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Abstract Plasma-sprayed HA coating (HAC) 50 and

200 lm thick on Ti6Al4V cylinders was transcortically

implanted in the femora of canines. Push-out testing of

implant-bone interfaces showed that the HAC coating

exhibited higher shear strength at 50 lm coating than

200 lm one. The plasma-sprayed HACs were exhibited

compressive residual stresses and the thicker HAC exhib-

ited higher residual stress than that of the thinner HAC. Due

to the structure for 50 and 200 lm implants were the same,

meaning similar cohesive strength of the lamellar splats.

And, there was no difference in the physiological environ-

ment; hence the difference of the shear strength for the 50

and 200 lm-HAC implants could best be attributed to the

compressive residual stress existed in the HA coating.

Introduction

The industrial use of plasma-sprayed coating is sometimes

limited by the stresses generated during deposition [1].

Different stress states occur during the various stages of the

deposition process. During the initial contact of the sprayed

molten materials with the substrate, a quenching stress,

always tensile, is induced within the coating [2, 3]. During

the cooling stage, a thermal stress gradient appears in the

through-section of the coating/substrate system. Residual

stress in the coating might vary with the coating thickness

[4, 5], spraying parameter and substrate temperature [3, 6].

More importantly, the residual stress could deteriorate the

HAC with or without the immersion in simulated body

fluid [6, 7].

Sergo et al. [8] suggested that residual stress might exert

a major effect in the long-term chemical stability of the

hydroxapatite coatings. The compressive residual stress

tended to heal the ‘‘mud cracking’’ of the typical plasma-

sprayed HA coatings. It was inferred from their thermo-

dynamic derivation that compressive load acting on the

hydroxapatite could suppress the [OH�] ions dissolved

from the material. On the other hand, residual stress in the

compressive state of plasma-sprayed ceramic coating on

metal substrate was established to induce the through-

thickness tensile stress in the system [6]. Figure 1 shows

the effect of residual stress on the debonding of the coating

where before debonding, an interface and inter-lamellar-

splat crack was assumed to exist (Fig. 1a). In-plane resid-

ual stress would induce through-thickness tensile stress (rn,

Fig 1b) acting in the direction normal to the interface of the

HA coating and the Ti-substrate. This normal tensile stress

would weak the adhesive strength of HAC to substrate.

The previous in vivo tests have demonstrated that [9–

11], under the shear loading condition, the implants could

fail at bone near the HAC–bone interface, at HAC–bone

interface, between lamellar splats in the plasma-sprayed

hydroxyapatite coating, and at HAC–Ti alloy substrate

interface. The residual stress was reasonably suspected to

act adversely on the lamellar splats in the plasma-sprayed

hydroxyapatite coating, and at HAC–Ti alloy substrate

interface. Nevertheless, the nature and magnitude of stress

state and in vivo response of the stress in orthopaedic

implants were rarely rigorously studied.
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In the present study, we investigated the influence of

coating thickness and its residual stress on the shear

strength as well as the failure mode of plasma-sprayed

HAC to bone. Plasma-sprayed HA-coated cylindrical Ti–

6Al–4V rods were transcortically implanted in the femora

of dogs. After 4, 6, 8, and 12 weeks, the implant-bone

interfacial shear strength was measured by means of a

push-out test. The failure mode at implant-bone interface

was analyzed by scanning electron microscopy (SEM). The

biaxial residual stress states of plasma-sprayed HACs on

Ti–6Al–4V substrate were studied by using the ‘‘sin2w’’

technique of the X-ray diffraction (XRD) method [12].

Materials and methods

Materials

Two implants with different coating thickness were eval-

uated: Ti–6Al–4V alloy with an HAC of 50 and 200 lm

thicknesses. For the in vivo test, all implants were cylin-

drical in design and measured approximately 4.76 mm in

diameter by 12 mm in length. The alloy substrates were

slightly undersize by machining to accommodate the

200 lm or 50 lm thick layer of HA coating. For the

residual stress measurement, the 22 mm (l) · 17 mm

(w) · 3.3 mm (t) substrates of Ti–6Al–4V alloy was used.

Commercial high purity feedstock HA powder (Amdry

6020, Sulzer Plasma Technik, Inc., Troy, MI 48084) was

used in the coating process. Prior to spraying, the substrate

surfaces were degreased to remove organic contaminants

and blast with Al2O3 grits to effect the surface roughness.

