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A B S T R A C T

Brittle ceramic thin films failure problems induced by film stress during service have been recently getting more
attention. Thus, it is crucial to know the stress to understand correlated film fracture. In this work, in-situ stress
gradient evolution during cracking of TiN films under external load was investigated by grazing-incidence X-ray
diffraction using the optimized cos2 α sin2 ψ method. Counterintuitively, cross-sectional scanning electron mi-
croscopy clearly demonstrated that cracks initiated in the middle of the film thickness and propagated to the
surface and/or the interface with increased load. Eventually, film through-thickness crack and even delamina-
tion occurred. Preferred orientation evolution and texture transition along the film cross-section were char-
acterized by selected area electron diffraction in transmission electron microscopy and the Kikuchi diffraction
analysis. Thermodynamics modeling revealed that system energy was the driving force for dominant texture
transition. The texture-dependent film fracture toughness accounts for the film cracking behavior. A model of
fracture toughness is proposed to consider and evaluate the effect of the preferred orientation. The fracture
toughness in the middle of the film, where the texture transition zone is located, is smaller than at the surface or
the interface. Consequently, the texture transition zone of the film becomes the crack initiation point, which
finally leads to the whole film-substrate system failure. Consequently, the texture transition zone of the film
becomes the crack initiation point, which finally leads to the whole film-substrate system failure.

1. Introduction

With the demand of prolonging lifetime and improving performance
of materials, thin hard films are widely used in various industrial ap-
plications [1]. Hard thin films can reduce friction, enhance wear [2]
and oxidation resistance [3,4], along with anti-corrosion properties [5]
of substrates. However, failures, including cracking [6], delamination
or spallation [7,8], prevent thin films or coatings device integration [9].
Additionally, residual stress is important, since it can affect many me-
chanical properties of thin films [10,11], such as adhesion, fracture
toughness, elastic modulus and hardness. In fact, quite a lot of film
failures during their service life are induced by film stress. Conse-
quently, it is crucial to know the film stress and understand how it
correlates with film failures during service.

Stress gradient along the film thickness is quite important for film
failure because it is closely related to crack initiation and propagation.
Extensive studies of thin film stresses have been conducted in the past
[12–17]. However, previous research paid more attention to films

fracture behavior under different deposition conditions rather than the
in-situ stress gradient evolution. Magnetron-sputtered CrN thin films
with 100 nm to 3 µm thickness were investigated, and the residual
stress was reported as a function of film thickness. The film exhibited
maximum compressive stress in the 100 nm CrN layer, which rapidly
decreased with film thickness, finally reaching a plateau value [12].
TiN thin film on single crystal silicon substrates was investigated. X-ray
diffraction (XRD) techniques were used to characterize residual stress in
thin films with different thickness ranging from 85 nm to 2.5 µm. The
stress in the films decreased with the film thickness [13]. The existence
of the film stress gradient was confirmed by pencil-beam X-ray nano-
diffraction, reporting higher stress at the film surface [14]. Residual
stresses in different Ti-TiN multilayers were investigated and their ef-
fects on adhesion were studied using experiments combined with si-
mulations. In each layer of the coatings, the maximum residual stresses
were at the layer-to-layer interfaces, and the highest stress value of the
entire coating was at the coating-to-substrate interface [15]. Renzelli
et al. [16] studied the residual stress gradient in the Cr/CrN multilayer
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coatings, and found that the interfacial film stress is larger than at the
surface or the middle part of the film thickness. This means that the
stress concentration takes place at the film-substrate interface. They
also found that the stress gradient may change according to different
designs of the layers. Additionally, the hole-drilling method was used
for the stress gradient characterization of multilayer films. Besides, the
method of wet chemical etching was also employed to obtain film stress
gradient in another research report about the residual stress in TiN thin
films with the film thickness ranging from 20 nm to 1.9 µm [17]. Film
stress was measured using the substrate curvature method and the
average film stress was compressive and higher stress was present in
thinner films. However, the abovementioned methods are destructive,
thus affecting the accuracy of the results. According to the previous
research reports, stress gradient exists. However, it is not enough to
interpret thin film failure problems in actual applications because of a
lack of understanding of the stress gradient evolution mechanism. To
reveal the film cracking behavior during the failure process, more in-
formation about the stress gradient is needed, especially in-situ
cracking processes of the films.

