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Abstract. The data of mathematical modeling of the thermal state of a cutting tool under conditions of laser hardening are presented.
The features of the implementation of the method of polyargument systems for solving the three-dimensional heat transfer problem
with a localized movable laser heating source are considered. The data of numerical studies to establish patterns of the influence of
the radius of the heating spot on the temperature regime of the hardened tool are presented. It is shown that varying this parameter
can be used as an effective way of influencing the thermal state of a cutting tool during its hardening by a laser beam. The results of
modeling the temperature conditions of the tool in a wide practically important range of changes in its sharpening angle are
presented.
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Introduction

One of the characteristic features of laser hardening technologies is that the leading role in them belongs to heat
processes. These processes are the root cause of different physical-chemical phenomena associated with heat ones. Such
phenomena, in particular, include structural and bulk transformations in materials, changes in the thermally stressed
state of details, etc. So, an in-depth analysis of heat transfer processes in hardened details is relevant for these
technologies.

In the analysis of the technologies under consideration, a special role belongs to mathematical modeling (see, for
example, [1-3]). This is due, firstly, to the fact that in a number of cases conducting full-scale experiments is expensive
and, moreover, it is extremely difficult by a combination of additional factors, such as high heating and cooling rates,
the practical inaccessibility of individual sections of the studied objects of significant interest, localization of the zones
of influence of concentrated energy flows, etc. In addition, the use of mathematical modeling in the study of the studied
processes allows, as you know, to fill the gaps in the experimental work, as well as, very important, significantly reduce
the volume of experiments.

This work is devoted to the study of heat transfer processes during laser hardening based on mathematical
modeling.

Study objectives

The purpose of the article is to identify the effects of structural and operational parameters on the temperature
conditions of the cutting tool during laser hardening

Problem statement and research methodology

The physical formulation of the heat transfer problem for the situation under consideration is formulated as
follows. A normally distributed laser heating source ¢ (r, z) with a constant speed V moves along the surface of the
cutting tool parallel to the z axis at a certain distance from it, Fig. 1. The following notation is used in the figure:

q(r,z)

Pe=V-r /ao; q* = sr=rlny sz=z/1y a = az /7y » 3 gmax— Maximum value of the heat input diagram;
qmax
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op» T — the variable and characteristic value of the radius

of the heating spot; r,, z, — dimensionless coordinates; a, is a

fixed value of the coefficient of thermal diffusivity of the tool
material).

We consider the situation corresponding to the
unchanged heat transfer conditions of the part with the
environment, which is described by the Newton-Richmann
law. The ambient temperature z. and the heat transfer
coefficient are assumed to be constant and the same for all
bounding surfaces.

The mathematical formulation of the problem under
consideration is given in [2].

The problem was solved using the method of
polyargument systems (MPS), focused on solving
multidimensional transfer problems [4—6]. This class of
methods can be interpreted as a logical generalization and development of projection methods — one of the most
important approaches of modern computational mathematics.

The basis for constructing methods of polyargument systems are the following three points.

The first point can be formulated as a desire to eliminate the necessity to use any a priori elements in the desired
solution and to determine to the maximum extent possible all the information required to construct the solution, based
only on a given mathematical statement of the problem. The a priori elements to be eliminated in the basic methods
noted above are primarily the basic functions, as well as some additional functions that ensure satisfaction of the
boundary conditions, taking into account the shape of the region, etc.

The second point is the most important concept for constructing this class of methods — the concept of the
completeness of functional reflection. The essence of this concept can be formulated as some requirement for the
features of the reflection of the initial information in a reduced formulation. According to this requirement, it is
necessary to be able to reflect the information appearing in the original mathematical model in a functional form, also in
a functional form, i.e. in the form of functions of one or another argument. Moreover, the very specificity of the
construction of methods should provide the possibility of implementing such a functional reflection both partially and
(which is especially important) with the maximum possible completeness allowed by the accepted restrictions.

