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Abstract

The objective of this work is to developbioactive glasscoatingsfor metallic orthopedic implants. A new family of glassesn the
SiO.bNa,ObK,0DCaObMgODbRO5 systemhas beensynthesizedand characterized.The glassproperties (thermal expansion, soft-
ening and transformation temperatures,density and hardness)are in line with the predictions of establishedempirical models. The
optimized pring conditions to fabricate coatings on Ti-based and CobCr alloys have been determined and related to the glass
properties and the interfacial reactions. Excellentadhesionto alloys hasbeenachievedthrough the formation of 100©20hm thick
interfacial layers (TisSi; on Ti-based alloys and CrO, on CobCr). Finally, glasscoatings, approximately 100 mm thick, have been

fabricated onto commercial Ti alloy-baseddental implants.
© 2003ElsevierLtd. All rights reserved.
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1. Introduction

Sincethe discovay of Bioglass® by Hench, bioactive
glasseshave been used in many medical applications,
such as drug delivery sysems, non-load-bearing
implants, and bone cemens! 3 However, due to their
poor mecharical properties, these glassescanna be
usedin load-bearing applications, where metallic alloys
are still the materials of choice. It wasrecognized early
on that one of the main applications of bioactive glasses
could be coatings for prosthetic metallic implants?#
These coatings would serve two purposes:improving
the osseoirtegration of the implants, and protecting the
metal againg corrosion from the body Ruids and the
tissuefrom the corrosion products of the alloys. Unfor -
tunately, most of the attempts to coat metalic implants
with bioactive glasseshave had limit ed successThis is
due to poor adhesionof the coating and/or degradaion
of the glass properties during the coating procedure
(typically enameling, or Bameor plasmaspray coating).*

Severalkey design criteria are necessgy for the suc-
cessful developnent of new bioactive coatings for
implants: (1) the bring cycle should not degrace the

* Coorespondng author. Tel.: +1-510-486-4817;fax: +1-510-486-
4761.
E-mail address:sslopez-eteban@lbl.gov (S. Lopez-Estéan).
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properties of the metal or the glass (2) the thermal

exparsion of the glassand the meta should be similar in

order to avoid the generaton of large thermal stresses
that canresultin coating cracking or delamination dur-

ing fabrication (typically it is preferred that the coating

has a slightly lower thermal expansion than the metal,

resuking in smal compressive stressef (3) the bring

cyclesshould result in interfaces with optimum adhe-

sion; and (4) the glass coatings should form hydroxy-

apatite when in contact with body Ruids. The Ti alloys

usedin the fabrication of prosthetic implants are very

reactive, and the glass/metal reactionsthat occur during

Pring are detrimental to adhesionand bioactivity. Thus,

coating titanium with bioactive glas®s is challenging.

Additionally, Pring temperatures below the a ! b

transformation of Ti (between 885 and 950 "C for

unalloyed Ti, depending on the impurity content,>° and

between955and 1010 C for Ti6A14V®) are required to

avoid a degadation of the mecharical properties of the

implant. Bioactive glas®s are typically silicate glases
with silica content below 60wt.%. Most of theseglas®s
are hygroscopc and crystallize readily at the bring tem-

peratures required for enameing. The thermal expan-

sion coelcients of bioactive glassesare typically much

larger than those of Ti alloys. The simplest way to

reducethermal expansbn is to increasethe SiO, content

of the glass unfortunately, this is at the experse of

bioactivity, which is signibpcantly reduced. 3
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This work examinesthe propertiesof a new family of
bioactive glas®s designedto coat Ti-based alloys. The
results are compared with existing models for calculat-
ing properties of silicate glassesand with the optimum
enamelng conditions needed for the fabrication of
bioactive coatings on Ti-based and CoBCr alloys with
good adhesionto the metal.

