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Abstract. The paper presents a series of experimental results for assessing the effect of duplex vacuum-plasma
processing as sequential ion nitriding and coating (Nb—Ti-Al-V) N on the characteristics of the surface layer and
the wear rate of complex profile tools as herringbone broaches and gear-shaping cutters from high-speed steels
powder during machining a heat-resistant nickel-based alloy. The rational duplex processing modes for each
type of multi-profile cutting tool under investigation were established. Tests of the tool after duplex processing
under conditions close to those encountered in production showed an increase in the operational durability of
herringbone broaches and gear-shaping cutters up to two times in comparison with the original tool.

Keywords: Ion nitriding / coating / herringbone broach / gear-shaping cutter / operational durability /

cutting tool / wear
1 Introduction

The production practice shows that the quality, accuracy,
productivity, and cost of manufacturing of engineering
products primarily depend on properties of used metal-
working tool. Even with the use of the most advanced
machine tool equipment, it is impossible to achieve high
technical and economic indicators of the machining process
with inadequate quality of metalworking tools. A metal-
working tool is a particular object of machining technology.
A variety of operating conditions cause various types of
damage and failures of the technological system, and the
tool wear rate is much higher than the wear rate of parts
and components of machines. Therefore, the operability of
the technological system as a whole primarily depends on
the quality of the used metalworking tool.

As a confirmation of the issues mentioned above, it is
possible to give an expert assessment that in the
metalworking industry at least 60% of the total number
of defective parts is caused by the insufficient quality of the
tool. In this case, the cost of metalworking tools can be up
to 50% of the total cost of machining parts. First of all, this
refers to those machining operations where used metal-
working tools as broaches, hob cutters, and gear-shaping
cutters. These tools are specialized and use to perform the
most labor-intensive technological operations, mainly in
aircraft engineering when processing the herringbone type
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joint broaches in the turbine discs for attaching blades to
them, when processing the gear-shaping cutters splined
connections of turbine rotors with the compressor rotor or
gearbox shaft, as well as other responsible operations [1-4].
Despite the rapid spread of precast carbide tools in the
industry, high-speed steels are still a significant amount.
They are widely used in the manufacture of complex
metalworking tools. Developments toward the replacement
of the traditional operations of forming geometrically
complex surfaces of parts of aircraft engines to alternative
processes, for example, advanced electrical discharge
machining or additive technologies as layer-by-layer
synthesis and others are still at the stage of industrial
testing and single production. Thus, the leading role of
metalworking tools today is difficult to overestimate.
Requirements for the quality of tools increase when it
comes to the manufacture of parts from heat-resistant and
hard-to-machine steels and alloys, which are mainly used in
the aviation industry due to their high performance. At the
same time, along with increased performance, the parts
made of these materials are characterized by poor
workability, which is associated with their high hardness
or strength, low thermal conductivity, and others. In such
circumstances, the metalworking tool must have a whole
complex of sometimes contradictory physical and mechan-
ical properties as high hardness, durability, heat resistance,
low affinity with the processed material, and others.
Today the universal tool materials which could provide
high operational indicators of tools at the wvarious
characters of conditions of their operation are not created
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yet, and the opportunities of the tool materials used in
mechanical engineering are in many respects exhausted.
Tool materials specialized for certain working conditions
have different physical and mechanical properties. Since
the creation of new material is an extremely expensive
process, stretching for decades, the use of technologies
related to the improvement of the properties of the surface
layers of metalworking tools made of traditional materials
is actively used around the world. The most widespread
among them are the technologies of applying thin vacuum-
plasma coatings. When it is necessary to apply coatings on
a tool made of high-speed steel, the most suitable and
universal is the cathode arc deposition process (Arc-PVD
process), which has high performance, excellent reproduc-
ibility and is implemented at temperatures not exceeding
600°C [5-10].

For the tools of high-speed steels, the main effect of the
coating is to increase the hardness of the cutting tool
contact pads and reduce their adhesive interaction with the
processed material. As a result, the functional and physical
parameters of the machining process are transformed: chip
formation, contact, and thermal processes, as well as wear
of the tool work flanks. The consequences of these changes
are as follows:

— Firstly, an increase in the dimensional stability of the
cutting tool, which leads to more cost-effective use of tool
materials;

— Secondly, it is the displacement of the permissible cutting
speeds for this tool material in the region of higher values,
which provides an increase in processing productivity;

— And thirdly, a decrease in roughness and an increase in
the accuracy of the machined parts. The latter is
especially important when it comes to finishing machin-
ing operations, such as stretching. Another effect that
can be achieved by coating is minimizing the amount of
used cutting fluid, and, in some cases, eliminating its use,
that is implementing environmentally friendly machin-
ing technologies [11-16].

Despite all the undeniable advantages of vacuum plasma
coatings, in practice, it is often possible to observe their
rapid destruction due to plastic deformation of the high-
speed base under the influence of complex loads arising
during the cutting process. For example, during milling
when the tool is subjected to cyclic loads or during
stretching when it is difficult to remove chips from the
cutting zone and therefore appears increased thermal
loads. In some works [17,18], it is shown that in most cases
the destruction of the “coating — high-speed base” begins
with the plastic deformation of the high-speed base under
the coating. Also, due to the large difference in the
properties of the hard coating and high-speed steel on the
boundary of their contact, high stresses are formed, which
contribute to poor adhesion of coatings and rapid
destruction. Thus, the load resistance in the system
“coating — high-speed base” largely depends on the
properties of the substrate. It is clear that the formation
of a transition layer on the surface of a high-speed tool,
which has high hardness and heat resistance, will increase
the tool’s resistance to loads. The creation of such a layer
followed by the application of a harder coating is one of the

options for duplex surface treatment, which has become
quite common in engineering. For example, in the works of
some authors, before coating the tool of high-speed steel is
proposed to form a transition layer by ion implantation or
laser treatment. The authors note a significant increase in
tool life with duplex treatment compared with coated tools
[19-25].

However, the most promising and cost-effective is the
technology of duplex surface treatment of cutting tools of
high-speed steels when the formation of the transition layer
by ion nitriding and subsequent application of the wear-
resistant coating are performed in a single technological
cycle [26-34]. Scientists of MSTU “STANKIN” have
repeatedly shown the effectiveness of this approach on
the example of turning, milling, and drilling of various
structural steels with a tool of high-speed steel type HS6-5-2.
For example, the resistance of end mills in the processing
of structural steel type 41Crd due to the formation of a
nitrided layer before coating (Ti, Al) N was increased by
two times compared with the tool C (Ti, Al) N and up to five
times compared with the uncoated cutters. The effect of
increasing the resistance after duplex treatment is especially
manifested as the cutting speed increases. Advanced results
were obtained when operating experimental samples of
nitrided high-speed tools with a coating (Nb-Ti-Al-V) N
[35-39].

Naturally, the specific operating conditions of the tool
require the creation of a coated nitrided layer with the
development of specific structural components, a certain
thickness and microhardness, which ultimately will deter-
mine the performance of the tool in the cutting process. The
method of production as casting or powder metallurgy and
the composition of high-speed steel, which is subjected to
duplex treatment, is critical. The optimal composition of
the nitrided layer for different high-speed can be very
different [40-45].

