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Abstract

Wear resistance in oil and in conditions of dry friction, as well as resistance to cavitation-erosion destruction (CED) of sam-
ples made of steel 40Kh with a surface nanocrystalline and ultrafine grain structure formed by severe plastic deformation
(SPD) by mechanical-pulse treatment (MPT) and vibration-centrifugal hardening (VCH) were studied. At the same time, for
almost the same microhardness obtained by MPT, VCH forms a significantly greater thickness of the hardened layer, which
makes it possible to carry out finishing operations for high-precision parts. It is shown that nanostructures and UFGS on
steel 40Kh significantly reduced the friction coefficients of the test pair and its wear resistance under dry friction, as well as
in oil, compared with quenching and low tempering, which is especially manifested in an oil medium by more than 2 times.
It was conducted comparative studies of the stability of CED and revealed their correlation with wear resistance. At the
same time, the resistance to CED depends on the processing modes, which form favorable electrochemical characteristics
of the hardened surface layer.

Keywords Nanocrystalline structure - Ultrafine grain structure - Mechanical-pulse treatment - Vibration-centrifugal
hardening - Wear resistance - Cavitation-erosion destruction

Introduction is the most widespread method of NCS formation (Valiev

et al. 2016; Ensafi et al. 2017; He et al. 2015). This method

One of the main directions of modern materials science is
the development of methods for obtaining and studying the
properties of fine and nanocrystalline structures (NCS). SPD
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is used to form volumetric (Valiev et al. 2016; Ensafi et al.
2017; He et al. 2015; Zhao et al. 2018) and surface (Bagheri
et al. 2015) NCS. The formation of surface NCS is techno-
logically simpler and therefore more common. This method
is used to obtain NCS and UFGS. The technology of MPT
with high-speed friction as the generator of the SPD is
well-known (Nykyforchyn et al. 2014). It forms a surface
NCS, which increases surface microhardness, wear resist-
ance (Kyryliv 2012), fatigue (Kyryliv et al. 2018a) and con-
tact fatigue (Kyryliv et al. 2016). A well-known method of
forming UFGS is VCH (Kyryliv et al. 2018b). Its feature is
to apply significant forces to the surface through the balls
fixed in a special cage, which leads to an increase in the
contact stresses in the processing zone and, accordingly, to
an increase in depth (up to 6 mm) and microhardness of
the hardened surface layer. In particular, this treatment can
be used to strengthen high-precision cylindrical surfaces,
since the significant depth of hardening allows finishing
operations.
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The aim of the work is to carry out comparative studies of
wear resistance in oil and dry friction and resistance to CED
of steel 40Kh processed by those methods.

Materials and methods

The MPT of samples from steel 40Kh (0.4C-1Cr) for
research was carried out on a setup (Kalichak et al. 1989)
(Fig. 1a) under the following modes: the linear velocity of
a reinforced tool made of steel 40Kh—60 m/s, the rotation
frequency of the samples is 0.33 s™!, the longitudinal feed
of the tool along the sample is 1.9 x 10~ m/rad. Carry-
ing out MPT, mineral oil I-12A with the addition of low
molecular weight polyethylene was used as a technologi-
cal cooling medium (Kyryliv 1999). VCH (Kyryliv et al.
2018b) of samples from the same steel was carried out
on a special vibration-centrifugal hardening installation
(Fig. 1b) under the following modes: vibration amplitude
A =5 mm; vibration frequency f=24 Hz; working tool
mass m=4.5 kg (samples for the study of wear resistance),
7.5 kg (for corrosion and erosion tests); processing time
7=1680 s; eccentricity e =10 mm. A different mass of
the tool was chosen taking into account the fact that at
m=4.5 kg, we obtained the maximum microhardness of

Technological
environment

(liquid) supply

Direction of tool advance
along treated component

ball

\

sample A tool

—

Strengthe
tool

Treate
compor

Movement

the hardened layer (Kyryliv et al. , b), and at m=7.5 kg—
favorable electrochemical characteristics of the surface
material for corrosion-erosion studies (Kyryliv et al.
2019).

To determine the microhardness and depth of the hard-
ened layer of treated samples, PMT-3 microhardness tester
was used. Tests were carried out by indentation of a stand-
ard 136-degree Vickers diamond pyramid indenter with a
square base at a load of 0.1 kg. Microhardness was deter-
mined by the formula:

1854P
==

where P is the load and d is the diagonal of the square print.
The phase composition of the steel surface after hard-
ening treatments was investigated on a DRON-3 diffrac-
tometer—diffractograph in CuKa radiation (U =30 kV,
I=20 mA) with a step of 8.75x 10~* rad and exposure at
point 4 s. For those studies and CED samples were made
in the form of sectors with an arc length of 14 mm. Dif-
fraction patterns were processed using the CSD software
(Kraus and Nolze 1996). X-ray diffraction patterns were
identified using the JCPDS-ASTM file (Powder 1974).
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Fig. 1 Installations for MPT (a), VCH (b) and a schematic representation of the VCH process (c)
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The study of wear resistance was carried out according
to the ring-insert scheme on a MI-1 M friction machine.
Cylindrical annular samples were made of steel 40Kh
after normalization with an outer diameter of 75, a width
of 12 and a thickness of 6 mm and processed with VCH.
The study of wear resistance after MPT was carried out
on annular samples with a diameter of 75 and a width of
10 mm. To study the wear resistance, the rings were fixed
in a special mandrel. For study of effect of both treatments,
we used inserts made of high-strength cast iron VCh60
(3.3C-2.6Si-0.6Mn—0.3Ni-0.1Cr) with a load of 2 MPa.
Sample rings for the study of wear resistance were tested
after MPT without additional operations, and after VCH
and heat treatment, they were ground to the same rough-
ness as the samples after MPT (Ra=0.8 pm). Both types of
hardening were compared with samples after quenching and
tempering at 200 °C.

CED was investigated in tap water of medium hardness
(pH 6.3 ... 6.8, hardness 1.9 ... 2.05 mol/m?) by the mag-
netostrictive method according to the method (Nykyforchyn
et al. 2002) with the bottom arrangement of the samples. The
gap between the end of the magnetostrictor emitter and the
sample is 0.5 mm. Samples for cavitation tests were made
with rectangular dimensions 14 X 12 mm and a thickness
of 3 mm. Cavitation loads were created with an amplitude
of A=70 pm by a magnetostrictive transducer. Stabilized
CED rate and incubation period were taken as destruction
parameters.

Erosion losses were measured gravimetrically. The sam-
ples under study for cavitation erosion before and after tests
were washed in acetone, then in ethyl alcohol, after which
they were dried, and only after that they were weighed on an
analytical balance VLA-200 M (Kyryliv et al. 2019) with an
accuracy of +0.0001 g. Weighing of test samples for wear
resistance was carried out on the same balance.

Results and discussion

Metallographic studies of the cross section of the sample
after MPT in depth from the surface revealed a hardened
surface layer in the form of an un-etched area (so called
“white layer”) (Fig. 2a). It can be seen visually that the
dimensions of microhardness imprints in the hardened
layer were smaller than in the matrix material, which indi-
cates its high microhardness. The distribution of micro-
hardness Hp along the depth 8 from the surface (Fig. 3)
showed that it varied from a maximum value of about 9.4
on the surface to 2.2 GPa in the matrix material, which
was 4 times less. The thickness of the hardened layer was
about 150 um and corresponded to the thickness of the
non-etched area revealed by metallographic analysis. This
correspondence showed a high microhardness of the sur-
face layer obtained due to the fragmentation of the struc-
ture to nanosize.
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Fig.3 Microhardness of the hardened layers of steel 40Kh after vari-
ous treatments: 1-MPT; 2-VCH
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Fig.2 The microstructure of steel 40Kh after: a MPT surface layer, b VCH at depths 100 um, ¢ matrix structure after VCH at depth 6 mm

ilate ¢llodl ay .
e ) Springer



1088

Applied Nanoscience (2022) 12:1085-1090

After VCH, the microstructure is strongly fragmented
near the surface at a depth of 100 pm (Fig. 2b). The grains
are broken into separate blocks in some places unevenly.
At a depth of 1000 pm, the microstructure is similar, and
the grain size distribution decreases, apparently, due to a
more uniform distribution of deformation upon impact of
the balls’ surfaces, and smoothly passes to the initial matrix
structure (Fig. 2c). Under the optimal processing condi-
tions of VCH: m=4.5 kg; 7=1680 s, the obtained harden-
ing depth =6 mm and microhardness from 8.9 to 2.3 GPa
(Fig. 3). It is known that normalized steel 40Kh has a ferri-
tic-perlite structure, which has an a-phase and Fe;C. After
SPD of steel with the above treatments, we obtain only a fer-
ritic fine-crystalline structure, which is confirmed by X-ray
studies (Fig. 4). This is explained by the fact that during the
SPD, namely under the action of high pressure in the fric-
tion contact zone, the decomposition of cementite occurs
with the “extraction” of carbon at the grain boundaries. The
process of “extraction” carbon from the cementite lattice
is possible, because the binding energy of carbon atoms in
the cementite lattice is 0.064—0.067 aJ less than the binding
energy of dislocations with carbon atoms (0.128 aJ) (Gavri-
lyuk 2003). The kinetics of the “extraction” process is due
to the accelerated transfer by plastic deformation of carbon
atoms from cementite in the field of action of ferrite dislo-
cations (Firstov et al. 2006). Saturation of the boundaries
with impurity carbon atoms increases their local density,
increases the hardness of the material with NCS, and inhibits
recrystallization processes (Firstov et al. 2006). The grain
boundary distribution of carbon in armco-iron after MPT
with surface carbon saturation was also confirmed in (Nyky-
forchyn et al. 2014) analysis of Fisher concentration curves
obtained by layer-by-layer chemical analysis. After MPT, the
grain size on the surface is~ 60 nm and after VCH-190 nm.
The main increase in microhardness was obtained due to
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refinement of the structure, its high defectiveness (disloca-
tion density after MPT and VCH achieved 4.3 x 10'? cm ™
and 1.3x10'2 cm™2, respectively) and high stresses in the
lattice after MPT—0.036 and VCH-0.106%.

