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ABSTRACT

Sets of Cr-based hard coatings were prepared via reactive closed field
unbalanced magnetron sputtering (CFUBMS). Substrate temperature was
kept in range of 150 to 200 °C during deposition. Nanohardness (H) and
effective modulus of elasticity (E*) of the coatings were examined; using
depth-sensing indentation method. In order to present the mechanical
properties and predict the tribological behaviour of the prepared coatings
ratios H/E* (elasticity index), H3/E™ (resistance to plastic deformation)
and 1/(HE™) (resistance to crack formation) were calculated and
analysed. The results from the combined examination of the research
ratios showed that they could be used for classification of the expected
wear-resistant properties of Cr-based hard coatings deposited at
temperature below 200 °C.

© 2023 Published by Faculty of Engineering

1. INTRODUCTION

classes of materials [3]. Identifying these
properties of the newly developed nanostructured

The mechanical properties of materials are of
interest in terms of their resistance to abrasive,
erosive and impact wear. Wear resistance is
usually believed to be relative to hardness and
stiffness of hard ceramic materials. Although,
significantly reflecting the resistance to plastic
deformation, it is increasingly recognised that
hardness is not necessary the main requirement
for wear resistance [1]. Elasticity and toughness
can be at least equally important factors [2].
Depending on the conditions of the mechanical
process the material may show elastic, plastic or
viscous properties, which combine in the various
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materials is of great research interest.

Nowadays, mechanical components and tools are
facing higher industrial performance
requirements [1]. Deposition of hard coatings on
machine components and tools made of
conventional, structural and instrumental alloys is
an effective method of improving their
performance as economy is achieved and valuable
natural resources are saved. Wear-, heat- and
corrosion-resistant hard coatings steadily expand
their various applications worldwide [4]. Cr-based
coatings are widely applied on forming and cutting
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tools, press stamps, parts for electrical machines,
pneumatic and hydraulic devices [5,6]. Deposition
temperature range below 200°Cshould meet the
requirements of important contemporary heat
sensitive industrial materials like cold working
alloyed steels, copper alloys, die steels, polymers,
etc. [7].

Magnetron sputtering has been applied for along
time as a flexible, reliable and effective method of
physical vapour deposition of thin films [8].
Closed magnetic field, generated by unbalanced
magnetrons in an arrangement whereby
neighboring magnetrons are of opposite
magnetic polarity, effectively increases plasma
density and coating deposition rate as well as
improves coating quality. This technology is
popular as Close Filed Unbalanced Magnetron
Sputtering (CFUBMS) [9]. Magnetron sputtering,
allows deposition of different structures,
satisfying a variety of property requirements
through range of process parameters like
substrate temperature, pressure, reactive gas
flow, bias voltage, deposition time, etc. [4,10]. All
of the above listed are subject to precise ongoing
control during the complete technological
process.

In general, the tribological behaviour of coatings
is influenced by the contact conditions,
environment conditions, contacting materials
and composite coating/ substrate system [1].

Elastic behavior of ceramic coatings is usually
represented by modulus of elasticity, which
greatly influences stress distribution in coated
elements. Load bearing capacity of coated
elements increases with the increase in modulus
of elasticity. Higher applied load is required to
plastically deform substrate material, which is
beneficial considering that coating will crack at the
onset of plastic deformation of substrate material.
Also, elastic modulus of the coating should match
that of the substrate in order to avoid additional
tensile stresses. Lower stress concentration is
more significant than increased load bearing
capacity for complete coating integrity. Large
mismatch between elastic modulus of coating and
substrate material leads to additional tensile
stresses and is a prerequisite for compromising
coating integrity. Proper values of the elastic
modulus of the coating structures and their
hardness should be achieved through variation of
the coatings composition [11].

Hardness, effective Young’s modulus and elastic
recovery are currently used for presenting the
mechanical behavior and prediction of tribological
behavior of hard ceramic coatings. These parameters
are easy to obtain via instrumented nanoindentation.

Ratios, which include hardness and elastic
modulus like the ratio H/E" (elasticity index),
representing the capability of a coating to deform
elastically without failure, H3/E"2, interpreting
the resistance of a coating to plastic deformation
and 1/(HE*2), related to crack formation, indicate
the tribological behaviour of hard coatings. The
focus of this research is prediction of tribological
properties of Cr-based hard coatings, deposited
via CFUBMS at low temperatures and intended
for real industrial applications, which is based on
the calculated ratios of H and E.

