrosion of BioglassTM in solution is shown
in Figure 4.5.

A novel system was designed to optically monitor crack motion
during the fatigue tests. The traditional method of following the
position of the crack front with a travelling microscope was replaced
by a video recording system. A video camera with a macro lens was
focussed on the sample crack and outputed to a television monitor
and a video cassette recorder. Prior to testing, a grid was applied
to the face of one arm of the DCB sample as can be seen in Figure
4.5. A travelling microscope was used to measure the positions of
the vertical grid marks with reference to the point of load application,ie,
the centres of the holes in the attached tabs. This grid was used
to calibrate the optical system and as reference for crack length
measurements. The position of the crack tip was made visible to the
camera lens by the reflection of oblique lighting from its surface.
The digital millivoit meter reading the output from the load cell
was placed behind the test chamber in the field of view of the camera
and a 0.0l second stopwatch built into the camera was started at the
beginning of each fatigue experiment. With this system a permanent
record of each fatigue test consisting of simultaneous measurements
of crack length, applied load and time was obtained. These values
enabled direct calculation of stress intensity and crack velocity
from the recorded data. A photograph of the system is shown in Figure

4.6. The images of the DCB sample, timer and millivolt meter readout
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are clearly visible on the television monitor.

4.5 DATA ANALYSIS

Results of stress corrosion experiments are commonly presented
in the form of crack velocity / stress intensity plots. In this study,
a computer processed the data from the video tapes and presented the
results on K;-V diagrams.

Several investigators have determined expressions for the
stress intensity at the crack tip in a double cantilever beam specimen.(See
literature review, section 3.3.) The formula given in the equation
below will be used throughout this study,i.e.;

Ki= (Pc/(bbp)0+h1:9)(3.47 + 2.32h/c) (4.1)
where the variables are defined in Figure 4.7.

Crack velocity values were determined simply by the rate of
change of crack length with time; (V = dc/dt).

Load values at any time during the fatigue tests were directly
obtained from the millivolt meter readings recorded on videotape,
corrected for the zero load output, and converted to newtons through
a pre-calibration of the load cell.

Crack lengths were calculated from measurements taken from
the television monitor using a travelling microscope. The position
of the crack was determined by pausing the replay of the video tape
and focussing the crosshairs of the microscope eyepiece on the crack
tip. On advancing the video, the position of the cra‘ck tip was monitored

at intervals of 0.1 seconds for rapid crack motion, longer time periods
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were used for slower moving cracks.

To express the crack position measured by the travelling microscope
in terms of actual crack length, the magnification of the complete
optical system was determined. Included in this estimate were allowances
for changes in magnification along the length of the sample due to
image distortion from the curvature of the macro lens on the camera
and the television screen. The grid applied to samples prior to testing
was used for this purpose. The actual distance of the grid line from
the loading Pqints was measured with a microscope and a vernier eyepiece.
By measuring the position of the grid marks on the television monitor
with the travelling microscope a reference scale was developed for
determining crack lengths. A magnification factor was calculated
for each grid spacing by division of the actual distance by the distance
between lines measured with the travelling microscope. Crack lengths
were calculated by determining the distance as measured by the travelling
microscope between the crack tip and the previous grid mark. This
was converted to an actual distance on the sample using the corresponding
magnification factor and added to the value measured for the distance
of the grid mark from the point of load application. An example of
this calculation is illustrated in Figure 4.8. Crack length calculations
were performed within the computer program used to determine crack
velocity - stress intensity values.

A modification of SMOOT, a program developed by Mr. F. Kus,
McMaster University, was used for data analysis. The program reads
a data set of (X(I), Y(I)) pairs with corresponding weighting factors

W(I), and determines a smooth spline approximation fitting the data
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to a curve. The degree of the spline and smoothness of fit are determined
from parameters defined in the program. Also included in the program
is the capability of determining the derivative of the fitted function
at any point along the curve. A listing of the program utilized is
included in Appendix 1.

Input to the program was in the form of a number of data files
containing the information measured from the video tape. These are

summarised in Table #%.2.

TABLE 4.2
DATA FILES
FILE NAME CONTENTS
GRID (J) Grid measurements taken on the sample
GRIDTM (J) . Grid measurements taken by the travelling
microscope
CRAKTM (1) Crack position as measured by the
travelling microscope
TIME (I) Time corresponding to crack position
measurement
PMV (I) Millivolt meter load reading

Entered also in the program were the sample dimensions H,
B, and By, and the zero load reading from the millivolt meter, PMVO.
From the input data, the actual crack length and applied load were
calculated for each time entered. The values of crack length were
fitted, using the spline approximation, to a function of time. The
derivative of the function, taken for each time, gave a measure of

the crack velocity at that particular time, v = dc/dt. Corresponding



101
values of stiress intensity were calculated from the load and crack
length data. Results obtained were written to a data file as crack
velocity, stress intensity pairs. Plotting of the data file using
a simple plotting routine yielded the K - v diagrams used for inter-

pretation of the stress corrosion behaviour of the glass.

