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To evaluate the surface fatigue resistance of some thin nitride films obtained by Physical Vapour Deposition (PVD) techniques, repeated impact tests
have been performed under controlled impact conditions. Short and long duration tests have revealed the occurrence of an original damage
phenomenon likely linked to a mechanical blistering of the films. As these blisters appear to be the first damage step, their formation has to be
understood in order to be avoided in industrial applications. In particular, the role of the mechanical properties of the substrate has to be clarified as thin
protective coatings may be used on pieces prepared using various heat treatments. finite element method (FEM) analysis has been conducted in order to
better understand the specific mechanical conditions in the substrate and at the film-substrate interface that could lead to such blistering phenomena.
Correlations with the experimental results have been evidenced. From the modelling results the substrate properties have been shown to be of
significant influence on the blister formation. However as they do not fully explain the origin of this phenomenon, the influence of the substrate
microstructure has also been studied and the presence of vanadium carbides appears to be of major effect.

1. Introduction

Thin hard coatings are today well known solutions to improve
surface performances and increase the component endurance life.
Among them, nitride based films are one of the most popular
coatings family due to their interesting mechanical properties. If
various elaboration methods can lead to the realization of thin
hard coatings on complex industrial parts, dry processes like
Physical Vapour Deposition (PVD) or Chemical Vapour Deposition
(CVD), are now widely used to coat mechanical parts submitted to
severe tribological conditions. However, depending on the ela-
boration process and the particular deposition conditions, these
films may exhibit very different performances. There is therefore
a need for reliable characterisation methods, which could really
give valuable information about the possible coatings in-service
behaviour. Usual characterization methods like scratch or inden-
tation tests are widely used but cannot satisfactorily describe the
coatings long term performance [1,2]. To enable a better endur-
ance life prediction, repeated impact testing strategies have been
developed. Most of the research groups in domain are using high
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number of impacts of high energy to establish global S-N curves
but without real insights in the damage origins [3,4]. In our case,
attention has been focussed on the origin of the materials damage
in order to be able to understand the initial phenomenon and its
evolution law. Using this specific approach, not only endurance
life curves (S-N) can be obtained [5,6] but also valuable informa-
tion about the way to improve the coating performances. The
present paper will focus on this last point.

During the first testing period, where no apparent damage can
be evidenced, blisters appeared on some thin hard coatings tested
under specific impact conditions. In the literature, blistering of
films is mainly studied in relation with the surface preparation or
elaboration process conditions [7-10]. Blisters of various geome-
trical shapes (round, telephone cord ...) may then be observed
[11,12]. In the case of Thermal Barrier Coatings/oxides, uncon-
trolled elaboration parameters can lead to the creation of extre-
mely severe compressive stresses in the growing coating that can
induce spontaneous coating delamination and blistering. In
extreme situations, complete spalling can be observed as soon
as the deposition process stops [7,8]. Blistering phenomena may
also be observed during oxidation experiments when the oxide
films reach critical thickness values [13]. Mechanical models,
related to the mechanical properties and thickness of the film,
have been proposed to explain this blisters formation [11-14].



In [13], Strawbridge and Evans reviewed the different possible
cases (thermal or mechanical origin, various blister shapes). In the
case of a round (radius R) already fully de-laminated area,
buckling is observed if the compressive residual stress in the film
reaches a critical value o, that can be determined by the following
equation from [13]
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where e is the thickness, E; the Young modulus, v4 the Poisson
coefficient of the film and R the radius of the de-laminated area
(insufficient adherence). From this equation, He. et al. [9] and Wang
and Evans [15] proposed a buckling index IT = (1-v2)/(c/E) (R/e)
that characterizes the buckling risk for a delaminated coating. It is to
be noted that this equation and the I7 index are not directly related
to the reason of the film de-lamination that can be linked to an
inappropriate elaboration process or to progressive crack propagation
under mechanical conditions. Therefore, the strength of the coating/
substrate interface does not appear in Eq. (1) and is not used in
numerical models [16-18]. However, this interfacial strength deter-
mines the blister stability that can be predicted using an adhesion
index Y defined by Evans and co-workers in [19] as

Y =0\/e(1-V)/ET; )

