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Abstract

The nano-indentation technique is an effective tool for assessing the fracture toughness
of brittle thin film. In this chapter, a comprehensive and systematic review of toughness
measurement  methods and fracture  mechanisms in  brittle  film by indentation are
presented. The classic method, the energy method, and the stress-based method are
three major approaches for determining fracture toughness using the nano-indentation
technique. The limits and application ranges of these methods are discussed in detail.
In particular, the stress-based method depends highly on the fracture mechanism of
cracking. This chapter also reviews different types of crack patterns induced by nano-
indentation, such as radial cracks, ring cracks, picture-frame cracks, spiral cracks, and
spalling. The possible mechanisms of the crack patterns are investigated considering
the substrate effect, the indenter shape effect, and the load level effect. Understanding
the fracture mechanism provides guidance in developing a more accurate stress-based
model.

Keywords: fracture toughness, fracture mechanism, brittle thin film, nano-indentation

1. Introduction

Over decades, hard thin film has been extensively utilized as protective layers to minimize
detrimental influences of the environment. However, hard film usually has a brittle character,
and hence fracture failure often occurs in hard thin film when it is subjected to high stress. In
designing a high-performance film, it is of great importance to learn the fracture properties of
the coating.

Because of the size limitation, the fracture behavior of brittle thin films cannot be easily
determined by the standard linear elastic fracture mechanics tension test or the three-point
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bending test. In this case, nano-indentation may be the only effective technique to quantita-
tively characterize the fracture toughness of the film. Anstis et al. [1] were the first to propose
an indentation method to evaluate the fracture toughness of brittle materials by measuring the
length of radial cracks. In their approach, the assumption was that radial cracks can develop
well without any confinement during loading. This classical method has been successfully
applied to some “thick” film/substrate systems where radial cracks are well propagated [2–5].
However, it is invalid for brittle thin films/substrate systems because the substrate effect is not
negligible and has an effect on crack propagation. For brittle thin films, the energy method
proposed by Li et al. [6] has been widely used in recent years for the measurement of fracture
toughness although it suffers from some deficiencies that require further research. Subse-
quently, a number of studies [7–10] have proposed improvements to this energy method. An
alternative approach for assessing the fracture toughness of brittle thin films is to use a stress-
based model. The most important prerequisite for a stress-based model is understanding the
stress distribution in brittle films. Finite element (FE) analysis [11–13] and simplified analytical
solutions [14, 15] are two efficient ways to predict stress distribution under indentation. It is
evident that stress distribution depends strongly on the indenter shape and the substrate.
Different indenter shapes and substrates can result in various crack patterns. A number of
indentation-induced crack patterns have been reported, such as radial cracks [16–18], ring
cracks [7, 19, 20], picture-frame cracks [21, 22], spiral cracks [23, 24], and spalling [25, 26].
Understanding the mechanism of the above crack patterns by indentation would greatly
support the development of a stress-based model.

This chapter proposes a comprehensive and systematic view of fracture toughness assessment
methods and fracture mechanisms for brittle thin films under nano-indentation. First, we
present a review of the current indentation methods for characterizing the fracture toughness
of brittle films, namely the classical method, energy method, numerical method, and stress-
based method. The limits and application range of each method are discussed. Next, we review
the observation of crack patterns in brittle thin films/substrates under nano-indentation. The
various effects of indenter shape, substrate effects, and load levels on crack formation are
discussed to gain an understanding of the fracture mechanism of cracking. The chapter
concludes with a summary and a roadmap for future trends.