2. METHODOLOGY

Nanoindentation is a depth sensing method,
appropriate for mechanical properties assessment
of small ceramic samples or samples with very small
thickness because of the application of very low
loads [12]. Thus, mechanical properties of the
coatings can be precisely determined since low loads
allow that any influence of the substrate is avoided
[13]. According to the thumb rule, the maximum
penetration depth should be less than 10% of the
total coating thickness in order that the influence of
the substrate is eliminated. Some authors claim
substrate  independent  measurements  for
penetrating depths up to 25% [14].

The hardness and the effective elastic modulus
are calculated by applying the method, proposed
by Oliver and Pharr, using indentation
load/displacement curves [15], when the contact
depth h.is of small size and the imprint imaging
is difficult. These curves visualise the data on the
displacement of the indenter during loading and
unloading. Usually linear mode of loading and
unloading is applied for examination of ceramic
materials.

Both elastic and plastic deformation occur during
loading. A permanent impression is formed ought
to plastic deformation and only elastic
deformation is realised during unloading. These
details in physical processes during indentation
allow that hardness and elastic modulus are
independently determined [14].
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Oliver and Pharr define the hardness as the mean
pressure the material supports under load [12].
The hardness is computed from

_ Pmax
where H - nanohardness, [GPa]; Pmax — peak load,
[mN]; A - projected area of contact at peak load,

[nm?2].

During the nanoindentation elastic
displacements occur both in the indenter and in
the sample [15]. For any axisymmetric indenter a
complex modulus of elasticity (reduced modulus)
is determined from the analysis of load-
displacement curves according to the relation:

Yol

2 BVA @
where: E, - reduced modulus, [GPa]; S =dP/ dh -
stiffness; A - projected area of contact at peak

load, [nm?] and geometry correction factor for a
pyramid = 1.034.

E, =

Reduced modulus is defined as follows:

1_ v, (-v)
E, E E;

(3)

where: E, - reduced modulus, [GPa]; E and E; -
Young’s modulus for the specimen and the
indenter, [GPa]; v and v; - Poisson’s ratio for the
specimen and the indenter. For diamond
indenter E;= 1141 GPa and v;=0.07.

Instrumented elastic modulus is calculated from (3):

()
== s

When the Poisson’s ratio of the sample is unknown,
an effective modulus can also be calculated:

T ()

Determination of stiffness, contact depth and
projected area is needed for the computing of
coating’s hardness and elastic modulus.

The procedure developed by Oliver and Pharr is
based on the observation that unloading data are
well described by a simple power law relation:

P=B(h— h)", 6)
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where the power-low constants B and m and the
final displacement after removal of the indenter
hr are determined by a least squares fitting
procedure. The initial unloading slope then
corresponds to the experimentally measured
contact stiffness: S = dP/dh of the upper portion
of the unloading data and it is found by analytical
differentiation and evaluation of the derivative at
the peak load and displacement.

The area of contact at peak load is determined by
the geometry of the indenter and the depth of
contact after calibration of the area function with
material of well-known module of elasticity. The
area function describing the geometry of the
indenter, relates the cross-sectional area of the
indenter to the distance of its tip. It is assumed that
the indenter itself does not deform significantly. For
Berkovich indenter the area function is given by:

A, = 24.56h7 7)

The contact depth is determined from the
experimental data according to the equation:

he = hy.— hs (8)

where: h. - contact depth, [nm]; hmax - peak
displacement; h, - displacement of the surface at
the perimeter of the contact, [nm].

The deflection of the surface at the contact
perimeter for a conical indenter according to
Sneddon’s expression is:

he=2 (- 1) 9)

Sneddon applied this solution only for the elastic
component of the displacement. The force-
displacement relation for the conical indenter is:

(h—hy)=2% (10)

By substitution of this equation for contacting
area at the maximal load there is obtained:

hs = e =, (11)

where: Pnax - peakload, [mN]; hs - displacement of
the surface at the perimeter of the contact, [nm];
S - stiffness; € - geometric constant (g = 0.72 for
Berkovich indenter).

