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Various protective coatings are applied for decreasing of the effect of destructive
factors such as corrosion and erosion, and for increasing the useful lifetime of turboma-
chinery elements. The cavitation erosion resistance of carbide and nitride thick (up to
20 um) coatings by means of the rotating disk testing method is analysed in the present
study. Results show that all coated samples under investigation are characterized by lower
cavitation wear than that of the uncoated ones. Both nitride TiN, CrN, and carbide CrC
coatings significantly improve erosion resistance of the stainless steel samples. CrC thick
coatings with the ability to form nano-cristalline structure demonstrate the best protective
efficacy for various anti-erosion applications.
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IlopiBuaapuuii anayis kaBirauniitHoi epo3iiinoi criiikoeri ToBeTHX KapOimHux i HiTpuUn-
HHEX IIOKPUTTIB JJA 3acTOCyBaHHA B eHeprermuHii ranaysi. B.Cagonos, I'.3ukosa,
A.Cmeannep, T.Cepemar.

Pisui saxucHiI IOKPUTTA 3aCTOCOBYIOTLCH [AJId 3MEHINEHHS BILIMBY TaKUX PYHHIBHUX
YNHHHKIB, AK Koposia i eposis, a Takox nasa 30ijblleHHd TepMiHY CcayKOu ejieMeHTiB
TypbomamuH. ¥ maHii poboTi mpoamasisoBaHo crifikicTe mo Kasitamilimol eposii xapbimHuUX
i HiTpuaHrX mOKpuUTTiB TOBmHOK (10 20 MKM) 3a JOIIOMOTOK METOLY BHUIIPOOYBAHHS 3 06epTO-
BUM [OHCKOM. PesyibTaTu cBiguarb, IO BCL JOCHiIKyBaHi 3pasKy 3 IIOKPUTTAM XapaKTepusy-
IOTBECS MCHINNM KaBiTamifiHMM 3HOCOM, HiX spasku 6es noxpurtda. Ik mitpizai TiN, CrN, Tak i
Kap6igui CrC moKpuTTs 3HAYHO MOKPAIYIOTH eposiliny crifikicTs 3paskie 8 HepsxaBirouol crauri.
Toseti mokpurrs CrC 3 MomaUBicTIO (POPMYBAHHSA HAHOKPUCTANIUHOI CTPYKTYPHU JAEMOHCTPYIOTH
HaBKpanty 3axucHy eeKTUBHICTb A PISHUX IPOTUEPO3iMHUX 3aCTOCYBaHb.

Pasnuubble 3aIuTHBIE IOKPBITAA [IPUMEHSAIOTCH [IJA YMEHBIIEHUS BO3TEHCTBUSA TAKUX
PaspyIINTENbHBIX (DAKTOPOB, KaK KOPPO3WA W 9PO3UA, 4 TAKIKe [JA YBEIUUYEHHUS CPOKa
cayxx0bl siieMeHTOB TypOomamiume. B Hacrosiieil pabdoTe IpoaHaIM3MPOBAHA CTOUKOCTDL K
KaBUTAIMOHHON 9PO3MU KAPOWIHBIX X HUTPUIHBIX HOKPBITHU ToamumuoM (mo 20 MEM) ¢
IIOMOIIIBI0 METOJA HCIBITAHWSA C BPALIAKMAMCH AUCKOM. Pe3yabTaTsl MOKA3BIBAIOT, UTO BCE
uccyaegyeMble 06paslbl ¢ HOKPBITHEM XaPaKTePU3YIOTCS MEHBIINM KaBUTAIMOHHBIM WH3HO-
coM, ueM o0OpasIpl O6e3 mokpoiTua. Kak nurpuausie TiN, CrN, tak u Kapbugnsie CrC mokpol-
TUA SHAUYUTENBHO YJIYUIIAIT SPO3WOHHYI0 CTOMKOCTL OOpAa3IloB M3 HEpPKAaBeIlell CTalu.
Toacroie mokpuITHA CrC ¢ BOBMOMKHOCTLIO (POPMUPOBAHUA HAHOKPUCTAJINUYECKOH CTPYKTYPHI
AeMOHCTPUPYIOT HAMJIYUIIYIO 3ANUTHYIO 9(PPEeKTUBHOCTL IJI PaSIUYHLIX MTPOTUBOIPOSUOH-
HEIX IPUMeHeHN’H.
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1. Introduction

