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Abstract—The results of a study of the strength and erosive properties of ion plasma layered coatings of var-
ious metal and ceramic (nitride) systems are described. The total thickness of the coating is a few microns,
while the thickness of each of the layers does not exceed two or three tens of nanometers. The use of different
indentation schemes provides a set of physicomechanical properties responsible for the coating strength. The
properties are subjected to multiparametric optimization to obtain a satisfactory correlation with the data of
bench erosion tests of the coatings. It is found that the erosion resistance of nanocomposite coatings, which
is commonly determined in complex bench or full-scale tests, can be reliably diagnosed from the set of the
physicomechanical properties of the coatings measured in the laboratory.
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One of the most common applied problems of
diagnostics of materials is the reliable prediction of
hardly identifiable performance properties of a mate-
rial according to other characteristics of this material
that can be measured using simple and standardized
techniques and tests. This problem becomes even
more complicated if the object of examination, mea-
surement, and operation is a coating with micron
thickness. This is true of, for example, the study of
materials and coatings that are resistant to droplet
impingement erosion. This kind of erosion is under-
gone by the blade system of powerful steam turbines:
the cooling steam becomes wet and the resulting drip
condensate becomes a source of erosion of the turbine
blades rotating at high speed. The resistance of the
material of the blades to droplet impingement erosion
can be measured only in cost-intensive long-term
bench or full-scale tests. In this context, the aim of this
study was to examine the strength and erosion resis-
tance of nanocomposite coatings, determine the cor-
relation between these properties, and, as a conse-
quence, explore the possibility of predicting the ero-
sion resistance of coatings according to the strength
properties of the coatings.

The following 2D metal-ceramic nanocomposite
coatings were selected for the study: Ti/C, Ti/Mo,
TiN/MoN, Ti/AlSi, TiN/AISiN, Ti/Zr(Nb), and
TiN/Zr(Nb)N. The coatings were deposited using an
ion plasma spraying setup equipped with a magnetron
evaporation system. The coating deposition modes
were selected so as to provide the formation of dense

(defect-free, nonporous) nanolayers with a nanocrys-
talline structure and compressive stresses in the coat-
ing. Samples of steel 20Kh13 with a sorbitol structure
(quenching + high-temperature tempering) of the KP
50—60 strength class with a surface roughness of R, =
0.08 pum were used as a substrate. The chemical com-
position of the coating was determined by the compo-
sition of the magnetron target (electrode) and the
composition of the gas in the vacuum chamber of the
setup. The coating composition was additionally con-
trolled using an X-Max EDAX energy-dispersive elec-
tron probe microanalyzer (Oxford Instruments); the
amorphous components of the coatings were identi-
fied by X-ray diffraction analysis on a DRON-7 dif-
fractometer using Fe Ko radiation.

The structure of the nanocomposite coatings was
studied using a Mira Tescan 3 LM U scanning electron
microscope (SEM) operating in a wide range of mag-
nifications including the nanolevel of the structure.
The microstructures of some types of the studied coat-
ings are shown in Fig. 1. The typical structure of a 2D
nanocomposite coating is shown in Fig. 1a. This struc-
ture was found in the Ti/C, Ti/Zr(Nb), Ti/Mo, and
TiN/MoN coatings. A characteristic feature of these
coatings is the presence of dense defect-free nanolay-
ers exhibiting no signs of a grain structure. Figure 1b
shows an example of an amorphized structure of the
coating; the formation of this structure is attributed to
the presence of silicon in the system. Figure 1c shows
the effect of the substrate topography on the coating
quality: the initial surface roughness of the base metal
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Fig. 1. Cross-sectional microstructure of the nanocomposite coatings (SEM images): (a) the nanolayers of the TiN/MoN coat-
ing, (b) the amorphized Ti/AlSi coating, and (c) the TiN/Zr(Nb)N coating.

(steel 20Kh13) is responsible for the occurrence of
growth defects, discontinuities, and stresses in the
coating, which adversely affect both the strength and
erosion resistance of the coating despite the presence

.o 1
of nanolayers in it.

