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A B S T R A C T

In order to study the coating effects on fatigue crack initiation mechanism in Ti-alloys, two types of brittle
coatings, CrAlN and TiN, were deposited on the surface of TC4 titanium alloy by physical vapor deposition. The
tension-tension fatigue tests and the in-situ observations of fatigue crack morphology were performed to study
the coating effects on the fatigue crack initiation and propagation in the Ti-6Al-4V alloy. It was found that the
510–530MPa TC4 fatigue limit is reduced to 315–330MPa due to the CrAlN coating. The brittle coatings im-
peded the deformation of the TC4 samples at the beginning stage of fatigue tests, while coating cracking pro-
moted the elongation of the tested samples. Fatigue crack was found to be initiated in the brittle coatings and
propagated to the coating-substrate interface, inducing micro-damage of the substrate surface. The fracture
surface of coated and uncoated samples was quite different, and the formation of non-propagating fatigue cracks
was also observed. The coating cracking-induced low cyclic stress substrate damage model was proposed. This
study should be of significance for the coating improvement and provides a theoretical basis for improving
fatigue properties of coating materials.

1. Introduction

Due to the high strength/weight ratio, adequate corrosion resistance
[1] and biocompatibility, Ti alloys are promising materials for cutting
tools, automotive industry, medical and aerospace applications. How-
ever, poor wear resistance restricts Ti alloys applications, and hard
coatings are considered to be a convenient and effective surface
strengthening technique for Ti alloys. Structural compounds, turbines
and numerous other components of aerospace systems are cyclically
loaded and subjected to more than 10 million cycles until they are re-
placed, so materials are subjected to high cycle fatigue (HCF,
105 < N <107) and even very high cycle fatigue (VHCF, N > 107)
regimes [2]. According to the service condition of aerospace parts, such
as aircraft engine compressor blades, the effects of coatings on fatigue
properties have attracted a lot of researchers’ attention.

The change of fatigue life was considered to depend on the residual
stress [3] and the hardness of the hard coatings and the substrate [4],
and also adhesion between the coating and the substrate [5]. Saini et al.
[3] illustrated that the WC/C coating led to 7% gain in endurance limit
of the SAE8629 steel, which was attributed to the presence of a large
residual compressive stress in the coated specimens. Puchi-Cabrera

et al. [6] reported that diamond-like carbon (DLC) coatings elevated the
fatigue limit of ductile substrates in both air and 3wt% NaCl solution.
However, there are conflicting reports. Costa et al. [7] studied CrN, DLC
and TiN coatings on the Ti-6Al-4V substrate and pointed out that all the
three hard coatings decreased the fatigue limit of Ti-6Al-4V. Midori
et al. [8] pointed out that TiN coating on Ti alloy reduced fatigue
strength of the substrate due to the small voids in the coating acting as
stress concentration points, which were regarded as fatigue crack in-
itiation sites.

The conflicting research results illustrate that the brittle coating
effects on fatigue behavior of ductile substrates are not clear yet. The
key aspect of the scientific significance is to understand the mechanism
of fatigue crack initiation and early growth during the fatigue process.
For materials with nonmetallic inclusions or strengthening-phase par-
ticles, such as some high strength steels, cracks are prone to initiate at
specimen subsurface or interior with a distinct feature of “fish-eye”
embracing fine-granular-area (FGA) originated from an inclusion
[9–12]. As reported in the literature [13], titanium alloy is a typical
material that shows subsurface non-defect crack origins (SNDFCO)
under cyclic uniaxial loading conditions, which means the fatigue crack
initiated at the subsurface non-defect area or the matrix that is not
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associated with pre-existing defects, and SNDFCO were also observed in
some austenitic stainless steels [14,15]. The reason is considered to be
microstructure inhomogeneity [16,17]. Researchers pointed out that
the size and morphology of SNDFCO strongly depend on the applied
stress [18], and the crack extension rate in the rough area is between
10−11 and 10−13 m/cycle [19].

