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Abstract

Bioglass, known as 45S5 (45% SiO2, 6% P2O5, 24.5% CaO and 24.5% Na2O all in weight percent), was plasma sprayed onto a
titanium substrate with and without Amdry 6250 (60% Al2O3 40% TiO2) as bond coating layer. Mechanical properties were eval-

uated in accordance with the ASTM C633 method and scanning electron microscopy was used for the microstructural character-
ization. Results indicated that it is possible to coat bioglass on titanium substrate by utilizing similar conditions used for
hydroxyapatite. Application of bond coat layer in the plasma spraying of (45S5) bioglass on titanium substrate has increased the
bonding strength about three times. The adhesive bonding observed at the bioglass metal interface turned into cohesive bonding by

application of the bond coating layer. It has been observed that there is a uniform coating layer with a thickness of 110 and 80 mm
depending on coating type with a little amount of porosity.
# 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Bioglasses are silicate glasses containing sodium, cal-
cium and phosphate as main components [1]. Although
having excellent bioactivity performance, the mechan-
ical properties of bioactive glasses are not enough to be
used for load-bearing applications due to their limited
content of network formers. This problem can be solved
by combining glass with a tougher phase such as metal
or polymer to produce a composite or coating on a
surface [2]. For this purpose various coating techniques
have been introduced such as dip coating, electro-
phoretic deposition, hot isostatic pressing, flame spray-
ing and plasma spraying [3]. Chern et al determined
mechanical properties of bioglass and bioglass–HA (50–
50%) coatings. ASTM C633-79 adhesion test which is
designed to characterize plasma sprayed coatings speci-
fically were used and the results were compared to HA
coatings. The bonding strength was found to be
33.0�4.3, 39.1�5.0, 52.0�11.7 MPa for bioglass, bio-
glass–HA and HA coatings respectively [4]. In another
research by Ding et al., bioglasses basically containing
SiO2, Na2O, CaO and P2O5 studied for the plasma
spray application. Bioglass composition has been mixed
to 5–25 wt.% HA powder and then coating was sub-
jected to ASTM C633-79. The bonding strength values
were varied between 49.6 and 63.6 MPa. The highest
bond strength was obtained with the monolithic HA
(63.6 MPa). It was observed that the glass addition to
HA decreased the bonding strength [5]. Coating of
bioactive glass powder on different substrate such
as Ti6Al4V core implants and standard ASTM test
samples were also carried out by Schrooten et al. The
purpose was to develop a bioactive glass coated dental
implant by an economically feasible technique called
reactive plasma spraying [6].

Bond coatings are already used widely in many
industrial plasma spray applications. They have specific
functions; because the substrate and the main coating
have different coefficients of thermal expansion, bond
coating layer should be used to provide a good thermal
expansion match between these two different layer [7–9];
on the other hand, bond coating layers are always thin-
ner than the main coatings. Bond coating applications
for developing mechanical properties of bioglass coating
0272-8842/03/$30.00 # 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.

doi:10.1016/S0272-8842(03)00107-X
Ceramics International 30 (2004) 351–355

www.elsevier.com/locate/ceramint
* Tel.: +212-285-6891; fax: +212-285-3427.

E-mail address: goller@itu.edu.tr (G. Goller).

http://www.elsevier.com/locate/ceramint/a4.3d
mailto:goller@itu.edu.tr


are very limited. In one of the studies, a layer of tita-
nium was used as bond coat on which glass powders
with particle size ranging from 45 to 125 mm were
applied. The pure Ti bond coat was used to ensure
adherence between the substrate and the bioactive glass
top coating. It has been reported that after the plasma-
spraying process, the bioactive glass coating had pre-
served the amorphous structure without the formation
of a crystalline phase 10.

