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Abstract

The fixation of bone replacement implants to the hosting tissue can be improved if the implants have a bioactive surface that can precipitate
hydroxyapatite in vivo. Titanium alloys, despite their desirable mechanical and nontoxic properties, are not bioactive and do not bond directly
to the bone. One of the ways to change a bioinert metallic surface such as a titanium alloy is to coat it with a bioactive material. This work
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resents the microstructural and stress–corrosion cracking characterization of two glass coatings on Ti6Al4V with different SiO2 contents
61% and 64%). These coatings belong to the SiO2–CaO–MgO–Na2O–K2O–P2O5 system and they were obtained by a simple ename
echnique. They will be used as the first layer of a bioactive multilayer system which will have an outer layer with a lower SiO2 conten
n order to ensure the surface bioactivity. Microstructural characterization performed by scanning electron microscopy (SEM) a
ispersive X-ray spectroscopy (EDS) shows that the coating porosity is clearly influenced by the firing time because of the longe
f the reaction between Ti and SiO2. The X-ray diffraction (XRD) integration method shows that the amount of crystalline phase (2
.6Na2O P2O5) percentage is between 3 vol.% and 16 vol.%. After acid etching, a microstructure with clear boundaries is observed w
esult of the sintered glass particles separation. Stress–corrosion cracking was evaluated using Vickers and Hertzian (spherical)
howing that both coatings are sensitive to subcritical crack growth, and that the coating with the lower silica content is more s
tress–corrosion cracking. These two results are related with the larger residual stresses due to the thermal expansion mismatch
tress–corrosion ring cracking behavior by Hertzian indentation is rationalized from the linear-elastic fracture mechanics framewo
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Several important characteristics associated with Ti and
i-based alloys—especially the balance between mechanical
roperties, chemical resistance, and nontoxicity—make

hese alloys some of the most important materials for
ard tissue replacement.1,2 However, once implanted, they
ecome encapsulated by a dense fibrous tissue, which can
esult in interfacial failure and loosening of the implant.3,4 A
urface modification of the metallic implants using a bioac-
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tive material as synthetic hydroxyapatite (Ca10(PO4)6(OH)2)
has been proposed to solve this problem.3–5 Typically, hy-
droxyapatite (HA) is applied to Ti alloys by plasma spray
Although several studies investigating the performanc
these coatings have revealed good short-term adhes
the bone, they also reveal poor long-term interfacial stab
between the coating and the substrate.5–7 An alternative
method is to coat the metallic implants with a bioac
glass that can precipitate hydroxyapatite in vivo, optimiz
at the same time the adhesion to the substrate. The
attempts to obtain a bioactive glass coating on Ti6Al4V by
enamelling, immersion in molten glass, or plasma-s
were unsuccessful because of cracking caused by st

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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associated with thermal expansion mismatch between the
substrate and the coating.8–10

A simple technique for applying improved bioac-
tive coatings on Ti-based alloys, using glasses of the
SiO2–CaO–MgO–Na2O–K2O–P2O5 system, was success-
fully developed at Lawrence Berkeley National Laboratory
(LBNL).11–13 The chemical composition of the glasses is
based on the Bioglass® developed by Hench et al.,11–13with
increased SiO2 content, and partial substitution of the origi-
nal K2O and MgO with Na2O and CaO, respectively. These
changes were done in order to reduce the coating thermal
expansion coefficient so that it would be closer to that of the
substrate.

