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Abstract. To increase grinding productivity with the provision of specified physical and mechanical
properties of the surface layer of the surface layer of the processed part it is necessary to know the
temperature on the surface of the workpiece, since its value depends on the depth of the defective
surface layer. In the work theoretically justified the difference of surface temperatures in the initial (at
the base), in the middle (on the dividing circle) and final (at the top) points of involute profile of the
gear tooth when grinding with two disc wheels on the zero scheme. The difference in temperature at
different points of the processed tooth profile is justified by the fact that at different parts of the
trajectory of the movement of the heat source acts a different number of thermal pulses. These pulses
have different duration and time intervals between the actions of these pulses in different points of the
involute profile are also different. The number of thermal actions on a fixed point of the machined
profile depends on the length of the heat source, and the duration of heating of the surface at this point
is determined by the width of the heat source. The duration of cooling depends on the location of the
point on the involute profile. Mathematical models have been developed to calculate the temperatures
at different parts of the trajectory of the rolling path of a disc grinding wheel on the tooth being
machined. Each of these formulas contains two sums. The first sum determines the temperature increase
at a fixed point of the tooth profile under repeated exposure to thermal pulses during the forward stroke,
and the second sum - during the reverse stroke. Mathematical models are based on the principle of
superposition of thermal fields. It is found that the temperature in the middle part of the tooth is 40%
less than at the tooth apex and 20% less than at the tooth base. The engineering method of distribution
of the total allowance by passes at multi-pass gear grinding with two dished wheels according to the
zero scheme has been developed. The method is based on the experimental dependence of the depth of
the defect layer on the depth of cutting, which has a linear character. In the work, calculations were
made on the allowance distribution in the initial, middle and final points of the involute tooth profile.
The calculations showed that in order to prevent burns on the final machined surface, grinding in
different parts of the machined profile should be performed with a different number of passes. The
smallest number of passes on the separating circle, and the largest - on the top of the tooth. The
proposed methodology of distribution of allowances by passes can be used at the stage of design of gear
grinding operation (for optimization of modes) and at the stage of machining (for diagnostics of the
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operation). It is theoretically substantiated that calculations of allowance distribution by passes should
be made only for the tooth head. To increase grinding productivity with provision of the specified
physical and mechanical properties of the surface layer of the processed part it is necessary to know the
temperature on the surface of the workpiece, as its value depends on the depth of the defective surface
layer. In the work theoretically justified the difference in surface temperatures in the initial (at the base),
in the middle (on the dividing circle) and final (at the top) points of involute profile of the gear tooth
when grinding with two disk wheels on the zero scheme. The difference in temperature at different
points of the processed tooth profile is justified by the fact that at different parts of the trajectory of the
heat source acts a different number of thermal pulses. These pulses have different duration and time
intervals between the actions of these pulses in different points of the involute profile are also different.
The number of thermal actions on a fixed point of the machined profile depends on the length of the
heat source, and the duration of heating of the surface at this point is determined by the width of the
heat source. The duration of cooling depends on the location of the point on the involute profile.
Mathematical models have been developed to calculate the temperatures at various parts of the rolling
path of a dished grinding wheel on a machined tooth. Each of these formulas contains two sums.
Keywords: dished wheels; zero scheme; tempering burns; multi-pass grinding.

1. INTRODUCTION

The rapid development of mechatronics is not accompanied by a marked
reduction in the need for gears. The continuous development of technology leads to
increasingly stringent requirements for gears. The requirements for minimizing the
weight and size of gears are coupled with the need to be able to operate at high
speeds, transfer high loads and at the same time provide increased operational
reliability and durability. To meet these requirements, gears must be manufactured
to 3 - 4 degrees of accuracy, and the working surfaces of their teeth must have high
hardness (HRC 60-62). Surface hardness of teeth is provided by chemical-thermal
treatment, after which the gear ring warps. To eliminate errors caused by
deformation of the teeth and warping of the crown and to ensure the required
accuracy of manufacturing of gears is possible only by grinding. The grinding
process is accompanied by thermal impact on the machined surface [1, 2], causing
the appearance of burns (structural changes) and residual tensile stresses
[3, 4], which reduce the durability of the gear wheel in terms of contact endurance
by 3 - 5 times, and in terms of bending endurance by 1.4 - 1.6 times. In spite of this,
gear grinding is still an indispensable method of finishing.

