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Abstract Processing of metals cutting proceeds in the system of non-equilibrium
processes including high-speed plastic deformation of the cutoff layer, contact and
frictional interaction of the processed material with the asymmetric cutting wedge
and its wear. The synergetic algorithm of development of the non-equilibrium
process provides the formation of dissipative structures which arise in the system of
cutting of metals. The structure and mechanisms of functioning of a dissipative
structure of contact and frictional interaction opening new approaches of the
management of processes of cutting and quality of machining are considered. The
dissipative structure includes the insular and continuous outgrowths covered with
the adsorbed and amorphous superficial films, and also the deformation strength-
ened layer outgrowths. Dissipation is connected with the production of entropy
and is carried out due to the work of frictional interaction on a forward surface of
the cutting wedge and is defined by friction coefficient size between the sliding
shaving and an external surface of outgrowths. The total coefficient of friction is
defined by such dissipative structure and spontaneously reaches such sizes at which
the density of thermal stream and tension in the zone of frictional interaction extend
on the area of primary plastic deformations and minimize deformation processes of
shaving formation and work in the shift plane. Varying the modes of cutting and the
external technological environment when cutting materials, it is possible to influ-
ence actively the dissipative structure for ensuring the necessary quality and pro-
ductivity of machining.
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1 Introduction

Dissipative structures are understood as a set of elements and links of a
non-equilibrium system that have “artificial intelligence” that convert absorbed
internal energy into thermal dissipative flows and minimize the effects of external
energy influences [1–3]. Current investigations of dissipative structures in different
environments [4–9] are based on classic fundamentals of the theory of their for-
mation and development [10–13]. The approach given is used also in theoretical
investigations of the contact interaction in definite environments at the realization of
different processes [14–17] and in the analysis of experiment results accompanying
them [18, 19]. The properties of dissipative structures are determined by the laws of
non-equilibrium thermodynamics, but their structure and functioning mechanism
are individual by nature, depending on the nature of the non-equilibrium system,
and is not always obvious [1, 20, 21].

In systems of contact-friction interaction, the initial period or the running-in
period should be considered as a stage of a dissipative structure formation and a
steady-state period as a stage of a formed and functioning dissipative structure
[1, 20, 22].

Metal cutting refers to a non-equilibrium process involving high-speed plastic
deformation and destruction of the material being processed, friction and wear of
the cutting wedge. The disclosure of the structure and mechanism of functioning of
dissipative structures during metal cutting allows us to predict the nature of a
non-equilibrium process development and reveals new algorithms to control the
quality of mechanical processing and the cutting tool performance.

The article describes the composition of the dissipative structure of the contact
interaction when cutting metals and the mechanisms of its functioning.

2 Research Methodology

The studies were carried out during the process of turning of various structural
materials (45 steel, 12X18H10T stainless steel and VT22 titanium alloy) with
cutting tools made of R6M5 high-speed tool steel in semi-finishing cutting con-
ditions. The morphology of the surface layer of the cutting tool wedge was studied
using a S3400-N scanning electron microscope (Hitachi). The shrinkage of the
chips was determined by the gravimetric method. The structural and deformation
state of the chip formation zone was analyzed by the microstructure of the chip
roots. The microstructure itself was recorded with a Nikon 200A metallographic
microscope at a magnification of 400�, and the resulting digital images were
processed by ImagePro.Plus.5.1 (USA).
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3 The Construction of the Dissipative Structure
of the Contact-Friction Interaction During Cutting

The result of contact-friction interaction and mutual mass transfer of the processed
and tool materials during cutting is the formation of build-ups. The continuity of the
build-ups and the strength of their adhesion to the cutting wedge surface are
determined by their location on the tool working surfaces.

Figures 1 and 2 show some types of build-ups on the front surfaces of turning
tools made of P6M5 high-speed steel when turning 45 and 12X18H10T steel.
Similar types of build-ups were obtained by turning the titanium alloy VT22. The
build-ups are divided into continuous and discontinuous. The continuous build-up
consists of discontinuous clings and differs in higher strength of adhesion with the

Fig. 1 Build-ups on the front
surface of the high-speed
cutter made of P6M5 when
turning 12X18H10T

Fig. 2 Build-ups on the front
surface of the high-speed
cutter made of P6M5 when
turning 45 steel
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substrate and degree of plastic deformation. In the structure of build-ups, the
probability of the presence of amorphous phases is high. The discontinuous
build-ups are characterized by a long-range order associated with their orientation
in the direction of the sliding chips. Such orderliness is preserved in the continuous
growth morphology.