The wear resistance of friction pairs in the processing of
rings by two methods of hardening (Fig. 5, columns 1, 2) is
higher compared to their quenching and tempering at 200 °C
(Fig. 5, columns 3). The wear rate of friction pairs correlates
well with the coefficients of friction: friction pairs after MPT
have a low coefficient of friction—0.5, slightly higher—0.54
after VCH, and quenching with tempering at 200 °C is infe-
rior to MPT and VCH and is 0.62. The difference in wear
resistance of friction pairs after both treatments is insig-
nificant. So, in conditions of dry friction of high-precision
parts (below the accuracy class 9 ... 10) (ISO 2010 ISO 286-
2), VCH has an advantage over MPT due to the possibility
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Fig.5 Wear of friction pair steel 40Kh—VCh60 after various treat-
ments: (Blue square—ring; Green square—insert) and coefficient of
friction (Red square) after dry friction: I-MPT; 2-VCH; 3—quench-
ing with tempering at 200 °C
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Fig.4 The diffraction patterns of steel 40Kh after MPT (a) and VCH (b) at depths of 50 and 100 pm
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Fig.6 Wear of friction pair steel 40Kh—VCh60 after various treat-
ments: (Blue square—ring; Green square—insert) and coefficient of
friction (Red square) in AS-8 oil: 1-MPT; 2-VCH; 3—quenching with
tempering at 200 °C

of finishing operations, which ensures accuracy above the
specified tolerance range. It is expected that in oil the wear
resistance of all friction pairs will be higher (Fig. 6). Surface
hardening by these methods (Fig. 6, columns 1, 2) has more
than 2 times higher wear resistance compared to heat treat-
ment (Fig. 6, column 3), which is associated with a signifi-
cant reduction in the coefficient of friction to 0.06 and 0.07
for MPT and VCH, respectively (Fig. 6), which is typical
for nano- (Kyryliv 2012) and ultrafine grain (Kyryliv et al.
2018b) structures. The significant decrease in the friction
coefficient of nanostructured surfaces is explained (Buckleu
1981) by the change in the deposition of d-orbital electrons
on the metal bond due to the effect of SPD on the metal.
An increase in the interatomic interaction inside the metal
leads to its decrease on the surface. For nanostructures, this
is caused by high pressure during SPD treatment, which are
transformed into large lattice distortions, high dislocation
densities, and residual compressive stresses in the surface
layers. Lower coefficients of friction of hardened surfaces
in oil compared to dry friction reduce the temperature in
the frictional contact zone, thereby reducing the possible
destruction of the lubricating layer and the loss of its lubri-
cating ability. (Mikosyanchyk et al. 2019, Laber and Laber
2015). The increase in wear resistance is also associated
with the improvement of the micromechanical character-
istics of the surface layer after hardening (Holubets’ et al.
2019; Chen et al. 2020).

The characteristics of the CED-stability of steel 40Kh after
various technological processing methods differ significantly
(Fig. 7). According to the criterion of the stabilized CED
speed Wst (Fig. 7), the MPT and VCH turned out to be the
most effective at m="7.5 kg, r=1680 s and a test amplitude
of 70 um. Since CED is believed to arise by the micro-fatigue
mechanism, the presence of an inhomogeneous surface with
significant defects in the corrosive surface greatly facilitates
the destruction of the material. This is due to the relatively
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Fig.7 The dependence of the stabilized speed of CED on the ampli-
tude of testing 70 um of samples of steel 40Kh after various treat-
ments: 1—quenching with tempering at 200 °C; 2-VCH (m=7.5 kg,
7=1680s); 3-MPT

insignificant microhardness of the hardened layer in compari-
son with the depth of the CED effect (Fig. 7, column 1). So,
the MPT and VCH technologies increase the durability of
machine parts operating under CED conditions. More effec-
tive for VCH are modes that are characterized by a slightly
lower microhardness, but have a higher corrosion resistance.
An increase in the resistance of CED is also associated with
an increase in the polarization resistance of steel after MPT
(Nykyforchyn et al. 2002) and VCH (Kyryliv et al. 2019) to
14 and 9.6 kQ/cm?, respectively, and a shift in the corrosion
potential to positive values. The cavitation-erosion resistance
in terms of the stabilized CED rate increases 1.6 times com-
pared to the hardened and tempered at 200 °C (Fig. 7). MPT
under the same conditions provides an increase in resistance
to CED by 2.6 times.

Conclusions

1. The MPT technology provides the formation of a NCS,
and the VCH forms an UFGS. The microhardness of the
NCS is somewhat higher than that of UFGS.

2. After VCH, the depth of the hardened layer is much
greater, which makes it possible to carry out finishing
operations for high-precision parts.

3. Both methods provide high wear resistance and resist-
ance to CED in comparison with traditional heat treat-
ment, which is associated with high surface hardness,
reduced friction coefficients and favorable electrochemi-
cal characteristics.
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