4.6 STRENGTH TESTS

Strength measurement tests by four point bend were performed
on samples of BioglassTM 4555 wetted with the same buffered corrosion
solution used in the DCB sample fatigue tests. Dimensions of the
samples and the four point bend rig are given in Figure 4.9. The
samples were prepared from cast glass blocks by slicing and lapping
to size. Final finishing on the glass was by 600 grit SiC slurry.
Edges of the samples were rounded with 600 grit SiC polishing paper.
Strength tests were performed on a Wykeham-Farrance compression machine
at two strain rates, 0.00l and 0.600 mm/min. Prior to testing, the
samples were immersed in the corrosion solution. The glass was kept
wet for the duration of the strength test by the dropwise addition
of the solution when necessary. To expedite the testing procedure,
the samples were loaded rapidly to approximately one half the fracture
load and then loaded to failure at the controlled strain rate. An
estimate of the expected failure load was obtained by breaking three
samples using controlled strain rate loading only. No difference
in failure strength is expected for the two loading patterns(ss).
The output from the machine load cell during the bend tests as recorded

on an x-y recorder, was used to calculate the applied load at failure.
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Four point bend strengths were calculated using Equation 3.24.

A total of twenty-five samples were broken at each strain
rate. Using Equation 3.23, a value of n, the exponent in the stress
corrosion relation V = AKDN, was obtained. Strengths at each strain
rate were ranked in order of magnitude,S |I and G%i for i = 1 to 25.
Plotting the logarithmic values of the pairs yielded a curve of slope
=l with an intercept equal to (1/(n+l)) log €1/ € 2.

Four point bend tests were also performed to determine the
"inert" strength of the glass, i.e. the strength for failure in the
absence of a corrosion medium. Two tests methods were employed.
In the first, the samples were cooled to the temperature of liquid
nitrogen and broken at a strain rate of 0.600 mm/min. The extreme
cold of the sample prevents water vapour from reacting at flaw tips.
In the second test method very rapid loading (5 mm/min.) was used
to fracture the specimens. At such strain rates, the contribution
of slow crack growth is minimal and the magnitude of the strength
is determined by the initial flaw distribution in the sample(29).

In spite of careful procedure to prevent excessive contamination
of the glass, some impurities are introduced through the various processing
steps. Of particular importance is the alumina contamination. X-ray
fluorescence measurements were performed to determine the glass composition
and the level of Al203 contamination therein. A series of strength
measurements were also performed on glass melted in a platinum crucible
to avoid alumina dissolution. The fatigue parameter, n, measured
for this glass was compared with that obtained for the glass melted

in fireclay and alumina. In this way the influence of the dissolved
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impurities, particularly Al203, on the stress corrosion behaviour

of the glass was assessed.
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Figure 4.3 Load Cell Apparatus

Rig designed for transmittance of load to active
bearing surface of load cell



0 T s e

- Load Cell

Loading Rod

Universal Joints
Side View

Universal Joint

q 77/ J Loading Pin

Tabs attached to
DCB Sample

P

AN

Figure 4.4 Loading System Schematic

107



108

20m 200m
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GA= actual grid position

Gy= position of grid
measured by travelling
microscope

CTM= position of crack tip
measured by travelling
microscope

Crack Length= (CTM- GTMl)(GAZ- Gy ) + Gy

Figure 4.8 Crack Length Calculation
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CHAPTER 5
RESULTS AND DISCU SSION

5.1 INTRODUCTION
Analysis of the stress corrosion behaviour of BioglassTM 4555
was performed in three experimental stages:
1) determination of corrosion reactions,
2) slow crack growth studies in a corrosive environment,
3) 4 point bend strength measurements in a corrosive environment.
The results of these experiments and discussion of how they
affect the lifetime of BioglassTM in the body will be covered in the

following sections of this chapter.

5.2 CORROSION PROFILE

Corrosion reactions occurring on the surface of BioglassTM,
while possibly detrimental to the long term mechanical behaviour of
the glass, are essential to the development of conditions conducive
to bone attachment. Experiments to determine the in-vivo bonding
behaviour of glass #5S5 prepared for this study are beyond the facilities
of the Materials Science laboratories at McMaster University. In-vitro
testing was therefore performed to verify that the glass utilised
in the study is comparable to that produced by Hench et al and exhibits
the behaviour necessary for bone bonding. Ogino(63) states that forma-
tion of a "calcium-phosphate rich film on the bioglass surface in-vitro

corresponds closely to the capability of the material to bond to living
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bone".

Experiments to determine the depth composition profile of
surface corrosion layers formed in-vitro on Bi.oglassTM were performed
by Ogino et al and Clark et al. (See Literature Review,Section 2.3,Figures
~ 2.2 and 2.3.) Employing experimental techniques similar to those used
by Clark and Ogino, the corrosion profile of the BioglassTM of the
present study was measured.

