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Film and substrate mechanical integrity is essential for the whole system’s performance. In the present
study, cracking of brass ductile substrate induced by brittle TiN film fracture was observed.
Counter-intuitively, instead of protecting the ductile substrate, a brittle film can cause its premature frac-
ture, as demonstrated here experimentally. Brittle film fracture could induce cracking of ductile substrate
at considerably low strain level. Analytical calculation based on energy conservation during crack prop-
agation is presented to explain this phenomenon of film-induced cracking. It is shown that crack depth
penetrated into the substrate is a function of both crack velocity and the number of dislocations emitted
from the crack tip. Relatively thick brittle films and fast propagating cracks favor fracture of the ductile
substrates. The critical crack velocity, which can induce the cracking of brass substrate, is 61 m/s. The
presence of brittle film could not only prevent dislocations escaping from the surface of the crystal
and inhibit dislocations emitting from surface dislocation sources, but also initiate a channel crack with
high velocity due to brittle fracture. Both of them contribute to crack propagation in soft brass substrate.
This study provides an alternative view to the notion that a brittle film can protect the ductile substrate
from damage.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Excellent film performance depends on and requires mechani-
cal integrity of the film-substrate system [1–3]. For better
film-substrate system designs, thin film failure mechanisms and
parameters controlling these processes have been widely studied,
including cracking [4], buckling [5], bubble formation [6], debond-
ing [7] and delamination [8]. Up to now, these studies focused on
failure mechanisms of the film itself, along with the interfacial
properties. However, if a micro-crack can be initiated in the ductile
substrate due to the film cracking, then the whole system would be
much easier to fail because of the stress concentration in front of
the crack tip under tensile stress [9]. Previously this film-induced
ductile substrate cracking has been only addressed by modeling,
but without experimental efforts. While it is normally believed
that the brittle film protects the ductile substrate from damage,
the current study shows otherwise.

Substrate damage is induced by brittle film channel cracking
under tensile stress. Affected by preparation technology and ser-
vice environment (humidity, temperature, frictional wear, etc.),
brittle films are exposed to a combination of residual and external
stresses [10–13]. These stresses could cause brittle films to crack at
low strain due to the films’ extremely low fracture toughness [13].
Generally, channel cracks nucleate from the top surface of the film
under normal tensile stress [4]. Once the channel crack initiates in
a brittle film, there are three possible ways for the crack to extend
[14]. The crack may stop at the interface, propagate along the inter-
face, or propagate toward the substrate. Modeling results of crack
propagation have illustrated that the cracks will penetrate along
the interface and propagate within the substrate if a stiff film is
supported by a compliant substrate [15,16]. The depth of penetra-
tion into the substrate depends on the difference in elastic modu-
lus and toughness between the film and the substrate.
Experimentally observing the cross-section of the brittle
film-ductile substrate interface under uniaxial tension shows that
after the formation of parallel channel film cracks, substrate local-
ized elastic–plastic deformation will occur at the crack tip (dia-
mond on Ti [4], CrN or Cr2N on brass [11]). In lithium batteries,
the cracking of Si film electrode, caused by lithiation and delithia-
tion, could lead to increase of hardness and elastic modulus of the
Ti current collector substrate underneath the film [3]. However,
films on brittle substrates, such as NiAl on Si, can form channel
cracks through both the film and the substrate because of the
residual stress change caused by annealing [17]. The crack
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Fig. 1. (a) Schematics of the substrate with the film on the lateral surface under
three-point bending; (b) Image of samples before and after bending; (c) Strain along
the vertical section at x = constant, shown schematically in (a).
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penetration into the Si substrate was explained by the Ye’s theory
[14]. Moreover, environmentally degraded embrittled polymer
surfaces could serve as a site for brittle crack initiation, causing
the underlying polymer substrate to fail in a brittle fashion [18].
All of these phenomena are the results of film crack propagation
to the substrate. Brittle film tensile fracture strain, eF, is much
lower than the ductile substrate tensile fracture strain. Examples
of such systems include diamond-like carbon on stainless steel
(eF = 1.2%) [19], Al2O3 on Al–5%Mg (eF = 2%) [20] and diamond on
Ti (eF = 1%) [4]. Nevertheless, brass fracture strain is about 30%
(tested by stretching), since large plastic deformation occurs before
rupture. Therefore, the original motivation for this paper is to
experimentally investigate if cracking of the brittle film could
induce ductile brass substrate fracture at relatively low strain
levels.