Concentrated and constantly applied loads during ex-
tended periods of time are one of the most severe mechanical
requirements for a coated metallic implant.15 If the environ-
ment in which this kind of load acts is chemically aggressive,
the load effect can be enhanced, creating and propagating
cracks. Therefore, it is important to know how this kind of bio-
materials behave under these specific mechanical conditions.
Indeed, the fundamental aim of the work reported herein is to
evaluate the stress–corrosion cracking behavior of two glass
coatings on Ti6Al4V using Vickers and Hertzian (spherical)
indentation techniques. These coatings have different SiO2
contents (61% for 6P61 and 64% for 6P64). Both of them are
candidates to form the primary layer in direct contact with
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annealed at 500◦C for 6 h to relieve stresses and then
milled in a planetary agate mill. To obtain the coatings, a
suspension of the glass powder (particle size < 20�m) in
ethanol was deposited on Ti6Al4V beams (99.0% purity,
45 mm× 5 mm× 4 mm), which had been previously pol-
ished with diamond (1�m particle size) and cleaned in ultra-
sonic baths of acetone and ethanol. Afterwards, the coatings
were air-dried at 75◦C overnight and fired at temperatures
ranging from 800◦C to 820◦C for a short time (around 1 s).
Finally, the coatings were quenched in air. The initial beams
were sectioned into samples of 5 mm× 3 mm× 4 mm to al-
low observation of the coatings’ cross-section and the making
of indentation tests.

2.2. Microstructural characterization

Coating thickness was measured using optical microscopy
by observations of the coatings’ cross-section using image
analyser software. This method was also used to observe
the coating microstructure revealed after acid etching (10 ml
HNO3, 6 ml HF and 80 ml H2O). SEM and EDS analy-
sis was also performed on the samples surface and cross-
sections. The X-ray diffraction patterns of the coatings were
obtained using a powder diffractometer of Bragg-Brentano
θ/2θ geometry (Siemens D-500) coupled with a graphite
secondary monochromator. The radiation used was Cu K�
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he substrate, while an outer layer, with a lower SiO2 content
ill ensure the surface bioactivity.8 This system will improve

he interfacial mechanical stability between the coating
he substrate and will also optimize the fixation between
mplant and the bone.

. Experimental procedure

.1. Sample preparation

The coatings were obtained using a conventional e
lling method.11–13 The starting glasses were obtain
y mixing the appropriate reagents (SiO2: 99.5%, Cerac
aCO3: 99.9%, JT Baker; MgO: 98.6%, JT Baker; K2CO3:
9.0%, Allied Chemical; NaHCO3: 99.5%; JT Baker
nd NaPO3: 99.7% Allied Chemical) in ethanol usin

high-speed stirrer to achieve the desired compos
or each glass (Table 1). The mixture was first dried
0◦C for 12 h and then air-fired at temperatures ra

ng from 1400◦C to 1500◦C for 4 h in a Pt crucible
he melt was cast into a graphite mold to obtain g
lates (∼50 mm× 50 mm× 5 mm) that were subsequen

able 1
hemical composition of the glass coatings

omposition (wt.%) SiO2 CaO Na2O MgO P2O5 K2O

P61 61.1 12.6 10.3 7.2 6.0 2.8
P64 64.1 11.6 9.8 6.3 6.0 2.7
λ= 1.5418Å). The amount of crystalline phase was ca
ated by the peaks integration method.16 Coating porosity
as estimated by surface image analysis.

.3. Mechanical testing

The coatings’ roughness parameters (Ra = profile devia
ions mean andS = mean space between the profile pe
ere measured with a Surftest SV-502 bidimensional

ace tester with a diamond stylus. The coatings’ subcri
rack growth in ambient air (relative humidity∼40%) was
valuated from Vickers indentation cracks with applied lo
f 1.96, 2.94 and 4.90 N, measuring the change in lengt

he cracks that emanate from the imprint corners at inc
ng time intervals up to 78 h. The residual stresses du
hermal expansion mismatch between the coating an
ubstrate were estimated using the X-ray diffraction me
sin2ψ) which consists in measuring the interplanar dista
ariation of a set of parallel planes,h k l, for different inci-
ent angles.17–19This technique allows to calculate the el

ic deformation of the crystalline network at the thin s
ace layer. These measured residual stresses are analy
erms of the subcritical crack growth, the difference in t
al expansion coefficients and the micro cracking obse

n the coatings by SEM backscattered electrons techn
he Hertzian (spherical) indentation tests were carried
ith WC-Co spheres using an universal electromecha

nstron machine (model 8562) with a 1 kN load cell (Fig. 1).
he radius of the spheres was 1.25 mm and the mono
pplied load rate used to measure the critical loads for



J. Pavón et al. / Journal of the European Ceramic Society 26 (2006) 1159–1169 1161

Fig. 1. Mechanical set-up for the Hertzian indentation test.

and radial crack formation,Pcc and Prc, respectively, was
2 N s−1. To study the stress–corrosion cracking, the constant
applied loads were fractions ofPcc (60% to 90%), determin-
ing a critical contact time,tf , for ring crack formation. This
event was observed by optical microscopy and image analysis
immediately after the load was removed.

