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Abstract: The most important problem of modern technology for mechanical processing
of structural materials is to increase the efficiency of shaping operations. Its full value
solution requires the establishment of a functional relationship between the parameters
of the force influence on the workpiece and the characteristics of the natural adaptive
behavior of the processed material. In this regard, using metals and their alloys as an
example, the mechanism and general laws of thermodynamic excitation of solid
crystalline bodies during plastic deformation are considered. The relationship between
the change in the thermodynamic potentials of the substance of the deformed volume and
its behavior during the process of shape forming, as well as in the postoperative period,
is described. It is shown based on the synergetic method of analyzing highly
nonequilibrium systems that from a technological point of view the most favorable
adaptive functional response arises in the case when the deforming influence is exerted
taking into account the natural ability of the workpiece substance to relaxation. The got
results create the basis for improving the operations of mechanical processing of metals
and their alloys by taking into consideration the properties and features of the natural
deformation behavior of each concrete material under concrete conditions. They are

applicable not only for metal forming operations, but also in cutting technology.

Keywords: metals and their alloys, pressure processing, mechanical action,
thermodynamic excitation, thermodynamic potentials, thermodynamic action,

deformation behavior.
Problem Statement

The current level of development of production presupposes the use of flexible
and cost-effective methods making it possible to produce from very different
materials high-quality products that guaranteed have a given set of operating
properties [1]. Their creation requires not only clear views about the behavior of
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each concrete material under specific conditions, but also ensuring the possibility of
obtaining a quantitative estimation of the workpiece state parameters at each stage
of its shape forming in order to make, if necessary, timely appropriate amendments
in the course of the technological process. Such management corresponds to a
qualitatively different, higher, technological level of production organization, based
on the possibility of using with the greatest efficiency the natural properties of
workpieces and the characteristics of their deformation behavior during the shaping
process. An integrated approach, involving a synthesis of the results of both already
became classical and the latest fundamental and applied research in the field of
physics of deformable solids, metal forming technology, as well as in related fields of

natural science is required to its implement.

Analysis of the latest research and publications

In 1973, British scientists M. F. Ashby and R. A. Verall, studying possible
combinations of plastic deformation mechanisms, came to the conclusion that in
fact metals and their alloys have an almost unlimited supply of plasticity [2]. It was
shown subsequently that the possibility of its manifestation depends on the degree
of development of adaptive processes of natural self-organization in the
thermodynamic system of the deformed volume under the conditions of exerting a
deforming influence on it. In other words, the deformation behavior of workpieces is
determined by the conditions of their loading [3 — 6]. Meanwhile, in relation to the
technology of pressure processing of metals and their alloys, methods for
manufacturing products continue to be developed until now based on the concepts
of the classical theory of plasticity, as well as the results of modeling and analysis of
often very abstract general schemes of technological operations. In this case, the
main attention is focused on determining the energy-power characteristics
necessary to achieve the required degree of deformation of the workpiece. The
reliability of the results obtained in this way is ensured by the use of empirical
correction factors, which take into account the average statistical peculiarities of the
dynamics of the deformation process, typical for processing of the selected range of
materials on equipment of a concrete type in concrete production conditions [7 -

11]. At the same time, a number of more complex technological problems are not
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solved. Their list includes the calculation of the dynamic parameters of the
workpiece heating and the associated structural changes during deformation, taking
into account the anisotropy of the deformed material and the dynamics of its
hardening, assessing the likely degree of post-operative warping of products in case
if they are insufficiently rigid, and so on. Varied researches in the listed directions,
of course, are being carried out [12 - 17], but their results are rather
phenomenological in nature. Due to the lack of appropriate methodology, they are
not used directly in the generally accepted practice of designing deformation
operations. This significantly reduces the efficiency of technological processes for

manufacturing articles.

The purpose of the research

The purpose of the research is to improve the method for designing
technological operations for deforming metals and their alloys by establishing a
functional relationship between the parameters of the force influence on the
workpiece and the characteristics of the natural deformation behavior of its material

during the shape forming process.