Many studies have shown that surface films, such as de-alloyed
layers or passive films, formed in corrosive environments, could
cause brittle fracture of many normally ductile metals and thus
induce stress-corrosion cracking [21–23]. The concept of
film-induced cracking was first proposed by Newman and
Sieradzki to explain both transgranular and intergranular
stress-corrosion cracking resulting from surface films [22,23]. The
model was based on the idea that a crack, originating in a surface
layer, can obtain high enough velocity to penetrate into the under-
lying substrate, even if the substrate is a face centered cubic (fcc)
metal. However, there are several mechanisms to control the brit-
tle fracture of metals during stress-corrosion cracking. It is hard to
distinguish whether the crack is initiated by the surface film frac-
ture or some other corrosion cracking mechanisms, such as slip
dissolution or adsorption-induced brittle fracture [24]. Thus, the
second aim of this paper is to verify the validity of the
film-induced cracking model by depositing a brittle film on a duc-
tile substrate, and thus eliminating environmental effects.
2. Experimental procedure

The dimensions of the brass substrates were
15.5 mm � 6 mm � 1.5 mm. The chemical composition of the
brass alloy was 62 wt.% Cu and 38 wt.% Zn. TiN film with a thick-
ness of about 1.3 lm was deposited on the front
15.5 mm � 1.5 mm surface. The TiN films were deposited by reac-
tive RF-pulsed magnetron sputtering in an industrial physical
vapor deposition system. Young’s modulus of the film and sub-
strate were measured by nanoindentation (TI900, Hysitron, USA).
The brass samples with TiN film on the front lateral surface
(15.5 mm � 1.5 mm) were loaded under three-point bending along
the bottom 15.5 mm � 6 mm surface, as shown schematically in
Fig. 1a. Fig. 1b shows the samples before and after bending, along
with the three-point bending device. Direct observation of the lat-
eral surface using scanning electron microscope (SEM, Supra™ 55)
allowed for measuring the crack spacing at different normal strain
levels. Assuming that the externally applied moment is constant
along the same longitude, the strain can be calculated, as:
exðyÞ ¼ etop � 2y=h, where h is the substrate thickness and y is the
distance from the neutral axis. Normal strain, ex, variations along
the y axis are shown schematically in Fig. 1c. The maximum strain
on the top sample surface was measured during the three-point
bending by using a strain gauge. The height difference induced
by plastic deformation of the substrate after bending was observed
by polarized light optical microscope (Olympus, Japan). When the
maximum strain on the top surface increased with a strain rate of
2�10�2 s�1 to the e = 5% strain, the sample was unloaded and exam-
ined with the SEM. After observing the surface topography of the
lateral surface after bending, the sample was embedded into epoxy
resin and its top surface was polished (15.5 mm � 6 mm). The
cross-section of the interface was then observed. After that, the
epoxy resin was dissolved by industrial epoxy remover. Then the
lateral surface with film was slightly polished using a polishing
cloth. Because of the weak adhesion strength between the film
and substrate after the crack density reached a saturated value at
large strain, some areas of the film were removed by slight polish-
ing. The yield strength (rs) and fracture strength (rf) of brass sub-
strate was tested by stretching, using a loading rate of 10�4 s�1.
3. Experimental results

3.1. Plastic deformation of substrate with and without film under
tensile stress

Brass substrates with and without TiN films on the front lateral
surface were bent to the maximum strain of 5%. The height differ-
ence induced by plastic deformation of the substrate can be
observed by a polarized light optical microscope. The plastic defor-
mation of the sample without TiN film occurred at 0.28%, as shown
in Fig. 2a. However, plastic deformation of the sample with TiN
film was delayed and occurred at 0.58%, as shown in Fig. 2b. In
addition, near the elastic zone, the degree of plastic deformation
of the brass without the film was much larger than in brass with
the film. It indicates that the TiN film has a significant effect on
plastic deformation of the brass substrate.

3.2. Film-induced substrate cracking

As seen in Fig. 3a, the location where the brass substrate
cracked was exactly below the cracked film, which indicated that
the film crack induced cracking of the substrate. However, in some
other places where the film spalled off, no crack in the substrate
was observed, and instead, many parallel slip steps occurred, as
seen in Fig. 3b.

