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A complex modification of 25CrMoV steel has been carried out, which includes nitriding in arc-enhanced glow
discharge plasma, deposition of metallic sublayer (Mo, Cr or Ti) and deposition of top layer of Mo,N coating. The
structure studies showed that depending on the material and the thickness of the sublayer (1.5...6 um), defects and
delaminations could form at the interfaces, while no defects were observed in the absence of the metallic sublayer.
The concentration of nitrogen in the complex modified layers depends on the composition of the metallic sublayer,
but does not affect the total depth of nitriding of the hardened steel ~ 160 pum. The hardness of the nitrided layer is ~
12 GPa, and the hardness of the Mo,N coating is ~ 30 GPa. The cavitation resistance of complex-modified
25CrMoV steel without the metal sublayer is 2 times higher than the initial steel.

INTRODUCTION

The advantages of the technology of complex
surface modification of structural materials [1, 2]
include additional increase of their operational
properties by means of gradual surface modification by
various methods of physical vapor deposition (PVD).
For example, in order to increase the service life of steel
parts of steam distribution and control mechanisms of
turbines of thermal power plants, a complex ion-plasma
treatment was used, in which the working surfaces of
the parts were subjected to ion nitriding, followed by the
deposition of protective coatings [3].

Diffusion penetration of activated nitrogen during
ion plasma nitriding takes place deep into the surface of
the steel heated to the optimum temperature [4].
Nitrogen activation can be performed in the working
volume of an arc enhanced glow discharge (AEGD) [5].
In this case, activated high-energy nitrogen atoms
diffuse into the steel to the highest depths [6]. The
efficiency of nitriding can be determined by a parameter
such as the depth of hardening of the steel. The
deposition of hard nitride layers, e.g. Mo,N, makes it
possible to obtain an outer wear-resistant layer [7].

Thus, the complex ion-plasma hardening process
achieves multilayer surface protection, each layer of
which has both specified strength and functional
properties, such as anti-corrosion, anti-abrasion or anti-
cavitation [8]. It is important to achieve a high level of
interlayer strength of the modified microstructures. As a
result, the service life of working surfaces of parts and
units used in various areas of mechanical engineering is
increased many times over.

To increase the adhesion properties of protective
hard coatings to the modified surface during PVD
deposition, transition layers of different metals are
traditionally used [9]. Intermediate metal layers can also
be used to provide the required properties of the main
functional layer within the multilayer structure. For
example, bombardment of the surface of nitrided steel
with accelerated titanium ions at energies up to 1.5 keV
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resulted in the formation of a surface layer based on
TiNy nitride [10], which prevents back diffusion of
nitrogen from the steel.

The use of standard vacuum-arc equipment for
complex ion-plasma hardening of parts makes it
possible to clean the working surface of the part by ion
sputtering, its heating prior to the nitriding stage by
means of energetic bombardment with metal ions.
Characteristics of the influence of surface preheating on
the nitriding depth are presented in the publication [11].

The aim of the present work is to investigate the
structure, nitrogen concentration profiles, hardness and
cavitation resistance of modified layers of 25CrMoV
steel depending on the composition and thickness of
intermediate layers of metal coatings.

1. MATERIALS AND EXPERIMENTAL
METHODS

Samples for research with the dimensions of
20x10x6 mm were made of 25CrMoV steel (standard
No. 20072-74). Complex ion-plasma modification was
performed on a Bulat type vacuum arc machine
additionally equipped with AEGD. Processing
parameters are described in [11].

The complex ion-plasma surface modification of
25CrMoV steel consisted of three steps:

— Nitriding in AEGD at temperature ~ 600 °C, Py, =
0.3 Pa, t = 40 min;

— Deposition of a metallic sublayer (Me: Mo, Cr or
Ti with thickness from 0 to 6 pm) by vacuum arc
method at bias potential -50 V and pressure 0.0027 Pa,
T =500 °C;

— deposition of Mo,N nitride layer (thickness
10 um) by vacuum arc method at bias potential -70 V
and nitrogen pressure 0.27 Pa, T = 450 °C.

The microstructure of the modified layers was
studied on cross-sections of steel samples using an
Olympus GX51 inversion metallographic microscope.
Nitrogen distribution profiles in complex modified
layers (coatings and steel) were obtained using a JSM
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7000-1F scanning electron microscope equipped with
X-ray energy dispersive microanalysis. Hardness (H,
GPa) and Young 's modulus (E, GPa) profiles were
measured using a G200 nanoindenter equipped with a
Berkovich indenter. Indentation was performed along
the cross section of the specimen with indenter
penetration depths of ~ 200 nm.