The HA coating was applied by means of an atmospheric

plasma spray technique (APS, Plasma-Technik, M 1100-C,

Sulzer Plasma Technik, Inc., Troy, MI 48084).

In vitro test of plasma-sprayed HACs

The SBF used was a modified protein-free Hank’s balanced

salt solution (HBSS) with ionic concentration close to that

of human blood plasma (Table 1) [7]. Following an ultra-

sonic rinse in distilled water, the HA-coated specimens

were cleaned using an ultrasonic wash in acetone and then

put into the culture vials. Prior to soaking, the culture vials

and specimens were sterilized by dry heat (120 �C, 8 h).

Under the sterile environment, the SBF of 30 ml/cm2 of

HAC was added to the vials. The SBF was buffered at a pH

of 7.2 with 50 mM tris–hydroxymethyl-aminomethane and

45 mM HCl [13]. The vials were then placed in a humid-

ified, 5% CO2/balance air incubator to minimize the change

in initial pH; all immersions took place at 37 �C without

stirring. After 1, 2, 3, and 4 weeks of immersion, the

specimens were removed, washed in distilled water, and

dried in the oven. Then, the cross-sectional micrographs of

the coating were taken for quantitative analyses of the

porosity content by using a computer image analyzer

(OPTIMAS 6.0). The phase constituents of the immersed

HACs and the as-sprayed HAC were identified by X-ray

diffractometry (XRD). Moreover, the index of crystallinity

(IOC%) of the HACs was evaluated from the ratio of the

main peak intensities of the HAC (Ic) and the HA powder

(Ip) by the relation of IOC (%) = (Ic/Ip) · 100%.

For measurement of Young’s modulus in the HACs, the

1.0 mm-thick coating was coated on the Ti substrate of

dimension 40 mm (l) · 10 mm (w) · 0.7 mm (t). The

coating was separated from the Ti substrate by carefully

grinding the latter from the back of the specimen, leaving the

free HA coating as described in reference No. 12. Mea-

surement of Young’s modulus of HACs was carried out

using a standard three-point bending test (ASTM E-855

[14]) by

E ¼ PL3

4bh3d

where E is the Young’s modulus, P is the load, L is the

span length between supports, b is the specimen width, h is

the specimen thickness, and d is the deflection at midspan.

Each measured value of Young’s modulus represents an

average of three tests.

The bonding strength of HACs was tested using a

standard adhesion test (ASTM C-633) [15] that was espe-

cially designed for the plasma-sprayed coatings. For each

immersion period, five specimens were tested.

Surgical technique

All implants were cleaned with ultrasonic wash in reagent

grade acetone followed by ultrasonic rinse in distilled

Fig. 1 Effect of delamination on coating fracture driving force: (a)

non delaminated configuration, and (b) delaminated configuration
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water. Dry heat (120 �C, 8 h) sterilization was used prior to

implantation. The lateral cortices of mongrel dogs weigh-

ing 10–15 kg were drilled transcortically by three-stage-

hand reaming to the final diameter, using sterile surgical

techniques (Fig. 2a). During all drilling procedures copious

saline was used to minimize any bone thermal trauma and

to remove the bone debris. Then, the cylindrical implants

were inserted into pre-drilled holes by finger pressure

(Fig. 2). A total of 120 implants were inserted into the

femora of 12 dogs. Each dog contained five implants of

200 lm and five implants of 50 lm HA-coated Ti–6Al–4V

(Fig. 2b).

Mechanical testing

After 4, 6, 8, and 12 weeks, the dogs (three dogs at each

period) were sacrificed. The intact femora were retrieved

and cleared of soft tissue. By using a diamond saw, each

implant site was isolated transversely and then bisected

through the medullary cavity perpendicularly to the long

axis of implant. As shown in Fig. 3, a trephine-type reamer

made by 316 stainless steel was used to prepare a smooth

endosteal bone surface surrounding each implant. Well-

prepared, fresh specimens were placed in a testing jig, and

the implants were pushed out from the surrounding bone

using an Instron test machine (Fig. 3c). A loading rate of

0.2 mm/min was used for all tests. The force needed to

loosen the implant was determined from the load to dis-

placement curve. The shear strength of the interface was

calculated by dividing the maximum push-out force by the

total bone area in contact with the implant. This area was

represented in the following formula: Area = pDH, where

D is the diameter of the implant and H is the average cortex

thickness (Fig. 3). After the push-out test, the disrupt

implants were fixed in 10% buffered formalin solution,

dehydrated in graduate ethyl alcohol solutions from 70 to

100%, and then carbon coated. The fractographs of

implants were investigated by SEM (JEOL JSMr 840) for

failure mode analysis.