As all blister formed under our experimental impact condi-
tions are round and stable, one can deduce from [19] that
>~ <1.85 but no real estimation of the interfacial strength of
our coating to be made. However, if the mechanical behaviour of a
pre-delaminated film can be fully predicted [9-13] and local
stress relief induced in films by buckling can be estimated [20],
the specific conditions that lead to buckling under repeated
impacts have to be clarified. In particular, the influence of the
substrate hardness remains quite uncertain. If preliminary tests
on M2 steels seem to indicate that a high hardness inhibits blister
formation, results obtained on ductile C48 steel (AISI 1050)
appear somehow contradictory. One unquestionable fact is that
no blisters are observed on untested samples whatever the steel
substrate nature and heat treatment. This suggests that the
buckling conditions are induced by the impacts repetition.

The objective of the present work is then to better understand
the conditions of the blister formation on various thin PVD hard
nitride coatings and to evidence the influence of the substrate
mechanical properties and/or microstructure on this blistering
mechanism. Depending on the results, heat treatments or hard-
ness, recommendations will be provided in order to avoid thin
film blistering under impact conditions.

2. Experimental
2.1. Impact tester

The principle of the impact tester used in this study is
sketched on Fig. 1 [5,6,21]. A rigid indenter, ended by a hemi-
spherical tip electromagnetically is accelerated and pushed on the
sample surface under normal incidence.

During this work, 100Cr6 (AISI 52100, which has the base
composition of 1C-0.3Si-0.3Mn-1.5Cr(wt%)) steel balls of 10 mm
radius were used as the impacting tip leading to a total indenter
mass of 165 g. As a constant acceleration is generated by the
electromagnets, the indenter velocity and kinetic energy just
before the impact can be adjusted using the indenter initial
position above the sample surface.

This incident velocity was also checked using a laser diode
displacement sensor recording the tip position during each impact
cycle [22]. Impact speeds ranging from 0.05 to 0.3 m/s were used

Displacement
sensor

Fig. 1. Principle of the impact tester.

Table 1
Typical testing conditions.

Parameter Range of values

100Cr6 ball radius 10 mm
Kinetic energy (ball 165 g) 0.2-8 m]

Impact Force 50-2500 N
Number of Impacts 1-2 x 106 impacts
Impact Speed (m/s) 0.05-3 m/s
Impact Frequency 10 Hz

during this study, leading to kinetic energies ranging from 0.2 to 8 myJ.
As the induced impact load depends not only on the kinetic energy of
the indenter but also on the mechanical properties of the tested
sample and the geometry of the indenter, it has to be determined for
each testing condition. Due to the normal incidence and the limited
penetration depth during each cycle (confirmed in the following by
experimental and numerical results), only the normal component of
the load (Fn) induced in the impacted material was considered and
measured during each cycle using a piezoelectric transducer. Typical
testing conditions are summarized in Table 1.

A set of reference testing conditions was chosen to be used for
both modelling and experimental work in order to enable valu-
able comparisons. For these reference tests, the testing para-
meters were adjusted to ensure an incident kinetic energy of
0.8 m] to enhance the influence of the mechanical properties of
the substrate as well as the blistering phenomenon. Unless
otherwise mentioned all results presented in the following were
obtained under these reference conditions.

2.2. Materials

CrN thin coatings were elaborated at the LERMPS laboratory on
annealed and treated (oil quenching+ 1h30 tempering at 550 °C) M2
steel in order to achieve low (230 Hvsp) and high (790 Hvsg) substrate
hardnesses. Each coating series were elaborated using the same
experimental protocol (mirror polishing of the substrate, cleaning
and deposition steps). The resulting film thickness was determined
using a 3D optical profilometer. The Young modulus of the coatings
was deduced from nanoindentation tests using a Nanoindenter XP2



(Berkovich tip) from MTS. Tests were performed in the continuous
stiffness measurement mode. Indentation results were analysed using
the Oliver and Pharr determination procedure [23] and assuming a
Poisson’s coefficient of v=0.25 for the CrN coatings as commonly
admitted in the literature [24,25]. Scratch tests were also performed
using a Rockwell tip of 200 um and a loading speed of 100 N.min '
in order to estimate the critical load leading to the first crack
formation. The main characteristics of the tested coatings are
summarized in Table 2.