The role of the nitrided layer is crucial in duplex
vacuum plasma treatment of metalworking tools since
this layer is responsible for the strength of the adhesive
bond between the coating and high-speed steel. It is the
fundamental basis for the successful operation of
the coating and the tool as a whole in the process of
operation.

Within the limits of this work, there were investigated
some of the most complex processes of shaping, common in
aircraft engineering:

— Treatment of herringbone type joint by broaches of high-
speed steel in turbine discs of heat-resistant alloys, to
which the blades are attached (Fig. 1a);

— Treatment of involute non-through splines in the inner
hole of parts of the “bushing” type of heat-resistant alloy
(Fig. 1b), which are used to connect various turbine
parts, by gear-shaping cutters of high-speed steel.

The purpose of this work was the experimental study of the
duplex vacuum-plasma treatment effect, including sequen-
tial ion nitriding under various conditions and applying a
composite coating (Nb-Ti-Al-V) N on the characteristics
of the surface layer and the wear rate of herringbone
broaches and gear-shaping cutters made of powder high-
speed steels in the processing of heat-resistant nickel alloy.
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Fig. 1. Complex profile surfaces of critical parts of aircraft
engines, which were the subject of research of this work:
(a) herringbone type joint in turbine disks of heat-resistant
alloy; (b) involute non-through splines in the inner hole of the
“bushing” type part of the heat-resistant alloy.

At the same time, the cutting tool and its operating
conditions were as close as possible to the real production
ones. In the final part of the research, the authors solved the
problem of quantitative assessment of the effect of the
proposed duplex machining on the durability of complex
profile tools from high-speed steels.

The scientific novelty of the work is in the nitriding and
coating of the cutting tools simultaneously during one
technological cycle in the developed vacuum chamber,
which reduces the main and auxiliary process timing and
excludes the necessity of multiple rebasing of tools. It can
have a positive influence on operational properties of the
treated cutting tools and, as a consequence, on accuracy
characteristics of the machined parts. The developed
technology of duplex vacuum-plasma treatment has no
analog in the modern industry. In addition, the work was
performed for two types of cutting tools with the
sophisticated and splined geometrical working profile as
broaches for herringbone type joints and gear-shaping

cutters from high-speed steels by powder metallurgy. The
rational modes were defined for each of the tool types
according to the data of the experiments in the conditions
of the real production. There are plenty of the researches
related to more traditional tool material as HS6-5-2 by
DIN, but there are almost no experimental data for the
promising materials produced by advanced technologies
with better performance properties as materials presented
in the current work.

The practical significance of the work in the develop-
ment of the technology and machine for duplex technology,
which increases the dimensional stability of the cutting
tool, increase the productivity of processing due to the
possibility of using higher rational cutting modes, decrease
the final roughness, and increase the accuracy of the
machined parts. It should be noted that nitriding usually
produces in a glow discharge when in the current work it is
performed in a vacuum arc discharge, and the obtained
layers are even thicker than for nitriding in a glow
discharge.

2 Materials, original technological equipment,
experimental, and instrument base

2.1 Cutting tools and work material

Two types of cutting tools were used in experimental
studies:

— Broaches for herringbone type joints with the number of
the teeth z=27-34, the front angle y = 6°-8° and a back
angle o = 3°-5° (Fig. 2a).

— Gear-shaping cutters with diameter d=80mm, module
m =2, the number of the teeth z=38 and back angle
o =20° (Fig. 2b).

The elemental composition of high-speed steels, from which
the tools were made, is given in Table 1.

A heat-resistant nickel-based alloy, which is widespread
in the aviation industry, was used as a material to be
processed for the operational tests. The elemental
composition of the alloy is shown in Table 2.

2.2 Technological equipment and process of duplex
vacuum-plasma treatment of tools

Immediately before loading the tool into the vacuum
plasma unit chamber, ultrasonic complex cleaning was
carried out at a temperature of 600°C in an aqueous
solution of alkalis for 10min to remove fat and oil
contamination from the surface of the samples. Then the
samples were washed in particular solutions and dried at a
temperature of 1500°C to remove moisture from the
surface and effectively prevent oxidation.

Duplex vacuum-plasma treatment of high-speed tools
was carried out in a multifunctional automated techno-
logical unit. A general view of the unit is shown in
Figure 3a and its fundamental internal structure is
shown in Figure 3b. The equipment is based on the
classic Arc-PVD process, while it is originally structurally
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Fig. 2. Design of cutting tools for experimental studies: (a) a set of broaches for treatment of herringbone type joint; (b) a set of

gear-shaping cutters.

Table 1. The chemical composition of high-speed steels used in experiments.

Cutting tool

The elemental composition of the cutting tool material, % of the mass

Fe C Cr

Mo W

V. Co Si,Mn,Ni,S;P  Remark

Broach for herringbone type joint Base 2.5 4.0 3.0

Gear-shaping cutter Base

120 6.5 5.0
1.1 40 7.0 6.5

No more than 1.6 Powder metallurgy
2.5 10.5 No more than 1.6 Powder metallurgy

Table 2. The chemical composition of the nickel-based heat-resistant alloy (material to be processed).

The elemental composition of the part material, % of the mass

Ni C Cr Co
Base 0.066 10.0 16.5
w Nb Hf Si
5.5 2.5 0.4 0.5

Mo Al Ti
3.5 5.0 2.0
Mn Fe Other elements

0.5 0.5 No more than 11.5

executed and differs from similar equipment. All stages of
the technological process of duplex machining high-speed
tools occur sequentially in a vacuum chamber. The
equipment contains a target that acts as a cathode
evaporating by the cathode spots of a vacuum arc [46—48].
The design of the machine provides four vacuum arc
evaporators with electrodes arranged staggered on the
walls of the vacuum chamber to ensure uniform deposition
of the coating on the tool samples.

One of the electrodes must operate in the anode mode
and be installed opposite one of the cathodes. Between
the cathode and the anode, original devices in the form of
butterfly valves are installed. They conditionally divide
the vacuum chamber into two parts. On the left side
from the butterfly valves, the chamber is filled with a
plasma consisting of metal particles and gas. On the
right side, the chamber is filled with gas plasma.
Butterfly valves do not let the micro-drops, neutral
atoms, and metal ions emitted by cathode spots on the

surface of the target pass. Only electrons penetrate
through butterfly valves, ionize the gas supplied to the
vacuum chamber on the way to the anode. A gas plasma
that does not contain formed metal particles due to this
technical solution.

The cutting tool placed on the planetary rotation
device was heated by electrons when a positive potential
was applied to it. It was an essential step since, in the
case of insufficient heating, a low-quality coating is
formed. When a negative potential was applied to the
cutting tool and neutral gas as argon or helium was
supplied to the chamber, ion etching of the tool surface
was carried out. In the case when the reaction gas as
nitrogen was supplied to the chamber, nitriding by gas
ions occurred.

When the butterfly valves rotated, the metal particles
from which the targets were made accelerated to the tool
surface, interacted with it, and in the presence of the
reaction gas, the nitride coating was deposited.
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Fig. 3. Technological unit for duplex machining of high-speed
tools: (a) general view; (b) schematic diagram.