2. Determination of fracture toughness of brittle thin films using nano-
indentation

2.1. Classical method

It is agreed that a Vickers’ pyramid indenter may produce a median/radial crack pattern in
brittle materials. Figure 1(a) shows a schematic representation of the median/radial crack
pattern induced by a Vickers indenter. The average length of the radial cracks is cm, and a is
the impression length. Lawn et al. [27] reported that the elastic/plastic field in material under
indentation can be considered as a residual field in an unloaded solid and an ideal elastic field.
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Then the fracture toughness of materials can be obtained by measuring the length of the radial
crack and the critical indentation load, P, as follows:

c 3/2
m

PK
c

c= (1)

where χ is a factor relating to the indenter geometry and material properties of the tested
specimen and is expressed in the form of

2/5E
H

c x æ ö= ç ÷
è ø

(2)

where E and H are the elastic moduli and hardness of the material, respectively. ξ is a constant
depending on the indenter geometry and can be determined by linear fitting of the relation

between P and �m3/2. A value of 0.016 ± 0.004 for ξ was reported in [1] by experimentally fitting

P and �m3/2 for a great variety of brittle materials.

Figure 1. Schematic representation of the crack pattern induced by Vickers indenter: (a) the radial/median crack and
(b) the Palmquist crack, based on [28].

The Palmquist crack is another commonly observed crack pattern in brittle materials caused
by a Vickers indenter, as shown in Figure 1(b). To assess the fracture toughness of materials
in which the Palmquist crack pattern is detected, Eq. (1) needs to be modified as
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where ξv is a material constant and has the value of 0.015 reported in [29]. l is the average length
of a Palmquist crack.

Although Eqs. (1) and (3) were initially derived from the stress distribution in material under
a Vickers indenter, they can be extended to other types of pyramidal indenters, such as a
Berkovich indenter and a cube-corner indenter. Comparison of the toughness results of various
brittle materials obtained by a Berkovich indenter and a Vickers indenter in [29] showed that
the Berkovich indenter could provide more accurate results at a low load range than those of
the Vickers indenter, as the shape of the Berkovich indenter is sharper than that of the Vickers
indenter. Furthermore, a cube-corner indenter is generally considered the sharpest indenter.
It was reported by Pharr [30], therefore, that the cube-corner indenter can significantly reduce
the cracking threshold, and is most suitable for toughness measurement of brittle materials at
small load compared to other types of pyramidal indenter.

It should be stated that the residual stress in materials has an effect on the elastic/plastic field,
and thus on the results of the predicted toughness. If there is a considerable amount of residual
stress in brittle materials, Eq. (1) should be changed as follows [31]:

m
c 3/2

m

2 R
P cK m
c

c s
p

= + (4)

where m denotes a dimensionless factor and σR denotes the residual stress in the materials.

Eqs. (1)–(4) have been successfully utilized with “thick” film/substrate systems [2–5] where
the radial cracks or Palmquist cracks could propagate well. However, the toughness measure-
ment of a “thin” film can be affected by the substrate effect. As a rule of thumb, the substrate
effect is negligible when the indentation depth is less than 10% of the film thickness for a soft
film/hard substrate. If the film thickness is submicro, the maximum indentation depth should
be lower than tens of nanometers in order to minimize the influence of the substrate. However,
for most nano-indenters, it is nearly impossible to keep an ideal pyramidal shape on such a
small scale. Furthermore, the “1/10 principle” is not adequate for a hard film/soft substrate,
which results in an even lower peak depth in order to reduce the influence of the substrate.
Therefore, other methods should be employed to evaluate the fracture toughness of brittle thin
films.

2.2. Energy method

Theoretically, using the energy method to characterize fracture toughness could minimize the
substrate effect. Therefore, the energy method may be the most efficient method for the
toughness measurement of brittle thin films. Li et al. [6] were the first to propose an energy
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method for assessing the fracture toughness of brittle thin films, and fracture toughness is
given by

1/2

f fr
c 2

m(1 ) '
E UK
v l t
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(5)

where Ef is the film modulus, ν is the Poisson’s ratio of the coating, lm is the crack length in the
film plane, Ufr is the fracture energy, t’ is the effective film thickness, and has the form of

/ sin( )t t q¢ = (6)

where t is film thickness and θ is the angle of the crack edge.

