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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
presents the microstructural and stress—corrosion cracking characterization of two glass coatings on Ti6Al4V with diffeeomtSids
(61% and 64%). These coatings belong to the,Sa0O-MgO-Nz0—-K,0-P,0s system and they were obtained by a simple enamelling
technique. They will be used as the first layer of a bioactive multilayer system which will have an outer layer with a loyveorgedt
in order to ensure the surface bioactivity. Microstructural characterization performed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) shows that the coating porosity is clearly influenced by the firing time because of the longer extension
of the reaction between Ti and SiOrhe X-ray diffraction (XRD) integration method shows that the amount of crystalline phase (2.4Ca0O
0.6N&0 P,0Os) percentage is between 3 vol.% and 16 vol.%. After acid etching, a microstructure with clear boundaries is observed which is the
result of the sintered glass particles separation. Stress—corrosion cracking was evaluated using Vickers and Hertzian (spherical) indentation,
showing that both coatings are sensitive to subcritical crack growth, and that the coating with the lower silica content is more sensitive to
stress—corrosion cracking. These two results are related with the larger residual stresses due to the thermal expansion mismatch. Finally, the
stress—corrosion ring cracking behavior by Hertzian indentation is rationalized from the linear-elastic fracture mechanics framework.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction tive material as synthetic hydroxyapatite @@ O4)s(OH)?)
has been proposed to solve this probfemTypically, hy-
Several important characteristics associated with Ti and droxyapatite (HA) is applied to Ti alloys by plasma spraying.
Ti-based alloys—especially the balance between mechanicalAlthough several studies investigating the performance of
properties, chemical resistance, and nontoxicity—make these coatings have revealed good short-term adhesion to
these alloys some of the most important materials for the bone, they also reveal poor long-term interfacial stability
hard tissue replacemeht However, once implanted, they between the coating and the substfateAn alternative
become encapsulated by a dense fibrous tissue, which camethod is to coat the metallic implants with a bioactive
result in interfacial failure and loosening of the implartA glass that can precipitate hydroxyapatite in vivo, optimizing
surface modification of the metallic implants using a bioac- at the same time the adhesion to the substrate. The first
attempts to obtain a bioactive glass coating ogAT}V by
* Corresponding author. Tel.: +34 934010712. enamelling, immersion in molten glass, or plasma-spray
E-mail address: juan.jose.pavon-palacio@upc.es (J.&tgv were unsuccessful because of cracking caused by stresses
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associated with thermal expansion mismatch between theannealed at 500C for 6h to relieve stresses and then

substrate and the coatifigt®
A simple technique for applying improved bioac-

milled in a planetary agate mill. To obtain the coatings, a
suspension of the glass powder (particle size g21) in

tive coatings on Ti-based alloys, using glasses of the ethanol was deposited on Ti6Al4V beams (99.0% purity,

Si0,—Ca0-MgO-NgO-K,0-R,0O5 system, was success-
fully developed at Lawrence Berkeley National Laboratory
(LBNL).11-13 The chemical composition of the glasses is
based on the Biogla8developed by Hench et ait; 13with
increased Si@content, and partial substitution of the origi-
nal K;O and MgO with NaO and CaO, respectively. These

45 mmx 5mmx 4 mm), which had been previously pol-
ished with diamond (fum particle size) and cleaned in ultra-
sonic baths of acetone and ethanol. Afterwards, the coatings
were air-dried at 75C overnight and fired at temperatures
ranging from 800C to 820°C for a short time (around 1s).
Finally, the coatings were quenched in air. The initial beams

changes were done in order to reduce the coating thermalwere sectioned into samples of 5 mx8 mmx 4 mm to al-
expansion coefficient so that it would be closer to that of the low observation of the coatings’ cross-section and the making

substrate.

