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Abstract. The paper is focused on the influence of the thickness of
nanolayers in the Ti-TiN-(Ti,Cr,Al)N coating on the cutting properties of
the tools during the turning of 09G2S silicon-manganese steel. Coatings
with the nanolayer thicknesses of 302, 70, and 16 nm were considered. The
conducted studies have revealed that a tool with a coating in which the
nanolayer thickness is equal to 16 nm demonstrates the longest tool life. At
the same time, for such tool, the wear pattern is more balanced, and signs
of brittle fracture on the coating are less pronounced. The Ti-TiN(Ti,Cr,Al)N coating with the nanolayer thickness of 16 nm provides an
increase in the tool life by 3.5 times compared to an uncoated tool and by
1.3–1.5 times compared to the tools with the Ti-TiN-(Ti,Cr,Al)N coating
with thicker nanolayers.

1 Introduction
At present, the coatings with nanolayer structures are increasingly used in the
manufacturing of metal cutting tools [1-16]. The coatings with the above mentioned
structures have a number of obvious advantages [4,7,9-16]. Such coatings are able to more
effectively suppress the processes of interdiffusion and heat transfer and are also
characterized by the enhanced crack resistance [17-19]. The challenge of choosing the
optimal nanolayer thickness has been studied in a number of papers [15-17,19]. In
particular, it has been revealed that the nanolayer thickness does not significantly influence
the hardness of the coating, but affects the wear resistance and the coefficient of friction
[20-28]. It has also been found that the plastic properties of the coatings with low nanolayer
thickness are not associated with dislocation displacement [25], but are associated with the
sliding along grain boundaries [21]. Several papers have revealed the enhanced cutting
properties of the tools with nanolayer coatings [22,29,30]. In [31], the studies were focused
on the influence of the thicknesses of nanolayers in the Ti-TiN-(Ti,Al,Cr)N coating on the
tool life of a metal cutting tool during the turning of 1045 steel. It has been found that the
cutting tool with the coating having a nanolayer thickness of about 16 nm demonstrates the
best wear resistance.
At the same time, an important task is to check the validity of the results for other materials
being machined. Thus, the task of the paper is to study the influence of the thicknesses of
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nanolayers in the Ti-TiN-(Ti,Al,Cr)N multilayered structured coating on the wear rate of a
carbide cutting tool during the turning of structural low-alloy 09G2S steel. In addition to
the three major alloying elements (carbon, manganese, and silicon), the chemical
composition of 09G2S steel may also include sulphur, nickel, phosphorus, nitrogen, and
other additions. The total percentage of alloying elements should not exceed 1 – 2 %.
Taking into account the fact that the total percentage of additions is about 2.5 %, 09G2S is
as low-alloy steel, while the presence of silicon and manganese defines 09G2S as siliconmanganese steel. 09G2S steel has the hardness of HB 450–490 MPa, and it is widely used
in construction. With the density of 7.85 g/cm3 after machining and obtaining a two-phase
structure the steel acquires a high level of durability life with a simultaneous increase (by
3.0 – 3.5 times) of cycles to structural failure.
The Ti-TiN-(Ti,Al,Cr)N coating is characterized by high hardness and wear resistance in
combination with good heat resistance. Due to the above, the Ti-TiN-(Ti,Al,Cr)N coating is
a good choice in the manufacturing of metal cutting tools for a wide range of application.
However, in connection with the need to increase the machining efficiency and an increase
in cutting speed, which causes a growth of temperature in the cutting zone, the challenge of
further improvement of the performance properties of the coating is an important and
urgent task.

2 Materials and Methods
The Ti-TiN-(Ti,Al,Cr)N multilayered nanostructured coating with a varying thickness of
nanolayers in a (Ti,Al,Cr)N wear-resistant layer was deposited using the VIT-2 unit [3236], on which the filtered cathodic vacuum arc deposition (FCVAD) technology was
implemented [37-42]. Depending on the turntable rotation frequency (from 0.25 to 7.0
rev/min), the nanolayer thickness varied during the deposition of the coatings.
A SEM FEI Quanta 600 FEG was involved in the microstructural studies of samples.
The micro- and nanostructures of the samples were analyzed using JEM 2100 highresolution transmission electron microscope (TEM) with an accelerating voltage of 200 kV.
Energy-dispersive X-ray spectroscopy (EDXS) INCA Energy was applied to investigate the
chemical composition of the samples.
The cutting properties of a tool with the deposited coating were studied using a CU 500
MRD SLIVEN lathe with a ZMM CU500MRD variable speed drive. Inserts of SNUN ISO
1832:2012 were used as coating substrates. The cutting tool geometry was as follows: γ = –
7°; α = 7°; λ = 0; r = 0.4 mm; with the following cutting mode: f = 0.25 mm/rev, a p = 1.0
mm, v c = 300 m/min. The limit of flank wear VB max = 0.4 mm was assumed as a wear
criterion.

