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The purpose of this study is to evaluate interfacial
strength of plasma-sprayed HAp coating by using
more general adhesives. Plasma-sprayed HAp coat-
ing has been applied to bond bones with the surfaces
of artificial hip joints. However, HAp coating is sub-
jected to crack or delamination by mechanical load-
ing. Conventional standard codes for measurement of
interfacial strength of calcium phosphate coating de-
termine the use of a specific adhesive irrationally. Our
group previously proposed pre-immersion treatment
process in preparation of interfacial testing specimens
in order to obtain valid value of interfacial strength.
However, the type of the adhesive was for medical pur-
pose and not general one. To widen applicability of the
proposed method, a selection policy of adhesive is in-
dispensable. Metal Lock Y610 (ML adhesive) was se-
lected as one of general adhesives. Interfacial strength
tests by using ML adhesive were conducted. The re-
sults of interfacial strength test were compatible with
the one reported by previous study, which suggest that
the selection of general type of adhesive was successful.
Raman spectroscopy analyses were also conducted to
confirm a suppressed infiltration of ML adhesives.

Keywords: hydroxyapatite, plasma-sprayed coating, in-
terfacial strength, adhesives

1. Introduction

Hydoxyapatite (HAp) coating has been widely used for
metallic components in biomedical field [1, 2]. In order to
improve performance of HAp coating, various technolo-
gies such as composites, surface treatments, complexa-
tion, etc., have been successfully applied [3—8]. However,
HAp coating has a risk of failure by loading in use [9].
There has been many researches for failure behavior of
HAp coating, such as bending failure, dissolution behav-
ior, corrosion fatigue failure by cyclic loading [10-15]. In
regulation process on medical devise, tensile interfacial
strength of HAp coating must be determined. ISO stan-
dard and ASTM standard determine brief processes on
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measurement of interfacial strength of HAp coating [16,
17]. On the other hand, Scherrer et al. reviewed scatters
in the result of “interfacial strength” of HAp coating by
various loading methods and challenged the reported re-
sults that considerable large scatterer existed due to lacks
on determination of failure modes, loading method and
effects of adhesive [18]. Hakozaki et al. pointed out that
infiltration effects of adhesive was critical in determina-
tion process of interfacial strength [19]. They proposed a
prevention method to infiltration of adhesives during at-
tachment procedure of specimens. Their results demon-
strated the same average regardless of specimen diam-
eters and small ratio of infiltration of adhesives, which
can be regarded as valid interfacial strength. Though their
proposed method was effective in reducing scattering ef-
fects of an adhesive, the adhesive they used is still limited.
In order to widen applicability of the reliable interfacial
strength testing method, a selection policy of adhesives
must be considered.

This study aims at proposing the selection policy of ad-
hesives in interfacial strength testing by comparing the
results used by different adhesives. Metal Lock Y610
(Cemedine) was selected as an example of general adhe-
sives because of its similar physical and mechanical prop-
erties as shown in Table 1. Effects of diameters or types
of adhesives on values of interfacial strength of HAp coat-
ing were subsequently observed. Infiltration ratio of the
adhesive was observed by using image processing or Ra-
man spectroscopy. Finite element analyses was also con-
ducted in order to discuss locations or amount of infil-
trations on scattering effects of testing results. Finally, a
selection policy of adhesives was discussed.

2. Experimental Procedures

The specimen were made of Ti6Al4V-ELI. The spec-
imens were machined in a cylinder shape with diame-
ter 15 and 25 mm with length of 60 mm, as shown in
Fig. 1. HAp powder (HAP-100 TATHEI CHEMICAL IN-
DUSTRIAL Co., Ltd.) with powder size less than 90 um
was deposited by atmospheric plasma spraying. Before
the plasma spray process, cross sectional surfaces were
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Table 1. Physical and mechanical properties of adhesives.