Table 1 Electrolyte ion

concentration of protein-free

modified Hank’s balanced salt

solution (HBSS)

Species NaCl KCl CaCl2 KH2PO4 NaHCO3

mg/l 8,000 400 140 60 350

Species MgCl2 � 6H2O Na2HPO4 � 2H2O MgS04 � 7H2O Glucose

mg/l 100 60 100 1,000

Fig. 2 (a) Schematic representation of the transcortical implantation

model; (b) Specimen roentgenogram, obtained 12 weeks post-

implantaion, of five HA-coated implants in canine femur

Fig. 3 Schematic

representation of the push-out

test for measuring the shear

strength at the HAC–cortical

bone interface. (a) Use the

stainless steel holder with saw

tooth to grind the inner cortical

bone; (b) Prepared specimen;

(c) Push the implant out under

the Instron test machine. (D,

diameter of implant; H, average

thickness of cortical bone)
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Residual stress measurement

Consider a portion of the surface of a stressed body

(Fig. 4). w is the angle of tilt to the surface normal of the

specimen. Diffraction measurements were taken at six w
values (w = 0, 12.92, 18.43, 26.56, 30 and 33.21�), corre-

sponding to 0.05 increments in sin2w. The reflection (6 2 1)

of hexagonal Ca10(PO4)6(OH)2 at approximately

2h = 87.32� shown in Fig. 5 was used as the diffraction

plane for lattice plane spacing measurement in the residual

stress analysis, and the reflection of (5 3 2) of HA was

employed for the calibration of 2h angles. As detailed

elsewhere by X-ray diffractometry, the residual stresses

formed in HACs parallel to the spraying direction (rx) can

be calculated as: [12]

rx ¼
di � dnð Þ=dn

sin2 w
� E

1þ mð Þ ð2Þ

where w is the angle of tilt for the specimen, dn is the

crystallographic plane spacing measured at w = 0�, and di

is the plane spacing measured in different w angles by

XRD, v is the Poisson’s ratio being 0.28, E is the Young’s

modulus. The residual stress (rx) can be obtained from the

above equation by measuring the slope of (di � dn)/dn/

sin2w, which was determined from a least square fit of the

plot of (di � dn)/dn against sin2w (Dd/d vs. sin2w).

Results

In vitro characteristics of HACs

The diffractograms of HA powder (HAP), 50 lm-HAC,

200 lm-HAC and inner 200 lm-HAC are shown in Fig. 6.

The major peak matches well with the standard HA phase

(Ca10(PO4)6(OH)2, JCPDS No. 9-432). In addition, the HAP

does not show any line-broadening effect and could serve

as the standard of 100% crystallinity. Apart from the

HA phase, several impurity phases including a-TCP

(Ca3(PO4)2), b-TCP, TP (Ca4P2O9), and CaO were identi-

fied in the HACs. Moreover, it is noted that the crystallinity

of the two sprayed HACs (50 and 200 lm) were decreased

in contrast to that of the HAP. As listed in Table 2, the

crystallinity of the 50 lm-HAC (IOC = 45.5%) revealed

the similar one with the 200 lm-HAC (IOC = 47.8%).

Moreover, as shown in Table 2, the crystallinity of the

HACs increases significantly following the immersion in

SBF. This finding is consistent with the results by de Groot

et al. and Yang et al. [7, 16]. The increase of crystallinity is

considered to generate not only from the dissolution of

amorphous phase but also the crystallization of HA from the

SBF [17]. The porosity content of the HACs after immersion

were quantitatively analyzed from the cross-sectional SEM

micrographs, and the result is shown in Table 2, which

indicate that the porosity content varies from 5.2 to 9.1% of

the two thickness HACs after 4 weeks of immersion.