The third point characterizes the main limitation, in the framework of which two previous provisions are
implemented. In this paper, such a limitation is to reduce the original multidimensional problem to special one-
dimensional ones, i.e. to problems formulated ultimately for systems of ordinary differential equations. Acceptance of
this condition is motivated mainly by the following two considerations. Firstly, the need to have a well-developed
mathematical apparatus that can be effectively applied to solve a reduced problem. And, secondly, the ability to reflect
in the reduced statement the initial functional information in a functional form, as required by the above concept.

The above three points that underlie the construction of methods of polyargument systems, and above all the
concept of completeness of functional reflection, provide high efficiency of the developed approach for solving
different multidimensional transfer problems.

Fig. 1. To the statement of the problem

Research results

The temperature conditions of details during laser hardening to a large extent determine the final technological
result. One of the ways to influence the temperature regime of a cutting tool is to change the value of the laser heating
spot ry.

Typical results of numerical studies of the heat state of the cutting tool for different values of ry. are shown in
Fig. 2, 3. The data presented correspond to the following initial parameters: ¢ = 1t /3, a* = 1.0, Bi = 1.064-10 ~3; cutting

. o7y T .
tool material — steel U8; ro = 0.5; 0.75; 1.0; 1.5; ( Bi = —2, Fy = 0—{’ , o — heat transfer coefficient, Ao — fixed value of
0 To
the thermal conductivity coefficient of the material of the cutting tool; as the characteristic size was taken
7 =2-10"m.
For different calculation options corresponding to different ro, the heat flux gm.x were determined from the

correlation gmax = O/ (7Z'-I"02p ), where Oy =Q,* A, Q,* is the laser radiation power, 4 is the absorption capacity of the
cutting tool material.
Characterizing in general the features of the influence of the parameter o on the temperature regime of the tool,

it should be noted that this influence for cutting tool and a semi-infinite array is significantly different. So, in a semi-
infinite array, o does not affect the qualitative nature of the temperature distribution. In the case of a cutting tool, the
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Fig. 2. The change in temperature 6* of tool
along the radius at p =0, z=-0.5, 1= /3,
a*= 1.0, Pe = 4.5 for different values of ro:
1-7=05,2-0753-10;4-15
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Fig. 3. The change in temperature 6* of tool in
the direction of the axis z at ¢ = 0,
r=1.0,p1=n/3, a*=1.0, Pe=4.5 for
different values of ro: 1 —r0=0.5;2 —0.75;
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Fig. 4. The change in temperature 0 along the
radiusat g =0,z=-0.5, a* = 1.0, r0=1.0,
Pe = 4.5 for different values ¢ : 1 — ¢ =n/12;

2-n/6;3-w/3;4—m/2

opposite is true. Namely, here the temperature distributions
corresponding to different values of 7, can differ not only quantitatively,
but also qualitatively. Indeed, as can be seen from Fig. 2, for relatively
small values of 7, the temperature distribution of the tool 6* along the
radius is extreme (see lines 1, 2 and 3 on the graph). In the case of
sufficiently large values of , (line 4 on the graph), there is a monotonic

drop in the temperature of the tool 6* with distance from the cutting
edge. (Here the value 6* represents the ratio 6 // 0 where 0 . 1is the

max; > max;
dimensionless maximum temperature of the tool at o = 0.5).

As for the quantitative differences of the compared temperatures,
so as follows from the data obtained (see Figs. 2 and 3), in the zone
adjacent to the maximum heat supply, a significant deviation of
temperatures corresponding to different 7, is observed. Moreover, the
temperature levels of the tool are higher, the smaller, ceteris paribus, the
value of 7. As the distance from the location of the maximum of the heat

supply, the differences in temperatures related to different », generally

decrease markedly. (So, as can be seen from Fig. 2, at » = 1, the deviation
of the compared temperatures 0* reaches 0.55, and at some distance from
it at » = 2 it does not exceed 0.05). This is due to the effect of the
localization influence of specifics on the localization of the spatial
distribution of the heat flux supplied to the tool.

According to the data obtained, the inversion of the compared
temperature curves is seen in front of the laser heating source in the
direction of its movement (see Fig. 3). A similar picture takes place in
the direction of the radial coordinate (Fig. 2).