Fracture toughness represents the ability of a material to resist crack
propagation upon loading [18]. Fracture toughness is an important
property of brittle materials, including hard ceramics thin films and
coatings, and many methods for measuring the mode-I fracture
toughness have been developed [19]. Basically, these methods can be
summarized into two categories, i.e. the stress-based approach and the
energy-based approach [20]. The stress-based approach includes
bending or buckling, indentation and scratch tests [21–23]. However,
these measurement methods inevitably initiate a crack, since no pre-
crack exists to start with [24]. Consequently, the accuracy of these
methods cannot be assured. Therefore, energy-based approach is more
viable. The main advantages of the energy-based methods are no need
for special preparation and externally applied load [25]. This approach
is more reliable for thin films [26–28].

To reveal the real time film cracking behavior, more information
about the stress gradient is needed. The emphasis of this work is on in-
situ film stress gradient evolution during external loading, film failure
behavior and correlated mechanisms. Based on the growth mechanisms
and fracture toughness modeling, stress gradient evolution and film
cracking behavior under different circumstances can be illustrated.

2. Experimental procedure and theoretical basis

2.1. Materials preparation

TiN thin film was selected in this study as representative brittle
ceramic film. The film was deposited by unbiased reactive RF-pulsed
magnetron sputtering on polished AISI 304 stainless steel (304 SS)
substrates. The size of the substrates was 20mm × 15mm × 2mm.
Before deposition, the substrates were cleaned in acetone for 10min in
ultrasonic cleaner and Ar+ ion bombardment with 100W power for
20min was employed to activate specimens’ surface and remove sur-
face contamination. The purity of Ti target was 99.995% and the base
pressure was better than 4.5 × 10−3 Pa. To improve adhesion between
the film and the substrate, Ti metal interlayer with the thickness of
about 100 nm was deposited first. The sputtering power of the Ti target
was 300W. The substrate temperature was kept at 300 °C. The working
pressure was kept at 2.9 × 10−1 Pa. After deposition, thin films un-
derwent natural cooling to room temperature in the vacuum chamber.

2.2. Film characterization

Cross-sectional microstructure and cracking behavior of the TiN
thin films were observed by field emission scanning electron micro-
scopy (FESEM, Supra 55, Zeiss, Germany). Phase crystallographic
structure of the films was identified using X-ray diffractometry (Cu
target, SmartLab, Rigaku, Japan) with 40 kV and 150mA. The

wavelength of Cu Kα1 radiation was 1.5406 Å. The Young's modulus of
TiN thin films was measured by nanoindentation (TriboIndenter,
Hysitron, USA). The indentation depth was within 10% of the film
thickness to avoid the substrate effects [29] and a constant loading rate
of 200 μN/s was used. Preferred orientation of the films along the film
cross-section was determined by selected area electron diffraction
(SEAD) mode in field-emission transmission electron microscope (TEM,
JEOL 2100-F, Japan). Transmission Kikuchi diffraction analysis (TKD,
or transmission electron back-scattered diffraction, t-EBSD, Bruker,
Germany) was utilized to obtain detailed film growth information.
Focused ion beam (FIB, Tescan, Czech Republic) was used to prepare
thin film cross-section samples.

2.3. Stress gradient evolution

Film stress measurements were accomplished by GIXRD using thin
film accessory and a homemade optimized sample stage. Grazing in-
cidence diffraction geometry has several advantages, such as limiting
the beam penetration depth, increasing the diffraction volume of the
films, and avoiding diffraction reflection from the substrate. Parallel
beam optics and side-inclination method were utilized. This technique
allows obtaining in-situ stress gradient evolution in thin films more
accurately and non-destructively [30]. The cos2 α sin2 ψ method was
used and the bi-axial film stress was determined from measuring the
lattice spacing dhkl at several inclination angles ψ [31]. Changing the
grazing incidence angle provides depth-dependent residual stress in
thin films, allowing to obtain the stress gradient [32].

