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RESUMEN
La fijación de los implantes metálicos al hueso receptor mejora si se modifica la superficie bioinerte haciéndola
bioactiva. Una de las rutas para conseguir esto es aplicar un recubrimiento de vidrio bioactivo que precipite
hidroxiapatita en fluido fisiológico. En este trabajo se estudia la respuesta al contacto Hertziano (esférico), monotónico,
estático y cíclico, de un recubrimiento bicapa bioactivo sobre Ti6Al4V. Las capas fueron obtenidas por esmaltado
mediante la inmersión secuencial en una suspensión de partículas de vidrio seguida por calcinación. La capa interna
está compuesta de vidrio con alto contenido de SiO2 (64 % p/p) para evitar agrietamiento y delaminación por las
tensiones residuales, mientras la capa externa consiste en una matriz de vidrio con bajo contenido de SiO2 (%53 p/p)
con partículas dispersas de hidroxiapatita para promover la precipitación de nueva apatita. Durante los ensayos
monotónicos se observó que el daño inducido en la capa exterior, por los diferentes radios de esfera usados, consiste en
una secuencia de dos eventos de tipo frágil (grietas anillo y cono) seguidos por grietas anillo-cono secundarias, grietas
radiales y delaminación de la capa externa. La aparición de estos últimos daños fue sensible al radio de esfera utilizado.
La grieta anillo fue usada como criterio para la evaluación comparativa de la influencia de cargas estáticas y cíclicas
sobre el agrietamiento observado en aire. Los resultados ponen de relieve la degradación de esta capa bajo ambos tipos
de carga, siendo más severa bajo carga cíclica, lo cual se atribuye a una mayor microfisuración por la presencia de las
partículas de hidroxiapatita. En fluido fisiológico simulado (FFS), los criterios de daño utilizados fueron el área
superficial dañada, el perfil de daño y el análisis por SEM-EDS del daño ya que la disolución-precipitación irregular de
la capa externa, no permite utilizar la grieta anillo como criterio. Los resultados en FFS también mostraron la
degradación bajo ambos tipos de carga, siendo también más severa bajo carga cíclica debido a la microfisuración de la
capa de apatita precipitada.
ABSTRACT
The fixation of the metallic implants to the hosting bone can be improved if the bionert surface is modified with a
bioactive material. One of the possible methods is to apply a bioactive glass coating able to precipitate hydroxyapatite
in presence of body fluid. In this work, the response to monotonic, static and cyclic Hertzian (spherical) contact of a
bioactive bilayer coating on Ti6Al4V is investigated. The layers were fabricated using an enamelling technique by
sequential dip coating in suspensions of the glass powders followed by firing. The inner layer is composed of a glass
with a high content of SiO2 (64 wt%) in order to avoid cracking and delamination due to residual stress, and the outer
layer consists of a glass matrix with a low content of SiO2 (53 wt%) with disperse particles of hydroxyapatite to
promote the precipitation of new apatite. The induced damages during monotonic tests with different radius of sphere
appears in a sequence of two brittle events (ring and cone cracks) followed by secondary ring-cone cracks, radial crack
and delamination of the outer layer. These later damages were sensitive to the radius of sphere used. The ring crack was
used as criteria for the comparative evaluation of the influence of static and cyclic loads in cracking in air. The results
showed the sensitivity of the outer layer to degradation under both loading conditions, being more severe for cyclic
loading which is attributed to the extended microcracking associated to the presence of the hydroxyapatite particles.
The in vitro behaviour in simulated body fluid (SBF) was evaluated by using as damage criteria the surface damaged
area, the damage profile and the SEM-EDS analysis of the damage, because the irregular surface resulting from the
dissolution-precipitation in SBF avoided to use the ring crack as criteria. The results in SBF also showed degradation
under both static and cyclic loading. Degradation was more severe under cyclic loading due to the microcracking of the
precipitated apatite layer.
ÁREAS TEMÁTICAS PROPUESTAS: Biomateriales y Biomecánica.
PALABRAS CLAVE: Hertzian contact; Contact fatigue; Implants.
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mechanical characterization of coatings because of its
simple test configuration with small specimens required
and also because its suitability for studying pure elastic
contact following the evolution of damage modes in the
transition to full plasticity [12]. Previous works have
shown that the Hertzian indentation is a powerful tool to
simulate some biomechanical loading conditions,
specifically the basic elements of occlusal [13]. It is also
well known that concentrated loads, static and cyclic, of
characteristic radius are responsible of the degradation
of ceramics once implanted by creating and propagating
cracks [14]. Therefore, the aim of this work is to
characterize the mechanical response of a bioactive
bilayer coating on Ti6Al4V to Hertzian monotonic,
static and cyclic loading in air and in simulated body
fluid (SBF). This paper is arranged in the following
sequence. A description of the coating preparation,
characterization techniques and mechanical testing is
presented in Section 2. Microstructural characterization
results are showed in Section 3.1. Damages modes
produced during a monotonic test in air are presented in
Section 3.2. The sensitivity of the first cracking in air to
static and cyclic loads is described in Section 3.3.
Degradation under static and cyclic loads in SBF is
presented in Section 3.4. Finally, the paper concludes in
Section 4 with a summary of the salient findings of this
work.