The purpose of this study was to find out the effect of
bond coat application on mechanical properties and
microstructural characteristics of bioglass plasma-
sprayed coating on titanium.
2. Materials and method

2.1. Preparation of glass and plasma spray coating
procedure

Bioglass, known as 45S5 (45% SiO2, 6% P2O5, 24.5%
CaO and 24.5% Na2O all in weight percent) was pre-
pared by melting in Heraeus K1700/I high temperature
oven at 1400–1450–1500 �C for 4 h and then quenched
in water to produce a powder form. Wet chemical ana-
lysis has been carried out to determine composition of
glass depending on remelting temperature (Table 1). It
was observed that chemical composition is similar to
that in literature for all remelting temperature [2] and no
alkali losses occurred specifically at high temperature
experiments.

Powders produced were subjected to grinding by
blade milling to produce suitable particle size for plasma
spray applications, the size distribution of particles,
after milling are given in Table 2. Scanning electron
microscopy studies showed that the particles have sharp
cornered morphology (Fig. 1). The powder used for
bond coating was commercial Amdry 6250 (60 wt.%
Al2O3–40 wt.% TiO2, particle size 25+5 mm), hardened
pure titanium (IMI Titanium Ltd, USA, Ra =19�0.3
mm) was used as substrate suggested by ASTM F67-89
6RZ.

For producing bioglass coating without bond layer,
powder fraction between �212 and 63 mm was plasma
sprayed directly on sand blasted and cleaned titanium
substrates. In the second stage, which is the coating of
bioglass on bond layer; Al2O3 TiO2 powder was plasma
sprayed on sand blasted and cleaned titanium substrates
and then bioglass was sprayed by employing similar
conditions as in coating without bond layer. The plasma
spray process parameters were similar to hydroxyapatite
coating procedure stated in the literature (Table 3) [11].
It has been observed that bioglass powder fraction used
in the coating process showed better flowing character-
istics than the HA powders coated under the same
conditions [12].
3. Microstructural characterization

Microstructural characterization was carried out by
Jeol JSM T330 scanning electron microscope. Second-
ary electron image was used to evaluate coating surface.
Characteristic plasma coating microstructure was
observed on both coating surfaces (Fig. 2). Cross sec-
tional investigation of coating were carried out as fol-
lows: (a) Bioglass–substrate interface by back-scattered
electron image; a homogeneous coating layer were
Table 1

Sieve analysis results of bioglass powders
+355 mm
 �355+300 mm
 �300+212 mm
 �212+150 mm
 �150+63 mm
 �63+38 mm
 �38+ pan
1.4%
 19.1%
 23.9%
 19.6%
 23.4%
 11.2%
 1.4%
Fig. 1. Scanning electron microscopy images of bioglass powders after blade milling (600�).
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observed at the thickness of 110 mm (Fig. 2). (b)
Bio-glass–bond coating-substrate interface by back-
scattered electron image; an approximate thickness of
20 mm bond coating and 80 mm bioglass coating layer
were observed (Fig. 3). The presence of a reaction zone
between substrate-glass and substrate-bond coating–
glass coating interface was not detected (Figs. 3 and 4).
However, this point needs further elucidation by
employing more sensitive surface analytical technique.
On the other hand little amount of porosity were
observed for both type of coatings.

Surface roughness values of metal surface, bond
coating and main coatings were determined by using
surface roughness measurement unit perthometer.
Average surface roughness values (Ra) of metal, bond
coating layer, bioglass on bond coating and bioglass
without bond coating were detected as 7.48�0.3,
9.05�0.3, 9.92�0.6 and 12.79�1.0 mm, respectively.
The effect of surface roughness values on mechanical
properties is mentioned in the discussion.

3.1. Mechanical characterization

Bonding strengths of the Ti substrate–bioglass and Ti
substrate-bond coating–bioglass interfaces were tested
using adhesion test ASTM C-633. All tests were carried
out by using an Instron universal testing machine under
ambient conditions with a cross head speed of 1 mm/
min. Bisphenol A-Epichlorhidrinharze was used as glue.
Adhesive and cohesive failures surface at the bioglass–
titanium and bioglass-bond coating–titanium interfaces
were evaluated by scanning electron microscopy. The
bonding type of coating was determined by the
measurement of the separation percents of coating on
surface using milimetric paper.
Table 2