One of serious problems of the energy
sector is increased wear of the most impor-
tant elements of the heat engineering equip-
ment at thermal power stations (TPS) and
nuclear power plants (NPS) (turbine blades,
elements of shut-off and control valves, im-
pellers of pumps, ete.). Cavitation and hy-
droabrasive wear may contribute signifi-
cantly to hydraulic machinery residual life-
time decrease or at least to degradation of
streamlined surfaces and deterioration of
machinery performance characteristics. The
mechanism of erosive wear of steam turbine
rotor blades is associated mainly with the
blade material fatigue failure due to high
mechanical stresses arising in the process of
droplet impact on the blade surface [1-4].
Despite differences in the impingement char-
acter, fatigue is also generally considered the
main mechanism of cavitation erosion.

An effective way to extend the life of the
equipment is to use vacuum-arc coatings
based on carbides, and nitrides. The protec-
tive coatings application allows to decrease
the effect of a complex of destructive fac-
tors such as mainly corrosion and erosion.
Different types of coatings have already
been applied [5-12] for increasing the use-
ful lifetime of such machine elements as
fuel injector components, steam turbine
blades, diesel engines, as well as pipe valves
for the industrial applications.

Recently, nanocomposite coatings have
gained a great interest due to their excel-
lent mechanical characteristics and chemical
stability. Coatings based on carbides and ni-
trides of transition metals of group IV and
V with the ability to form amorphous struc-
tures are promising candidates for various
applications [13].

Cavitation erosion behavior of the coated
materials is significantly influenced by the
main substrate and coatings properties [7].
Surface roughness, scratches and pits on
the coated substrate surface and defects in
the coating structure such as inclusions and
droplets are determined as preferred initia-
tion sites for cavitation [14]. Coatings deg-
radation mechanism was previously ob-
served for films deposited by the cathodic
arc technique [15, 16] and magnetron sput-
tered coatings [8, 10]. The results of nu-
merical investigations of stresses in the
Rayleigh wave which propagates in the coat-
ing in the process of a droplet impact on the
surface, allow to make some preliminary es-
timation of the effectiveness of anti-erosion
protective coating [17, 18]. The thickness of
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the chromium anti-erosion coatings pro-
posed for the erosion protection of the rotor
blades, should provide minimization of ten-
sile stresses in the Rayleigh wave and inter-
nal stresses at the coating-substrate inter-
face. For Arc-PVD chromium coatings the
estimated coating thickness was about
15+20 um [18].

Droplets formation is one of the princi-
pal limitations of Arc-PVD coatings applica-
tions The results of the studies [5, 16]
clearly indicated the major role of droplets
on the cavitation erosion damage. No sig-
nificant cavitation damage was observed in
the droplet free areas of the coatings. Deep
cavities formed by detaching of conical
droplets were determined as the most detri-
mental type of defects. At these sites, large
impact craters were formed with sizes ex-
tending to 100 um and a substrate-reached
area at the center.

The amount and distribution of droplets
are strongly dependent on the deposition
process parameters such as pressure of
working gas, cathode current, applied bias
voltage [15, 16]. Previous studies indicate a
correlation in damage mechanism of the
water droplet erosion (WDE) and cavitation
erosion (CE) [19]. In the process of CE, mi-
crojets are formed as a result of an asym-
metric implosion of cavitation bubbles close
to a solid surface, generating waves of
shock pressure and stress [20].

For evaluation of the material cavitation
resistance, different methods and facilities
are applied, such as cavitation tunnels, ro-
tating disk, cavitating jet, vibrating unit
etc. [21]. From the point of view of indus-
trial application of erosion resistant materi-
als and coatings, the rotating disk stand
with ability to test simultaneously a larger
number of samples under conditions resem-
bling those in a hydraulic machine is of
great importance. Moreover, the intensity
of erosive load at rotating disk facility was
significantly higher than that at the other
test facilities [21]. Thus, the aim of this
study is the comparative analysis of the
protective efficacy of carbide and nitride
thick (up to 20 um) coatings by means of
the rotating disk testing method.