To study the crack depth penetrated into the substrate,
cross-sections of the interface were observed with SEM. As seen
in Fig. 4a, the film had good adhesion with the substrate, and no
decohesion occurred. The depth of the channel film crack pene-
trated into the substrate was about 1 lm. However, for the case
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Fig. 2. Polarized light optical microscope images of the brass samples without and with TiN film bending to the 5% strain on the top surface: (a) Without the film the plastic
deformation occurs at e = 0.28%; (b) With the film the plastic deformation occurs at 0.58% and the presence of TiN film delays the plastic deformation of the brass substrate.
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Fig. 3. SEM images of the TiN film/brass substrate surface after bending test: (a) Film crack penetrates into the brass substrate and no slip steps occur near the crack; (b) No
cracking occurs in the brass substrate with lots of parallel slip steps.
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Fig. 4. Cross-section of the interface: (a) The film has good adhesion with the substrate, the depth the channel crack in the film penetrates into the substrate is about 1 lm;
(b) Slight debonding along the interface accompanied by small size crack of the substrate and decohesion of the film; (c) Obvious debonding and no cracking of the substrate;
(d) The AFM image of the lateral surface of brass without the film after bending to 5% strain. Here, the height changes continuously and the maximum height difference is
about 200 nm.
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of weaker interfacial strength, part of the crack energy was
released by propagating along the interface. As a consequence,
the film crack could induce a small size crack in a ductile substrate
and debond along the surface, as seen in Fig. 4b. When the channel
crack met a very weak interface, the crack would propagate along
the interface because of the high toughness of the substrate. This
caused serious decohesion of the film along the interface with no
tendency of the crack to extend into the substrate, as seen in
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Fig. 4c. The steps in Fig. 4a and b were the result of plastic defor-
mation and cracking of the substrate. The height of the lateral sur-
face of brass without the film after bending to 5% changed
continuously, and the maximum height difference was about
200 nm, as seen in Fig. 4d. Once the cracking of the substrate
occurred at a low strain, the plastic deformation near the crack
couldn’t keep in a continuous mode. Instead, a step formed where
the crack existed, as seen in Fig. 4a and b.

Fig. 5 shows the substrate surface morphology after removing
part of the film. As previously described, the substrate crack was
right underneath the cracked film. The width of the crack opening
close to the substrate surface was about 0.8 lm, which was much
larger than the crack width presented in Fig. 4a. When the sub-
strate cracked, induced by a film channel crack, the crack opening
displacement of both cracks was small. As the applied strain
increased, both cracks could be opened. After unloading, the crack
in the elastic brittle film could recover. However, the crack can’t
recover in the elastic–plastic substrate. This resulted in the crack
opening displacement of the substrate being larger than the film.

4. Discussion

Most brittle materials, such as TiN film, fracture in a brittle fash-
ion under tensile stress. As a result, the crack velocity in such brit-
tle materials is very high, tremendously affecting the underlying
substrate. To study the mechanism of brittle film-induced cracking
of ductile substrates, the effect of brittle films on dislocation emis-
sion in ductile substrates and the effect of crack velocity on the
deformation in front of the crack tip should be taken into account.

4.1. The effect of thin films on dislocation emission in ductile substrates

Dislocations can be emitted in polycrystalline metals under
applied load. If a hard film is present on a metal surface, the pro-
cess of dislocation nucleation near the surface will be altered. In
the past few decades researchers have found that thin films can
affect the plastic deformation of the bulk metal, for example, by
increasing the resolved shear stress [25]. This phenomenon can
be interpreted in terms of the film preventing the exit of disloca-
tions from the surface of the crystal or inhibiting dislocation emis-
sion from the surface dislocation sources. This hypothesis was
proven to be correct both experimentally and theoretically.
Martin and McGee [26] showed that if the film was harder than
the substrate, the image force induced by the thin film repulsed
dislocations near the interface in the substrate. This is because
the strain energy of dislocations in hard films is larger than in
2 µm 
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Fig. 5. Surface of the sample after removing part of the film. The crack opening
displacement of the substrate crack near the surface is about 0.8 lm, larger than the
crack in TiN film.
ductile substrates. The effect of a hard film would be more signif-
icant if the distance of the dislocation to the interface was similar
to the film thickness. Therefore, it was difficult for dislocations pro-
duced near the surface in the ductile substrate to move under
external stress toward the interface because of the repulsive image
force. In later research, based on the calculations of the I, II and III
crack modes, Zhang et al. pointed out that the critical stress inten-
sity factor for dislocation emission from the crack tip was greatly
influenced by the film stiffness as well as the film thickness
[27,28]. When the film thickness is larger than the critical value,
it is difficult for dislocations to be emitted from the crack tip if
the film is harder than the substrate, while a softer film makes
the dislocation emission easier. There is also good evidence to sup-
port the hypothesis that films can be effective in inhibiting disloca-
tion escape from the surface of a crystal. Brame and Evans [29]
investigated the deformation of thin films on solid substrates and
came to a conclusion that the mode of deformation was deter-
mined by the ease with which dislocations could move through
the film from the underlying substrate. They found that the main
influence is the nature of the film-metal interface, characterized
by the difference between them.

