PE3YNbTATbI NCCJTEAOBAHMA HOBbBIX NMPOLIECCOB, MATEPUANOB, N3OEJTNA

G TC 1/2019

Prokopov V. G., Fialko N. M., Sherenkovskiy Ju. V., Yurchuk V. L., Meranova N. O., Maletska O. E.,
Polozenko N. P., Kutniak O. N.

Institute of Engineering Thermophysics of NAS of Ukraine. Ukraine, Kyiv

MATHEMATICAL MODELING OF HEAT TRANSFER PROCESSES
AT LASER HARDENING BASED ON METHODS OF POLYARUGUMENT SYSTEMS

The results of computer simulation of three-dimensional temperature fields of the cutting tool under the
conditions of its hardening by continuous laser radiation are presented. The main provisions of the con-
struction of the polyargument systems method used in solving the considered quasi-stationary heat trans-
Jfer problem are given. The results of computational experiments to study the effects on the thermal state
of the cutting tool of the distance a* between the cutting edge and the center of the laser beam are ana-
lyzed. According to the data of the conducted studies, it has been shown that a change in the value of a*
has a significant effect on the pattern of the temperature fields in the tool being treated. The results of cal-
culated studies and nature experiments concerning the dependence of the dimensions of the hardened zone
on the distance a* between the cutting edge and the center of the heating spot are presented. The physi-
cal interpretation of the data obtained based on the analysis of the action of a number of competing fac-
tors are given. [dx.doi.org/10.29010,/086.3]
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Introduction

Laser hardening of materials, as you know, is one
of the main laser applications in mechanical engi-
neering. The widespread use of laser hardening is
associated mainly with two circumstances, firstly,
with a number of advantages of this hardening
method, such as the possibility of selective harden-
ing, the presence of relatively small deformations of
tools after heat treatment, the possibility of suffi-
ciently precise control of the depth of the hardened
layer, etc. and, secondly, with the fact that for surface
hardening lasers with an average power of 1-5 kW
can be used, which are relatively simple both in pro-
duction and in operation [1—4].

The widespread use of laser hardening has led to
the need for detailed theoretical and experimental
studies of different processes occurring in the mate-
rial when exposed to laser radiation. Among these
studies an important place is occupied by thermo-
physical researches, since it is precisely the nature
of thermal processes that largely determines the
possibility of achieving the desired technological
result.

Formulation of research objectives
The purpose of the article is to establish the pat-

terns of heat transfer processes flow during laser hard-
ening of the cutting tool.

Task setting and research methodology

The object under study (cutting tool) is a wedge-
shaped body, fig. 1.

The surface normally distributed source of laser
heating moves with a constant velocity V parallel to
the z axis at some distance from it. The heat transfer
conditions of the cutting tool with the environment
are described by Newton-Richman law. In this case,
the ambient temperature ¢, and the heat transfer coef-
ficient o are assumed to be constant and the same for
all limiting surfaces.

According to the above, the mathematical model of
the heat transfer process under study during the hard-
ening of the cutting tool with a laser beam for ultimate
quasi-stationary state can be represented as.

Fig. 1. To the formulation of the problem
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here 6 = (¢ = £,)h/(@axToa); Pe=V1y4/a; Bi= 0uryy/Ay;
r=rd/ty 1, 1/ T 1 /i @ = Ag/Tog Z=2,/2
A=N/Ay; Cy=cy/cy;ay= Ay/Cy; G, — is the maximum
value of the heat supply diagram; z, is the ambient tem-
perature; Vis the velocity of the laser beam; 7, is the
radius of the heating spot; 7, r,, — internal and exter-
nal radius of the detail; a; — the distance from the cut-
ting edge to the location of the maximum heat supply;
¢, — angle sharpening tool; A, ¢, — fixed values of
thermal conductivity and specific volumetric heat
capacity of the material, respectively.

An integral polyargument systems method (MPS),
focused on solving multidimensional heat transfer
problems was used to solve indicated problem [5—6].
This method is based on three main provisions:

1. Elimination of the need to use any a priori ele-
ments in the sought-for solution and determining to
the maximum extent possible all the information
required for building the solution, based only on the
given mathematical formulation of the problem.

2. Realization of the completeness of the functional
reflection of the initial information in the reduced task.

3. Reduction of a multidimensional problem to spe-
cial one-dimensional problems.

The first provision deals with the exclusion of such
a priori elements as basic functions, as well as some
additional functions that ensure satisfaction of bound-
ary conditions, taking into account the shape of the
region, etc. As for the second provision, it represents
the requirement that the information appearing in the
original mathematical model in a functional form, was
reflected in the reduced formulation also in a function-
al form. The third position is motivated by the need to
have a well-developed mathematical apparatus that

can be effectively applied to the solution of the
reduced problem.

