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Four nitride coatings (CrN, ZrN, CrAlN, and TiAlN) were deposited on YT15 cemented carbide by cathode arc-
evaporation technique. Microstructural and fundamental properties of these nitride coatings were examined.
Erosion wear tests were carried out, the erosion wear of these nitride coatings caused by abrasive particle im-
pact was compared by determining the wear depth and the erosion rates of the coatings. The wear surface
features were examined by scanning electron microscopy. Results showed that the coatings with Al (CrAlN
and TiAlN) exhibited higher erosion wear resistance over those without Al (CrN and TiN). The H3/E2 of the
coating seemed to play an important role with respect to its erosion wear in erosion tests. AlTiN and CrAlN
coatings being with high H3/E2 exhibited lower erosion rates, while CrN coating with low H3/E2 showed
higher erosion rates under the same test conditions. Analysis of eroded surface of the coatings demonstrated
that the TiN and CrN coatings exhibited a typical brittle fracture induced removal process, while AlTiN and
CrAlN coatings showed mainly micro cutting and cycle fatigue fracture of material removal mode.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Surface coating is an effective method to improve the durability of
the materials used in the aggressive environments. By selecting proper
coating methods and coating materials, we may prolong the service
life of the substrate material and increase the commercial value of the
products. New coating deposition techniques developed over the last
two decades offer a wide variety of possibilities to tailor surfaces with
many different materials and structures. In particular, chemical vapour
deposition (CVD) and physical vapour deposition (PVD) techniques
have made it possible to deposit thin coatings a few micro-metre thick
in a temperature range from high temperatures down to room temper-
ature. Hard coatings are of interest in a number of technological fields
due to their physical, chemical and mechanical properties. Coating ma-
terials such as TiN, TiC, CrN and more recently diamond, diamondlike
carbon (DLC) and MoS2 and their combinations as multi-layers have
been used with great success [1–6]. Especially, hard nitride coatings
are extensively used in many types of cutting operations, where they
enhance tool life, improve surfacefinish and increase productivity [7–9].

Nitride based hard compound coatings prepared by various physical
vapor deposition processes are finding increasing applications for nearly
every demand. High hardness, excellent wear and corrosion resistance
enable them significantly improve tool life. The first generation PVD ni-
tride coatings featured TiN as thehard coating andwere applied in inter-
rupted cutting such asmilling of steels. The superior performance of PVD
TiN coated tools prompted their use in other machining applications,
rights reserved.
such as turning, as well as in industries as a wear-resistant or protective
layer on the dies [10–13]. Afterwards various alloying elements have
been added to improve the properties of the coatings. The addition of
Al to form ternary thin films, e.g. TiAlN, is particularly attractive. TiAlN
coatings have been developed as an alternative to TiN, because of their
higher oxidation resistance, higher hardness and higher corrosion resis-
tance. In addition, low thermal conductivity of TiAlN enables higher cut-
ting speeds. The continued success of the PVD nitride coatings led to the
commercial development of second and third generation PVD coatings
which offer even higher machining productivity [14–19]. Some studies
have proved that these nitride coatings have goodmechanical proper-
ties [14,15], and excellent oxidation and wear resistance [16,17]. With
respect to the erosion properties, several researchers [18–24] have
studied the sand erosion performance of the coatings. Nevertheless,
the knowledge about the comparatively erosion properties of these
nitride coatings is poor.

In the present study, Four nitride coatings (CrN, ZrN, CrAlN, and TiAlN)
were deposited on YT15 (WC+15%TiC+6%Co) cemented carbide by
cathode arc-evaporation technique. Microstructural and fundamental
properties of these nitride coatings were examined. Erosion wear tests
were carried out with these nitride coatings. The wear surface features
of were examined by scanning electron microscopy, and the wear
mechanisms were investigated.

2. Experimental procedures

2.1. Preparation of PVD nitride coatings

The substrate material employed for this study was YT15 (WC+
15wt.% TiC+6 wt.% Co) cemented carbide. Data for hardness, flexural
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Table 1
Properties of the YT15 cemented carbide substrate.

Composition
(wt.%)

Density
(g/cm3)

Hardness
(GPa)

Flexural
strength
(MPa)

Fracture
toughness
(MPa m1/2)

Thermal
conductivity
(W/(m K))

Thermal
expansion
coefficient
(10−6/K)

WC+15%
TiC+6% Co

11.5 15.5 1130.0 12.0 33.47 6.51

Table 2
The PVD coating conditions.