3. Results and discussion

3.1. Microstructural characterization

The thickness measurements were carried out in 10 dif-
ferent positions using 12 samples of each coating, and
they were very similar for both coatings (6P61 = 40± 3�m;
6P64 = 41± 5�m). Fig. 2a shows the main parameters of
the porosity estimation by optical microscopy. Despite this

Fig. 3. X-ray diffraction patterns of 6P61 and 6P64 coatings showing the
presence of crystalline phase.

measurement can be influenced by the different diffraction
indexes between the glass and the air bubbles, the measure-
ment of some pore size by SEM (Fig. 7) gives values similar
to those estimated by optical microscopy, and therefore the
measurement can be considered valid.Fig. 2a also includes
the 6P61 coating with a 15 s firing time, which exhibits larger
porosity than the two coatings with minimum firing time. This
higher porosity is due the longer time for reaction between the
Ti and SiO2 in the glass, which typically produce relatively
large bubbles (Fig. 3):11

5Ti + 3SiO2(glass)= Ti5Si3 + 3O2(gas) (1)

The other important source of porosity is the air bubbles
trapped between the glass particles (small pores inFig. 2b),
which can be reduced by increasing the firing time because
of the more extensive glass sintering and gas evolution to the
outside of the sintered body. However, according toFig. 2a,
bubbles which are originated from the reaction of Eq.(1)have
the predominant role. Note that the SEM photograph of the

F rcenta nd 6P61 wi
1 e the p
ig. 2. Coatings porosity measured by image analysis: (a) porosity pe
5 s firing time; (b) top view of 6P61 coating with 15 s firing time wher
ge and pore size of 6P61 and 6P64 coatings (around 1 s firing time) ath
orosity can be easily appreciated.
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Fig. 4. SEM micrographs of the 6P61: (a) coating cross-section polished; (b) coating cross-section polished and etched; (c) fused glass.

6P61 coating cross-section (minimum firing time;Fig. 4a)
does not show any pore. Therefore, the observed porosity by
optical microscopy is confined at the coating surface. This
confirms that the porosity for minimum firing time is mainly
due to air bubbles trapped during sintering.

Previous studies have reported sodium calcium phosphate,
2.4CaO 0.6Na2O P2O5, as the main crystalline phase in
the coatings.11–13The X-ray diffraction patterns obtained in
this work show the same phase in both coatings (Fig. 3).
The Ti peaks observed in the patterns are diffracted from
the substrate due the low X-ray absorption of the glass
coatings.

The amount of crystalline phase was estimated by the
diffraction peaks integration method16 and the results are
summarized inTable 2. These values include the porosity
correction, and they are presented as ranges using the double
peak integration method, which considers the influence of
both coating and substrate background. This allows the es-
tablishment of a limit for the amount of crystalline phase. The
upper limit difference observed inTable 2is caused by the
small thickness difference between the tested samples, which
clearly influences the background response of the coatings.
Therefore, the volume percent of the crystalline phase for
both coatings is practically the same.

The acid etching of the coatings’ cross-section revealed the
same microstructure for both (Fig. 4b), which is the result of
p glass
p eas.
C eveal
a ct
w rates
d

T
C od

C 1

3.2. Mechanical testing

After evaluation of the roughness parameters
(Ra6P61= 0.51�m; Ra6P64= 0.21�m; S6P61= 86.83�m;
S6P64= 110.60�m), it was concluded that indenting the
samples without polishing, would yield similar results that
indenting a polished surface;20 consequently all samples
were tested unpolished.Fig. 5presents the results of Vickers
indentation subcritical crack growth in ambient air (relative
humidity ≈40%). For both the 6P61 and 6P64 coatings,
it can be observed that the crack velocity is considerably
higher for a short time after indenting, then decreases almost
to zero, following the basic power law function:

υ = υ0

(
Ka

KIc

)n
,Ka < KIc (2)

whereυ is the crack velocity,υ0 is the velocity coefficient,
Ka is the applied stress intensity factor,KIc is the coating
fracture toughness andn is the velocity exponent.Fig. 5also
clearly shows that cracks in the 6P61 coating are longer than

F d of
1

referential etching at the boundaries between sintered
articles due to the higher dissolution rates in these ar8

onsequently, etching of the 6P61 fused glass did not r
ny microstructure (Fig. 4c). Larger particles are in conta
ith the substrate as a result of the faster sedimentation
uring coating (Fig. 4b).

able 2
rystalline phase percentage estimated by the peak integration meth

6P61 6P64
rystalline phase percentage,
2.4CaO 0.6Na2O P2O5 (vol.%)

3.2–11.3 3.1–16.

ig. 5. Vickers indentation subcritical crack growth for an applied loa
.96 N.
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Fig. 6. Interplanar distances for different incident angles in function of the
sin2ψ.

in 6P64 after indentation. This difference is due to the larger
tensile residual stresses of 6P61, which is discussed below.

3.2.1. Residual stress measurements
The X-ray diffraction sin2ψ method was used to estimate

the residual stresses of the crystalline phase.Fig. 6 shows
the interplanar distances,dh k l, in terms of sin2ψ, whereψ
is the variable angle between the normal to the diffracting
lattice planes and the sample surface. In this figure, the slope
of both curves is positive, which means that the crystalline
phase (2.4CaO 0.6Na2O P2O5) is subjected to tensile residual
stresses in both coatings. For the crystalline phase of 6P61
coating, the larger slope could be related with the longer crack
length difference from the subcritical crack growth results
(Fig. 5). However, this slope trend is not enough to deter-

mine the average residual stress of the coatings because of
the influence of the thermal expansion mismatch between
the crystalline and the amorphous phase. Therefore, a better
approach can be made by calculating the difference in the
residual stress of the coatings from the following expression
for the theoretical residual-macro-stress due to the thermal
expansion mismatch:21

σres = �T (αc − αs)Ec

(1 − νc)(1 + (1 − νs(Ecdc)/1 − νc(Esds)))
(3)

where�T is the difference in temperatures between the glass
softening temperature and room temperature,α is the thermal
expansion coefficient (c ands sub-index denotes coating and
substrate respectively),ν is the Poisson’s ratio,E is the Young
modulus andd is the thickness. Considering thatEsds� Ecdc
and that the elastic constants of the coatings are practically
the same due to similar compositions,8 it can be shown that
the difference in residual stress between the coatings is:

σres]6P61− σres]6P64= �TE(α6P61− α6P64)

1 − ν
(4)

Table 3presents different results from Eq.(4), by tak-
ing T = 623◦C22 as softening temperature (room tempera-
ture equal to 25◦C), E = 70,000 MPa measured by nanoin-
dentation technique,ν = 0.258 and pairs of thermal expan-
s d
u ed
i non-
n ngs.
F g
o n im-
a nger
t t the

Table 3
Difference in thermal residual stresses between the coatings estimated from(4) odels

α6P61(10−6 ◦C−1)

Guard and Dubrull23 10.5
Hall24 9.8
English and Turner25 9.5
Winkelmann and Schott26 10.1
Experimental22 10.2

coatin ting.
Fig. 7. SEM backscattered electrons photograph showing the
ion coefficients experimentally determined22 and predicte
sing different models23–26 as was previously consider

n.22 These results confirm that there is a clear and
egligible difference in the residual stress of the coati
inally, by looking atFig. 7, which shows microcrackin
f both coatings detected by the backscattered electro
ges, it is clear that cracks in the 6P61 coating are lo

han those in the 6P64 coating. This finding confirms tha

Eq.for α values experimentally measured and predicted using different m

α6P64(10−6 ◦C−1) σres]6P61− σres]6P64(MPa)

9.8 39.7
9.4 22.7
9.0 28.4
9.7 22.7
9.1 61.4

gs cracks emanating from the pores: (a) 6P61 coating; (b) 6P64 coa
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Table 4
Critical loads for cone and radial cracks by a monotonic Hertzian indentation

6P61 6P64

Cone crack critical load,PA
cc, (N) 42± 1 50± 2

Radial crack critical load,Prc (N) 62± 2 60± 2

coatings are under different residual stresses where the 6P61
coating presents the higher stress, which is consistent with its
larger thermal expansion mismatch with Ti6Al4V substrate
(10.2× 10−6 ◦C−1 against (9.1–9.8)× 10−6 ◦C−1).

