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Abstract

Hydroxyapatite (HA) coatings have shown promising effects on rapid bone remodeling and suitable functional life in
orthopedic and dental applications. However, the major problem encountered by the HA-coated implants is the failure of
the coating due to its insufficient mechanical properties. The present study investigated the influence of the microstructure
near to the coating/substrate interface on the adhesion of the coatings. In addition, the crack propagation behavior within
the coatings was studied through 4-point bend test. Results showed that nanostructures (30–110 nm) within the HA coat-
ings were achieved by high velocity oxy-fuel (HVOF) spraying. Comparison among HVOF HA coatings, which were
deposited using different starting feedstock, suggests detrimental effect of the perpendicular-to-substrate nano-cuboids
on adhesion of the coatings. The presence of the grains with hexagonal shape (<250 nm in length and <50 nm in diameter)
triggered a deteriorated adhesion. Granular nanosized grains at the interface give rise to enhanced adhesion through
improved mechanical interlocking. Formation mechanism of the nanosized grains was discussed in this paper. Further-
more, the 4-point bend test revealed consistent crack propagation path that the cracks actually grow within the coating
with a direction parallel to the interface, and approximately several to 20 microns thick coatings were remained on the
substrate. The critical strain energy release rate exhibited a value of �1.15 kJm�2. During the crack propagation, kinking
and trapping of the bending cracks were decided by the flaws within the coating, which were mainly located at splats’ inter-
face. The interface between the first layer (with one splat thickness) and the second is believed to be the weakest zone in the
nanostructured coating.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomedical application of thermal sprayed hydroxyapatite (HA, Ca10(PO4)6(OH)2) coatings on metallic
implants has been successful since they are capable of promoting new bone ingrowth and apposition. How-
ever, the major problems pertaining to the HA-coated implants are their poor long-term functional service
due to the failure of the coatings. Extensive studies revealed that the long-term functional performance of
the coated implants was influenced significantly by the microstructure of the coatings [1,2]. In addition,
HA coating has a potential problem of introducing an additional interface into the implant system. The inter-
face between HA coating and metallic alloy is critical in determining the reliability of the implant [3–7]. Pre-
vious studies have reported that fracture often occurred at the HA/substrate interface rather than at the bone/
HA interface from a direct shear loading [8–10]. The analysis of malfunctional dental implants evidenced the
failure to be primarily located at HA/metal interface [7]. Consequently, estimation of the interface properties
is essential for evaluating the HA coated implants. When used as dental and orthopedic implants, due to iden-
tified clinical environment, HA coatings experience compound stresses, which can include shear, bending, ten-
sile and compressive forces. Among all the mechanical performances required, adhesion and fracture
toughness are the most critical variables. Besides the adhesive strength, strain energy release rate is also capa-
ble of evaluating the interface [11]. The strain energy density theory has been extended to study the growth
characteristics of three-dimensional cracks within coatings [12]. Four-point bend test was usually used to
determine the strain energy release rate of the coatings at the coating/substrate interface upon the consider-
ations that the interface between the two different materials is usually the weakest part and failure initiated
from an interfacial defect was often observed [13–15]. The four-point bend test for evaluating the bonding
between coating and substrate has the advantages of providing stresses more like those experienced in vivo
of the HA coatings [16].

Furthermore, nanostructured coatings attracted intense interest in recent years due to their enhanced
mechanical properties [17–21]. In vitro studies have further reported that nanosized ceramics (Al2O3, TiO2)
possess significant capability of decreasing apoptotic cell death and hence improving cell proliferation [22].
It was proven that nanosized ceramics enhanced osteoblast adhesion on them [23]. Nanostructures within a
biocompatible coating could therefore be promising for enhanced bioactivity. However, the knowledge about
the influence of the nanostructures on the mechanical properties of the thermal sprayed coatings is yet insuf-
ficient so far. In this study, the nanostructured HA coatings have been fabricated. The effect of the nanostruc-
tures at the coating/substrate interface on adhesion and bending behavior was studied.