3. Experimental results and discussion
Impact tests were performed on annealed and heat treated M2
coated steel to observe eventual differences in blistering phenomena.

Both treated and untreated M2 steel samples were first coated with
the same CrN film and tested under similar impact conditions.

3.1. Untreated M2 steel

Fig. 2 presents the experimental observations performed on
untreated M2 substrates coated with a 2.7 um thick CrN film.

Table 2
Coatings characteristics.

Sample Film thickness Young’s modulus Hardness Scratch Lc
(pum) (GPa) (GPa) (N)

CrN/Annealed 2.7 304 +10 25+3 17.9

M2

CrN/Treated M2 2.8 300+10 25+2 19.5

7ON-15

.

100 pm

15 impacts

These micrographs clearly reveal that blisters can be formed even
after a very low number of impacts (15 impacts for Fig. 2a) and
even using impact energies as low as 0.6 mJ]. On increasing the
impact energy (Fig. 2b), large spalling for the coatings can be
observed. Moreover, the very first blisters are observed at the
center of the impact scars, where the highest residual compres-
sive stresses are expected from the modelling results.

3.2. Treated M2 substrate

Similar tests were performed on treated M2 samples also coated
with a 2.8 pm thick CrN film (identical elaboration process). The
blistering of the CrN coating has been proved to be much more
difficult to induce and to observe as illustrated in Fig. 3. Using impact
energies as low as 0.6-0.8 mJ almost no blisters can be seen (Fig. 3a),
even after several thousands of impacts (Fig. 3b). Impact tests at
higher energy (up to 6.5 mJ) do not significantly favour the blister
formation (Fig. 3c). Spalling of the film can then be observed only for
long duration tests. These impact tests, performed on heat-hardened
steel seem to reveal the influence of the plastic deformation of the
substrate in the blister creation.

4. Finite element modelling (FEM)

To better understand the buckling origin and in particular the
specific mechanical conditions that can lead to this blister forma-
tion, a FEM analysis of the impact conditions was performed. The
objectives of this modelling work were to observe what happens in
the sample (film+ substrate) during the repeated impacts that could
induce the formation and/or growth of de-laminated areas leading
to buckling. For this, a numerical compromise was to be found
between an accurate stress and strain field description and a
reasonable computation time to take into account several tens of

PSRN g
100 pm

Fig. 2. Blistering phenomena observed on a CrN film deposited on annealed M2 steel as a function of the number of impacts at Ec=0.61 mJ: a) after 15 impacts and b) after

30 impacts.

10 Impacts 100 m 10° Impacts

100 pym 100 pm

Fig. 3. Damage mechanism observed on a CrN film deposited on heat treated M2 steel: (a) after 10 impacts at Ec=0.61 m], (b) after 103 impacts at Ec=0.61 m] and

(c) after 10 impacts at Ec=3.26 m].



repeated impacts. The Abaqus explicit software version 6.8 [26] was
chosen. Indeed, explicit finite element analysis is well adapted to
fast nonlinear dynamic problems. Nevertheless, the time step in
such analysis has to be small enough to maintain stability of the
solution procedure [27]. In order to limit the Central Processing Unit
time, the calculation was stopped when all the plastic deformation
had occurred (end of the transient phase).

4.1. Simulation step

15 successive impact loadings were considered. Balls were
assumed to be deformable spheres of 10 mm radius and an incident

kinetic energy of 0.8 mJ was used for all calculations corresponding
to an incident speed of 300 mms~! and a complete indenter weight
(steel ball+ sample holder) of 165 g.

The thickness of the tested coated was experimentally deter-
mined (3D profilometry and SEM cross section examination) and
varied from 2.7 to 3.2 um. Therefore, a 3 pm thick layer was
considered on top of the steel samples. The length and width of
the substrate were taken to be about 1000 times larger than the film
thickness in order to eliminate any finite domain effect on numerical
results. So a typical surface of 1.5 x 2 mm? was considered. Due to
the specific geometry of the contacting parts and resulting contact,
an axisymmetric model was used. An adapted mesh was preferred

O-
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Fig. 4. FEM (Abaqus) mesh used for the study: (a) coarse mesh in the substrate and b) refined mesh in the film and near the interface.