2. Experimental

Glassesin the system SiO,DNaOBK,OBCaODBMgOb
P,Os were prepared by mixing SiO, (99.5%) (Cerac,
USA), CaCOs (99.9%) (JT Baker, USA), MgO (98.6%)
(JT Baker, USA), K,COz (99%) (Allied Chemical,
USA), NaHCO 3 (995%) (JT Baker, USA) and NaPO;
(99.7%) (Allied Chemical, USA) in ethanol using a
high-speed stirrer. The compostions of the glas®sare
summarizedin Table 1. The mixturesweredried at 80" C
for 12 h and then bredin air at 14081500 C for 4 h in
a Pt crucible (glasseswith larger silica contents were
bred at higher temperatures). The melt was castinto a
graphite mold to obtain glassplates (# 50% 5035 mm)
that were subsequetly annealedat 500 "C for 6 h to
relieve stresses The thermal expansion (!), softening
(T, and transformation (T,) temperatures were mea-
suredin a calibrated dilatometer with an alumina holder
and push rod, using glassbars 25% 3% 3 mm. The Vick-
ershardnesswas evaluatedusing loads between0.5 and
1.2 kg in ambient air. The density of the glas®es was
measued using the Archimedesmethod.

To manufacture the coatings,the glasswasmilled in a
planetary agatemill. Aft er milling, the glassparticle size
was measued using a sedimentation technique. A sus-
pensionof the glasspowder in ethand wasdeposited on
Rat metallic substrates # 10$ 108 1 mm (Ti, Ti6A14V,
or Vitallium©, a CobCr alloy), which had been pre-
viously polished with diamond (1 nm particle size)and
cleaned in acetone and ethand. Additionally,

Table 1

suspensins of the glasspowders in ethanol with a 50D
75 wt.% solid content were used to coat cylindrical
Ti6A14V samples (1 mm radius, 10 mm long) and tita-
nium internal hexagonal cylinder implants (3.3 mm
diameter and 10 mm length, 3i Implant Innovation) by
dip coating, using coating speed up to 1000 mm/min.
The dip-coating suspensins were prepared using a
magneic stirrer. The solution was continuously stirred
between immersions in order to avoid settling of the
powders. The glass powders were analyzed by Fourier
Transform Infrared Spectroscopy (FTIR).

The resulting coatings were dried in air at 75 "C for
12 h, and bred in air at temperaturesranging between
650and 850" C to make the glassRow and adhereto the
meta. The specinens were introduced in the furnace
previoudy preheaedto 6000650 C and heatedat 40" C/
min. to the desired temperature. During heating, the
furnace was evacuatd to 0.1 atm. Once the maximum
temperature was reached,air was let into the chamber.
After the requiredtime, they were quenchedin air. The
Pnal coating thicknessrangedfrom 25to 150 nm.

The crystallization of the coatings was evaluated by
X-ray di" raction (XRD) . The surfacesof the coatings,
as well as polished cross sectiors, were examined by
optical microscopy and scanning electon microscopy
with associatedenergy dispersive spectroscopy analyss
(SEM-EDS). The glassmetal interfaceswere also ana-
lyzed using transmission electon microscopy (TEM).
Samples for TEM were prepared by cutting cross sec-
tions of the glasdalloy interface. The sectins were
ground to a thickness of # 100 mm with emery paper,
and then pbxedinto a Cu meshwith a 3 mm diameter.
The disks were polished with a dimple grinder (Gatan,
Mod el 656) to lessthan 20 nm in thickness and milled
by argon-ion milling. TEM observations were per-
formed with a 1250kV electron microscope(an ARM
1250) having a point-to-point resolution of 0.12 nm,
and in a FElI TECNAI 20 electron microscopeoperated
at 200 kV. Chemical analysis of the interface was

Glass compositions in weight and mol% (the latter betweenparenthesis).All glasseshave a P,O5 content bxedat 6 wt.% so they are named as