Main research material

Let a solid crystalline body, for example a metal or metal alloy, which is in a
state of internal equilibrium, is subjecting to a deforming influence. During its
course, over a time interval At=t—t;, external forces perform work to change the

linear dimensions and shape of the body

A, = [[pdsdl = [[pdSvat, (1)
where [, and | respectively are the initial and final linear dimensions of the
body in the direction of the external force action; p is the pressure exerted by such

influence on its contact surface; S, is the area of this surface; v =qu/ dt - the rate of

changing of the linear dimension | during deformation.
According to the laws of dynamics [18] mechanical action of these forces

A, At=([[ bds, didt = [[d(m, )l = [(m, [dv+v]dm,)dl =
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—p [(V, [dv +V[av,)dl = pv (e[ v +7[de)dl, @)

where m, =pV, is the mass of the displaced volume of the deformable
substance; p - its density; V, =Ve - the displaced volume of substance; V - the
volume of body; e = ln(l/lo) — the true degree of relative deformation when its linear

dimension changes in the range from |y to | .

This action upsets the internal balance in the deformed volume of the
substance, as a result of which a field of additional internal reactive forces appears in
it. According to the Le Chatelier — Brown principle [19], they will aspire to

compensate for external influences, thereby preventing body deformation.

The volumetric distribution of additional internal forces fv may be represented

as the integral sum of their distributions fS over the area S of all surfaces identified
in the space of the deformable volume V. In practice, it is most convenient to
consider in this capacity various families of plane sections of the body. In the
general case of a section oriented at an angle 0 <a <90° to the direction of external
influence, the forces acting in its plane will be decomposed into components normal
fs” and tangential f; with respect to this section. Their specific values will
determine the magnitude, respectively, of the normal & and tangential 7
components of the mechanical stress in the considered section. Taking this into
account, the resultant of the spatial system of additional internal forces arising in
the volume of the solid crystalline body at its deformation,

j f,dv = j aafls dv = —dV a;—ldv j 99 4y +j—dv (3)

\ \Y \%

Then, in absolute value, the work that these forces will do in a unit of volume

of the body, hindering its deformation,

A, jfvdz jfs =[fede=[fids+[fide = [cde+ [rde=f;ds, (4

0 0 0 0 0 0
where ¢ =(I—1,)/I=Al/l is the conditional degree of relative deformation of the
body in the external force direction; f; and ¢; are the operators of the stress and the

strain tensors respectively.
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Equalities (3) and (4) show that the creation of the field of additional internal
forces and, consequently, their ability to make a work are associated with the
creation of a stress-strain state in the volume of the solid crystalline body. According
to the energy conservation law the entrance of energy necessary for this occurs due
to the work (1) done by the external forces during loading. The amount of energy
AE,, that the substance of a body absorbs during its course is determined by the

value of uncompensated energy flow passing through the contact surface area of the

body over the time interval At :

AE
D, = ab , 5
ab At ( )

It follows from the expression (2) that the creation of this flow is a component
of the action of external forces on the body. According to the first law of
thermodynamics [20], the energy transported by it will be partially expended on
increasing the internal energy U of the body and, ultimately, will be dissipated into
the environment in the form of heat, and partially will be spent to a work (4) of

additional internal forces fij. Thus, taking into account equalities (1) and (5), we

obtain that the amount of energy absorbed by a body, when a deforming influence is

exerted on it, is

AE,, = jq)ab dt = j [pds.dl =[dU+|da, =de+jfﬁjdgiidv, (6)
\% \%4 Vo

ty Iy S, \%4

Equality (6) shows that plastic deformation is based on the mechanism of
thermal excitation of substance of a solid crystalline body. It consists in interrelated
changes in the thermodynamic potentials of the deformable volume. Other
consequences of the action of this mechanism are the heating of the body and the
creation of a stress-strain state in its volume.

The ability of a substance to absorb energy and, due to this, move from one
state to another is determined by the magnitude of possible changes in the system of
its thermodynamic potentials: enthalpy (total heat), internal energy, Gibbs energy
(Gibbs thermodynamic potential), free and bound energy. Internal energy U
characterizes the energy of thermal chaotic motion and interaction of particles —
atoms, ions or molecules — in the considered volume of substance. Enthalpy
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H=U+f;V is a measure of the amount of energy that a substance, being in a state

of equilibrium with the environment, is capable to convert into heat and work.
Bound energy TS characterizes part of the internal energy that cannot be
transferred to other bodies during the work performed by the substance, provided
that its temperature T and entropy S are constant. Free energy F =U—TS reflects
that part of the internal energy, due to the change in which the thermodynamic
system of the considered volume of substance is capable to make a work against
external forces in a reversible isothermal process. Finally, the Gibbs energy
G=H-TS characterizes the ability of the considered volume of matter to make a
work due to its internal sources, that is, due to a change in enthalpy [20]. Taking into

account these concepts, it follows from the first law of thermodynamics (6) that

AE,, =jjpdscd1=jdH=de+jd(Ts)+jjﬁ,dg,.,dv, (7)

Iy S. v
Equality (7) makes it possible to determine what part of the absorbed energy
falls on the elastic component of deformation (the first item in its right-hand side),
what part will be spent on structural changes in the plastic domain and heating of
the body (the second item), and what part will be spent on counteracting to external
forces (third item).