Cavitation wear tests on samples with complex
surface modifications were carried out on a special
device [12]. The device was an ultrasonic generator that
provided oscillations of the emitter at a frequency of
20 kHz. In water, a cavitation zone is created under the
end of the emitter, resulting in erosion of the sample
surface. The diameter of the eroded zone on the surface

of the samples in these studies was approximately
7mm. The degree of coating destruction was
determined by weight loss (A m, mg) as a function of
cavitation exposure time (t, h). Zones of surface erosion
after cavitation were studied using an optical
microscope.

2. RESULTS AND DISCUSSION

Fig. 1 shows images of the microstructure of
complex modified layers with an intermediate Mo layer
of different thicknesses. Each of the images in Fig. 1
shows (from left to right): the nitrided steel layer, the
Mo sublayer (see except Fig. 1,a), and the outer Mo,N
coating layer.

Fig. 1. Optical images of the structure of nitrided steel with Mo,N coating (a) and Mo sublayer with thickness
of 1.5 (b); 3 (¢) and 6 um (d)

The microstructure of the molybdenum sublayer has
the characteristics of columnar with grain growth
perpendicular to the surface of the steel substrate (see
Fig. 1,b,c,d). In all images, the transition zones between
the molybdenum layer and the outer molybdenum
nitride are observed to be quite dense with no
delamination or other visible defects. However, in the
transition zones between the nitrided steel and the Mo
coating, areas of voids are visible along the steel-
coating interface (see Fig. 1,a). The same defect is
observed between the steel surface and the 3 um Mo
layer in Fig. 1,c. In Fig. 1,d for the 6 um layer, a wider
area of voids can be seen in the same region. In general,
as can be seen from the micrographs, there is a tendency
for the number of defects in the transition zone between
the steel surface and the Mo coating to increase as a
function of increasing the thickness of the Mo sublayer.
The exception is the transition zone between layers with
1.5 um Mo sublayer (see Fig. 1,b). From a defect-free
point of view, this sublayer thickness may be optimal.

Fig. 2 shows images of the microstructure of the
complex-modified layers obtained from cross-sections
of the samples, with Ti sublayers of different thickness.

It can be seen (see Fig. 2) that the Ti sublayers as
well as the Mo sublayers (see Fig. 1) have a similar
columnar structure. The transition between the Ti layer
and the outer Mo,N layer is also (as for the Mo layer)
defect-free. No such delaminations are observed
between the Ti layer and the nitrided surface as
observed for the Mo layer. The structure of the Cr layer
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is similar to that of the Ti layer, and the structures of the
transition zones between the layers are also similar, so
additional images are not shown.

Fig. 2. Optical images of the structure of nitrided steel
with Mo,N coating and Ti sublayer thickness:
1.5 (a) and 3 um (b)

The structure of molybdenum nitride coating is vy-
Mo,N with lattice parameter a = 0.420 and crystallite
size ~ 11 nm [3].

Fig. 3 shows the distribution curves of nitrogen
concentration in the surface layers of complex modified
steel 25CrMoV.

As can be seen from Fig. 3, the differences in the
values of nitrogen concentrations in the coatings (to the
left of the vertical line) ~ 35 (1, 2) and ~ 55 at.% (3) are
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due to their different compositions: Mo (1, 2) and Mo,N
@).
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Fig. 3. Distribution of nitrogen concentration on cross
sections of samples obtained by complex modification
with Mo (1, 2), Cr (4), and Ti (5) sublayers. Sublayer
thickness: 0 (3); 3 (1, 4, 5), 6 um (2) (the vertical line
indicates the surface of the nitrided steel)

The nitrogen concentration in the Mo sublayer is
quite high ~ 35 at.%. In the near-surface zone of the
nitrided steel (to the right of the vertical line), a
decrease in the distribution curves and a small
maximum are observed. In addition, the distribution
curve of nitrogen (2) with a thicker Mo sublayer (hy, =
6 pm) is slightly higher. The value of the nitrogen
concentration in the Mo sublayer does not depend on its
thickness. The saturation of molybdenum sublayers with
nitrogen apparently occurs to a greater extent from the
side of the Mo,N deposition zone. The decrease of the
nitrogen concentration on the curves is explained by the
bombardment of the nitrided steel surface by heavy Mo
ions, which leads to a decrease of its concentration in
thin layers (h<1.5pm). The maximum nitrogen
concentration of ~ 20 at% observed in curve (2) for the
sample with a molybdenum sublayer (hy, = 6 pm) is
due to the redistribution of nitrogen from the near
surface region to the depth of the steel. This is due to
longer term temperature effects on the nitrided surface.