2. Experimental

Nanocrystalline coatings of TiN, CrN,
CrC were deposited by cathodic arc evapora-
tion (ARC PVD) method using the AIR-3
multifunctional installation. An evaporator
with magnetic stabilization of a cathode
spot was applied [22]. For deposition, cath-
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odes from commercially pure Ti (99.9 %)
and a low-alloyed chromium alloy VH-2K
(La 0.8...0.4 %, Ta 0.3...0.5 %, V 0.3...0.5 %)
were used. The deposition of coatings was
performed on austenitic stainless steel
CrigNijgTi samples with a diameter of
30 mm and thickness of 8 mm. Substrates
were preliminarily quenched at 1050°C, and
then ground and polished to a roughness of
Ra< 0.05 um.

A typical coating process consisted of
pumping the chamber to a vacuum below
28.1073 Pa. Then the surface of the sample
was subjected to ion cleaning of the cathode
material (titanium or chromium) at a nega-
tive bias voltage of 0.8 kV. After ion clean-
ing, a thin metal intermediate layer was
deposited for 3 minutes (~ 0.5—1 um thick).
The TiN and CrN coatings were deposited to
a thickness of 18-20 um in a nitrogen at-
mosphere, while the CrC ones in toluene
C;Hg atmosphere. During the coating for-
mation process, a negative bias voltage was
applied to the samples. The temperature of
the substrate during coating deposition was
controlled by an IR pyrometer and was kept
within 850°C—-400°C. The distance between
the samples and the cathode was 270 mm.
The parameters used for deposition of TiN,
CrN, and CrC coatings, are presented in
Table 1. Characteristics of the deposited
coatings were studied using wvarious tech-
niques. The thickness of CrC coatings was
measured by a Calotest device. The adhesion
properties were measured by standard meth-
ods with the use of the Revetest scratch
tester (CSM Instruments).

The phase composition of the coatings
was studied using a DRON-4-07 X-ray dif-
fractometer in copper Cu-Ka radiation
using a Ni selectively absorbing filter.
Qualitative phase analysis was carried out
using the card index of the international

database of crystallographic compounds
ICDDPDF-2. The study of substructural
characteristics (the size of coherent scatter-
ing regions CSR and the level of micro-
deformations of the samples) was based on
the integral line width. The analysis was
carried out according to the Williamson-
Hall method. In the case of CrC coatings,
CSR sizes were determined using the Scher-
rer formula. The coating morphology was
investigated using the JSM-7001F (SEM)
scanning electron microscope.

Erosion resistance was evaluated basing
on the tests conducted at the rotating disk
facility in the IMP PAN (Szewalski Insti-
tute of Fluid-Flow Machinery) [21]. The key
component of the rig is the test disk of
330 mm diameter, rotating in the cavitation
chamber with 2950 rpm speed. Before each
test run the specimens are inlaid into the
disk, in the holes located in implosion zones
of cavitating wakes generated by 8 cylindri-
cal cavitators (Fig. 1). The standard static
pressure and temperature inside the test
chamber are 160 kPa (abs) and 24+2°C, re-
spectively. Demineralised water is used in
order to ensure high repeatability of test
conditions and to avoid unwanted deposi-
tions at the chamber walls and within the
rest of the test loop.

The cumulative mass loss curves of TiN,
CrN, and CrC coatings as well as the
Cr18Ni10Ti and Armeco iron reference sam-
ples have been determined as a result of
6 hours long testing at the facility.

Weight loss measurements were per-
formed after each exposure period. Before
the test and after each test interval, the
samples were cleaned, dried and re-weighed.
At the beginning of the cavitation test,
measurements were carried out every
15 minutes of exposure period (during the
first 60 minutes of the test), then the inter-

Table 1. Deposition parameters, thickness and adhesion strength of TiN, CrN, CrC coatings.