Concentrated and constantly applied loads during ex-

of indentation tests.

tended periods of time are one of the most severe mechanical.2. Microstructural characterization

requirements for a coated metallic impldftf the environ-

ment in which this kind of load acts is chemically aggressive,

Coating thickness was measured using optical microscopy

the load effect can be enhanced, creating and propagatingoy observations of the coatings’ cross-section using image

cracks. Therefore, itisimportant to know how this kind of bio-

analyser software. This method was also used to observe

materials behave under these specific mechanical conditionsthe coating microstructure revealed after acid etching (10 ml
Indeed, the fundamental aim of the work reported herein isto HNO3, 6 ml HF and 80 ml HO). SEM and EDS analy-
evaluate the stress—corrosion cracking behavior of two glasssis was also performed on the samples surface and cross-

coatings on Ti6AI4V using Vickers and Hertzian (spherical)

sections. The X-ray diffraction patterns of the coatings were

indentation techniques. These coatings have different SiO obtained using a powder diffractometer of Bragg-Brentano
contents (61% for 6P61 and 64% for 6P64). Both of them are 6/20 geometry (Siemens D-500) coupled with a graphite

candidates to form the primary layer in direct contact with
the substrate, while an outer layer, with a lower SiOntent,
will ensure the surface bioactivifyThis system will improve

secondary omonochromator. The radiation used was €u K
(A=1.5418A). The amount of crystalline phase was calcu-
lated by the peaks integration meth§dCoating porosity

the interfacial mechanical stability between the coating and was estimated by surface image analysis.

the substrate and will also optimize the fixation between the

implant and the bone.

2. Experimental procedure

2.1. Sample preparation

2.3. Mechanical testing

The coatings’ roughness parameteRg £ profile devia-
tions mean and =mean space between the profile peaks)
were measured with a Surftest SV-502 bidimensional sur-
face tester with a diamond stylus. The coatings’ subcritical
crack growth in ambient air (relative humidity40%) was

The coatings were obtained using a conventional enam- evaluated from Vickers indentation cracks with applied loads

elling method!!~13 The starting glasses were obtained
by mixing the appropriate reagents (Si®9.5%, Cerac;
CaCQs: 99.9%, JT Baker; MgO: 98.6%, JT Baker,®Os:
99.0%, Allied Chemical; NaHC® 99.5%; JT Baker;
and NaP@: 99.7% Allied Chemical) in ethanol using

of 1.96, 2.94 and 4.90 N, measuring the change in lengths of
the cracks that emanate from the imprint corners at increas-
ing time intervals up to 78 h. The residual stresses due the
thermal expansion mismatch between the coating and the
substrate were estimated using the X-ray diffraction method

a high-speed stirrer to achieve the desired composition (Sin?y) which consists in measuring the interplanar distance

for each glassTable 1. The mixture was first dried at

80°C for 12h and then air-fired at temperatures rang-

ing from 1400°C to 1500°C for 4h in a Pt crucible.

variation of a set of parallel planekk!, for different inci-
dent angles/~1°This technique allows to calculate the elas-
tic deformation of the crystalline network at the thin sur-

The melt was cast into a graphite mold to obtain glass face layer. These measured residual stresses are analysed in

plates (50 mmx 50 mmx 5mm) that were subsequently

Table 1

Chemical composition of the glass coatings

Composition (wt.%) Si@ CaO NaO MgO BROs K0
6P61 61.1 126 16 7.2 6.0 2.8
6P64 64.1 11.6 8 6.3 6.0 2.7

terms of the subcritical crack growth, the difference in ther-

mal expansion coefficients and the micro cracking observed
in the coatings by SEM backscattered electrons technique.
The Hertzian (spherical) indentation tests were carried out

with WC-Co spheres using an universal electromechanical

Instron machine (model 8562) with a 1 kN load célid. 1).
The radius of the spheres was 1.25mm and the monotonic
applied load rate used to measure the critical loads for cone
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Fig. 3. X-ray diffraction patterns of 6P61 and 6P64 coatings showing the
presence of crystalline phase.

Fig. 1. Mechanical set-up for the Hertzian indentation test. measurement can be influenced by the different diffraction
indexes between the glass and the air bubbles, the measure-

and radial crack formationPe; and Py, respectively, was ~ Ment of some pore size by SEMig. 7) gives values similar

2N'sL. To study the stress—corrosion cracking, the constant [0 those estimated by optical microscopy, and therefore the

applied loads were fractions &f. (60% to 90%), determin- measurement_ can _be con3|d_e_red _V&H@' 2a also |_nqludes

ing a critical contact timey, for ring crack formation. This ~ the 6P61 coating with a 15 s firing time, which exhibits larger

eventwas observed by optical microscopy and image analysisProsity than the two coatings with minimum firing time. This

immediately after the load was removed. higher porosity is due the longer time for reaction between the
Ti and SiQ in the glass, which typically produce relatively
large bubblesKig. 3):11