Following this procedure of determination,
the stiffness and area function and after that,
instrumented elastic modulus and
nanohardness could be calculated.
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Leyland and Matthews investigated the ratio
H/E as an indicator of coating durability [16].
They observed that even hard PVD coatings with
low elastic modulus perform good wear
resistance if their H/E ratio is high. Increasing
the hardness and at the same time, keeping low
values of elastic modulus is quite challenging for
such coatings. Additionally, keeping the strain in
the coating and in the substrate as close as
possible, requires almost identical elastic
modulus values of both for minimising the
interfacial stress in the system and therefore the
substrate could elastically deform with the
coating without cracking or delamination. The
achievement of higher H to E ratio reduces also
the possibility of residual stress accumulation at
the coating-substrate interface and the lower
modulus of elasticity with values in the
substrate modulus range benefit the coating
itself. Attempts have been made that wear is
correlated to the H/E ratio of the hard coatings,
as predicting the H/E ratio for PVD hard
coatings could show their potential to resist the
substrate strain, indicating their wear-resistant
properties [17]. In contact mechanics theory for
flat surface in elastic/plastic contact with a rigid
ball of radius R there is shown that yield
pressure Py is a function of the ratio H3/E2
through the equation [18]:

P, = 0.78R?*(H3/E?) (12)

During the development of Instrumented
indentation theory, it is accepted that the load-
displacement curve before the appearance of a
pop-in is fully reversible and the Hertzian
contact theory could be interpreted [19]. The
difference of induced stress when sharp and
blunt indenter are used is consistent with the
influence of the nanoindentation size effect. It is
researched that for sufficiently small indents,
the material in the highly stressed zone
underneath the indenter is without dislocations
and if the indenter radius increases, it is more
likely a nearby dislocation to assist the
plasticity deformations. The estimated Hertzian
radii are found to be 163 nm for a sharp
Berkovich indenter and over 1 micron for a
blunt indenter [19]. The fabricated new
Berkovich indenters are having rounded
spherical type indenter tip with radius between
50-100 nm [20]. When R/hmax is over 6.4 for
elastic contact and over 2 for elastic-plastic
contact the geometry of the blunt Berkovich
indenter with tip end radius R behaves as a

spherical one [21]. The indentation size effect
due to the yield stress also depends mainly on
the size of the contact area and is independent
of the indenter geometry [22]. Following this
data when nanoindentation is done at shadow
depths the Py also will follow the spherical part
of the Berkovich indenter with prevailing
elastic deformation and we could accept the
relation in equation (12) is valid also for
Berkovich indenters as it is made by Tsui, Pharr
and Oliver [23]. When deeper nanoindentation
is done the sharper pyramidal geometry will
determine the contact area but the shape of the
plastic zone will still follow the spherical tip
defect of the Berkovich indenter. Then it is
supposed that Py will also be in relation with
the ratio H3/E*2 and it could be used for
estimation of the resistance to plastic
deformations. The geometry of Berkovich
indenter is widely used for identifying the load
carrying capacity of hard coatings on softer
substrates [16].

For surfaces with higher H3/E2 at given contact
pressure the contact is seen to be elastic and this
ratio is accepted to be considered as a measure
of the resistance to plastic deformation or load-
carrying capacity of a material. For the system
coating/substrate this property is more complex
because of the dependence of the initial point of
yielding and forward fatigue behaviour.

As the ratio H/E is a measure of the elastic strain
limit and the ratio H3/E2 defines the limit of
plastic deformation, both could be associated to
toughness properties of hard coatings [24]. To
estimate the fracture toughness of coatings,
more complex measurements are required. Both
ratios with more easily obtained H and E values
are a good alternative to predict this property.
The authors claim that these ratios are only good
for coatings with fractures, leading to instant
failure. For nanocomposite and nanolayered
coatings, where the interfaces stop the
propagation of the cracks the estimation of the
coating toughness through H/E and H3/E2 is not
generally advisable [24].

The nanohardness and effective elastic modulus
of a coating can be controlled through its
chemical composition, i.e. the parameters of
deposition process. Thus coatings with desired
mechanical properties can be obtained for
specific applications [25].
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The ratio 1/(HE2) is also used for characterisation
of Cr-based hard coatings, deposited via CFUBMS,
for indication of crack formation. Greater ratio
shows resistance to crack formation, and titanium
content in CrTiN coatings significantly influences
this property [26].