Summary of the main research results

The task of choosing the rational technological
modes of laser hardening of the cutting tool is associat-
ed with the organization of certain temperature
regimes of the hardened detail, which ensures the effi-
cient flow of the required structural changes in the
material. In this regard, it is of interest to analyze the
possibility of using various methods of influencing the
temperature regime of the cutting tool in the process of
its hardening. Such methods include, in particular, the
variation of the distance a* between the cutting edge
and the center of the heating spot.

Below are the results of numerical studies relating
to — the analysis of the effects of the magnitude of a*
on the thermal state of the cutting tool.

Typical data of performed computational experi-
ments are presented in Fig. 2—3. The given results cor-
respond to the following values of the initial parame-
ters: Bi = 1.064-10 %, r, = 100; r, = 0.001; ¢, = ©/3;
7, = 1.0; Pe = 4.5; material of the cutting tool — steel US.
(Here, the quantity 7, (r,; = 2-10°m) was taken as the
characteristic size in the Bi complex, the simplexes 7,, 7;
and a*). The value of a* varied in the range of 0 ... 1.5.

When comparing situations corresponding to differ-
ent values of a*, the values of the maximum density of
the input flow g, and the radius of the heating spot 7,
were assumed to be the same. Obviously, under these
conditions, some of the laser radiation that does not fall
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Fig. 2. The temperature change of the cutting tool
in the radial direction when ¢ = 0; z=—-0.5; ¢, = n/3;
r, = 1.0; Pe = 4.5 for different values of a*:
1—a*=0;2—-053—10;4—1255—15
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Fig. 3. Temperature field of the surface being treated of the cutting
tool ¢ = 0 at ¢, = 7/3; 7, = 1.0; Pe = 4.5 for different values of a*:

a)a*=0;1—6=0933;2 — 0.866; 3 — 0.8; 4 — 0.666; 5 — 0.533;
6 — 0.4; 7 — 0.266; 8 — 0.133;
bya*=1.0;71—6=0.8;2—0.733; 3 — 0.666; 4 — 0.533; 5 — 0.4;
6 —0.266; 7 — 0.133;
c)ya*=151-0=082—0.733; 3 — 0.666; 4 — 0.533; 5 — 0.4;
6 —0.266; 7 — 0,133

on the surface being treated and goes beyond the cut-
ting edge is practically not used to heat the tool.
Moreover, the value of this unused heat flux is the
greater, the closer to the cutting edge is the maximum
of the heat supply diagram. That is, under the condi-
tions under consideration, the total heat flux Q sup-
plied to the tool during quenching increases with
increasing distance from the cutting edge to the loca-
tion of the maximum heat input. It is also important to
note the fact that this increase is most significant in the
region of relatively small values of a*. These circum-
stances should be borne in mind in the further analysis
of the specific features of the influence of the parameter
a* on the thermal state of the considered detail.
According to the results of computational experi-
ments, the change in a* has a significant impact on
the nature of the temperature fields in the tool being
treated. The relevant data is illustrated in Fig. 2 and
3. As can be seen from fig. 2, the change in tool tem-
perature along the radius is different for different val-
ues of a*. With relatively small a* (lines 7, 2 on the
graph), the maximum temperature takes place on the
cutting edge itself, and as it moves away from it, the
temperature monotonously decreases. For sufficient-
ly large a* (lines 3, 4, 5), the dependence 8 = f(7) is
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extreme. The maximum temperature value is shifted
relative to the cutting edge, the more significant the
larger the value of a*.

Interpreting the data presented, it is necessary to
pay attention to the following points. The peculiari-
ties of the change in the maximum temperature in a
fixed section z = const depending on the distance a*
are related to the influence of certain competing fac-
tors: first, the total heat flow Q supplied to the part,
and second, the conditions of heat flow to the detail.
As already noted, as a* increases, the total heat flow
to the tool increases. This, obviously, should lead to a
tendency for the object temperature to increase.
However, this improves the conditions for heat out-
flows from the heating spot, which leads to a decrease
in the maximum temperature of the detail. As follows
from the data obtained, in the region of small values
of a* (lines 7 and 2 in Fig. 2), the action of the first of
the noted factors dominates, at sufficiently large a*
(lines 3, 4, 5) — the second of factors dominates.