Deposition and coatings parameters Type of coating
TiN CrN CrC
Pressure of residual gases 2.1073 Pa 3.1073 Pa 3:1073 Pa
Working pressure of nitrogen 1 Pa 0,4 Pa -

Working pressure of C,Hg - - 0.6 Pa
Arc current 100 A 130 A 130 A
Substrate bias voltage -150 V -100 V -80V
Coatings thickness 18 um 16 pm 19 um
Adhesion strength 82 N 65 N 74 N
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Fig. 1. a) Cavitation test disk at the IMP PAN
rotating disk facility, b) Cavitation process
scheme of the rotating disk method: 1 — sample,
2 — cylindrical cavitation agent, 3 — water
flow direction, 4 — cavitation zone.

vals were increased to 30 and 60 minutes.
Afterwards cavitation erosion damage was
analyzed using an optical and scanning elec-
tron microscope (SEM) and 3D X-ray micro
tomography (Phoenix v/tome/x m, GE Inspec-
tion Technologie sGmbH, Germany). The de-
vice was equipped with both a 180 kV/15 W
high-power nanofocus X-ray tube and a
240 kV/320 W microfocus tube. Scan data
was reconstructed by the implementation of a
graphics processing unit (GPU).

3. Results and discussion

The diffraction patterns of both nitride
(TiN, CrN) and carbide CrC coatings are
shown in Fig. 2.

Only one low-intensity diffraction line,
which corresponds to chromium with the lat-
tice parameter a = 2.863 A (less than the val-
ues known from literature, which may be due
to the macro-stress presence) was observed in
the CrC coated sample (Fig. 2a). The size of
the CSR of chromium is D = 14.5 nm as esti-
mated according to the Scherrer formula. The
diffraction pattern is revealed two diffraction
halo in the angles regions 20 = 39+46° and
20 = 72+89°. This fact indicates the presence
of an X-ray amorphous phase in the sample,
in addition to the crystalline phase (that is,

Functional materials, 27, 4, 2020
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Fig. 2. Diffraction patterns of coatings a) Cr-
C, b) CrN, ¢) TiN.

either amorphous or the CSR size is less
than 8 nm). It was established [13] that
under ordinary deposition conditions, usu-
ally only one type of crystalline structure is
formed — the NaCl type. With a low carbon
content, these materials are mainly single-
phase structures, often containing carbide
nanocrystallites. With an increase in the
total carbon content in the coating, the evo-
lution of the microstructure leads to the
formation of an additional phase (amor-
phous carbon) and a nanocomposite micro-
structure [13].

It should be noted that some carbide
films are X-ray amorphous, but a more
thorough study using transmission electron
microscopy can reveal the existence of
nanosized carbide grains in an amorphous
matrix. Magnusson et al. [23] showed that
Cr,_,C, films are amorphous in a wide
range of compositions, but at the same time
at x = 0.47, using high-resolution transmis-
sion electron microscopy, nanocrystalline
grains with a diameter of <8 nm can be
detected. An additional analysis of electron
microdiffraction patterns has shown that
such nanocrystallites most likely have a
cubic CrC structure.

The CrN coating (Fig. 2b) is practically a
single-phase one; chromium nitride CrN
(cubic syngonium, structural type NaCl) can
be easily detected from the diffractogram.
The additional line to be identified in the
diffractogram probably refers to hexagonal
CroN nitride. The intensity distribution of
the diffraction lines of CrN nitride indicates
the presence of a strong texture phase (220)
with a lattice parameter a = 4,200 A. In addi-
tion, a slight shift towards large angles for

747



V.Safonov et al. /| Comparative analysis of cavitation ...

1800
1 —&—CrC
1600 4
2 —o—CrN
1400 4 3 —=—TiN
€ 1200{ 4 AT
G 5 —e—1H18NOT
8 1000 -
[}
© 800
=
600 -
400 A
200 4
0 4 T T

Testduration, h

Fig. 3. Cavitation wear kinetic curves of of
TiN, CrN, and CrC coatings as well as the
Cr18Ni10Ti stainless steel and Armeco iron ref-
erence samples.