The effect of brittle TiN film on brass substrate deformation
under tensile stress can be clearly seen in Fig. 2. It indicates that
the presence of film can be effective in both inhibiting the opera-
tion of surface dislocation sources and limiting the egress of dislo-
cations produced at sources near the surface. As these dislocations
pile up against the film in the substrate, some internal sources
would eventually be shut off by the back stress. In this manner
the film could have a dual effect of restricting substrate deforma-
tion. It is worth mentioning that the effect of brittle film on dislo-
cation emission and motion near the surface is based on strong
film adhesion, otherwise, it couldn’t act as a barrier layer.
4.2. Crack velocity effect on the ductile substrate fracture mode

When a crack initates in the brittle TiN film under a fast loading
rate, the crack velocity is very high as it leaves the film. If it contin-
ues to propagate, there is a significant effect on the cracking mode
of the substrate. Cracks can spread either in a brittle or a ductile
manner in metals, depending on how rapidly plastic flow occurs.
The crack velocity determines the local plastic dissipation rate in
front of the crack tip, i.e. the number of dislocations emitted per
unit crack area [30]. In simulations described by Zhao and Li
[31], the number of dislocations emitted from a moving crack is
much smaller than the saturated number, which could be emitted
from a stationary crack. This steady state number decreases as
crack velocity increases. According to Freund [32], for a straight
moving crack under mode I loading, the dynamic fracture energy
and the energy release rate depend only on the crack velocity:

CðvÞ ¼ ð1� vc=vRÞGðl;rÞ ð1Þ

Here, vR is the Rayleigh wave velocity, Gðl;rÞ is the energy release
rate, which can be expressed as Gðl;rÞ ¼ K2ðl;0Þð1� v2Þ=E. In Eq.
(1), an increasing crack velocity decreases dynamic fracture energy.
This indicates that plastic energy dissipation, induced by disloca-
tions produced at the advancing crack surface, decreases. On the
other hand, for dislocations located in front of the crack, if the crack
tip moves fast enough, the motion of dislocations may be slower
than the crack and some of them are annihilated at the crack surface
[23]. This is similar to the studies of brittle-to-ductile transition
(BDT) behaviour in single phase (usually single crystal) materials,
such as silicon [33]. It has been established that the process control-
ling the BDT is the motion of dislocations in the region near the
crack tip, rather than dislocation nucleation at or near the crack
tip. Therefore, a fast-running crack could not only inhibit
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Fig. 6. The crack jump distance as a function of the velocity of the channel crack as
it leaves the film with different number of dislocations emitted per characteristic
crack advance distance using Eq. (B4): (a) Ten dislocations and (b) One dislocation.
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dislocation emission in front of it, but also lead some existing dislo-
cations to be annihilated at the crack surface. Both of them con-
tribute to the propagation of a crack in a ductile substrate.