Difficulty was encountered in attempts to obtain a depth profile
using the AES technique. Despite coating the sample with gold and
maintaining a beam current 0.5 4 A, unstable charging of the glass
occurred during analysis. Various procedures were employed in analysis
in efforts to overcome this problem. These included alternate milling
and spot analysis of the bottom of the milled crater, use of a raster
instead of spot analysis to reduce the concentration of the electron
beam, and line scan analysis across the edge of a deep crater milled
in the glass. All efforts were unsuccessful. As a result of the
charging, the Auger signal peak heights were seen to change quickly
and, apparently randomly,giving meaningless data. A sample output
showing the composition versus sputter time as measured by Auger peak
to peak heights is given in Figure 5.1.

The SIMS method of analysis yielded results which could be
taken as a semi-quantitative analysis of the composition profiles
through the corrosion layers. Shielding effects from the profile
crater and matrix effects prevent the results from being fully quanti-
tative.

The electron-optics facilities of Western University were
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used for analysis. Measurements were done on a Cameca lon Microscope.
The primary beam was oxygen ions at a current of 79 nanoamps. A 1l.5
kilovolt high voltage source was used. The secondary ions monitored
were Si, Al3+,P5"‘, Na* and CaZ2+.

Output in the form of intensity of counts of secondary ions
versus time was collected. The data obtained for the depth profile
is shown in Figure 5.2, The secondary ions monitored are identified
by their atomic mass. Analysis of a second sample yielded a depth
profile identical to that of the first.

A printout of count intensity and time at 15 second intervals
was also obtained for the species monitored. Intensities were normalized
via division by the average values measured for each species in the
bulk glass. Using an estimated value of the profiling rate, 5A/s
(based on known rates for other glasses), plots of relative concentration
(%o0f bulk) through the corrosion layer were calculated. These are
given in Figure 5.3 and Figure 5.4.

Examination of these figures yields information on the glass's
reaction with the corrosion solution. S5iO2 is depleted from the immediate
surface of the glass behind which is a layer enriched in this oxide.
The other glass components P205 CaO and NayO exhibit the opposite
behaviour, enrichment at the glass surface and depletion behind.
These reactions are the same as those found by other researchers of
Bioglass‘rM corrosion{1263), Clark and Hench proposed a theory of
the corrosion procedure which can be successfully applied to explain
the results presented here. On exposure to the corrosion solution

leaching of the surface glass begins. It has been well documented
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that- the presence of CaO in alkali silicate glasses improves their
corrosion resistance.(See Section 3.2) In BioglassTM the CaO is strongly
associated with the P7205. SEM examination of BioglassTM has shown
that it has a phase separated microstructure, the P205 dissociating
from the SiO2 network.0l) As a consequence of the CaO partitioning,
the SiO2 phase is preferentially attacked by the corrosive solution
leading to its depletion at the surface. As the silica is removed,
a surface layer enriched in CaO and P20j5 is formed. (See Figure 5.3.)
This corrosion resistant layer then serves to protect the silica
from further attack. Leaching of the Na* and CaZ* from the depth
of the glass continues causing the formation of the silica rich region.
(See Figure 5.4) The results also show that the glass contains an
amount of alumina, (tﬁe percentage of alumina could not be quantitatively
determined from the SIMS analysis) the profile of which was similar
in pattern to that of silica.

The individual corrosion results were combined and expressed
as weight percent vs depth in the profile of Figure 5.5. Comparison
of this plot to those of Ogino and Clark shows agreement in the pattern
of response of the glass components, the profiles obtained being acceptably
described by the corrosion mechanisms determined by Clark et al. These
results indicate that the glass studied exhibits behaviour which would
promote bone bonding in-vivo.

There is however, a discrepancy between the experimental results
for the depth of the corrosion layers and the literature values.

The results are summarized in Table 5.l.
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TABLE 5.1
DEPTH OF CORROSION LAYERS

SOURCE Ca-P FILM Si-RICH LAYER
Clark et al 0.5 um 3.0um
Barry & Nicholson 500 A 3000 A

These results indicate a corrosion layer one-tenth the thickness
of that measured by Clark.

Two simple explanations for the discrepancy could be (1) error in
the estimate of the profiling rate on the SIMS, or (2) error in the
value obtained from Clark's paper for the profile (as outlined in
Chapter 2; two values are given in the reference for the profile depth).
Of these, 1.:he latter was considered improbable on comparison to similar
results obtained by Ogino. The former was discounted because of the
magnitude of the difference. Another possible explanation is that
the discrepancy arises from differences in the glass affecting the
corrosion behaviour. While there are possible differences in the
densities or stress states of the glasses, the major difference can
be found in the composition of the glass.