In addition to this, it is also of interest to pay
attention to the fact that the maximum temperature
in the section z = const with very large a* changes
insignificantly with increasing a* (lines 4 and 5 in
Fig. 2). This circumstance is a direct consequence of
the effect of the regional influence of the geometric
factor. Namely, as the heating spot is removed from
the cutting edge (i.e. with increasing a*), the unheat-
ed surface of the tool @ = @, has less and less influence
on the temperature distribution in the high-tempera-
ture zone, so that starting from a certain value a* the
maximum in this section z = const, the temperature
0,,.. becomes almost unchanged. General ideas about
the nature of the location of the isotherms on the
heated surface of the tool for various a* give Fig 3 a),
b) and c¢). According to the maps of isotherms, there
is a significant difference in their configurations for
small and large values of a*, which, obviously, is due
to the influence of the factors noted above.

Figure 4 illustrates the dependence on the size a*
of the dimensions of the hardened zone b and ¢,
respectively, on the surface being treated ¢ = 0 and
unworked @ = @, tool surfaces. In the figure, the lines
with crosses correspond to the obtained numerical
solutions, and the lines with circles — to experiments.
As can be seen, the value of b increases significantly
with a raising in the distance a*, reaches a maximum
and then decreases sharply enough. The indicated
increase in b is obviously associated with a raising in
the total heat flux Q supplied to the detail, and its
decrease is due to the improvement of heat outflows
from the heating spot to the detail massif. As for the
size of the hardened zone ¢ on the surface ¢ = @,, then,
firstly, it turns out to be significantly less than the
value of b. And secondly, when a* > 1.3, the value of
¢ becomes equal to zero, i.e. the hardened zone does
not reach the unworked tool surface ¢ = o,.
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Fig. 4. The dependence of the sizes b and ¢ the hardened zone 7 on
the distance a* between the cutting edge and the position of the
center of the laser beam at ¢, = m/3; 7, = 1.0; Pe = 4.5;
—o0— — experimental data; —x— — result of numerical solution

Conclusions

1. The studies of thermal phenomena in the imple-
mentation of the technology of hardening the cutting
tool with continuous laser radiation were performed.

2. The possibilities of influencing the thermal state of
the hardened tool by varying the distance between the
cutting edge and the center of the beam were studied.
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Hucruryr texunveckoii temnodusauxu HAH Yikpaunbl. Ykpauna, r. Kues

MATEMATHUYECKOE MOJEJIMPOBAHUE INPOIIECCOB TEIIJIOIIEPEHOCA 11PN
JA3EPHON 3AKAJIKE HA OCHOBE METO/IOB ITOJIUAPTYMEHTHBIX CUCTEM

IIpedcmasnenvt pe3yivmamot KOMNLIOMEPHOZ0 MOOCTUPOBAHUSL MPEXMEPHBLIX MEMNEPAMYPHLIX NOJIEL
Ppecyue2o UHCMpYMeHma 8 YCuoeusx €20 YnpouHeHus. HenpepoléHvim uziyuenuem aasepa. Ilpueodamcs
OCHOGHbLE NOJIOIHCEHUSL NOCMPOCHUS. MeMO0A NOTUAPLYMEHMHBIX CUCHEM, UCNONbIYEM020 NPU PeuleHUU
paccmampueaemoil K6azuCmauuoHapHol 3a0auu menaonepenoca. AHAIUIUPYIOMC Pe3yabmamol 6bino-
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HEHHBIX BLIMUCTUMETIDHBIX IKCNEPUMEHMOE NO UYHeHUIO IPPeKmos SaAUAHUA HA MeNN060e COCMOAHUE
Percyuwezo UHCMpYMeHma pacCmosHUs a* mMexucoy pexcyuiell Kpomxou u yenmpom aazeprozo ayua. Ilo dan-
HbIM NPOBEOEHHBIX UCCe008AHUN NOKAIAHO, YMO UIMEHEeHUe GeUMUHbL a* oKaA3bleaem Cyujecmeenmoe
GIUAHUE HA Xapakmep memnepamypuvix nojeii ¢ oopadamvieaemom umncmpymenme. IIpedcmasnenvt
Ppe3ybmamot YUCIEHHBIX UCCTE008AHUL U HAMYPHBIX FIKCREPUMEHMO8, KACAIOUUECS 3ABUCUMOCTU pa3Me-
P06 YNpouHeHHOU 30HbL OM PACCMOSAHUA a* Mexncoy pexcyuweil KPOMKOU U UEHMPOM NAmMHA HaAZpesd.
IIpueooumcs Pusureckasn unmepnpemayus noaYHeHHbIX AHHLIX HA OCHOBE AHANU3A OElCMEUL PAOA KO-
Kypupyrouwux paxmopos. [dx.doi.org/10.29010,/086.3]

Kurwuesvie cnosa: rasepnas 3axaika; npoueccol menjionepeHocd; Memoovl NOAUAP2YMEHMHBLY CUCTIeM; MATeMAmu -
UecKkoe MOOCAUPOBAHUE, PENCYUSUL UHCIPYMEHM.
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