Schematic diagrams of the three-point bending fixture with a
sample in Fig. 1(a), and Fig. 1(b) show the samples with and without
bending. To ensure in-situ stress gradient measurement accuracy, the
sample was held in the same position and height during the whole X-ray
measurement process. The homemade bending fixture was rigidly at-
tached to the sample holder. The sample steel disc with a groove was
attached to the bending fixture, shown in Fig. 1(c), and placed in the
middle of X-ray incident beam. The appropriate sample height was set
to obtain maximum X-ray signal intensity. The stress gradient of the as-
deposited film was characterized first. Then a certain external load/
strain was applied to the sample, controlled by a strain gauge (program-
controlled static resistance strain gauge, BZ2205C). Each time after the
external load was applied, stress gradient measurement was performed.

Residual stress in thin film was characterized based on the cos2 α
sin2 ψ method, which utilizes asymmetric diffraction geometry. The
basic principle of the method is consistent with the traditional sin2ψ
method, which means the bi-axial residual stress of thin film is de-
termined from measuring the lattice spacing dhkl at several inclination
angles ψ. In a single test, a fixed (hkl) Bragg reflection plane is selected.
The bi-axial strain in cos2 α sin2 ψ method is given by [31]:

−
=

+
+

+
−

d d
d

ν
E

σcos αsin ψ ν
E

σsin α
E

σ1 1 2ναψ 0

0

2 2 2
(1)

In Eq. (1), dαψ represents the lattice spacing gained from the (hkl)
planes and d0 represents the lattice spacing of the stress-free sample.
Here, E is the Young's modulus and ν is the Poisson's ratio. From the
linear fitting results between strain −d d

d
αψ 0

0
and α ψcos sin2 2 , one can

get the slope + σν
E

1 , which is the basis of residual stress calculation.
Fig. 2 shows the schematic diagram of grazing incidence X-ray dif-
fractometry, and the instrumental angles are as follows: θ: Bragg's
angle; γ: X-ray beam grazing incidence angle; α: angle between the
sample surface, the diffraction plane and ψ: the inclination angle of the
sample surface. Apparently, α = θ – γ, where θ is the Bragg's angle of
the (hkl) planes. Changing the grazing incidence angle provides depth-
dependent residual stress in thin films, allowing to obtain the stress
gradient. The penetration depth is determined as [32]:
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In Eq. (2), Ψ is the inclination angle; θ is the Bragg's angle; α is the
angle between the sample surface and the diffraction plane, and α= θ –
γ; μ is the liner absorption coefficient of the irradiated material for the
used X-ray wavelength. For a given thin film sample and corresponding
diffraction parameters, film thickness, absorption coefficient, Poisson's
ratio and Young's modulus are constants. By applying suitable grazing
incidence angle, the stress gradient can be measured.

2.4. Thermodynamics modeling

Total energy of the system is the dominant factor of the

polycrystalline thin films during growth. The energy of the orientations
were simulated and calculated based on the first principles. In this
work, surface energy calculations were executed using the CASTEP
module of Materials Studio 8.0 (Accelry Inc.). Generalized gradient
approximation (GGA) by the Perdew-Bruker-Ernzerhof method (PBE)
was applied to calculate the exchange-correlation potential. During the
calculation process, the cutoff energy was 350 eV, the total energy
tolerance was 5 × 10−7 eV/atom, and the k-point was 10 × 10 × 1.

2.5. Fracture toughness evaluation

The internal energy induced cracking (IEIC) method [33] was used
to evaluate the fracture toughness of the thin films. This method is an
energy-based approach and the principle lies in the energy difference.

Fig. 1. (a) Schematic diagrams of bending fixture with a sample; (b) Schematic diagrams of sample without bending and under bending; (c) XRD bending fixture with the sample and the
strain gauge attached to the TiN film surface.

Fig. 2. Schematic diagram of grazing incidence X-ray dif-
fractometry (GIXRD).
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The energy release rate is calculated based on the energy difference,
which is considered to be responsible for film fracture. Fracture
toughness can be calculated once the energy release rate is obtained
[20].