Physical property Mechanical property
Adhesive type Operative time  Hardening time Hardening type Young’s modulus  Adhesive strength
[min] [min] [GPa] [MPa]
Sup.erbond 2 8 Ambient temperature 1.9 38
(medical use)
Metal Lock Y610 3 60 Ambient temperature 0.7 22
(general use)
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Fig. 1. Configuration of interfacial strength test specimen [19].
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Fig. 2. Bonding process of interfacial strength test speci-
mens proposed by Hakozaki et al. [19].

treated by grid blasting using alumina particle #30, spray-
ing pressure of 5 MPa. Plasma spray conditions were
68 V, current 500 A, spraying distance 120 mm, particle
supply 20 g/min, flow rate 120 mm/s, target thickness of
100-150 pm, respectively. During the plasma spraying
process, all specimens are randomly selected up and fixed
by heat-resistant tapes in order to reduce biases in coating
properties between both diameter series.

Figure 2 shows an adhesion process of interfacial test
specimens proposed by Hakozaki et al. [19]. A grease was
uniformly put onto the side surface of every specimen be-
fore the adhesion in order to prevent excessive attachment
of the adhesives on the side surface.

Interfacial test following the method of ISO13779-
4:2002 was conducted by the autograph AGS-X 10N-
10kN (Shimadzu Co., Ltd.) with a cross head displace-
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ment rate of 1 mm/min. Strain gages were attached on
the points of 10 mm from coating layer in order to record
strain in the substrate during the interfacial strength tests.
Values of interfacial strength were calculated by maxi-
mum load divided by nominal area.

Digital microscope (VHX-1000, Keyence) was used to
detect remaining coating or adhesives on the fracture sur-
face of interfacial specimens. Pictures were binarized
and infiltration ratio was defined by the value of adhe-
sive area divided by nominal area of fracture surface.
Raman spectroscopy (Lab-RAM HR-800, Horiba Jobin
YVON) was also used in order to detect infiltrations of
adhesives into HAp coating. The measurement condi-
tions were as the follows; laser wavelength of 532 nm,
laser power of 50 mW, objective lenz x50, observation
area 500x500 um, increments of each measurement for
X and Y directions of 10 um, respectively. Each material
was identified by the strongest peak range in each spectra;
TiO,; 420-450 cm~ L HAp; 920-950 cm~!, Metal Lock
Y610; 1420-1480 cm™!, respectively.

Finite element analyses were conducted to discuss the
effect of infiltration types on failure behavior of HAp
coating. Marc 2015.0 was used for the calculation. A
bond bar with diameter of 15 mm and length of 10 mm
was used in modeling. Axysymmetric model was as-
sumed and number of nodes and 4-nodes elements are
9059 and 8400, respectively. A thickness of HAp coat-
ing and the one of adhesive layer were set to be 150 um
and they were divided in to 4-node elements whose size
are 50x50 pm?. Young’s modulus and poisson’s ratio
of HAp coating were set to be 70 GPa and 0.24, respec-
tively [14,15]. Those of titanium alloys were 110 GPa
and 0.33. Those of adhesive layer were assumed to be
1.9 GPa and 0.35 by referring to the value of Super-
bond [20]. Plasticity of any material was not considered in
the calculation. Interfacial strength between HAp coating
with Ti substrate and the one between adhesive layer with
Ti substrate were 38 MPa and 15 MPa, respectively [19].
Young’s modulus and poisson’s ratio of infiltrated area
were calculated by mixed layer of HAp coating and ad-
hesive by the volume ratio of 50%:50%. By changing
infiltration area and infiltration ratio from 10% to 50%,
the changes in the values of interfacial strength were ob-
served. Though actual failure modes of HAp coating con-
tain both cohesive failure (failure within the layer) and
adhesive failure (failure occurred at interfaces) [18], only
the adhesive failure (intergfacial failure) was considered
in the calculations.
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Fig. 3. Stress-strain curves by the specimen bonded by Su-
perbond. Left axis: stress (line curve). Right axis: AE am-
plitude (closed circle).
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Fig. 4. Stress-strain curves by the specimen bonded by
Metal Lock Y610. Left axis: stress (line curve). Right axis:
AE amplitude (closed circle).