The key point of the energy method is to identify the dissipated energy according to the
indentation load-depth curve. First, the correspondence between the load-depth curve and
crack formation needs to be determined. For a perfect “pop-in” as illustrated in Figure 2(a),
there is a definite step in the loading curve suggesting where the crack initiates and ends.
During the crack formation, a significant amount of energy is dissipated, which causes the
discontinuity in the loading curve.

Figure 2. Schematic representation of (a) a perfect “pop-in” and (b) a “sliding pop-in” in load-depth curves [7].

A more general case is a “sliding pop-in” in the load-depth curve when a high-resolution
transducer is used in an experiment. In Figure 2(b), there is a clear starting point indicating
the crack initiation. However, there is no end point in the load curve. Fu et al. [7] developed a
method to define the end point of the “sliding pop-in” in a load-depth curve. They assumed
that ∂P/∂h2 remains constant before and after a circumferential crack formation. Figure 3 shows
∂P/∂h2 as a function of h2. A quick drop of ∂P/∂h2 is observed, indicating the onset point of the
“sliding pop-in” in the load-depth curve and also the initiation of the circumferential crack.

Toughness Assessment and Fracture Mechanism of Brittle Thin Films Under Nano-Indentation
http://dx.doi.org/10.5772/64117

125



After the crack is complete, the derivative ∂P/∂h2 becomes stable again and the value is similar
to that before the crack initiation. Accordingly, the end point of the “sliding pop-in” is
identified.

Figure 3. A method to define the end point of a “sliding pop-in” [7].

Figure 4. Schematic representation of a method to obtain the dissipated energy.

After the start point and end point of the crack in a loading curve have been obtained, the
dissipated energy during crack formation may be calculated by different methods. For
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instance, a schematic of the load-depth curve in [6] is illustrated in Figure 4. The crack initiates
at point A and ends at point B. If the crack does not occur, the loading curve follows the trend
of the OA curve and reaches the point C. Hence, the enclosed area SABC is assumed to represent
the dissipated energy during cracking [6]. This method is widely used to evaluate the fracture
toughness of thin films, even though it ignores the change in elastic-plastic stress distribution
of the film before and after crack propagation.

Given the shortcomings of the method in [6], Chen et al. [8] developed another method to
define the dissipated energy by using the curve of total work as a function of displacement.
Figure 5 shows that a crack initiates at A and ends at D. The first work-displacement curve is
extrapolated from A to C, and the second work-displacement curve is extrapolated from D to
B. The work difference between CD and AB is considered to represent the dissipated energy
during the crack formation. The negative or positive of AB relies on the film/substrate system.
This method examines the work difference before and after cracking, and thus the energy
caused by the change of elastic-plastic behavior is excluded. However, the accuracy of this
method is still dependent on extrapolation of the imaginary work-displacement curves.

Figure 5. Schematic representation of a method to determine the dissipated energy CD-AB. Compared to CD, AB is
positive in (a) or negative in (b), depending on the actual coated systems.

There are also a few studies focusing on estimating the bounds of the fracture energy. For
instance, Toonder et al. [9] proposed an approach to evaluate the upper and lower limits of
fracture energy by considering a material as pure elastic or perfect plastic. In Figure 6(a), if the
film/substrate system behaves as an elastic material, all the deformation will recover after
unloading as the dashed curve BO. If the film/substrate system displays perfect plastic
behavior, there is no elastic recovery. The unloading curves before and after the crack will be
AC and BD, respectively. In practice, the film/substrate system is an elastic-perfect plastic
material, and therefore, the dissipated energy should be between the enclosed area of ABO
and ABDC. Hence, the upper and lower limits of the dissipated energy during cracking are
given by

Toughness Assessment and Fracture Mechanism of Brittle Thin Films Under Nano-Indentation
http://dx.doi.org/10.5772/64117

127



cr 2 1 fr cr 2 1
2 ( ) ( )
3
P U Pd d d d- £ < - (7)

Figure 6. (a) A method and (b) an improved method to define dissipated energy using load control and (c) displace-
ment control.