6P followed by their silica content

SlOZ Na,O K0 CaO MgO P,O5
BioglassO) 45 (46.1) 24.5(24.3) 0.0 (0.0) 24.5(26.9) (0.0) (0.0) 6.0 (2.6)
6P44-a 44.2 (45.2) 23.6(23.4) 6.5(4.2) 12.6(13.8) 7.1(10.8) 6.0 (2.6)
6P44-b 44.2 (43.9) 17 (16.4) 4.6(2.9) 18(19.2) 10.2(15.1) 6.0 (2.5)
6P44-c 44.2 (42.7) 10.3(9.7) 2.8(1.7) 23.4(24.2) 13.3(19.2) 6.0 (2.5)
6P50 49.8(49.8) 15.5(15.0) 4.2(2.7) 15.6(16.7) 8.9(13.3) 6.0 (2.5)
6P53-a 52.7(53.4) 17.0(16.7) 4.6 (3.0) 12.6(13.7) 7.1(10.7) 6.0 (2.6)
6P53-b 52.7(51.9) 10.3(9.8) 2.8(1.8) 18.0(19.0) 10.2(15.0) 6.0 (2.5)
6P55 54.5(54.5) 12.0(11.6) 4.0(2.6) 15.0(16.1) 8.5(12.7) 6.0 (2.5)
6P57 56.5 (56.3) 11.0(10.6) 3.0(1.9) 15.0(16.0) 8.51(2.6) 6.0 (2.5)
6P61 61.1(61.3) 10.3(10.0) 2.8(1.8) 12.6(13.5) 7.2(10.8) 6.0 (2.5)
6PM 64.1(64.7) 9.8(9.6) 2.7(1.7) 11.1(12.0) 6.3(9.5) 6.0 (2.6)
6P68 67.7(68.4) 8.3(8.1) 2.2 (1.4) 10.1(10.9) (5.7) (8.6) 6.0 (2.6)
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performed using electron probe microanalysis(EPMA) .
In the elemental line analyds, the focusedincident beam
(# 4 nm diameter) was positioned acrossthe glass/alloy
interface,and an X-ray spectum wasacquired for 1 sat
eachposition.

In order to study the adhererce of the coatings, the
relative crack resistancewas qualitatively evaluated by
indentation. Indentation testing is an attractive alter-
native to more costly fracture mechantcs experiments
for determining adhesion between two materials. Vick-
ersindentations on the coating surfaceswere performed
in air, with loads of up to 6.2 kg. Indentations on the
coatings and glasgmetal interfaceswere also performed
on polished cross sectims, using loads ranging from
0.05to 1.2 kg. The path of the cracks produced during
the indentation (along the glasgmetal interface or
through the glasscoating) provides a qualitative asses-
ment of the adhesionbetweenphases.However,because
of the complex loading situations involved, it is recog-
nized that a more exhaustve characterization is needed
to predict the in vivo responseof the interfaces

The behavior of seleted glasscoatings in simulated
body Ruid (SBF) was studied by in vitr o tests. The spe-
cimens (15% 10% 1 mm) were soakedfor up to 30 daysin
20 ml of SBF at a constant temperature of 36.5 "C.

Table 2
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After soaking, the coatings were rinsed in distilled
water, dried, and analyzed by XRD, SEM-EDS, and
Fourier Transform Infrared  Spectromicroscopy
(FTIRSM) attheLawrence Berkeley National L aboratory
Advanced Light Source(ALS).

3. Results and discussion
3.1. Glasspropeties

XR D analyss of the syntheszed glassesdid not show
any crystalline phase, with the excepton of 6PM and
6P68 where small amounts of sodium calcium phos-
phate crystals (2.4 Ca0-0.6Na,O-P,0s) were found.

Table 2 summarizes the thermal expanson (!), soft-
ening (T¢), and transformation (T4) temperaturesof the
glas®s. The thermal exparsions of the glasses cover a
wide range, which includesthe thermal exparsion of Ti
and Ti6A14V (9.5D10.%10 ¢ "C'* at 400 "C)¢ and
Vitallium© (# 14$10 ¢ "C' %),” a CoDbQ alloy usedin
orthopedic implants. As expectal, an increase of the
silica content reduces! and increasesTs and T It has
been proposed that the thermal expanson and other