It is also of interest to analyze the features of the influence on the
heat state of the tool during hardening of the sharpening angle ¢,. The

characteristic results of the performed computational experiments, which
correspond to different values of ¢,, are presented in Fig. 4 and 5. (Here,

0=0/0"

max °

3k . . . .
where 0, is the dimensionless maximum temperature of

the tool at @; = n /12). As you can see, with an increase in the angle ¢,,
ceteris paribus, the temperature level of the tool as a whole decreases. It
is important to emphasize that on the hardened surface, the greatest
differences in temperature corresponding to different sharpening angles
occur near the cutting edge. With the radial direction away from it, these
differences decrease and turn out to be very insignificant at a sufficiently
large distance (see Fig. 4). Thus, under the considered conditions, at
some distance from the cutting edge, the effect of localization of the
influence of the tool sharpening angle takes place.

As follows from the data obtained, the value of the sharpening
angle @, determines not only the temperature level in the detail, but can
also have a significant effect on the nature of the temperature field of the
tool as a whole. So, at small tool sharpening angles, extreme temperature
values are observed directly on the sharp edge (lines | and 2 in Fig. 4).
As the angle @, increases, the extremum shifts in the radial direction
(lines 3 and 4 on the graph).

It is also noteworthy that the effects of the angle ¢, turn out to be
different in different ranges of its change. As follows from the data
obtained, at relatively small tool sharpening angles (¢, </ 6), a change

in ¢, has a very significant effect on the temperature level in the high-
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temperature zone (compare lines 1 and 2 in Figs. 4 and 5). In the case
~ of sufficiently large angles ¢, (¢, > n /3), the influence of 1 on the

0
\ formation of the thermal state of the instrument is not so significant
‘ (compare lines 3 and 4 in the graphs). This circumstance, obviously, is
0.4 associated with the phenomenon of localization of the influence of the

unheated surface of the tool @ = ¢, which is observed at relatively

large sharpening angles. Indeed, in situations corresponding to large
values of @, the effect of the unheated surface of the tool ¢ on the

ft

0.2 .

temperature distribution in the high-temperature zone is significantly
& weakened compared to that in the case of small angles ¢ . And
0 I— accordingly, in this situation, the indicated temperature distribution will

0 /6 /3 ¢ be determined primarily by the heat supply conditions themselves.
Fig. 5. Dependence = f(¢) for r= 1.0, As for the features of the behavior of the temperature of the tool
z=-0.5, ro=a*=1.0, Pe=4.5 for various tool  in the tangential direction for various values of its sharpening angle, the
sharpening angles @ : 1 — ¢ =m/12; picture here as a whole is as follows. The decrease in the temperature
2-m/6:3-m/34—1/2 of the tool in the tangential direction is the more significant, the larger

the value of the angle ¢ . In this case, temperature deviations
corresponding to different sharpening angles ¢, vary slightly with increasing ¢, and increasing slightly as they approach
the unheated tool boundary surface ¢ = @, (see Fig. 5).

Conclusions

Based on the method of polyargument systems, data on the laws of the influence of various factors on the heat
state of a cutting tool hardened by a laser beam were obtained. Wherein:
1. The effects of the influence of the radius of the heating spot on the temperature regime of the instrument are
established and their interpretation is given taking into account the localization phenomenon.
2. The analysis of the regularity of change in the heat state of the tool with varying the angle of its sharpening is
performed.
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MopeanpoBaHue TeMIEpPAaTYPHBIX IOJIedl JeTajiell NPH Ja3epHOH 3aKalike C
HCIO0JIb30BAHMEM METOAA MOJHAPTYMEHTHBIX CHCTEM

B.TI. IIpokonos, H. M. ®uainko, 0. B. IllepenkoBckuii, B. JI. Opuyk, H. O. MepanoBa, O. E. Maneukas,
A. b. Tumomenko, M. B. I'an:xa

