Chapter 7
Adhesive Strength of Bioactive Surface Layer

Noriyuki Hisamori

Abstract Bioactive capability of Ti-alloy for implant application has been devel-
oped by producing thin hydroxyapatite (HAp) film on its surface. The adhesive
strength between the base metal and the HAp film has to be evaluated to ensure the
reliability of the implant. But the method of evaluation is not yet established
because of its difficulty to cause adhesive fracture between base metal and HAp
thin film. In this chapter, tensile load is applied to the HAp film on Ti-6Al-4V alloy
substrate normal to its thickness by using a specimen bonded with adhesives.
Surfactant is applied near the interface between Ti-6Al-4V substrate and HAp
film by adhesives to avoid coverage of the interface. Thus the accuracy of this
method is improved by preventing adhesive overflow from bonded surface to the
side of the specimen. As a result, fracture occurs at interface between Ti-alloy and
the HAp film. This method is proved to be useful for evaluating bond strength
between Ti-alloy and HAp film and verifying the fracture of the adhesive layer.

Keywords Ti-6Al1-4V alloy « Hydroxyapatite « Adhesive strength < Interfacial
fracture « Bioactive surface layer « Bond layer

7.1 Introduction

It is commonly recognized that about three months’ time is necessary to secure
metallic implant to the bone tissue [1, 2]. Functional layer deposited on the surface
of the metal-based implant improves the bone actively which can be used to shorten
this period of time. Therefore, there are several methods of forming hydroxyapatite
(HAp) on the surface of the metallic implant material. Hydroxyapatite layer reacts
with the body fluids in the human body environment, giving bone-conducting
function to metallic implant material [3-5]. However, failures due to delamination
at the interface between the HAp film and the metal implant are reported [6, 7].
Therefore, to consider practical use of implant, evaluation of strength of the
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interface between the metal and the HAp film is extremely important. However, the
evaluation methods of the bond strength of thin film have not yet been established.

The strength evaluation of the interface between the metal and the HAp film is
reportedly difficult [8], because fracture does not necessarily occur at the interface
between the metal and the HAp film. There is a method of assessing the strength of
the interface between a substrate and a thin film of functional implant device by
tensile test using adhesive [9, 10]. However, in this test, it is difficult to induce
fracture at the interface between the metal and the HAp film, and the obtained
interface strength is unstable. In addition, the scattering is large. In this chapter, we
suggest a new testing method which is able to measure bond strength between
Ti-6Al-4V alloy and HAp thin film reliably. We focus on a process of preparing
specimen and evaluation of adhesive strength between Ti-alloy and HAp thin film
(Fig. 7.1).

7.2 Materials and Specimens

Ti-6Al1-4V is used as the substrate metal. Solid bar specimens of four types in
different diameters (4.0, ¢7.0, ¢10.0, and ¢15.0) are used. HAp layer is coated by
plasma spraying on end the bar specimen’s surface after blast treatment (Fig. 7.2)
[11, 12]. Figure 7.3 shows a SEM micrograph of the surface after plasma spraying.
The thickness of the HAp film is about 50 pm (HAp thin film). The spraying is
repeated 20 times under the following conditions: supply voltage 68 V, spraying
distance 140 mm, and HAp particles 15 g/min. To measure the interface strength
between the HAp thin film and blast surface, a tensile test piece is made using an
adhesive. A Ti-6Al1-4V piece is bonded on the top of the HAp-coated specimen with
two types of bond (EP-138 and Super Bond) by using a jig shown in Fig. 7.4. Holes
of jig are made with severe tolerance to ensure the alignment of specimen. A spring
is attached to the top of the jig for applying constant contact force. Also, the
surfactant is used to peel off the excessive adhesive agent leaked to the side of
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Fig. 7.2 Photograph of
surface before bonding (/eft:
HAp-coated surface, right:
blast surface)