Coating
temperature
(°C)

Total gas
pressure
(Pa)

Bias
voltage
(V)

Cathode
current
(A)

Coating
time
(min)

Source to
substrate
distance (mm)

Power
(KW)

200 1.5 −40 to−150 60 60 200 2.5

Fig. 2. SEM micrograph of the SiC abrasives used for erosion tests.
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strength, and fracture toughness of the YT15 cemented carbide are listed
in Table 1. Before deposition the specimensweremirror-polished (1 μm
diamonds) and ultrasonically cleaned in acetone and alcohol progres-
sively, each for 5 min, and dried for approximately 20 min in a pre-
vacuum dryer. Pure Ti, Cr targets and TiAl, AlCr composite targets with
nitrogen gas (N2) were introduced into the chamber as a reactive atmo-
sphere to obtain all the coatings. The specimens were deposited at
200 °C, the DC-substrate bias voltage was in the range of −40 V to
−150 V, Ar and N2 flow were independently controlled using a mass-
flow controller, the durations for depositing were 60 min. All the PVD
coating conditions are listed in Table 2.

The phase compositions were examined by XRD (D/max-2400).
The film thickness was measured by a surface profilometer (Wyko
NT9300). In addition, to verify the obtained results, measurements
of the coatings were made also on the cross-sectional view with scan-
ning electron microscope. The hardness tests of coatings were made
on the MH-6 hardness tester. Measurements were made at 0.2 N
loads, eliminating influence of the substrate on the measurement re-
sults. Adhesion evaluation of the coatings was made using the scratch
test on the MFT-3000 device, by moving the diamond penetrator
along the examined specimen's surface with the gradually increasing
load. The tests were made with the following parameters: radius of
Rockwell diamond stylus 200 μm, load range 0–100 N, load increase
rate 100 N/min, penetrator's travel speed 10 mm/min.

2.2. Erosion wear tests

Erosion wear tests were conducted with a dry blasting machine
tool. The photo of this equipment is shown in Fig. 1. The impingement
Fig. 1. Photo of the erosion test equipment.
angle of the jet relative to the coating surface was 90°. The test piece
was mounted at 20 mm distance from the end of the nozzle. The com-
pressed air pressure was set at 0.5 MPa. The erodent abrasives used in
this study were of silicon carbide (SiC) powders with 40–100 μm
grain size. The SEM micrograph of the SiC powders is shown in
Fig. 2. As these abrasives are more durable and create less dust than
sand, and typically are reclaimed and reused. The wear mass loss of
the coatings after the tests was too small to be resolved by weighing.
Instead, the geometry of the eroded surface was measured with an
optical profilometer (Wyko NT9300). At each test interval the dis-
tance between the original and the worn surfaces at the deepest po-
sition was measured and designated as the wear depth. The erosion
rates (W) of the coatings are defined as the wear depth of the coating
divided by the erosion time. Since the test parameters were kept con-
stant, wear of the coatings should only depend on the nature of the
coatings. The eroded surfaces of the nitride coatings were examined
by scanning electron microscopy.
3. Results and discussion

3.1. Properties and microstructures of the nitride coatings

Hardness, critical load, and coating thickness of the investigated
nitride coatings are presented in Table 3. It was revealed that the
uncoated YT15 cemented carbide has a hardness of 15.5 GPa (see
Table 1). Deposition of the PVD coatings onto the specimens causes
the surface layer hardness increase. The hardness of TiAlN coating
reaches 32.4 GPa, that is up to 100.0% more compared to that of
YT15 substrate; while the hardness of CrN shows only a little increase
(16.5 GPa) compared with that of the YT15 substrate. The critical load
characterizing the adherence of the coating to the substrate was de-
termined as the one corresponding to the acoustic emission (AE) in-
crease signalling beginning of spalling of the coating in scratch test.
It was found that the critical load of CrN, CrAlN, and TiAlN coatings
is more than 80.0 N.
Table 3
Properties of the CrN, ZrN, CrAlN, and TiAlN nitride coatings.

Coatings Elastic modulus
(GPa)

Hardness
(GPa)

Critical
load (N)

Coating
thickness (μm)

CrN 360 16.5 80.3 1.79
TiN 483 23.6 54.5 2.24
CrAlN 502 29.1 85.3 2.02
TiAlN 526 32.4 80.6 2.64
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Fig. 3. SEM micrographs of the cross-sectional image of (a) CrN, (b) TiN, (c) CrAlN, and (d) TiAlN coatings.
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Fig. 4. X-ray diffraction analysis of (a) CrN, (b) TiN, (c) CrAlN, and (d) TiAlN coatings.
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Fig. 5. Erosion wear depth of CrN, TiN, CrAlN, and TiAlN coatings as a function of test
duration.