Young’s modulus is used for modelling wear
resistance in coating applications taking part in
Archard’s equation and in empirical relation
between wear and the mechanical properties.
Reduced modulus E: is also used in different
nanohardness to elastic modulus ratios like H/E,
(H/E)?, H2/2E, H/E;2 and H3/E? as indicators for
abrasion resistance of rigid-plastic materials [27].

As we could see, achieving a combination of high
values of hardness and low values of module of
elasticity could significantly reduce the
possibilities of crack formation. Thus, the
fracture toughness and cutting efficiency of hard
coatings, deposited on industrial substrates,
could be predicted. In some cases, it is more
important that industrial hard coatings have
optimal ratios H to E than achieving of extremely
high hardness [16]. The analysis of the results,
obtained via instrumented indentation testing of
nanohardness and effective modulus of elasticity
at penetration depths under 25% of the coating
thickness could be used for improving the
mechanical properties of Cr-based hard coatings
and predicting their wear resistance.

3. EXPERIMENTAL DETAILS

All of the coatings were deposited onto hardened
high-speed steel (HSS) substrates via CFUBMS.
The steel type is P6M5 (chemical composition:
0.84% C; 5.96% W;4.96% Mo; 3.99% Cr; 1.94%V,
0.25% Si, 0.27% Mn, 0.024% P, 0.005% S, 0.38 Ni,
0.16 V) produced by Zaporizhstal, OAO
Zaporozhye Metallurgical Plant in Ukraine. This
type of HSS steel could be used for different
applications [28].

The process was carried out on UDP 850 system
(Teer Coatings Ltd), equipped with four
rectangular magnetrons. Two oppositely faced Ti
targets, a Cr target and an Al target, all of them of
high purity (99,999 %), were used. DC current
was applied to the Ti and Cr targets and pulsed
current (150 kHz, 1500 ns) was applied to the Al
target. The substrates were degreased in a
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commercial cleaning solution, ultrasonically
cleaned, rinsed in distilled water and dried prior
to the deposition process. The base pressure of
the vacuum chamber was brought to below
3.3x103 Pa and the working pressure was
maintained at 0.20 Pa. Gas flow of both, the inert
gas (Ar) and the reactive gas (N2) were controlled
by mass flow controllers. The rate of the samples
holder was kept at 5 rpm. Prior to deposition the
samples were cleaned in Ar plasma for 30
minutes at a bias voltage of -500 V for removing
contaminants from the substrate surface. Bias
voltage of -70 V was applied to the samples and
the substrate temperature was in diapason of 150
to 200 °C during all of the deposition processes.

In order to improve the adhesion to the substrate
and to lower the inner stress, initially a Cr
adhesive layer (~ 0.1 um) was deposited onto the
substrate, applying DC current of 6A to the
chrome target. Then a CrN buffer layer (~ 0.2pm)
was deposited. The transition layer was
deposited via parallel gradient of nitrogen flow
and metal sputtered material.

After optimization of the technological regimes
nine Cr-based coatings were deposited below
200 °Cwith different ratio of contained metals and
nitrogen: Cr, CrN, CrAlN, CrTiN and CrTiAIN.
These Cr-based coatings were chosen as they are
developed for different industrial applications,
requiring deposition as an individual coating, an
adhesion and transition layer or in a multilayer
structure. Consequently, the thickness D of the
obtained coatings was in the range of 0.7 um to
2.6 pm.

The chemical composition of the coatings was
controlled by varying the current of the targets in
range of 4 to 8A and the nitrogen gas flow in
range of 15 to 30 sccm.

Samples with Cr-based layers, deposited with
different composition and thicknesses, allow
their mechanical properties to be examined and
classified depending on the materials used.

The mechanical properties of the coatings were
characterised via depth sensing method. A
Nanoindentation Hardness Tester (NHT) (Anton
Paar), equipped with a diamond Berkovich
indenter was used. The applied load was in range
of 10 to 20 mN and the mechanical properties of
the coatings were precisely determined since low



Vassiliy Chitanov et al, Tribology in Industry Vol. 45, No. 2 (2023) 340-350

loads allowed any influence of the substrate to be
avoided. By decreasing the indentation depth, the
so-called indentation Size Effect (ISE) appears.
There are different reasons for the existence of
ISE like imperfections in the indenter, surface
roughness, leading to alteration of the contact
radius, different asperities under the indenter,
groove or convex contact, etc. [29]. The influence
of ISE could be reduced with decreasing the ratio
h/8, where h is indentation depth and & is the
surface roughness [29]. The Cr based coatings of
this class normally have roughness around 20 nm
[30]. Indentation depths lower than 10% of the
coating thickness are not recommended because

Table 1. Technological parameters.

they will lead to an increase in the ISE effect and
corresponding error in the measurements. The
substrate surfaces are also characterized with
waviness that is followed by the deposited
coating. To avoid the influence of the waviness a
depth adjustment is made before each
measurement and the place of the indentation is
appropriately chosen for each sample. The
hardness and the elastic modulus were
calculated, applying the method, proposed by
Oliver and Pharr.