Although the study of metal fatigue crack initiation mechanism has
drawn a lot of attention in the past few decades, and a lot of progress
has been made [20–24], the fatigue crack initiation mechanism in
brittle coating-ductile substrate system is still not clear. Thus, the aim of
this paper is to experimentally study fatigue behavior of brittle film
coated Ti alloy under low stress level cyclic loading conditions, and to
investigate the coatings influence on fatigue crack initiation in mate-
rials without metallurgical defects, such as inclusions or pores, which
can act as crack initiation sources in the fatigue process.

The study of the influence of brittle films on the fatigue properties
and fatigue crack initiation mechanisms in ductile substrates is helpful
to evaluate the fatigue life of coating materials. It is of great sig-
nificance for the film improvement and provides a theoretical basis for
improving fatigue properties of coated materials.

2. Materials preparation and experimental procedure

The test material in this research is Ti-6Al-4V (TC4), with the fol-
lowing chemical composition in wt.%: 6.2 Al, 4.1 V, 0.04 Fe, 0.015 C,
0.018 N, 0.13 O, 0.001 H, and Ti balance. The microstructure is la-
mellar consisting of α+ β phases and the grain size is about 200 µm.
The yield and tensile strength of TC4 are 860MPa and 967MPa, re-
spectively. Two kinds of coatings were studied, including TiN and
CrAlN. All coatings were deposited in an industrial setting and all de-
position processes were finished in the factory. The thickness of the
CrAlN coatings is 4.5 µm and 9 µm, respectively (marked as CrAlN and
CrAlN×2), and 10 µm for TiN. The coatings surface hardness and
elastic modulus were obtained by nanoindentation tests (Nano Indenter
XP, unloading method, the maximum displacement into surface was
controlled to be less than 1/10 of the film thickness) and the results are
shown in Fig. 1.

Tension-tension fatigue tests were conducted using the electro-
dynamic test system (Acumen, MTS) in high cycle fatigue region at a
relatively low frequency of 60 Hz, in order to observe the crack initia-
tion and propagation behavior, and the stress ratio was R=0.1. Fatigue
tests were divided into two groups. (1) The tests stopped automatically
when the specimen fracture happened, the S-N data (applied maximum
stress-number of cycles to failure) were recorded and the fracture sur-
face was studied to discuss the coating effect on fatigue life and fatigue
crack initiation mechanism. (2) Optical microscopy was used to in-situ
observe fatigue crack growth during fatigue tests, and the tests were
stopped immediately when the cracks propagated to about 500 µm
length, in order to observe the cross-section of crack tips to study the

influence of coatings on crack propagation path and substrate plastic
deformation around the crack tips.

The dimensions of fatigue specimens are shown in Fig. 2, where the
thickness ranged from 0.5 to 0.7 mm due to different polishing losses in
the specimens’ preparation process. The specimen’s maximum dis-
placement during tension-tension fatigue test was recorded auto-
matically by the control system. Field emission scanning electron mi-
croscopy (FESEM, Zeiss Auriga) was used to examine fatigue fracture
surfaces and the micro-cracks around the crack tip in the cross-section
perpendicular to the loading direction.

3. Results and discussion

3.1. Fatigue life

Fig. 3 shows the tension-tension fatigue test results of the coated
TC4 samples. The fatigue limit is regarded as the applied maximum
stress value when the fatigue life equals 107 cycles (N=107) [25]. The
following information can be obtained from Fig. 3:

1. The fatigue limit of TC4 was between 510MPa and 530MPa;
2. The coatings decreased the TC4 fatigue life significantly, and the

fatigue limit of the CrAlN coated sample was between 315MPa and
330MPa;

3. The fatigue life of three kinds of coated samples was similar at
560MPa;

4. When the applied stress was 350MPa, the fatigue life was in the
following order: Nf (TiN) < Nf (CrAlN×2) < Nf (CrAlN);

5. The CrAlN coated samples failure did not happen at 300MPa, and Nf

(TiN) was about 105.

According to the actual test conditions, it is very difficult to get the
applied maximum stress under which the fatigue life of the sample is
exactly 107. Thus, we specify in the experiment that when the
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Fig. 1. Elastic modulus and hardness of the tested materials.

Fig. 2. Specimen dimensions in mm used in fatigue tests.
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Fig. 3. Fatigue test results in terms of the S-N data for the TC4 substrate and
coated specimens. (Crosses mean over 107 fatigue cycles without failure.)
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difference between the applied maximum stress induces and does not
induce the fatigue fracture of the sample is less than 5% of the stress
value, then the stress range is regarded as the fatigue limit range.

