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Abstract

A cantilever bending technique for the determination of mode I fracture toughness and strength of thin films is presented. First, the
depth profile of residual stresses in the film is determined in order to investigate the possible existence of pronounced stress gradients.
Then cantilevers, about 70 lm in length and consisting of the film and the substrate, are fabricated by means of a focused ion beam
workstation. The beams are loaded with an in situ microindenter until fracture, which allows the fracture toughness and the strength
of the thin film to be calculated from the load–deflection curve and the residual stresses to be determined. The method is presented
by investigating the fracture properties of a 1.1-lm thick magnetron-sputtered TiN film on Si, leading to a fracture toughness of
2:6� 0:3 MPa

ffiffiffiffi
m
p

and a strength of rf ¼ 4:4� 0:5 GPa. Finally, the influence of the compressive residual stresses on the structural integ-
rity and the role of the grain boundary strength are discussed.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The strength and fracture toughness of thin ceramic
films are important material parameters owing to their sig-
nificant influence on the lifetime and the structural integrity
of coated components. Such parameters are usually diffi-
cult to measure due to the small dimensions and brittleness
of thin films.

To date, there has been no commonly accepted standard
testing procedure that allows the reliable, simple and repro-
ducible determination of strength and fracture toughness
of ceramic thin films. Techniques like micro- or nanoinden-
tation [1–4] or the scratch test [5–7] are well-established,
but the determination of fracture strength and fracture
toughness is rather difficult owing to the complex stress
fields induced in the material investigated during loading.
Furthermore, the results obtained often quantify the
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apparent fracture behaviour of a particular film–substrate
system instead of the parameters of a specific material [8].
This problem has been approached recently by methods
like the four-point-bending method [9], the microbridge
method [10] or the microtensile fracture technique [11],
which feature defined sample and loading geometries and
therefore facilitate the calculation of the actual fracture
toughness and/or strength of thin films.

The fracture behaviour of thin films on substrates is con-
trolled by mechanical properties, such as the strength and
fracture toughness of the film, the strength of the interface
and the residual stress in the film. Independent evaluation
of these parameters is important to understand the proper-
ties of coated systems and to ensure mechanical reliability
[8]. In this paper, we focus on the fracture behaviour of
the film material itself. As a model system, a 1.1-lm thick
TiN film deposited on single crystalline (100) Si by means
of physical vapour deposition (PVD) is tested under mode I
loading. In general, the strength and fracture toughness of
such films are strongly influenced by the structural
rights reserved.
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Fig. 1. SEM image of a microcantilever fabricated with a FIB workstation
for the determination of a depth profile of residual stresses in a thin film by
means of the ILR method (inclined view). The thin film is removed
gradually in section A, which affects the residual stresses and therefore the
curvature. This change in curvature is amplified by section B, which acts as
a curved indicator. The deflection d as a function of film thickness is the
basis for the calculation procedure.

Fig. 2. Depth profile of residual stresses in the TiN film of the initial
system determined by means of the ILR method. This film exhibits a
homogeneously distributed compressive stress with an average value of
�1.5 GPa. The error bars are computed by using the propagation of errors
considering the uncertainties in the Young’s moduli, the dimensions of the
cantilever and the deflections measured.
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morphology of the coating, which usually exhibits a colum-
nar structure [1,3,12]. The relative weakness of the grain
boundaries compared to the TiN grains leads predomi-
nantly to intergranular fracture with the crack propagating
perpendicular to the substrate–film interface, as discovered
by nanoindentation [1–4] and scratch tests [5]. Some
research groups have suggested that the strength of the
grain boundaries of PVD-deposited TiN films on steel sub-
strates is so low that in fact the high compressive residual
stresses might be the most important factors for the
mechanical stability of the film [4,12,13].

The purpose of this paper is to present a new technique
for the evaluation of strength and mode I fracture tough-
ness of thin films based on the fabrication of microcantile-
vers by means of a focused ion beam (FIB) workstation
and the subsequent testing of these cantilever beams in
an in situ microindenter mounted in a scanning electron
microscope (SEM). The advantages as well as the limita-
tions of the method presented, the measured strength and
fracture toughness are investigated. Finally, the role of
the grain boundary strength and the residual stresses for
the mechanical integrity of the coated system are discussed
for the presented example.