some lines was detected. This fact indicates
the presence of macro-stresses in the coat-
ing. The CSR size in CrN nitride is D = 17.3 nm.
Two phases were detected in the TiN sam-
ple (Fig. 2¢): titanium nitride TIiN (struc-
tural type NaCl) and titanium Ti—o (small
amount). The weight content of the main
phase of the TiN in the sample is 95.1 wt. %,
and the lattice parameter is a = 4.257 A.
The intensity distribution of the diffraction
lines of the nitride indicates the presence of
the (111) texture. The significant part of the
phase consists of the grains mainly oriented
by the crystallographic {111} planes parallel
to the sample plane. The calculation of the
substructural characteristics showed that the
size of the CSR in TiN nitride is D = 36.9 nm.
The content of Ti—a phase in the sample was
about 4.9 % wt. The lattice parameters of
Ti—o phase were: a = 2.97 A; c=4.73 A,
correspondently. It should be noted that
the lattice parameters of titanium are
greater than the corresponding literature
values. It can be assumed that this phase is
a solid solution of nitrogen in titanium.
The results of cavitation tests of TiN, CrN,
and CrC coated samples, as well as stainless
steel Cr18Ni10Ti and Armeco iron uncoated ref-
erence samples are presented in Fig. 3.
Typical damage process in materials sub-
jected to highly concentrated mechanical
load due to impact of solid or liquid parti-
cles and shock waves or micro-jets gener-
ated by collapsing cavitation bubbles can be
divided into some characteristic periods: in-
cubation period, in which internal stresses
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Fig. 4. Samples cross-section after 6 hours of
cavitation tests. a) Armco, b) Cr18Ni10Ti
stainless steel, ¢) CrN, d) TiN, e) CrC.

are cumulated in the surface layer without
visible volume losses; acceleration period re-
sulting from exceeding the fatigue strength
limit at a large surface area; steady state
damage period featured by a balance of en-
ergy cumulated and lost with removed ma-
terial particles [24].

The course of the cumulative weight loss
curves (Fig. 3) indicates that all studied
coatings are characterized by a rather low
cavitation wear intensity.

The highest erosion resistance has been
shown by the CrC coatings. The CrC coatings
demonstrate the lowest wear, 5 times less in-
tense than the wear of the uncoated Cr18Ni10Ti
steel. It should be noted that the sample test-
ing lasted up to 6 hours, and the maximum
depth of erosion defects in the films reached
5...6 mm, i.e. significantly surpassing the

Functional materials, 27, 4, 2020
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Fig. 5. View of samples after 30 min of test duration (magnification x20). a) stainless steel, b) CrN,

¢) TiN, d) CrC.

thickness of the coatings. This fact was
clearly documented by means of 8D the X-
ray micro tomography method (Fig. 4). The
time interval for the formation of the de-
fects under such test conditions was about
30 minutes.

Micrographs of the coated and reference
surfaces after 30 minutes of the test dura-
tion are shown in Fig. 5. In addition, views
of samples after 6 hours of cavitation expo-
sure are presented in Fig. 6. It can be seen
that both the nature and area of the eroded
surfaces, as well as the rate of cavitation
wear are determined by the deposited coat-
ings. The coatings significantly reduce the
surface erosion area, and also slow down the
rate of erosion propagation into the sub-
strate material.

However, the high droplets content both in
nitride TiN, CrN, and carbide CrC coatings re-
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duced the -cavitation resistance of these
coatings. The craters were formed in an
early stage of erosion process, as demon-
strated in Fig. 5.

As can be seen from the figures, the load
distribution has a clear maximum in the
central zone, where the formation of a large
cavity was observed. In the zone of a lesser
load, small craters were formed on the sur-
face in result of plastic deformation. The
density of the craters increases with expo-
sure duration, which leads to a strong un-
dulation of the surface.

As shown in Fig. 5, due to extensive
plastic deformations of the Armco iron and
the stainless steel sample surfaces, deep
craters are found here after 0.5 hours of
cavitation testing. The degree of damage is
slightly lower at the CrN coated sample as
compared to the stainless steel one. However,
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Fig. 6. View of samples after 6 hours of test duration. a) Armco, b) Cr18Ni10Ti stainless steel, c¢)
CrN, d) TiN, e) CrC.
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the formation of craters and the distribu-
tion of caverns are evident from Fig. 5.

Under the influence of micro-jets created
by an asymmetric collapse of cavitation
cavities, the accumulated material around
the craters is removed. This process leads to
formation of deep caverns, further craters
elongation and merging with neighboring ones
[5]- The images of cavitation erosion damage
after 6 hours of testing are shown in Fig. 6.

Results demonstrate the principal possi-
bility to decrease the cavitation erosion rate
by using the nanostructured coatings. After
6 hours of test, mass losses of CrC coated
Cr18Ni10Ti samples appeared 5 times
smaller than those of the reference materi-
als and decisively smaller than those of the
CrN and TiN coated samples.