The deposition parameters are summarized in
Table 1.

# I, [A] ITi, [A] Icr, [A] Nz, [sccm] Nz/Ar p, [mTorr] t, [min] D, [pm]

Cr - 6.0 - - 1.4 120 1.42
CrN 0.5 0.5 6.0 16.3 0.604 1.7 120 1.75
CrAIN(1) 4.0 0.5 8.0 19.7 0.788 1.6 180 2.50
CrAIN(2) 8.0 4.0 15.0 0.833 1.5 80 0.70
CrTiN(1) 0.5 8.0 6.0 20.0 0.800 1.5 150 2.60
CrTiN(2) 0.5 8.0 4.0 19.6 0.784 2.0 180 1.50
CrTiAIN(1) 6.0 8.0 4.0 30.0 1.200 2.7 120 1.00
CrTiAIN(2) 6.0 6.0 6.0 26.0 1.040 2.4 180 1.68
CrTiAIN(3) 4.0 6.0 4.0 22.0 0.880 2.2 180 1.60

4.RESULTS AND DISCUSSION

The calculated values of nanohardness (H) and
effective elastic modulus (E*) are shown in Table

2. The corresponding H to E” ratios, related to
elasticity index (H/E®), resistance to plastic
deformation (H3/E*2) and crack formation (1/
(H.E*2)) are presented in Table 2 too.

Table 2. Mechanical properties of the substrate and the coatings.

. H, E*, H3/E*2, | 1/ (H.E*2),107,
# Coating [GPa] [GPa] H/E* [G/Pa] /! [GPa-)3]
1 |cr 8.1 295 0.0275 0.0061 14.1864
2 | caN 17.9 383 0.0467 0.0391 3.8085
3 | CraIN(1) 19.1 368 0.0519 0.0515 3.8661
4 | craNE) 20.1 279 0.0720 0.1043 6.3914
5 | CrTiN(D) 27.4 272 0.1007 0.2780 49330
6 | CrTiN(2) 29.9 392 0.0763 0.1740 2.1765
7 | CrTiAIN(L) 39.1 374 0.1045 0.4274 1.8284
8 | CrTiAIN(2) 32.4 399 0.0812 0.2136 1.9387
9 | CrTIAIN(3) 305 358 0.0852 0.2214 2.5582
10 | HSS 115 274 0.0420 0.0203 11.5825

Fig. 1(a) and Fig. 1(b) show load/ displacement
curves of bare substrate (HSS) and of all of the
samples. Load of 200 mN was used for
nanoindentation testing of the substrate,
considered as bulk material. The coating
mechanical properties were examined by the
application of different load, chosen in the range
of 10 to 20 mN for each sample depending on its

thickness. This differentiation of loads guarantees
indentation depth of less than 25% of each
coating thickness and decreasing the substrate
and ISE effects.

All the curves seemed typical for the examined

systems substrate-coating. Any significant
unevenness and discontinuities were not
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detected here, as no cracks occurred at these
load values. An increased slope of coatings
curves’ loading part and smaller residual depth
were observed compared to the bare substrate.
That was caused by slower penetration of the
indenter into the material. All of these show
improved mechanical properties of the coatings,
compared to HSS substrate.
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w 1004
50
0 : - . : :
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—Cr
20 4 CrN
/7 CrAIN(1)
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1 ‘ CrTiN(2)
5 | ——— CrTiAIN(1)
€ f CrTIAIN(2)
w104 CrTIAIN(3)
Vi 1/
5 /4
Y/
,// /-
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0 Z ’ .
0 200 400
Pg,[nm]
(b)

Fig. 1. Load/ displacement curves: (a) of HSS; (b) of
the coatings.

Fig. 2 presents hardness and effective modulus
of elasticity of the examined coatings and of the
bare substrate. The results reveal complex
correlation between the values of these
parameters.