3. Results and Discussions

Figures 3 and 4 show stress-strain curves of interfa-
cial testing specimen bonded by Superbond [19] and by
Metal Lock Y610, respectively. Both the curves have
almost same gradient close to Young’s modulus of Ti-
6Al-4V substrate. The values of gradients of stress-strain
curves changed little even after AE signals, which can be
the indicator of damages in adhesive layers, had been de-
tected. The result suggests that adhesion conditions can
affect little on deformation behavior of specimens though
the conditions can vary the value of interfacial strength.
On the other hand, acoustic emission (AE) in Fig. 4 de-
tected some signals at earlier stage before final failure
probably due to damages in adhesive layers. Though such
the measurement methods are not mandatory in standard
codes [16, 17], they are effective in discussing reliability
and validity of each testing data, which is a cause of scat-
ters in the results [18].

Figure 5 shows a summary of interfacial strength by
two type of adhesives. The figure clearly demonstrates
that Metal Lock Y610 (general adhesive) could provide
the same result by Superbond (special medical adhesive)
with preimmersion treatment. It can be concluded that
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Fig. 5. Comparison of interfacial strength by two adhesives.
Data of Superbond was referred by Hakozaki et al. [19].
All samples were applied pre-immersion treatment shown in
Fig. 2.

the proposed method by Hakozaki et al. [19] can provide
reliable values of interfacial strength of HAp coating re-
gardless of adhesive or diameter.

Figure 6 shows an example of fracture surface of HAp
coating bonded by Superbond. Though thin layer of HAp
coating is remained on the fracture surface, primal failure
mode is considered to be adhesive failure that occurred
adjacent to the interface between HAp coating with Ti
substrate. Adhesive layer at the edge of the fracture sur-
face is observed by higher region in optical image, which
is shown by brighter white region in the figure. Fig. 6(a)
dose not show such the region at the center of speci-
men and therefore macroscopic infiltration of adhesives
in HAp coating did not occur. However, binary image in
Fig. 6(b) indicated not only remained adhesive layers at
the edge but also remained HAp coating on the fracture
surfaces. Though infiltration of adhesives is expected,
such the limited infiltration is difficult to be detected only
by optical images.

Figure 7 shows an example of fracture surface of HAp
coating bonded by Metal Lock Y610. Though the edge of
adhesive layer was decreased compared with the case in
Fig. 6, there still exists a thin layer of HAp coating on the
fracture surface but the failure mode is unchanged. Those
results demonstrated that optical microscope observation
is beneficial in determination of failure modes, which has
been strongly suggested by the review [18]. However, bi-
nary image of Fig. 7 could not be obtained by using a
same threshold value in binarization. HAp coating con-
tain micro pores on the boundary of splats where adhe-
sive can be infiltrated into. Hakozaki et al. [19] reported
that it was difficult to distinguish infiltrated adhesive in
HAp coating layer only by using image processing. Fur-
thermore, exposure ratio of substrate calculated by binary
image showed similar value regardless of prevention of
infiltrations. Consequently, another method is necessary
to detect the degree of infiltrating adhesives.

Raman spectroscopy was conducted to detect infiltrated
adhesives in HAp coating. Fig. 8 shows a Raman spectra
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2 mm
(a) Optical microscope image of fracture surface of HAp coat- . . .
ing side of interfacial specimen. Fig. 7. Features of a fracture surface of HAp coating side

bonded by Metal Lock Y610.

(a) RGB image

(b) Binary image of the optical microscope image. White area
shows adhesive or HAp coating and black area shows exposed
Ti substrate, respectively.

Fig. 6. Features of a fracture surface of HAp coating side
bonded by Superbond.

mapping on the HAp coating side bonded by Metal Lock
Y610. The map successfully identified an infiltrated area (b) Green image
of the adhesives. Plasma-sprayed HAp coating normally - *

does not possess inter-connected porosity inside the coat- !D

ing layer [21]. Therefore, the evidence of infiltration of " e - A .
adhesives shown in Fig. 8 suggested that another paths S - T s
of infiltration existed such as imperfect contacts between R g E
splats in HAp coating layer, which provided micro pores - -
at the interfaces among the splats. Hakozaki et al. [19]