Measuredthermal properties of the glassesand predicted valuesof the thermal expansio using di"erent models (the thermal expansian was mea-

suredin the range 2000400 C)

! Ts Ty Winkelmann English and Hall 10 Guard and

($10°%°'C'y ('C) (‘o) and Schott!? Turnert? Dubrull 8
Bioglasso 15.1 557 511 15.6 15.9 15.8 11.9
6P44-a 15.6 503 449 15.1 16.4 15.7 12.3
6P44-b 13 560 516 13.3 13.9 13.5 13.5
6P44-c 11.3 599 527 11.5 11.5 11.3 14.6
6P50 12.2 560 522 12.4 12.7 12.5 12.4
6P53-a 12.9 565 530 12.6 12.9 12.8 11.4
6P53-b 11.5 608 531 10.8 10.5 10.6 12.6
6P55 11 602 548 11.2 11.1 11.1 12.0
6P57 10.8 609 557 10.7 10.3 10.5 11.5
6P61 10.2 624 564 10.1 9.5 9.8 10.5
6P64 9.1 622 565 9.7 9.0 9.4 9.8
6P68 8.8 644 565 9.0 8.0 8.6 9.1
Table 3

Empirical coelcien ts g proposedby severalauthors to calculatethe thermal expansionand density of silicate glassegthe optimum coelcient for

P,Os has beendeducedusing the resultspresentedin this work)

Thermal expansion Density
Wilkeman English Hall 10 Gilard Wilkeman
and Schott't and Turner'? and Dubrull and Schott!*

SiO, 2.67 0.5 1.4 0.4 2.3

Na,O 33.33 41.6 38 5I-0.33p 2.6

K,0 28.33 39.0 30 42-0.33p 2.8

CaO 16.67 16.3 15 7.5+0.35-p 3.3

MgO 0.33 4.5 2 0 3.8

P.Os 0.35 0.24 0.36 0.59 2.55
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Table 4
Measured Vickers hardnessand densitiesfor selectedglasseqcalculateddensitiesusing Winkelmann and Schott coe!cients 1! are also presented)
Hardness Density Calculated
(GPa) (g/lcmd) density (g/cmd)
Bioglasso) 5.75 2.71 2.58
6P44-a 5.35 2.62 2.59
6P44-b 5.85 2.61 2.64
6P44-c 6.3 2.68 2.69
6P53-a 5.6 2.61 2.56
6P53-b 6.2 2.7 2.61
6P55 5.6 2.63 2.57
6P57 5.75 2.62 2.56
6P61 5.7 2.71 2.53
6P68 2.48 2.48
properties of the glassesare roughly additive quantities 20
and can be descrbed using empirical pttings? 12
n
y %y ap &' . 16
% ~
| | S 12
where, for a glasswith n components vy is the property ©
to be measued, p; are the oxide concertrations in wt.% o i 7]
and g are empirical coelcien ts. Table 3 present some =< 8 i
of the coelcien ts proposedby di"erent authors to pre- ‘5’ i
dict the thermal expanson of silicate glassesThe coef- —
pciens for K,O and M gO are always lower than those 4
for Na,O and CaO. Becaise the bioactivity of silicate L §
glasseslecreagswith increasing silica content, K ,O and T T
MgO were added to obtain bioactive glasses with low 0
thermal expanson coelci ents (closeto that of Ti), so 800 — 17—
they can be usedto enamelTi-alloys without generating (b)
large thermal stressesAdditionally, glasseswith lower - .
silica content have lower softening points, so they can
be usedfor enamelingat temperaturesbelow the a! b 600 - E’ﬂ u n
transformation of Ti. .
Comparison of the data with di"erent models %) i i
(Table 2) showed that the empirical coelci entsof Win- < 400% _
kelmann and Schott, 1! English and Turner,? and Hall 1° I—w