Change of enthalpy [5, p. 77]
dH =dU+d(f,V)=dF+d(TS)+d(f,V)=dG+d(TS).

Expressing from here the value of the change in free energy and substituting
the result into equality (7), we obtain a formula that allows estimating the natural

deformability of a solid crystalline body in each concrete case of its loading:

AE,, =jIpdSCdl=Id(TS)+jdG—jjﬁjdgiidV, 8)
S, 14 \4 Vo

Iy S,

According to the equality (8), it is determined by the value of the Gibbs energy
of the perturbed volume of substance. Knowledge of this quantity allows us to
predict whether the body will behave as low-plastic, plastic or short with the chosen
deformation method. The corresponding conclusion is easiest to do by analyzing the

relationship between the change in the Gibbs energy dG of the substance
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deformable volume V' and the work f;de;dV that additional internal forces will do
in it, hampering its deformation. If dG > f;de;dV, the body will behave like plastic,
when dG = f;de;dV , its behavior will be low-plastic, and if dG < f;ds;dV, the body

turns out to be brittle.

Equalities (6), (7) and (8) are different ways to write the synergistic
management function that, based on the thermodynamics laws, describes the
process of forced adaptation of a solid crystalline body by exerting a deforming
influence on it. Considering the loading conditions, they allow us to evaluate the
real efficiency of the external action (2) performed on the body and, depending on
the choice of integration limits, to explain the features of the deformation behavior
of the processed material at its micro-, meso- or macroscopic structural levels.

Traditionally, most of the existing machining methods suppose the rendering
of a force influence, which, if we don’t take into account the own dynamics of the
technological system machine - device — tool - workpiece and the effects of
dynamic instability arising from loading and unloading, is constant. Such influence
breaks the natural course of the plastic flow of metals and their alloys. As a result, a
vortex dissipative structure, which gives the plastic flow the character of an unstable
or, more precisely, non-stationary process, appears in the deformed volume. Exactly
it is responsible for the development of the parabolic stage of strain hardening
[21 - 24]. Another consequence of such contravention is the energetic
supersaturation of the deformed volume. It is reflecting in the intense heating of the
workpiece and the appearance of big residual stresses in its volume. Their relaxation
causes postoperative deformation of the product and, in the case of strong energy
supersaturation, can lead to its fracture. The same phenomena are typical for plastic
deformation by impact or explosion, when the workpiece is exposed to the influence
of strong dynamic loads.

The regularity of intense heating and quick strain hardening of metals and their
alloys under constant force influence or dynamic loading can be explained, if we
consider the difference dG-f;de;dV on the right-hand side of equality (8) as a

quantity that determines the kinetic energy and, consequently, the intensity of

plastic flow. Since the possibility of changing the value of the Gibbs energy, that
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characterizes the natural ability of a solid body to deform, is restricted to some
limiting value, which depends on the physical nature and properties of the
crystalline substance under the considering conditions, it follows from equality (8)
that all excessive energy absorbed by the body under loading will be spent on
changing the bound energy of the deformable volume and on execution of the work
(4) against external forces. The bound energy TS is also finite and also depends on
the physical nature and properties of the body. It can change both at the expense of
a change in body temperature T and at the expense of a change in the degree of
statistical disorder, that is entropy S of its crystalline structure. In accordance with
the thermodynamics laws [20], provided constancy the aggregation state and
preservation of the deformable volume integrity, the possibility of changing its
entropy during heating or cooling are limited by the specific heat capacity of the

substance:

T oS

“moT’

where M is the mass of the workpiece body.