Literature data for Cr coatings show
nanohardness value in range of 11-14 GPa.
Depending on the nitrogen content in CrN layers
the nanohardness could vary from that of Cr and
to 28 GPa. High hardness comes out mainly from
the presence of the harder nitride phase and not
from an internal stress [31,32].
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Fig. 2. Nanohardness and modulus of elasticity.

For these coatings the higher values of
nanohardness are found for compositions,
consisting of Cr, CrzN and CrN phases [33]. For
CrN based coatings the typical nanohardness is
18 GPa. As TiN shows nanohardness of more
than 20 GPa and Al could form metastable
phase with CrN, both Ti and Al are added to
CrN layers for increasing their nanohardness
[34]. Depending on the deposition conditions
the nanohardness of CrAIN coatings could be
also in a wide diapason: 15-36 GPa [35]. The
reported values for CrTiN coatings are
between 25-29 GPa and for CrTiAIN - to 35 GPa
[26]. As expected, the examination of the
deposited ternary and quaternary coatings
showed higher values of hardness than Cr (8
GPa) and CrN ones (18 GPa). The
nanohardness of CrAIN was in range of 19-20
GPa, for CrTiN it was between 27-30 GPa and
for CrTiAIN - between 30-39 GPa.

The results show that some of the coatings
have higher nanohardness although they are
deposited with lower thickness. Assuming that
the substrate influence is minimal we compare
the mechanical properties depending on the
deposited coating materials.

Compared to each other, coatings of the same
element content, deposited under different
process conditions (target current, nitrogen
flow, working pressure), revealed some
dissimilarity in their mechanical properties.
Close values of hardness, but quite different
values of effective modulus of elasticity were
obtained. As a rule, with the increase of the
harder phases content the module of elasticity
also increases. The measured values of
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modulus of elasticity for the different layers
are as follows: Cr (300 GPa), CrN (380 GPa),
CrAlIN (280-370 GPa), CrTiN (270-390 GPa)
and CrTiAIN (360-400 GPa). One of the reasons
for the variation of the values of module of
elasticity is the dependence of the mechanical
properties on the nitrogen content [36]. Hard
coatings with similar hardness could also have
a different modulus of elasticity because of
variation in their chemical composition [37].
As a conclusion, the nanohardness and
modulus of elasticity are improved for the
ternary and quaternary Cr-based coatings by
comparison with the substrate and the binary
CrN coatings. The variation of H and E in
dependence on the composition and structure
leads to obtaining of different H to E ratios and
they could be used for establishment of the
optimal deposition conditions, corresponding
to the improved tribological and fracture
resistance properties.

Ratios H/E* and H3/E*2 in function of
nanohardness could be examined [11]. Fig. 3
presents plots of the H/E*, H3/E'2 and
1/(H.E*2)  ratios in dependence on
nanohardness of the investigated coatings. It is
seen that higher nanohardness does not
correspond to higher resistance to wear for
CrTiN and CrTiAIN coatings. All the coatings,
except the chromium one, showed improved
characteristics compared to the substrate
itself.
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Fig. 3. H/E", H3/E"2 and 1/(H.E*2) in dependence on
nanohardness.

Because of their different ranges of variation of
the effective modulus of elasticity; and a little,
but essential difference in nanohardness,
ternary and quaternary coatings with similar

deposition structure showed indices of
resistance to wear and to plastic deformation
varying significantly. As the elastic modulus
values vary in a wide diapason, depending on
the deposition method and process conditions,
the H to E ratios found in literature for the
researched coatings are in a wide diapason.
For example, H/E for CrN coating is estimated
from 0.021 to 0.079 [38].

Deposited as stoichiometric interlayer CrN
shows H/E value of 0.071 [39]. For CrAIN
layers higher value of H/E - 0.089 is found
[40]. CrAIN coating with CrAl transition layer
is characterized by H/E in the range of 0.097-
0.123 and by H3/E2 in range of 0.333-0.394
[41]. Literature values for both ratios for CrN,
CrAlN, CrTiN and CrTiAIN coatings measured
by Wang at all are presented in Table 3 [42].

Table 3. H/E and H3/EZ values measured by Wang at
all [42].