2. Experimental details

In-house synthesized sprayed-dried nanostructured HA powder was utilized for the coating deposition on
Ti-6Al-4 V substrates employing high velocity oxy-fuel (HVOF) process. Close examination of the spherical
powder particles showed the nanostructures (with rod-like shape grains: <500 nm in length and 40–70 nm
in diameter). A nanostructured HA particle was formed by the agglomeration of individual nanosized HA
cylindrical grains (the image was not shown in this paper). A fully computerized HV2000 HVOF system
(PRAXAIR, USA) with a nozzle diameter of 19 mm was employed for the spraying. The flow rate of the oxy-
gen and hydrogen was 280 l/min and 566 l/min, respectively. The powder feeding gas was purified argon with
the flow rate of 19 l/min. The powder feeding rate and spray distance were 8 g/min and 250 mm respectively.
The HA powder with different particle size ranges, 50 ± 10 lm, 40 ± 10 lm, 30 ± 10 lm, was sprayed for a
purpose of clarifying the influence of melt state of the powder particles on the nanostructural features of resul-
tant coatings. Before coating deposition, degreasing and grit blasting were carried out to make the substrate
surface clean and coarse. Alumina sand (250 lm) was utilized to coarsen the substrate surface. The air pres-
sure for the grit-blasting was 4 bar. The roughness of the coarsened Ti6Al4V substrate was around 4.5 lm in
Ra as measured using a surface roughness analyzer (Mitutoyo SURF TEST SV-600). Microstructure of the
coating samples was analyzed using scanning electron microscopy (SEM, JEOL JSM-5600LV) and field emis-
sion SEM (FESEM, JEOL JSM-6700F).

The adhesive bonding strength of the HA coating was measured according to the ASTM C633-79 standard.
The universal testing system, Instron 4204, was used for the adhesive strength measurement with the
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cross-head speed of 1 mm/min. The coating thickness for the adhesive strength test in the present study was
kept at 180 ± 15 lm. As discussed, the strain energy release rate is an appropriate variable for evaluating the
energy of the inception of cleavage and dislocation emission along the interface. It is essential to relate the
resistance of the material to crack propagation to a parameter that can characterize the fracture toughness
of the material. With regard to the complex stresses at the coating/substrate interface, it is not easy to get
the fracture toughness to represent interface property. Generally used variable as an alternative of the fracture
toughness is based on the determination of strain energy release rate, G. For thermal sprayed coatings, the
four-point bend test was believed to be an effective technique for the determination of critical strain energy
release rate (Gss) at the coating/substrate interface [15,24]. The specimen loaded by 4-point bend for the Gss

determination is schematically depicted in Fig. 1.
G can be obtained from the strain energy, U, per unit cross section according to beam theory under plane

strain conditions,
Fig. 1
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where a is the propagated crack length. Gss during crack propagation can be expressed in the non-dimensional
form [25,26]:
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In order to determine Gss, both the applied load and the displacement of the loading points were continu-
ously monitored and recorded. The specimen was loaded until both cracks had propagated out to the internal
loading points. Stable crack advance should ideally occur at a constant load, whereas a crack burst causes a
sharp drop in load between two values having a mean of Pc [14].

For the four-point bend test, it was pointed out that the pre-crack length, a, had a significant effect on Gss

[13]. If the specimen dimension satisfies the relation 0.05 6 h1/H 6 0.5, a steady interfacial crack can be
achieved in the extensive crack length range 0.2h1 6 a 6 0.9(c � l) [27]. In the present study, the following
parameters were used: 2a = 10 mm, h1 = 0.320 mm, h2 = 1.95 mm, b = 2 mm, 2c = 80 mm, l = 20 mm. The
pre-crack was prepared through putting a mask on the substrate surface with a width of 5 mm to prevent from
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. Schematic depiction of the coating/substrate bimaterial specimen for 4-point bend test (h1: coating thickness, h2: substrate
ess).
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the grit-blasted coarsening. After the coating deposition, a notch was prepared through cutting the coating
along its central line using a knife. Subsequently, a three-point bend was performed on the Instron univer-
sal-testing machine with a support span of 10 mm to prepare the pre-crack with the length of 10 mm. The
bending speed was 1 mm/min. The Young’s modulus of the samples employed for the calculation was deter-
mined from a 3-point bend test, which has been described in detail previously [28]. The values were 29.01 GPa,
24.82 GPa, and 20.55 GPa for the coatings made from 30 lm, 40 lm, and 50 lm powder.

3. Results and discussion

The HA coatings show clearly the evidence of the presence of nanostructures at both their surfaces and
cross-sections (Fig. 2). It was noted that for the HA coatings, grain sizes are different depending on the starting
powder sizes (as summarized in Table 1). Similar grain sizes can be seen at both the coating surface and cross-
sections. The slight difference might be probably attributed to the melt state of the particles attained during the
spraying. It has been found that the measured MFP (defined here as the melting fraction of the particles) val-
ues for the particles with the size of 50 lm lies in the range 20–60%. Whilst the particles with the size of 40 lm
demonstrate MFP values in the range 40–80%. The 30 lm particles have already fully melted during the spray-
ing. Adhesive test revealed an adhesive strength of up to 31 MPa (Fig. 3). Tensile failure analysis has suggested
an entire adhesive failure mode (not shown in this paper), in other word, the failure took place at the coating/
Fig. 2. Typical FESEM pictures of the HVOF coating (HVOF2, made from 40 ± 10 lm powder) showing nanostructures at (a) their
surface and (b) fractured cross-sections ((a-2) and (b-2) refer to closer observation on (a-1) and (b-1) respectively).