The high-speed tool in the process of duplex treatment
was placed on the planetary substrate holder and during
the entire technological cycle performed the planetary
rotation.

Summarizing the above principles, the technological
process of duplex treatment using the equipment described
above included the following steps:

— Heating of high-speed tools by electrons;

— Etching of the surface layer with ions of argon or helium,;
— Nitriding of the surface layer with nitrogen ions;

— Formation of the wear-resistant coating (Nb-Ti-Al-V) N.

Analysis of the results of studies that were previously
obtained by the authors and some scientists involved in
duplex treatment allows making an important conclusion.
During nitriding of high-speed steels with nitrogen ions, the
composition of the gaseous medium has a priority effect on
the structure of the nitrided layer, in particular on the
formation of €, ¥', and a-phases. The holding time and the
temperature of the process have a priority effect on the
thickness and microhardness of the layer formed during
nitriding with nitrogen ions. Table 3 provides information
on the modes of nitriding with nitrogen ions, which have
been comprehensively studied in this work.

It should be noted that the pressure of the gas medium
during the nitriding experiments was constant and
maintained at 0.5 Pa. It is because the pressure range at
which there is a stable vacuum arc discharge is relatively
narrow, and this parameter has been well studied by the
authors in previous works.

During the experiments, we deliberately did not study
the process of formation of the nitrided layer in the medium
of 100% and 80% nitrogen, since it was previously
established that in this case a continuous layer consisting
of a highly solid and simultaneously fragile e-phase (Fe;N)
up to 5 um thick is formed on the surface. The formation of
this phase minimizes the effect of duplex treatment of high-
speed tools, as the coating applied to a very fragile surface
layer has poor adhesion. The authors obtained these results
for steel HS6-5-2. However, it is evident that for previously
unexplored steels, which are the subject of this work, these
conclusions will be valid.

When coating the nitrided samples in the vacuum
chamber of the unit, four cathodes were provided: three
alloy composite cathodes (Nb-Ti-Al-V) and one cathode
made of titanium, which was used as a source of electrons.
The chemical composition of composite cathodes by weight
was: Nb — 55%, Ti — 32%, Al — 8%, and V — 5%. During
coating, the modes were preliminarily optimized by the
authors and were constant during all experiments. Table 4
summarizes some experimental data. Based on the
evaluation of the adhesion of coatings applied under
different conditions, their microhardness and other
standard indicators were chosen: a rational bias voltage
of 220 V; rational arc current at the cathode (Nb-Ti-Al-V)
of 70 A, at the titanium cathode of 80 A; and rational
pressure in the vacuum chamber of 0.45 Pa. Under these
conditions, the temperature of the coating process was
450°C-470°C, and the ion current density was 0.5 A /mm?.

2.3 Metallographic and physical studies

Preparation of metallographic sections of samples of high-
speed steels was carried out on the equipment of Struers
ApS (Copenhagen, Denmark). For this purpose were used a
cutting machine, an automatic hydraulic press, devices
for polishing, and grinding for microsections. Particular
samples of 20 x 20 mm square shape were made for research.

The manufacture of thin sections intended for metallo-
graphic studies was carried out according to the standard
method — samples were poured with acrylic plastic in metal
form, after which the allowance was removed to the desired
section on a surface grinding machine with sufficient



6 V. Kuzin et al.: Mechanics & Industry 19, 704 (2018)

Table 3. Nitriding modes of high-speed steels by nitrogen ions.

Nitriding mode

Ranges of variation and mode values

The composition of the gas environment (nitrogen/argon) (% at.)

Holding time during nitriding, min
Nitriding process temperature (°C)

60/40 40/60 20/80
30 45 60
450 480 510

Table 4. Coating modes of (Nb-Ti—Al-V) N on high-speed steels.

No. of Process parameters Coating characteristics
experiment

Arc current Bias Nitrogen Duration of Microhardness  Thickness

(Nb-Ti-Al-V) (A)  voltage (V)  pressure (Pa) the process (min) (Gpa) (um)
1 70 220 0.25 60 20.5 4.3-4.5
2 70 220 0.35 60 23.0 4.3-4.5
3 70 220 0.45 60 27.5 4.2-4.3
4 80 210 0.25 60 21.5 4.4-4.6
5 80 210 0.35 60 22.5 4.4-4.7
6 80 210 0.45 60 25.9 4.4-4.7
7 90 210 0.25 60 21.0 4.5-4.8
8 90 200 0.35 60 20.6 4.5-4.8
9 90 200 0.45 60 24.0 4.4-4.8

cooling. The polishing of the samples was carried out using
diamond paste with a grain size of 2/1 and 1,/100, applied
on thick paper.

The study of the structure and determination of the
thickness of the nitrided layer was carried out by chemical
etching with a solution of ferric chloride in ethyl alcohol with
the addition of hydrochloric acid. For preventing distortion
of the studied structures during etching, the etched sections
were washed by free immersion in ethyl alcohol with
subsequent air-drying. Measurement of microhardness,
structure photographing, as well as measurement of the
thickness of the nitrided layer and coatings were carried out
on the transverse microsections on the device Polyvar Met
(AO Reichert, Vienna, Austria). The distribution of
chemical elements on the surface of samples with duplex
treatment was studied using a scanning electron microscope
Vega3 LMH (Tescan, Brno, The Czech Republic).

X-ray diffraction analysis of the nitrided layer was
performed on an Empyrean P ANalytical automated diffrac-
tometer (Malvern Panalytical Ltd, Malvern, UK). A survey
of nitrided samples was carried out using CuKa radiation.
Obtaining information on the phase composition of the
ultrafine nitrided surface layer of the order of 5-8 um,
required a survey, applied when the angle of incidence of the
X-ray beam relative to the surface under study was about 5°
as it calls examination in sliding geometry.

2.4 Performance testing of cutting tools
2.4.1 Stretching of herringbone type joint
The tests of broaches were carried out on vertical-

broaching machine Kurt Hoffmann (Hoffmann Raum-
technik GmbH, Pforzheim, Germany) with a hydraulic

drive RASX 25 when processing herringbone type joint
in the turbine disc of the heat-resistant alloy. The wear
on the rear surface was taken for the criterion of failure
or loss of the working condition of the broaches. The
maximum value of the criterion was defined as 200 um.
As shown by earlier studies, after reaching this value, the
quality of the surface layer deteriorates significantly.
Deterioration in the quality of the processed spline can
lead to the loss of an expensive turbine disc.

Preliminary and final profile broaches were tested at a
cutting speed of 3m/min. Pre-slitting broaches worked
with the rise of S,= 0.07 mm per tooth, and the final profile
with a feed per tooth of 0.015-0.02 mm/tooth.

2.4.2 Slotting blind splines

The gear-shaping cutter tests were conducted on a gear-
shaping machine Liebherr (Liebherr GmbH, Biberach-
Riss, Germany) by slotting blind splines to a depth of
75mm. The criterion of blunting of the gear-shaping
cutter was tool wear on the rear surface. Traditionally,
the value of the wear criterion is determined depending
on the cutter module and the type of treatment (rough or
finish). In the present work, the criterion of failure (loss
of working condition) of gear-shaping cutters was taken
the wear on the rear surface, the maximum value of
which is 300 pum.