Many studies have shown that indentation is the
most effective method for predicting the physicome-
chanical properties of the surface layers of metals,
including the coatings [1—3]. In this study, the physi-
comechanical properties of coatings were examined by
indentation and scratching at different scale levels
under the action of varying indentation load. Vickers
microhardness (HV) was determined in accordance
with GOST (State Standard) R ISO 6507-1—-2007
using a DuraScan 20 hardness tester with the auto-
matic (electro-optical) measurement of the indent.
The nanohardness was determined using a NanoScan-
3D scanning nanohardness tester (Technological
Institute for Superhard and Novel Carbon Materials,
Troitsk, Russia) under continuous instrumental
indentation.

To provide measurements in the nanometer range,
loads and indentation rates were selected according to
the recommendations of GOST 8.748—2011. The
summarized results of measurements of the geometri-
cal parameters of the coatings obtained by SEM met-
allography and the tensile properties determined by
the indentation method are shown in Table 1. Despite
the use of a load of 10 g, which is the minimum possi-
ble load for the DuraScan 20 instrument, the deter-
mined microhardness of the coatings of some systems
was lower than the expected value. This fact is indica-
tive of the effect of a “soft” substrate (steel 20Kh13)
and characterizes microhardness as a less reliable

LN growth defect of a coating is understood as the violation of the
homogeneity of a coating during the layer-by-layer deposition
(growth) of the coating. For example, at a high roughness of the
substrate, the layer-by-layer growth is violated because the num-
ber of layers on the protrusions and depressions of the relief is
not the same. This feature leads to the formation of internal
interfaces (boundaries) and fragmentation of the coating struc-
ture.
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method for the diagnostics of these coatings than
nanohardness.

The adhesion and scratch resistance of the coat-
ings, the coefficient of friction between the different
regions of the material, and other physicomechanical
properties were determined in sclerometric tests con-
ducted using a multimodule scratch tester (CSM
Instruments, Switzerland). Using the CSM scratch
tester, the most informative data set with a wide range
of strength parameters was derived. The nanocompos-
ite coatings of all the studied systems were tested in the
loading mode with a variable normal load linearly
increasing from 0.03 to 30 N. The mode provided the
indenter penetration through the entire thickness of
the coating into the base metal at a scratching rate of
5 mm/min and a rate of rise of load of 30 N/min. The
test time was 1 min; the scratch length was 5 mm. The
scratch-test conditions are shown in Fig. 2a; one of the
test results (for the TiN/AISiN coating) is represented
in Figs. 2b—2d.

The technique for determining the strength char-
acteristics of the coating in the scratch tests was as fol-
lows. During loading, the instrument recorded plots of
variation in the normal force, the coefficient and force
of friction (Fig. 2b), the penetration depth of the
indenter during the application of load, and the resid-
ual depth after the removal of load (Fig. 2c), as well as
the signal of the acoustic emission sensor (Fig. 2d),
whose reflections characterize the occurrence of
cracks. The two axes of abscissas in Figs. 2b—2d are the
scales of variation in load (in newtons) and crack
length (in millimeters). The micrographs of the
scratch (Figs. 2b—2d show the optical image of the
scratch above the plots) are used to determine the time
of crack nucleation in the coating ((Lc1) not shown in
Fig. 2) and the incipient (Lc2) and complete delami-
nation of the coating (Lc3). In Figs. 2b—2d, the left-
hand side of the scratch and the plots (to the left of
Lc2) corresponds to the coating, while the right-hand
side (to the right of Lc3) characterizes the base metal.

CSM scratch testers have a high-precision optical
positioning system with a CCD camera that provides
the examination of scratches at high magnifications.
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Fig. 2. (a) Conditions and (b—d) results of the scratch test of the nanocomposite coating of the TiN/AISiN system: (b) scleromet-
ric force diagrams, (c) the penetration depth of the indenter, and (d) acoustic emission.