2. Experimental

A 1.1-lm thin TiN film was deposited onto a 450-lm
thick silicon (100) substrate at 550 �C by means of reactive
sputtering from a Ti target in an ArþN2 atmosphere using
a laboratory-scale unbalanced DC magnetron-sputtering
system. The total pressure and the bias voltage were
0.25 Pa and �50 V, respectively. The thin film was then
subjected to a thermal cycle from 25 to 700 �C in vacuum
at a maximum pressure of 10�3 Pa at a heating and cooling
rate of 5 Kmin�1 [14].

The depth profile of residual stresses in the TiN film was
determined by means of the ion beam layer removal
method (ILR method [15]), which is described briefly here.
The ILR method is based on the fabrication of a cantilever
by means of a FIB workstation in the vicinity of the spec-
imen edge. In the presented example, a Zeiss XB1540
Crossbeam FIB, which combines a gallium-operated
30 kV FIB and a high-resolution SEM equipped with a
field emission gun, was used to fabricate the cantilever con-
sisting of the 1.1-lm thick film and the 5.3-lm thick sub-
strate. The cantilever bends owing to the residual stresses,
similar to a bimetallic strip, and the deflection of the free
end is measured with the SEM at high magnification. The
thin film is then removed gradually in section A, which
leads to a change in the curvature of this section owing
to the removal of the stressed material, as shown in
Fig. 1. By considering the deflection versus film thickness
curve, the dimensions of the cantilever and the elastic mod-
uli of the materials involved, the depth profile of the resid-
ual stresses in the cantilever and finally in the initial system
is determined. In the presented example, the Young’s mod-
uli and Poisson’s ratios necessary for the calculation of the
biaxial Young’s moduli were taken from the literature
(ESið100Þ ¼ 130 GPa� 5%; mSi ¼ 0:28� 0:01% and ETiN ¼
309 GPa� 24%; mTiN ¼ 0:27� 14% [16–31]). The calcu-
lated depth profile of residual stresses in the TiN thin film
of the initial system film is shown in Fig. 2. For compari-
son, the average film stress was determined by means of
the well-known wafer curvature technique [32–34], showing
good agreement of the results (rWCM ¼ �1:2 GPa; rILR ¼
�1:5 GPa).

In addition to the microbeam for the determination of
the stress profile, eight cantilevers for the actual fracture
experiments were fabricated along the Si h1 00i direction
by means of the FIB from the same specimen where the
stress distribution was determined as described above.
Four of the cantilevers (1–4) were used for the determina-
tion of fracture stress in the TiN film; the remaining four



Table 1
Dimensions, as well as experimentally determined and calculated deflec-
tions, of the cantilever curving owing to the residual stresses.

Cant No. l (lm) w (lm) tsub (lm) dexp (lm) dcalc (lm)

1 64.5 9.6 8.7 0.74 0.68
2 64 10 5.3 1.4 1.31
3 72 10.5 4.8 1.9 1.87
4 67 9.8 2 3.4 3.95
5* 68 10 10 0.74 0.61
6* 60 10 6.5 1.0 0.88
7* 77 10.8 5 2.0 2.04
8* 65 10.6 2.2 3.2 3.44

The comparison of the deflections shows excellent correlation. The
asterisks indicate the cantilevers for the determination of the fracture
toughness that are provided with a pre-crack after the comparison of the
deflections.
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(5*–8*) were prepared later on to determine the fracture
toughness of the film. The cantilever substrate thicknesses
ranged from 2 to 10 lm, leading to different residual stress
distributions in the microbeams and consequently different
deflections, as shown for two examples in Fig. 3.