Further, Chen et al. [10] enhanced the method in [9] by performing a more reliable analysis of
the unloading curves, as shown in Figure 6(b). The bounds of the fracture toughness are
expressed as

cr1

f

1/ 1/
f cr 2 1 fr
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B A

d

d

d d d æ ö- + - ³ > -ç ÷
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Similarly, an approach to calculate the bounds of fracture energy of the film system under a
displacement control is shown in Figure 6(c). The dissipated energy is given by [10]

( )
cr cr

f f

f fr f f( ) d ( ) ( ) dm m nA x x U A x B x x
d d

d d

d d d- ³ > - - -ò ò (9)

The energy method is efficient for obtaining the fracture toughness of brittle thin films because
there is no need for information about crack propagation, such as crack size. However, the
accuracy of the energy method depends highly on either the extrapolated imaginary load-
depth curve or the imaginary total work-displacement curve. In experiments, it is impossible
to know the accuracy of the imaginary extrapolated curve as the trend of the loading curve
can be affected by many factors, such as roughness of the surface, defects in the films and the
ratio of indentation depth to film thickness.

2.3. Stress-based method

The stress-based method is a straightforward approach for assessing the fracture toughness of
brittle thin films. It is based on stress distribution in the brittle thin film under an indenter. To
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date, some analytical solutions have been derived for stress distribution in an incompressible
elastic coating [32], compressible elastic coating/rigid substrate [33], and elastic film/elastic
substrate [34, 35]. However, due to the complex elastic-plastic properties of film and substrate
and the boundary condition of the indenter and film, it is not feasible to derive an analytical
solution for evaluating the stress distribution in the brittle film/elastic-plastic substrate system.
FE analysis is a useful tool for obtaining the fracture stress in film under indentation. Hence,
stress distribution in a film is usually determined using FE analysis. For example, for a brittle
film on a ductile substrate, the stress distribution under a conical indenter is obtained by FE
analysis and is shown in Figure 7. A high tensile radial stress occurs at the surface of a film,
which can open a crack.

Figure 7. Radial stress in film at the surface for various ratios of indentation depth h and film thickness t [7].

Figure 8. Stress applied to a crack during indentation: (a) constant stress and (b) linear stress [15].

When the stress distribution in a film has been obtained, the fracture toughness can be obtained
by assuming the stress on pre-existing cracks as a uniformly distributed crack and a linearly
distributed crack as shown in Figure 8(a) and (b). Based on the linear fracture mechanics,
fracture toughness is expressed as
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I1 1 21.12 0.439K s c s cp p= + (10)

where s1 is a constant stress, s2 is the highest stress in a linear stress distribution, b is the crack
length, and 1.12 and 0.439 are the geometric factors in Figure 8(a) and (b), respectively.

An initial short crack may grow to a circumferential channel crack by self-adjusting to a curved
shape when the energy release rate Gps by linear fracture mechanics is the same at each point,
as reported by Steffensen et al. [11]. The energy release rate for the circumferential channel
crack, Gss, is given by

ss ps0

1( ) ( )d
c

G c G c c
c

= ò % % (11)

Gps is expressed as

2
2

ps I
f
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æ ö-
= ç ÷
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Then the fracture toughness can be obtained by calculating the maximum of Gss as proposed
by Madsen et al. [12],

c ssmax( ( ))G G c= (13)

An alternative method for determining the fracture stress and thus the fracture toughness is
to use a simplified stress-based model. The simplified model can give an explicit expression
of fracture stress for a particular type of coated system. For example, Morasch and Bahr [14]
developed a method to identify stress distribution of a brittle film/ductile substrate under an
axisymmetric indenter. In their model, they believed that the ring crack was mainly induced
by the film bending. Thus, the indentation load is assumed as a pressure with a radius of ac,
and the plastic zone is considered as a uniform distributed pressure. The bending moment by
these two types of pressure is given by