Gear grinding with two disc wheels allows to obtain gear wheels of 3-4
degrees of accuracy with surface roughness Ra = 1.0 - 0.3 mkm [5, 6]. At the zero
method of grinding with two disc wheels the wheels are set parallel to each other at
a distance equal to the length of the common normal) [7, 8]. The advantage of the
"zero method" of gear grinding over the "15-degree method" is the absence of a
"mesh" on the grinding surfaces of the teeth. The main disadvantage of the process
of grinding with disc-shaped wheels according to the zero-degree scheme is high
thermal stress. To predict the possibility of thermal defects, it is necessary to study
the mechanism of heat generation during gear grinding. Modeling of thermal
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processes occurring during grinding of involute tooth profiles is devoted to works
[9 — 11]. The authors of [12, 13] studied the mechanism of heat generation during
gear grinding. Gear grinding is characterized by periodically alternating stages of
heating and cooling of each point of the machined surface. In [14], formulas for
calculating the surface temperature at each of these stages were obtained. The
structure of these formulas includes the requirement that at the moment of the end
of the heating stage, the instantaneous temperature distribution is the initial
condition for modeling the temperature field at the cooling stage. The formulas for
temperature calculation proposed in [14] are valid only for profile gear grinding.
The zero-point gear grinding scheme with two disc wheels is widely used in
aircraft engine building and shipbuilding, despite the fact that the production of
machines operating under this scheme has been discontinued due to their low
productivity. It can be stated that abrasive high-precision hobbing is currently
experiencing a crisis associated with the search for new effective methods,
technologies and tools that increase its productivity [15 — 17].

Goal of the work — development of engineering methodology of allowance
distribution at multi-pass grinding of cemented spur gears with two dished wheels
according to the zero scheme, providing the given physical and mechanical
characteristics of quality of surface layers of the final-machined teeth.

2. RESEARCH METHODOLOGY

Theoretical studies were carried out on the basis of scientific
fundamentals of mechanical engineering technology, metal science, thermal
physics of cutting. To investigate the quality of the surface layer of the working
surfaces of gear wheels, their microhardness was measured, and the detection of
burns was carried out by color defectoscopy. Cylindrical spur gears (m=2 mm;
z=20) made of 12X2H4A steel (E3310X (USA), X12Ni5 (Germany), SNCS815
(Japan), 13NiCr14 (France), 655N13 (England), 12Ch2N4A (Bulgaria), 12H2N4A
(Poland), 16420 (Czech Republic)) were investigated. The heat treatment of the
gears consisted of cementation in a solid carburetorizer at 900 °C to a depth of 1.1+
1.3 mm, high tempering at 650 °C, double hardening at 850 = 20 °C and at 800 +
20 °C, cold treatment in liquid nitrogen and tempering at 150 £ 10 °C. The gears
were machined on a Maag SS % X gear grinding machine with disk grinding
wheels 24A F60 K 10 V5 using a zero scheme (Fig. 1).

The distribution of microhardness along the depth of the surface layer was
determined on the PMT-3 device by the "oblique slices" method. The teeth-
samples were obtained as follows. On a lathe with abundant cooling with emulsion,
the toothed crown was separated from the hub. After cutting, the crown was broken
into individual teeth. After burn etching, oblique flat cuts were made on the tooth
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specimens at an angle of 2°30’ + 10/ at the tooth base, near the dividing circle and
at the tooth apex (Fig. 2 ?:,.P' ¢, respectively).

Figure 1 — Zero grinding method

4444

Figure 2 — Microhardness measurement locations on oblique sections made at the
tooth base (a), in the area of the dividing circumference (b), on the tooth head (c) using the
PMT-3 instrument

The roughness height of the flat slices corresponded to roughness class 13
R, =1.00 + 0.05 mkm). Etching for burn-in detection was performed in four steps:
1) etching at room temperature in aqueous solution of ammonium sulfate (100 +
150 g/1) for 15 + 30 s followed by rinsing in cold water; 2) etching at room
temperature in aqueous solution of hydrochloric acid (50 + 100 g/l) for 60 s
followed by rinsing in cold water; 3) neutralization at room temperature in agueous
solution of sodium carbonate (30 + 50 g/l) for 1 + 3 min; 4) anticorrosion treatment
in aqueous solution of sodium nitrate (200 + 250 g/I) for 1 + 3 min.