INTRODUCTION

Titanium and its alloys have had considerable
advantages over other metals for use in orthopaedics
and dentistry as hip stems, knee prostheses, or screws
for dental implants. Their inertness, which yields
excellent biocompatibility and nonsensitization of
tissues, as well as their mechanical properties, are the
main reasons for this application. However, the lack of
interaction between these implants and the tissue around
them, which is the reason to categorize them as bioinert
materials [1], can allow micro-movements due to the
thin capsule of fibrous tissue formed around the
implant. This can yield to interfacial failure and
loosening of the implant. Various surface treatments of
implant alloys have been developed, including
appropriately roughening [2], bonelike apatite coatings
by biomimetic methods [3] and mainly plasma spraying
of hydroxyapatite-like coatings [4]. Despite numerous
histological studies provide evidence that plasma
spraying coatings exhibit good osseointegration [5],
some of the major causes of failure of coated metal
implants coated lies in the poor adhesion of the coating
to the alloy [6].
A bioactive glass which can precipitate hydroxyapatite
in vivo, as the Bioglass developed by Hench et al. [7],
has been used as alternative method to coat metallic
implants via enamelling, glazing, rapid immersion in
molten glass, flame-spray coating, or plasma spraying
[8]. Although excellent in vitro behaviour has been
obtained with some coatings, most of them were marred
by cracking and poor reliability at the glass/metal
interface [9] due to the stress associated with thermal
expansion mismatch with the substrate and the excess of
interfacial reaction. In a previous work it was shown the
possibility of fabricating glass coatings on Ti-based
alloys using a simple enamelling technique [10] based
on the Bioglass composition of Hench. The coatings
with higher SiO2 (>64 wt%) and partial substitution of
the original K2O and MgO with Na2O and CaO,
respectively, were well adherent and macrocracks-free
but not bioactive. Meanwhile, coatings with lower SiO2
(i.e. 53 wt%) were bioactive but with macrocraks due to
large thermal stresses. Recently it has been shown that a
functionally graded glass coating with a surface layer
containing a mixture of a low-silica glass (53 wt%) and
synthetic hydroxyapatite particles (5 wt%), and a high
silica layer (64 wt%) in contact with the alloy promoted
both the precipitation of new apatite during tests in vitro
and good adhesion and no cracking of the coating [11].

2.

EXPERIMENTAL PROCEDURE

2.1 Coating fabrication
The starting glasses were prepared following a standard
procedure [10]. The compositions of the glasses are
shown in Table 1.