X-ray fluorescence analysis was used to determine the composition
of the glass after melting in fireclay and alumina crucibles. These

results are given in Table 5.2.
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TABLE 5.2
CHEMICAL ANALYSIS

COMPONENT WT % AFTER FIRECLAY MELT WT % AFTER FINING MELT

5102 46.6 45.8
Na20 22.3 19.8
Ca0 2.3 21.2
P205 5.2 10.0
Aly03 2.3 2.3
Fe203 0.2 0.1
MgO 0.8 0.1
K20 0.3 0.1
TiOZ 0.1 0.1

. There is some error associated with the measured compositions,
especially in the P205 content, due to the lack of an appropriate
standard for the analysis.

The important result from these analyses is that the glass
contains approximately 2 wt % Al03, the source being dissolution
of the crucibles during glass melting. Researchers of glass corrosion
have found that the addition of alumina to an alkali-silica glass
increases its corrosion resistance by the formation of a resistant
alumina-silicate surface layer. (See Literature Review, Section 3.2.)
It is suggested that the contamination of the Bioglass with 2 weight
% Al203 leads to the formation of such a layer which then acts to
reduce the leaching of the glass constituents. The enrichment of

the surface of the glass in both alumina and silica as shown in the
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corrosion profile, Figure 5.5, supports this theory. This would
effectively reduce the depth of the corrosion layers formed. The
effects of the thin surface layers on the in-vivo behaviour of the
glass could not be determined in this study. However, the influence
of alumina contamination on the fatigue behaviour of the glass was
assessed and will be presented later in this chapter. Other factors
may also contribute to the difference in depth profiles. These include
the temperature and SA/V ratios of the test. The corrosion testing
was performed at 25°C, not 35°C as in Clark's study. This was done
to maintain the same temperature for the corrosion test as utilised
in the slow crack growth studies. It is not expected that this small
temperature difference would cause significant differences in the
corrosion profiles. This assumption is based upon results in the
literature(102)  for. the dependence of .glass corrosion on temperature.

The fatigue behaviour of BioglassTM 4555 as dictated by the

corrosion reactions identified is analysed in the following sections.

3.3 SLOW CRACK GROWTH STUDIES

The stress corrosion behaviour of BioglassTM 4555 was investigated
by studying slow crack growth in DCB samples. The samples had a density
of 2.77 g/cm? and a Youngs modulus of 81 GPa (determined ultrasonically).
A typical sample contained less than 2% volume as bubbles or inclusions.
The chemical composition of the glass is listed in Table 5.1. The
studies were performed using the testing system outlined in Chapter
4,

Results obtained for the slow crack growth of BioglassTM in
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air are shown in Figure 5.6. Identified in the figure are the three
distinct regions typical of stress corrosion crack growth.

Region I exists for stress intensities below ~4 x 10° N/m3/2,
Crack velocities as low as 10-%8 m/s were measured therein. At this
velocity corresponding to Kj = 3 x 10> N/m3/2 there is no evidence
of a stress corrosion threshold. The testing system design did not
allow extended testing at lower stress intensities, the load being
insufficient to maintain the sample's horizontal position.

Region II crack growth extends over the range of stress intensity
of 4 x 10° to 7 x 10° N/m3/2. The crack velocity plateau is at v
= 2 x 109 m/s. The position of this plateau is governed by the humidity
of the test environment. While the value varied daily, the relative
humidity of the air was typically 60-65 %.

At stress intensities above 7 x 10° N/m3/2 the curve of log.
'(v‘) versus K] starts to rise. Controlled velocities over 1003 m/s
could not be obtained, therefore only the initial portion of Region
III behaviour is plotted. Extrapolation of the curve gives an estimated
value of Kjc of = 9 x 10° N/m3/2. This value is within the range
of data for Kjc found in the literature (see Section 3.4).

Figure 5.7 shows the results for the stress corrosion testing
of BioglassTM in solution. While there is no distinct separation
of the curve into three regions of crack behaviour as was seen for
BioglassTM in air, there is a change of slope in the curve at a crack
velocity of ~ 10-% m/s. From the basic theory of stress corrosion,
the data is expected to follow a straight line curve from the lowest

velocities to the value corresponding to critical failure. According
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to the theory of Charles and Hillig, Region II crack growth should
be eliminated because of the infinite availability of the corrosive
species at the crack tip. The results obtained are better described
by the theory put forward by Michalske.(See Section 3.4) At the higher
crack velocities, the tip "outruns" the movement of the solution.
Cavitation at the tip can result from viscous drag of the solution
on the crack walls. The net effect is a delay in the reaction of
the solution at the tip similar to that which occurred in Region II
for the glass tested in air. This causes a displacement of the curve
to a lower velocity at a given stress intensity, or a change of slope
of the Kj-v curve as seen in the results.