Young’s modulus of HACs

The Young’s moduli of the 1 mm thick HACs obtained

from the three-point bending test for the as-sprayed and the

immersed HACs are shown in Table 2. The Young’s

modulus of 24.8 GPa assumes a maximum for the as-

sprayed HAC. Following the immersion in SBF, the

Young’s moduli of HACs are found to degrade with the

immersion periods. From the Table 2, a continuous
Fig. 4 Stresses at the surface of a stressed body where r3 = 0. The

stress to be measured is rw

Fig. 5 X-ray diffractogram of as-received HAC powder in which the

(6 2 1) reflecting plane was used for residual stress measurements
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degradation from 22.1 GPa at 1 week to 17.3 GPa at

4 weeks is noted. After 4 weeks of immersion, a total of

about 30% reduction in Young’s modulus is measured.

From the Table 2, we noted that the as-sprayed HAC with

the lowest porosity content exhibits a higher Young’s

modulus than the soaked HACs with higher porosity con-

tent, i.e., the porosity in the coating reduces the Young’s

moduli of the HACs. In the literature [18], the correlation

of Young’s modulus and the volume fraction of porosity

for the sintered alumina have been established.

Bonding strength of HACs

The results of bonding strength, measured by the adhesion

test at the HAC/Ti–6Al–4V interface with and without the

immersion in SBF are listed in Table 2. For the 200 lm-

HAC, the bonding strength of the as-sprayed HAC is

30.2 ± 2.1 MPa which is the highest among the data. After

SBF immersion, variation of bonding strength with the

immersion time indicates that the bonding strength decays

with time to record 19.5 ± 2.7 MPa at 4 weeks of immer-

sion, a total of about 35.4% reduction in bonding strength.

For the 50 lm-HAC, the maximum bonding strength mea-

sured was 55.4 ± 2.6 MPa (as-sprayed HAC), the measured

bonding strength data of the 50 lm HAC, an invalid test,

represent to some extent the strength of the glue (*60 MPa)

that might penetrate to the HAC/Ti interface. The results of

this investigation with the thicker coating should apply

qualitatively to the thinner HAC on Ti-implants.

Shear strength between bone and HAC

The surgical operations were tolerated well by the dogs,

with no complications noted. At harvesting, all implants

were clinically stable and no signs of inflammation or

adverse tissue reactions could be seen near the implant sites.

The interface shear strength data obtained from the push-out

tests are summarized in Table 3. The mean value of shear

strength for 50 lm thick HAC implants was significantly

higher than that of 200 lm thick HAC implants at each time

period. The maximum mean shear strength was

14.31 ± 2.73 MPa for the 50 lm-HAC implant at 8 weeks

and 10.59 ± 1.05 MPa for the 200 lm-HACimplants at

6 weeks. These findings suggested that the 50 lm-HAC

implants were better than the 200 lm-HAC implants for

biologic fixation. In addition, at 12 weeks, a slight decrease

in mean strength data was found for all implant types.

Failure mode after push-out test

For 50 lm-HAC implants, the failure site was conclusively

at or near the HAC–bone interface (Fig. 7). It is clear from

Fig. 7a–c that the amount of bone attached to the HAC

surface increased with implantation time from 4 to 8 weeks.

At 8 weeks, the fractograph was almost covered by bone,

Fig. 6 The diffractograms of the (a) HA powder; (b) 50 lm-HAC;

(c) 200 lm HAC and (d) subsurface layer of 200 lm HAC

Table 2 Characteristics and mechanical properties of the plasma-sprayed HACs following immersion in SBF

Immersion

periods

50 lm HAC 200 lm HAC 1 mm HAC

IOC

(%)

Porosity

(%)

Bonding strength

(MPa)

IOC

(%)

Porosity

(%)

Bonding strength

(MPa)

Young’s modulus

(GPa)

As-sprayed 45.5 5.5 ± 0.4 55.4 ± 2.6 47.8 5.2 ± 0.5 30.2 ± 2.1 24.8

1 week 50.3 6.4 ± 0.5 55.2 ± 2.7 52.5 6.3 ± 0.4 26.8 ± 2.4 22.1

2 weeks 57.4 7.9 ± 0.3 53.7 ± 2.8 57.5 7.7 ± 0.5 25.3 ± 3.1 19.4

3 weeks 61.7 8.5 ± 0.4 52.4 ± 3.2 60.3 8.5 ± 0.5 21.7 ± 2.8 18.9

4 weeks 63.4 8.9 ± 0.4 50.8 ± 3.5 62.7 9.1 ± 0.6 19.5 ± 2.7 17.3
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indicating that the bonding between the bone and HAC

might be as strong as the new bone itself, if not stronger.