3.2. Coating effects on elongation

Fig. 4 presents optical images of the fatigue crack surface mor-
phology and displacement-number of cycles relationship (D-N curves)
of the TC4 and coated samples during fatigue tests. The displacement
represents the elongation of the specimens during fatigue tests and the
fatigue tests were stopped immediately when the cracks propagated to
about 500 µm length. The loading direction was along the horizontal
direction of the images perpendicular to the cracks in the figure. As
seen in Fig. 4(a), TC4 had a large number of slip steps around the crack
initiation area (top area of the specimen), propagation path and the
crack tip. Intense plastic deformation around the crack tip was induced
by stress concentration during the crack propagation process. Based on
the D-N curve, the elongation of TC4 first decreased and then increased
during the fatigue process, until fracture happened, which indicated
that the strain hardening happened at the beginning of the fatigue test
due to plastic deformation of the primary α phase [16], and the de-
formation process of the TC4 sample was uniform during the whole
fatigue process. On the contrary, there was no distinct plastic de-
formation around the crack tip or visible slip steps around the crack
initiation area and propagation path on the surface of coated samples
(Fig. 4(b)–(d)), but a few micro-cracks of coatings perpendicular to the
loading direction appeared around the main fatigue cracks. The main
fatigue cracks were straight and of lightning-like shape, which in-
dicated that the fatigue cracks propagated along the coating cracking
path, or in another word, the cracking of coatings influenced the pro-
pagation path of the fatigue cracks. At the same time, the D-N curves of
the coated samples had several steps during the fatigue tests, which
indicated that the deformation process of the samples was not uniform.

Fig. 5 shows the schematic diagram of the deformation mechanism
of the TC4 and coated TC4 materials, where the loading direction is
horizontal. For the TC4 material during the cyclic loading process, as

shown in Fig. 5(a)–(c), dislocations pile-up at the phase boundary of the
primary α and laminar β phases at the subsurface of TC4, due to the
difference in deformation capacity [16]. Under the cyclic loading, the
dislocations cross the grain boundary and pile-up at the specimen’s
surface, inducing the glide step appearing on the specimen’s surface.
This glide step can cause stress concentration during the loading pro-
cess and finally act as the fatigue crack initiation point of the uncoated
specimen. The elongation Δl of the TC4 specimen due to sliding is also
pointed out in Fig. 5(b).

There are many reports [26–28] showing that in the process of
plastic deformation, a hard coating can inhibit the dislocations escape
from the substrate crystal surface, because the strain energy of dis-
locations in hard coatings is higher than in the ductile substrates, pre-
venting plastic deformation of the substrate [29]. Under the effect of
hard coatings, although dislocations can pile-up at the surface of the
TC4 substrate, the sliding deformation of the material was inhibited, as
shown in Fig. 5(d). However, when the elastic elongation of the sub-
strate exceeds the deformation capacity of the surface brittle coating,
the coating cracking will happen and act as the fatigue crack initiation
origin of the specimen. The fatigue crack opening displacement is re-
garded as the plastic elongation of the coated specimen, as denoted by
Δl’ in Fig. 5(e).

Strain hardening occurred and the coatings prevented deformation
of the coated samples at the early stage of fatigue tests, demonstrated
by the coated samples’ smaller displacement (dashed lines) compared
with TC4 in Fig. 4(b)–(d). Then the sample elongation increased and
remained at a steady value several times, due to the inhibiting effect of
hard coatings on plastic deformation (sliding) of the substrate. After the
coating fatigue cracking happened (regarded as the fatigue crack of the
specimen), severe stress concentration occurred at the crack tip, and the
plastic deformation of the specimen increased immediately, and the
specimen’s elongation is regarded as the opening displacement of the
fatigue crack. Thus, the elongation curve of the coated specimen shows
the “step” shape.

Summing up the above discussion, the existence of hard coatings
prevented the plastic deformation of TC4 samples before the coating

Fig. 4. Optical images of the fatigue crack surface morphology and displacement-number of cycles relationship for the TC4 and coated samples during fatigue tests:
(a) TC4, 515MPa; (b) CrAlN, 565MPa; (c) CrAlN×2, 350MPa; (d) TiN, 300MPa.
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cracking happened, and had a positive effect on sample plastic de-
formation (or cracking) after coating cracking happened.