The tests of gear-shaping cutters were carried out at the
following modes: the depth of cut was 0.75 mm; the number
of double strokes of the cutter per minute was 30 min~'; the
radial feed was 0.03 mm/double-stroke; and the circular
feed was 0.121 mm/double-stroke. The water-based emul-
sion was used as a lubricant-cooling medium.
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Table 5. The effect of temperature and composition of the gas medium on the thickness and microhardness of the
nitrided layer of high-speed steel of the broaches for herringbone type joint at holding time for nitriding with nitrogen ions

of 45 min.
Nitriding mode The thickness of the nitrided layer Maximum
icrohard GP
Process The ratio of gases Productive Total microhardness (GPa)
temperature  during nitriding (nitrogen/argon)  thickness (um) thickness (um)
450°C 20% Ny/80% Ar 40 140-150 11.2
40% N»/60% Ar 25-30 100 11.8
60% N,/40% Ar 10-15 70-80 12.2
480°C 20% N»/80% Ar 55 175-190 12.0
40% N,/60% Ar 3040 140-150 12.6
60% N,/40% Ar 20 110-120 13.1
510°C 20% N,/80% Ar 85 300-320 12.9
40% N,/60% Ar 60-70 250-270 13.5
60% N,/40% Ar 50 180 14.0
3 Results of experimental studies 14
s 134 60% Ny +40% Ar
3.1 Effect of nitriding on the characteristics | AR 0%y
of the surface layer of high-speed steels g » w
2 1l
c
In the study of the surface properties of the high-speed tool § 10{-——-—-=--—==== = —
after nitriding with nitrogen ions, the authors divided the § o1
nitrided layer thickness into two components following § gl
generally accepted classification: -
— Productive thickness is the thickness of the layer with the ' ; ' ' '
maximum microhardness, which is the distance from the 0 50 100 150 200 250

surface of the sample to the area with a hardness
corresponding to the value of 11.0 GPa.

— Total thickness is the thickness of the layer, which is the
distance from the surface of the sample to the area with a
hardness corresponding to the initial hardness of high-
speed steel. For high-speed steels, of which complex-
profile tools were made, the initial hardness on the
surface was 10 GPa for bounds and 9.8 GPa for gear-
shaping cutters.

3.1.1 Characteristics of the surface layer of broaches
after nitriding

Table 5 presents the experimental data on the effect of
temperature and composition of the gas medium on the
thickness and microhardness of the nitrided layer of high-
speed steel. It is seen that the increase in the percentage of
argon in nitrogen—argon gas media significantly increases
the surface hardness, but it leads to some decrease in the
maximum surface hardness. Conversely, with an increase
in the percentage of nitrogen, there is a decrease in the
thickness of the layer formed during nitriding: both the
productive and the total thickness decreases. At the same
time, the hardness of the surface layer increases. For
example, when nitriding at a temperature of 450 °C and the
holding time of 45 min, an increase in the percentage of
nitrogen from 20% to 60% leads to a decrease in the

Depth of nitrided layer, um

Fig. 4. The surface nitrided layer microhardness distribution for
high-speed steel of the broaches for herringbone type joint at
holding time for nitriding with nitrogen ions of 45 min.

productive thickness from 40 to 10-15 um, and the total
thickness from 140-150 to 70-80 um. In this case, the
hardness increases from 11.2 to 12.2 GPa. This trend
persists over the entire range of the investigated temper-
atures of the nitriding process. As for the process
temperature and its influence on the characteristics of
the nitride layer, an increase in temperature by 60 °C (from
450 to 510°C) increases the productive and total thickness
of the nitrided layer up to two times was detected (Tab. 5).
The surface hardness is increased by 1.5 GPa. Further
increase in temperature is dangerous, as it can cause the
tempering of thin surface layers of high-speed steel.

It may seem that the increase in hardness by 1-1.5 GPa
is insignificant. However, for high-speed steels, 1 GPa is
about 10% of the initial hardness.

Figure 4 shows the characteristic curves of the hardness
distribution over the depth of the nitrided layer of high-
speed steel, from which the broach for herringbone type
joint was made. The presented dependencies are typical for
diffusion processes. On the surface of the samples the
hardness is maximum, and then gradually decreases to the
hardness of the original high-speed steel.
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Table 6. The effect of the holding time during nitriding on the layer thickness and the maximum microhardness of
surface layer of high-speed steel of broaches for herringbone type joint at process temperature of 480 °C and gas ratio of

40% Ny +60% Ar.

Holding time at Productive thickness

Total thickness Maximum microhardness

nitriding, min. (pm) (pm) (GPa)
30 25 100 12.0
45 30-40 140-150 12.6
60 50 280-300 12.9

Table 7. X-ray structural analysis of the phase composition of the surface layer of high-speed steel of the broaches for
herringbone type joint after nitriding with different gas ratios, at nitriding temperature of 480 °C and holding time of 45 min.

Phase composition

Volume fraction of phase (%) in nitrided layer

20% Ny + 80% Ar

40% Ny + 60% Ar 60% Ny + 40% Ar

Radiation used: CuKa (shooting in sliding geometry)
FGQN -
15.8

MooN

Fe3(W,Mo)3(C,N) 36.0
Fea(C,N) 48.2
Radiation used: CuKa

Fe,N _
Mo,N 1.7
Fe3(W,Mo)3(C,N) 6.1
Fea(C,N) 92.2

- 24.6
14.2 10.5
29.3 214
56.5 43.5
- 6.4
2.9 3.9
6.6 8.0
90.5 81.7

The effect of the holding time on the thickness and
maximum microhardness of the surface layer of high-speed
steel during nitriding is shown in Table 6. Increasing the
nitriding time twice (from 30 to 60 min) leads to a two-fold
increase in thickness, while the microhardness increases by
less than 1 GPa. As shown by earlier studies, an increase in
the holding time of more than 60 min is impractical, since
the main processes of diffusion saturation of high-speed
steels occur in this particular time range and are further
slowed down. Also, a further increase in the holding time
can lead to an increase in the radius of the cutting edge due
to excessive etching.

Table 7 presents the data of X-ray diffraction analysis
of the surface layer. It can be seen that in the surface layer
of samples nitrided in a medium containing 60% nitrogen
there is an e-phase. It is not firm, because when shooting in
sliding geometry (at a depth of 5-8 um) the Fe,N phase is
about 25%. The remaining phase components that were
detected on the diffractometer are Mo,N, Fe3(W, Mo)3(C, N),
and Fea (C, N). Further reduction of nitrogen in the gas
environment blocks the formation of highly undesirable
nitrides FeoN and increases the amount of Fea (C, N) solid
nitrogen solution in martensite. For example, at a gas ratio of
20% N,/80% Ar, the percentage of this phase in the surface
layer exceeds 90%.

The patterns described above and the data of X-ray
structural analysis are in good agreement with the optical
photographs of the microstructure of nitrided samples

shown in Figure 5. The dark etched layer approximately
corresponds to the productive thickness of the nitrided
layer. The wide transition zone that follows the dark zone
(total thickness of the nitrided layer), where the hardness
remains increased due to the presence of nitrogen in the
a-solid solution, is etched almost the same as the non-
nitrided high-speed substrate, but visually there are
specific differences.