Fig. 6. Three-dimensional surface topography of the erosion scar of TiN coating after
60 s erosion operation.
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Fig. 7. Two-dimensional profiles of the wear tracks of (a) CrN, (b) TiN, (c) CrAlN, and (d) TiAlN coatings after 60 s erosion operation.
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Fig. 3 shows the SEM micrographs of the cross-sectional image of
the CrN, TiN, CrAlN, and TiAlN coatings. It shows a dense and fine
grained coating structure, the coating thickness is in the range of
1.8 μm–3.0 μm. Fig. 4 illustrates the X-ray diffraction analysis of CrN,
TiN, CrAlN, and TiAlN coatings.

3.2. Erosion wear behaviors of the nitride coatings

The wear depth is different for the nitride coatings depending on
the erosion time. Fig. 5 shows the wear depth of CrN, TiN, CrAlN,
and TiAlN coatings as a function of test duration. It is noted that the
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Fig. 8. Erosion rates of the CrN, Ti

Fig. 9. SEM micrographs at lower magnification of the eroded surfac
wear depth of the nitride coatings continuously increased with the
operation time. Among all the coatings tested, the TiAlN coating
showed the smallest wear depth under the same test conditions;
while the CrN coating exhibited the highest wear depth. The time of
coating penetration for CrN coating is about 40 s (see Fig. 5), since
the wear depth reaches 1.8 μm after 40 s erosion operation (the coat-
ing thickness of CrN is 1.81 μm as can be seen in Table 3). While for
TiAlN coating, the wear depth reaches only 1.5 μm after 380 s erosion
operation, which is far less its coating thickness (2.64 μm). Therefore,
the TiAlN coating was proved to have the highest erosion resistance
over the other coatings.
TiN CrN

atings

N, CrAlN, and TiAlN coatings.

e of TiN coating after (a) 60 s and (b) 120 s erosion operation.
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Fig. 10. SEM micrographs of the eroded surface of (a) CrN, (b) TiN, (c) CrAlN, and (d) TiAlN coatings after 60 s erosion operation.
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Fig. 6 shows the three-dimensional surface topography of the ero-
sion scar produced on TiN coating after 60 s erosion operation. It can
be seen that the wear track of TiN coating shows a lot of small cavities
on the eroded surface. Two-dimensional profiles of the wear tracks of
CrN, TiN, CrAlN, and TiAlN coatings after 60 s erosion operation are
shown in Fig. 7. The surface roughness (Ra) measured by profilometer
of CrN, TiN, CrAlN, and TiAlN coatings after 60 s erosion operation is
1.78 μm, 1.42 μm, 0.52, and 0.41 μm respectively. The results also
Fig. 11. SEM micrographs of the eroded surface of (a) CrN, (b) TiN,
confirm that surface roughness of TiAlN coating is smaller than that
of other coatings under the same test conditions.

Fig. 8 shows the erosion rates of CrN, TiN, CrAlN, and TiAlN coat-
ings in erosion tests. The wear rate was found to decrease in the
order TiAlN, CrAlN, TiN, CrN. The values of the wear rate are 37.0,
18.5, 12.4, and 7.2 for CrN, TiN, CrAlN, and TiAlN coatings respectively.
The TiAlN coating exhibited the smallest wear rates; while the CrN
coating the highest wear rates under the same test conditions.
(c) CrAlN, and (d) TiAlN coatings after 120 s erosion operation.

image of Fig.�10
image of Fig.�11
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Fig. 13. Interdependence of H3/E2 and erosion rate of CrN, TiN, CrAlN, and TiAlN
coatings.
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3.3. Observation of worn surfaces

Fig. 9 shows representative SEM micrographs at lower magnifica-
tion of the eroded surface of TiN coating after 60 s and 120 s erosion
operation. It is noted that the erosion scar is about 3–4 mm in diameter.
Closer examination at highermagnification of thewear tracks produced
on the CrN, TiN, CrAlN, and TiAlN coatings are shown in Figs. 10 and 11.
It is notable that the wear track of CrN coatings after 60 s erosion oper-
ation (Fig. 10(a)) revealed a rougher surface and partial coating removal.
There were numerous pits on the eroded surfaces. Delamination and
brittle fracture of the coating were observed, and the coating damages
reached the YT15 substrate in some area of the wear track. The proba-
bility of finding such features on the eroded CrN coating is significantly
greater. For TiN coating, a relatively smooth surface was produced and
the substrate slightly appeared on thewholeworn surface, insignificant
traces of deep plowing grooves and micro chipping of small segments
were revealed (Fig. 10(b)). While the wear track of CrAlN and TiAlN
coatings after 60 s erosion operation showed a very smooth topography
(Fig. 10(c) and (d)), and the initial exposure of the substrate was more
local.