3.3. Fatigue crack cross-section

The crack tip cross-section morphology of the CrAlN coated sample
is shown in Fig. 6, where the loading direction is horizontal as shown in
Fig. 6(a), and the tested conditions were σmax= 500MPa, R=0.1,
f= 40Hz, and the fatigue test was stopped manually when the crack
propagated to about 500 µm length. The crack tip cross-section sam-
pling location is shown in Fig. 6(c). As seen in Fig. 6(a), the propagation

Fig. 5. Schematic diagram of the deformation mechanism of TC4 and coated
TC4 material: (a) dislocations pile-up at the phase boundary of primary α and
laminar β phases at the subsurface of TC4; (b) dislocations cross the grain
boundary and pile-up at the specimen’s surface; (c) glide step appeared on the
specimen’s surface and the plastic elongation of the TC4 specimen through
sliding is denoted as Δl; (d) dislocations pile-up at the coating-substrate inter-
face and no slip deformation occurs; (e) the coating cracking caused the fatigue
crack initiation and the crack opening displacement is regarded as the plastic
elongation of the coated specimen, denoted as Δl’.

Fig. 6. SEM micrographs of: (a) crack tip cross-section and (b) non-propagating
cracks in CrAlN coated sample surface, tested under 500MPa and stopped
manually when the cracks propagated to about 500 µm; (c) a sketch of crack tip
section sampling location.
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process of fatigue cracks can be divided into several stages. The fatigue
cracks first propagated along the maximum shear stress direction, and
in this stage most of the cracks became non-propagating fatigue cracks,
so only one could go into the next stage and became the main fatigue
crack, which lead to the final failure. Then the main fatigue crack
propagated perpendicular to the loading direction, and created fatigue
bands on the fracture surface. Finally, the shear lip formed until instant
fracture of the samples happened.

Fig. 6(b) shows the typical non-propagating fatigue cracks observed
near the main crack. The mechanism of whether a micro-crack con-
tinues propagating or becomes a non-propagating fatigue crack is not
clearly described in the literature and will be discussed later based on
the coating cracking-induced low cyclic stress substrate damage model.

4. Coating cracking-induced low cyclic stress substrate damage
model

It’s generally recognized that the fatigue crack initiation process
consumes about 90% of the fatigue life for components without me-
tallurgical defects (such as inclusions), and the percentage can some-
times reach up to 95% [9,30]. Thus, the negative influence of coatings
on the fatigue life comes down to the accelerating effect on fatigue
crack initiation process.

As reported in the literature [13,18], titanium alloy is a typical
material that shows subsurface non-defect fatigue crack origins, which
is characterized by the fish eye structure, and the center of the fatigue
crack origin is a circular rough area surrounded by a more smooth area,
as shown in Fig. 7(a). Judging from the crack propagation trace, the
fatigue crack in TC4 propagated from the subsurface of the specimen to
the surface and into the matrix material, and then induced the final
failure of the specimen.

The stress intensity factor (SIF) at the front of SNDFCO can be
calculated using the following equation [9,31]:

=K σ π areaΔ 0.5 max (1)

where σmax is the maximum applied stress and area is the equivalent
area of the SNDFCO.

4.1. Coating effect on fatigue crack initiation mechanism in TC4

It should be noted that the crack initiation source on the fracture
surface of coated samples (Fig. 7(b)–(d)) differs a lot from the uncoated
TC4. As shown in Fig. 7(b), the darker part on the left side of the fatigue
fracture is the CrAlN coating. Brittle fracture happened in the coating,
and there was obvious crack propagation trace from the coating-sub-
strate interface into the matrix material. There was no typical circular
fish eye fatigue crack initiation area on the fatigue fracture surface of
the coated samples. Also, there were more than one fatigue crack in-
itiation areas on the fracture surface, as pointed out and magnified in
Fig. 7(b)–(d). The crack propagation trace from the interface into the
bulk material indicates that the crack initiated in the coating is different
from TC4 (Fig. 7(a)), which initiated at the subsurface of the substrate.