3 Results and Discussion
The nanostructures of the coatings under study are exhibited in Fig. 1. A nanolayer
structure is well distinguished on all three samples, and each nanolayer also has a complex
internal structure, formed due to the planetary rotation of the toolset during the deposition
of the coating [14, 31]. The conducted studies have found that the total thicknesses of all
the coatings under study are equal and reach about 4 µm. The coatings have a three-layer
architecture which includes a Ti adhesion layer (with the thickness of about 40 nm), a TiN
transition layer (with the thickness of about 0.7 µm), and a (Ti,Al,Cr)N wear-resistant layer
with a nanolayer structure. The advantages of such structure are discussed in more detail in
[31,43-48]. An important distinctive feature of the coatings under study is the fact that
while in the coatings with the nanolayer thicknesses of 302 and 70 nm, the crystal growth is
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limited by the boundaries of the nanolayer, then in the coating with the nanolayer thickness
of 16 nm, the nanolayer boundaries do not limit the growth of crystals (see Figs 1 a and b),
and a herringbone-type hierarchical structure is formed in the coating (see Fig. 1c).

a

b

c

Fig. 1. Nanostructures of the Ti-TiN-(Ti,Al,Cr)N coatings with different nanolayer thicknesses:
302 nm (a), 70 nm (b) and 16 nm (c) (TEM)

The specific features typical for the formation of the coating crystalline structure depending
on the nanolayer thickness are considered in more detail in Fig. 2. It can be seen that when
the nanolayer thickness is 302 nm, the growth of crystals is limited by internanolayer
interfaces, but when the nanolayer thickness is 16 nm, the crystal growth hardly correlates
with the nanolayer structure of the coating.

a

b

Fig. 2. Influence of the interlayer interfaces on the growth of crystals in the Ti-TiN-(Ti,Al,Cr)N
coating with the nanolayer thicknesses of (a) 302 nm and (b) 16 nm (TEM)

Fig. 3 depicts the influence of the nanolayer thickness in the wear resistant layer on the
rake and flank wear of carbide inserts. It can be noticed that the nanolayer thickness has the
major influence on the wear rate on the rake face, while the effect on the flank face is
weaker. This phenomenon can be explained by the fact that the rake face is exposed to
active diffusion and oxidation wear, while adhesive and abrasive wear processes are more
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typical for the flank face. The nanolayer coating structure has a greater effect on the
resistance to diffusion and oxidation wear due to the internanolayer interfaces, while the
effect of the nanolayer structure to the adhesive and abrasive wear is less noticeable
[31,46,48].

Fig. 3. Influence of the thicknesses of the nanolayers in the Ti-TiN-(Ti,Al,Cr)N coating on the rake
and flank wear of carbide inserts during the turning of 09G2S silicon-manganese steel.

The study focused on the fracture pattern on the coatings during the cutting
demonstrates that for the coating with the nanolayer thickness of 302 nm, a typical process
is the delamination of individual nanolayers with the formation of corresponding terracelike structures at the boundaries of the coating fracture. Meanwhile, the coating with the
nanolayer thickness of 16 nm fails as a whole, with the formation of smooth surfaces at the
fracture boundaries. For the coating with the nanolayer thickness of 70 nm, an intermediate
fracture mechanism is typical, during which no interlayer delaminations occur, but the
fracture boundary is sufficiently smooth, without the formation of a terrace-like structure.
flush left beneath the figures.

4 Conclusion
The influence of the thickness of nanolayers in the Ti-TiN-(Ti,Cr,Al)N coating on the
cutting properties of the tools during the turning of 09G2S silicon-manganese steel was
investigated. Coatings with the nanolayer thicknesses of 302, 70, and 16 nm were studied.
The conduced studies have found that:
1. For the coating with the nanolayer thickness of 302 nm, the internanolayer interfaces
inhibit the crystal growth, and the sizes of the formed crystals stay within the nanolayer
thickness.
2. For the coating with the nanolayer thickness of 16 nm, the nanolayer structure has
weak influence on the formation of crystalline structure, and a through hierarchical
structure of herringbone type is formed in the coating.
3. The Ti-TiN-(Ti,Cr,Al)N coating with the nanolayer thickness of 16 nm provides an
increase in the tool life by 3.5 times compared to an uncoated tool, and by 1.3–1.5 times
compared to the tools with the Ti-TiN-(Ti,Cr,Al)N coating with thicker nanolayers.
4. The wear pattern on the tool with the Ti-TiN-(Ti,Cr,Al)N coating with the nanolayer
thickness of 16 nm is more balanced, while signs of brittle fracture are less pronounced for
this coating.
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