However, at 12 weeks, the amount of bone attached to the

HAC surface decreased slightly as compared to that of

8 weeks of post-implantation. The failure modes for

200 lm-HAC implants after different periods of implanta-

tion were variable (Fig. 8). It is clear from Fig. 8a that the

failure site was at the HAC–bone interface 4 weeks after

insertion. At 6 weeks the failure mode was always found

inside the HAC lamellar splat layer (Fig. 8b). With an

increase in survival time to 8 and 12 weeks, however, a

failure at the HAC–Ti alloy substrate interface was

observed (Figs. 8c, d).

Residual stresses of HACs

Measurements of Dd/d vs. sin2w for the two different

HACs (50, 200 lm) acquired by using XRD method are

shown in Figs. 9 and 10. After calculation by using Eq. 2,

the biaxial state of residual stresses at 0�, 45�, 90� with

respect to the spraying direction are shown in Table 4. The

residual stresses at 0�, 45�, 90� with respect to the spraying

direction (i.e., r0�, r45�, r90�) for the HA coatings were all

compressive, and from which the principal stresses (r1, r2)

were calculated. The directions of principal stresses were in

proximity to and perpendicular to the spraying direction. In

addition, the thicker HAC (200 lm) show the higher

residual stress than the thinner HAC (50 lm).

Discussions

It is known that Young’s modulus is a function of structural

characteristics such as porosity, crystallinity and phase

composition, being different for the same material arising

from different processing as shown in Table 5. The

Young’s modulus of 108 GPa for the claimed dense HA

was measured with the ultrasonic interferometry technique

by Rao et al. [19] without mentioning the porosity content.

De With et al. [20] sintered the commercial HA powder to

different densities and obtained the corresponding Young’s

moduli based on the pulsed-echo technique. The Young’s

modulus of 117 GPa for the fully-dense HA can be

deduced from extrapolation of the data to the 0% porosity

content. The Young’s moduli for the bulk HA by Akao

et al. [21] indicated a maximum of 87.8 GPa for the

material with 2.8% porosity content sintered at 1,300 �C.

The elastic modulus of the thermally-sprayed coatings is

quite different from the bulk materials due to their unique

microstructure, inhomogeneity and even post-treatment

[22–24]. Tsui et al. [25] deduced the Young’s modulus of

the plasma-sprayed HAC from conducting the cantilever-

beam bending test of the composite specimen containing

both HAC and substrate. Han et al. [26] employed the

hole-drilling method to measure the residual stress in

plasma-sprayed HA, in which an apparently estimated

Young’s modulus of 81 GPa was used to calculate the

residual stress in the coating (Table 5). As shown in

Table 5, the Young’s modulus of 24.8 GPa for the as-

Table 3 Results of shear

strength (Mean ± SD, MPa)

measurements

HAC 4 weeks 6 weeks 8 weeks 12 weeks

50 lm 10.15 ± 1.17 13.14 ± 1.82 14.31 ± 2.73 13.97 ± 3.11

200 lm 8.21 ± 1.06 10.59 ± 1.05 10.24 ± 1.27 9.24 ± 1.61

Fig. 7 The SEM fractographs

of 50 lm-HAC implants

showing that the failure were

conclusively at the HAC–bone

interface: (a) 4 weeks; (b)

6 weeks; (c) 8 weeks and (d)

12 weeks. C, HAC; B, bone
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sprayed specimen in this study is higher than the previous

work (16.2 GPa) [12]. Owing to a better packing effect, the

present consolidated HACs contain less porosity with more

uniform coating structure than the previous HACs [12].