3.2.2. Stress–corrosion cracking tests
It is well known that damage during an Hertzian mono-

tonic indentation test on a brittle coating/ductile substrate
system (Ec < Es) occurs by a series of steps:27,28

1. Ring cracking at a load for which a pre-existent surface
flaw “runs around” to form a shallow ring. The surface
flaw is located close to the contact perimeter over which
the contact tensile stress is at maximum.

2. Cone cracking happens when the increasing load reaches
a second critical value and the “ring” begins to flare out
into the frustum of a cone.

3. Radial cracking then appears from the interfacial flaws
on the central contact axis due to the maximum biaxial
bending stress that acts over this axis.

4. Plastic deformation of the substrate occurs for sufficiently
higher applied loads.

The first step of these tests was to determine the appar-
ent critical loads for cone cracking,PA

cc; and the results are
shown inTable 4. Both cone and radial crack morphologies,
u illus-
t
b use
P
i that
t
r
d -
p dual
s iffer-

ent chemical composition of the coatings does not have so
such large influence in their fracture toughness. This can be
confirmed with the method proposed by Roberts et al.30 to
determine the surface residual stresses in brittle materials by
Hertzian indentation. The stress intensity equilibrium condi-
tion (when a pre-existing surface flaw at the contact circle
grows in an unstable manner and forms a ring crack during a
monotonic test) is given by:

KIa = KA
Ic +Kσres = K0

Ic (5)

whereKIa is the total applied stress intensity factor,KA
Ic is

the apparent value of fracture toughness,K�res is the stress
intensity factor due to the surface residual stress which is
assumed to be biaxial and uniform trough the depth, andK0

Ic
is the fracture toughness of the stress-free material. Because
of the small chemical composition difference between the
coatings, it is assumed thatK0

Ic]6P61∼=K0
Ic]6P64. Then, from

Eq.(5):

KA
Ic]6P64 −KA

Ic]6P61= Kσres]6P61−Kσres]6P64 (6)

The apparent fracture toughness by Hertzian indentation,
KA

Ic, can be expressed according to Warren29 as:

KA
Ic =

(
E∗PA

cc
)1/2

(7)

w or-
m
ν In
a n the
c
p al
P en
t Dun-
d
s nsity
f for a
s sing
t t a
g a
c alue

f the 6P
sed as criteria to obtain the values in this table, are
rated inFig. 8. The critical load for radial cracking,Prc, of
oth coatings is very similar. This is not surprising beca
rc depends on the square of the coating thickness,27 which

s practically the same for both coatings (see 3.1). Note
he single value of cone cracking critical load (P0

cc) is directly
elated with the square of the fracture toughness.29 Then, the
ifference in critical loads given inTable 4can only be ex
lained by the existence of different values for the resi
tresses in each coating. It is believed that the small d

Fig. 8. Cone and radial cracks morphologies o
Cr

herePA
cc is the apparent critical load for cone crack f

ation,E* is the “effective Young’s modulus” (E∗ = (1 −
2
i /Ei + 1 − ν2

c/Ec)−1 andr is the radius of the sphere.
ddition,C is a dimensionless constant that depends o
ritical flaw size–contact radius ratio (c*/rc), the critical flaw
osition-contact radius ratio (r*/rc), indenter and materi
oisson’s ratios (νi andνs), and the elastic mismatch betwe

he sphere and the tested material (characterized by the
urs constantβ and the coefficient of friction,f). This con-
tant,C, takes into account the influence in the stress inte
actor of the steep gradient of stress in radial direction
mall surface flaw. Warren determined this constant u
he distributed dislocation method29 and he showed that a
iven Hertzian crack critical load,Pc, there is a flaw with
ombination of size and position that gives a maximum v