Fig. 8 is the SEM image of the fatigue crack initiation process in
coated TC4, where the loading direction is horizontal as shown in
Fig. 8(a). In Fig. 8(a), the coating fatigue crack initiated at the middle of
the hard coating. Fig. 8(b) shows the substrate surface damage (micro-
cracks) induced by coating cracking, and under the cyclic loading, the
substrate surface damage (micro-cracks) will propagate as in Fig. 8(c),
(d), showing the cross-section SEM image of the main fatigue crack,
which will lead to the final fatigue fracture of the material.

In order to clearly identify the fatigue crack initiation mechanism in
coated TC4, the fatigue crack cross-sections were studied carefully be-
fore and after the fatigue crack initiation. The coating cracking-induced
low cyclic stress substrate damage model (CCILCSSD) was proposed.
Fatigue cracking initiated at the middle area of the hard coating [32] at

the early stage of the fatigue process, and propagated to the coating
surface and coating-substrate interface. The fast-running crack caused
the surface micro-damage of the substrate material, where under the
cyclic loading, the micro-damage developed into small fatigue cracks,
and most of them became non-propagating fatigue cracks, and only one
could keep propagating and finally induced the fatigue fracture of the
specimen.

From the energy standpoint, the premise of coating crack initiation
and propagation is the increased surface energy being equal to the

Fig. 7. Detailed morphology of fatigue crack initiation region in: (a) TC4, (b)
CrAlN, (c) CrAlN×2 and (d) TiN coated samples.
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released internal energy. According to the literature [33], the total
energy can be determined by the following expression:
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Since the critical stress intensity, KIC, is constant for a specific ma-
terial, the critical applied stress is determined only by the mechanical
properties of the coating. The mechanical properties and thickness of
the CrAlN and TiN coatings deposited on the TC4 surface are similar in
this study, so the fatigue life of the coated samples is similar too.

According to the Miner’s linear damage accumulative theory, the
damage D of the material per one cycle is defined as 1/Nf , so the dis-
tribution of the damage along the crack growth direction in the cyclic
plastic zone can be described as [34]:
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Combined with the above discussion, when the fatigue crack ex-
tends from the coating to the substrate surface, the crack velocity will

Fig. 8. Fatigue crack initiation process in coated TC4: (a) coating fatigue cracking initiated at the middle of the hard coating; (b) substrate damage (micro-cracks)
induced by coating cracking; (c) the micro-cracks propagated under cyclic loading; (d) the main fatigue crack.

Fig. 9. Schematic diagram of coating cracking-induced low cyclic stress sub-
strate damage model: (a) coating crack propagated to the interface; (b) sub-
strate surface damage induced by the coating cracking; (c) two cracks within a
relatively short distance; (d) the coalesced crack propagates into the bulk ma-
terial.
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remain the same, and since E of the brittle coatings is higher than the
ductile substrate, the D value of the coating crack is larger than the
crack extension in the substrate material. Thus, as shown schematically
in Fig. 9(a), when the surface crack propagates to the interface of the
coating and the substrate, and a micro-crack of the substrate induced by
the fast-running film crack appears on the substrate surface [32], the
mechanical properties of the crack tip, point C, are the same as the
substrate, as seen in Fig. 9(b). The crack velocity of the point C in
Fig. 9(b) is lower than points B and A, so the crack tip becomes blunt
and the crack in the coating propagates rapidly, until the coating crack
extends to the entire surface of the specimen.

This is the reason for the formation of the coating cracks around the
main fatigue crack in Fig. 4(b)–(d). Because of the damage caused by
the coating cracks, the fatigue crack tends to propagate along the
substrate surface damage direction, so the main fatigue crack has the
lightning shape.

4.2. The formation of non-propagating fatigue crack

The coating cracks initiate at nearly the same time in the early stage
of the fatigue process, and it is necessary to consider the interaction of
the cracks near the interface. For the two coplanar semi-elliptical sur-
face flaws with the same dimensions in a finite thickness plate subjected
to tension loading, the interaction effects between the stress-strain
fields associated with both cracks (and their corresponding SIF values)
mainly depend on the relative distance between them and the relative
crack depth [35]. As shown in Fig. 9(c), if the surface cracks of the
coatings initiated at a relatively short distance from each other, the
distance between the micro-cracks induced by the coating cracking on
the substrate surface is also relatively short. As a matter of fact, the
cracks could interact and give rise to stress intensity factor values
higher than those experienced by single cracks [35]. Thus, the two
substrate micro-cracks tend to coalesce, and then the coalesced crack
propagates into the bulk material, as shown schematically in Fig. 9(d).