Wet chemical analysis of bioglass powders (wt.%)
Temperature (�C)
 Na2O
 SiO2
 P2O5
 CaO
1400
 25.01
 45.90
 5.07
 24.02
1450
 25.13
 45.42
 5.40
 24.04
1500
 26.43
 46.97
 5.56
 20.47
Table 3

Plasma spraying process parameters
Parameters
 Standard setting
Injector nozzle diameter (mm)
 1.5
Injector distance (mm)
 6
Injector angle (degree)
 90
Plasma spraying distance (mm)
 75
Speed of rotation of substrate surface (m/s)
 15.5–19.0
Speed of torch movement (m/s)
 –
Current (A)
 500
Voltage (V)
 70
Primary gas
 Argon
Primary flow
 80 W
Flow rate (1/min)
 15.5
Secondary gas
 Nitrogen
Secondary flow
 40 W
Flow rate (1/min)
 12
Carrier gas
 Argon
Flow rate (1/min)
 4.5
Table 4

Bonding strengths of the coated samples according to ASTM C-633
Sample no.
 Bonding strength (MPa)
Bioglass+bond coating
 Bioglass
1
 24.10
 9.42
2
 27.13
 8.10
3
 27.37
 8.76
4
 26.84
 7.97
5
 30.42
 8.53
Average
 27.18�2.24
 8.56�0.57
Fig. 2. Scanning electron microscopy image of bioglass–titanium

coating surface.
Fig. 3. Scanning electron microscopy image of substrate (A) substrate;

(B) bioglass coating interface (600�).
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The bonding strength values of the samples with
respect to direct coating on titanium and bond coating
application are listed in Table 4. Statistical method,
Kwikstat 4-Texasoft-1995 software was used and an
independent group of a non-parametric cross compar-
ison Mann–Whitney U test was applied. Statistical data
showed that Z statistic for the Mann–Whitney U test
was �3.576 and corresponding P-value equals 0.000
(P<0.05). Thus the differences are statistically sig-
nificant.
4. Discussion

The results of this study revealed that hydroxyapatite-
coating plasma spray parameters of Fazans (Table 3)
were also suitable for bioglass coatings [10]. Micro-
structure of coating surface indicated the typical mor-
phology of plasma sprayed samples (Fig. 2); composed
of molten glassy coating, unmelted glass particles and
small amount of porosity.

It is known that in plasma spray process, bond-coat-
ing layers are used under the main coating so that the
coating has better mechanical properties. The bond
coatings are always thinner than the main coatings (20
mm in this study, Fig. 3) and they fit into the grooves of
the substrate metal by flowing during plasma spraying
process. The main coating powder fits on leveled bond
coat result in a good wetting between two layers. Finally
it leads to better mechanical properties. The experimental
results gained were in close agreement with this claim.
Bioglass coating on a metal surface with the average sur-
face roughness of 7.48�0.3 mm and on bond coating layer
with average roughness value of 9.05�0.3 mm resulted in
the average surface roughness values of 12.79�1.0 and
9.92�0.6 mm for direct coating on titanium substrate and
coating on bond coat layer, respectively. Lower average
surface roughness of bond coating layer containing
samples compared to direct coatings is the indication of
good wettening between two coating layer. It is also an
expectation that smooth surface helps in increasing of
cell differentiation [13].

In the literature, true bonding strength of plasma
sprayed coatings is a manifestation of mixed cohesive
(lamellar layer themselves) and adhesive (coating to
substrate) strength. Therefore as the adhesive test
ASTM C633 was employed, the results of bonding
strength in situ were suggested to be governed by a
number of factors; thickness of ceramic coating, the
microstructure influencing the inter-lamellar cohesive
strength of the coating, surface condition (roughness
and cleanliness of the metal surface), glue type and
coating characteristics. The bonding type of bioglass–
titanium coating was determined as approximately
98.82% adhesive and 1.18% cohesive character,
whereas bond coat containing samples showed 7.04%
adhesive and 92.96% cohesive character. Micro-
structural characterization results by scanning electron
microscopy were all in close agreement with the statis-
tical results. Cohesive and adhesive failure of the coat-
ing were determined depending on the coating type. It
was observed that failure occurred in the form of dela-
mination on the main coating for bond coating samples
(Fig. 5), whereas bioglass–titanium coatings showed
failure between the glass–substrate interfaces with micro
cracks (Fig. 6).