2 2
c c 0
2(1 ) ln

4 4 8
P a a p cM v

c cq p
æ ö

= + - -ç ÷
è ø

(14)

Then the bending stress can be obtained as

rr 3

12M z
t

qs = (15)
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where z is the distance from the middle surface of the circular plate. It is clear that the maximum
radial stresses occur on the surfaces z = ±t/2 of the plate. This coincides with observations from
the literature [7] that circumferential cracks initiate from the top surface of the brittle film.
When the radial stress on top of the film surface reaches the strength, circumferential cracks
initiate and begin to propagate along the interface between the film and the substrate. Figure 9
shows the pressure distribution in the coated system with a modulus ratio of 14.0–69.8 under
a spherical indenter and a conical indenter by FE analysis; however, it has been found that the
pressure caused by the plastic zone is clearly not uniform.

Figure 9. Pressure distribution in the interface under a conical indenter with a half-included angle α of (a) 56.3°, (b)
60.0°, and (c) 70.3°, and a spherical indenter with a radius R of (d) 100 nm, (e) 500 nm, and (f) 1000 nm [15].
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Figure 10. Schematic representation of a stress-based (a) model I and (b) model II.

In view of that, Fu et al. [15] proposed two stress-based models, as shown in Figure 10. The
film is modeled as a circular elastic plate clamped at its edge. The radius of the circular plate,
a, equals that of the plastic zone of the substrate beneath an axisymmetric indenter. A plastic
zone of the ductile substrate beneath the film is considered as distributed pressure. Then the
bending moments in films for model I and model II are given by

( )3 3 2 2 3 3
1 3 29 29 135 45 16 64 (1 )ln 1

240 4
P P aM a a v ar ar v r v r
a rq n

p p
æ ö= + - - + + - - -ç ÷
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(17)

where P is the indentation load and r is the radial distance from the center. Subscripts 1 and 2
indicate models I and II, respectively.

The radial stress can be predicted by substituting the bending moment into Eq. (15). The
normalized stresses (predicted radial stress divided by the maximum radial stress) predicted
by models I and II are shown in Figure 11. It is clear that there is a high tensile stress outside
the contact radius. Moreover, the highest compressive stress occurs at the center, which causes
the radial crack. The stress obtained by the proposed models is comparable to the FE results
and experimental observations [15].

After the stress distribution has been obtained, fracture toughness is obtained using linear
fracture mechanics and a crack channeling criterion according to Eqs. (10)–(13) and Eq. (15).
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It should be worth noting that the stress-based model is valid for a particular coated system
only, that is, the brittle film/ductile substrate. In the next section, we introduce the mechanism
of cracking in a brittle film on a ductile substrate to support the stress-based model.

Figure 11. Normalized stress as a function of rr/rp (ring crack radius/plastic zone radius) predicted by the model I and
model II (Poisson’s ratio is assumed to be 0.21).

3. Fracture mechanism of brittle thin films under nano-indentation

Toughness measurement using a stress-based method depends strongly on the fracture
mechanism of cracking. Understanding the mechanism of the crack pattern in brittle thin films
could provide guidance in developing a more accurate stress-based model for toughness
assessment of the film. In this section, the fracture mechanisms of various crack patterns under
indentation are discussed in detail.

A number of types of crack pattern induced by an indentation in brittle thin film have been
reported, such as radial cracks [16–18], ring cracks [7, 19, 20], picture-frame cracks [21, 22],
spiral cracks [23, 24], and spalling [25, 26]. The crack patterns are dependent on the substrate
effect, indenter shape, and the indentation load level. Regarding the substrate effect, the coated
system can be divided into two types, namely the brittle film/hard substrate system and the
brittle film/ductile substrate system, depending on the effects of the substrate on cracking.
Accordingly, we discuss the fracture mechanisms in these two types of coated system under
different types of indenter.