Table 1
Sizes of the nano-grains in the starting powder and coatings (melted part)

Sample Size and features of the nanosized grains (shape)

Coating surface Inside coating Near to coating/substrate interface

HVOF coating 50–100 nm 50–100 nm 60–120 nm
(50 ± 10 lm) (spherical: melted part) (spherical: melted part) (spherical: melted part)

HVOF coating 50–100 nm 60–110 nm 60–120 nm
(40 ± 10 lm) (spherical) (spherical) (spherical)

HVOF coating 50–100 nm 50–100 nm Mostly: <250 nm in length, <50 nm in diameter;
(30 ± 10 lm) (spherical) (spherical) Rarely: 80–120 nm in width, 0.4–1.2 lm in length (hexagonal)
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Fig. 3. Adhesive strength of the coatings (HVOF1: HA coating made from 50 ± 10 lm powder, HVOF2: HA coating made from
40 ± 10 lm powder, HVOF3: HA coating made from 30 ± 10 lm powder). The error bar means standard deviation and the differences
among the values are significant, p < 0.05, as analyzed by the paired student’s t-distribution.
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substrate interface. This in turn indicates that the coating/substrate interface plays a key role in determining
the adhesion. FESEM observation from the bottom side of the coatings (the area with intimate contact with
the substrate) shows interesting nanostructures (Fig. 4). That is, the HVOF sprayed coatings made from the
smallest powder (30 ± 10 lm) exhibit typical hexagonal structure (Fig. 4(a)). Most of the grains show similar
morphological features (Fig. 4a-1) that have a size of <250 nm in length and <50 nm in diameter. Very rare of
them show enlarged size of 0.4–1.2 lm in length and 80–120 nm in width (Fig. 4a-2). The formation of the
nanosized grains with hexagonal prismatic morphology indicates the influence of both the melt-state and tem-
perature of the HA particles upon their impingement. The partial melt state during HVOF spraying could
result in a faster cooling rate of the molten part upon their impingement on the room-temperature substrate.
The high cooling rate would influence the formation of the hexagonal grains. Even though Chraska et al.
reported their findings that the top surface of the first solidified splat causes epitaxial growth of columnar
grains in subsequent splats for plasma sprayed YSZ [29], the present study revealed spherical nanosized grains
within the second folded splat and there is no experimental evidence of presence of columnar grains in other
parts in the coatings other than in the first layer splats. The comparison among the HVOF coatings suggests a
weak bonding of the hexagonal grains with the substrate (Figs. 3, 4). The perpendicular grains might have
changed the residual stresses at the coating/substrate interface, or even more probably, they weakened the
mechanical interlocking of the coating by the substrate. The granular nanosized grains with irregular pores
could be capable of enhancing mechanical interlocking by the roughened substrate (Fig. 4b-1). It therefore
indicates that formation of hexagonal grains near to the coating/substrate interface must be avoided. Sufficient
substrate preheating might be an approach to achieve such purpose through decreasing the cooling rate upon
the impingement of the droplets.



Fig. 4. Typical FESEM photos taken at the coating bottom (with intimate contact with the substrate), (a-1,2) HVOF coating made from
30 ± 10 lm powder showing cuboid nanosized grains, (b-1,2) HVOF coating made from 40 ± 10 lm powder showing spherical nanosized
grains.
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Minor difference in the Gss values was found among the coatings (Fig. 5). In order to reveal the effect of
coating microstructure on the Gss, failure mechanism was discussed through observing the worn morphology
after bending by SEM, which is typically shown in Fig. 6. It is noted that the crack induced by bending stress
did not grow along the coating/substrate interface. HA coatings remained on the substrate with varied thick-
ness from several microns to approximately 25 microns depending on the locations. The thickness is roughly
equal to that of one splat or two. The crack growth mechanism has already disclosed that the crack always
propagates along the direction with minimum strain energy. According to Sih [12], once a crack is initiated
the fracture path follows the trajectory of points of minimum strain energy density remarkably well. Concern-
ing the complex residual stresses and the applied stresses from bending moment at the crack front, the crack
propagation into the coating side can be explained by the possible flaws, such as micropores and microcracks
within the coating. Observation of the microstructure from the cross-sections of the coatings gives insight into
the flaws inside the coating (Fig. 7). There is clear evidence of micro-/nanosized pores (Fig. 7(a)) and un-
bonded area between the HA splats. The sizes of the pores in the nanostructured HA coatings are in the range
of �20–110 nm. These should act as the crack path and accelerate the crack propagation as well during the
bending. The wave-shape-like worn surface together with the bending curve analysis, which is shown in
Fig. 8, indicate that kinking and trapping of the bending cracks occurred during crack growth. Prior to entire
bending failure, the decrease in the flexure load which frequently appeared is associated with the crack kinking
into the coating away from the interface. The trapping of the crack in the coating subsequently occurs, then
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Fig. 5. Critical strain energy release rate (Gss) of the HA coatings obtained from 4-point bend test. (HVOF1: HA coating made from
50 ± 10 lm powder, HVOF2: HA coating made from 40 ± 10 lm powder, HVOF3: HA coating made from 30 ± 10 lm powder.)