4.3. Crack propagation and arrest in the substrate

The cracking behavior of thin brittle films on ductile substrates
under tensile stress can generally be comprehended by the shear
lag model, where the normal stress in the substrate is transferred
to the coating due to the shear stress at the interface [34–36].
When the stress reaches the fracture stress of the brittle film,
cracks nucleate from the surface and then propagate toward the
interface. As the film crack arrives at the interface, the emission
of dislocations in front of the crack tip can be significantly altered
by the presence of brittle film, which is clearly demonstrated in
Appendix A. In addition, the stress intensity at the crack tip can
be affected enormously by the dislocations in front of it. The local
crack tip stress intensity is lower than the applied stress intensity
because of the shielding effect [37]. It can be written as

KtipðtÞ ¼ KappðtÞ � KdisðtÞ ¼ _Kapp t � Gb
2pð1� vÞ

XNðtÞ
i¼1

riðtÞ�1=2 ð2Þ

where _Kapp is the applied stress intensity factor rate, G is the shear
modulus, b is the Burgers vector, ri (t) is the distance of each dislo-
cation to the crack tip, and N(t) is the number of dislocations. It is
clearly demonstrated that the shielding effect of dislocations in
the near tip region is greatly reduced because of the presence of film
and fast-running crack. Then it becomes possible for the channel
film crack to propagate in the ductile brass substrate.

It is assumed that the interfacial strength is high and the crack
passes through the interface with almost no energy loss. Based on
the crack energy consumption during propagation, the expression
for the change in the crack velocity, dvc, per characteristic crack
advance distance, dl, can be obtained, as demonstrated by Eq.
(B4) in the Appendix B. The crack initiates in the TiN film, and then
extends into the brass substrate, thus the crack propagates in two
different materials. To describe the crack propagation in the brass
substrate, kinetic energy of the crack in the TiN film is transformed
into the kinetic energy in brass with the same velocity. For brass,
E = 150 GPa, q = 8.93 g/cm3 [38], rG = 300 MPa and for TiN film,
E = 220 GPa, q = 5.22 g/cm3 [38], rG = 4600 MPa [39]. Substituting
these parameters into Eq. (B2), the equivalent crack length in brass
is about 20 lm when the TiN film thickness is 1.3 lm. The crack
depth vs crack velocity can be obtained by using Eq. (B4) with
m = 0.34, q = 8.93 g/cm3, vR = 2100 m/s [38], l0 = 2 � 10�5 m,
E = 150 GPa, rG = 300 MPa, dl = b = 2.5 � 10�10 m, r = 10�6 m,
r0 = 2.5 � 10�10 m and c = 1.6 J/m2 [40]. For simplicity it is assumed
that the incremental crack advance, dl, is equal to the Burgers vec-
tor, b. Eq. (B4) indicates that the substrate crack depth will increase
with the characteristic crack advance distance, dl. The ductility of
the system could be reduced simply by increasing the characteris-
tic distance b. That is to say, if one assumes that dl = 10b or larger,
the number of dislocations emitted in front of the moving crack
decreases compared to dl = b. Therefore, one can adjust the number
of dislocations, N, to reflect different scenarios, including the effect
of crack velocity on dislocation emission in front of the crack and
the effect of the characteristic crack advance distance on the crack
depth propagated in the substrate. Calculation results for ten dislo-
cations emitted per characteristic crack depth are shown in Fig. 6a,
and for one emitted dislocation in Fig. 6b. The more dislocations
emitted in front of the crack tip, the shorter the depth the crack
propagated into the substrate. The crack depth in the substrate is
sensitive to the initial crack velocity when it just crosses the inter-
face and the number of dislocations emitted at the crack tip. The
crack velocity slowly decreased during the initial propagation
stage and then rapidly decreased until total arrest. For the initial
velocity of 50 m/s, the crack depth in the substrate is about several
nm, which can be ignored compared with the film thickness.
However, for a high crack velocity of 700 m/s, the penetration
depth is noticeable, as shown in Fig. 6. As a consequence, if the film
is ductile, the crack velocity in it would be much smaller than in
brittle film, then the cracking of ductile substrate would be absent.

In this study, kinetic energy is the driving force for the crack
propagation into the substrate, which depends on the initial crack
velocity and length. The effect of crack velocity has been discussed
above. Fig. 7 shows the influence of the initial crack length (film
thickness) on the depth that the crack extends into the substrate
under the same conditions of crack velocity and ten dislocations
emitted per characteristic crack advance distance, equal to the
Burgers vector. According to Zhang et al. [27,28], when the film
is thinner than the critical thickness, a harder film makes the dis-
location emission easier, and so it couldn’t act as a barrier layer
to inhibit dislocation emission, which will make the substrate hard
to crack. In Fig. 7, the depth of crack propagated in the substrate
increases with the initial crack length (film thickness). However,
as discussed above, the cracking of ductile substrate induced by
brittle film cracking is based on the strong interfacial strength.
Generally, the adhesion strength increases with film thickness at
small thickness, then decreases as the film becomes thicker [41].
Therefore, a relatively thick brittle film contributes to the cracking
of ductile substrate.