Fig. 7.3 SEM photograph
of plasma-sprayed HAp
surface
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Fig. 7.4 Schematics and appearance of bonding device

the specimen easily after testing. This procedure is important because overflowing
adhesive will cover interface between Ti-alloy and HAp film and, therefore, prevent
interfacial fracture. A constant stress of 0.138 MPa was applied to the specimen.
After applying the adhesive EP-138, the specimen is heat treated at 120 °C for
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Fig. 7.5 Appearance of the interface of bonded specimen

30 min. Super Bond is hardened within 10 min at room temperature. Figure 7.5
shows the appearance of the interface after bonding. Adhesive layers can be
observed at the center of the photograph. The specimens without surfactant show
overflow of adhesives from the interface, while those with surfactant do not.
Therefore, surfactant protects the interface that is subjected to the examination.
However, in removing the surfactant after adhesion, care should be taken.

7.3 Experimental Procedure of Measuring Bond Strength
Between Ti-Alloy and HAp

Figure 7.6 shows bonded specimen used to measure bond strength. Tensile load is
applied to this specimen under constant crosshead speed (2.5 mm/min). Care is
taken to attach the specimen to testing machine to avoid bending or torsional load.
If necessary, strain gauges are attached to the specimen to measure stresses within
specimen. After tensile test, fracture surfaces are observed by scanning electron
microscope (SEM) to confirm whether interfacial fracture occurs or not.
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7.4 Bond Strength Between Ti-Alloy and HAp

Figure 7.7 shows bond strength obtained by tensile test. Magnitude of bond strength
is almost the same regardless of the diameter of the specimen. Bond strength varies
depending on diameter of specimen. However, bond strength shows rather large
scatter. The bond strength obtained with EP-138 is slightly higher than that of Super
Bond. Scattering is larger on the diameter of @7.0 and @4.0. To investigate the
cause of scatter, crystal structure of HAp thin film is identified by X-ray diffraction.
X-ray diffraction patterns of specimens of different diameters are shown in Fig. 7.8.
Crystal structure of HAp thin film is the same regardless of the specimen diameter.
Therefore, HAp does not cause scattering of bond strength. Crystallinity of the HAp
film will affect the bond strength. If the HAp coating has low crystallinity, interface
strength value becomes low. Therefore, construction and spraying technique of
HAp on substrate are important factors.

The factors affecting scatter of bond strength in terms of the method of tensile
test were considered. Bond strength obtained with specimens of diameters ¢4.0 and
7.0 shows larger scatter than other diameters. Axial deviation is considered to be a
reason. The axis of specimen of both sides of HAp and bond layer shift each other
about 10-50 um. This shift produces un-axial load to the interface, and interfacial
fracture occurs at lower load than anticipated. This may harm the accuracy of the
test. Small diameter specimens are more susceptible for this inaccuracy. Therefore,
the tolerance between the jig and the specimen is an important factor in the
adhesion process of the test piece.

On the other hand, adhesives protruding out on the side of the specimen near the
interface tend to raise adhesion strength. Adhesives overflowing from bonded
surface are considered to be a reason for dispersion. The use of surfactants prevents
the adhesive protruding out near the interface between Ti-alloy and HAp film, but it
is not always effective. Adhesive that remained on interface possibly suppresses
interfacial fracture and affects the value of bond strength. If the same quantity of
adhesive remains on the interface, the ratio between protruding adhesive and the
total cross-sectional area within the interface becomes larger when the diameter of
specimen is smaller. Specimens of diameters ¢4.0 and ¢7.0 are more susceptible to
this phenomenon and may show higher adhesion strength. Thus, the adhesive
suppresses interfacial failure.
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Fig. 7.8 Result of X-ray diffraction analysis of HAp film on specimens of different diameters

It is difficult to remove all overflowing adhesives and obtain flawless alignment
of bonded test pieces. Therefore, larger diameter of specimen will be suitable to
minimize these effects and obtain more accurate bond strength. Thus, to determine
the bond strength with smaller scatter, it is necessary to choose the specimen
diameter carefully and manufacture precise tensile test jig. Because it is difficult
to exclude all of these factors causing errors, a certain degree of scatters has to be
accepted. Peeling off (fracture) at the interface between the HAp thin film and
titanium alloy is important. It is a key to consider the test methods to accurately
measure the bond strength.
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Fig. 7.9 SEM photographs of peeled surface (fracture surface): (a) Ti-6Al-4V blast surface and
(b) HAp-coated surface