The experimentally measured deflections dexp of the
eight cantilevers were compared with the corresponding
calculated deflections dcalc as listed in Table 1. These deflec-
tions were calculated from the depth profile of residual
stresses in the initial system determined by means of the
ILR method, the elastic constants of the materials
involved, the substrate thicknesses of the initial system
and the cantilevers, as well as the cantilever lengths, using
simple beam theory. In addition to the good agreement of
the average film stresses determined by means of the ILR
method and the wafer curvature method, as mentioned
above, the excellent correspondence between the experi-
mentally measured and the calculated deflections indicates
the reliability of the depth distribution of residual stresses
determined for the thin film.

The fabrication of a number of cantilevers of different
thickness furthermore offers the possibility of investigating
the reliability of the fracture properties determined for the
thin film. The basic idea behind this check is that the values
for the strength and for the fracture toughness should be
independent of the substrate thickness of the cantilever
investigated because they are fabricated from the same
coated system. If the values calculated from cantilevers
with different substrate thicknesses do not scatter signifi-
cantly, pronounced effects of substrate thickness on the
fracture properties determined can be excluded. Further-
more, the experiments for the determination of the strength
are simulated by means of the finite element analysis soft-
Fig. 3. SEM images of FIB-fabricated cantilevers used for the fracture
experiments (front view). The cantilevers deflect owing to the intrinsic
residual stresses, which depend on the substrate thickness, among other
things. Cantilever 1, shown in (a), has a substrate thickness of 8.7 lm and
exhibits a downward deflection of 0.74 lm, whereas the substrate of
cantilever 8* (b) is only 2.2 lm thick, resulting in a downward deflection of
3.2 lm. It should be emphasized that the deflection of cantilever 8* was
measured before introducing the pre-crack.
ware Abaqus version 6.7 to account for the changes in
the stress state in the vicinity of the origin at the cantilever
surface.

In order to facilitate the description of the stresses in this
region, the p-axis, with its origin lying at the cantilever ori-
gin, is introduced, as shown in Fig. 4(a). The positions
where the surface stresses in the direction of the p-axis were
investigated in detail range from p = �2 lm to p = +2 lm
in steps of 1 lm. The two cantilevers with the largest and
the smallest substrate thickness tsub;c1 ¼ 8:7 lm and
tsub;c4 ¼ 2 lm) were simulated using 4-node bilinear ele-
ments of the type CPE4I. These simulations took into
account that the width of cantilever changes not directly
at the origin (p = 0) but a few microns in the negative p-
direction, as shown in Fig. 4, which is an important
measure to reduce the complexity of the stresses at the
cantilever origin.

After fabricating the cantilevers and measuring the
deflections, tungsten marks of about 2 lm length, 500 nm
Fig. 4. SEM images of cantilevers for fracture experiments (top view). The
cantilevers without a pre-crack, shown in (a), are used for the determi-
nation of the fracture strength, whereas the FIB-notched cantilever beams,
shown in (b), allow the determination of the fracture toughness of the thin
film. The bright spots near the free end of the cantilever are the FIB-
deposited tungsten marks. The p-axis is introduced in order to facilitate
the description of the stresses at the surface in the vicinity of the cantilever
origin.



Fig. 6. SEM pictures of the loading of cantilever 1(a) and cantilever 4(b),
both without a pre-crack, by means of the in situ microindenter just before
fracture (front view). Cantilever 4 sustains a larger curvature than
cantilever 1 owing to the difference in substrate thickness. Nevertheless,
the fracture stresses along the p-axis at the film surface resulting from
superimposing the residual stresses and the stresses induced by the loading
are very similar.
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width and 500 nm height were deposited on the thin film
near the free ends in the mirror plane of the cantilevers
by means of the gas injection system attached to the FIB
workstation, as shown in Fig. 4. These marks facilitate
the location of the exact center of the beam with the
in situ microindenter. Then 200 nm deep pre-cracks were
introduced in the vicinity of the origin of the four cantile-
vers fabricated for the determination of the fracture tough-
ness. The location of the pre-cracks about 1 lm away from
the origin in the positive p-direction minimizes the influ-
ence of the abrupt change in substrate thickness on the
stresses at the origin. The pre-crack was fabricated by
means of the FIB with an ion current of 50 pA to ensure
a defined pre-crack and to reduce the ion damage. The mill-
ing time was adjusted to the cantilever width to obtain pre-
cracks of uniform depth. High-magnification SEM images
show a notch radius of the FIB-fabricated pre-cracks of
10 nm, as shown in Fig. 5. The influence of the notch radius
on the fracture toughness was estimated later on using an
approach based on the simultaneous application of energy
and stress fracture criteria introduced by Picard et al. [35].