Depth of the residual print (um)

——
1= FEM

| —*— Experimental = i — Jl; — '
- B S

© 20 O 0 O = = = = =N
o N B O ® O N B O ® o
P LA Gl LR (R L |

-0.2 T

T " T . T ¥ T o T * T & T
6 8 10 12 14 16
Impact number

N
£

-2 0

Fig. 5. Evolution of the residual scar depth for the first 15 impacts.
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using small elements in the film and at the interface vicinity
and larger elements in the rest of the substrate as illustrated in
Fig. 4. Boundary conditions were imposed in the radial (1) and axial
(2) directions at the rear face of the sample. The symmetry axis
was fixed in the (1) direction. Moreover, all rotations were forbidden
for the impacting balls, in agreement with other FEM studies on
similar ball on plane contacts [23-25]. Three types of materials
(substrate, coating, and impacting balls) were implemented in the
models. In particular, a Hollomon’s law ¢ =Ke" was considered
for the substrate mechanical behaviour along with a Young's
modulus of 210 GPa and Poisson’s coefficient of 0.3 for the annealed
M2 steel. The coefficients of Hollomon’s law were determined using
an inverse identification method [28] and set at K=4500 and
n=0.27. This type of mechanical law was chosen as it enables
accurate prediction of the evolution of normal load and scar depth
that cannot be achieved using elastic— perfectly plastic laws. The
mechanical behaviour of the CrN coatings was modelled using a
perfect elastic law with a 300 GPa Young’s Modulus obtained from
nanoindentation results and a Poisson’s coefficient of v=0.25 taken
from the literature [21,22].

Fig. 6. Cumulated plastics strain distribution after 10 impacts.

b

S11

Fig. 7. (a) Distribution of the S11 stress field in the substrate during the backward motion of the indenter and (b) associated crack propagation model.



4.2. Transient impact regime

Using these model and materials characteristics, the maximal
residual depth observed during the first 12 impact cycles has been
calculated and compared to experimental data (Fig. 5) obtained by
3D profilometry on impacted zones. It can be seen that, thanks to
the chosen Hollomon'’s law, the residual depths of the impact scars
are in good agreement with the results of numerical calculation.

The slight difference between experimental and numerical
results can be related to slight impact velocity variation (typically
less than 3%) but also to wave reflections from boundaries in the
finite element analysis. This may cause unexpected unloading of

Fig. 8. Cross section micrography (SEM) of an impact scar on a CrN coated
untreated M2 steel.

the indenter and thus leading to underpredicted values of
indentation. During the very first impacts, plastic yielding occurs
in the substrate. From the 8th impact, the material response
appears to be stabilized and only elastic deformations are pre-
dicted. A steady-stable regime is then reached and the simulation
predicts a residual depth in the 0.9-1.4 pm range. This phenom-
enon can be explained by a plastic accommodation due to the
increase of the contact area per impact. This phenomenon is close
to the process of cumulative plastic deformation under repeated
rolling [29], whereby plastic deformation introduces residual
stresses which make the elastic steady state virtually reached
after a given number of cycles.
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4.3. Analysis of stress field during an impact

4.3.1. Substrate behaviour

As no plastic deformations were expected in the hardened
substrate (elastic behaviour), this first work focuses only on the
case of untreated M2 substrates. Fig. 6 illustrates the distribution
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Fig. 11. Evolution of S12 stress as a function of time during one impact.

Fig. 12. SEM micrography of a delaminated zone on a tested CrN coated sample
after 200 impacts under reference conditions.
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of plastic strain fields in the substrate. It clearly shows the
presence of a plastic zone with very low distortion levels between
0.1% and 0.8% whereas an elastic zone can be observed just below
the interface.

The computed S11 stress field for the untreated substrate
(Hollomon’s law) reveals the presence of a significant tensile
stress in the film after the 10th impact with stress values ranging
from O to 580 MPa just below the interface. This residual tensile
stress is a consequence of the plastic yielding in the substrate
(Fig. 7a). These tensile stresses being repeated during each impact
cycle can lead to the initiation of cracks that will propagate
toward the interface as sketched in Fig. 7b.

To investigate the presence of possible cracks in the substrate
that could be initiated and propagated by the repeated S11 tensile
stress, cross section observations were made. Fig. 8 shows a SEM
micrograph of a microcrack initiated in the substrate and propa-
gated up to the interface detected on a tested sample after 2000
impacts at 0.8 mJ. Such a crack can likely be related to the S11
repeated stress and, when reaching the interface, can initiate
interfacial flaws.