3. Results and discussion 5Ti + 3SiO(glass)= TisSiz + 30z(gas) )

3.1. Microstructural characterization The other important source of porosity is the air bubbles
trapped between the glass particles (small porésgn2b),

The thickness measurements were carried out in 10 dif- which can be reduced by increasing the firing time because
ferent positions using 12 samples of each coating, and of the more extensive glass sintering and gas evolution to the
they were very similar for both coatings (6P61 =43 pum; outside of the sintered body. However, accordingim 2a,
6P64 =41 5um). Fig. 2a shows the main parameters of bubbleswhich are originated from the reaction of @yhave
the porosity estimation by optical microscopy. Despite this the predominant role. Note that the SEM photograph of the

18 «| 1110 Min. diameter 18
[ZZA Max. diameter 2 -
16 4| == Mean diameter| 16

Area percentage i

Circular diameter (um)
3
1
3
Areapercentage (%)

I

7777

6P 61 6P64 6P61-15
(a) Samples (b)

Fig. 2. Coatings porosity measured by image analysis: (a) porosity percentage and pore size of 6P61 and 6P64 coatings (around 1 s firing timejhand 6P61 wi
15 s firing time; (b) top view of 6P61 coating with 15 s firing time where the porosity can be easily appreciated.
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Glass-coating

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 tintgg. 4a) 3.2. Mechanical testing

does not show any pore. Therefore, the observed porosity by

optical microscopy is confined at the coating surface. This  After evaluation of the roughness parameters

confirms that the porosity for minimum firing time is mainly  (Raeps1=0.51pm; Raspes=0.21pum; Sepe1=86.83um;

due to air bubbles trapped during sintering. Sepsa=110.60um), it was concluded that indenting the
Previous studies have reported sodium calcium phosphate samples without polishing, would yield similar results that

2.4Ca0 0.6NgO P>Os, as the main crystalline phase in indenting a polished surfadd; consequently all samples

the coatings1~13The X-ray diffraction patterns obtained in  were tested unpolisheBig. 5presents the results of Vickers

this work show the same phase in both coatingig.(3). indentation subcritical crack growth in ambient air (relative

The Ti peaks observed in the patterns are diffracted from humidity ~40%). For both the 6P61 and 6P64 coatings,

the substrate due the low X-ray absorption of the glass it can be observed that the crack velocity is considerably

coatings. higher for a short time after indenting, then decreases almost
The amount of crystalline phase was estimated by the to zero, following the basic power law function:

diffraction peaks integration methttland the results are "

summarized inTable 2 These values include the porosity  — UO(E) ,Ka< Kic 2)

correction, and they are presented as ranges using the double lc

peak integration method, which considers 'ghe influence of |\ herew is the crack velocityyo is the velocity coefficient,

both coating anq s_ubstrate background. Th|§ allows the €S-k, is the applied stress intensity factdf is the coating

tablishment of a limit for the amount of crystalline phase. The ¢.octure toughness ands the velocity exponenEig. 5also

upper limit difference observed ifable 2is caused by the  ¢jearly shows that cracks in the 6P61 coating are longer than
small thickness difference between the tested samples, which

clearly influences the background response of the coatings. T
Therefore, the volume percent of the crystalline phase for 94 o BP61 -
both coatings is practically the same. s A 6P64

The acid etching of the coatings’ cross-section revealed the .
same microstructure for botkig. 4b), which is the result of ]
preferential etching at the boundaries between sintered glas: = ©°-]
particles due to the higher dissolution rates in these &eas. * &o-

(um)

C

< L
Consequently, etching of the 6P61 fused glass did not reveal g0 g B
any microstructureKig. 4c). Larger particles are in contact = 5] -
with the substrate as a result of the faster sedimentation rate:f‘g ] L
during coating Fig. 4b). O 1 r
404 L
35 L
Table 2 30 ] —__ -1t —
Crystalline phase percentage estimated by the peak integration method 0 10 20 30 40 50 60 70 80
6P61 6P64 Time after indentation (h)
Crystalline phase percentage, 3.2-11.3 3.1-16.1
2.4Ca0 0.6NgO P,Os (vol.%) Fig. 5. Vickers indentation subcritical crack growth for an applied load of

1.96N.
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Fig. 6. Interplanar distances for different incident angles in function of the

Siréy.

in 6P64 after indentation. This difference is due to the larger
tensile residual stresses of 6P61, which is discussed below. ¢eJgpg1— ored6pea =