The dark-etching zone is a tempering product, has an underestimated
hardness compared to the base metal and is a ferrite-carbide mixture. Hardness was
measured on a PMT-3 microhardness tester by pressing a diamond tip in the form
of a regular tetrahedral pyramid with a dihedral angle at the apex of 136° at a load
of 100 g into the surface of an oblique slice and measuring the linear quantity of

122



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

the diagonal of the resulting imprint. The hardness number was calculated by
dividing the load by the surface area of the indentation, assuming that the angles of
the indentation correspond to the angles of the pyramid. Microhardness
measurements on oblique slices were made at four points equidistant from each
other at equal distances of 50 mkm (Fig. 2).

3. RESEARCH RESULTS

A characteristic feature of the zero method of gear grinding is the different
intensity of heat generation in different parts of the rolling path of the disc wheel
along the involute profile of the tooth. The difference of temperatures formed on
different fragments of the rolling trajectory is explained by the fact that different
thermal processes occur in different points of the involute profile due to different
amounts of thermal influences on these points, different time intervals between
interactions, and different durations of influences. Fig. 3 shows three points of
contact between the disk grinding wheel and the tooth being machined, one of
which is located at the base of the tooth (Fig. 4), one near the dividing circle (Fig.
5), and one at the head of the tooth (Fig. 6). The dimensions of the contact patch of
the disc wheel with the tooth of the wheel change continuously during the running-
in process.

g 9

Figure 3 — Contact spots of

the dished wheel with Figure 4 — Contact area between the dlshed grinding
different parts of the involute ~ wheel (a) and the lower part of the involute tooth
tooth profile profile (b)

%l
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Figure 5 — Contact area between the dished grinding wheel (a) and the involute tooth profile
in the area of the dividing cylinder (b)

“w®

Figure 6 — Contact spot between the dished grinding wheel (a) with the upper part of the
involute tooth profile (b)

When running the abrasive tool over the tooth in the direction of the
trough, the area of the spot decreases, and when running in the direction of the
tooth apex, the area of the spot increases. This is due to the variability of the
involute radius of curvature within the height of the machined tooth: it is the
largest at the tooth apex and the smallest at the tooth base (Fig. 7, Fig. 8).

Figure 7 — Straight circular cylinders imitating fragments of involute tooth profile on the
head, stem and middle part of the tooth.

LS
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Figure 8 — Contact spots of the dished grinding wheel (a) with cylinders simulating the
involute tooth profile on the head (purple), stem (blue) and in the area of the dividing
cylinder (red) (b)

In Fig. 9 — Fig. 11 show the actual shape of the contact spot of the dished
grinding wheel with the tooth to be machined (its length is X).

’ —

Figure 9 — Actual contact patch of the dished wheel (a) with the cylinder simulating involute
profile on the tooth head, taking into account the displacement of the tool from the
previously machined area in the direction of the feed rate by the value of the running-in path

().

0

Figure 10 — Actual contact patch of the dished
wheel (a) with the involute cylinder at the tooth base, taking into account the pre-machined
section of the gear width with subsequent tool displacement in the longitudinal feed
direction (b).
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al
a b
Figure 11 — Actual contact patch of the dished wheel (a) with the cylinder simulating an
involute profile in the area of the dividing circle, taking into account the displacement of the
tool from the machined area in the working feed direction by an amount corresponding of
the value to the running-in path (b).

