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Abstract: The unit enables deposition of films on the surface of the desired product and
subsequent liquid-phase mixing of materials of the substrate by an intense pulse electron beam.
The article discusses features of the structure of the subsurface layer of high-speed steel ,
modified by surface alloying of a low-energy high-current electron beam, and its effect on the
wear resistance of the tool when dry cutting hard to machine Nickel alloy. A significant decrease
of intensity of wear of high-speed steel with combined treatment happens due to the
displacement of the zone of wear and decrease the radius of rounding of the cutting edge because
of changes in conditions of interaction with the material being treated.
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1 Introduction
It is well known that mechanical engineering is developing rapidly today. There is no industry
that is not related to mechanical engineering. One of the practical works on the development of
the industry is the signing of a Memorandum of understanding (cooperation) between the
Moscow state technological University “STANKIN” and the Bukhara Institute of Engineering
and technology.

Despite a year-by-year increasing usage of tools made of hard alloys, cutting ceramics
and super hard materials, the quantity of high-speed steels used in the production of metal-
machining tools is not decreasing at all [1,2]. Particularly, it comes to machining hard-to-
machine heat-resistant nickel alloys [3,4].
During machining such alloys, there occurs an emission of a large amount of heat, the
temperature level in the tool-workpiece contact zone rises drastically, which facilitates the
activation of adhesion and diffusion processes and intensifies the wear of work surfaces of the
tools [5–8]. It happens due to features of physical and mechanical properties thereof, as well as
its cutting conditions. As a result, using hard alloys as the tool material is not always possible,
and using conventional high-speed cutting tools is reasonable only at low cutting speeds [9–11].
Using modern high-speed steels with improved heat resistance obtained by powder metallurgy
methods partially solves the problem of treatment intensification; however, the introduction of
new construction materials with increased high-temperature strength inevitably imposes
additional requirements on the tool material [12,13].

Nowadays, tools made of high-speed steel with various wear-resistant precipitations
based on refractory metal nitrides obtained by physical matter deposition are widely used. These
precipitations have very high micro-hardness, low friction coefficient, and are inert to machined
material [14,15]. However, the practice of using coated high-speed cutting tools shows that the
efficiency of such tools for different cutting operations is not uniform. The successful
introduction of wear-resistant precipitations is impeded by the fact that, due to a great difference
in physical and mechanical properties of the substrate and the precipitation, there is often
observed an accelerated deterioration of work surfaces of the tools during plastic deformation of
the substrate under heavy loads [16–18]. This disadvantage may be dealt with by forming some
transition layer which may be obtained, e.g., by performing a thermochemical treatment
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preceding the application of a wear-resistant precipitation; particularly, the ion nitriding process
is used rather widely [19,20]. Such process is called a combined ion-plasma treatment. Its
application made it possible to increase the resistance of high-speed cutting tools by several
times as compared to PVD-coateds tools [21,22].

However, it should be noted that the iron nitrides forming in the process of ion nitriding
are not sufficiently thermostable, and, with the purpose to prevent the thermochemical
dissociation thereof, it is necessary to limit the temperature during application of a wear-resistant
precipitation. The thermal stability of the subsurface layer of the tool, immediately adjacent to
the precipitation, may be increased by additional surface alloying of nitride high-speed steel [23].

The process is based on the task of reliable integration of synthesized nitride compounds
of IV-V group metals and nitrogen, introduced in the steel during preliminary thermochemical
treatment, in the subsurface layer of the tool. The metal is applied as a precipitation, e.g., using
magnetron spraying. After that, an exothermic chemical reaction is initiated, which is conducted
under a thermal explosion by pulse heating the surface of the product [25–27]. In this article,
some interesting compositions, which may be used to obtain modified surface layers by the
method considered herein to increase the durability of tools made of relatively middle-alloyed
high-speed steel with average heat resistance, during longitudinal turning of heat-resistant
nickel alloy NiCr20TiAl, are discussed.
2 Materials and methods
Specially-designed replaceable cutting disk cutter (inserts) with different variants of combined
surface ion-plasma treat-ment were used in the capacity of the cutting tool during turning
operation (Fig. 1). The disk cutter were made of high- speed steel and subjected to standard salt
bath heat treatment.