3. Results and discussion

3.1. Film crystal structure and microstructure

To identify the phase and crystal structure of the TiN films, GIXRD
spectra are shown in Fig. 3(a). The grazing incidence angle is fixed at
2°. Taking the standard reference sample into account (JCPDS 38-
1420), the films can be assigned to the TiN face-centered cubic (FCC)
structure. The diffraction peaks at 2 theta = 37°, 42.8°, 62.3° and 74.4°
correspond to (111), (200), (220) and (311) planes of TiN, respectively.

Cross-sectional morphology of the sputtered TiN films was char-
acterized by SEM. Fig. 3(b) shows representative microstructure of the
film, where typical columnar microstructure perpendicular to the film
surface can be seen. An average surface roughness measured by Veeco
Dektak 150 stylus profilometer was approximately 4.5 nm. The thick-
ness of TiN films is about 2.9 µm. The width of the columnar grains is in
several tens of nanometers, and the width gets larger with the distance
from the film-substrate interface to the film surface, indicating nano-
scale grain size.

3.2. Film mechanical properties

Young's modulus of the TiN films was measured by nanoindenta-
tion. The indentation depth was within 10% of the film thickness,
which was between 200 nm and 290 nm, to avoid the substrate effect.
Five tests were made to ensure results reliability. The measurement
results were 314.18 GPa, 300.56 GPa, 311.81 GPa, 301.75 GPa and
314.73 GPa, respectively. Every value is an average of five indentation
tests. As a consequence, the average value of the TiN thin films Young's
modulus was 308.61 GPa.

3.3. In-situ stress gradient evolution

The stress gradient evolution of the film under externally applied
strain is shown in Fig. 4. In this study, TiN (220) plane was chosen for
the stress measurements in the 61–64° 2θ range. Eight inclination an-
gles were used, ranging from 0° to 45° (0°, 15°, 20°, 25°, 30°, 35°, 40°
and 45°). Parameters relevant to X-ray residual stress measurements are
listed in Table 1. The film cross-section was divided into three ap-
proximate areas along its thickness, i.e. surface, middle and interface
regions. In this study, they are defined as region I, II and III, respec-
tively. According to Eq. (2), the penetration depth at 2.5°, 9° and 19.5°
incident angles was about 500 nm, 1500 nm and 2500 nm, respectively,

which are representative of surface, middle and interface regions of the
film. In Fig. 4, the three regions show different response to externally
applied strain. The loading process can be divided into three stages. At
the beginning, when the externally applied strain was varied from 0%
to 0.1%, the whole film had almost the same stress along its thickness,
which increased with the strain at the same rate, demonstrating no
stress gradient. This is apparent from the same stress-strain slope be-
tween 0% and 0.1% strain for all regions in Fig. 4. The second loading
stage is between 0.1% and 0.2% strain. During this stage, film stresses
in all regions increase rapidly and film stress in region II increases at a
faster rate than in region I and III. When the applied strain is between
0.2% and 0.3%, the stress in region I and III continues to increase.
However, the film stress in region II rapidly decreases, pointing to the
exact location of film stress relief.

It is worth noticing that the stress values in region I and III are lower
than the maximum stress value in region II during the whole loading
process. The results further demonstrate that different film regions have
different mechanical properties. Specifically, the middle region is more
vulnerable to crack initiation in thin hard films, which finally leads to
the whole film-substrate system failure.

Fig. 3. (a) GIXRD spectra of 2.9 µm TiN thin
film; (b) SEM cross-section morphology of TiN
thin film.

Fig. 4. In-situ film stress evolution under externally applied strain.

Table 1
Parameters used in residual stress measurements by XRD.

Material TiN (JCPDS#38-1420)
Wavelength, λ Cu Kα1 (1.5406 Å)
Linear absorption coefficient, μ 879 cm−1

Reflection planes, (hkl) (220)
Diffraction angle, 2θ 61.81°
Young's modulus, E 308.61 GPa
Poisson ratio, ν 0.21
Lattice spacing, d0 1.4997 Å
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3.4. Film cracking behavior