Coating H{ E, ?éi’iz]'
CrN 0.054 0.042
CrTiN 0.047 0.031
CrAIN 0.056 0.056
CrTiAIN 0.068 0.1030

[t is obvious from the literature results, that both
ratios increase their values with the
complication of the coating structure.

The 1/(HE™2) ratio values are also fluctuating
in dependence on the nanohardness and the
used materials. High values of this index
predict better resistance to crack formation.
The HSS substrate is characterised by a
1/(HE"2) ratio close to this of the Cr layer and
so the last one is appropriate to be used as first
adhesion layer. The deposited CrN layer shows
intermediate 1/(HE™2) ratio values between
these of Cr and the other complicated
structures, and it could be used as a transition
layer, reducing stress and the possibilities for
crack initiation in the coatings. The low values
of this ratio for the ternary CrTiN and
quaternary coatings could be explained with
the Ti content in their composition. Thus
titanium increases their hardness, but also
makes them brittle and lowers their resistance
to crack formation [43]. The Cr to Ti ratio in
these structures could also influence the crack
formation mechanisms [44].
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The different ratio analysis reveals that CrTiN
and CrTiAIN coatings showed high values of
H/E and H3/E"2 and low values of 1/ (HE*2).
The Cr coating and the substrate itself showed
very low values of the ratios H/E and H3/E*2 in
combination with high values of 1/ (HE*2).
CrAIN and CrN coatings were characterised by
close intermediate values of H/E*, H3/E*2 and
1/ (HE*2). Following this analysis, we could
classify the examined Cr-based coatings in
three groups presented in Fig. 4.

0144051 Group | Group Il | Grouplil 6
| | L
5 0124 > - HIE* "
w 0.4 4
I > - HY/E*? 12
0.104 . SU(HE? | ® =
| F10 @
0.08{"3 . * o 4 o}
v Ls &
—_ i * T}
500695 ] * v Ly
g < A, 6 T
=004 * A . .
o 0.1 * v * ]
I 0.024 > o 4 -2
Ao
.
00000 +——1—5 5 5 = 3 5
Z ¥ z z z z 3z 6 2 °
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Fig. 4. Groups according to H/E* H3/E*2 and 1/(HE*?)
ratios.

The samples in group III with their properties
are out of interest for this examination and
could be used only for comparison with the
other two groups. The coatings from group II
have intermediate wear-resistance and
toughness properties and it is supposed that
they could be applied on tools working in not
so heavy industrial conditions.

Both CrTiAIN and CrTiN coatings structures,
forming group I are expected to have good wear-
resistant properties, when deposited on the
base of a Cr adhesion layer and a CrN transition
layer. Superior combination of properties could
be expected for some of the CrTiN coating
structures with regard to the values of all of the
examined magnitudes. As seen in Table 2, at a
relatively high hardness (27.4 GPa), but still
lower than this of CrTiN(2) and CrTiAIN
coatings, CrTiN(1) one was characterised by the
lowest modulus of elasticity of all the examined
coatings. Its effective modulus of elasticity
matched best this of the substrate itself. Group
one’s CrTiN (1) coating was characterised by
relatively well-balanced values of H/E*, H3/E*2
and 1/(HE*2) ratios.

348

4. CONCLUSIONS

- Several sets of Cr-based hard coatings were
prepared using closed field unbalanced
magnetron sputtering. Their nanohardness
and effective modulus of elasticity were
determined via nanoindentation testing.

- Ratios H/E*, H3/E"2 and 1/(HE?2), relative to
nanohardness and elastic modulus were
calculated and their values were compared.
Some promising results were reported in
this work.

- The mechanical properties of the ternary
and quaternary coatings were improved,
compared to these of bare substrate,
chromium and chromium nitride.

- The coatings were divided into groups
according to these ratios and suppose to
their potential application.

- Intermixing of ranges of the examined
ratios for CrTiAIN and CrTiN coatings were
identified. We assume that both types of
coatings could be developed for different
industry applications. CrTiAIN coatings
could be preferred because of their high
hardness and resistance to plastic
deformation, and CrTiN coatings - when
high toughness and resistance to cracks are
demanded.

The results from the combined examination of
the ratios H/E*, H3/E*2 and 1/(HE2) showed
that they could be used for classification of the
presumed wear-resistant properties of Cr-
based coatings, deposited at temperature
below 200°C and for optimisation of the
technological processes of their deposition.
The forward examination step requires
execution of real tribological tests in order to
validate this preliminary classification.
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