3.1. Crack patterns in brittle film/hard substrate

In a brittle film on a hard substrate, it has been found that cracks often occur at the contact
edge of the indenter due to the stress concentration. For example, three radial cracks were
detected in a diamond-like carbon (DLC) film/silicon substrate with a film thickness of 115 nm
under a Berkovich indenter, as shown in Figure 12(a). The radial cracks were mainly caused
by the stress concentration at the contact edge. Also, a significant pileup was found around
the impression. Due to the confinement of the substrate and the pileup, the radial cracks did
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not propagate along the edge. Therefore, it would be invalid to use a classical method to
characterize the fracture toughness of the film. For a ZnO film on an architectural glass
substrate, picture-frame cracks were detected inside the impression, as shown in Fig-
ure 12(b). Meanwhile, radial cracks along the indenter edge were also detected. Bull [36]
argued that the picture-frame cracks were caused by the high contact stress. In addition, the
FE result in Figure 18(a) shows that a high stress occurs around the edge of the indenter, which
supports the argument of Bull [36].

Figure 12. (a) Radial cracks and (b) picture-frame cracks [21] in a brittle film/hard substrate.

With an increase in the peak indentation load, the film on a hard substrate usually ends up
with a failure of spalling, as reported in [25]. In their work, ring-like cracks together with
spalling failure were observed in a DLC film caused by a conical indenter. The film outside the
ring-like cracks was detached from the silicon substrate. Also, the crack pattern in a DLC film/
silicon substrate caused by a cube-corner indenter was also shown in [25]. It is evident that
radial cracks, ring-like cracks, and spalling occur in the films. Around the impression, the film
is not detached from the substrate because of the high compressive contact stress. The spalling
occurs outside the impression. It is shown that spalling occurs with a relatively higher load,
regardless of the type of indenter.

Figure 13. Schematic representation of various stages of indentation-induced cracking in a brittle film/hard substrate
system.
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The spalling that usually occurs in a brittle film/hard substrate follows three stages, as
illustrated in Figure 13. First, a ring-like crack initiates and propagates toward the interface
due to the high contact stress. In the second stage, delamination occurs owing to the weak
bonding between film and substrate. Then the film begins to buckle because of the delamina-
tion caused by the extrusion of the indenter. In the last stage, the buckled film results in a high
tensile stress. When the tensile stress reaches the film strength, the film begins to break, and
spalling forms. During the formation of spalling, a significant energy release occurs, which
leads to a perfect “pop-in” in the load-depth curve. Then we could measure the released energy
according to the “pop-in” in the load-depth curve as described in Section 2.2.

3.2. Crack patterns in brittle film/ductile substrate

In a brittle film on a ductile substrate, the crack pattern and fracture mechanism are quite
different from those in a brittle film/hard substrate system. For example, Figure 14(a) and (b)
shows the crack patterns in a DLC film/polyether ether ketone (PEEK) substrate under a conical
indenter and a Berkovich indenter, respectively. In Figure 14(a), a few radial cracks and a ring
cracks are observed. The radial cracks do not reach the ring crack, which indicates that the two
types of crack are independent of each other. Examination of the stress distribution in the films
in Figure 15 shows that there is a high tensile stress on the surface of the film, and a plastic
zone occurs in the substrate underneath the indenter. In the FE analysis, we found that the
position of the ring crack was between the contact radius and the plastic zone, as shown in
Figure 16. The stiffness difference between plastic zones caused the film to bend. As a result,
a high tensile radial stress, which caused the ring crack formation, occurred on the surface of
the indenter. It should be noted that the radial tensile stress consisted mainly of a bending
stress, as well as a stretching stress in the thin film due to the contact load. If the modulus ratio
of film and substrate, Ef/Es, was significantly high, the stretching stress was negligible. In other
words, the ring crack was caused mainly by film bending, which made the position of the ring
crack move toward the plastic zone side. On the other hand, if Ef/Es was low, the ring crack ran
to the indenter edge. These conclusions confirmed the feasibility of the present stress-based
model in Section 2.