3.2.1. Residual stress measurements

The X-ray diffraction siRy method was used to estimate
the residual stresses of the crystalline ph&sg. 6 shows
the interplanar distancesy;, in terms of sify, wherey
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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:

_ AT(O{C - Ols)EC
- (1= ve)(1+ (1 — vs(Ecdc)/1 — ve(Esds)))

whereAT is the difference in temperatures between the glass
softening temperature and room temperatuis the thermal
expansion coefficient(@nds sub-index denotes coating and
substrate respectively)js the Poisson’s ratid is the Young
modulus and is the thickness. Considering thayls > Ecd.

and that the elastic constants of the coatings are practically
the same due to similar compositichi,can be shown that
the difference in residual stress between the coatings is:

ATE(xgpe1— ®6P64)
1—v

Table 3presents different results from E@), by tak-
ing T=623°C22 as softening temperature (room tempera-
ture equal to 25C), E=70,000 MPa measured by nanoin-
dentation techniquey=0.2% and pairs of thermal expan-

®3)

Ores

(4)

is the variable angle between the normal to the diffracting sion coefficients experimentally determiféand predicted
lattice planes and the sample surface. In this figure, the slopeusing different modef$—26 as was previously considered
of both curves is positive, which means that the crystalline in.?? These results confirm that there is a clear and non-
phase (2.4Ca0 0.6N@ P,Os) is subjected to tensile residual  negligible difference in the residual stress of the coatings.
stresses in both coatings. For the crystalline phase of 6P61Finally, by looking atFig. 7, which shows microcracking
coating, the larger slope could be related with the longer crack of both coatings detected by the backscattered electron im-
length difference from the subcritical crack growth results ages, it is clear that cracks in the 6P61 coating are longer
(Fig. 5. However, this slope trend is not enough to deter- than those in the 6P64 coating. This finding confirms that the

Table 3
Difference in thermal residual stresses between the coatings estimated fr¢f fégo values experimentally measured and predicted using different models

agpe1(1076°C7h) agpes(1076°C71)

ored6P61— Ored 6pea (MP)

Guard and Dubruff 105 9.8 397
Hall24 9.8 9.4 227
English and Turnép 95 9.0 284
Winkelmann and Schdtt 101 97 227
Experimenta? 10.2 91 614

Fig. 7. SEM backscattered electrons photograph showing the coatings cracks emanating from the pores: (a) 6P61 coating; (b) 6P64 coating.
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Table 4 ent chemical composition of the coatings does not have so

Critical loads for cone and radial cracks by a monotonic Hertzian indentation g;ch large influence in their fracture toughness. This can be
6P61 6P64 confirmed with the method proposed by Roberts eéfab

Cone crack critical loadPZ, (N) 42+1 50+2 determine the surface residual stresses in brittle materials by

Radial crack critical loadPrc (N) 62+2 60+2 Hertzian indentation. The stress intensity equilibrium condi-

tion (when a pre-existing surface flaw at the contact circle
prows in an unstable manner and forms a ring crack during a

coatings are under different residual stresses where the 6P6 . o .
monotonic test) is given by:

coating presents the higher stress, which is consistent with its
larger therrgal E)1<pan§ion mismatch Witg Ti6_,i\l4v substrate g, — kA + K, = K, (5)
(10.2x 10~ °°C* against (9.1-9.8% 10-°°C™).
whereKk), is the total applied stress intensity factm{é is
3.2.2. Stress—corrosion cracking tests the apparent value of fracture toughne§gys is the stress
It is well known that damage during an Hertzian mono- intensity factor due to the surface residual stress which is
tonic indentation test on a brittle coating/ductile substrate assumed to be biaxial and uniform trough the depth,&d
system £ < Es) occurs by a series of step528 is the fracture toughness of the stress-free material. Because
of the small chemical composition difference between the

1. Rlng cracking at a load for which a pre-existent surface Coatingsl itis assumed thﬂﬁz]ﬁpe’lg Kﬂ;]6P64— Then, from
flaw “runs around” to form a shallow ring. The surface Egq.(5):

flaw is located close to the contact perimeter over which
the contact tensile stress is at maximum. KQ]GPM — K{é]spelz Koredeps1— Kored6pea (6)

2. Cone cracking happens when the increasing load reaches L .
a second critical value and the “ring” begins to flare out The apparent fracture toughness by Hertzian indentation,

into the frustum of a cone. K1}, can be expressed according to Waffeas:

3. Radial cracking then appears from the interfacial flaws e AN 12
on the central contact axis due to the maximum biaxial A _ (E Pcc) )
bending stress that acts over this axis. ¢ Cr

4. Plastic deformation of the substrate occurs for sufficiently

higher applied loads. where P@C is the apparent critical load for cone crack for-

mation,E” is the “effective Young's modulus’K* = (1 —

The first step of these tests was to determine the appar—viz/Ei +1-— vg/Ec)*1 andr is the radius of the sphere. In
ent critical loads for cone cracking’; and the results are  addition, C is a dimensionless constant that depends on the
shown inTable 4 Both cone and radial crack morphologies, critical flaw size—contact radius ratio(rc), the critical flaw
used as criteria to obtain the values in this table, are illus- position-contact radius ratio-{rc), indenter and material

trated inFig. 8 The critical load for radial crackind, of Poisson’s ratiosi{ andvs), and the elastic mismatch between
both coatings is very similar. This is not surprising because the sphere and the tested material (characterized by the Dun-
Py depends on the square of the coating thickiésehich durs constang and the coefficient of frictiory). This con-

is practically the same for both coatings (see 3.1). Note that stant,C, takes into account the influence in the stress intensity
the single value of cone cracking critical loaef)) is directly factor of the steep gradient of stress in radial direction for a
related with the square of the fracture toughr@sehen, the small surface flaw. Warren determined this constant using
difference in critical loads given ifable 4can only be ex- the distributed dislocation meth&tand he showed that at a
plained by the existence of different values for the residual given Hertzian crack critical load’, there is a flaw with a
stresses in each coating. It is believed that the small differ- combination of size and position that gives a maximum value

Fig. 8. Cone and radial cracks morphologies of the 6P61 coating after a monotonic Hertzian indentation test.



J. Pavon et al. / Journal of the European Ceramic Society 26 (2006) 1159—1169 1165

60 I 1 1 1 n 1 n 1 "B " i
m 6P6l '
® 0PG4 .
-~ 50 . L *
g ] % : o
-
& LY 3
- 404 - sre i
g . . 2
E . o !
= 30- B NN |
< i .
20 - L 3
10 T T T T T T T T T
0.0 4,0x10° 8,0x10* 1,2x10° 1,6x10° Fig. 10. Ring crack morphology used as degradation criteria during the
Critical time for ring cracking, /.. (s) Hertzian indentation stress—corrosion tests.
Fig. 9. Experimental results of stress—corrosion ring cracking. is assumed that the coatings are brittle and their degradation

is exclusively produced from ring cracking, as can be seen

of Kia, sincec*/rc andr"/rc depend only om; andvs. For the in Fig. 10 It is also assumed that a pre-existing surface flaw
system WC-Co indenter/glass coatits 41793 suffers subcritical crack growth during the static contact ac-

The stress intensity factor induced on the pre-existent sur-¢0rding to the basic power-law crack velocity function (Eq.
face crack by the residual stress is: (2)). Furthermore, the analysis is focused on the cone crack-
ing initiation stage, i.e., ring crack formation, which is the

Koo = 1.2%reda)/? (8) typical damage stage observed after removing the contact
) ) load (Fig. 10.
wherea is the depth of the crack amgesis the surface stress Recalling Eq(5), the total stress intensity factor applied

assumed to be biaxial and uniform over the crack depth. After o, 5 semicircular surface crack at the contact circle is given
replacement of (7) and (8) in Equation (6), the difference by:
between the residual stress of the coatings can be expressed

as: KM = kN + k(D (10)
1/ E* \Y? A 1/2 . .
Ored 6P61— Ored6P64 = —— < ) [(Plespsd wherekK) 4 and K . are the stress intensity factors due to
0.7\ Car Hertzian contact loads and to the residual stresses, respec-
—( pA ])1/2] 9) tively. A andB denote the deepest and surface points of the
c6P6 crack Fig. 11). The radial stress component of the contact
whereE" is the “effective Young’s modulus” (66784 MPa), stress field at the initial surface crack positiar o) along
depends on the relative elastic properties of indenter and coatthez direction (depth) changes rapidly from a maximum ten-
ing (C=4179).ais the mean size of the surface flawdq um, sile stress at the surface to a compressive stress deeper inside

Fig. 2), ris the radius of the sphere<£ 1.25 mm) a”d)cAcepel the material Fig. 12). This stress distribution can be fitted by
and PA.,are the apparent cone cracking critical loads for @ polynomiaf?*
the 6P61 and 6P64 coatings, respectivdighble 4. From ; ’
this relationship, the difference in residual stresses betweenU _ ZU' (f)’ (11)
the coatings can be evaluated to be, approximately, 37 MPa. ¢ ’
This result is in good agreement with the difference in resid-
ual stresses calculated from the E4). (Table 3.