6P53B
6P64
Bioglass®

SiO2

Na2O

K2O

CaO

MgO

P2O5

52.7
64.1
45

10.3
9.8
24.5

2.8
2.7
0.0

18.0
11.1
24.5

10.2
6.3
0.0

6.0
6.0
6.0

CTE
(10-6°C–1)
11.5
9.1
15.1

Table 1. Chemical compositions of the glasses (in wt%).
Bioglass® has been included for comparison purposes.
The coefficient of thermal expansion was measured
between 200°C and 400°C [11].
Bilayered coatings were fabricated by sequential dip
coating of Ti6Al4V beams (99.0% purity, 45x5x4 mm)
previously polished with diamond suspension up to 1
µm particle size and cylinders (3 mm diameter and 20
mm length) with good finishing from machining. All
specimens were cleaned in ultrasonic baths of acetone
and ethanol before coating. Dip coating operation was
performed by using an electromechanical Instron
machine (model 1175). The first layer of high-silica
glass (6P64) was obtained by dipping in a suspension of
glass particles (13 ± 2 µm) in ethanol continuously
stirred. Afterwards, the first layer was dried in air at
room temperature during 2 hours and then fired in a

Once in vitro behaviour has been evaluated, it is
required a study of the mechanical response of the
bilayer before consider the use of coated implants at
clinical level. However, the evaluation of intrinsic
mechanical properties of a coating is a very difficult
task by traditional methods. The Hertzian (spherical)
indentation method has inherent advantages for
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CSM scratch tester (Revetest) was used to measure the
DP by performing a test using a diamond spherical
indenter (200 µm diameter) with a constant load of 0.5
N, a scratch speed of 3 mm/min and a scratch length of
1mm. Degradation under cyclic loading was studied by

dental furnace (Unitek Ultra-Mat) following the firing
conditions determined in a previous work [10]. During
firing, the glass particles are joined due to a sintering
process. The outer layer of low-silica glass with
dispersed particles of synthetic hydroxyapatite with a
particle size < 1µm, (6P53B+5wt%HA), was obtained
also by dipping in a suspension of particles in ethanol
and over the previous 6P64 coating by following the
same conditions.
2.2 Microstructural characterization
Coating thickness was measured using optical
microscopy by observations of the cross-section. 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 analysis was
also performed on the samples surface and crosssections. Coating porosity was estimated by surface
image analysis. Crystallization of the coating was
evaluated by X-ray diffraction (XRD).

Figure 1. Set-up for static and cyclic
Hertzian test in simulated body fluid
(SBF).
using the same servo-hydraulic Instron machine (model
8500) with the same Pmax and sphere used for static
loading.

2.3 Hertzian contact testing
3.

The monotonic tests were carried out with WC-Co
spheres using an electromechanical Instron machine
(model 8562) with a 1 kN load cell. The radiuses of the
spheres were 0.5, 0.8, 1.25, 1.6 and 2.5 mm, and the
load rate was 2 Ns-1. The damage produced was
inspected by optical microscopy. The static loading tests
in ambient air (relative humidity ∼ 40%) were
performed with the sphere of 0.8 mm by applying loads
lower than the critical one to produce the first damage
during the monotonic test. The damage produced was
inspected after a certain time by observing the contact
surface. If no ring cracking was observed, a new test
was performed in another location of the coating during
longer time. Once this damage was detected, other tests
were done with shorter contact time in order to bound
the time for ring cracking, tf. This time was defined as
that for which at least three tests presented this damage,
and two tests with 5% shorter contact time for which it
did not appear. The ring cracking under cyclic loading
was evaluated by applying the same maximum loads,
Pmax, and sphere as for static loading by using a servohydraulic Instron machine (model 8511). The loading
was applied in sinusoidal wave-form at frequency, f =
10 Hz and with a load ratio (R = Pmin/Pmax) of 0.2. The
number of cycles for ring cracking (Nf) was determined
by the same methodology as before. The ring cracks
generated in all tests were analysed by SEM. Static and
cyclic tests in simulated body fluid (SBF) were
performed after 2 months of immersion in SBF at 37°C
in order to allow an homogeneous formation of
hydroxyapatite [10]. Fig. 1 shows the set-up for the
tests. Degradation under static loading in SBF was
studied by using the same electromechanical Instron
machine (model 8562) by applying loads between 15N
and 30N. The evolution of damage with the time was
analysed by the projected damaged area (PDA) criteria,
the damage profile (DP) and the SEM-EDS analysis. A