For nitrided samples with Cr or Ti sublayers and
Mo,N outer coatings, the nitrogen concentration
distribution (see Fig. 3, curves (4) and (5)) is generally
similar. The difference between these curves is the
higher nitrogen concentration (curve 5, Ti sublayer),
which has a value of more than 20 at% at a distance of
0.5 to 5 um from the surface of the nitrided steel. At the
same time, a low nitrogen concentration is observed in
the Ti and Cr sublayers: Cy ~ 1.5 at.% (curve 5) for Ti,
and Cy ~ 4 at.% (curve 4) for Cr. There is no nitrogen-
depleted zone in the near-surface region of the nitrided
steel (curves 4, 5).

The low concentration of nitrogen in the Cr and Ti
sublayers can be explained by the fact that nitrogen,
which has a greater chemical affinity for titanium and
chromium than for molybdenum, forms thin nitride
compounds (TixN and Cr,N) along both boundaries of
the layers of these metals. Due to the low mobility of
nitrogen in these compounds, nitrogen penetration into
the depth of the layers is blocked, both from the Mo,N
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coating condensation zone and from the nitrided steel.
The bombardment of the surface of the nitrided steel
with Cr and Ti ions, which are lighter than Mo, in the
process of deposition of the metal sublayer does not
cause back diffusion of nitrogen.

To evaluate the interlayer strength characteristics
and to determine the relationship between the nature of
the distributions of nitrogen concentrations and
hardnesses, the hardness profiles in the modified layers
were investigated (Fig. 4).
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Fig. 4. Hardness distribution along the cross section of
complexly modified samples with sublayers of Mo (1, 2),
Cr (4), and Ti (5) with a thickness:
0(3);3(2,4,and 5), 6 um (1)

From Fig. 4 it can be seen that the two hardness
curves (1 and 2) of the samples with complex
modification and Mo sublayer have a similar character
to the right of the nitrided steel surface, and the
differences in the course of these curves are observed in
the area of the Mo coating (to the left of the vertical
line) and are due to the different thickness of these
layers. The hardness value of the Mo coating is ~ 6 GPa
(see Fig. 4, curves 1 and 2). To the right of the vertical
ling, in the near-surface nitrided region, the hardness has
an average value of 11.5 GPa, which corresponds to
high values after nitriding for 25CrMoV steel. Curve
(3), which refers to the hardness distribution in the
sample without sublayer deposition, looks different. To
the left of the vertical line, in the region of the Mo,N
layer, it has a plateau shape, the values of which
correspond to the hardness level of this layer ~ 30 GPa.
Then, in the transition region between molybdenum
nitride and nitrided steel, there is a sharp drop in
hardness to the hardness values of nitrided steel
~ 12 GPa. This hardness profile correlates well with the
nitrogen distribution profile for the sample with the
corresponding complex treatment (without interlayer)
shown in Fig. 3 (curve 3).

The hardness distributions with Cr and Ti sublayers
(h =3 pm), both in the sublayer coating and in the near-
surface region of the nitrided steel, are the same (see
Fig. 4, curves 4 and 5). However, the hardness levels in
the Cr and Ti sublayers (see Fig. 4) are different: for the
Cr layer, the average hardness value is ~ 7.5 GPa, while
for the Ti layer it is ~ 6 GPa. In the near-surface nitrided
region: with the Cr sublayer deposited on its surface, the
hardness is about 11 GPa, and for the Ti sublayer it is
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higher and is about 12 GPa. Moreover, both the type of
distribution of hardness profiles for these samples and
their values correlate with the distributions of nitrogen
concentration in (see Fig. 3).

25CrMoV steel contains mainly the following
metals: Cr (up to 1%), small additions of Mo and Ti
(< 1%), Fe — balanced. Small additions of titanium also
diffuse into its surface during the deposition of Ti
sublayer [13]. According to [14], metal alloying
elements such as Ti dissolved in ferrite contribute to the
increase of nitrogen solubility in the a-Fe phase due to
the high activity of titanium to combine with nitrogen.
Thus, in the presence of a sufficient concentration of
nitrogen in the surface layer of the steel, combined with
the necessary temperature, as in this case, the formation
of Fe,N, CryN and Ti,N compounds occurs.