Usually in technical literature, the contact spot is taken as a segment with
maximum thickness in the center and length equal to 2X. This is due to the fact
that when the wheel contacts the workpiece, the presence of a transition area
(cutting zone) and a previously machined surface on the tooth is usually not taken
into account. This leads to distortion of the shape and significant overestimation of
the contact area. If the boundaries of the contact spot of the abrasive tool with the
tooth of the gear are taken as the boundaries of the thermal source, the latter in the
process of grinding the tooth on the zero scheme will repeatedly pass over each
point of the machined surface and met with the areas of the heat conducting space,
preheated on the previous running-in movements. The points located on different
parts of the machined surface perceive different amounts of thermal influences: the
point located on the tooth head experiences 7 heatings (Fig. 12, Fig. 13), the point
on the dividing circle - 5 (Fig. 14, Fig. 15), and the point on the tooth base is
heated 3 times (Fig. 16, Fig. 17). Within the tooth height, the probability of thermal
defects has a variable character and in most cases takes the maximum values at its
head [18, 19].
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Figure 12 — Schematic of the point under the heat source during four double break-in
movements of the dished wheel on the tooth being machined when the heat source is located
on the tooth head.

~

Figure 13 — Change of surface temperature at the point located on the tooth head for the total
time of four double break-in movements of the dished wheel on the machined involute
profile

Figure 14 — Schematic of passing the point under the heat source for the time of three double
break-in movements of the dished wheel on the tooth when the heat source is located on the
dividing circle
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Figure 15 — Change of surface temperature at the point located in the crop circle area for the
total time of three double break-in movements of the dished wheel on the machined involute
profile

Figure 16 — Schematic of the point under the heat source for the time of two double break-in
movements of the dished wheel on the tooth when the heat source is located near the tooth
base.

Figure 17 — Variation of surface temperature at a point located at the tooth base for the total
time of two double break-in movements of a dished wheel along an involute profile.

For theoretical substantiation of localization of thermal defects on the
tooth head it is necessary to be able to make calculations of temperatures on
different parts of tooth side surfaces, arising during grinding with disc-shaped
wheels according to the zero-pass scheme, taking into account repeated heat
exposure on each point of the machined surface. As a basis for modeling the
temperature fields in multi-pass grinding, we will use a one-dimensional
thermophysical scheme in which a point of the heat conducting medium is
subjected to repeated heating. Fig. 13 shows the scheme of a point passing under a
fixed planar heat source of width Lg.sr located near the tooth apex. The following
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designations are adopted in the scheme: 1/2 - length of forward or reverse break-in
movements, numerically equal to the sum of the tooth height and the value of the
abrasive tool exit beyond the machined tooth m, :

[/2=m+125m+my,

where m is the modulus of the gear wheel; | is the length of the full break-in
movements, equal to the sum of the lengths of the forward and reverse strokes.

On Fig. 13 shows the heating scheme of a point as it passes 7 times under
a planar heat source located near the tooth apex.

From Fig. 12 and Fig. 13, it can be seen that the number of point passes
under the heat source depends on its length X and the magnitude of the longitudinal
feed S.

The number of heated points increases with increasing contact patch size
and with decreasing longitudinal feed. The duration of heated point increases with
increasing width of the heat source Lg.sr:

1 .
LySsr=—->L,-i: 1)
¢} 2.k g

Lg.izw/2-r-ti—ti2 for 1<i<2-k; (2)

where r is the radius of curvature of the edge of the dished grinding wheel;
r=0.4-m; t - thicknesses of layers removed by the abrasive tool during one
break-in movements in different parts of the contact patch:

ty=(pg +1)-4: -
Py ~ radius of curvature of the involute at the tooth head,;
ti:(Pg.i71+r)—Al for 2<1<2-k; @
Ai=\/(pg.i—1—ti+l’)2+9i2 for 1<i<2-k; )
2:k
Pyi =Py =2t ©
i=1
2 -
ai:2-(er—l’)_\/[2-(er2—r)] _4'(Xg—I-S)2; o

R, is the radius of the grinding wheel; Xq — length of the contact spot of the circle
with the tooth on the head:
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2
Xg =12 Py to—13: ®)

to - cutting depth;

X

-5

2-k= : 9)

On Fig. 13 shows the pattern of temperature rise in a single point of the
machined surface as it moves under a flat stationary heat source located on the
head of the tooth being machined.