The actual fracture mechanical tests were performed by
means of an ASMEC UNAT in situ microindenter
equipped with a cube corner tip mounted in a Zeiss 440
SEM. First, the cantilever to be tested was positioned in
the vicinity of the indenter. The sample was mounted in
the SEM in such a way that a front view of the cantilever
was obtained, which allowed only coarse positioning of
the specimen in the z-direction, as shown in Fig. 6. To posi-
tion the indenter tip exactly in the mirror plane of the can-
tilever, the tip is lowered slowly onto the FIB-deposited
tungsten marks. At the desired z-position of the sample,
the tip touches the top of the mark and the measured force
increases slightly; otherwise, the tip would disappear
Fig. 5. SEM images of the fracture surface of a notched cantilever and the
FIB-fabricated pre-crack. The inclined view on the fracture surface in (a)
shows the approximate dimensions of the pre-crack, inhomogeneities in
the notch root where stress concentrations could occur during loading and
the predominantly intergranular fracture appearance. The exact shape of
the pre-crack is shown in (b).
behind the tungsten mark, or vice versa, and the z-position
would have to be adjusted. Now the stage is moved to posi-
tion the indenter tip a few microns away from the free end
of the cantilever for the actual experiment. On one hand,
a large distance between the origin of the cantilever and
the tip is necessary to ensure that the bending load is
predominantly at the origin and to minimize the shear
stresses. On the other hand, the tip must be located at a
safe distance from the free end of the cantilever to avoid
shearing off the thin film. This is especially important for
the thin cantilevers, where large deflections were obtained
during the experiments. The distances between the loading
point and the cantilever origin ranged between 37.9 lm for
cantilever 8* and 53.8 lm for cantilever 7*, as listed in
Table 2, which produced convenient ratios between the
maximum normal and the shear stresses. The cantilever
was load–displacement controlled with 2.5 nm s�1, as
shown in Fig. 6, and the load–deflection curve was
recorded. SEM images were recorded every 60 s to survey
the experiment.

In addition to the actual fracture experiments, the spec-
imen was indented far away from the FIB-fabricated canti-
Table 2
Deflection, load at fracture and loading distances for the cantilevers tested.

Cant No. dfrac (lm) Ffrac (mN) lload (lm)

1 3.51 8.13 50.5
2 3.86 4.41 42.7
3 4.85 4.26 48.6
4 4.85 1.47 38.8
5* 2.73 10.05 48.3
6* 2.69 5.77 40.6
7* 4.62 3.38 53.8
8* 3.4 1.16 37.9

The pre-cracked cantilevers for the determination of the fracture tough-
ness are marked with an asterisk.



Fig. 8. Corrected load–deflection curves of the cantilevers examined.
Although general trends can be seen, it must be taken into account that
the curves cannot be compared directly because of the differences in widths
and loading distances. Nevertheless, all cantilevers tested show perfectly
linear load–deflection curves until fracture. The pre-cracked cantilevers
are marked with an asterisk.
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levers with the same loading parameters. This allowed the
load–deflection curve recorded during the cantilever frac-
ture experiments to be separated into a contribution com-
ing from the actual bending of the cantilever and a
contribution resulting from the indentation into the thin
film. In other words, the corrected curve describes the force
necessary to deflect an impenetrable cantilever. The deter-
mination of the corrected load–deflection curves is essential
because, especially in the case of cantilevers with thick sub-
strates, the deflection values of the as-recorded curves over-
estimate the actual deflection of the cantilever due to the
formation of the imprint.