However, in some cases, the identification of the mor-
phological features of the sclerometric surface
required a higher resolution. To this end, SEM images
of the scratch were used; the images were studied after
a similar superposition on the sclerometric diagrams.
In particular, Fig. 3 shows the SEM image of the same
scratch as in the upper portion of Figs. 2b—2d, to be
more precise, a fragment of the scratch in the region of
incipient delamination of the coating (Lc2). In the
phase contrast mode (see the right-hand side of
Fig. 3), it is clearly evident that, for the TiN/AISiN
coating, the instants of crack nucleation (Lcl) and
incipient delamination (Lc2) coincide. This feature is
characteristic of thin hard coatings with a relatively
low adhesion to the base metal. The capillary nature of
the cracks before the cleavage regions in Fig. 3 suggests
that the coating has an amorphous structure.

The results of determination of the physicome-
chanical properties of the studied coatings using a
multimodule CSM scratch tester are shown in Table 2.
Here, the incipient delamination of the coating Lc2 is
characterized by critical values of load P, and depth p,,

while the complete delamination Lc3 is described by
critical values of P, and p,, respectively.

Analysis of the data on the physicomechanical
properties of the coatings derived by the different
indentation methods (see Tables 1, 2) shows that none
of the properties taken separately can unambiguously
and reliably characterize the erosion resistance of the
coatings. Therefore, a multiparametric optimization
[4] of the strength properties of the coatings was con-
ducted via integrating the ray diagrams. An example of
this diagram for nanocomposite coatings of three sys-
tems is shown in Fig. 4. The relative values of nine
physicomechanical properties listed in Tables 1 and 2
are plotted along the axes of the ray diagram: HV,,,
nanohardness, E, P, p,, fi, N;, P,, and p,. Since the
number of parameters is quite large (nine) and no cor-
relations of each of the parameters taken separately
with erosion-resisting properties have been revealed,
upon switching to the relative values of the parameters,
their coefficients of significance (specific weights)
were assumed to be equally probable. The maximum
value of the property obtained during the tests (con-
cerning the coatings of all the seven studied systems)
Vol. 51 2015
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Fig. 3. Secondary electron (left) and backscattered electron (right) SEM images of the scratch of the TiN/AISiN coating in the
region of incipient delamination Lc2; the direction of travel of the indenter during scratching is from left to right.

was taken as a unit of each of the parameters except for
the friction coefficient, for which the minimum value
was taken as a relative unit. The area of the polygon in
the diagram corresponding to each of the coatings was
used as an integrated statistical relative estimation of
the strength of the coatings; it was an optimization
variable: the larger the area of the polygon, the greater
the total strength of the coating. Area S of the polygon
was calculated as the sum of the areas of its constituent
n triangles:

n—1
S = %{a,an + Z(a,-a,-H)}sin%?,

i=1

where # is the number of rays (properties) of the dia-
gram and g; is the relative value of the property of the
coating in the diagram.

According to the multiparameter optimization
results, the ion plasma nanocomposite coatings of the
studied systems can be arranged in the following
descending order with respect to strength (i.e., the set
of nine physicomechanical properties): TiN/AISiN,
TiN/MoN, Ti/AlSi, Ti/C, Ti/Mo, Ti/Zr(Nb),
TiN/Zr(Nb)N (Fig. 5). The fact that the
TiN/Zr(Nb)N nitride system is the last in this series is
attributed to the technological defects arising during
formation—substrate topography, discontinuities,
growth effects, and stresses—rather than to the nature
and properties of the coating (see Fig. 1c).