Hardness distributions in nitrided steel obtained by
complex treatment with deposition of different
compositions of metal sublayers are shown in Fig. 5. It
can be seen that the character of the hardness profile
distribution in nitrided steel does not differ practically,
and the hardening depths for all samples are equal and
make up to 160 um (see Fig. 5). Thus, different
composition of metal sublayers used in complex
modification does not affect the overall hardening depth
of nitrided steel.

The deposition of metallic sublayers only affects the
hardness distribution in the transition and near-surface
regions of nitrided steel, which may affect the interlayer
strength of the complex surface modification as a
whole.

To determine the effect of the deposition of various
metallic sublayers on the strength properties of the
complex modified surface, cavitation tests were
performed on the samples.
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Fig. 5. Hardness profiles of complex-modified nitrided
steel samples with sublayers: Mo (1), Ti (2), and no Me
sublayer (3). The thickness of the layers is 3 um

The kinetic curves of cavitation wear of samples
with complex modification and Me (Mo, Cr, and Ti)
sublayers are shown in Fig. 6.

The weight loss of the complex-modified samples
without the sublayer and with its small thickness (see
Fig. 6, curves 1-5) for 6 h of testing is approximately
twice the weight loss of the untreated steel (see Fig. 6,
curve 7). This indicates the high wear resistance of the
modified surfaces. Complex modified samples with

104

thicker interlayer (see Fig. 6, curves 5 and 6) have
slightly lower resistance than samples with thinner
interlayer (see Fig. 6, curves 2 and 4). The result
indicates that the resistance does not depend much on
the material of the interlayer (molybdenum or
chromium).

6 T % T Y T L T L] T 4 T ¥ T
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Fig. 6. Weight loss of the initial 25CrMoV steel sample
(7), samples without Mo sublayer (1) and with Mo
(2 and 5), Cr (3), and Ti (4 and 6) sublayers as a
function of cavitation test time. Sublayer thickness:
h=15(2and4), 3 um (3, 5,and 6)

The weight loss for the sample with Ti sublayer (see
Fig. 6, curve 4) at its thickness of 1.5 um, based on the
results of 6-hour tests, is equal to the weight loss for the
sample with Mo sublayer at its thickness of 3 pm (see
Fig. 6, curve 5). The weight loss for the specimen with
the Ti sublayer with a greater thickness of 3 pum (see
Fig. 6, curve 6) is even greater. As a result, the
cavitation wear of the Mo,N layer for the complex
modification with Ti sublayer is higher than that for the
modification with Mo sublayer.

The surface images of complex-modified steel
samples with different thicknesses of metal sublayer
after 6 h of cavitation testing are shown in Fig. 7. It can
be seen that for the original steel sample, the surface
wear is uniform in area (see Fig. 7,a). The complex
hardened samples (see Fig. 7,b,d,f,g) are characterized
by pitting wear that occurs where macroparticles of
cathode material are embedded [15]. As can be seen
from the figure, the number of pitting failures increases
with the thickness of the sublayer (see Fig. 7,f,g). The
lowest number of craters on the surface is found in
samples without a sublayer and with a minimum
sublayer thickness of 1.5 pum (see Fig. 7,d,b). No
dependence of the number of pits on the sublayer
material (molybdenum or chromium) was observed.

The mechanism causing such fractures is due to the
microshock effect of cavitation bubbles, which leads to
pressure on the surface areas of the sample and its
vibration and deformation [16, 17]. It should be noted
that in the multilayer structure there is a softer metal
sublayer under the hard molybdenum nitride coating.
Therefore, samples with a thicker metal sublayer will
experience more vibration of the outer Mo,N layer. In
addition, molybdenum nitride is characterized by high
internal stress, which makes it quite brittle [3, 18].
These factors contribute to the formation of
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microcracks, and with increasing test time, these coating
defects experience increased erosion into the depth of
the material. Complex-modified samples without metal

coating lack a soft layer and the process of microcrack
formation is slower.

Fig. 7. Surface images of samples after cavitation test:
initial (a); complex modified without sublayer (d)
and with deposition of Mo (b and f), Cr (g) and Ti sublayers (c and h).
Sublayer thickness: h = 1.5 (b and c¢), 3 um (f, g, and h)

The character of defects on the surface of Mo,N
coating with Ti sublayer after cavitation action is
different from that of samples with Mo and Cr
sublayers, as can be seen from Fig. 7,c,h. Defects in the
form of “star cracks” are observed on the surface of the
Mo,N coating. Moreover, for the 1.5 pm sublayer (See
Fig. 7,c), these are single local “stars” and for the 3 pm
sublayer (see Fig. 7,h), they are longer (2...3 mm)
cracks.