RESULTS AND DISCUSSION

3.1 Microstructural characterization
The thickness of the bilayer coating was approximately
of 125 µm, with each individual layer ranged between
50 and 75 µm (Fig 2). The outer layer presents small
pores and microcracks due to trapped air and separation
between
the
sintered
particles,
respectively.
Microcracks can be also observed in the interface
between HA particles and the glass matrix due to
thermal expansion mismatch. This layer has small
crystallization products of the glass observed by XRD
and corresponding to sodium calcium phosphate,
sodium calcium silicate, and diopside. The
microstructure observed by SEM (Fig. 2) is the result of
preferential etching at the boundaries between sintered
particles. On the other hand, the inner layer presents
some large bubbles due to the oxygen associated to the
titanium silicide layer formed at the interface with the
alloy during the double firing [15]. The crystalline
phase present is the sodium calcium phosphate.
3.2 Damage sequence during Hertzian monotonic test
Fig. 3 summarizes the damages presented for each
sphere used. Ring cracking is the first damage for all the
spheres (Fig. 4a). This is due to tensile stress at the
surface which makes “runs around” a surface flaw
located close to the contact perimeter [16]. The second
damage, cone crack (Fig. 4b), is the consequence of
reaching a second critical condition in which the ring
begins to flare out into the frustum of a cone. Note that
the critical load to cone crack is nearly proportional to
the radius of sphere, Pc α r, which implies that the flaws
size of the outer layer is within the Auerbach range
[17]. The fact that the ring-cone cracks are the first
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we obtain that tcyclic ≈ 10tstatic. However, from the results
shown in Fig. 5 it can be seen that, by calculating the
failure time by tcyclic = N/f, ring cracking appears at

damages indicates that the induced tensile stress at the
lower surface of each layer is smaller compared with
tensile stress at the surface of the coating and too low to
induce any radial crack.

6P53B +5HA

To p vie w

Intensity

HA
10 µm

a)

b)

Sodium calcium phosphate
Sodium calcium silicate
Diopside

10 µm
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Ti5Si3-nanopraticles

Ti5Si3-polycrystal
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Figure 2. Microstructure overview of the bilayer

50 µm

Figure 4. Micrographs of damages associated to the map
of Fig. 3: a) Ring crack; b) Cone crack; c) Secondary
cone cracks, delamination and radial crack of the outer
layer; d) Radial crack through both layers. r = 0.8 mm.
shorter times than under static loading. Then, the results
show the existence of a cyclic fatigue effect. This
implies mechanisms which are different from those
which act under static loading. By looking in detail to
the ring crack produced under static loading (Fig. 6a), it
can be appreciated that the crack is sharp which is
typical of stress-corrosion crack in glasses. By contrast,
Fig. 6b shows that the cyclic ring crack is tortuous with
debris between the crack wakes. This debris indicates
the presence of a microcracked damaged zone [20]
which is the consequence of the microfracture at the
borders of the sintered particles. In a previous work,
this mechanism was also observed in the inner layer,
6P64 [21], and microcraking shielding degradation was
proposed to be the fundamental mechanism for cyclic
fatigue. In the case of this outer layer, the microcracks
present are more evident than in the 6P64 due to
additional residual stress induced by the presence of the
HA particles. The effect of the residual stress is
reflected in the microcracks in the glass matrix (Fig. 6c)
as well as in the borders between the matrix and the HA
particles (Fig. 6d). The former are the result of the
higher thermal expansion of the composite 6P53B+5HA
with respect to that of 6P53B (11.5 x 10-6 °C-1 [11]),
which is too high compared with that of Ti6Al4V (9.4 x
10-6 °C-1). The second ones are the consequence of the
residual stress in the interface between the HA particles
and the glass matrix [11].