Fig. 9presents the stress—corrosion cracking results show-
ing the constant applied load (lower th&f}) as a function
of the critical contact time to produce the ring cracking. It
is clear that both coatings are sensitive to stress—corrosion
cracking and also that the 6P64 shows higher resistance to
ring cracking. This result is consistent with the highré:
value and also with the lower residual stresses calculated in
6P64.

The following analysis of the spherical contact degrada-
tion is based on the indentation fracture mechanics frame-rig. 11. schematic of Hertzian contact test and a semi-elliptical surface
work, specifically on the previous work of Licht et #.It crack close to the contact circle and initiation site of a ring crack.
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component from the contact Hertzian on the coatingPfer20 N, 40 N and
60 N estimated from the Huber solutions of the Hertzian elastic stres&field

Then, the stress intensity factor in EJ.0) can be ex-
pressed as:

n .
Kf;f _ (mz)l/z Z o; (§>tfiA,B (
i=0

where fiA’B is the geometrical function of the stress intensity
factor which depends on eccentricity/d); andz is the spec-
imen thickness (for a semi-infinite solid/ = 0). Assuming
that the radial stress distribution showrFig. 12is approx-
imately linear within small distances (crack degttcontact
radiusa < r¢) and vanishes at=a, the following is obtained:

a ¢

t’a (12)

Z

)

0(;) = 00 — 00 ( (13)
whereoy is the maximum radial tensile stress acting at the
surface coordinate), where the surface crack s located. This
stress can be expressed as a function ofrgh¢he applied
load, P, and the Poisson’s ratio of the materiaP*

_(@Q=2vP

= 14
00 22 (14)

Therefore, stress intensity factor in E§j2)can be reduced
to:

i = o1 (£) 10

wherefy andf; are the geometrical functions of the stress
intensity factor for; =0 andz =a, respectively.

For a porous material, like the one described here, when
the ring crack is completed after the environmental assisted
crack growth, it is assumed that there is not crack growth
in z direction (depth) because the critical condition to start
growth in this direction is not reached. For example, for a
typical initial crack depthdp) as large as g@m (seeFig. 13,
the critical ratio to start growth indirection (¢/a)c), where
K4 =Kp,2t would be less than 0.001; thepwould be larger
than 100Qum. This value is far larger thaey, which was
observed experimentally from the ring crack radius (between

c

2)

(15)
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-
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Fig. 13. Surface flaw (pore) from which the ring crack is formed under static
contact load.

.'.c

200 and 25@Qum). Therefore, since is constant, the analysis
is focused on th& 2. Indeed, the stress intensity factor due
to the residual stresses is given by:

Cc

)

K

Ores —

(16)

K%ﬂmW%§Pm+m( 17)

(na)l/zaresfég (
and, by combining Eqg15) and (16)the applied stress in-
tensity factor inB can be obtained as:

ﬁ—ﬁﬂ

7

and fromf® and £ (Fig. 14 itcan be seenthaff — 18/ f5)
is a weak function of eccentricity that can be replaced by a
constant equal to 5/6, and E4.7) is thus reduced to:
KB = (7a)'/? f8]0.800 + oted (18)

FromFig. 14 f(f can be approximated by a straight line,
fo ~0.8—0.03/a), for a c/a range given by the experi-

0,8 n 1 L 1 n 1

0,7 4
0,6
0,5

04

f(c/a)

) (ela) ¢

0,3
0,2

0,1

1 (c/a)

0,0

T
10

(c/a)

20

Fig. 14. Ellipticity functions of the stress intensity factor for the maximum
and minimum values of the radial tensile stress due to the Hertzian cofitacts.
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Fig. 15shows the plotting of log versus logs from the
experimental results dfig. 9 and the experimental slopes
£ gives acceptable values of the crack velocity exponent,
3 according to Eq(22). Thesen values are in good agreement
: with previous results of Barry et 8f.using DCB samples of
2 a Bioglas® in air (n~30). On the other hand, for the case
C of oyes# 0, EQ.(21) can be expressed as:

o
o

o2}
o
FETY FTTTTTIT

o2}
o
'l FTEET

S
o
sl

Oaiilt = A (23)