In the present analysis, to simplify the model it is assumed that
the number of dislocations emitted from the crack tip is constant
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and doesn’t depend on the crack velocity in the above discussion.
This assumption is not rigorous, and in fact, the faster the crack,
the smaller the number of dislocations emitted in front of the
advancing crack [31]. Thus, as the crack velocity decreases, the
number of dislocations emitted from the crack tip increases, and
the shielding effect is enhanced, as described by Eq. (2), until crack
blunting. On the other hand, as shown by the model results in
Fig. 6, the film crack will induce cracking of the substrate, even
at very low velocity. However, this is not consistent with the
experimental observation. According to Hirth and Lothe [42], the
stress concentration will be induced by dislocations if they are
piled up in front of a barrier, and when the stress achieves the
atomic bonding force, a microcrack is formed. The critical number
of dislocations to form a microcrack can be written as:

n ¼ 3p2c
4bðsc � sfÞ

ð3Þ

Here, c is the surface energy, and sc and sf are the critical shear
stresses for a cleavage crack to nucleate and the lattice friction for
the dislocation to move. If the microcrack nucleates when the mate-
rial yields, sc � sf = ss = rs/2. Here ss is the critical shear stress for
plastic deformation and rs is the yield stress. Using rs = 190 MPa,
obtained by a tensile test, and b = 2.5 � 10�10 m, and c = 1.6 J/m2

[40], the critical number of dislocations is about 498 for the brass
substrate to form a microcrack. Combining Eqs. (B2) and (B3) sub-
ject to the condition that n = 498, the critical crack velocity of
61 m/s can be obtained. When the crack velocity exceeds this criti-
cal value, the substrate cracks, otherwise, the substrate cracking
will be absent. Therefore, the developed model could
semi-quantitatively explain the film-induced brittle cracking of
the substrate for high crack velocities. More work is needed to
improve the model by quantitatively describing relationships
between the crack velocity and the number of dislocations.

5. Conclusions

Cracking of the ductile substrates induced by film cracking was
successfully observed in three-point bending both from the surface
of the film and cross-sections of the interface. The plastic deforma-
tion at the surface of the sample without TiN film occurred at 0.28%
strain. However, plastic deformation at the surface of the sample
with TiN film was delayed and occurred at 0.58% strain. The pres-
ence of film can be effective in both inhibiting the operation of sur-
face dislocation sources and limiting the egress of dislocations
produced at sources near the surface. It is the fast-running film
crack which causes the ductile substrate to crack. The analytical
calculation based on energy conservation shows that the depth
of the crack penetrating into the substrate is a function of the crack
velocity when it leaves the film and the number of dislocations
emitting from the crack tip. The critical crack velocity, which can
induce brass substrate cracking, is 61 m/s, and below this crack
velocity, the cracking of the substrate will be absent.
Furthermore, for a relatively thick film, strong interfacial strength
and a brittle substrate favor substrate cracking. Brittle film on a
ductile substrate, thicker than the critical thickness, can act as a
barrier layer to inhibit dislocation emission from the metal sub-
strate close to the interface because of the image forces. Brittle
films also contribute to initiate channel cracks with high velocity
due to the brittle cracking of the film, which eventually leads to
cracking of the substrate.
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Appendix A

When the channel crack arrived at the film-substrate interface
under tensile stress, it extended into the brass substrate, as shown
in Fig. A1a. The influence of TiN film on dislocation emission in the
substrate near the interface can be described by using the concepts
developed by Rice et al. [43]. A semi-infinite crack with mode I
applied stress is shown in Fig. A1b. The crack-tip plastic zone is
modeled as a single slip plane inclined at an angle h to the crack
plane, with a dislocation source close to the crack tip lying on each
slip plane. Dislocations will be produced at the dislocation source if
the total stress is positive, and move away along the slip plane to
form a one-dimensional array on each slip plane. The shear stress,
si on the ith dislocation in such an array of dislocations is given by
[43]:
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si ¼
Kapp