4.3.2. Interface behaviour

FEM was also used to clarify the different stress fields which
may develop at the substrate/coating interface during impact.

Fig. 9 presents the evolution of the S12 shear stress at the film/
substrate interface as a function of the penetration depth of the
ball (in percent, 100% corresponding to the deepest penetration
point) and the x abscissa (in mm) being the location of the
observation point. During the penetration process (left column),
the intensity of shear stress gradually increases (right column)
and the point of application moves from the center of impact
to the edge of the impact scar (Fig. 9a) up to 280 MPa at 100%
penetration of the ball (Fig. 9d). The existence of such a shear
stress induced at the interface can have direct consequences on
the mechanical behaviour of films.

A first analysis of these results seems to indicate that the
presence and intensity of the S12 shear stress is directly linked to
the plastic deformation undergone by the substrate. However, it
can be noted that this shear stress distribution is obtained for the
10th impact (stabilized regime). The transient regime does not

Table 3
Composition of the used M2 steel.

Composition C Cr Mo \% W

(wt%) [31] 0.78-0.88
(wt%) (EDS) |

3.75-4.5
4.11

4.5-5.5
5.26

1.6-2.2
217

5.5-6.75
6.49

300

T
—25%

Shear Stress $12 (MPa)
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Radial distance (mm)

Fig. 13. Comparison of the evolution of S12 stress field at the coating/substrate interface as a function of the indenter penetration depth (in %, backwards) along X axis

(a) Annealed M2 and (b) Heat treated M2.



appear to influence the shear stress intensity. Fig. 10 presents the
evolution of the S12 shear strain during the first 15 impacts and
shows that the interface is subjected to shear stress during all
impacts with a similar intensity (220 4+ 20 MPa).

Analysis of the S12 shear stress at the interface during one
impact (Fig. 11) shows that the interface is stressed twice per
impact. A first stress peak is reached during the loading step and a
second one occurs during the unloading phase, both having the
same intensity (260 + 10 MPa).

Two possible consequences of the presence of this tensile
stress at the film/substrate interface can be imagined:

— the intensity of the induced shear stress exceeds the adher-
ence strength of the coatings and generates the interface
failure and film spalling;

— the intensity of the induced shear stress does not reach the
adherence strength of the coatings but its repetition during
each impact leads to the formation and propagation of inter-
facial cracks that will grow up to reach a critical size. By the
combined effect of the residual compressive stresses present

5 10 15

in the film (due to the elaboration process) and the induced
tensile stress that acts during the impact unloading step, these
critical interfacial defects will lead to the mechanical buckling
of the film and the creation of blisters.

To confirm these numerical results, cross-sections observa-
tions of impacts scars were made. In Fig. 12, area of poor film/
substrate adhesion is observed whose growth can be mechani-
cally activated and lead to the coating blistering.

4.3.3. Influence of plastic deformation of substrate on shear stress

When a Hollomon’s law is considered for the substrate
mechanical behaviour, S12 shear stresses are created throughout
the interface during the loading and unloading steps. We can
assume that these shear stresses will favor the observed film
blistering. To validate this result, the case of a hard substrate with
no plastic deformation under impact was also considered.

A perfect elastic behavior law was used for the hardened
substrate. Fig. 13 presents the evolution of the S12 shear stress at

5 10 15

Fig. 14. Analyses of annealed M2 substrates: (a) SEM micrography revealing the presence of 2 types of carbides (X and Y types), (b) EDS analysis of the dark particles

(Y type) and (c) EDS analysis of the white particles (X type).



the film/substrate interface as a function of the penetration depth
of the ball and the x abscissa (in mm) of the location of the
observation point for annealed substrates (Hollomon’s law,
Fig. 13a), and treated substrates (elastic behaviour, Fig. 13b). It
is found that the evolutions of the S12 shear stress along the
interface are of the same order of magnitude for the two types of
substrates. The shear stress intensity increases with the penetra-
tion of the indenter, ranging from 170 MPa to 280 MPa when the
penetration increases from 25% to 100%, respectively and its
application point also moves along the interface. This means that
the shearing of the interface does not depend on the mechanical
behavior of the substrate. One can conclude that the plastic
deformation of the substrate is not the main cause of the
formation of blisters after impact.