3.1.2 Characteristics of the surface layer of gear-shaping
cutters after nitriding

Because of nitrogen diffusion, chemical compounds with
iron and alloying elements are formed in the surface layer of
tool steels. It is evident that the chemical composition of
the steel influences the course of diffusion processes of
saturation of the surface layer of the tool with nitrogen
ions. At the same time, as practice shows, the mechanism of
diffusion processes of nitriding for all high-speed steels is
almost the same, but the characteristics of the formed
layers during nitriding for different steels are significantly
different.

There is no need to repeat the description of the patterns
already given above for the high-speed steel of the broaches.
For the gear-shaping cutter tool material, similar patterns
are maintained related to the effect of nitriding modes
(process temperature, holding time, and nitrogen content in
the gas medium) on the productive and total thickness of the
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(d)

Fig. 5. Microstructures (x750) of the nitrided high-speed steel surface layer of the broach for herringbone type joint: (a) 20% N,/80%
Ar, 450°C, 30 min; (b) 40% N5/60% Ar, 510°C, 45 min; (¢) 60% N5/40% Ar, 480°C, 45 min; (d) 20% N»/80% Ar, 510°C, 60 min.

nitrided layer, as well as its microhardness (Tabs. 8 and 9).
The character of the microhardness distribution curves over
the depth of the nitrided layer of two different types of high-
speed steel is almost identical (Figs. 4 and 6). However, with
obvious similarities, there are very significant differences, the
main of which are the following:

— When nitriding the tool material of gear-shaping cutters
in all cases, the thickness of the formed layers (both
productive and total) was 20% higher than the
corresponding thickness, which, under identical nitriding
modes, were formed in the surface layer of the tool steel
from which the broaches were made. The maximum
hardness of the surface layer of gear-shaping cutters
material in all cases was slightly lower, by 0.2-0.9 GPa;

— X-ray structure analysis under angular radiation of
nitrided tool material of gear-shaping cutters (Tab. 10)
showed that the FesN phase (e-phase) is present in the
surface layer of the samples after nitriding in gas medium
containing 60% and 40% of nitrogen. Sensitive shooting
in sliding geometry allowed establishing that in the first
case the amount of phase Fe,N is about 20%, and in the
second is 7.5%. In the case of nitriding in 60% N, + 40%
Ar medium, the Fe;N phase is detected (in an amount of
4%) even with standard CuKa radiation photography. It
is important to emphasize that unlike nitriding in pure
nitrogen, in this case, the fragile high-nitrogen phase
Fe,N is not a continuous layer, which significantly
reduces the negatory effect of its formation.

Figure 7 shows the optical images of microstructures of
samples of the tool material of gear-shaping cutters
nitrided in various modes; the pictures were made in a

particular backlight mode for better visualization. Cross-
microsections allow visualization of the patterns described
above, and they are in accordance with the X-ray analysis
data of nitrided samples. The dark blue area in the
photographs approximately corresponds to the thickness of
the productive layer, and the transition boundary of the
purple to yellow area conventionally corresponds to the
total thickness of the nitrided layer.

3.2 The influence of the coating process
on the characteristics of the pre-nitrided
surface layer of high-speed steels

When developing and researching the technology of duplex
treatment of high-speed steels, it isimportant to keep in mind
that the nitrided surface layer is subjected to additional
thermal effects during the deposition process of the coating.
The Arc-PVD process is quite energy intensive. The coating
is accompanied by exposure to a plasma stream consisting of
high-energy particles, especially at the time of ion bombard-
ment of the nitrided surface. Because of the ongoing
processes, the characteristics of the layer obtained by
nitriding can be significantly transformed. Therefore, this
circumstance must be taken into account when choosing
rational modes of the nitrided layer in duplex treatment.
Table 11 shows the experimental data on the effect of
the coating process of (Nb-Ti-Al-V) N on the character-
istics of nitrided high-speed steel, from which the broaches
were made. The data demonstrate the validity of the above.
A noticeable increase in the total thickness of the nitrided
layer is observed in the entire range of modes of formation
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Table 8. The effect of temperature and composition of the gas medium on the thickness and microhardness of the
nitrided layer of high-speed steel of the gear-shaping cutters at holding time when nitriding with nitrogen ions of 45 min.

Nitriding mode

Nitrided layer thickness

Maximum

microhardness (GPa)

Process The ratio of gases when Productive thickness Total thickness

temperature nitriding (nitrogen/argon) (pum) (nm)

450°C 20% No/80% Ar 50 180 11.2
40% N3 /60% Ar 30-35 120-150 11.4
60% N»/40% Ar 15-20 80-90 11.8

480°C 20% No/80% Ar 70 220-240 11.5
40% N3 /60% Ar 35-40 180-190 11.9
60% N»/40% Ar 25 140-160 12.2

510°C 20% No/80% Ar 100 380 12.4
40% N3/60% Ar 80 320-350 12.8
60% No/40% Ar 60-70 220-240 13.1

Table 9. The influence of the holding time during nitriding on the layer thickness and maximum microhardness
of surface layer of high-speed steel of the gear-shaping cutters at a process temperature of 480°C and gas ratio was

40% N,/60% Ar.

Holding time at Productive thickness

Total thickness Maximum microhardness

nitriding (min) (um) (um) (GPa)
30 32 120 11.6
45 3540 180-190 11.9
60 95 320 12.2
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Fig. 6. The microhardness distribution in the surface nitrided
layer of high-speed steel of the gear-shaping cutters at holding
time for nitriding with nitrogen ions of 45 min.

of the nitrided layer after coating on it. For example, the
total thickness of the nitrided layer, formed at a
temperature of 510°C, holding time of 45min, in a gas
environment of 20% N+ 80% Ar after deposition of
the coating (Nb-Ti-Al-V) N increased from 300-320 to
420-440 um. An increase was about 35%. At the same time,
the productive thickness practically does not increase.
After coating, the hardness of the nitrided layer changes
very slightly: a decrease of no more than 0.2 GPa. Figure 8

shows selective microsections of high-speed steel after
duplex treatment, which illustrate the changes occurring in
the nitrided layer.

Table 12 shows the effect of the coating process of
(Nb-Ti-Al-V) N on the characteristics of the nitrided layer
of high-speed steel of the gear-shaping cutters. As in the
previous case, the thermal effect on the surface layer, which
occurs during coating, has a strong influence on the
characteristics of the previously formed nitrided layer. In
all the studied modes of duplex treatment after coating on
the nitrided layer, there is a sharp increase in the total
thickness of the nitrided layer. For example, the total
thickness of the nitrided layer formed at a temperature of
510°C, the holding time of 45 min, in the gas medium 20%
N, +80% Ar after deposition of (Nb-Ti-Al-V) N coating
increased from 380-320 to 500-560 um. At the same time,
the quantitative value of the productive thickness increases
very slightly. After coating, the hardness of the nitrided
layer changes to a smaller side, but not significantly, by
0.1-0.2 GPa. Figure 9 shows selective microsections of
high-speed steel after duplex treatment.

Tables 11 and 12 provide more information on the
dimensional wear of the teeth of cutting tools that have
undergone duplex treatment under different modes of
formation of the nitrided layer. It can be seen that the
finishing teeth of the broach during the operation process
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Table 10. X-ray structural analysis of the phase composition of the surface layer of high-speed steel of the gear-shaping
cutters after nitriding at different gas ratios at nitriding temperature of 480 °C and holding time of 45 min.