Figure 14. (a) Ring crack and (b) picture-frame crack [22] in a DLC film/PEEK substrate.
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Figure 15. FE results of (a) maximum in-plane principal stress and (b) equivalent plastic strain distribution [7].

Figure 16. Fracture mechanism of a brittle film on a ductile substrate by indentation [15].

Figure 17. (a) Energy release rate of the plane strain crack Gps propagating through the film and energy release rate of
the channel front Gss for indentation depth, and (b) illustration of a channel crack propagating through the film.

The FE analysis gives the stress distribution of film under an axisymmetric indenter, which
can provide information about crack initiation. To fully understand the formation process of
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a ring crack, more detail is necessary. Prior to the indentation, it is highly improbable that a
circular defect exists in the film. The crack channeling criterion may be the best explanation
for the formation of a ring crack. Figure 17(a) shows the energy release rate by a linear fracture
mechanics and a crack channeling energy release rate. In the first stage, a pre-existing short
crack exists as shown in Figure 17(b). As the stress in the film increases, the crack begins to
propagate toward the interface when the energy release rate by linear fracture mechanics
reaches the fracture toughness. With the increase in crack length, the energy release rate by
the linear fracture mechanics decreases. When it reaches the critical energy release rate for a
channeling crack, the channeling ring crack initiates. The short crack adjusts its own curvature
to form a ring crack because the Gps at each point around the circle is the same. After that, the
ring crack propagates and stops at the interface. Hence, we could obtain the fracture toughness
of the brittle film on a ductile substrate if a ring crack is observed using Eq. (13).

In Figure 14(b), three radial cracks were detected and two picture-frame cracks were observed
outside the contact region. Also, no delamination occurred. The FE results in Figure 18 show
that the radial crack is induced by the high compressive stress due to the contact stress, which
is the same as the observation in a brittle film/hard substrate. However, a high tensile stress
occurs outside the contact region. With an increase in Ef/Es, the high stress in a film surface
moves outward to the contact area. The film bending by a Berkovich indenter is also controlled
by the plastic zone below. After the critical stress is reached, the crack may propagate to the
interface or parallel to the edge of the indenter, depending on the value of the energy release
rate using the channeling crack criterion or linear fracture mechanics.

Figure 18. Maximum principal stress distribution in a brittle film on a ductile substrate (dashed lines indicate projected
contact edges) with a modulus ratio of (a) Ef/Es = 2.3, (b) Ef/Es = 14.0, and (c) Ef/Es = 41.9 [22].

If we keep increasing the indentation load in a brittle film/ductile substrate system, multiple
ring cracks sometimes appear on the surface. Figure 19 shows multiple ring cracks in a DLC
film/PEEK substrate. The film thickness is 140, 400, and 1300 nm, respectively in Figure 19(a–
c). The peak indentation load is 10 mN. It is evident that, in all the films, there are a few radial
cracks in the middle and a few ring cracks outside the radial crack. When the thickness
increases to 400 nm, we can also observe a similar radial crack and ring crack pattern. In a
brittle film with a high thickness, however, the crack pattern changes to a combination of both
ring crack and spalling in Figure 19(c). In other words, ratio of indentation depth and film
thickness also affects the crack patterns. In a thin film, the ring crack is controlled by the plastic
zone in the substrate under the indenter. The contribution of the plastic zone is less when a
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thick film is tested because the critical depth is much smaller than the film thickness. The
substrate effect might not be dominant in crack formation, and the fracture mechanism is
similar to that in the bulk brittle material.