3. Results

The as-recorded as well as the corrected load–deflection
curves showed perfect linear behaviour until fracture for all
the cantilevers tested, as shown in Fig. 7 for cantilever 1
(without pre-crack), for example. Owing to the substrate
thickness of 8.7 lm, this cantilever was relatively stiff,
which led to a significant penetration of the indenter tip
and therefore a noticeable difference between the two
curves. The corrected load–deflection curves of all eight
cantilevers tested are shown in Fig. 8. The deflections
resulting from loading, the loads at fracture and the corre-
sponding deflections as well as the loading distances
between the indenter tip and the cantilever origins are listed
in Table 2. The investigation of the fractured cantilever
shows that the pre-cracked cantilevers fractured exactly
at the FIB-fabricated pre-crack, whereas the cantilevers
without notch failed in the immediate vicinity of the canti-
lever origin, as shown in Fig. 9. In latter case, cantilevers 2,
3 and 4 failed in the vicinity of the origin in the positive p-
Fig. 7. As-recorded and corrected load–deflection curve for cantilever 1.
The corrected curve describes solely the force necessary to deflect the
cantilever, whereas the as-recorded curve additionally considers the
contribution of the penetration of the indenter tip into the thin film. This
contribution can be neglected in the case of cantilevers with thin
substrates, where only small forces are necessary to produce a certain
amount of bending, which leads to shallow indents.

Fig. 9. SEM images of fractured cantilevers (front view). The cracks in the
cantilevers without a pre-crack initiated and propagated in the vicinity of,
but not exactly at, the origin of the beam, as shown in (a) for cantilever 3,
whereas notched cantilevers fracture exactly at the pre-crack, as shown for
cantilever 5* in (b).
direction; the thickest cantilever, cantilever 1, fractured
close to the origin in the negative p-direction.

The fracture stress of the TiN film was determined from
the cantilevers without pre-cracks by superimposing the
residual stress profiles resulting from the intrinsic stresses
and the stresses at the origin of the cantilever induced by
the loading. The crack was assumed to form at the surface
where the tensile stresses are highest. Therefore, the frac-
ture stress is simply the surface stress in the cantilever
direction at its origin just before fracture. The validity of
this simple consideration of the surface stresses in the
immediate vicinity of the cantilever origin just before frac-
ture was confirmed by means of finite element simulations,
as mentioned above. The results listed in Table 3 show that,
in the case of cantilever 1 tsub;c1 ¼ 8:7 lm), the stresses do



Table 3
Stresses in the vicinity of the origins of the cantilevers 1 and 4 just before
fracture obtained by finite element simulations, taking into account the
intrinsic residual stresses and the stresses induced by the loading with the
microindenter.

Cant
No.

rp=2

(GPa)
rp=1

(GPa)
rp=0

(GPa)
rp=�1

(GPa)
rp=�2

(GPa)

1 4.03 3.98 3.79 3.65 3.37
4 5.43 5.54 5.13 4.08 2.73

The values for the positions along the p-axis are given in microns.
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not vary significantly around the origin, whereas in the case
of cantilever 4 (tsub;c4 ¼ 2lm) the stresses also stay almost
constant in the positive p-direction and drop significantly
in the negative p-direction.

The fracture toughness of the TiN film was determined
from the experiments carried out with the pre-cracked can-
tilevers. As described above, first the intrinsic stresses and
the stresses at the cantilever’s origin owing to loading were
superimposed. Then the stresses in the length direction
200 nm below the surface, which is the exact location of
the crack tip, were calculated. These stresses were approx-
imated well by a stress profile resulting from a bending
moment applied at the tip of the cantilever because the
stresses at the origin of the cantilever are mainly a result
of the external loading. This moment was calculated in
such a way that it produced the same stress 200 nm below
the surface as the combination of the residual stresses and
the loading. The advantage of this simplification is that
there is an existing numerical solution for the calculation
of the fracture toughness for a pre-cracked bimaterial beam
subjected to a bending moment [36].