Phase composition

Volume fraction of phase (%) in nitrided layer

20% Ny + 80% Ar

40% Ny + 60% Ar 60% Ny + 40% Ar

Radiation used: CuKa (shooting in sliding geometry)
FegN -

MosN 20.8
Fe3(W,Mo)3(C,N) 34.6
Fea(C,N) 44.6
Radiation used: CuKa

FeoN -
MosN 5.2
Fe3(W,Mo)3(C,N) 5.7
Fea(C,N) 89.1

7.5 19.9
18.7 14.3
32.3 26.2
41.5 39.6
- 4.1

7.8 8.2

11.9 12.0
80.3 75.7

©

(d)

Fig. 7. Microstructures (x800) of the surface layer of nitrided high-speed steel of the gear-shaping cutters: (a) 40% Ny + 60% Ar,
480°C, 30 min; (b) 40% Ny + 60% Ar, 510°C, 45 min; (¢) 60% Ny +40% Ar, 510°C, 60 min; (d) 20% No + 80% Ar, 510 °C, 60 min.

(Tab. 11) only due to the change in the ratio of No/Ar gases
during nitriding at other constant modes of duplex
treatment have a doubled difference in the wear intensity.
The spread of average values of wear was not more
than £15 um. Table 12 shows that the dimensional wear of
gear-shaping cutter during processing depending on the
modes the duplex treatment (changed the ratio of gases
during nitriding) has a three-fold difference. The spread of
wear was not more than £20 um. Noteworthy is the fact
that the maximum wear for broaches and gear-shaping
cutters is observed in the case where the nitrided layer was
formed at a gas ratio of 60% N,/40% Ar.

The above results of experimental studies are far from
complete since the volume of the scientific article cannot
accommodate the entire array of the obtained data. It is
obvious that the choice of rational modes of duplex
treatment should be based on a set of interdependent
parameters and be sure to take into account the results of
performance tests. Taking into account that the cutting
tool, which is the object of this work, is complicated and
expensive, the authors conducted the minimum required
amount of operational tests to obtain reliable information.
For processing the experimental data and establishing
rational modes, we relied on the mathematical apparatus
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Table 11. The effect of the process of coating (Nb—Ti-Al-V) N on the characteristics of the pre-nitrided high-speed steel
of the broaches for herringbone type joint at nitriding temperature of 510°C and holding time of 45min and wear

resistance in the cutting process.

The characteristics of the
nitrided layer of high-speed steel

The ratio of gases
when nitriding

the nitrided layer of high-speed

The characteristics of Wear of the tooth (pum)

of broach at a cutting

(nitrogen/argon) steel after coating path of 3150 mm
Total thickness  Microhardness  Total thickness Microhardness
(1em) (GPa) (1m) (GPa)

20% N»/80% Ar 300-320 12.9 420-440 12.7 100

40% N /60% Ar  250-270 13.5 340-370 13.3 140

60% N5/40% Ar 180 14.0 260 14.0 220

(@ (b)

Fig. 8. Microstructures (x750) of the surface layer of high-speed
steel used for the manufacture of the broaches for herringbone
type joint after duplex treatment: (a) after nitriding at 40%
Ny +60% Ar, 480°C, 30 min and coating with (Nb-Ti-Al-V) N;
(b) after nitriding at 20% N5 + 80% Ar, 510 °C, 60 min and coating
with (Nb-Ti-Al-V) N.

and used the software complex Statistica (TIBCO, Palo
Alto, CA, USA). Table 13 presents rational (recommended)
modes of duplex treatment: nitriding and subsequent
coating (Nb-Ti-Al-V) N in a single technological cycle for
two types of complex-profile tools.

3.3 The influence of the duplex treatment on wear
resistance of complex-high-speed steel tool
in the process of operation

In the final part of the research, the task was to assess the
impact of duplex treatment on tool wear in conditions as
close as possible to the real production and to compare the
cutting tools. Sets of tools made of high-speed steels that
have undergone various types of surface treatment were
prepared.

The problems that can be solved by coating deposition
on the working surfaces of the tool consist mainly in
increasing the microhardness of the contact surfaces that
touch the processed material and reducing the friction
coefficient during contacts with the part. For processing of
nickel-based heat-resistant alloys, first of all, it is necessary
to make sure that the proposed coating successfully solves
the problem of reducing the intensity of adhesion of the
processed material to the cutting tool.

Due to the specific physical and mechanical properties
of nickel-based alloys, increased specific forces occur during
machining, which leads to an increase in power and thermal
loads in the cutting zone, it is difficult to remove heat from
the cutting zone. Due to the strong adhesive interaction,
nickel adheres and is welded to the cutting tool. It leads to a
change in the geometric parameters and the further
increase in processing effort and intensifies tool wear.

For studying the adhesion process of nickel, three types
of tools were manufactured and then investigated: the first
one without surface treatment, the second one with ion
nitriding, and the third one with duplex treatment. All
tools were worn to a level of 100 um during operation. Then
the working surfaces of the tools were studied at SEM.
Figure 10 shows images that demonstrate the intensity of
nickel adhesion to the front surface of the gear-shaping
cutter during operation. The similar results were obtained
when studying the front surfaces of the broaches.

SEM-images demonstrate that during the operation of
gear-shaping cutters without treatment, an intense adhe-
sion and welding of nickel particles to the front surface of
the tool from the outgoing chips were observed. Nitriding
does not have a serious effect on the intensity of setting of
the front surface of the tool with the processed fine particles
of nickel, the number, and size of which are incomparably
smaller.

The results of operational tests of preliminary and final
broaches are presented in Figures 11 and 12. For
comparison, five types of tools were used: tools without
surface treatment; tools with (Nb-Ti-Al-V) N coating;
tools after nitriding at 60% N, -+ 40% Ar, 480°C, 60 min
and with (Nb-Ti-Al-V) N coating; tools after nitriding at
20% Ny + 80% Ar, 480 °C, 60 min and with (Nb-Ti-Al-V) N
coating; and tools after nitriding at 40% Ny + 60% Ar, 480 °C,
60min and with (Nb-Ti-Al-V) N coating (rational
mode). Figure 13 shows the images of the nature of the
wear of the preliminary teeth of the broach during the
operational tests.

It can be seen that the dependence of the broach wear
on the time of the cutting process, regardless of the type of
surface treatment, obeys the classical law. First, there is a
tool burn-in, accompanied by excessive tool flank wear,
then begins the period of stabilization of wear, which is
characterized by a slowdown in the intensity of wear and
then follows the stable operation of the tool with slowly
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(b)

Fig. 9. Microstructures (x800) of the surface layer of nitrided high-speed steel used for the a gear-shaping cutter: (a) after nitriding
at 40% No+60% Ar, 480°C, 30min and (Nb-Ti-Al-V) N coating; (b) after nitriding at 20% No+80% Ar, 510°C, 60 min and
(Nb-Ti-Al-V) N coating.

13

Table 12. The effect of the coating process (Nb-Ti—Al-V) N on the characteristics of the pre-nitrided high-speed steel of
the gear-shaping cutters at nitriding temperature of 510 °C and holding time of 45 min and wear resistance in the cutting

process.