According to the Dulong and Petit law the heat capacity of metals and their
alloys remains practically constant at temperatures typical for most technological
operations of the machining. It follows hence that the main part of the change in the
bound energy of the deformed volume will occur due to the change of its entropy
during the process of adaptive reorganization of the crystal structure [25]. This
conclusion is true not only for the case of plastic deformation, but also for heat
treatment. The structure change is accompanied by an increase in the potential
energy of intracrystalline interaction [26]. Accordingly, the work (4), which
additional internal forces make, counteracting deformation, also increases. As can
be seen from equality (8), provided that the integrity of the deformable volume is

preserved, its value f;de;dV can increase only due to a decrease in the difference
dG-f,;de;dV, that is due to a decrease in the intensity of plastic flow. In

combination with the conditions of deformation, the interrelation of these factors
determines the appearance on the hardening curve of a section with a parabolic

dependence of the deformation resistance (true stresses) on the degree of
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deformation. As the degree of energy supersaturation increases, the parabola
coefficient is changed. In accordance with the J. F. Bell’s theory on the quantization
of the parabolic response function during finite plastic deformations [27], the rate of
this process depends on the physical properties of the deformable solid body, the
type and state of its crystalline structure, as well as on the amount of the energy flux
(5) absorbed by the body per unit time, that is from the loading dynamics (2).
According to the energy conservation law the change in the difference

dG-f,;de;dV determines the amount of the total, mechanical and thermodynamic,

internal action that does in the volume of a deformable solid body during a time

interval At =t—t,:

A, At = j [dGat - j | j f,de dvat, )

to V LV O
Taking this concept into account, it follows from equalities (2) and (8) that the

mechanical action of external forces

A At = j j [ pas.didt = sj [dTdt+ Tj. [ dsat + j [da,dt, (10)

to Iy S, toV tyV toV
Equality (10) is another form of writing the synergistic management function of
the plastic deformation process. Using this equation, we can show that an internal
residual action occurs in the volume of the workpiece after the cessation of loading.
It occurs in the process of relaxation due to a decrease in the thermodynamic

potentials of the disturbed substance:

ApAc= [ [dAdt= Hdet—”jfijdgijdth:—SJIdet—T_”det, (11)

ATV ATV ArV 0 ATV ATV

where Ar is the time of disturbance relaxation.

By analogy with external mechanical action (2), its synergistic development
causes the occurrence of postoperative deformation, the magnitude of which
depends on the degree of thermodynamic excitation of the workpiece’s substance,
that is, on the amount of energy (5) absorbed by the workpiece during the

disturbance process:
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Arnr=pV e, [dv+v[de,)dl, =-S5 [ [dTdt-T [ [asat, (12)
ATV

ATV

Equalities (11) and (12) describe a particular case of a spontaneous adaptive
response that arises in the disturbed volume of a solid crystalline body. A similar
response arises in the process of external influence too. Analysis of the relationship
between equalities (10) — (12) shows that its natural development takes place if this
influence is carried out taking into account the ability of the workpiece’s substance
to relaxation.

The stated analysis is applicable not only to the case of mechanical processing
of structural materials, primarily metals and their alloys, by pressure, but also to
cutting operations. It is also true for other types of technological influence. Various
cases of combined influence carried out with the aim of additional activation of the
workpiece material have the special interest among them. These include heating,
ultrasonic influence, electrical impulse stimulation, etc. In accordance with the
Boltzmann’s time-temperature superposition principle [28], their usage makes it
possible to reduce the value of the applied load or, if its value is unaltered, to
achieve a greater degree of one-time deformation. However, at the same time, the
problem of internal action remains. In the case of strong energetic supersaturation,
it can lead to destruction of the workpiece during its machining or in the

postoperative period.
Conclusions

1. The process of plastic deformation of solid crystalline bodies is based on the
mechanism of thermodynamic excitation of the substance. It consists in interrelated
changes in the thermodynamic potentials of the deformed volume.

2. The magnitude of such changes determines the behavior of a solid crystalline
body, for example metal or metallic alloy, during its machining, as well as in the
postoperative period.