(Table 3) give good bttings to the measued thermal
expansons. The coelcient for P,Os for eachmodel was
deducedusing the thermal expansbns measued in this
work. Even though an increase of the silica content
seemsto be the more e"ective way to decreae thermal
expansbn, when comparing our resuks with those of
Lockyer et al.'® for glassesin the SiO,DNa,OPCaD
P,Os system,it wasclearto usthat the addition of M gO
and K ,O servedto manipulate a asintended, and glas-
seswith parallel composition and lower thermal expan
sion co€lcients can be designel this way (Fig. 1). The
additions of MgO and KO also seeme to increasethe
softening point. However, Ty always remained well
below the a! b transformation of Ti, as intended. It
should be noted that it was not possible to use any of
the proposedempirical coelcien ts to obtain a good bt-
ting for Lockyer et al. data.l3

200 @ 442wit%

- 52.7 wt% i
—6— 47.0 wt% (Lockyer et al.'?)
0 1 | 1 1 1 | 1 | L
0O 02 04 06 08 1
+
Pcao ngO (mol%)
Pcao*PmgotPNa,0tPk,0

Fig. 1. Comparison of the thermal expansioncoe!cien ts (a) and the
softening points (b) for glassesin the SiO,BNaOBK,ODCaObM@D
P,Os and SiO,DNgOBCaObROs systems (the latter taken from
Lockyer et al.*3). Eachline correspords to glasseswith the samesilica
content (in wt.%). It can be observedthat for parallel compositions,
additions of K,0 and MgO serveto reducethe thermal expansia of
the glassand increasethe softening point.
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Fig. 2. FTIR analysisof Bioglass® powder stored for one month in
air. The presenceof a strong OPH hydration bandsis clearly visible.

Sio, Crack free

coatings

Bioactive,
adherent
chemically
compatible

Na20-K,0 Ca0-MgO

Ti, TiGAI4V

Fig. 3. Compositional triangles showing the adequatecomposition rangesto coat CobCrand Ti-basedalloys. All glasseshave a constant 6 wt.%

P,Os content.
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The measued hardnessand densities are of the order
of those reported for silicate glasse$. The empirical
model of Winkelmann and Schott,'* (Table 3) seemsto
well reproducethe experimental densities.

3.2. Coating fabrication

Attempts to fabricate coatings with glases 6P44-a,
6P44b, and 6P53-a, as well as the original Bioglass®
composition developed by Hench, always failed. These
coatings crystallized almost completely evenat the low-
est bring temperatures (700 " C), resuting in poor den-
sibcaton and lack of adhesionto the metal. The main
crystalline phasepresentin the Bioglass® coatings was
sodium calcium silicate (Na,CasSisOg). Glasses with
high alkali content typically have a lower onset of
crystallization tempeature’® and are hygroscopic. As
a resuk, the presenceof [OH'] ions on the surface
of the glass powders promotes crystallization. FTIR
clealy shows the presence of a [OH'] hydration
band in the glass powders stored for severa weeks
(Fig. 2).

Sio,

50% of the coatings
rack or delaminate

Crack free
coatings

Hygrosgopic

Na,0-K,0 CaO-MgO

Co-Cr

6P57, Ti6AI4V 6P50, Co-Cr
840 900
g Optimum Coating
© ’_}‘ . . 850 e ¢ * * ¢
e 800 7 ~*  Excessive reaction A SRSk TEESH
2 S \O e ¢ 800 éO\O___ @ & ¢
% 760 (O~ s, . ‘\ S e
o < e =le}
8_ 720 :‘j \g s-ciGood Adhesiog> 780 | O\ Cracking & Delamination
5 s o Ny 70080 0 O o 3
L i "QDqglaminaticﬁ = < Good
680 - 0 >a > 650 0% Dl-'\\dh%smh ~_ O >
. No Sintering O sintering; 3 -
640 Lo 600 I | Ve 1 1
0 2 4 6 8 10 0 5 10 15 20 25 30

Time (min)

Time (min)

Fig. 4. InBuenceof bring time and temperatureon the adhesionof coatings manufactured with glass6P570on Ti6A14V and glass6P500n CoBCr.
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Ti6AI4V

Fig. 5. Vickers indentations at the glass6P57/Ti6A14V (1.2 kg) and 6P50/CobCr(0.6 kg) interfaces performed in ambient air. The cracks were
driven towards the glassand the coating did not delaminate qualitativ ely indicating good glassbratal adhesion.

| ' ' |
6P68 ] —

840 -

800 —

760 —

6P50 (on Co-Cr)

1 | L | 1 ] 1 I 1

Optimium Firing Temperature (°C)

720

550 575 600
T

625 650 675
(°C)

S

Fig. 6. Relationship betweenthe optimum Pring temperatureand the
softening point of the glasses.