The ratio of gases
when nitriding

The characteristics of
the nitrided layer of

The characteristics of the
nitrided layer of high-speed

Wear of the tooth (um)
of the gear-shaping cutter

(nitrogen/argon) high-speed steel steel after coating after 50 min of work
Total Microhardness Total Microhardness
thickness (GPa) thickness (GPa)
(pm) (pm)

20% Ny /80% Ar 380 12.4 500-560 12.2 110

40% N5/60% Ar 320-350 12.8 400-440 12.6 175

60% N,/40% Ar 220-240 13.1 350-380 13.0 320

Table 13. Recommended modes of duplex treatment as nitriding and coating with (Nb-Ti-Al-V) N in a single
technological cycle for different types of complex profile tools made of high-speed steels, and characteristics of the formed

surface layer.

Cutting tool
when nitriding

the nitriding

The ratio of gases The temperature of Holding time at

nitriding (min)

The characteristics of the surface
layer of the high-speed

(nitrogen/argon) process (°C) tool after duplex
treatment
The The total Microhardness
productive thickness  Nitrided Coating
thickness  of the layer (GPa)
of the nitrided (GP&)
nitrided layer (um)
layer (um)
Broach for ~ 40% N,/60% Ar 480 60 50-53 360 12.7 275405
herringbone
type joint
Gear-shaping 20% N,/80% Ar 480 45 72-74 330-350 11.5 27.5+0.5

cutter

developing flank wear. This pattern of wear development is
observed in broaches regardless of the feed rate per
tooth (0.02 and 0.07mm/tooth). For the quantitative
values of wear at different points in time, there is a

significant difference. The tool with duplex treatment,
nitriding of which was carried out in an environment of
60% Ny +40% Ar, wears out more intensively (in 1.4-1.5
times) than the tool without any treatment and coating.
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Fig. 10. The distribution of nickel (yellow particles) on the front
surface of the worn gear-shaping cutters made of high-speed steel:
(a) SEM-image of the front surface; (b) tool without surface
treatment; (c) tool after ion nitriding; and (d) tool after duplex
treatment.

Thus, the tool subjected to duplex treatment on the
rational modes established earlier shows a decrease in the
value of wear in two times in comparison with the tool
without treatment. It is worth emphasizing that the
coating (Nb-Ti—Al-V) N deposited on non-nitrided high-
speed steel does not have a significant impact on the wear
resistance of the tool.

For comparison of gear-shaping cutters, five types of
tools were used: a tool without surface treatment; a coated
tool with (Nb-Ti-Al-V) N; a tool nitrided at 60%
Ny +40% Ar, 480°C, 45min and with (Nb-Ti-Al-V) N
coating; a tool nitride at 20% Ny +80% Ar, 480 °C (rational
mode), 45 min and with coating (Nb-Ti-Al-V) N; and a
tool nitrided at 40% Ny+60% Ar, 480°C 45min with
coating (Nb-Ti-Al-V)N.

Figure 14 presents the results of operational tests of
gear-shaping cutters. It can be seen that at the time of the
tool burn-in, there is no significant influence of various
options for surface treatment on the wear rate of the gear-
shaping cutter. In the future, the development of the focus
of flank wear of gear-shaping cutter takes place according
to the scheme already described for broaches. Figure 15
shows images of the nature of wear of the teeth of the gear-
shaping cutter during operational testing.

It is important to note that the duplex treatment
(nitriding at 60% Ny +40% Ar, 480 °C, 45 min and coating
(Nb-Ti-Al-V) N) has a very negative impact on the wear
of the gear-shaping cutter: the wear rate increased by 1.8
times compared to the tool without treatment. However,
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Fig. 11. The dependence of flank wear of finishing broach teeth
with various surface treatment options on the broaching length
during processing herringbone type joint in a heat-resistant nickel
alloy (the processing speed is 3 m/min, the feed is 0.02 mm/tooth).

the tool, which has passed duplex treatment on rational
modes, shows positive results — wear resistance is increased
by two times. At the same time, the (Nb-Ti-Al-V) N
coating deposited on non-nitrided high-speed steel does not
have a visible effect on the wear resistance of the cutter,
which once again confirms the correctness of the techno-
logical approach developed in this work.

4 Discussion of the results

Analysis of the data presented in Tables 5 and 8 shows that
the chemical composition of high-speed steel has the most
important influence on the diffusion process of nitriding
and the characteristics of the formed layer.

From the foundations of the classical theory of the doping
of metals and alloys, it is known that alloying elements have a
different effect on the diffusion coefficient of nitrogen in iron
and alloys based on it. The complex of experiments carried
out in this work found that under the same conditions of
nitriding the total thickness of the layer formed during
nitriding of gear-shaping cutters is about 30% higher than
the corresponding figure for broaches. If we analyze the data
of the chemical composition of the steels studied in this paper
(Tab.1),it can be explained by the following effect of alloying
elements. For example, an increase in the percentage of
carbon and vanadium in high-speed steel hinders and slows
down the diffusion of nitrogen. Conversely, an increase in the
percentage of non-carbide-forming cobalt increases the
diffusion rate of iron-based alloys. It must be emphasized
that in steels obtained by powder metallurgy the diffusion
intensity is higher than in steels of the same chemical
composition, but obtained by casting. It is due to the higher
dispersion of carbides and their uniform distribution over the
cross-section of a tool made of steel, obtained by powder
technology. All these specific features should be taken into
account, and the nitriding modes should be optimized for
each particular high-speed steel.

It is necessary to discuss the data presented in Tables 7
and 10 demonstrating that the chemical composition of
steels in combination with nitriding modes (mainly the
composition of the nitrogen-containing medium) deter-
mines the phase composition of the formed nitrided layer.
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Fig. 12. The dependence of flank wear of the preliminary broach
teeth with various surface treatment options on the broaching
length during processing herringbone type joint in a heat-
resistant nickel alloy (the processing speed is 3 m/min, the feed is
0.07 mm/tooth).

Fig. 13. The nature of wear of the preliminary broach teeth
during the operational tests after the 4500 mm broaching length:
(a) atool without surface treatment; (b) a tool with (Nb-Ti-Al-V) N
coating; (c) a tool after nitriding at 60% N + 40% Ar, 480 °C, 60 min
with (Nb-Ti-Al-V) N coating; (d) a tool after nitriding at
20% Ny +80% Ar, 480°C, 60 min with (Nb-Ti-Al-V) N coating;
(e) a tool after nitriding at 40% Ny +60% Ar, 480°C, 60 min with
(Nb-Ti-Al-V) N coating.

It was found that at a gas composition of 60% Ny + 40% Ar
during nitriding of two different types of steel formed
nitride phase consisting of e-phase (Fe,N) with high
nitrogen content (24.6% is for steel broaches, 19.9% is for
steel gear-shaping cutters). The formation of this phase
under the coating has an extremely negative effect on the
operation of the tool with duplex treatment and does not
provide a good basis for the operation of the (Nb-Ti-Al-V) N
coating. Also, the formation of the Fe,N-phase on the surface
delays the diffusion of nitrogen and leads to a decrease in the
effective and total thickness of the nitrided layer, and also
causes embrittlement of the layer.