The coatings were worn gradually with the erosion time, and
eventually the substrate was exposed and eroded. After 120 s erosion
operation, the CrN coating was worn out completely, and the erosion
wear was occurred on the YT15 cemented carbide substrate (Fig. 11
(a)). Inspection of the wear tracks of CrAlN and TiAlN coatings after
120 s erosion operation revealed small delamination of the coating
Coating

Eroded area

Substrate

Eroded area

Substrate

a b

c d

Fig. 12. The cross-sectional images of the eroded wear track of (a) CrN, (b
from the substrate (Fig. 11(c) (d)). The initial coating failure may
also be accelerated by the presence of defects such as, for example,
the local protuberances. Surface roughness is hardly being avoided
because of droplets that are characteristic to PVD process. Cracking
Eroded area

Substrate

Coating

Coating

Eroded area

Substrate

) TiN, (c) CrAlN, and (d) TiAlN coatings after 120 s erosion operation.
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and removal of the partial coating, all results in redistribution of the
contact pressures and overstressing around the damaged areas that
facilitates the further coating damage. After reaching of the critical
size under repetitive impacts, the large chip may remove from the
surface. It is concluded that the CrAlN and TiAlN coatings is removed
in the form of small fragments due to repeated attacks from the small
eroding particles.

The eroded coatings were cut after operation in vertical directions
for failure analysis. Fig. 12 shows the cross-sectional images of the
eroded wear track of CrN, TiN, CrAlN, and TiAlN coatings after 120 s
erosion operation. It appears that the damages of CrN and TiN coat-
ings have reached the YT15 substrate in the eroded area.
3.4. Discussion

In the erosion wear tests, fine particles are accelerated and are di-
rected towards coating surfaces. As the particles impact the coating
surface, they cause a small fracture, and the coating is removed pri-
marily by repeated impact of the abrasive particles. Several studies
[25–29] have been shown that impact of brittle materials by hard par-
ticles is generally thought to result from elastic/plastic fracture. This
type of fracture is characterized firstly by plastic deformation of the
contact area between the impacting particle and the material surface,
with subsurface lateral cracks propagating outward from the base of
the contact zone on the planes nearly parallel to the surface, and
with median cracks propagating from the contact zone normal to
the surface. The interaction of lateral and radial cracks is considered
to result in material removal. Analysis of erosion of brittle materials
typically recognizes two models of material removal: a ductile plow-
ing type of material removal, and a fracture induced removal process.
In the class of hard coatings presently being considered, both processes
may occur, depending on the specific stress state. The high hardness of
the coating is only one parameter which ensures scratch and abrasion
resistance. The coatings must be highly resistant also to plastic defor-
mation during contact events. The resistance of coating to plastic defor-
mation can be controlled by the filmhardnessH and its elasticmodulus
E. The ratioH3/E2 is a parameter which controls the resistance of mate-
rials to plastic deformation [30,31]. Fig. 13 shows the interdependence
ofH3/E2 and erosion rate of the coatings. It is indicated that theH3/E2 of
the coatingmaterial had an important influence on its erosion rate. The
TiAlN coating is characterized by high resistance to plastic deformation
(H3/E2) and lower erosion rate, while the coatings with relative low
H3/E2 showed higher erosion rate.
4. Conclusions

Four nitride coatings (CrN, ZrN, CrAlN, and TiAlN) were deposited
on YT15cemented carbide by cathode arc-evaporation technique.
Erosion wear tests were carried out with these coatings. The follow-
ing conclusions were obtained:

1. The coatings with Al (CrAlN and TiAlN) exhibited higher erosion
wear resistance over those without Al (CrN and TiN).

2. TheH3/E2 of the coating seemed toplay an important rolewith respect
to its erosion wear in erosion tests. The AlTiN coating being with high
H3/E2 exhibited lower erosion rates, while CrN coatingwith lowH3/E2

showed higher erosion rates under the same test conditions.
3. Analysis of eroded surface of the coatings demonstrated that TiN

and CrN coatings exhibited a typical brittle fracture induced re-
moval process which experienced solid particle erosion damage
involving both delamination and brittle fracture; While AlTiN and
CrAlN coatings experienced significantly less erosion damage than
CrN and TiN coatings, and showed mainly micro cutting and cycle
fatigue fracture of material removal mode.
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