Figure 5.8 shows the data obtained at the slower crack velocities
for BioglassTM tested in solution. The lifetime of a glass will be
predominantly controlled by Region I behaviour. At the higher crack
velocities of Region II and Region III, the time 'fo;' the crack to-
grow to critiéal size is very short and contributes little to the
total time to failure. In Region I the crack growth data can be fitted
by a logarithmic plot to a straight line curve satisfying the relationship
v = AKP. The results yield a value of n = 30 45, log A = -173 + 25.
Glass with a fatigue parameter n = 30 has been described in the literature
as having only moderate corrosion resistance(87),

Sources of error in the experiment were the errors of measurement
in the optical monitoring system and the dimensioning of samples.
Of these, the latter are of greater magnitude. The travelling microscope
used for crack length measurements allowed measurement to 0.001 cm,

or 0.0002 cm actual crack length. The accuracy was however limited
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by the resolution of the image on the television monitor. (Figures
5.9 and 5.10 are photographs taken at high magnification from the
television monitor showing how the crack tip image appears through
the travelling microscope). Image clarity usually restricted measurement
to +0.01 cm, or +0.002 cm actual crack length. The same error .is
found in the grid marker position causing, therefore, the total error
in crack length to be approximately +0.004 cm.

The estimated error of the other variables in the equation

for the stress intensity are given in Table 5.3.

TABLE 5.3
ERROR ANALYSIS
VARIABLE ERROR + RELATIVE ERROR (%)
Load, P 0.7 N 1.0
Crack Length, c 0.004 cm 0.5 B
Sample Thickness, b 0.01 cm . 1.5
Web Thickness, bn 0.0l cm 5.0
Sample Height, h 0.002 cm 0.5
Stress Intensity, Kj 5.0

The major contributor to the estimated error in the stress intensity
is the uncertainty in the value for the web thickness. This error
arises in part from poor control of cutting depth during grooving
of the samples. Other factors in this error are the assymetry of

the groove as shown in Figure 5.l11 and the tendency for the crack
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glasses is shown in the superimposed plots of Figure 5.16. BioglassTM
is more susceptible to stress corrosion cracking than the common soda-lime-
silica glass.. The curve for Bioglass‘rM is displaced to higher velocities
at a given stress intensity and is of larger slope. The differences
in the stress corrosion behaviour arise because of the compositional
differences of the glasses. (See Section 3.23.4) A typical glass
for microscope slides has~ 25% alkali and alkaline earth, BioglassTM
contains 49% total. It has been documented that increased alkali
content increases the susceptibility of glass to -corrosive attack.
As mentioned previously, BioglassTM has a phase separated microstructure
with the calcium dissociated from the silica phase. Corrosion studies
have shown that on exposure to an aqueous solution the glass is attacked
resulting in leaching of silica fron? the surface. This will cause
a weakening of the glass structure at crack tips thereby enhancing
stress corrosion. In the standard soda-lime-silica glass used for
microscope slides, the Ca remains associated with the silica increasing
the glass's resistance to static fatigue. The influence of alumina
on the stress corrosion of silicate glasses was discussed in Section
3.4. Alumina was found to increase the corrosion resistance of the
glass. The effects of alumina on the stress corrosion of the present
BioglassTM will be detailed in Section 5.4.

An interesting observation from Figure 5.16 is that the scattering
of data is much less for the commercial glass than for the present
BioglassTM, This can be attributed to a more uniform stress state
and homogeneity in the commercial glass. The sample preparation used

for the present BioglassTM induced residual stresses which could have
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caused the irregular crack motion observed at points during the test.
An example of this irregular crack growth is shown in the output from

the curve fitting routine, Figure 5.17.

5.4 STRENGTH MEASUREMENTS

Four point bend strength tests were performed on samples of
BioglassT in an experiment to determine a value for the stress corrosion
parameter, n, with flaw conditions similar to thosé of a finished
glass piece( i.e. for small surface cracks rather than a macroscopic
crack as in the slow crack growth studies). Data obtained from the
tests are given in Table 5.4.

Distributions of the strength values are shown in Figures
5.18 and 5.19. Both distributions are Gaussian with the distribution
for the slower strain rate displaced to lower strength values, as
is expected from static fatigue theory.

The strength values obtained were ranked in order of increasing
magnitude and the logarithms plotted to give the results of Figure
5.20.

Fitting a straight line, slope = I, to the data, a value of
n = 27 was obtained from the intercept using Equation 3.23. A variance
of £7 is associated with this value from the scatter of the data and
the experimental uncertainty associated with them.

Within the estimated limits, this value of n agrees with that
obtained from slow-crack-growth studies, n = 30 + 5. From this, it
can be concluded that the same fracture mechansms are occurring at

the tip of the macroscopic flaw of the DCB sample as at the tips of
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the surface flaws of the strength samples.

Therefore, supported by this verification, the detailed results
for the stress corrosion behaviour of 4555 obtained from the slow
crack growth studies can be applied with confidence to failure analyses
or lifetime predictions of the glass in a load bearing application.