The data presented in Figures 11, 12, and 14 show that
nitriding at 60% N,-+40% Ar intensifies the wear of
broaches and gear-shaping cutters in the processing of
nickel alloy and significantly worsens the operating
conditions of the tool compared to the original tool
(without surface treatment).
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HSS + (Nb-Ti-ALV)N
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Fig. 14. The dependence of the teeth flank wear of the gear-
shaping cutters with different surface treatment options on the
tool operation time during processing involute spline of a
workpiece made of heat-resistant nickel alloy (30 double strokes
of the cutter per minute; the radial feed is 0.03 mm/double-stroke;
the circular feed is 0.121 mm/double-stroke).

Attention should be drawn to the fact that the
composition of 40% Ny+60% Ar in the surface layer of
high-speed steel is re-detected the Fe,N phase in an amount
of 7.5% (Tab. 10). In the process of operational tests, the
duplex treated cutter nitrided at 40% Ny+60% Ar (i.e.,
having FesN in the phase composition even in a small
amount) does not show satisfactory results (Fig. 14). The
X-ray analysis (Tab. 7) shows another consequence after
nitriding high-speed steel broaches: when the ratio of gases
is 40% Ny +60% Ar, Fe,N phase is not formed, and the
broaches with duplex treatment show the maximum effect in
the process of operation (Figs. 11 and 12).

Thus, both for broaches and gear-shaping cutters, it is
necessary to aim for the formation of a nitrided layer
containing a large amount of phase based on a solid solution
of nitrogen in martensite and to prevent the formation of
the FesN phase. At the same time, it should be understood
that excessive dilution of nitrogen with inert argon gas is
also impractical, since the less nitrogen in the gas medium,
the lower the hardness of the nitrided layer formed. For
broaches the optimal gas ratio is 40% N, +60% Ar, for
gear-shaping cutters it is 20% Ny +80% Ar. It can be
concluded that by varying nitrogen and argon in the
composition of the gaseous medium by nitriding with
nitrogen ions, the required phase composition under the
coating and the required characteristics for different tools
depending on the operating conditions can be obtained.

A set of experiments to study the effect of temperature
and duration of the nitriding process on the characteristics
of the nitrided layer (microhardness and thickness) show
that optimization is also necessary. General regularities in
nitriding of various high-speed steels were established
(Tabs. 6 and 9), while the rational modes for different
operating conditions of the tool are significantly
different. It is important to remember that the coating
(Nb-Ti-Al-V) N makes additional adjustments to the
characteristics of the previously formed layer, as well as
any other composition. In the duplex treatment of the
broaches, the optimal is nitriding at 40% Ny-+60% Ar,
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Fig. 15. The nature of the teeth wear of gear-shaping cutter
during testing after 70 min of work: (a) the nitrided tool at 60%
Ny +40% Ar, 480 °C, 45min, with (Nb-Ti-Al-V) N coating;
(b) the tool without surface treatment; (c) the nitrided tool at
40% No + 60% Ar, 480 °C, 45 min, with (Nb-Ti-Al-V) N coating;
(d) the nitrided tool at 20% Ny -+ 80% Ar, 480 °C, 45 min, with
(Nb-Ti-Al-V) N coating.

480°C, for 60min. In such conditions, a layer of the
microhardness of 12.7 GPa with the productive thickness of
50-53 um and the total thickness of 360 um is formed. In
the duplex treatment of gear-shaping cutters recom-
mended mode is following: 20% N, +80% Ar, 480°C,
45min, which forms a layer of the microhardness of
11.5 GPa with the productive thickness of 72—74 um and
the total thickness of 330-350 um.

It is important to pay attention to the results of
operational tests once again (Figs. 11, 12, and 14), in the
course of that test the authors deliberately used tools with
the coating (Nb-Ti-Al-V) only to determine the role of
nitriding in the technological process. A little surprising is
the fact that the coating does not change the nature or
intensity of wear of broaches and cutters during operation
and shows the result as close to the operation of the
original tool without surface treatment as possible. It can
mean only one thing, that in the first minutes of the tool’s
work the coating ceases to function and the conditions of
the interaction of the processed material with the front,
and flank surfaces of the tool are as close as possible to the
original tool. In some well-known works, the nitriding of
high-speed steels before the coating is considered as an
auxiliary operation, which further increases the durability
of the coated tool. In the context of this work, when two
rather complicated production operations (broaching and
slotting) are considered from the loads that the cutting
tool experiences and the processing of a hard-to-work
nickel-based alloy are performed, the nitriding is not an
auxiliary, but a basic operation. Even the most promising
coating in such conditions is not able to resist current
loads. Performing nitriding on the rational modes
established in the present work, and subsequent coating
(Nb-Ti-Al-V) N allows to achieve the desired result and
significantly (in approximately two times) increase the

wear resistance of expensive broaches and gear-shaping
cutters in the production of aircraft engine parts made of
nickel-based alloys.

5 Conclusion

The presented study showed the effect of duplex vacuum-
plasma treatment, which includes successive ion nitriding
and coating (Nb-Ti-Al-V) N, on the characteristics of the
surface layer and the wear intensity of the herringbone
broaches and gear-shaping cutters, made of high-speed
steel alloy powders, in the processing of nickel-based alloy.
The presented complex of experimentally obtained results
demonstrates how favorably the proposed technology
approach influences the process of cutting.

The chemical composition of high-speed steel has a
great impact on the diffusion process of nitriding and the
characteristics of the forming layer. By varying the ratio of
nitrogen and argon in the gas medium during nitriding with
nitrogen ions, the required phase composition under the
coating can be obtained. Depending on the operating
conditions, the necessary optimal characteristics for
various tools can be revealed. The holding time during
nitriding and the temperature mode of the process have a
determining effect on the thickness and microhardness of
the nitrided layer. In this case, the coating (Nb-Ti-Al-V) N
makes additional adjustments to the characteristics of
the previously formed layer.

The duplex treatment of broaches nitriding at
following conditions can be optimal: the medium is 40%
N, +60% Ar, the holding temperature is 480°C, and the
holding time is 60 min. In such conditions, a layer with the
microhardness of 12.7 GPa, and the productive thickness
of 50-53 um, and the total thickness of 360 um is formed.
For the duplex treatment of gear-shaping cutters, the
recommended mode is the following: 20% Ny 80%
Ar, 480°C, 45 min. It forms a layer with the microhardness
of 11.5 GPa, and the productive thickness of 72-74 pum,
and the total thickness of 330-350 pm.

Duplex treatment has a significant positive influence on
the intensity of the adhesion and welding of nickel particles
to the front surface of broaches and gear-shaping cutters
while conducting nitriding only has no significant impact
on the process. Only duplex treatment minimizes the
process of setting compared to the operation of a tool
without surface treatment.

Ton nitriding and coating with (Nb-Ti-Al-V) N can be
recommended as an effective means of improving the
operational stability of complex high-speed tools as
broaches for herringbone type joint and gear-shaping
cutters in the processing of nickel-based alloys. Operational
tests have shown that the wear resistance of two types of
expensive complex tools can be increased by two times
during the duplex treatment according to the recom-
mended modes.
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