r1=2
i

f ðhÞ � Gb
4pri

� sf bþ Gb
2p
XN

i¼1
j¼1

ffiffiffiffiffiffiffiffiffi
ri=rj

p
ri � rj

ðA1Þ

where Kapp is the applied stress intensity factor, ri is the distance to
the dislocation from the tip of the crack, h is the angle between the
slip plane and the crack plane, G is the shear modulus, sf is lattice
friction for dislocation to move, b is the Burgers vector, and N is
the number of dislocations in front of the crack tip. The first term
is related to the crack-tip stress field, the second term is the image
force induced by the brittle film and crack on the dislocation at dis-
tance ri. The third term is the friction force for the dislocation to
move and the fourth term describes the image force of all other dis-
locations on the one dislocation, i – j. If a dislocation is inclined to
be nucleated at the location ri = n, the forces acting on it should be
positive. Without the TiN film, the repulsive image force on the dis-
location in front of the crack would be much smaller, and disloca-
tions may be emitted in front of the crack.

Appendix B

When the film crack propagates into the substrate, the decrease
of the crack kinetic energy (EK) and the work done during the crack
extension by the applied stress (W) contribute to the crack propa-
gation. However, the surface energy induced by forming new sur-
faces (ES), the plastic energy induced by emitting dislocations (ED)
and the increase of the strain energy stored in the system (U) pro-
vide resistance to crack propagation. Thus, based on the conserva-
tion of energy [23]:

DðW � EKÞ ¼ DðES þ ED þ UÞ ðB1Þ

Here, the heat dissipation effects have not been taken into account.
According to the study by Mott of steel brittle fracture [44], kinetic
energy of a moving crack of unit width when it leaves the film and
crosses through the interface can be expressed as:

EK ¼
kqr2

G

2E2

� �
l2v2

c ðB2Þ

where l is the crack length, E is the Young’s modulus, vc is the crack
velocity, q is the density and k is a dimensionless constant, deter-
mined from

ffiffiffiffiffiffiffiffiffiffiffi
2p=k

p
¼ 0:38 [38]. rG is the nominal Griffith stress

for the initial crack length. In the brass substrate, as the crack veloc-
ity decreases, the emission of dislocations in front of the crack tip
would increase, leading to the rG changed between re (elastic limit
strength at a loading rate of 10�4 s�1) and r0 (theoretical fracture
strength, about E/10), during the propagation of a crack in brass.
Here, for simplification, it is assumed that for ductile brass
rG = rf, and rf is the fracture strength, for brittle TiN film, rG = rf.

When a moving crack of unit width emits a dislocation, it loses a
certain amount of energy equal to the energy of unit length of the
moving dislocation [45]:

ED ¼
Eb2

8pð1þ mÞ
1

ð1� v2
d=v2

RÞ
1=2 ln

r
r0

ðB3Þ

Here, vd is the dislocation velocity, which is assumed to be equal to
the crack velocity, vc. When a crack moves with velocity v through a
population of dislocations, the dislocations must move with compa-
rable velocity to affect the crack motion. vR is the Rayleigh wave
velocity and b is the Burgers vectors, while r is the distance to the
dislocation core and r0 is the core cut-off radius and m is the
Poisson’s ratio. The strain energy stored in the system of unit width

can be expressed as U ¼ pr2
Gl2
=E. Here, rG is the fracture stress and l

is the crack length. When a moving crack propagates over the
length dl in the brass substrate, the surface energy of unit width
induced by forming new surfaces can be expressed as ES ¼ 2cdl. In
this paper, since the work done by the external stress cannot
respond fast enough to contribute to the crack growth [23], a micro-
scopically significant crack depth in the substrate is caused by the
extremely high film crack velocity, then W = 0. Based on Eq. (B1),
the following expression for the change in the crack velocity, dvc,
per characteristic crack advance distance, dl, can be obtained:

dvc ¼ N
E3b2

8pð1þ vÞkqr2
Gl2vc

1

ð1� v2
c=v2

RÞ
1=2 ln

r
r0
� vc

l
dl

þ 2pE
kqlvc

dlþ 2E2c
kqr2

Gl2vc

dl ðB4Þ

Here, N is the number of dislocations emitted from the moving
crack tip. E, b, q, rG, m, c are the Young’s modulus, Burgers vector,
density, Griffith stress, Poisson’s ratio and surface energy of the
brass substrate, respectively. r is the distance to the dislocation core
and r0 is the core cut-off radius of dislocation in the brass substrate.
k is a dimensionless constant.
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