From the result of immersion in SBF, the Young’s moduli

of the HACs are found to degrade with the immersion

Fig. 8 The SEM fractographs

of 200 lm-HAC implants

showing failure modes occurred

at: (a) the HAC–bone interface

after 4 weeks, (b) inside the

coating layer after 6 weeks, (c)

the HAC–Ti alloy substrate

interface after 8 weeks and (d)

the HAC–Ti alloy substrate

interface after12 weeks. C,

HAC; B: bone; Ti, Ti alloy
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periods (Table 2), and a total of about 30% reduction in

Young’s modulus was obtained after 4 weeks of immer-

sion. The excellent correlation in Table 2 indicates that the

porosity in the coating weakens the Young’s moduli of the

HACs. Sergo et al. [8] also reported that the Young’s

modulus might be a function of porosity.

For the durability of the system to succeed in applica-

tion, the residual stress of plasma-sprayed hydroxyapatite

coatings on a titanium substrate for orthopaedic use might

be very important. In previous work [27], we have eval-

uated the effect of coating thickness on the bonding

strength (coating on titanium substrate) of plasma-sprayed

HACs by adhesive test (ASTM C-633). The bonding

strength of 200 lm-HAC (27.15 ± 1.75 MPa) was lower

than that of 50 lm-HAC (50.21 ± 2.14 MPa), although the

validity of bonding strength for thin HAC has been in

dispute. In this study, the compressive residual stresses

increase with the thickness of coating, therefore, the

200 lm-HAC subjected to high residual tensile stress in

the through-thickness direction and lead to the weak

bonding strength between coating and substrate. This

could be demonstrated that why the 200 lm-HAC

revealed the lower bonding strength between the coating

and substrate.

During clinical use of hydroxyapatite-coated implant,

failures could occur at the coating/substrate interface [28,

29]. In the similar in vivo test, mechanical failure was

noted to occur at the same location in the push-out tests

[30–32]. One of the reasons that HAC delaminates from the

metal implant is the insufficient adhesion between the

ceramic material and the substrate [28]. In addition to the

HAC degradation, the in-plane compressive stress existed

at the implant surface might induce the through-thickness

tensile stress that is likely to weaken the adhesion between

the HAC and Ti-substrate [6].

An oxide layer in compression on a metallic substrate

(semi-infinite plate geometry) will buckle if the compres-

sive stress reaches a critical value: [4]

Table 4 Measured residual stresses (MPa) of HACs; negative value means a compressive stress

HAC r0� r45� r90� r1 r2

50 lm �21.0 �17.3 �13.0 �21.3 �12.8

200 lm �25.2 �20.5 �15.8 �25.6 �15.5

r0�, stress parallel to the spraying direction; r45�, stress along 45�direction to the spraying direction; r90�, stress perpendicular to the spraying

direction; r1, major principal stress; r2, minor principal stress

Table 5 Young’s moduli of hydroxyapatite coatings from various studies

HA types Porosity (vol. %) Young’s Modulus (GPa)

Method Value

Bulk HA

Akao et al. Sintered at 1,300 �C 2.8 — 87.8

De With et al. Sintered at 1,250 �C 0 Plused-echo technique 117

Rao et al. Synthetic HAP compact Low Ultrasonic interferometry 108

HA coating

Tsui et al. VPS 8.6 Cantilever-beam bending b 4.3 d

Yang et al. APS 8.8 a Three-point bending c 16.2

Han et al. APS — — 81 e

Yang et al. [this study] APS (as-sprayed) 5.5 Three-point bending c 24.8

APS (4-week immersion) 8.9 Three-point bending c 17.3

Negative value of residual stress means a compressive stress. APS, atmosphere plasma spray; VPS, vacuum plasma spray; CDS, high velocity

oxyfuel process
a Value is the average of 130 data
b Composite of HAC and substrate
c Free HAC
d Average value
e Estimated value
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rcompress� rbuckle ¼
kEox

12ð1� m2
oxÞ

t

c

� �2

provide a separation (radius c) pre-exists at the oxide/

substrate interface (k is a constant % 14.7). In the equation

Eox and mox are the Young’s modulus and Poisson’s ratio of

the oxide coating, respectively; and t is the thickness of the

oxide coating. Therefore, the pre-existing residual stress or

strain in the coating deposited on the stem may be added to

the subjected compressive strain in the stem or coating

[33], which then affects the coating’s performance. It is of

interest to understand the mechanical properties and the

residual stress and strain states of the hydroxyapatite

coatings on the titanium substrate as well as the fracture

behavior of the HACs after in vivo test.