6P57

TigSis

Ti6AI4V

50 nm

Fig. 7. TEM image of the crosssection of a 6P57 glasscoating on
TiBAI4V annealedat 800 C for 30 sec.

Beauseof the di"erence in thermal expansion coe!-
cients, betweenthe glassand the alloy thermal stresses
are generakd in the coating during fabrication, which
canresuk in cracking and/or delamination. Fig. 3 shows
the range of glass compostions that can be used to
prepare densecoatingsthat do not crack or delaminate
on Ti and Ti6A14V or CobQ alloys. Glasseswith lower
silica content have greater thermal expanson and can
be usedto coat CobCr,whereasSiO,brichglasescanbe
usedto coat Ti-based alloys.

The systemaic bring studies have reveakd the opti-
mum Pring times and temperatures for the fabrication
of the coatings. As an example, Fig. 4 illustrates the
e"ect of bring time and temperature on the coatings
manufactured with glass 6P57 on Ti6A14V and glass
6P50 on CobCr. Four regions can be distinguished.
Below a critical time and temperatur e, the glassdoes not
sinter. Then, at higher temperatures,the glassfZowsand
forms a denselayer. Someof thesecoatings delaminate
when a 6.2 kg Vickers indentation is applied on the top
surface. Nevertheless, a time and temperature region
existswhere the coatings are dense,exhibit good adhe-
sion, and do not delaminate under indentation tests.In
indentations performed at the glass/metal interface on
polished crosssectionsof thesecoatings, cracks do not
propagate along the interface, but instead tend to be
driven into the glass. This is an indication of good
glasPmetal adhesion (Fig. 5). At longer times and
higher temperatures, excessivereaction between the
glassand the meta generaesbrittle reaction layers and
gas bubbles at the interface, which results in porous
coatings with poor adhesionto the substrate. As expec-
ted, the optimum Pring temperature is related to the
softening point of the glass Glasses with higher
softening points required higher bring temperatures for
the glassto RBow and densify (Fig. 6).

A TEM image of the 6P57/Ti6A14V interface
annealed at 800 "C for 30 s is shown in Fig. 7. An
interfacial titanium silicide (TisSis) layer, # 150 nm
thick, can be observed. The TisSi; layer is divided into
two regions a continuous nanocrystalline layer in con-
tact with the alloy and, on top of it, a zonewith isolated
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CrO, 6P50
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Fig. 8. TEM image and associged line analysis of the interface
betweenglass6P50and a CoBCralloy after bring at 750 C for 30 sec.

TisSi; hanoparticlesdispersedin the glass.The appear-
ance of isolated particles on the TEM image can also
result from the growth of elongata silicide grains, or
dendrites,from the continuous layer into the glass.They
may appear as isolated particlesin the TEM samples
where the dendrite intersecs the cross secton. On the
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integrity of the coating. EDS analyss has shown the
presenceof P in the interfacial layer between the glass
and Ti-based alloys in overreacted samples.

Following the experimental observaions, the evolu-
tion of the glasgmetal interfacial nanostructure can be
summarized as follows. Duri ng heating, gas easily dif-
fusesthrough the porous deposited glasscoating and a
thin oxide layer forms on the surface of the metd. Thin-
bPIm X-ray di"ract ion showeal the presene of an oxide
layer on substratesannealedat temperaturesbelow the
glass softening point (550D60 "C).* At tempeatures
above the softening point of the glass,the glasslayer
sinters and Rows. The inner glass/metal interface
becanes sealedfrom the extemal atmosphere, and the
glassdissolvesthe oxide layer and starts to reactwith the
substrate. TEM showe the formation of a # 150 nm
silicide or oxide layer in the samples bred under
optimum conditions. These coatingsdid not delaminate
during the indentation testsof adhesion.