AHHomauu;l. Hpedcmaeﬂeﬁbl OanHble MaAmemMamuyeckKo2o Moc)e/mpoeaﬂuﬂ menjioeoco COCMOARUS pedcyuieco UHCmpymenma 6
ycnosusx ﬂas’epﬁoﬁ 3AKAIKU. Pacc.wampusmomc;z ocobenrocmu pearuzayuu Mmemooa RNOMUAPCYMEHNIHbIX CUCMEM ons peuienus
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MpEexXmMepHoll 3a0auu MenionepeHoca ¢ AOKANU308AHHBIM NOOBUNCHBIM UCHOYHUKOM JA3epHo20 Hazpesa. IIpueodsmcs Oanmvie
YUCTICHHBIX UCCIeO08AHULL NO YCMAHOGILEHUI) 3AKOHOMEPHOCMEN GIUSAHUSL PAOUYCA NAMHA HAZPE8A HA MEMAEPAMYPHbIU PEXHCUM
ynpounsiemoz2o uncmpymenma. Ilokazano, uwmo eapvupoganue OaHHO20 NAPAMEMPA MONCeM UCNONb308AMbC 8 Kauecmee
appexmusro2o cnocoba 6030eicmeus Ha MENI0B0E COCMOSHUE PEXCYUe20 UHCIPYMEHMA 6 RPOYecce e20 3aKWIKU IYUoM 1asepa.
Tlpedcmasnenvt pe3yromamosl MOOCIUPOBAHUS. MEMNEPANYPHBIX PEHCUMOE UHCIPYMEHMA 6 WUPOKOM HPAKMUYECKU BANCHOM
Ouanazomne usMeHeHus e2o y2ia 3amoyKu.

Knrouesvie cnosa: ynpounenue 1yuom iazepa; Memoosl NOAUAPSYMEHNHBIX CUCIEM, MEMREPANTYPHbLE PEXNCUMbL, KOMAbIOMEPHOE
MoOenuposanue.

MoaenBaHHS TeMIePaTyPHHUX IMOJIIB JAeTajleldl NMPH JIa3epHOMY 3arapTyBaHHi 3
BHKOPHCTAHHAM METOAY MOJIApryMEeHTHHUX CHCTEM

B.T. Ilpokonos, H. M. ®ianko, 10. B. lllepenkoscbkuii, B. JI. FOpuyk, H. O. Mepanoga, O. €. Manensbka,
O. b. Tumomenko, M. B. I'anzka

Anomauisa. [Ipedcmasneno 0aHi MameMamuyHo20 MOOENO8AHH MENI08020 CMAHY PIdCyY020 THCMPYMEHMY 8 YMOBAX A3EPHO20
3aeapmyeanns. Posenaoaromscs 0cobaueocni peanizayii Memooy noxiapeyMeHmHux cucmem Ol po3g A3aHHsA MPUSUMIPHOL 3a0ati
TeNnIONepeHocy 3 JOKANI308AHUM DYXOMUM OJicepesiom Na3epHo2o Haepigy. Haeodsamvcs Oani uuciogux O0ocCniodceHb wooo
6CIMAHOBNEHHS 3AKOHOMIDHOCMEU 6NIU8y paodiyca NIAMU HASPIGY HA MEMREePAMmYPHULL PedlCuM 3MIYHIO8AHO20 [HCMPYMEHM).
Ilokazano, wjo eapilosants 0aHO20 NApamempa Modxice SUKOPUCTOBYBAMUCA AK eDeKmusHUll Cnocié eniuey Ha meniosuii Cmam
pidcynoeo  incmpymenmy 6 npoyeci 1020 3a2apmysanns npomenem aasepa. IIpeocmasneno pe3ynomamu  MOOeNO8aAHHS
MeMNepamypHUux pexcumis iIHCmpymeHma 6 WUpOKOMY NPAKMUUHO BANCTUBOMY OiANd30HT 3MIHU 1020 KYMa 3aMOYKU.

Knrouosi cnosa: 3miynenna npomenem 1azepa; Memoou NOMAPSYMEHMHUX CUCIEM, MEMNePamypHi pedcumu; Komn'tomepHe
MOOenio8anHsL.
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