The differences in the type of damage to the Mo,N
coating surface depending on the material of the
sublayers (Mo, Cr or Ti) can be explained by their
different physical and mechanical properties. In addition
to the sublayer hardness, the cavitation resistance of the
system can be influenced by the difference in Young's
modulus of the steel substrate, the metal sublayer and
the top nitride layer [19, 20]. The Young's modulus
values (E, GPa) for the Mo and Cr sublayers were
similar and are ~ 340 GPa, while for the Ti layer they
are ~ 150 GPa, for the nitrided steel ~ 250 GPa, and for
the Mo,N coating ~420 GPa. Thus, the Ti sublayer
material has a lower Young's modulus than the other
treatments, which results in the lower -cavitation
resistance of the Mo,N coating.

To improve the cavitation resistance of complex
modified steel, metals with high Young's modulus, such
as Mo, should be selected for the sublayer material, and
the thickness of the metal layers should not exceed
1.5 um.

CONCLUSIONS

A complex modification of 25CrMoV steel was
performed, including nitriding in arc-enhanced glow
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discharge plasma, deposition of metallic sublayers (Mo,
Cr or Ti) and deposition of a top layer of Mo;N coating.
The structure, composition, and mechanical properties
of the modified samples were investigated:

1. Depending on the material and thickness of the
sublayer, defects and delaminations may form at the
interfaces. There are no defects in the structure without
a metallic sublayer.

2. Nitrogen distribution in complex modified layers
depends on the composition of the metal sublayer. The
presence of a Mo sublayer can cause nitrogen
redistribution in the steel surface, while Cr and Ti
sublayers have no such effect.

3. The deposition of metallic sublayers during
complex modification affects the hardness distribution
in the transition and near-surface regions of nitrided
steel, but does not affect the overall hardening depth
(~ 160 um) of nitrided steel.

4. The hardness of the nitrided steel is ~ 12 GPa and
the hardness of the Mo,N coating is ~ 30 GPa for the
complex-modified samples without sublayer.

5. The cavitation resistance of complex-modified
steel 25CrMoV without a metal sublayer is 2 times
higher than that of the steel in the initial state. The
presence of the metal sublayer leads to a decrease in the
cavitation resistance of the Mo,N coating, the lower its
Young's modulus and the greater its thickness.
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BILJIMB METAJIEBOI'O IIIIIAPY HA KABITAIIVMHY CTIHKICTh A30TOBAHOI CTAJII
3 IIOKPUTTAM Mo,N

0. A. 3aoninposcovkuii, B.A. binoyc, I.C. /lomnuu, B.1. Kosanenko, I.1O. Pocmoesa, I.I'. Tanytopa,
I'M. Toamauoea, M.I'. Iwmenxo, O.C. Kynpin

[IpoBeneno xommekcHe MoaudikyBauHs ctaii 25CrMoV, 1m0 BKIIIOYa€e a30TyBaHHS Y IUIa3Mi JBOCTYTIEHEBOTO
BaKyyMHO-AYTOBOTO pO3psiny, ocajkeHHs MeraneBoro migmapy (Mo, Cr abo Ti) i Bepxuporo mapy Mo,N-
NOKpHUTTS. JloCHiKEHHs CTPYKTYpH TOKa3ajH, 0 3aJIeKHO Bix MaTepiany i ToBmuHM migmapy (1,5...6 MkMm) Ha
MeXax po3AiLy MOXYTb (opmyBaTncs AedeKTH i po3liapyBaHHS, a 0e3 MeTaseBOro miamapy aedeKTH BiJCYTHI.
KoHnenrpanist a30Ty B KOMIUIEKCHO-MOJU(]IKOBaHMX Iapax 3aJieXHUTh BiJ| CKIAJy METaJEBOrO MiJumapy, aje He
BIUIMBA€E Ha 3arajibHy TIIMOMHY 3MilHEHOI a30TyBaHHAM ctaii ~ 160 MkM. TBepaicTh a30TOBAHOTO 1IApy CTAaHOBUTH
~12 I'Tla, a tBepmicte mokpurts Mo,N ~ 30 I'Tla. KagitamiiiHa CTiHKICTh KOMIUIEKCHO-MOJTU(IKOBaHOT cTai
25CrMoV 06e3 MeTaneBoro mamapy y 2 pa3u BHIIIA 3a CTajJb Y BUXIJHOMY CTaHi.
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