The stress intensity factor of the coalesced crack is higher than of
the single micro-cracks, so the coalesced crack propagates rapidly and
becomes the main fatigue crack, causing the final material failure,
while the single micro-cracks induced by the coating cracking, rela-
tively far away from other micro-cracks, become the non-propagation
fatigue cracks observed in Fig. 6.

4.3. Coating thickness effects on the fatigue limit

Due to the poor plastic deformation capacity compared with ductile
substrate TC4, the cracking of brittle coatings happened in the early
stage of the fatigue process, and enhanced stress concentration [36]
occurred at the crack tip of the micro-cracks on the substrate surface,
accelerating the fatigue crack propagation in the substrate.

As shown schematically in Fig. 10, we assume the coating crack is of
the U-shape, the cracking direction is perpendicular to the loading di-
rection, the depth of the crack (h) is the thickness of the coating, and

the curvature radius (ρ) is equal to one unit length. The stress con-
centration factor ασ is:

= = +α σ
σ

h
ρ

1 2σ
max

n (7)

The calculated ασ for CrAlN, CrAlN×2 and TiN coatings, whose
thickness is 4.5 µm, 9 µm, and 10 µm, respectively, is 5.24, 7 and 7.32.

Once the coatings cracking happened, the cracks propagate to the
interface immediately with an extremely high speed, and the high-stress
concentration level increased the effective stress applied on the sub-
strate material under the coating cracks. According to Eq. (1), the stress
intensity factor is directly proportional to the effective stress. Thus, the
ΔK of the CrAlN×2 and TiN coatings are similar and higher than the
CrAlN coating.

According to the above illustration, when the coatings’ mechanical
properties are similar and adhesion is strong enough, the fatigue life of
coated TC4 is determined by the coating thickness. This conclusion can
be verified by the fatigue results of CrAlN, CrAlN×2 and TiN coated
TC4 samples, shown in Fig. 4. The stress concentration factors of the
coatings after the coating cracking happened (ασ) are CrAlN <
CrAlN×2 < TiN, and the cycles to failure under 350MPa applied
maximum stress of the CrAlN×2 and TiN samples are similar and
lower than the CrAlN samples. Thus, the larger the film thickness, the
higher ασ and the lower Nf of the coated sample under the same stress
conditions, assuming that the fatigue cracks initiation effect of the
coatings is similar.

5. Conclusions

Low-stress tension-tension fatigue tests were performed on the TC4
alloy and coated samples. The coating gives a rise to a significant de-
crease in fatigue behavior. The fatigue limit of TC4 was between
510MPa and 530MPa, and that of the samples with 4.5 µm thick CrAlN
coating was between 315MPa and 330MPa. The coatings prevented
the deformation of the TC4 samples at the beginning of the fatigue
process before the coating cracking occurred, and the coating cracking
can promote the elongation of the tested samples.

Normally, the fatigue cracks initiation mechanism is totally dif-
ferent for the coated and uncoated materials, and the coating cracking-
induced low cyclic stress substrate damage model was proposed to il-
lustrate the fatigue crack initiation mechanism in coated material. The
fatigue crack initiation process for coated TC4 is substituted by the
micro-cracks on the substrate surface induced by coating cracking, and
there is obvious crack propagation path from the coating-substrate in-
terface into the substrate on the fracture surface. On the other hand, the
two micro-cracks, which are relatively close, tend to coalesce and
propagate much easier, thus the single ones become the non-propa-
gating fatigue cracks observed on the cross-section.

Serious stress concentration happened right after the coating
cracking, so if the coatings’ mechanical properties are similar and the
adhesion is strong enough (the effects on the fatigue initiation process
are similar), the film thickness would have a significant influence on the
fatigue life of the coated material.
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Fig. 10. Schematic diagram of the coating crack tip at the interface.
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