Figure 19. Multiple ring cracks in a DLC film/PEEK substrate with film thickness of (a) 140 nm, (b) 400 nm, and (c)
1300 nm.

Given the mechanism of ring crack formation, FE analysis integrated with cohesive elements
can be used to simulate the formation of a ring crack. We ignore the channel crack formation
here. The simulation steps are as follows:

Step 1. An FE analysis is performed without using cohesive elements. When the tensile
stress in a surface reaches the tensile strength, the analysis stops, and the position
of the peak tensile stress is recorded.

Step 2. Cohesive elements are inserted into the FE model at the recorded position along
the thickness.

Step 3. The FE analysis is rerun, and when the tensile stress in the film surface equals the
strength, a ring crack (represented by the cohesive elements) begins to initiate and
propagates toward the interface. When the stress outside the first ring crack
reaches the tensile strength, the position of the peak tensile stress is recorded again.

Step 4. Repeat Step 2 to insert another group of cohesive elements for the second ring
crack formation.

It is seen that the FE results agree well with the experimental observations in Figure 20.
However, it is noted that the drawback of this FE model is that it cannot simulate the propa-
gation of a channeling crack.

Another specimen is a 100 nm Al2O3 film on a PEEK substrate. After indentation, there was
still a multiple ring crack pattern under a conical indenter as shown in Figure 21(a). We
recorded the critical load and the ring crack diameter. We found the linear relation between
the critical load and the diameter of the ring crack shown in Figure 22. In a bi-layer film, a
much more complex crack pattern, a flower-shaped crack, was induced. For instance, we found
that the crack pattern became a flower-shaped crack in the surface of a TiO2/Al2O3 film/PEEK
substrate system, as illustrated in Figure 21(b). That crack is induced by the combination of
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substrate effect and the interaction of the two brittle films. For instance, the confinement of
TiO2 film causes uncertainty of channeling crack formation.

Figure 20. Focused ion beam observation of multiple ring crack and (b) simulation results of maximum principal
stress, modified from [37].

Figure 21. Crack pattern in (a) an Al2O3 film/PEEK substrate, and (b) a TiO2/Al2O3/PEEK substrate.

Figure 22. Critical load Psc versus the diameter of ring-like crack dr (solid lines indicate the trend) [38].
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Figure 23. A spiral crack after unloading.

The spiral crack is another crack pattern induced by indentation. In Figure 23, a spiral crack is
shown in a DLC film on a PEEK substrate. Under a conical indenter, a high equivalent stress
arises near the interface owing to the film bending. Then a small defect grows to a spiral crack
in the film. Once the indenter begins to withdraw, the increasing equi-biaxial stress field
provides the driving force for a spiral crack extension due to the film bending curvature effect
as reported in [23].

4. Summary

In this chapter, several methods for the measurement of fracture toughness of brittle film/
substrate systems were presented and detailed. Fracture mechanisms for some particular crack
patterns were introduced to give a better understanding of the stress-based model. The
conclusions are as follows:

The classic method was a widely used method for toughness measurement in “thick” films
where a radial crack was well developed. The energy method was an efficient method for
determining the toughness of thin films and depends on obtaining the dissipated energy
during cracking. The stress method was a straightforward method based on stress distribution
and the fracture mechanism in brittle films under indentation. In particular, the fracture
mechanism in brittle films depends on the substrate effect, indenter shape, and load level,
which can result in different crack patterns. The FE method may be the most efficient tool to
characterize the evolution of stress under indentation.

To date, there is still no generally accepted method for the measurement of brittle thin films
using nano-indentation. Each method mentioned above has its limitations. In future, with a
better understanding of each crack pattern, it is expected that a general stress-based solution
for the toughness measurement of thin film will be developed.
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In the meantime, a more detailed numerical model is needed to investigate the complex
experimental observation. An example might be an FE model that can simulate the indentation
process considering the combination of a channeling crack and delamination.
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