In the pictures of continuous and discontinuous build-ups obtained using a
scanning electron microscope, there are bright areas representing microzones with a
high electrostatic charge. It can be assumed that these are most likely zones with
stable adsorption films and an amorphous phase, with relatively high dielectric
properties.

Figure 3 schematically shows the construction of the dissipative structure of the
contact interaction process when cutting metals, explaining some of the mecha-
nisms of its operation. On the working front surfaces of the cutting wedge 1,
discontinuous and continuous build-ups are located. Their strength of adhesion with
the substrate depends on their location relative to the cutting edge. The closer the
build-up is to the cutting edge, the higher is the strength of its adhesion with the
cutting wedge.

Build-ups are highly deformed formations predominantly made of the material
being processed, having a nanostructured organization, saturated with decomposi-
tion products of the technological environment and chemical elements of the tool
material [23]. The outer surface of individual discontinuous build-ups is covered
with a stable adsorption film 3, and it may be absent on the surface of a continuous
and some discontinuous build-ups. Chips 4 slide along the tops of the build-ups. In
separate cavities between the troughs of discontinuous build-ups and chips,
microvolumes of a lubricating cooling process medium (LCPM) and products of the
external technological environment 5 can be found. Under the build-ups, there is a
cutting tool subsurface layer with a modified structure 6 changed as a result of

Fig. 3 Construction of the dissipative structure of the contact process when cuttingmetals: 1—front
surface of the cutting wedge; 2—discontinuous build-ups; 3—adsorption film; 4—chips;
5—lubricating cooling process medium; 6—hardened layer
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plastic deformations and thermal effects that can initiate strain hardening and dif-
fusion transfer of elements from deep layers or external technological medium to
the surface layers.

The dissipative structure is influenced by a flow of high-density thermal and
mechanical energy transmitted through sliding chips. Contact interaction proceeds
under non-equilibrium conditions, while external dynamic disturbances are deter-
mined by the chip formation process, and dynamic reactions to these disturbances
are generated by the dissipative structure itself. The process dynamics assume that
all speed, power and thermal parameters of the contact interaction system are
nonlinear stochastic functions of time and the generalized state coordinate of the
system [22, 24, 25].

The heat flux coming from the chip formation zone permeates the
contact-friction interaction system and dissipates in the external environment. It
affects the mechanical and deformation properties of the cutting tool contact layers,
the stability of the adsorption film on the outer surfaces of discontinuous build-ups,
the friction coefficient between sliding chips and the cutting tool, as well as the
build-up adhesion strength with the cutting wedge front working surface.

The system of contact-friction interaction is dynamic, in which various changes
are constantly taking place, for example, the removal of discontinuous build-ups,
individual sections or an entire continuous build-up. The build-up removal is
preceded by a discontinuity of the adsorption film on its outer surface and the
appearance of a “dry” metal contact. This leads to the formation of a strong
adhesive bond between the build-up and sliding chips. If the strength of such a bond
is higher than the strength of adhesion between the build-up and the cutting wedge
surface, then the build-up simply removes without destroying the tool’s working
surface. If the adhesive bond between the build-up and the tool is sufficiently high,
then the destruction occurs either on the build-up itself or at the deep level of the
tool surface layer, which represents an elementary wear event.

4 The Functioning of the Dissipative Structure of Contact
Interaction

The dissipative structure functions in such a way as to minimize the influence of
external disturbances, by implementing the principle of least action [1, 24]. The
algorithm for reducing external influences includes minimizing the friction coeffi-
cient between the build-up and chips, the formation of a strong adhesive bond
between the build-up and the cutting wedge surface, the maximum hardening of the
tool subsurface layer and the increase in the specific wear work. Let us consider in
more detail each of these mechanisms.

The stability of the film adsorption depends on the temperature and power
conditions of the contact process. With an increase in temperature and contact
stresses, the antifriction function of the adsorption film decreases. A stable
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adsorption film can exist only in the area of discrete contact and in the presence of
surface-active additives in LCPM [26, 27]. In the absence of an adsorption film, the
outer surface of the build-up can provide a low friction coefficient due to a strongly
deformed amorphous phase. Consequently, one of the conditions for the dissipative
structure’s normal functioning is to ensure the minimum friction coefficient
between the build-up and sliding chips. The friction coefficient during cutting is an
integral value that takes into account different modes of friction processes in
individual contact areas.

a1f1 tð Þþ a2f2 tð Þþ a3f3 tð Þ ! min ð1Þ

where f1 tð Þ—coefficient of dry friction between the build-up and sliding chips;
f2 tð Þ—friction coefficient between the build-up and chips in the presence of an
adsorption film; f3 tð Þ—friction coefficient between the build-up and chips in the
presence of the amorphous phase; a1, a2, a3—weigh coefficients considering area
ratio of the contact areas with different modes of external friction.