The presence of coatings on stainless steel
slows down further deformation process. How-
ever, as erosion developed, the material was
removed due to brittle fracture of the coating
at the edge of the formed cavity. Brittle frac-
ture is the dominant erosion mechanism of the
TiN, CrN, and CrC coated samples.

The CrC coated sample showed less sur-
face damage as compared to the CrN and TiN
coated ones (Fig. 4-6). The presence of mi-
crodroplets at the CrC sample surface also
affects the coating properties, but to a
lesser extent than in the case of TIN and
CrN. Nevertheless, both nitride TiN, CrN,
and carbide CrC coatings significantly im-
proved erosion resistance of stainless steel
samples. Figure 7 shows the dependence of
the erosion rate on the exposure time. The
graphs demonstrate the extreme dependencies.
The time shift of the maximum erosion rate
stage for coated samples can be observed.
Maximum erosion rates was about 90 minutes
for the stainless steel reference sample,
120 minutes for CrN, 180 minutes for TiN and
240 minutes for CrC coated samples.

In addition, the same correlation was ob-
served for the start time of an intensive ero-
sion failure after incubation period. The time
period of a stage of the intensive erosion of
uncoated stainless steel samples was less than
15 minutes, such period for the TiN coated
samples lasted less than 45 minutes and for
CrN coated samples —30 minutes. The analo-
gous period for CrC coated samples demon-
strated the largest value up to 90 minutes.

In case of the samples with TiN, CrN, and
CrC coatings, mass loss were detected at the
beginning of the cavitation test. This fact is
probably associated to the large number of mi-
crodrops in the coatings. The microdrops for-
mation is the principal disadvantage of the Arc
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Fig. 7. The dependence of the erosion rate on
exposure duration.

PVD method using. The number of micro-
drops also increased with the coating thick-
ness rise.

At the beginning of erosion process of
TiN, CrN, and CrC coated samples, weakly
bound microdrops were primarily removed
from the coating surface. After removal of
microdrops, the mass losses demonstrated
negligible wvalues during the next 45—
90 minutes of testing (Fig. 7). Generally,
both the nitride TiN, CrN and the carbide
CrC coated samples demonstrated a lower
rate of weight loss than the uncoated stain-
less steel reference samples.

The fracture images and morphology of
uncoated stainless steel as well as the TiN,
CrN and CrC coated samples were observed
by means of the SEM technique. Both the
nitride TiN, CrN and the carbide CrC coated
samples are characterized by fine crystalline
microstructure. SEM observations have re-
vealed the damage character resulting from
cavitation tests (Fig. 8). The cyclic load
caused by exposure to cavitation impingement
has led to deformation of the substrate, and
occurrence of microcracks in the coatings. In
addition, cracks were formed as a result of
the post-microdrops surface failure. The
coated samples were plastically deformed, and
cracks appeared mainly on top of the bumps.

The results demonstrate that the sub-
strate and coating defects showing the ac-
celerative effect on micro-cracks formation
led to the erosion damage. The post-micro-
drops surface failure resulted in the forma-
tion of the micro-cracks which act as pre-
ferred initiation centers during cavitation
erosion process.
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Fig. 8. SEM images of samples surface after 6 hours of cavitation exposure. a) uncoated stainless

steel Cr18Ni10Ti, b) coated CrN, ¢) TiN, d) CrC.

4. Conclusion

With present study a comparative analy-
sis of cavitation resistance of the TiN, CrN,
and CrC coatings with thicknesses up to
20 um, deposited on Cr18Ni10Ti steel by
Arc-PVD method, has been presented. Ki-
netic curves of cavitation wear of TiN, CrN,
and CrC coatings as well as the stainless
steel reference samples have been derived.
It has been confirmed that cavitation resis-
tance is strongly related to the coatings
type. Results show that all studied coatings
are characterized by cavitation wear lower
than that of the uncoated samples. Both ni-
tride TiN, CrN and carbide CrC coatings sig-
nificantly improved the erosion resistance
of the stainless steel reference samples.
Furthermore, the CrC samples have shown
less surface damage as compared to the CrN
and TiN coated samples. The presence of
micro-droplets in the CrC sample decreases
the erosion resistance, but to a lesser extent
than in case of the TiN and CrN coatings.
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Nevertheless, the CrC thick coatings with
their ability to form amorphous and nanocris-
talline structures are promising candidates
for various erosion protective applications.
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