It is known that alumina in BioglassTM has detrimental effects
on the bone-bonding properties of the glass(”). Any prosthetic device
would therefore be made of BioglassTM free from alumina contamination.
Consequently, before the measured stress corrosion parameters can
be used in lifetime analysis for a prosthetic device, the effects
of the 2 wt % alumina contained in the glass on the fatigue behaviour
must be assessed.

This was accomplished by repeating the 4 point bend tests
with a series of BioglassTM-samp'les prepared from glass melted in
a platinum crucible. The glass composition as determined by X-ray

fluoresence analysis is given in Table 5.5.

TABLE 5.5
XRF ANALYSIS OF BIOGLASSTM

OXIDE WEIGHT %
SiO2 47.8
Al03 0.54
CaO 23,7
Na20 22.3
Py05 5.5

MnO 0.01
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TiO 0.09
K20 0.13
Mgo 0.05
FeO 0.05

Data frc;m the 4-point bend strength tests are given in Table
5.6. These results are plotted in Figure 5.21.

By superimposing these results on the data for the alumina
contaminated glass possible differences in stress corrosion behaviour
can be detected. The combined data are given in Figure 5.22. It
can be seen from the figure that the data corresponding to the platinum
melted glass fall along the line for the previous results, with points
lying within the limits of experimental uncertainty. It can be concluded
therefore that there is no significant difference in the stress corrosion
behaviour of the two glasses.

The results of the strength measurements therefore support
the use of the fatigue parameters obtained for the alumina-contaminated

glass in the calculation of lifetime predictions for pure BioglassTM.

5.5 LIFETIME PREDICTIONS
The time to failure for BioglassTM under constant load is
given by the equation;
| tg=BS;M~2q =N
wheret B=2/(AYXn-2)K;.™2)
The values of A,n,Kj. and S; were determined to be 10'173,
30, 9x10° N/m3/2 and 70 MPa respectively. Substituting these values

into the lifetime equation and assuming Y=1 yields;
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tg= 6.3x1024 o ,-30
The estimated lifetimes for BioglassTM used in several prostheses
are given in Table 5.7. The lifetimes are calculated for a constant
stress, the magnitude equal to the maximum stress encountered by the

device under normal loading.(See Table 3.3)

TABLE 5.7
LIFETIME PREDICTIONS

PROSTHETIC DEVICE ESTIMATED LIFETIME
tooth(blade design) 2x1037 yr

total hip:femoral head <1s

total hip:femoral stem <1ls

fixation device:pin <ls

fixation device:plate <ls
Freeman-Swanson knee 1 month

The results presented in Table 5.7 indicate that for all but
the tooth prosthesis, Biogla.ss‘rM is unsuited for use as a prosthetic
material in these applications due to its inherent low strength and
stress corrosion behaviour. The glass may be suitable however for
use in applications where the prosthetic device is subjected to lower
tensile stresses, such as in ossicular bone replacement. No value
of these stresses were found in the literature to allow a lifetime
prediction to be made.

A plot of the lifetime of BioglassTM as a function of applied
load is given in Figure 5.23. Figure 5.24 is a design diagram for

the allowable stress levels to ensure a 50 year lifetime of the glass.
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TABLE 5.4
4-POINT BEND TESTS: #4555

LOAD STRENGTH LOAD STRENGTH
SAMPLE P (N) (N/m2) LOGO P (N) (N/m2) LOGOS
1 68.08 3.84 7.58 49.73 2.75 7.44
2 81.55 4,55 7.66 51.58 2.89 7.46
3 $3.40 4.65 7.67 4, 84 3.55 7.55
4 83.03 4,82 7.68 64.16 3.55 7.55
5 84.80 4.89 7.69 66.53 3.68 7.57
6 63.57 4,97 7.70 66.75 3.81 7.58
7 9%.65 5.15 7.71 65.42 3.40 7.58
8 28.50 5.27 7.72 70.82 3,96 7.60
9 93.91 5.4 7.74 73.78 4,01 7.60
10 97.53 5.4 7.74 71.34 4.04 7.61
11 95.31 5.51 7.74 75.63 4,29 7.63
12 101.97 5.63 7.75 78.07 4.38 7.64
13 85.69 5.62 7.75 82.14 4,62 7.66
14 108.04 6.06 7.78 82.21 4.66 7.67
15 78.07 T 6.l 7.79 84.36 4.71 7.67
16 96.50 6.23 7.79 84.66 4.80 7.68
17 115.44 6.53 7.81 76.52 4,94 7.69
18 109.89 6.60 7.82 87.47 5.00 7.70
19 101.82 6.67 7.82 96.64 5.27 7.72
26 103.75 6.69 7.83 85.40 5.56 7.74
21 101.97 6.72 7.83 98.42 5.58 7.75
2 133.05 7.31 7.86 105.01 6.09 7.78
23 113.81 7.50 7.88 109.67 6.17 7.79
24 140.45 7.88 7.90 113.89 6.40 7.81
25 116.33 9.09 7.96 121.066 6.73 7.83