5. Influence of substrate structure

Since the plasticity of the substrate does not seem to be at the
origin of the observed differences in the blister occurrence, the
influence of the substrate microstructure (annealed or treated
M2) on the creation of defects and de-laminated zones has been
studied.

In PVD hard coatings, the growth defect phenomena are very
well known and have been studied by various authors [30,31].
They have found that the main factors which influence defect
density are the cleanness of the chamber, the ion cleaning step,
the sputtering power and shielding of the substrates. Any imper-
fections formed on substrate surface during pretreatment or
growth defects are drawbacks for future applications as they
can cause local loss of adhesion.

As flaws likely form on microstructure heterogeneities, a finer
material analysis was conducted by scanning electron microscopy
(SEM) coupled with energy dispersive spectroscopy (EDS). The
nominal and analysed compositions of the M2 steel are given in
Table 3.

M2 steels are characterized by an average carbon content
around 0.8%,y;, combined with alloying elements such as molyb-
denum, vanadium and tungsten which give good wear resistance
through the formation of very hard carbides [32].

Fig. 14a presents the microstructure of annealed substrates
obtained by scanning electron microscopy (SEM) showing the
existence of two populations of carbides (X and Y areas in Fig. 14).
EDS analyses reveal that they represent 36% of the surface, of
which 9% are carbides of molybdenum and tungsten (Fig. 14b)
and 27% are vanadium carbides (Fig. 14c. Cekada et. al. [33] have
shown that the sputtering rate of molybdenum-tungsten carbide
in HSS tool steel is higher than that of the matrix, while the
sputtering rate of vanadium carbide is lower. These different
sputtering rates during the cleaning pretreatment create defects
with different depths in the substrate. This differential effect
could be responsible for the presence of area of poor adhesion
between the CrN film and the substrate. The high proportion of
carbides in the M2 steel substrates seems to contribute to the
creation of flaws, since there are carbides of molybdenum,
tungsten and vanadium at the interface.

The microstructure of heat treated M2 substrates is shown in
Fig. 15a. In addition to the martensitic structure, there is a
significant decrease in the amount of carbides in the matrix. Only
carbides of molybdenum and tungsten (Fig. 15b) appear in the
matrix with a ratio of 4%.

The lower carbides content in the hardened steel matrix can be
responsible for the better adhesion of the CrN films and especially
the reduction of defects at the interface enhancing the coating
adhesion.

W Sp Carbure blanc.pgt FS: 2500

5 10

Fig. 15. Analyses of heat treated M2 substrates: (a) SEM micrography and (b) EDS
analysis of the particles.

6. Conclusions

In this paper, it has been shown that the substrate properties
play a major role in the blistering mechanism of thin CrN PVD
films under repeated impacts. Both experimental and numerical
works confirm the influence of the substrate mechanical proper-
ties. However, the material microstructure and in particular the
presence of various types of carbides appear to be of major effect.
The present work especially enables to establish that:

- If the impact energy is high enough to induce plastic deforma-
tions of the substrate, a radial tensile stress is observed in the
substrate just below the interface. This tensile stress being
repeated during each impact cycle can lead to the initiation of
cracks that will propagate towards the interface. The presence
of high carbides content (brittle particles) in the annealed
M2 substrates can enhance this crack initiation process as



confirmed by cross section observations on impacts scars that
reveal the presence of such microcracks in the substrate.

- Whatever the substrate properties are, S12 shear stress fields
of similar amplitude range are created at the coating/substrate
interface. If these shear stresses can clearly favour the
interfacial flaws creation and growth leading to the blister
formation, their almost identical values cannot explain the
difference in blistering occurrence for the two different M2
substrates. As hardened M2 substrates do not lead to any
blister formation even when subjected to similar interfacial
shear stress field during impacts, the reason of the easy
blistering effect on annealed substrates is not to be found in
these S12 shear stresses.

- The difference in microstructure between the two sets of
samples (annealed and heat treated), especially the nature
and content ratio of the carbide particles, can lead to the
interfacial flaws formation. These defects, submitted to the
repeated S12 shear stress, can then grow until reaching
the critical blistering size.
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