61 coating after a monotonic Hertzian indentation test.
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Fig. 9. Experimental results of stress–corrosion ring cracking.

of KIa, sincec*/rc andr*/rc depend only onνi andνs. For the
system WC-Co indenter/glass coating,C = 4179.30

The stress intensity factor induced on the pre-existent sur-
face crack by the residual stress is:

Kσres = 1.29σres(a)
1/2 (8)

wherea is the depth of the crack andσres is the surface stress
assumed to be biaxial and uniform over the crack depth. After
replacement of (7) and (8) in Equation (6), the difference
between the residual stress of the coatings can be expressed
as:

σres]6P61− σres]6P64 = 1

0.7

(
E∗

Cπar

)1/2

[(PA
cc6P64)

1/2

−(PA
cc6P61)

1/2
] (9)

whereE* is the “effective Young’s modulus” (66784 MPa),C
depends on the relative elastic properties of indenter and coat-
ing (C = 4179),a is the mean size of the surface flaw (∼2�m,
Fig. 2), r is the radius of the sphere (r = 1.25 mm) andPA

cc6P61
andPA

cc6P64are the apparent cone cracking critical loads for
the 6P61 and 6P64 coatings, respectively (Table 4). From
this relationship, the difference in residual stresses between
the coatings can be evaluated to be, approximately, 37 MPa.
This result is in good agreement with the difference in resid-
u

how-
i
o . It
i osion
c ce to
r
v ed in
6

da-
t me-
w

Fig. 10. Ring crack morphology used as degradation criteria during the
Hertzian indentation stress–corrosion tests.

is assumed that the coatings are brittle and their degradation
is exclusively produced from ring cracking, as can be seen
in Fig. 10. It is also assumed that a pre-existing surface flaw
suffers subcritical crack growth during the static contact ac-
cording to the basic power-law crack velocity function (Eq.
(2)). Furthermore, the analysis is focused on the cone crack-
ing initiation stage, i.e., ring crack formation, which is the
typical damage stage observed after removing the contact
load (Fig. 10).

Recalling Eq.(5), the total stress intensity factor applied
on a semicircular surface crack at the contact circle is given
by:

K
A,B
I = K

A,B
I,H +K

A,B
I,σres

(10)

whereKI,H andKI,σres are the stress intensity factors due to
Hertzian contact loads and to the residual stresses, respec-
tively. A andB denote the deepest and surface points of the
crack (Fig. 11). The radial stress component of the contact
stress field at the initial surface crack position (x = r0) along
thez direction (depth) changes rapidly from a maximum ten-
sile stress at the surface to a compressive stress deeper inside
the material (Fig. 12). This stress distribution can be fitted by
a polynomial:31

σ

n∑ ( z)i

F rface
c

al stresses calculated from the Eq.(4) (Table 3).
Fig. 9presents the stress–corrosion cracking results s

ng the constant applied load (lower thanPA
cc) as a function

f the critical contact time to produce the ring cracking
s clear that both coatings are sensitive to stress–corr
racking and also that the 6P64 shows higher resistan
ing cracking. This result is consistent with the higherPA

cc
alue and also with the lower residual stresses calculat
P64.

The following analysis of the spherical contact degra
ion is based on the indentation fracture mechanics fra
ork, specifically on the previous work of Licht et al.31 It
(z) =
i=0

σi
a

(11)

ig. 11. Schematic of Hertzian contact test and a semi-elliptical su
rack close to the contact circle and initiation site of a ring crack.
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Fig. 12. Stress field distribution alongz direction atx = rc of the radial tensile
component from the contact Hertzian on the coating forP = 20 N, 40 N and
60 N estimated from the Huber solutions of the Hertzian elastic stress field32.

