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Abstract

A novel lateral force-sensing microindentation method was applied to evaluate the interfacial bond strengths of regularly grained and
nanograined Al,O5/TiO, composite coatings. The interfacial bond strength, i.c., the bond between a coating and its substrate (steel), was
determined by performing microindentation tests, on a cross section near the interface. By monitoring changes in lateral force during
indentation, the critical indentation force at interfacial debonding was determined. The interfacial bond strength was then determined based
on this critical indentation force and interfacial stress analysis using the finite element method. The results were compared to those obtained

from a pull-off test and showed consistency with them.
© 2004 Published by Elsevier B.V.
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1. Introduction

Evaluation of the interfacial bond strength for coatings
has been an important and difficult task in surface
engineering. Many testing methods, such as the pull-off
test [1,2], bending test [3,4], and peel-off test [5,6], have
been employed to evaluate the bond strength. However,
these methods only provide average bond strength and test
results may not correctly represent the intrinsic bond
strength and reflect associated interfacial failure mode [7].
Application of these methods is also limited by other
factors. For example, for the pull-off test, the adhesive
used to glue a sample to the sample holder is required to
have its bond strength higher than that of the interface. It
is also difficult to use bending and peel-off tests to
evaluate hard and brittle coatings [8]. Scratch testing [9,10]
is another technique for evaluating coating’s adherence to
substrate by moving a small diamond tip over the sample
surface under a progressively increasing load. The initia-

* Corresponding author. Tel.: +1 780 492 5806; fax: +1 780 492 2881.
E-mail address: hongz@ualberta.ca (H. Zhang).

0257-8972/$ - see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.surfcoat.2004.06.038

tion of interfacial debonding is detected from acoustic
emission signals or the local load-displacement curve; the
corresponding critical scratching load could thus be
determined. However, cracking of coating may also
produce acoustic signals or unusual changes on the load-
displacement curve, so that the detected failure events may
not be always related to debonding of the coating—
substrate interface. In addition, the critical scratching load
is also affected by the shape of the stylus, coating
thickness, mechanical properties of the coating and
substrate, etc. These factors make the scratching method
only semiquantitative. Microindentation is a promising
technique for interfacial bond evaluation. Microindentation
may be performed on the cross section of a sample, either
directly at interface between coating and substrate [11] or
at the substrate near the interface [12], to evaluate the
interfacial bond. The length of crack at interface caused by
indentation is used to evaluate the interfacial toughness or
strength. This method, however, only provides qualitative
information on the interfacial bond; furthermore, at this
stage, the method cannot be used to determine the
initiation of interfacial debonding. There are also other
methods for evaluating interfacial bonds, such as the
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cavitation test [9] and the laser spallation test [13].
However, these methods are only suitable for specific
coatings, and their applications are limited.

Recently, the authors proposed a new method—the
lateral force-sensing indentation technique—to evaluate
the interfacial bond strength [14,15]. During the test,
indentation is performed on the cross section at the
substrate side near the interface. Due to the asymmetrical
constraint on the indenter tip when the tip is pressed near
the interface, the indenter tip bears a non-zero lateral
force whose magnitude increases as the indentation force
is increased. When interfacial debonding occurs, the
constraint from the interface is partially released. As a
result, the tip will move in the opposite direction and
result in a change in sign of the slope of the lateral
force—time curve as Fig. 1 shows. The critical indentation
load corresponding to initiation of interfacial debonding
can thus be determined. Based on the critical indentation
load, the interfacial bond strength can be calculated using
the finite-element method in combination with a Quad-
ratic Delamination Criterion [14-16]. In this work, this
method was applied to determine interfacial bond strength
of a commercial thermal sprayed Al,O3/TiO, coating
(Mecto 130) and a nanostructured Al,O3/TiO, coating on
a mild carbon steel substrate. The obtained results were
compared to results of a pull-off test. It was demonstra-
ted that the lateral force-sensing indentation method
was effective for the determination of interfacial bond
strength.

2. Experimental method

In this work, interfacial bonds of thermal-sprayed Al,Os/
TiO, composite coatings on steel substrate were evaluated.
Compositions of the coatings were 87 wt.% Al,O; and
13 wt.% TiO,. One type of the coating had regular
microstructure of melted splats. The plasma spray condition
has been given in Ref. [17]. Another type of coating was
deposited using nanocrystalline powers, which was com-
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Fig. 2. Schematic illustrations of microstructures of two coatings. (a)
Metco130 and (b) nanocoating.

posed of two different parts; one had the microstructure
similar to that of Metco130 with fully melted features, and
the other had partially melted domains embedded in the
melted splats [18]. Details about the fabrication of the
Al,03/TiO, nanocoating as well as microstructures and
properties of these two types of coating have been reported
in literature [17-19]. A schematic illustration of micro-
structures of these two coatings is shown in Fig. 2. Both
coatings were deposited on a mild carbon steel, which was
blasted to remove rust and cleaned [17]. The coated steel
was sectioned into 13X 12 mm rectangular plates consisting
of 3-mm-thick substrate and 100-pm-thick coating. The
cross section of the samples was polished and the final
surface roughness was about 0.05 um.

Microndentation experiments were performed using a
Micro-Tribometer, produced by the Center for Tribology
(California, USA). For the present study, a cone-shaped
tungsten carbide indenter with a tip radius of 0.2 mm and tip
angle of 30° was used. The indentation tests were performed
on the sample cross-section at steel side near the interface at
a distance of 30-80 pm as shown in Fig. 3. During
indentation, the load increased linearly from 0 to 30 N at a
speed of 0.013 N/s. During the test, the normal load, lateral
force and time were recorded. The indentation position was
determined using an optical microscope. The critical load
corresponding to interfacial debonding was determined by
averaging at least five measurements.

3. Determination of the interfacial bond strength

Typical normal load (L)-time curve and lateral force
(Fx)-time curve are illustrated in Fig. 4. As shown, when
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Fig. 3. Schematic illustration of the indentation test.
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