Film cracking behavior is shown in Fig. 5. The cross-sectional view
of TiN thin films was investigated under gradually increased external
strain/stress. The external strain was gradually increased from 0% to
0.5%. Each time after the external load was applied, the sample was
observed in SEM under load in the fixture. Then additional external
load was applied based on the previous value to keep the observed zone
consistent. Cross-section cracking morphology of films under gradually
increasing load/strain is shown in Fig. 5. Comparison of Fig. 5(a) and
5(e) clearly shows that under 0.5% applied strain, the cracks in TiN thin
film were all through-thickness cracks, while the thin film was still
intact without any strain. In Fig. 5(b), 5(c), and 5(d), no through-
thickness cracks can be found under the increasingly applied strain of
0.22%, 0.26% and 0.26%, respectively. All cracks were mainly present
in the middle of the film thickness. Only a small part of the crack
propagated into the other two regions, but had not reached the surface
or the interface yet. Besides, Fig. 5(c) shows that a crack was mainly in
the middle and propagated towards the surface, but not into the in-
terface. Additionally, Fig. 5(d) shows that a crack in the middle region,
propagated towards the interface, rather than the film surface.

Consequently, these figures indicate the crack initiation occurs in
the middle of the film thickness, and the crack propagated gradually to
the surface or the interface with the external load reaching a certain
value. Moreover, when the applied strain was beyond 0.3%, through-
thickness cracks were observed. As seen in Fig. 5(e) and 5(f), through-
thickness cracks and even film delamination occurred when the applied
strain was 0.4% and 0.5%, respectively. This phenomenon agreed with

the film stress gradient evolution. Based on the experimental evidence
of stress gradient and SEM results, it is reasonable to attribute film
failure to the through-thickness cracks, which initiated from the middle
of the thin film and propagated into the surface and/or interface when
the externally applied strain exceeded a critical value.

3.5. Film texture transition zone

To obtain the film preferred orientation information in region II,
TEM was employed. The preparation of the cross-sectional electron
transparent films was accomplished by FIB, which is relatively rapid
compared to conventional techniques [34]. The FIB cross-section spe-
cimen with uniformly thin area was prepared. The middle region of the
cross-section sample was characterized using the SEAD mode. Typical
electron diffraction pattern from the region II of TiN thin film cross-
section is shown in Fig. 6(a). Randomly distributed spots are seen,
marked as A, B and C. This result indicates polycrystalline character of
the film. Moreover, spots A, B and C in the diffraction pattern can be
indexed to TiN (111), (200) and (220) reflections, respectively. This
proves the existence of mixed orientations in the middle region of the
film.

As is known, the electron backscatter diffraction (EBSD) test would
be ideal to get growth information of materials. However, EBSD is hard
to perform for the thin film materials whose grain size is relatively
small compared to the bulk materials. In this work, the TKD (or the t-
EBSD) was utilized to overcome this problem. The preparation of the
cross-sectional sample of the film was also accomplished by FIB. The
test mainly focused on the middle of region II of the film. The result is

Fig. 5. Cross-section cracking morphologies of films
under different strain: (a) 0; (b) 0.22%; (c) 0.26%;
(d) 0.26%; (e) 0.4%;(f) 0.5%.
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given in Fig. 6(b), which shows the orientation map (inverse pole figure
Y-direction coloring scheme, where Y is parallel to the cross-section
direction of the film). In the middle region, the orientation preference
of the upper part is {111}, which corresponds to TiN (111) planes.
However, the film orientation close to the interface is {100}, which
corresponds to TiN (200) planes. Preferred orientation switched from
(200) to (111) in the middle of the film thickness. Moreover, con-
sidering the previous report, the preferred orientation of the film
switches from (200) to (111) with film thickness [35]. These experi-
mental evidences indicate that the middle of the film thickness is the
film texture transition zone, which has a mixed texture.

3.6. Energy calculations

Petrov et al. [36] reported microstructure evolution as a function of
the reduced temperature Ts/Tm, where Ts is the deposition temperature
and Tm is the melting point of the material. As reported, the primary
feature of the zone T type was competitive growth, which leads to a
continuous change in morphology and texture as a function of film
thickness. The TiN thin film in this work has zone type T characteristics.
At the initial stage of film growth, the preferred orientation of the thin
film in this work is (200) with lower surface energy. With the film
growth continues to a certain degree, the (111) plane with higher
surface energy becomes dominate [36].