Then, the stress intensity factor in Eq.(10) can be ex-
pressed as:

K
A,B
I,H = (πa)1/2

n∑
i=0

σi

( z
a

)i
f
A,B
i

(a
t
,
c

a

)
(12)

wherefA,Bi is the geometrical function of the stress intensity
factor which depends on eccentricity, (c/a); andt is the spec-
imen thickness (for a semi-infinite solid,a/t ∼= 0). Assuming
that the radial stress distribution shown inFig. 12is approx-
imately linear within small distances (crack depth� contact
radius,a � rc) and vanishes atz = a, the following is obtained:

σ(z) = σ0 − σ0

( z
a

)
(13)

whereσ0 is the maximum radial tensile stress acting at the
surface coordinater0, where the surface crack is located. This
stress can be expressed as a function of ther0, the applied
load,P, and the Poisson’s ratio of the material,ν:34

σ0 = (1 − 2ν)P

2πr20
(14)

Therefore, stress intensity factor in Eq.(12)can be reduced
to:

K
A,B
I,H = (πa)1/2σ0

[
f
A,B
0

( c
a

)
− f

A,B
1

( c
a

)]
(15)

w ess
i

hen
t isted
c wth
i tart
g or a
t
t
K r
t
o een

Fig. 13. Surface flaw (pore) from which the ring crack is formed under static
contact load.

200 and 250�m). Therefore, sincea is constant, the analysis
is focused on theKBI . Indeed, the stress intensity factor due
to the residual stresses is given by:

Kσres = (πa)1/2σresf
B
0

( c
a

)
(16)

and, by combining Eqs.(15) and (16), the applied stress in-
tensity factor inB can be obtained as:

KBI = (πa)1/2fB0

[
σres+ σ0

(
fB0 − fB1

fB0

)]
(17)

and fromfB0 andfB1 (Fig. 14) it can be seen that (fB0 –fB1 /fB0 )
is a weak function of eccentricity that can be replaced by a
constant equal to 5/6, and Eq.(17) is thus reduced to:

KBI = (πa)1/2fB0 [0.8σ0 + σres] (18)

FromFig. 14, fB0 can be approximated by a straight line,
fB0 ≈ 0.8− 0.03(c/a), for a c/a range given by the experi-

F um
a acts.
heref0 and f1 are the geometrical functions of the str
ntensity factor forz = 0 andz = a, respectively.

For a porous material, like the one described here, w
he ring crack is completed after the environmental ass
rack growth, it is assumed that there is not crack gro
n z direction (depth) because the critical condition to s
rowth in this direction is not reached. For example, f

ypical initial crack depth (a0) as large as 2�m (seeFig. 13),
he critical ratio to start growth inz direction ((c/a)c), where

A = KB,31 would be less than 0.001; thencf would be large
han 1000�m. This value is far larger thancf , which was
bserved experimentally from the ring crack radius (betw
ig. 14. Ellipticity functions of the stress intensity factor for the maxim
nd minimum values of the radial tensile stress due to the Hertzian cont33
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Fig. 15. Plot of logP − log tf from the experimental stress–corrosion crack-
ing results (Fig. 9and estimation of the crack velocity exponent,n, according
to Eq.(22).

mental results. By replacing Eq.(18) in the crack velocity
function—Eq.(2)—the following is obtained:

dc

dt
= υ0

[
(πa)1/2fB0 (0.8σ0 + σres)

K0
Ic

]n
(19)

This equation is solved assuming that the ring crack is
formed by the extension of an initial semicircular surface
crack with a surface length equal toa. Since the location
of the initial crack,r0, is about 12% larger than the con-
tact radius,29,35cf ∼= 1,12λπrc, whererc is the contact radius
given by:

rc =
(

3rP

4E∗

)1/3

(20)

The constantλ is the fraction of the half ring crack length
when the growing crack from the initial flaw, coalesces with
other crack or reach the stress–corrosion threshold,Kth. Con-
sidering that in ceramics normallyKth ≈ 0.5KIc, this explains
why 0 <λ<1, because forλ= 1, KB

I � 0.5KIc (from Eq.
(18)). This analysis is consistent with the previous assump-
tion of not crack growth inz direction.