As mentioned above, the influence of the root radius of
the FIB-fabricated pre-crack was estimated by means of a
method developed by Picard et al. that allows the determi-
nation of a corrected value of the fracture toughness taking
into account the root radius and the fracture toughness
measured, as well as the strength of the material investi-
gated. Using the average values for the fracture toughness
and the strength determined (2:6MPa

ffiffiffiffi
m
p

and 4:4 GPa,
respectively) as well as the SEM-measured notch radius
of 10 nm, a value for the fracture toughness of
2:5 MPa

ffiffiffiffi
m
p

was calculated with this technique. The negli-
Table 4
Summarized results of the strengths and the fracture toughnesses of the
TiN film determined, together with the corresponding cantilever substrate
thicknesses.

Cant No. tsub (lm) rf (GPa) KIc (MPa
ffiffiffiffi
m
p

)

1 8.7 3.79 ± 0.44 –
2 5.3 3.78 ± 0.43 –
3 4.8 4.73 ± 0.53 –
4 2 5.13 ± 0.70 –
5* 10 – 2.63 ± 0.32
6* 6.5 – 2.61 ± 0.27
7* 5 – 2.87 ± 0.28
8* 2.2 – 2.22 ± 0.25
gible difference between the experimentally determined
value and this corrected value led us to conclude that the
root radius is small enough to consider the pre-crack as ide-
ally sharp.

The individual values for the strength and fracture
toughness of the TiN film determined as a function of the
cantilever substrate thickness are listed in Table 4.

4. Discussion

The method presented allows a straightforward, local
and reliable determination of fracture toughness and frac-
ture stress of brittle thin films owing to the defined stress
state in the region of interest resulting from the sample
and loading geometry. As a prerequisite, it is important
to evaluate the depth profile of residual stresses in the coat-
ing prior to the actual fracture experiments by means of
either the ILR method [15], as in this paper, or other tech-
niques, based on Raman spectroscopy [37–40] or grazing
incidence X-ray diffraction [41–44], for example. In the case
of pronounced stress gradients, the simple determination of
the average stresses could lead to an over- or underestima-
tion of the stresses in the region of interest.

The method can be applied to a wide range of thin film/
substrate material combinations, but it should be taken
into account that, in the case of plastic deformation occur-
ring during the experiment, the determination of the frac-
ture mechanical parameters will become more complex
and may need to involve further finite elements simula-
tions. If possible, materials sensitive to ion damage should
not be investigated with a FIB operated with an accelera-
tion voltage of 30 kV, as presented here. Instead, the FIB
ought to be operated with a lower acceleration voltage or
lower ion energies. The implantation depth of the acceler-
ated ions can be estimated by performing an SRIM (stop-
ping and range of ions in matter [45]) simulation. Materials
like aluminium, for example, that exhibit pronounced Ga-
induced grain boundary embrittlement should not be inves-
tigated in a Ga-operated FIB.

The average fracture toughness and strength determined
were 2:6� 0:3 MPa

ffiffiffiffi
m
p

and 4:4� 0:5 GPa, respectively.
The uniformity of the results shows that the cantilever sub-
strate thickness and therefore the depth profile of residual
stresses in the curved cantilever does not influence these
values significantly. The stresses in the region of interest
– at the surface or in front of the FIB-fabricated pre-crack,
respectively – depend solely on the superposition of the
intrinsic stresses in the curved cantilever and the stresses
induced by the loading, as expected according to basic
mechanics.

The finite element simulation of the stresses in the vicin-
ities of the origins of the unnotched cantilevers shows that
these stresses do not vary significantly even 2 lm away
from the origin in the case of a thick substrate, as listed
in Table 3. This simulation led us to conclude that the
probability of the fracture is equally distributed in this
region taking into account only the stresses. Certainly,
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the actual initiation of the fracture process is controlled by
atomistic flaws of critical size or larger located near the sur-
face of the thin film. This consideration is supported exper-
imentally by the fact that cantilever 1 (tsub;c1 ¼ 8:7 lm)
fractured about 2 lm away from the origin in the negative
p-direction. The corresponding simulation for the thinnest
cantilever 4 (tsub;c4 ¼ 2lm) shows that the surface stresses
decrease significantly in the negative p-direction and
increase slightly in the positive p-direction, which suggests
an initiation of fracture at p P 0 lm. As proposed by this
simulation, cantilevers 2, 3 and 4 fractured between 2.4 and
3.2 lm away from the origin in the positive p-direction.