The formula for calculating temperatures, which takes into account the
multiplicity of thermal effects on a separately taken point of the lateral surface of
the tooth when the heat source is located near the apex of the tooth, is as follows:

2.v- K “n)-1—

_\/C'pm-/i n=1 Vobk 2,\/5,(k_n)’|+|_2m1

Vobk
(k—n)-T+1-2m —Lgsr to
- Y erfe (k=n)-1+1-2m; —Lg.sr ’
obk 2\/5\/ 1 g-
Vobk
2-y - k k—n)-1+Lg.sr
N ; qgﬂ,' - \/( )v T erfe (k to) I+Lgsr |
c- . =1 -nj)-1+ Sr
Pm n obk 2\/5\/ g
Vobk
-n). , 10
_ (k n)l'ierfC to ( )
VObk 2\/5 k—-n)-1

Vobk

130



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

where az/ll(c-pm) — thermal conductivity of the material to be processed,
m?/S; y — coefficient showing how much of the work is converted to heat; p,

C, A —density (kg/md3), heat capacity (|/(kg.oc) and thermal conductivity
| /(m . S-OC) of the material to be processed respectively; dg ~ heat flux density
formed on the tooth head, W/m?; V. — run-in speed, m/s;
Vobk — Ln, . tg[arccos rwcosatwj . Rp ; (11)
1000 r,+12-m-m
N’ — number of double rolling movements per minute; Rp— radius of the pitch

circle of the machined wheel;
f m-z
r,=Rp,=—2—=—"1 (12)
cos 20 2
Z; - number of teeth on the machined wheel; m — wheel module; m - the value

of grinding wheel out of the tooth head when break-in movements; r, — radius of

the main circumference of the wheel; ¢, —angle pressure.

Formula (10) contains two sums, one of which forms the temperature
increase at a fixed point of the surface under the heat source during the crimping
movements in the direction of the tooth-space, and the second sum provides the
temperature increase during the break-in movements to the side of the apex of the
tooth.

On Fig. 14 and Fig. 15 show one-dimensional thermophysical schemes,
which are the basis for modeling the temperature field. In these schemes, a point of
the heat conducting medium is subjected to multiple heating due to its multiple
passages under a flat heat source of wide Lq.sr located in the region of the dividing
circumference. Fig. 15 illustrates the nature of the temperature field in the region
of the dividing circumference formed during multi-pass gear grinding with a
dished grinding wheel using the zero method. The formula for calculating the
temperatures based on Fig. 14 and Fig. 15 is as follows:

T, = 2-y Qg

\C pom A

X
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k \/(k—n)-I+Ld sr I to
x X + Jierfc] -
n=1 Vobk 2 Vb 2'\6.(k—n)-l+Ld st |
Vobk 2-Vopk

_\/(k—n)~|+ | erfc Yo +
Vobk  2-Vouk 2‘\@_\/(k—n)'|+ |

Vook  2-Vopk
. . k _ .
L 2vag K (k n)I+Ld.err - to ~
1IC'pm'ﬂ, n=1 VObk Z’Vobk 2\/5 k—n ‘|+Ld.Sr
\ Vobk
k—n)-l . t : 13
- Vi-lerfc Ok I (13)
_n .
obk 2\/5
Vobk

Schemes of formation of temperature increases in the point moving along
the trajectory of break-in movements of the dished grinding wheel on the tooth of
the processed wheel and periodically passing under a fixed flat heat source, located
near the base of the tooth, are shown in Fig. 16 and Fig. 17. Fig. 17 illustrates the
nature of temperature change at this point in the process of grinding the tooth. The
formula for calculating the temperatures based on Fig. 16 and Fig. 17 is as follows:

T, = 2:y-Gq

\C Pm A

k -n)-
LK \/(k n)-1+2L,.sr ierfe to
Vobk
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—\/(k_nzl'HL”'Sr-ierfc kto — .
obk 2.\/5.\/( —n)-1+L,sr
Vobk
L2 K \/(k_n)'HL”'Sr-ierfc to
JC pm A na Vobk 2‘\E‘\/(k—n)'lJan.sr
Vobk
- M.ierfc tO . (14)
Vobk 2. fa. |k=n)-]
Vobk