The growth of thin film material is an energy-controlled process.
The dominant orientation during film growth depends on the lowest
energy state, which is derived from the interactions between the surface
energy and the strain energy [37]. According to Fig. 7, the grain size is
relatively small at early stages of film growth and gets larger with the

film thickness. With the grain size increase, the porosity of the film
reduces. Therefore, the grain boundaries density (length per surface
area) gets lower for larger grain size. Lower grain boundaries density
means less possibility to insert impurities or extra atoms into the grain
boundaries. Impurities can alter the surface energy of different crystal
planes [38]. At the early stages of film growth, surface energy is the
dominant factor for preferred orientation, since the strain energy is
negligible [39]. However, strain energy increases with the film growth.
Once the film thickness reaches the critical value, the dominant factor
for the preferred orientation will be strain energy rather than surface
energy.

From the thermodynamics viewpoint, the basic reason for forming
the film structure is system free energy (ΔG) during the film growth. ΔG
value commonly consists of the surface energy, the strain energy and
the interface energy [27]:

= +ΔG ΔE ΔEsurface strain (3)

where ΔEsurface and ΔEstrain represent the surface energy and the strain
energy between the two neighboring grains, respectively. The surface
energy was determined as in [28]:

=
−

E
E E

A2surface
hkl slab

hkl N
N bulk

hkl

slab
hkl

bulk

(4)

In this work, the surface energy of different film orientations was
simulated based on the first principles calculations. These calculations
were executed using the CASTEP module of Materials Studio 8.0
(Accelry Inc., USA). Generalized gradient approximation by the
Perdew-Bruker-Ernzerhof method was used to calculate the exchange-
correlation potential. During calculation, the cutoff energy was 350 eV,
the total energy tolerance was 5 × 10−7 eV/atom, and the k-point was
10 × 10× 1. In the simulations, TiN (200) and TiN (111) surfaces were
taken using the specific slabs with the lattice constant of 4.242 Å. The
results are shown in Table 2. The 0.086 Jm−2 surface energy of the
(200) TiN orientation is the lowest among the three planes. The TiN
(111) and TiN (220) orientations show higher surface energy of
0.209 Jm−2 and 0.192 Jm−2, respectively. These results indicate that
the surface energy minimization dominates the early stage growth with
(200) TiN preferred orientation. The experimental findings of the film
growth are in agreement with these results.

Fig. 6. (a) SAED pattern from the middle of cross-
sectional of the TiN film by TEM; (b) Orientation
map of the middle of TiN film cross-section by TKD.

Fig. 7. Simulated structure of (a) TiN(111), (b) TiN(200) and (c) TiN(220) surface slabs.
The gray and blue balls represent the Ti and N atoms, respectively.

Table 2
Simulated and calculated values of the TiN thin films.

Plane Ebulk (eV) Eslab
hkl Ahkl (10−20 m2) Esurface

hkl (J·m−2)

TiN(111) −7510.847 −30030.093 31.855 0.209
TiN(200) −7510.847 −30037.343 35.144 0.086
TiN(220) −7510.847 −18769.136 12.801 0.192

*1 eV =1.602176565(35) × 10–19 J.
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3.7. Film fracture toughness

Fracture toughness is crucial for failure problems. According to the
simplified fracture model, the driving force for crack growth, Gc, can be
obtained as follows [33]:

=
−

+G
v

E
σ h Uh

1
2c

f

f
m f f

2
2

1 2
(5)

where vf , Ef and σm are the Poisson's ration, Young's modulus and the
biaxial stress of the film, while hf1 and hf2 are the film thickness of the
upper and lower layers in the fracture model proposed by Wang [33].
Besides, U represents the strain energy density of the lower part.

The total stored elastic energy, Gs, must be larger than Gc (Gc >Gs)
to initiate the crack propagation. Under the assumption that all the film
detached from the substrate, i.e. =h 0f 2 , =h hf f1 , one can get:
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According to the Griffith theory, the total energy is given as

= − +E
σ
E

wah γaw
2
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m
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(7)

where γ is the surface energy per unit area of the crack, w, a and hf are
the width and length of the crack and the film thickness, respectively.