3. For the technological point of view, the most favorable behavior of
machining material arises when the external influence on the workpiece is taking

into account its natural ability to relaxation.
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€. B. Ky3HenoB

ABUIIE TEPMOJAWHAMIYHOL O11
IIPU INTACTUYHOMY JE®OPMYBAHHI METAJIIB TA IX CITJIABIB

AHamiz ocTraHHIX OOCTIIKeHb Ta IyOJIKalliifi ITOKasye, IO IIpM IIPOEKTyBaHHi
TEXHOJIOTiYHMX OIlepaliiii 0oOpoO6KM MeTasiB TMCKOM OCHOBHA yBara [0Ci TpaauIliitHO
30CepeKyEThCSI HA BU3HAUEHHI €EHEPTrOCMIOBMUX XapaKTEePUCTUK, HEOOXigHUX IS
IOCSITHEHHST HeobximHoro crymeHs medopmariii 3arorismii. IIpu mpoMy udepes BiICyTHICTh
BiIMOBiAHOI METOAMKM 30BCiM He BPaxOBYEThCS AMHAMiKa PO3BUTKY MPUPOIHUX MPOIIECiB
ajganTalii TepMOAMHAMIUHO 30Yy[KEHOTO O0O0CSITy PEeYOBMHM, SKa BM3HAYAE XapaKTep
medopMalliifHOi IOBeOiHKM 3aroTiBii. Lle cyTTeBO 3HMKYE e(deKTMBHICTh TEXHOJIOTiUHMUX
MpOoIIeCciB BUPOOHMUIITBA BUPOOIB.

MeTO0 OOCTIAKEHHSI € BIOCKOHAQJIEHHSI METOAY IPOEKTYBaHHSI TEXHOJIOTiUYHMX
ormepaitiiii ;edopMyBaHHS MeTaJliB Ta iX CIUIABiB IUISIXOM BCTaHOBJE€HHS (QYHKI[IOHAJIbHOTO
3B'SI3Ky MDK IlapaMeTpaMy CUJIOBOrO BIUIMBY Ha 3aroTiBAI0 Ta XapaKTepUCTUKaMu
npupoAHoi nedopmalliifHOi MoBemiHKM ii MaTepiany B mpolieci GopMOYTBOPEHHSI.

OcHOBHMIT MaTepiaa JocaiaKkeHHs. Ha nipukiaai MeTasiB Ta iX CIUiaBiB pO3IJISTHYTO
MexXaHi3M i 3araJibHi 3aKOHOMIpPHOCTi TepMOIMHAMIYHOrO 30YIKEeHHS TBEpPAUX
KPUCTQTYHMUX Til TIpU IUIaCTUUYHOMY nAedopmyBaHHi. OmucaHo 3B’SI30K MiX 3MiHOIO
TepMOAVHAMIUYHMX TTOTEHIlia/liB pe4OBMHM 06’ €My, 110 AeOpPMYETHCS, Ta 100 MOBEAiHKOIO
B TIipoiieci (OpMOYTBOPEHHSI, a TaKOX Y IIiciasorniepainiiiuuii mepioa. Ha ocHOBIi
CMHEPTeTMYHOTO METOY aHasli3y CMIbHO HEPiBHOBAaKHMX CUCTEM ITOKA3aHO, IO HaMGiIbII
CTIPUSITAIMBUI 3 TEXHOJIOTIUHOI TOUKM 30pY afanTUBHUI QYHKI[IOHAIbHUI BiATYK BUHMUKAE Y
pasi, Komu medopMyIOuMii BIIMB BUSIBJISIETbCSI 3 YpaxyBaHHSIM IIPUPOIHOI 3TATHOCTI
pPEeUOBMHM 3aroTiBiai A0 penakcaiii. OTpuMaHi pe3y/nbTaT CTBOPIOIOTb OCHOBY [JISI
BIOCKOHAJIEHHSI OIlepalli/i MexaHiuHOi 0OpOOKM MeTasliB Ta CIIIaBiB IUISIXOM ypaxXyBaHHS
BJIACTMBOCTEI Ta O0COOJMBOCTEl TpUpPOAHOi medopMalliiiHOI TOBEMiHKM KOXHOTO
KOHKPETHOTO MaTepianay Yy KOHKPeTHUX yMOBax. BOHM 3aCTOCOBHi He Ti/IbKM JIJISI oTepairiit
00pOOKY METaiB TUCKOM, aJie i TeXHOJIOTii pi3aHHS.

KniouoBi cimoBa. Metasim Ta ixX crutaBu, 00OpoOKa THMCKOM, MeXaHiyHa [is,
TepMOAMHaMiuHa 30YMKEeHHS, TepMOAMHAMIUHi ITOTeHIliaJu, TepMOAMHAMiuHa i,
nedopmailiiiiHa IoBefiHKa.

Ky3HenoB €Brex BikTopoBuu, KaHAMIAT TEXHIYHUX HAYK, AOIEHT Kadeapyu TeOpeTUUHUX
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