The Fig. 18 — Fig. 20 show the results of calculations of the lengths of the
contact spots X of the processed gear, the number of passes of the point under the
heat source 2-K and temperatures T in points 1 (in the upper part of the tooth
head), 2 (in the area of the dividing circumference) and 3 (in the area of the tooth
base) at grinding of gears (Z =20, m =2 mm, m =8 mm) from cemented steel
18X2H4MA with a dished wheel mm on the zero pattern at modes: t; =0.05 mm;

N =112 mint; S=1.5mm; S =3 mm.
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Figure 18 — Increase in the length of the contact patch of a dished wheel with a gear tooth as
it moves from the tooth base to its head for modulus m=2 mm and tooth counts 20< z <48:
(a) calculated data; (b) experimental data [18]

Figure 19 — Increase in the number of passes 2k of the heat source over a fixed point of the
machined surface at displacement of this point from the tooth base to its head for module

m=2 mm and tooth counts 20< z <48
o

Figure 20 — Calculated temperatures formed during grinding of gear wheels (z=20; m=2
mm; m=8 mm) from cemented steel 18X2H4MA with a dished wheel according to the zero
scheme on modes: t=0.05 mm; n'=112 1/min;
1.5mm<S<3.0mm

The experimental determination of the contact area of a dished wheel with
an involute tooth profile involved putting the tool into engagement with the wheel
and measuring the resulting trace [18]. In this case, the contact area did not take
into account the presence of a transition area (cutting zone) and a previously
machined surface on the tooth being machined. In order to take into account these
features of the shaping process, the gear wheel was pre-machined to a part of the
width of its tooth crown corresponding to the studied phase of meshing of the tool
with the wheel, then the tool was taken out of meshing and shifted in the direction
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of longitudinal feed by the value of the break-in movements path. The grinding
wheel left a trace on the tooth to be machined (Fig. 18, b).

Fig. 12 shows that in the process of break-in movements of the dished
wheel in the direction of the tooth apex there is an increase in the length of the
contact spot of the abrasive tool with the machined material.

In multi-pass grinding, the point at the base of the tooth absorbs fewer
thermal influences than the point at the head. As the number of teeth increases, the
number of contacts between the grinding wheel working surface and the fixed
point of the involute profile being machined increases. Fig. 20 shows that the
temperature in the middle part of the tooth profile is 35 % to 45 % less than at the
head and 18 % to 22 % less than at the stem.

From Fig. 20, it can be seen that as the modulus m and longitudinal feed S
increase, an increase in temperature T is observed.

At gear grinding with dished wheels, the dependence of the depth of the
defective (tempered) layer hg on the cutting depth t has a linear character (Fig. 21)
[20].

h, mkm
100

fEs s
AR

= 20 40 60 80
Figure 21 — Dependence of the depth of the defect layer on the grinding depth on

machines operating with two dished wheels according to the "zero" (straight line 1) and "15-
degree” (straight line 2) schemes.

)_x
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Figure 22 —15- and 20-degree grinding method.

The graphs show that at the 15-degree grinding scheme (Fig. 22), temper
burns begin to form at shallower cutting depths, and the process of propagation of
critical temperatures deep into the workpiece proceeds more intensively compared
to the "zero" scheme (Fig. 1). If the depths of the tempered layers hga and hqp
formed with cutting depths ta and t, are determined experimentally, it is possible to
determine the angle tangent of the line zgf, which defines the graph hq=f(t) (Fig.
23). The cutting depth to, at which no vacation burns, can be determined from the
relations: tgf = hd.b /(tb — to); to = (tb x ¢gff —hd.b) / tgp.

[ TN T TROTA
Dt5.utn. !t?, ['tg‘ llg
AT

o+t +t2+13-2

to x tg(90-B)

t1 x tg(90-B)

Figure 24 — Allowance
© distribution z” by
2 x tg(90-B) passes calculated at the
apex (a), on the
t3 dividing circle (b), and
Figure 23 — Allowance distribution diagram for multi-pass gear at the tooth base (c) for
grinding the tooth number range
20 =<z =26 and
constant modulus
m=2 mm

Knowing the cutting depth to, at which no vacation burns are formed, and
the angle g, it is possible to calculate the cutting depths for multi-pass grinding that
satisfy the condition: the depth of burn propagation must not exceed the allowance
remaining for subsequent passes. The depth of cut at different grinding passes is
calculated by the formula: ti = ti-1 + ti-1 x tg(90° —5), 1> 1.