Applied load, P, (N)

n
o

PR I S S S S A
T

whereoef = P30 165+ AP?3. Then values obtained by plot-
ting logoes versus logs, using an estimation of resid-
I ual stresses due to the thermal expansion mismatch—Eq.
e (3)—(0resepe = (+) 40.3 MPa andrresered= (—) 10.8 MPay),
10 0 10 10 10 10 10 are reasonably gooadps1= 46+ 7 andngpes= 40+ 3). Fi-
Critical time for ring cracking, 7, (s) nally, note that alk estimations are higher than 30 which is
' the result obtained by Barry et ¥ for Bioglas€ in air. This

Fig. 15. Plot of log? — log # from the experimental stress—corrosion crack- ~ difference is due to the higher Si@ontent of the coatings
ing results Fig. 9and estimation of the crack velocity exponenficcording (61% and 64%), compared with 45% for Biogl@sand itis
10 Bq.(22) recognized that the corrosion resistance of this type of glass
is strongly dependent on the SiGontent>:8:14

Since there is an acceptable consistency between the crack
velocity exponent estimation from the E¢82) and (23)the
stress—corrosion ring cracking of a porous glass coating can
be rationalized from the Hertzian indentation fracture me-
5 (19) chanics, where the ring crack is formed from a pore suffi-
dr Kic ciently large to not grow iry direction inside the material.
This analysis also confirms the clear influence of residual
stresses of the coatings in their stress—corrosion behaviour,
especially for lower contact loads, when the residual stresses
have a dominant role.

mental results. By replacing EL8) in the crack velocity
function—Eq.(2)—the following is obtained:

de (a)*/? f£(0.800 + ored !
= —w

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 o Since the location
of the initial crack,rg, is about 12% larger than the con-
tact radius23%¢; = 1,120, whererg is the contact radius

iven by:
¢ y 4. Conclusions
3rp\ Y3
Fe = ( 2 E*) (20) In this work, the microstructural characterization and the

stress—corrosion cracking evaluation of two glass-based coat-

The constant is the fraction of the half ring crack length  ings on Ti6AI4V with different SiQ content (61% and 64%)
when the growing crack from the initial flaw, coalesces with were carried out. These coatings were designed to be the pri-

other crack or reach the stress—corrosion threslgldCon- mary layer, in direct contact with the metallic substrate, of
sidering that in ceramics normalk, = 0.5K¢, this explains a multilayer functionally graded material (FGM), which will
why 0<x <1, because fon =1, K|B « 0.5k (from Eq. have a bioactivity surface to improve the implant fixation to
(18)). This analysis is consistent with the previous assump- the bone.
tion of not crack growth iry direction. These coatings are composed of glass particles that have
Therefore, by solving Eq(19) using Eq.(20), it can be sintered during firing after the sedimentation over the metal-
shown that: lic substrate. Firing time has an important influence on the
" coating porosity because of the longer extension of the in-
p2n/3 pn (1+ Ores > =a (21) terfacial reaction between the Ti (substrate) and the, SiO
0.800 (glass) to form the intermetallic compoundsSiz. Firing

time and different Si@content do not significantly influence
the amount of crystalline phase (2.4CaO 0.68@,0s) in
'the coating.

The coatings were sensitive to Vickers indentation sub-
critical crack growth in ambient air, showing typical be-
P%Z‘f _ > 22) haviour described by the classic power-law crack velocity

A" function. The lower Si@Q content coating presented longer

where A =0.8(1-2)(4E")?3/27(3r)%23 and « is a constant
which depends only on the material and indenter properties
a=fa,E"vo, K2, r). Then, forores=0, Eq.(21) s reduced

to:
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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 Ti6AI4V
substrate.

Both coatings were also sensitive to stress—corrosion ring

cracking by Hertzian indentation in air, being more sensi- 10.

tive the one with lower Si@ content. This behaviour was
also consistent with the subcritical crack growth and residuall
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 contact2.

loading and the residual stresses.

The SiQ content of the glass coatings used for biomed- 13.

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 14.

stresses due to the thermal expansion mismatch with the
TiBAI4V alloy. These residual stresses, together with the de-
pendence of the corrosion sensitivity on the Sigdntent,

15

determine the stress—corrosion cracking response of theses.

coatings.
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