also reported the infiltration behavior and degree of infil- BB
tration was high at the case of adhesives which has low i . =
viscosity. Scherrer et al. suggested that unclear deter- : P Sum
mination on failure position (cohesive/adhesive failure) is (c) Binarized image

problematic factor in reliability of interfacial strength test

methods [18]. Our result additionally pointed out the ne- Fig. 8. Raman spectra mapping on the HAp coating side
cessity of observing the infiltration ratio of adhesives into bonded by Metal Lock Y610. Red area: Ti0;, Blue area;
coating layers. Infiltrated ratio of the adhesive was then HAP’. Green area; Metal Lock Y610, respectively. Black
calculated by using binary image of Fig. 8 which show arﬁa in (a) and (b) are undetected area of Raman spectra
only an adhesive area. Fig. 9 shows infiltration ratio of where can be regarded as the surface of metallic Ti-6A1-4V.
adhesives in the observed region of Raman spectra map-
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Fig. 9. Infiltration ratios of two adhesives. Data of Super-
bond was referred by Hakozaki et al. [19].
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Fig. 10. Stress distribution at the interface between HAp
coating and Ti substrate when it was subjected to maximum
loading. Infiltration of adhesive into HAp coating was not
considered.
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Fig. 11. Stress distribution at a line in HAp coating 50 um
from the interface when it was subjected to maximum load-
ing. Infiltration of adhesive into HAp coating was not con-
sidered.

ping. The result quantitatively demonstrates the effective-
ness of pre-immersion treatment proposed by Hakozaki et
al. [19], which prevents infiltration of the adhesives into
HAp coating layer. The values of infiltration ratios of
the adhesives were similar regardless of adhesive types,
which showed the similar values of interfacial strength.
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Fig. 12. Stress distribution at the interface between HAp
coating and Ti substrate when it was subjected to maximum
loading. Infiltration of adhesive into HAp coating was as-
sumed at 10% of HAp coating layer from its outer edge.

40 ——outer edge of HAp and adhesive ~—

N - o1
30 - %22
& I
20 %] %3
—_ |
S 10 — a2
% Co Gnises
)
= 0 ‘ Shmax
% (A
g-10 X
o LI [ Ti
B -20 i |
——————— ‘Adhesive
-30 Infiltrated area AR > YObserved line
of adhesives | Ti at 50 pm from
interface)

-40 N
012345678

Distance from center of bar [mm]

Fig. 13. Stress distribution at a line in HAp coating 50 um
from the interface when it was subjected to maximum load-
ing. Infiltration of adhesive into HAp coating was assumed
at 10% of HAp coating layer from its outer edge.

Consequently, prohibiting inflitration of adhesives is a
crucial process to determine reliable and rational values
of interfacial strength of HAp coating.

Finite element analyses were conducted to systemati-
cally discuss the effect of infiltration of adhesives on inter-
facial strength. Figs. 10 and 11 show stress distributions
in HAp coating or at an interface. In the HAp coating
layer, compressive normal stress was developed due to a
difference in poisson’s ratio between two layers, which in-
creased the value of von mises stress. However, the value
of maximum principal stress, which is the determinant
factor of interfacial failure, was not affected by the po-
sitions. The maximum value of maximum principal stress
was always observed at the outer edge of HAp coating.
Figs. 12 and 13 show stress distributions when infiltra-
tion of adhesive into HAp coating was assumed at 10% of
HAp coating layer from its outer edge. Though the dis-
tribution of maximum principal stress was fluctuated by
infiltration area of adhesives due to its change in mechan-
ical properties, the position of maximum value in the dis-
tribution was unchanged. Therefore, in the cases without
considering cohesive failure inside the HAp coating layer,
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Table 2. Effect of infiltrating area and infiltration ratio of adhesives into HAp coating on interfacial strength calculated by FEM.

Interfacial strength Infiltration ratio of adhesives
[MPa] 10% 20% 30% 40% 50%
From the center 7834003  7.87+0.02  7.8740.02  7.91+0.02  7.95+0.02
(Case; Center infiltration)
From the outer edge 13.3340.04  13.1340.04 13.1240.04 13.1040.04 12.91+0.03
(Case; Edge infiltration)
Uniform infiltration 12424004 12454004 11.71+0.03 11.7240.03 13.21+0.03

only the position of infiltration area, not the degree of in-
filtration, can affect interfacial strength because a value of
interfacial strength at infiltrated area was assumed to be
the one of adhesives.