Therefore, by solving Eq.(19) using Eq.(20), it can be
shown that:

P

( )n

w t
w rties,
α

t

P

Fig. 15shows the plotting of logP versus logtf from the
experimental results ofFig. 9 and the experimental slopes
gives acceptable values of the crack velocity exponent,n,
according to Eq.(22). Thesen values are in good agreement
with previous results of Barry et al.36 using DCB samples of
a Bioglass® in air (n ≈ 30). On the other hand, for the case
of σres �= 0, Eq.(21)can be expressed as:

σnefftf = α (23)

whereσeff = P1/3σres+ AP2/3. Then values obtained by plot-
ting logσeff versus logtf , using an estimation of resid-
ual stresses due to the thermal expansion mismatch—Eq.
(3)—(σres6P61= (+) 40.3 MPa andσres6P64= (−) 10.8 MPa),
are reasonably good (n6P61= 46± 7 andn6P64= 40± 3). Fi-
nally, note that alln estimations are higher than 30 which is
the result obtained by Barry et al.36 for Bioglass® in air. This
difference is due to the higher SiO2 content of the coatings
(61% and 64%), compared with 45% for Bioglass®, and it is
recognized that the corrosion resistance of this type of glass
is strongly dependent on the SiO2 content.3,8,14

Since there is an acceptable consistency between the crack
velocity exponent estimation from the Eqs.(22) and (23), the
stress–corrosion ring cracking of a porous glass coating can
be rationalized from the Hertzian indentation fracture me-
chanics, where the ring crack is formed from a pore suffi-
c l.
T dual
s viour,
e sses
h

4

the
s coat-
i )
w e pri-
m , of
a ill
h n to
t

have
s etal-
l the
c e in-
t SiO
(
t ce
t
t

sub-
c e-
h city
f er
2n/3An 1 + σres

0.8σ0
tf = α (21)

here A = 0.8(1–2ν)(4E*)2/3/2π(3r)2/3 and α is a constan
hich depends only on the material and indenter prope
= f(a,E*,υ0, K0

Ic, r). Then, forσres= 0, Eq.(21) is reduced
o:

2n
3 tf = α

An
(22)
iently large to not grow inz direction inside the materia
his analysis also confirms the clear influence of resi
tresses of the coatings in their stress–corrosion beha
specially for lower contact loads, when the residual stre
ave a dominant role.

. Conclusions

In this work, the microstructural characterization and
tress–corrosion cracking evaluation of two glass-based
ngs on Ti6Al4V with different SiO2 content (61% and 64%
ere carried out. These coatings were designed to be th
ary layer, in direct contact with the metallic substrate
multilayer functionally graded material (FGM), which w
ave a bioactivity surface to improve the implant fixatio

he bone.
These coatings are composed of glass particles that

intered during firing after the sedimentation over the m
ic substrate. Firing time has an important influence on
oating porosity because of the longer extension of th
erfacial reaction between the Ti (substrate) and the2
glass) to form the intermetallic compound, Ti5Si3. Firing
ime and different SiO2 content do not significantly influen
he amount of crystalline phase (2.4CaO 0.6Na2O P2O5) in
he coating.

The coatings were sensitive to Vickers indentation
ritical crack growth in ambient air, showing typical b
aviour described by the classic power-law crack velo

unction. The lower SiO2 content coating presented long
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cracks for any time after the indentation. This is consis-
tent with the tensile residual stresses of this coating due to
the larger thermal expansion mismatch with the Ti6Al4V
substrate.

Both coatings were also sensitive to stress–corrosion ring
cracking by Hertzian indentation in air, being more sensi-
tive the one with lower SiO2 content. This behaviour was
also consistent with the subcritical crack growth and residual
stresses results and was satisfactorily rationalized by fracture
mechanics, considering that the ring crack is the result of the
environmental assisted crack growth of a surface flaw under
the radial tensile stress at the surface due to Hertzian contact
loading and the residual stresses.

The SiO2 content of the glass coatings used for biomed-
ical applications is determinant for its final performance
because, not only determines the bioactivity of the coated
implant, but it also has a clear influence in the residual
stresses due to the thermal expansion mismatch with the
Ti6Al4V alloy. These residual stresses, together with the de-
pendence of the corrosion sensitivity on the SiO2 content,
determine the stress–corrosion cracking response of these
coatings.
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