A decrease in the friction coefficient leads to a change in the stress tensor in the
chip formation zone, and this changes the stress-strain state in the entire area of
primary chip formation deviations [28].

The strength of the adhesive bond is determined by the accumulation of surface
defects of the crystal structure, concentrating around itself the elastic internal
energy. With the approach of two surfaces and their mutual plastic deformation, a
part of this energy is released in the form of a thermal impulse, facilitating the
formation of strong metal or molecular bonds between the contacting surfaces.
Consequently, the strength of the adhesive bond can be increased by increasing the
density of surface defects of a crystal structure.

Hardening of the subsurface layer of the cutting wedge and the increase in the
specific wear work represent a single process associated with an increase in the
surface microstructure chemical potential. Taking into consideration the deforma-
tion nature of the contact-friction interaction during cutting, the main mechanism
for hardening the cutting wedge surface layer will be strain hardening due to the
generation of dislocations.

The equation of energy balance of contact-friction interaction in energy flows
can be represented as follows:

p a1f1 þ a2f2 þ a3f3ð Þ t ¼ Qþ aadhFtrue þDlVhard þ awearDM ð2Þ

where p—average normal stress in contact; aadh—adhesion bond formation energy;
Ftrue—true contact area; Dl—increment of chemical potential during strain hard-
ening of the tool contact layers; awear—specific wear work; DM—loss of mass per
unit contact area of the cutting wedge during wear; Vhard—the volume of the
hardened surface layer of the tool; Q—heat flux released during contact-friction
interaction.

The heat flux Q takes into account only the energy that was released directly in
the process of contact-friction interaction in the zone of secondary plastic
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deformation, i.e., does not take into account the heat coming from the chip for-
mation zone.

Let us single out the components of Eq. (2) related to the free energy absorbed
during contact-friction interaction.

U ¼ aadhFtrue þ awearDþDlVhard ð3Þ

Then, the balance equation takes the following form:

p � a1f1 þ a2f2 þ a3f3ð Þ � t ¼ QþU ð4Þ

A dissipative structure, by definition, must provide a maximum of free energy,
i.e.,

dU ¼ 0 ð5Þ

The non-equilibrium system of contact-friction interaction in its development
tends to the stable dynamic equilibrium condition, when the normal pressure in the
contact, chip sliding speed and temperature in the cutting zone are stabilized.
Therefore, in the steady-state period of the process, the cutting system is in a
quasistable state. In this case, the Eq. (4) takes the form

pt � d a1f1 þ a2f2 þ a3f3ð Þ ¼ d2S
dt2

T ð6Þ

where S—contact process entropy; T—absolute temperature; t—time.
From (6), it follows that the production of entropy in the contact steady-state

process occurs predominantly in the zone of frictional interaction of chips with
surface layers of build-ups on the cutting wedge. All other dissipation mechanisms
are activated periodically for a short period of time with peak disturbances. The rate
of entropy production will be determined by the integral value of the friction
coefficients.

The processes of contact-friction interaction have a direct impact on the chip’s
formation through the angle of action [29], which is determined by

x ¼ arctg a1f1 þ a2f2 þ a3f3ð Þ � c ð7Þ

The influence of the dissipative process on the resultant cutting force can be
represented by the following relation:

R ¼ Nbef

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� a1f1 þ a2f2 þ a3f3ð Þ2
q

ð8Þ

where Nbef—normal load on the cutting wedge front surface.
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Then, the cutting work will be equal to

Ap ¼ Nbeft
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� a1f1 þ a2f2 þ a3f3ð Þ2
q

� cos arctg a1f1 þ a2f2 þ a3f3ð Þ � c½ � ð9Þ

The presence of a close connection between the processes occurring in the zones
of primary and secondary plastic deformation is confirmed by the relationship
between the quantitative microstructural indicators of chip formation and the
conditions of contact-friction interaction during metal cutting [28].

5 Conclusions

1. The dissipative structure that forms and functions in the contact process consists
of discontinuous and continuous build-ups, an adsorption film on their outer
surfaces and a reinforced subsurface layer of the cutting wedge.

2. During the period of steady (quasi-stationary) flow of the cutting process, dis-
sipation in the zone of secondary plastic deformations is realized due to different
modes of friction processes between the descending chips and the external
surfaces of the build-ups. By influencing the nature of the friction process, the
durability of the cutting tool and the quality of the machining can be controlled.
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