The nitridation of machined and ground cutting disk cutter was performed using an APP-
type unit manufactured by MSTU “STANKIN” using a two-stage vacuum-arc gas discharge.
The treatment was conducted at a temperature of 500°C for 40 min, which helped create a
thermochemically hardened layer having a thickness of up to 50µm and a microhardness of up to
HV50=115 MPa, on the surface.

The finishing wear-resistant nATCRo3 precipitation with a microhardness of HV50=350
MPa was applied using a π311 unit manufactured by Platit. This precipitation represents a
combination of the adhesion layer of (CrTi)N composition, (TiAl)N gradient precipitation and a
multilayer nanocomposite (nc-AlTiCrN/a-Si3N4) precipitation.

Fig.1. Hardened disc cutters made of steel.
The two-phase layer of the precipitation with AlTiCrN grain size of up to 5 nm, at the boundary
of which a Si3N4 amorphous phase is located, suppresses the coagulation of grains of the basic
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phase during both the precipitation deposition and the tool operation. The interphase boundaries,
which are the zones of intense dissipation of energy, deflect the occurring cracks from the
direction of spreading, slowing them down partially or entirely [24–26].

Before applying the wear-resistant precipitation, some of the specimens were subjected to
subsurface layer alloying. The treatment was conducted in a RITM-SP Unit, which constitutes a
combination of a source of low-energy high-current electron beams (LEHCEB) “RITM”, and
two magnetron spraying systems on a single vacuum chamber. The unit enables deposition of
films on the surface of the desired product and subsequent liquid-phase mixing of materials of
the film and the substrate by an intense pulse electron beam [27]. The LEHCEB generation
includes the emission of electrons, the formation of the beam in a plasma-filled diode, and the
transportation thereof in a plasma channel [28-29]. The adoption of such generation scheme
makes it possible to obtain a beam having a microsecond duration (about 5µs) with a current
density of 105A/cm2, at an accelerating voltage of 15–30 kW [43]. At that, the area of one-time
treatment amounts to about 50 cm2.

A multiphase structure using alloying during exothermic reaction occurring between the
metal of the film and nitrogen was obtained by applying a thin layer of nitride-forming elements
(targets made of Zr and Nb70Hf22Ti8 alloy was used) on the surface of the tool before treating it
with an electron beam. In the capacity of donors of it, unstable iron nitrides of nitrided high-
speed steel were used.

The exterior layer is enriched with refractory nitride phases, which, due to an extremely
high rate of cooling, remain small and homogeneously distributed in the end product.

The depth of the subsurface layer, wherein a modified steel structure is obtained, amounts
to 2–10 µm, depending on the alloying composition.
3 Results and discussions
Figure 2a shows the effect of a series of LEHCEB pulses with an energy density of 4.5 J/cm2 and
a duration of 5µs on the surface of nitride specimen made of steel. The thermal effect of the
electron beam is sufficient for the upper layer of metal to not only melt but also to begin actively
evaporate, exposing the carbide constituent. The LEHCEB-irradiation causes a dissociation of
iron nitrides, particularly of the Ɛ-phase; a large quantity of retained austenite forms on the
surface (Fig. 3b).

After applying a thin film (in this case Zr) having a thickness of about 0.2 mm on the
specimens using a magnetron sprayer, and subsequent exposure to electron beam, it is possible to
initiate exothermic chemical reactions of nitride phase formation. Due to the formation of the
refractory nitride filmon the surface, the evaporation of metal significantly reduces, and the
structure becomes finely dispersed (Fig. 2b). The formation of nitride phase is confirmed by the
data of X-ray diffraction analysis (Fig.3c). It should be noted that in the latter case, the content of
retained austenite in the subsurface layer is significantly lower.
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a b
Fig.2. (a) Structure of nitride high-speed M2 steel surface after exposure to LEHCEB, (b) The
same, after electron-beam zirconium-alloying.