Table 2 shows a summary of interfacial strength
for various types of infiltration condition. Interfacial
strength was calculated by the average maximum prin-
cipal strength at Ti substrate far from interface layers at
maximum loading. In the case of center infiltration (Case;
Center infiltration) whose outer edge of HAp coating
layer was HAp coating, the values of interfacial strength
was not affected by infiltration ratio. The result is ratio-
nal because failure point was judged by the outer edge of
HAp coating. On the contrary in the cases of edge in-
filtration (Case; Edge infiltration), whose outer edge of
HAp coating layer was mixed material of HAp coating
with adhesion, its interfacial strength was assumed to be
the one of the adhesives and shows higher value regardless
of infiltration ratio. In addition, the values of interfacial
strength in edge infiltration (Case; Edge infiltration) was
slightly decreasing with increasing infiltration ratio. In
uniform infiltration case, the values is gradually increas-
ing because mixed layer became more thick at outer edge
in higher infiltration ratio. In the experimental result, pre-
vention of infiltration could provide lower possibility of
infiltration of adhesives at the outer edge of HAp coat-
ing. Therefore, the result in Table 2 can qualitatively ex-
plain the experimental results shown in Fig. 5 that exces-
sive area of adhesives could enhance interfacial strength
of HAp coating. We also observed an effect of young’s
modulus of adhesives on interfacial strength of HAp coat-
ing by the FEA. Without infiltration, Metal Lock Y610
(Young’s modulus = 0.7 GPa shown in Table 1) provided
a slightly higher interfacial strength of 8.834+0.02 MPa
than that of 7.834-0.03 MPa by Superbond (Young’s mod-
ulus = 1.9 GPa shown in Table 1). Though mechanical
property of adhesives also affects interfacial strength, in-
filtration feature is the dominant factor in determining the
interfacial strength of HAp coating.

Cohesive failure in HAp coating or adhesive layers is
also one of considerable factor because fracture surface
in Figs. 6 and 7 shows shearing failure at the outer edge
of specimens probably due to cohesive failures. FEM re-
sults shown in Figs. 10 and 11 indicate that cracking can
be initiated at the outer edge, which may affect fracture
processes of HAp coating layer. Interactions of cohe-
sive/adhesive damages to final fracture are one of consid-
erable factors. Porosity in HAp coating is also changed
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by infiltrations of adhesive. Such the effects are to be dis-
cussed in further study.

The results showed that general adhesives are applica-
ble for interfacial strength testing. We can summarize a
way of selecting adhesives as follows;

o Adhesive strength; it should be higher than the one
of HAp coating.

« Type of hardening; it should be hardened at ambient
temperature with longer periods in order to apply the
pre-immersion treatment method to prevent infiltra-
tion.

« Color; it should be blighter than the one of sub-
strate in fracture surface observation in order to dis-
tinguish the adhesive from substrate or HAp coating
with ease.

4. Conclusion

Interfacial strength tests of plasma-sprayed HAp coat-
ing were conducted by using general adhesives. The sum-
mary of obtained results are the follows;

e Pre-immersion treatment process proposed by
Hakozaki et al. [19] could prevent infiltration of ad-
hesives regardless of adhesive types and then reliable
results could be obtained by using a general adhe-
sive.

« Determination of infiltration ratio of adhesives by us-
ing pictures of fracture surfaces were difficult when
the color of adhesives are hardly distinguished from
the ones of substrates or HAp coating.

« Raman spectroscopy could quantitatively detect in-
filtration ratio of adhesives and effectiveness of the
pre-immersion treatment process.

o FEM result indicated that prevention of infiltrating at
the outer edge of HAp coating layer was effective to
detect interfacial strength of HAp coating itself.

« Suitable types of adhesive should possess cur-
able at ambient temperature, longer operative pe-
riods/hardening time and higher cohesive strength
than the one of interfacial strength between coating
with substrates.
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