The mode I fracture toughness determined was con-
firmed by the method developed by Picard et al. [35], which
also showed that the root radius of the FIB-fabricated pre-
crack of 10 nm was small enough to ensure that the exper-
iments were valid. Furthermore, the front of the pre-crack
was not perfectly straight owing to the FIB milling process,
as shown in Fig. 5(a). This could lead to critical local stress
concentrations even at low loads and consequently to local
atomically sharp cracks in the root that subsequently act as
ideal pre-cracks.

Another important factor that has to be considered for
such fracture mechanical investigations is the microstruc-
ture of the thin film, which can influence the fracture
behaviour significantly [12]. On one hand, the indepen-
dence of the values determined on the stress distribution
in the TiN film clearly indicates that the fracture properties
of the film itself are not affected by the residual stresses, but
rather by the strength and fracture toughness of the grains
and the grain boundaries, which depends mainly on the
deposition process and parameters. On the other hand,
residual stresses are definitely important for the structural
integrity of coated components because high compressive
stresses hinder crack nucleation and propagation in the
coating, even if the resistance against fracture of the thin
film itself is low. Therefore, the most important task is to
produce films which exhibit high compressive residual
stresses, good fracture properties and sufficient adhesion
to the substrate material in order to prevent failure.

A challenging task was to compare our results with
those obtained by other research groups, because there
are virtually no reports in the literature to compare the
fracture toughness and strength with. Kamiya et al. [8,46]
investigated the fracture mechanical parameters of 4 and
7 lm thick PVD-deposited TiN films deposited on WC–
Co cutting inserts by means of a combination of microfrac-
ture tests and simulations. The critical energy release rates
were between 21:2 J=m2 for the 4 lm and 16:4 J=m2 for the
7 lm thick film, corresponding to critical stress intensity
factors of 2:7 MPa

ffiffiffiffi
m
p

and 2:3 MPa
ffiffiffiffi
m
p

, respectively, con-
sidering the plane strain state in front of the crack tip, the
Young’s modulus of TiN used for the ILR method
ETiN ¼ Ebiax;TiN � ð1� mTiNÞ ¼ 309 GPa) and Eq. (1):

Kc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
E � Gc

1� m2

r
ð1Þ
Although their experimental setup, the substrate mate-
rial and the deposition conditions were different from ours,
both values determined by Kamiya et al. correspond well
to the mode I fracture toughness of 2:6� 0:3 MPa

ffiffiffiffi
m
p

pre-
sented here.

Kamiya et al. [8] also evaluated the strength of free-
standing thin film cantilevers of approximately 100 lm
length and 50 lm width by bending the cantilever beams
by means of a loading device and measuring the load at
fracture. When they bent the cantilever downwards, the
crack initiated near the surface, similar to the experiment
presented here. Nevertheless, the strength of the TiN film
obtained by means of that method was 2.6 GPa, which is
significantly lower than the result determined in this paper
(rf ¼ 4:4� 0:5 GPa). It should be mentioned that Kamiya
et al. [8] analyzed the strength of the brittle film using the
well-known Weibull distribution in order to account for
the cantilever size and the possibility of atomistic flaws of
critical size being located in the cantilever beam owing to
the deposition process.

Qin et al. [47] investigated the strength of 2 lm thick
multi-arc ion plated TiN films deposited on steel by strain-
ing the substrate and calculating the stress of the film by
means of X-ray diffraction. The fracture strength deter-
mined was 7.01 GPa, which is significantly higher than
the result presented here. The comparison of the strength
of the ion-plated coatings [8,46,47] and the magnetron-
sputtered TiN film investigated in this paper shows that
the values scatter significantly, presumably as a result of
the deposition techniques and parameters.