In this study, the failure modes of HAC implants to bone

after a push-out test are schematically summarized in

Fig. 11. From the observation that the 50 lm-HACs nei-

ther fractured inside the coating layer nor separated from

the substrate up to 12 weeks of post implantation (Fig. 7),

it is apparently demonstrated that the 50 lm-HACs with

high bonding strength could provide a strong fixation to

bone. As the bone progressively apposed with time, the

shear strength increased and the maximum shear strength

(14.31 ± 2.73 MPa) was reached at 8 weeks of post

insertion. At 12 weeks the degradation of HACs or the

remodelling of bone might account for the slight decrease

in the shear strength. From the Fig. 11b, the failure modes

occurred either inside the coating lamellar splat layer

(Fig. 8b) or at the HAC–Ti interface (Fig. 8c, d), which

indicated that the 200 lm-HACs with weak bonding

strength could not provide reliable fixation to bone.

As a consequence, the results of shear strength mea-

surements for both implants might be influenced by the

apposition of bone, the residual stress in the HAC, and its

degradation in body fluid. From our previous work [7], the

HAC structure was degraded and its cohesive strength

decreased severely after the attack of the simulated body

fluid. However, in the case of this study, there was no

difference in the physiological environment and the struc-

tures for 50 and 200 lm-HAC were the same, meaning the

same coating degradation and similar cohesive strength in

both HA coatings. Meanwhile, the apposition of bone to 50

and 200 lm-HACs should not make a difference. Hence,

the difference in shear strength could best attributed to the

compressive residual stress in the coating. It is concluded

that the compressive residual stress of 200 lm-HAC is

higher than 50 lm-HAC, therefore, it subjected to high

residual tensile stress in the through-thickness direction

and lead to the weak bonding strength between the lamellar

splat layer and in the HAC–Ti interface. Besides, HAC

would be degrading with time under the attack of body

fluid. That is why as the apposition of bone increased with

the implantation time, the fracture side of 200 lm-HAC

was moved toward to the HAC–Ti interface.

With regard to the biological implication of residual

stress in the plasma-sprayed HAC, Otani et al. [33]

obtained the strain distribution of 0.091–0.084% in the

proximal femur with Ti6Al4V component under 2,000 N

axial loads. The pre-existing residual compressive stress in

HAC evaluated in the present work are of comparable or

larger magnitude than the loading strain on the HAC as

inferred from the study of Otani et al. Therefore, the

residual strain existed in the HAC might be a significant

factor for the durability of the coating on an artificial

implant as implied by Eq. 3. Residual stress in the com-

pressive state of plasma-sprayed ceramic coatings on metal

substrate tends to delaminate the coatings from the substrate

per Eq. 3 [4]. The stress is reasonably suspected to act

adversely on the bonding strength in vitro test and the shear

strength in vivo test of the HA coated titanium implants.

Conclusions

The effects of residual stress in the various coating thick-

ness, namely 50 and 200 lm, on the in vivo shear strength

and failure mode of plasma-sprayed HAC implant in the

Fig. 11 Schematic

representation of failure modes

of HAC implants to bone. The

50 lm-HAC implants failed in

all case at the HAC–bone

interface; however, the 200 lm-

HAC implants failed at the

HAC–bone interface (4 weeks),

inside the HAC layer (6 weeks),

and at the HAC–Ti alloy

substrate interface (8 and

12 weeks)
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femora of canines were studied. The concluding remarks of

this study are summarized as follows: (1) Results of the

push-out tests showed that the shear strength of 50 lm-

HAC implants was significantly higher than that of

200 lm-HAC implants at all time periods. (2) The failure

mode for 50 lm-HACs was in all cases at the HAC–bone

interface. (3) For 200 lm-HAC, failure was found at the

HAC–bone interface, inside the lamellar splat layer, and at

the HAC–Ti alloy substrate interface, after 4, 6, and 8–

12 weeks of insertion, respectively. (4) The variation of the

failure mode of 200 lm-HAC with time could not be

accounted for by the attack of body fluid alone. The deg-

radation must be caused mainly by the compressive

residual stress in the coting. (5) Significantly, the thicker

200 lm-HA coating exhibited higher residual stress and

poor mechanical stability in vivo, as compared with the

thinner 50 lm-HA coating having lower residual stress and

superior performance. These results supported our asser-

tion of the importance of residual stress in plasma-sprayed

hydroxyapatite coatings.
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