ASTM C-633 testing results regarding to bonding
strength of the coated samples are given in Table 4.
Results indicate that bond coating layer containing
samples have average bonding strength of 27.18�2.24
MPa, whereas directly bioglass (45S5) coated samples
have average bonding strength of 8.56�0.57 MPa
which is only one third of the strength of the bond
coated samples. Application of bond coating has a
Fig. 4. Scanning electron microscopy images substrate (A) substrate;

(B) bond coating; (C) bioglass interface (600�).
Fig. 5. Scanning electron microscopy image of failure cross-section

for bioglass-bond coating–titanium coating (bonding strength: 30.42

MPa).
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positive effect on mechanical performance of coatings,
but it seems that even with improved values, bioglass
coatings still show lower bonding strength than
hydroxyapatite coatings [4,5]. The reason of low
mechanical properties can be attributed to thermal
expansion mismatch between the coating and the metal
substrate which is 18�10�6 �C�1 for 45S5 up to 450 �C
and 8.7�10�6 �C�1 for titanium up to 500 �C [2]. Dur-
ing plasma spraying the coefficient of thermal expansion
mismatch between the coating and the metal substrate,
coupled with the fast cooling rate of the coating mate-
rial, gave rise to residual tensile stress in coating at the
coating–substrate interface. This effect can result in
cracking or delamination of coating from the substrate.
Although relatively lower bonding strength of glass
coatings over hydroxyapatite coatings seems as a dis-
advantage, superior properties of bioglasses such as
bioactivity and preserving of amorphous structure at
high temperature is a great advantage that are expected
to result in better performance and long-term stability.
5. Conclusion

It is possible to coat bioglass on titanium substrate by
utilizing present conditions which are being used for
hydroxyapatite coating procedure. Application of
Amdry 6250 (60 wt.% Al2O3 40 wt.% TiO2) as bond
coat in the plasma spraying of (45S5) bioglass on tita-
nium substrate has increased the bonding strength
about three times. Adhesive bonding characteristic
observed at the bioglass–metal interface turned into a
cohesive bonding characteristic by the application of a
bond coat layer.
Acknowledgements

This work has been supported by State Planning
Organisation of Turkey and ITU Research Fund.
Appreciation is expressed to Turgut Halamoglu from
Senkron Hard Metal Coating Inc., Prof. Selim
Kusefoglu from Bosphorous University due to his help
during glass grinding, Professor Nuri Akkas from
METU for mechanical tests.
References

[1] A. Olivia, A. Salerno, B. Locardi, et al., Behavior of human

osteoblasts cultured on bioactive glass coatings, Biomaterials 19

(1998) 1019–1021.

[2] L.L. Hench, J. Wilson, An Introduction to Bioceramics, World

Scientific Publishing, 1993.

[3] M. Yoshinari, Y. Ohtsuka, T. Drand, Thin hydroxyapatite

coating produced by the ion beam dynamic mixing method,

Biomaterials 15 (1994) 529–535.

[4] J.H. Chern Lin, M.L. Liu, C.P. Ju, Structure and poperties of

hydroxyapatite bioactive glass composites plasma sprayed on

Ti6Al4V, Journal of Material Science, Materials in Medicine 5

(1994) 279–283.

[5] S.J. Ding, C.P. Ju, J.H. Chern Linn, Morphology and immersion

behavior of plasma sprayed hydroxyapatite/bioactiveglass coating,

Journal of Material Science, Materials in Medicine 11 (2000) 183–190.

[6] J. Schrooten, H. Van Osterwhyck, J. VanderSloten, J.A. Helsen,

Adhesion of new bio-active glass coating, J. Biomed. Mater. Res.

44 (1999) 243–252.
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