More information about the initiation and propagation
of the cracks in the TiN film can be obtained by analyzing
the stresses in the cantilevers and the fracture surfaces. For
this purpose, the cantilever beams without pre-cracks used
for the determination of the film strength were investigated
in detail because the stresses are more defined than in the
case of the pre-cracked specimens and the crack initiation
process can be discussed. The first issue to be analyzed is
whether the crack initiates at the surface of the cantilever,
where the stresses are highest in the TiN film, or at the
interface in the Si, where the tensile stresses in the substrate
are highest. Another location of the starting point of the
crack in the thin film is very unlikely owing to the pro-
nounced stress gradient induced by the loading with the
indenter. Also, the investigation of the stresses just before
fracture showed that all the cantilevers failed at similar film
stresses at the surface, as listed in Table 4, but at different
maximum substrate stresses (rSi;max ¼ 1:8GPa, rSi;min ¼
0:7GPa) owing to the variation in cantilever substrate
thicknesses (tsub;max ¼ 8:7 lm; tsub;min ¼ 2lm), which led us
to conclude that the cracks originated at the surface. For
comparison, the stress profiles of two loaded cantilevers
of different substrate thicknesses are shown in Fig. 10. A
critical flaw size of ac ¼ 108 nm, which is somewhat larger
than the width of the columnar grains, was roughly esti-
mated by applying the well-known Griffith’s criterion



Fig. 10. Stress profiles just before fracture in two cantilevers (1 and 4)
without a pre-crack, but of different substrate thickness. These depth
profiles develop by superimposing the intrinsic residual stresses and the
stresses induced by the loading. In this graph, the nearly homogeneously
distributed stresses in the initial system shown in Fig. 2 are approximated
by a perfectly homogeneous stress profile with the same average stress.

Fig. 11. SEM image of a fracture surface of the TiN film investigated
shows mainly intergranular fracture (inclined view).
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(Eq. (2)), considering the mode I stress intensity factor and
the strength of the TiN film determined in this paper.

ac ¼
1

p
KIc

rf

� �2

ð2Þ

The SEM images of the fracture surface show that inter-
granular cleavage is the dominant fracture mechanism of
the film, which has also been reported for other TiN coat-
ings by other research groups [1–4,12]. Examples of the
fracture surfaces of the TiN film investigated are shown
in Figs. 5(a) and 11.

The results obtained demonstrate that the TiN thin film
can sustain significant tensile stresses, which is contrary to
the assumption that the compressive stresses in the coating
are the most important point to assure the integrity of the
system [4,12,13]. Owing to the observed intergranular frac-
ture, the strength measured is actually the strength of the
grain boundaries. The combination of relatively high frac-
ture toughness, high strength, compressive stresses in the
TiN film on the substrate and sufficient adhesion is respon-
sible for the good mechanical performance of the system
investigated. However, it has to be taken into account that
the quality (defect density, homogeneity, etc.) and the
properties of a film depend strongly on the fabrication pro-
cess and the deposition parameters, and it is therefore dif-
ficult to draw conclusions about TiN films in general.

5. Conclusion

The results demonstrate that the method presented here
is a powerful tool for the determination of the mode I frac-
ture toughness and the intrinsic strength of thin films. The
defined stress state in the region of interest during loading
and the straightforward calculation procedure led to reli-
able and reproducible results, as shown by means of the
PVD-deposited TiN film on single crystalline Si. The frac-
ture toughness of 2:6� 0:3 MPa

ffiffiffiffi
m
p

corresponds well to
results obtained by Kamiya et al. [46]. The strength of
rf ¼ 4:4� 0:5 GPa is surprisingly high, although values
up to 7.01 GPa have been reported for PVD-deposited
TiN films [47]. SEM images reveal that intergranular cleav-
age is the dominant fracture mechanism. These results lead
to the conclusion that the structural integrity of the film
results mainly from the high grain boundary strength
rather than from simply high compressive stresses.
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