TABLE 5.6

4~-POINT BEND TESTS:

PLATINUM CRUCIBLE MELT
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LOAD STRENGTH LOAD STRENGTH
SAMPLE P (N) (N/m2) LOGG P (N) (N/m2) LOGO
1 50.62 3.49 7.54 41.06 2.80 7.45
2 60.09 3.88 7.59 45.81 2.83 7.45
3 51.80 .07 7.61 Y 2.98 7.47
4 58.39 4.19 7.62 38.78 3.24 7.51
5 52.84 .46 7.65 48.77 3.46 7.54
6 58.46 4.61 7.66 41.88 3.48 7.54
7 78.96 4,75 7.68 42.92 3.56 7.55
3 77.55 4.81 7.68 u5.14 3.65 7.56
9 58.02 4,95 7.69 57.65 3.76 7.58
10 77.77 5.03 7.70 61.20 3.91 7.59
11 60.68 5.08 7.71 45,21 3.93 7.59
12 75.33 5.08 7.71 51.21 4,20 7.62
13 76.15 5.22 7.72 49.95 424 7.63
14 76.52 5.22 7.72 50,69 4.29 7.63
15 62.46 5.26 7.72 68.08 4,64 7.66
16 63.94 5.29 7.72 65.42 4,93 7.69
17 90.72 5.49 7.74 63.49 5.43 7.73
18 81.84 5.56 7.75 66.90 5.5 7.74
19 70.00 5.74 7.76 68.60 5.85 7.77
26 32.51 5.78 7.76 74.30 6.08 7.78



131

10 ‘NES PROFILE : :- , i
: ; ; -E 3
-: ! ; :
sef I : - t
i : ‘ é " 3
89 : 1
79 . 1
$r T At ; i
~ 4 ! ‘ I\ * ?‘11 3 H
58 s1f \ isrg x . 1
> NEUVNEV NN ‘
e l LY i\ [ \,. :\ ieal :
‘:B t A ) " 12 V y& ;'v,l
36: . P i!?x d '..'.P L A_l‘: ‘;"fﬁ f". 4 x' ;Y'.\.
A 2 e NG ; ]
} \! ¢ / “}-‘{H\‘j LA \}’ ! g :
29 = o Lixg = X 1
] ‘j H ‘ -
¥ : [
19 3 ! £
al : : 23 ]
2 s 1e LS 28 25 39 35 48
SPUTTER TIME (MIN.)

Figure 5.1 Biog]assTM Corrosion Profile by AES- Raw Data



132

wofssy  IMS3F DEPTH PROFILE 383
18€7 , BLOGLASS
g a N A/—-—-""* g
g ’.__“.;\h‘
SqygES 27
> ) a1
w14 e
g _
1E3 .
182
e
15 Min 8 S
18£8 — +
[ 8ee
Tima (sec.)

Figure 5.2 SIMS Analysis of Corrosion Profile- Raw Data



+340008+02

+2300E402
+2.0008+02
+1.3006+02
*L.0008+02
“$a00e-0y

¥ 0008403
+3+000E+02

.

|

*1B00E+03  *24J00E€+03 +3J00ED  +4.300E+03
T T

+2300E+02

+240008402

+L.300E+02

+10008+02

+54000E+01

+0,000E+00!
+3.000€+02,

Ca0 -

*1.000€403 +2.000E«93 =3, 000E+0T  *4.000E+0D-
T

+24300E+02

*3.000E+02

+14300€+02

*1.000E492

+$40008+01,

+0+0008+99*

Figure 5.3 Corrosion Profile by SIMS - % Bulk Composition

T L

Nazo -

1 1] I}
*1.300E+03 +2.0006+33 +720006503 +3.3006+03

Depth (A)

P, Ca, Na )

133



+3+0008%02

+24500E+02

+24000E+02

*1.S00E+02

+1+0008+02

*5$4000E+01;

" +g.3008%00!

+3.000E+02

5102 .

)
4

¥
IR

¥

+1.000K+4F¥ *-Omﬁ)’ *3.0006+0F  +4:0000+03

+243008402

+24000E+02

+4.300E+02}

*1.000E902

*54000E+01

- A1203

I
-

L

+0.000E+00

Figure 5.4

Depth (A)

(Si, Al

L ) B— L .
*1e3008403  +2,0008+403 *3.000E+03 +4,000E+93

Corrosion Profile by SIMS - % Bulk Composition

134



135

+1.000€+02 , ,

+84000E+QL[- -

$10,
+6 «000E+01

+4 000E+0L

COMPOSITION (WT %)

+2.000E+0L

- - L 1 T
+14000E+)3 +2.000E+03 +3.000E+03 +4,000E+03
DEPTH ( ANGSTROMS)