Erosion tests were conducted using a unique spe-
cial-purpose Eroziya-M test bench of the Moscow
Power Engineering Institute (National Research Uni-
versity), which is employed for studying the resistance
of materials and coatings to the effects of a high-veloc-

Table 1. Results on the indentation of samples with nanocomposite coatings

Continuous indentation
Type Microhardness Indentation |Coating thick-| Layer thick- nanohardness ]
of coating (atload of 10 g) | depth Ay, pm | ness A, um ness, nm GPa (at load of elastic modulus
I mN) E, GPa
Ti/AlSi 655—499 HV, 0.76—0.87 4.7-9.3 Amorph 7.2(3.44%)—9.2%* | 148(76*)—232
Ti/Mo 776 HV, o 0.70 4.32 — — —
TiN/MoN 1974 HV o1 0.44 5.32 8.5—14.6 - —
Ti/C 482 HV, 0.89 2.2-2.9 10.1—-12.5 7.1 179
Ti/Zr(Nb) 480 HV, o 0.89 5.4 10—12 7.36 141
TiN/Zr(Nb)N 270 HV) o 1.18 1.9-5.3 10.2—15.0 7.48 133
— — 7.1 25-30 3.95 180
TiN/AISIiN 948 HV ¢, 0.64 5.1 Amorph 8.01 166
* At a load of 10 mN.
** In the cross microsection.
INORGANIC MATERIALS Vol. 51 No. 15 2015
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Nanohardness

Fig. 4. Ray diagram of the physicomechanical properties of
nanocomposite coatings of the TiN/AISiN, Ti/AlSi, and
TiN/Zr(Nb)N systems according to the data of Tables 1
and 2.

ity stream of liquid droplets [5—9]. The bench provides
the simulation of different conditions of interaction of
the liquid particles with the surface of materials, in
particular, real conditions of the droplet impingement
erosion of the blades of steam turbines. In this case,
the variational parameters are the droplet diameter
dy. = 20—1200 pm and the collision velocity of liquid
droplets with samples C,,;; = 200—600 m/s. The test
results are used to plot curves of the erosive wear of
materials or coatings at fixed C,; and d, values in the
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Fig. 5. Integrated strength of nanocomposite coatings of
the different systems.

coordinates of test time ¢ (min) or erodent (liquid)
flow rate m (kg/m?) versus wear, i.e., the loss of sample
weight M (kg). In the general case, the droplet-
impingement erosion wear occurs in three successive
stages: incubation, during which M = 0; transition,
which begins at time m, and where the development of
wear occurs at a maximum average rate oM/Om —
max; and an asymptotic stage of steady wear, during
which OM/0m — min [3—6].

In[10, 11], it is shown that thin coatings perform a
protective function only in the case of preservation of
continuity. Therefore, comparison of the erosion
resistance of the studied small-thickness nanocom-
posite coatings against each other and with other
materials can be correctly conducted only according

Table 2. Results on the indentation of samples with nanocomposite coatings

Type Cyitical Critical | Average .fricti'on 'Average fr'ic— Criti.cal tan- Cg)n;gfgte Critifal
of coating appgedl\lload deptlllz P> coce(ff;gﬁan} in ui?lns Sg:tfrf;llct:ée}lt gen]t\lfal fNorce cleavage force dept}rll-1 D2
1> H g/1 2 1> P, N H
Ti/AlSi 3.54—6.39 1.65-3.1 0.165—0.226 0.9 0.54—0.7 12.71-17.0 | 2.30-8.75
Ti/Mo - - 0.3-0.477 0.85 3.37 6.89 2.30
TiN/MoN 8.3 3.13 0.05-0.27 0.35-0.6 2.55 14.3 3.41
Ti/C 6.89 5.15 0.3-0.9 1.0 5.86 — —
Ti/Zr(Nb) 6.23 — 0.246 0.9 1.51 13.09 -
TiN/Zr(Nb)N | 1.36—6.31 1.64—6.53 | 0.149-0.38 0.8—1.1 0.23—-2.39 | 4.58-9.07 | 4.44—6.48
TiN/AISiN 8.83 5.48 0.183 0.9 1.62 17.54 11.71
* Determined from the plot of residual depth (see the “Residual depth” curve in Fig. 2¢).
INORGANIC MATERIALS Vol. 51 No. 15 2015
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to the duration of incubation period m,, during which
the coating maintains its continuity. In addition, at the
transition stage (m > m,), there arises the problem of
separating the contributions to the wear of the coating
and the substrate. Therefore, the m, values of the
materials and coatings obtained under identical con-
ditions of bench tests were used as an antierosion
index.