Fig.3. (a) Diffraction pattern (CoKα) of nitride M2 steel specimen surface, (b) the same, after
exposure to LEHCEB, (c) the same, after applying Zr precipitation on the surface before
irradiation.

At the same time, in our case, we are dealing with strain-hardening, caused by passing of
an elastic wave, generated during pulse electron-beam exposure. However, due to a short
duration of the process and to thermal inertia, the heating caused by compression and internal
friction, most probably shall not be the physical factor which determines the behavior of the
material in such conditions. In this case, the key role should be played by mechanical activation
of high-rate physical and chemical processes, which inevitably take place both in liquid and solid
phases. The appearance of the melt causes a drastic increase of the interphase surface and an
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increase in the rate of reaction of nitride formation, due to additional release of energy during the
exothermic reaction.

Multiple initiations of the process hardly alter the initial microstructure. Typically, a
series of five or six LEHCEB pulses is enough for the microalloying process to occur all the
way through.

The distribution of zirconium near the surface is shown in Figure 4b. As is seen from this
figure, Zr is only found in the subsurface layer with a thickness of about 2 µm. But the thickness
of zone of influence of electron-beam treatment is 5–7µm (Fig. 4a). High-supplied energy
intensity and short interaction time make it possible to expect the formation of quickly hardened
layers with more uniform and finely disperse structure and improvement of performance
characteristics of the subsurface layer due to the secondary hardening with the formation of the
martensite-carbide structure with high hardness.

a b
Fig.4. Zirconium nitride modified subsurface layer of high-speed M2 steel. (a) SEM-image of
the etched specimen, (b) map of the distribution of zirconium in the specimen.
Also, during the subsequent application of the wear-resistant precipitation, the tool is subjected
to at least two hours of tempering at a temperature of 500 °C, which reduces the content of
retained austenite in the modified layer and facilitates residual stress relieving. A similar picture
may be observed when irradiating a thin film of niobium-hafnium alloy, applied on the surface
of the metal.

The conducted studies on wearing of the disk cutter made of steel have shown that the
electron-beam alloying combined with the application of wear-resistant precipitation may
significantly influence the tool wearing process.

In case of a coated tool not subjected to microalloying, after exposure of the substrate, the
friction conditions along the back surface are progressively similar to those, which are
characteristic of an uncoated tool. In case of a tool subjected to a combined treatment, the
modified layer continues to perform its protective functions even after the breach of the
precipitation, which is reflected in the tool wear pattern. The combined treatment notably
suppresses the formation of a worn crater on the front surface.

At that, it should be noted that microalloying the steel with niobium-hafnium alloy
produced a greater effect than microalloying it with zirconium. It confirms the fact that, in our
case, the hardening of steel is mostly achieved due to the alloying of the surface layer,
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particularly, with niobium and hafnium nitrides, but not only due to the pulsing surface electron-
beam hardening of the tool made of high-speed steel.

It should be noted that the tool treatment time in case of surface alloying amounts to
about 15min, without considering the vacuum degassing of the work chamber. It determines the
low costs of the process and enables a full loading of middle-sized industrial machines for
application of wear-resistant precipitations with working cycle duration of 5–6 h using one
surface alloying unit.
4 Conclusions
– The experimental results indicate the possibility of obtaining on the surface of the high-speed
steel tool of the layers, modified by surface alloying. Such layers were obtained, thanks to the
initiation of exothermic chemical reactions between substrate and deposited on it a thin film. In
the reaction products was revealed the formation of new phase constituents.
– The formation of a structure in the near-surface layer of material is largely due to a pulsed
nature of exposure in a microsecond range. Here, the key factors of the surface
alloying process shall be represented by the energy of the electron beam, dependent on the
accelerating voltage, and the thickness of the thin film applied on the surface of the object. The
dependence of the thickness of a modified layer on accelerating voltage has a clear extremal
character. Irradiation with insufficient energy in the beam cannot initiate a process, while the
excess thereof results in evaporation of most of the film. The treatment should be performed in
such a way that the thickness of precipitation would amount to approximately one half of depth
of penetration of electrons in the substrate material, i.e., in our case, about 250 nm.
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