The numbering of the cutting depths at different grinding passes in Fig. 23
corresponds to the sequence of their calculation and does not coincide with the

order of layer-by-layer removal of the allowance z”. The sum of calculated cutting
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depths ti must be equal to the value of the total allowance z”. If the sum of cut
thicknesses of the machined material exceeds the allowance z”, the last calculated
depth of cut t; must be corrected downward t3"” (Fig. 23).

Fig. 24 shows the distribution of the total allowance z by passes. Fig. 24
shows that different sections of the involute tooth profile require different numbers
of grinding passes to prevent the appearance of temper burns: 10 - at the tooth apex
(a), 7 - at the dividing circle (b), 9 - on the tooth base (c). The calculations of
cutting depths ti were carried out according to the method given in [20]. The
obtained results can be explained by the fact that according to the graph (Fig. 20)
the lowest heat stress in the area of the dividing circumference, so grinding can be
carried out with greater cutting depths and, consequently, with a smaller number of
passes. The highest heat stress is at the tooth apex, so more passes will be required
to prevent vacation burns. Burns result in sharp hardness variations along the depth
of the structurally altered layer. The greater the depth of penetration of the critical
temperature deep into the part, the greater the reduction in microhardness at the
surface. The higher the heat stress of grinding, the more intense the martensite
tempering and the deeper the vacation burn. In order to reduce the depths of
distribution of the vacation burn, it is necessary to reduce the depths of cutting
when distributing the total allowance over grinding passes, and this leads to an
increase in the number of technological transitions and, as a consequence, to an
increase in the processing time and the cost of production of gears.

4. CONCLUSIONS

1. A mathematical model has been developed that allows calculations of
surface temperatures during grinding of gear wheels with two dished wheels on a
zero scheme.

2. Calculations have established that the temperatures and depths of
penetration of critical temperatures, causing structural changes in the processed
material, deep into the workpiece at different points of the trajectory of the
grinding circumference break-in movements over the tooth are different: the farther
from the dividing circle, the higher the grinding temperature and the thicker the
depth of the defective layer.

3. The engineering methodology for determining the depths of cut at
multi-pass grinding on the machines operating two dished wheels on the zero
pattern is developed.
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IHOBEPXHEBI TEMIIEPATYPHU I IIPUIIIKAHHSA BIAITY CTKH,
BUHUKAIOUI ITI/{ YAC IIJII®YBAHHA HEMEHTYIOUNUX
3YBYATHUX KOJIIC IBOMA TAPUIBYACTUMMU KPYTI'AMU, HA
PI3HUX AIVIAHKAX OBPOBJIIOBAHOT'O EBOJIBBEHTHOI'O
MMPOPLIIO