The instability starts at =h hf c when = 0dE
da
total , thus [33]:

= − + =
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Consequently, the critical stress is given by

=σ
E γ
h

4
c

f

c (9)

In Eq. (9), E γ4 f is usually referred to as KIC [40], so one can get

= =K σ h E γ4IC c c f (10)

Since residual stress originated from the two sources, growth and
thermal, the thermal stress component should be assessed, and Gc can
be expressed as in [33]:
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E
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(11)

where σXRD is the measured stress value of the thin film from X-ray
diffraction method and σthermal is the thermal stress. In Eq. (11), the

effect of the thermal stress is the second term, σ h
v

E thermal f2
2f

f

2
. TiN thin

films were deposited at 300 °C and cooled down to room temperature.
By using the film thickness and elastic modulus of the TiN film in this
study, the thermally-induced energy is less than 0.2 J/m2, which is less
than 1.2% of the fracture toughness from previous literature reports
[33,41]. Therefore, it is reasonable to neglect the contribution of the
thermal stress and KIC can be expressed as [33]:

= =
−

K σ h
E G

v
2
1IC c c

f c

f
2

(12)

It is reasonable to consider the fracture toughness as texture de-
pendent since the preferred orientation is observed in the polycrystal-
line TiN thin films with film thickness. Moreover, Young's modulus is
reported in some previous literature reports as a variable with preferred
orientation of the thin films [42,43]. In Eq. (12), ′Ef is used to substitute
for Ef . Here, ′ =E αEf f , and α is a coefficient that reflects the ratio of the
modulus values of a specific plane to the mean value of the thin film. By
inserting v = 0.21 [35] and eliminating the two dimensional geometry
and biaxial stress state factor 2 [33], Eq. (12) can be converted to

=K αE G1.0233IC f c (13)

Therefore, the fracture toughness of the film can be considered as
texture dependent in Eq. (13). From the previous section, the mean
Young's modulus value is 308.61 GPa. The elastic modulus of three
main planes of the TiN films are given in [43]. Corresponding Young's
modulus values, α values, fracture toughness and critical stress of dif-
ferent preferred orientations are listed in Table 3.

The reason for the film fracture behavior in Section 3.3 is due to the
relatively low fracture toughness of the texture transition zone in the
middle of TiN film cross-section compared to the surface and the in-
terface. The fracture toughness of the film middle is 2.12MPa √m,
corresponding to the 1.06 GPa critical stress, which is obviously smaller
than the film surface (1.38 GPa) and the interface (1.37 GPa) regions.
This may lead to the crack initiation in the middle of the film thickness.

4. Conclusions

In this paper, in-situ film stress gradient evolution of thin hard
magnetron sputtered TiN film was accurately characterized under ex-
ternally applied load. The results indicate that the surface, the interface
and the middle region of the film cross-section have different response
when exposed to an intermediate applied strain ranging from 0.11% to
0.3%. The crack initiated in the middle of the film thickness, while the
stress in the surface and the interface regions continued to increase. The
crack then propagated into the surface and/or the interface areas with
increased applied load. Eventually, film failed, inducing through-
thickness cracks and even delamination.

Preferred orientation evolution along the film cross-section was
confirmed by the SEAD TEM mode and the TKD of the film cross-sec-
tion. The driving force of the transition was the energy minimization,
which derived from the interaction between the surface energy and the
strain energy. Thermodynamics modeling, based on the density func-
tional theory, was conducted to show the surface energy different for
several film orientations, which was responsible for the texture transi-
tion.

Fracture toughness difference of the various regions of the TiN film
cross-sections accounts for the cracking behavior. The fracture tough-
ness of the film is considered as texture-dependent. Moreover, a model
of determining fracture toughness is proposed to take the effect of the
preferred orientation into account. The model illustrated that the
fracture toughness of the middle of the film thickness is smaller than the
surface or the interface. As a result, the texture transition zone of the
film becomes the more vulnerable place for crack initiation and finally
leads to the failure of the whole film-substrate system.
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Table 3
Fracture toughness and critical stress of different orientations of the TiN thin films.

Orientation E (GPa) α KIC (MPa √m) σc (GPa)

(111) single-crystal 449± 28 1.45 2.75 1.38
(200) single-crystal 445± 38 1.44 2.74 1.37
(111)+(220) mixed texture 265±11 0.86 2.12 1.06
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