7.5 Observation of Peeled Surface (Fracture Surface)

When fracture occurred at the interface between Ti-alloy and HAp film, HAp will
be peeled off from HAp-coated surface, and Ti-alloy will appear on the surface.
After tensile test, almost all of HAp is peeled off as shown in Fig. 7.9. In the
previous section, the test method that can measure bond strength of Ti-alloy and
HAp film correctly is verified. The result indicates that the effects of the adhesive
and axial misalignment on bond strength are minimized on the method. As shown in
Fig. 7.9, peeling occurs at the interface between the HAp thin film and Ti-6Al-4 V.
Also, the use of the surfactant enables peeling to occur at the interface. The two
photographs at the left in Fig. 7.10 show the peeled surface where surfactant was
not used. It can be seen that the area peeled at the interface is smaller compared with
the two photographs at the right that were obtained with specimen with surfactant.
This is due to the fact that the adhesives protrude to the interface, affecting the value
of bond strength, and cause scatter of the measured value.

7.6 Surface Treatment for Improving the Bone
Compatibility

Maximum temperature of the plasma can reach 10,000 °C or higher. Therefore, the
crystal structure of HAp changes due to thermal decomposition and bond strength
to substrate decrease. This is caused by the formation of the amorphous calcium
phosphate of low crystallinity. Low-pressure plasma spraying can prevent this
phenomenon.

Spraying of HAp was performed in a vacuum chamber. Figure 7.11a shows the
cross section of the layer formed by plasma-sprayed HAp on the titanium substrate.



150 N. Hisamori

Without surfactant With surfactant

Blast surface

HAp coated surface

Fig. 7.10 SEM photographs of peeled surface (fracture surface)

Figure 7.11b shows the cross section of two-layer coating formed with plasma-
sprayed HAp after plasma spraying of titanium for enhanced adhesion of HAp layer
[13]. Because the thickness of the HAp film varies from 10 to 200 um, both
adhesion and bond strength may change; testing bond strength in a unified manner
has been required [14]. Other method of film formation is the high-velocity oxygen
fuel (HVOF) spraying. By using oxygen gas combustion, the flight speed of the
thermal spraying powder is faster than that of plasma spraying. The density of
formed layer and the adhesion to the substrate are improved. There is also the cold
spray method. It is a method of high-speed collision without melting the HAp
particles and, therefore, holds the crystallinity of HAp. Research has been
conducted such as sputtering [15] or the powder jet deposition method [16] of
forming a film at room temperature by injecting particles. By using these methods,
HAp-coated titanium showed good fixation to the bone. It is proven to be effective
in the initial period of implant, but the peeling has been a problem in the long term.
Research and development on surface modification and application techniques of
bioactive performance of the metal-based materials will be actively carried out in
the future.
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Fig. 7.11 Cross-sectional
observation which is coated
with a thin film HAp plasma
spray to the titanium
substrate: (a) Ti substrate
+HAp and (b) Ti substrate
+Ti+HAp
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7.7 Summary

1. Bond strength between Ti-alloy and HAp thin film can be measured by the
method based on a tensile test, which is proposed by our group.

2. To obtain accurate bond strength, diameter size of specimen should be large. It
minimizes the effects of adhesive overflowing and imperfect alignment.

Our method is similar to the ASTM F1147-05 [17]. However, this standard is
intended for a film made in various ways. The subject of our method is a thin film
that has been produced by plasma spraying. In addition, determination of the bond
strength is assured by restricting a fracture within a film. In addition, there is ASTM
F 104405 [18]. That evaluates the bond strength by shear. We also have to evaluate
the bond strength in shear. However, the ASTM standards include some ambiguous
factors: substrate surface, surface condition prior to coating, coating method,
bonding method, heat treatment, and a fixing method to the tensile testing machine.
As a result, a large error occurs in bond strength values obtained. It makes
organizing the results difficult. We are planning to clarify these points. And we
are considering how this method can be easily used in many fields.
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