The main reactions betweenthe glasesand the alloys
(formation of Tis Siz on Ti-based alloys and formation
of chromium oxide on CobQ alloys) can be writt en as:

8Ti ( 3Si0; {glasg ! TisSis( 3TiO2{glasy &

5Ti ( 3Si0, ! TisSis( 30," &
Cr( 32 Na,O! 1=2 Cr,03( 3Na& " &
Cr( 1=2Si0, ! CrO ( 1=2Si &

Additionally, severa reactons have been proposed
betweenTi and P,Os in the glassthat result in the for-
mation of Ti,P3.2°

other hand, a thin (# 150 nm) continuous CrO, layer 16Ti ( 6P,O= |  ATisPx( 150, " &
can be observed at the interface between the CobCr (1 6P20s 4Ps 2
alloy and the 6P30 coating (Fig. 8). Both interfacial
reaction layersgetthicker (up to # 1 nm) after Pring for 9Ti ( 3P,05 | 2TisPs( 70," ( TiO &
longer times or at higher temperatures than optimum.
The presenceof thicker interfacial layersis accompaned
by the massiveformation of bubbles that degradethe 17Ti ( 6P,05 ! ATisP3( 140, " ( TiO; &
o gt Ay ;- Ca - " - a
L & | Al 14
B - - LA -
‘.-.Y J é _M Ca .w',‘ } :' - .‘-' ‘ - L)
o, v Toz 4 e -5 R A > ’
"_- Energy (keV)" .‘ ‘ * v ‘."o E\g p "
- et " P N, \‘
. ‘LK@ o
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Fig. 9. SEM micrograph and associatedEDS analysisof apatite crystals precipitated on a 6P57 coating after 30 daysin SBF.
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Fig. 10. Elemental crosssectionanalysis(SEM-EDS) of a 6P57 coat-
ing after 2 months in SBF. A# 20 nm thick apatite layer is visible on
the 6P57 coating surfacegrowing on a Si-rich region.

Most of these reactions resut in the formation of
gaseousproducts, which explains the presenceof bub-
blesin overreacted samples.

In conventional enameing theory it is proposed that
in order to achieveoptimum glasgmetal bonding, the
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Fig. 11. Coated titanium internal hexagonal cylinder implants (a)
and corresponding SEM of a polished crosssection (b). During bring
the glasshas Rown establishinggood contact with the rough implant
surface.

glassin contact with the alloy should be saturated with
the lowest valenceoxide of the meta without the pre-
senceof interfacial layers. In this way, according to the
theory, a transition region will form betweenthe metal-
lic bonding of the substrate and the ionocovalent
bonding of the glass providing a OOcdntity of elec-
troni ¢ structure@that will resut in good adhesion1@ 18
However, the lack of characterization of enamelinter-
facesat the nano-level precludesa complete conPrma-
tion of this theory. The result of this work suggestdhat
optimum adhesionis achieval through the formation of
nanostructured interfacial layers. For the coatings on
Ti6A14V, the bond betweenthe thin silicide layer and
the meta can be helped in part by the good lattice
matching. Also, if TisSi; dendrites grow into the glass
they can provide somemechancal interlocking that can
contribute to the adhesion,asit has been proposedfor
other metaBceamic sysems1®2° |t should be noted
that, if the oxide formed in the surface of the substrate
during heating is not completely dissolvedand a thick
oxide layer remains at the interface, the coating delami-
natesduring cooling or during the indentation test This
is the casefor those samplesbredat temperaturesbelow
the optimum. The detrimental e"ect of thick interfacial
oxide layerson adhesion has also beenobservedduring
fabrication of glasscoatingson other metas suchasCu
or Feld8 23