+0 4000E+00

Figure 5.5 BioglassTM Corrosion Profile



LOG VELOCITY (M/S)

136

~2+000E+00~

~4 «000E+00}F

-6«000E+00~

-8+000E+00}~

BIOGLASS™IN AIR
} 1

DCB TEST

(]

STRESS INTENSITY (N/M#+1,.5)

—

Figure 5.6 K-v Diagram; B1‘og1assTM in Air

1 1 1 : |
+29000E+0S +4,000E+05 +64000E+05 +8,000E+05 +1.000E+06



LOG VELOCITY (M/S)

BIOGLASS "IN SOLUTION
1 | 1

1

-2 4000E+00}- i
-4 .000E+00}- -
-6 «000E+00 . i

L 2 °

¢ pce TEST
-8..000E+00}- 3 -

P

1 1 | L
+2«000E+05 +4.000E+05 +6.000E+05 +84000E+05 +1.000E+06
STRESS INTENSITY (N/Ms+1.5)

™

Figure 5.7 K-v Diagram; Bioglass ~ in Solution

137



LOG VELOCITY (M/S)

|
-54000E+00}- -
-6 s000E+00 |~ -
DCB TEST
-7 «000E+00}- . -
b
ip
-8 4000E+00 1

! :
+4 4000E+0S +6+000E+05 +8 «000E+05

STRESS INTENSITY (N/Mes1,5)

Figure 5.8 Region 1 Crack Growth, Bioglass

™

in Solution

138



139

Figure 5.9 Slow Crack Growth of Biog]assTM, Crack Tip Image
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Figure 5.10 Crack Tip Image as Through Travelling Microscope
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Figure 5.11 Sample Cross-Section
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Figure 5.14 Slow Crack Growth, t=t
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-irregular crack motion
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CHAPTER SIX

CONCLU SIONS
6.1 SUMMARY

The stress corrosion behaviour of BioglassTM 4555 was studied
in a series of three experiments with the objective of assessing the
material's suitability in a load-bearing prosthetic application through
lifetime analysis.

The surface reactions of the glass to a corrosive environment
were identified by SIMS analysis. It was determined that, on exposure,
a Ca-P rich film formed on the glass surface overlying a Si-rich region.
The thickness of the corrosion layers were measured as 500Aand 3000A
respectively. It was found that the same corrosion mechaﬁisms occurred
on the surface of the glass as did on the glass used in the bone bonding
studies of other researchers. The corrosion layers formed were an
order of magnitude thinner than those detailed in the literature.
It is proposed that Al203 contamination of the glass explains this
discrepancy by causing the formation of a resistant surface layer
which inhibits further corrosion thereby reducing the depth of the
layers formed.

Slow crack growth studies were performed to determine the

fatigue parameters of BioglassTM. The results can be expressed

v = AKR
where: n=3+)5
A=1xI 173i 25

for Region I crack growth behaviour. Kj., estimated from extrapolation
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of the data in Region IIl, was determined to be ~ 9 x 107 N/m>/2,

The value of n obtained from four-point bend strength tests,
n=27 37, was in agreement with the results of the slow crack growth
studies. This test served to verify that the parameters obtained
through fracture mechanics tests may be applied in the analysis of
the propogation of micro-cracks or subcritical flaws in a service
piece.

It was also determined from strength tests on BioglassTM containing
no alumina that its contamination of the glass, while affecting the
depth of the surface corrosion layer, has no detectable effect on
the measured stress corrosion parameters.

The inert strength of BioglassT™ was determined to be 70+5
MPa as measured by four-point bend strength tests.

Lifetime prediction diagrams were plotted using the measured
fatigue parameters. Calculations for the lifetime of the glass used
in several pro;thetic devices showed the glass to be unsuitable for
use (ie lifetime less than 50 years) where maximum stresses of over

15 MPa would be encountered.

- 6.2 RECOMMENDATIONS FOR FUTURE STUDY
In the course of this study several areas have been identified
as warranting further study.
~ 1. Researchers(7l) have shown that the fatigue parameters,
A and n, for a glass may change with time due to interaction of the
glass with its environment. It is suggested that a study of the time

dependence of the fatigue parameters in conjunction with the stress
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dependence of the chemical reactions of BioglassTM be performed to
determine if aging of the glass will influence lifetime predictions.

2. BioglassTM in the amorphous state has a large value of
n and inherently low strength. The material is suitable for low load
applications, however, methods of improving its Soughness must be found
if the material is to be used for a load bearing prosthetic device.
Several methods are available for increasing the strength of glass.
Crystallization of the glass or the inclusion of second phase particles
for toughening are two such methods. Future work should include study
of the effects of crystallization on the fatigue parameters and strenath
of the glass. A means of increasing the glass'stoughness by second
phase toughening also warrants study. The effect of the second phase

on glass biocompatibility and fatigue behaviour should also be addressed.
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