AHoTauis. /[na nioguwjeruss npoOyKMueHOCmi WiQhy8ants i3 3a0e3neyeHHsIM 3a0aHux @izuxko-
MEXAHIYHUX — GIACMUBOCMEU  NOGEPXHEE020 wapy 0bpobniosanoi Oemani  HeoOXIOHO — 3Hamu
memnepamypy Ha NOGepXHi 3a20MOGKU, OCKINbKU GI0 ii GeluyuHU 3a1edcums 2nubuna 0epexmmozo
noeepxueso2o wapy. Y pobomi meopemuuno 00TpyHMOBAHO GIOMIHHICINb NOBEPXHEGUX MeMnepamyp y
nouamkosiii (6ini 0cHos8u), y cepedHiu (Ha OinunbHoMy Koai) i Kinyesgiti (0insi éepuiunu) moyxax
€80IbEEHMHO20 NPOQINIO 3y0a wecmipti npu WAighyeanHi 06oMAa MAPITYACMUMU KPY2aMU 3a HYTbOGOKO
cxemoro. Biominnicms memnepamyp y pisHUX MOUKAx 06poOI06aH020 NpoQino  0OIPYHMOEYEMbCs
MuM, WO Ha PI3HUX OLNAHKAX MPAEKMOPIi nepemiujeHHs Meniogo2o Oxcepend Oi€ pi3HA KilbKicmb
mennosux imnyavcis. Lli iMnynbcu maroms pisHy Mpusanicms ma NpOMINCKU 4aAcy Midxc OMU yux
IMRYIbCIB Y PIHUX MOYKAX eB0Ib8eHMH020 npogino medc pisHi. Kinekicme mennosux Oili Ha
Qixcosany mouxky 06pobmosano2o npoghinio 3anedxcumv i0 OO0BNICUHU MENL08o20 Odicepend, a
mpueanicmo HA2piGaHHsA NOBEPXHI 6 Yill MOYYi BUIHAYACMbCA WUPUHOIO MENI06020 Odcepeid.
Tpusanicmv 0XON00NCEHHS 3ANEAHCUMD 610 MICYsl POZMAULYBAHHS MOYKU HA e60b8EHMHOMY NPOQiTi.
Po3pobaeno mamemamuuni MoOeni OAsi PO3PAXYHKY MEMREpAmyp HA Pi3HUX OUISIHKAX MPAaekmopii
06KamMy8aHHs Mapinyacmozo winighyeanvHo2o Kkpyea no obpobmosanomy 3y6y. Koocna 3 yux gopmyn
micmumbs 08i cymu. ITlepwia cyma susHavae 30inbueHHs memMnepamypu y ikcosanii moyyi npoginio
3y6a npu 6acamopa3zosiii O0ii Ha Hei Menaiosux IMRYIbCI6 Npu NPAMUX X00ax, a Oopysa cyma — npu
360pomHux xo0ax. Mamemamuyni Mooeni IPYHMYIOMbCsA HA NPUHYUNT CYREPNO3UYii meniosux nouie.
Bcmanosneno, wjo memnepamypa 6 cepeoniii vacmuni 3y6a na 40% menwe, nisic 'y eepuiunu 3yoa i na
20% menwe, nigic y 1ioco ochosu. Pospobaeno indicenephy memoouxy posnooiny 3a2ambHo20 NPUnYcKy
3a npoxooamu 01 6a2amonpoxiono2o 3yO60ulliQ)y8anHs 080MA MAPITHACMUMU KPY2aMU 3d HYJIbOBO
cxemoro. Memoouka IpyHmMyemvcs Ha eKCnepuMenmanbhill 3a1edCHOCHI 2IuOuHU 0egheKmHo20 wapy
6I0 enubunu pizanns, wo Mae MMiMul xapaxmep. Y pobomi 6UKOHAHO PO3PAXYHKU 3 PO3NOOLLY
NpUnycKy 8 noYamkosiil, cepeOHill ma KiHyesill mouKax e8obeeHmHo20 npogimo 3y6a. Pospaxynku
nokasanu, wo 015 3anobieants NOAGI NPUNIKAHL HA OCMAMOYHO-06POOeHIll noGepXHi wilighyeanns na
Pi3HUX OinAnKax 00pobnI08anoeo Npo@ino NOGUHHO 30IUCHIOBAMUC 3 DISHUM HUCIOM NPOX00Is.
Haiivenwa Kinekicmes npoxodié Ha OiMUILHOMY KO, a Haubitbwa — O0ins eepuiuHu  3yoa.
3anpononosana memoouka posnoodiny npunycky 3a npoxooami Modice 6ymu euKOpucmaua Ha emani
npoexmysannsi onepayii 3yoowinighyeanns (015 onmumizayii pesjcumie) i na emani mexaniunoi 06pooxu
(npu Oiaenocmuyi onepayii). Teopemuyno 06IPYHMOBAHO, WO POPAXYHKU 3 PO3NOOLTY NPUNYCKY 3d
npoxodamu cio 30IUCHIO8AMU MITbKU HA 20108Yi 3y6a.

KarouoBi cnoBa: mapinuacmi Kpyeu; Hymbo8a cxema, Npunikamhs eionany; 0azamonpoxione
winighysanms.
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