3.3. In vitro behavor

The XRD and SEM analysisof the samplesimmersed
in SBF for 30 days has shown the presenceof HA crys-
tals precipitating on coatings with silica contents lower
than 60 wt.%. The apatite crystals have Rake-ike mor-
phology with sizesin the range of 50D100nm. The
FTIRSM and EDS analyssare consigent with carbo-
nated hydroxyapatite [HCA, Cayo(PO4)3(CO3)3(OH),)]
crystals that incorporate 1B5wt.% MgO into their
structure (Fig. 9). In polished cross sectbns, a Si-rich
layer can be observedby ED S betweenthe precipitated
HA layer and the remaining glass (Fig. 10). After 2
months in SBF, the apatite layer grew to a thickness of
# 20 mm.

The observedbehavior is consigent with a mechansm
of apatite formation similar to that describedby Hench
for Bioglass'.® The stepsinvolved are: (1) the exchang
of Na* and K* from the glasswith H* or H;0* from
solution, accompaned by the loss of soluble silica into
the solution and the formation of silanols on the glass
surface; (2) condersation and repolymerization of a
SiO,-rich layer on the surface; (3) migration of Ca?*
and PO?, through the silica-rich layer forming a CaOb
P,Os-rich PIlm that incorporates calcium and phos
phatesfrom solution; and (4) bndly, the crystallization
of the amorphous calcium phosphate PIm to form an
apatite layer. De Aza et al.>* have pointed out that the
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increase in pH on the glass surface due to the ionic
exchangebetweenthe labile cations Na*, K*, Ca?*,
etc., is necessgy for the partial dissolution of the silica-
rich layer and the subsequentapatite precipitation.

The silica content of the glassplays a critical role.
Low silica compositions have a more open network
structure that facilitatesion exchangewith the solution,
resulting in faster glass corrosion and precipitation of
apatite. Thereis a critical SiO, content above which the
coatings lose their ability to precipitate hydroxyapatite
whensoakedin SBF. In thesecoatings, the critical silica
contentis around 60 wt.%, very similar to that reported
for bulk glassesin the SiO.BDNa,OBCa@®BROs system
(which includes Bioglass’) and other related composk
tions preparedin a conventional way.3

3.4. Dip-coating of dentalimplants

Ethanol-based slurries were used to coat cylindrical
implants by dip-coating. The averageglassparticle size
was 13) 2 nm. In this preliminary reseach, use of
additional organics in the slurries such as dispersants
was avoided. Burning of organics can resut in the for-
mation of bubblesin the coating that cannat be elimi-
nated during the short Pring times required for Ti-based
alloys. Continuous stirring wasrequired during the dip-
coating processto avoid settling of the glass powders.
Suspensionswith solid contents lower than 70 wt.%
resulted in irregular coatings with thickness < 25 nm.
However, by using suspensias with a solid content of
75 wt.% and coating velocities of 1000 mm/s, we were
able to prepare # 100 mm thick coatings on cylindrical
Ti dental implants with good adhesion to the alloy
(Fig. 11). The pring conditions are similar to those
developedfor RRat substrates.

4. Conclusions

A new family of glassesin the SiO,DNaOBK,Ob
CaObMgODR0s sysem has been formulated so that
bioactive glasscoatings can be prepared on orthopedic
metallic implants by enameing. The partial substitu-
tions of CaO by MgO and Na,O by K ,O arerequired to
match the thermal expanson of the coatingsto that of
Ti-based alloys. In that way, coatings with silica con-
tents below 60 wt.% that do not crack or delaminate
can be prepared. This is an important requirementsince
glassesawith silica contents greaterthan 60 wt.% are no
longer bioactive. During fabrication, control of the
glassbmaetl reactons is a key step. Optimum adhesion
is achieved through the formation of 1000200nm thick
interfacial layers. Care must be taken to prevent exces-
sive reaction, which can resukt in loss of adhesion
through the formation of a thick reacton layer accan-
panied by bubblesin the glass The resuls of this study

have beenuse to prepare glasscoatings on commercial
dental implants.
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