Figure 3. Map of damage sequence during Hertzian
monotonic test for various radius of sphere.
For higher applied loads, the damage route to reach the
next type of damage become sensitive to the radius of
the sphere as can be observed in Fig. 3. This is due to
the different stress field induced in the layers and the
interfaces. For small radius, biaxial tensile stress
induced at the interfaces is predominant and, therefore,
radial cracking. By contrast, large radius can induce
higher shear stress in both the inner layer and the
metallic substrate promoting delamination.
3.3 Cracking by static and cyclic Hertzian loading in
air
Fig. 5 presents the comparison between the time to ring
cracking in air under static and cyclic loading, together
with the theoretical curve of prediction of the time to
failure under cyclic loading, based on the hypothesis
that only stress corrosion cracking occurs. This curve
was plotted on the basis of the work of Evans and Fuller
[18] by assuming that failure under both cyclic and
static loading is caused by the same crack growth
mechanisms. Then, for R = 0.2, the Pmax range used,
and an n value of a similar glass coating, n ≈ 30 [19],

3.4 Degradation by Hertzian static and cyclic loading
in Simulated Body Fluid (SBF)
Fig. 7 shows the bilayer coating after 2 months in
Simulated Body Fluid (SBF) and just before starts the
static and cyclic tests. From the top view, it is observed
the apatite layer, consisted of nanosized hydroxyapatite
crystals (50-100 nm) with flake-like morphology. The
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same under both loading conditions due to the
morphology and the low fracture toughness of this layer
avoiding any option to form a ring crack. However, for
increasing cycles, the presence of microcraks promotes

Maximum load, Pmax, (N)

SEM-EDS analysis of the cross-section shows the
apatite layer and three other regions: a) the 6P64 layer
(~50 µm); b) the remaining 6P53B+5HA (~40 µm); c) a
Si- rich layer (~20 µm); and d) the precipitated apatite
(~20 µm).
50
45

Static loading

40

Cyclic loading

35

b)
800 nm

t prediction for cyclic loading
f

Prc

30

a)

25
20

4 µm

20 µm

15

10

c)

HCA
2

10

3

10

4

5

10

10

Si-rich layer

6

10

Time to ring cracking, tf, (s)

Figure 5. Comparison of times to ring cracking
under static and cyclic loading in air.

6P53B +5HA

The morphology observed of the HCA layer and the
presence of the Si-rich layer are typical of the
precipitation process described by Hench et al. [7]. Note
that both the apatite and the remaining outer layer are
visibly cracked. In the apatite, this is due to
dehydration, meanwhile, in the outer layer is due to a
stress-corrosion cracking, because of tensile thermal
stress.

a)

6P64

Ti6Al4

Figure 7. Microstructure of the bilayer coating after 2
motnhs in SBF: a) General top view of the HCA layer; b)
Detail of the HCA layer showing an agglomerate of the
nanosized flake-like crystals; c) SEM-EDS analysis of the

b)

5 µm

c)

a quasi-plastic damage due to shear stress induced
between the wakes of the microcraks [22]. This effect is
enhanced by the presence of SBF. On the other hand,
the damage under static loading is only due to stresscorrosion cracking. Note that, the cyclic loading not
only produces a larger PDA, but also the centre of the
damaged is more cracked (Fig. 9d) and the penetration
depth is larger (Fig. 9f). In concordance with the
maximum penetration depth observed in Fig. 9, the EDS
of the centre of damage always showed a remaining
apatite layer.

1 µm

d)

20 µm

10 µm

5 µm

Figure 6. SEM micrographs of a detail of the ring cracks
under static and cyclic loading in air, a) and b); and of the
microcracks in the glass matrix and in the interface
glass/HA, c) and d).
Fig. 8 presents the 3D correlations to the experimental
data of projected damaged area (PDA) for static and
cyclic loads, for a range of contact times. It is clear that
both kinds of loading produce larger degradation as
compared with monotonic loading. In addition, the plot
of Fig. 8 shows that degradation under cyclic loading is
more severe than under static loading. The analysis of
damages (Fig. 9) suggests that this higher degradation is
due to microcraks present in both the precipitated
apatite layer and the remaining outer layer. During the
first contact, the collapse of the outer apatite layer is the

Figure 8. 3D correlations to experimental data of
projected damaged area (PDA) in SBF.
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Static loading

Cyclic loading

a)
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