Fig. 6. Typical worn cross-sectional morphology of the HA coating after bending failure ((b) shows the magnified view of the region
marked in (a)).
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the crack propagates in nearly parallel direction to the coating/substrate interface. Another kinking occurs
again following the former procedure. Finally, the entire failure takes place due to the large opening of a flex-
ural crack in the specimen, which is suggested by the large drop of the load. Typical failure morphology
reveals that there is no evidence of cracking parallel to the surface of lamellae. The trace of the brittle fracture
suggests that the existed defects at the splats’ interface might have been connected together as the propagation
path of the crack. Furthermore, the size and distribution of pores also play an important role in influencing
both the crack initiation and propagation processes [30], thus failure would occur when sufficient micropores
have been connected by unbonded area between splats and trans-lamella microcracks to separate that region
from the remainder of the coating. The effect of micropores located along the crack propagation path on the
fracture toughness has been discussed by Leguillon [31]. It was believed that the crack growth was made of
successive sudden jumps at each void along the crack path. Thus, the existence of micropores at the crack
propagation path (splats’ interface in this case) is detrimental to the fracture property. Furthermore, it has
been found that the thickness of the retained coating is very much consistent with that of one splat or two.
Typical topographical morphology of the first-layer splat is shown in Fig. 9. It is clear that apart from the
nanosized grains, there are indeed a large amount of nanosized pores. Nevertheless, the cohesion inside indi-
vidual splats is much better than that between individual HA splats, which also accounts for the bending crack



Fig. 7. FESEM pictures showing the poor bonding state between the HA splats. The photos were taken from fractured cross-sections of
the coatings. (a) micro- and nanosized pores located at the splats’ interface, and (b) clear unbonded interface between the splats. Arrows
point to the splats’ interface.

Fig. 8. Typical flexure curves of the HA coatings showing the kinking and trapping of the crack during its propagation. The five specimens
were obtained from the same coating group (HVOF2).
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Fig. 9. FESEM picture taken from the surface of the splat showing consistent nanosized grains and nanosized pores.
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propagation along the splats’ interface. Since the fracture occurred within the coating, the existence of the hex-
agonal nanosized grains did not show obvious influence on the crack growth.

The different Gss values can be well explained by the nanostructures of the coatings. The smallest HA pow-
der particles resulted in the finest grains (Table 1), which in turn contributes to the densest coating structure
(lowest porosity). Therefore, it is reasonable that the strain energy release rate of the coating made from 40 lm
powder is higher than that of the coating made from 50 lm powder. Since the bending fracture took place
mostly within the HA coating near to the coating/substrate interface, the fracture energy of coating/substrate
interface is higher than that of HA coating. As discussed earlier, this is partially due to the large quantities of
defects in the coating rather than at the interface. It is proposed that the microstructure of thermal sprayed
coatings controls their toughness. In addition, it is noted that the Gss value obtained in this study is relatively
high. This might be partly attributable to the mode mix of the 4-point delamination test. Further refined study
is required to clarify the crack propagation behavior. Even though many researchers have utilized the four-
point bend test to determine the interfacial fracture toughness [14,15], the use of such technique for ceramic
coatings is very much limited. It should be pointed out that this approach is not accurate for determining frac-
ture energy of the present coatings because the formula used for the calculation of strain energy release rate is
based on the assumption that the interface crack symmetrically advances during bending. Nevertheless, since
the tested Gss is significantly dependent on coating microstructure and the remnant coating is very thin, it is
still acceptable for evaluating the coating structure.

4. Conclusions

Shape and sizes of the nanosized grains with intimate contact with the substrate affect the adhesion of the
HA coatings. The hexagonal grains with enlarged sizes (e.g., upto 250 nm in side length) deteriorated the adhe-
sion, while the granular nanosized grains enhanced the bonding of the coating through improving the inter-
locking by the substrate. The 4-point bend test for determining the strain energy release rate of the HA
coatings revealed the weakest zone to be inside the coating near to the coating/substrate interface with the
thickness of one splat or two. The bending cracks propagated along the splats’ interface within the coating.
The 4-point bend test was not appropriate for evaluating the coating/substrate interface properties. The
HA coating with finer nanosized grains and lower porosity is suggested for achieving better fracture
properties.
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