To compare the erosion resistance indices, steel
20Kh13 of the KP 50—60 strength class (a sorbitol
structure after quenching and high-temperature tem-
pering) is commonly taken as a base blade material
(reference). The low m, value of the VT6 titanium
alloy (see Fig. 6) is attributed to the fact that the sam-
ples were tested in an annealed state. The VT3-1 alloy,
in common with VT6, is a two-phase titanium alloy
(o + B) of the martensite type. However, unlike VT6,
the VT3-1 samples were tested in a precipitation-
hardened state after quenching and aging.

The best results on erosion resistance are provided
by the use of stellite (V3K), which shows a multiple
decrease in the rate of droplet-impingement erosion
wear compared to other materials [7]. The m, value of
this alloy is the highest (see Fig. 6). However, in terms
of technology, ion plasma coatings are more promising
than stellite, which is used to protect the blades in the
form of cast plates welded or soldered to the leading
edges of a blade. This feature significantly complicates
the manufacturing technology of blades and causes the
occurrence of stress concentrators in the blades.

Among the studied nanocomposite coatings, the
amorphized coatings of the Ti/AlSi and TiN/AISiN
systems are more resistant to the effects of droplet
impingement than pure metal composites. Under
these conditions, the nanocomposites of nitride sys-
tems exhibit the highest erosion resistance. The m,
value of these composites is on the level of that of stel-
lite. However, the most important result follows from
comparison of the test data on the strength and erosion
resistance of the ion plasma nanocomposite coatings:
the sequence of arrangement of coatings in Figs. 5 and
6 is almost the same. An exception is provided by the
coating of the TiN/Zr(Nb)N system, which had the
lowest physicomechanical properties (see Fig. 5) and
exhibited one of the highest erosion resistances (see
Fig. 6). This feature is attributed to the fact that the
samples with this coating selected for strength tests
had the above technological defects (see Fig. 1c) in
order to show the effect of the quality of the coating on
the properties thereof. In the preparation of the sam-
ples for erosion tests, these technological defects were
eliminated.

It can be concluded that there is a satisfactory cor-
relation between the set of physicomechanical proper-
ties of the ion plasma nanocomposite coatings (nine
characteristics obtained by the different indentation
methods) and the erosion resistance of these coatings.
This feature provides the possibility of a qualitative
comparative prediction of the resistance of various

INORGANIC MATERIALS Vol. 51
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Fig. 6. Erosion resistance of typical blade materials and
nanocomposite coatings of the different systems in the
bench tests with the parameters of collision of C. =
250 m/s and dy, = 800 pm.

coatings to droplet impingement erosion, which can
be measured only in bench or full-scale tests, from the
set of their physicomechanical properties measured in
the laboratory.

Thus, the used set of nine physicomechanical
properties that determine the strength of the coatings
provides high coincidence with the results of erosion
tests and can be recommended for the comparative
characterization of the resistance of different coatings
to droplet impingement erosion. In general, scratch
tests provide more complete and accurate information
on the erosion resistance of coatings than other types
of indentation do. None of the nine measured proper-
ties of the coatings taken separately gave satisfactory
agreement with the results of the erosion tests.

The nitride systems of nanocomposites exhibit the
highest integrated strength (the set of nine studied
physicomechanical characteristics) and antierosion
properties of all the examined coatings. A positive
effect on these properties is also exerted by the amor-
phization of the coatings.

The quality of ion plasma coatings, which is deter-
mined by the preparation of the substrate surface and
the technological mode of coating deposition, has a
significant impact on the properties of the coatings.
The presence of growth defects, porosity, and stresses
in the coating and irregularities and discontinuities on
the substrate surface dramatically reduces both the
integral estimate of strength and the erosion resistance
of the coating regardless of the coating composition.
Using the example of the TiN/Zr(Nb)N coating, it has
been shown that all the used indentation techniques
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