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Abstract. Development of modem power engineering follows the line of continuous increase in speed,
coefficient of corrosive action and capacity of units. Gears and reducers are responsible parts of
modem machinery and occupy an important place in the domestic power engineering construction.
Durability and wear resistance of gears, apart from the design factors, also depends on the
technological methods of treatment. The final stage of production of such wheels is the operation of
gear grinding. In the process of gear grinding in a thin surface ball there are complex
thermomechanical processes. As a result of short-time heating to high temperatures, structural
transformations, burns, and in some cases even micro- and macro-thicknesses occur in such a surface
bail. In addition, there are cases of making tooth wheels with adjacent defects grinding (for example,
the appearance of the surface of the ball teeth of large tensioning forces), which reduces the life of the
work, and in some cases causes a breakdown of the teeth in operating conditions. Development of
effective measures to ensure the quality of the surface of the ball on the operation of grinding baggage
in part depends on the possibility of predicting (or calculation) of temperatures and residual loads on
the depth of the cemented teeth ball. The method of calculation of internal surplus Toads occurring
during grinding of wheels with cemented steels is suggested. On the basis of the performed calculations
and experiments the ways to improve the quality of production of working surfaces of gears, which are
used in the wits of thermal and nuclear power plants are suggested and grounded.
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Introduction. Development of modern power machine building follows the
line of non- variable increase of speed, coefficient of corrosive action and capacity
of units. In all cases where the optimal number of rotations of the unit motor differs
significantly from the number of rotations of the operating mechanism, a gear
reducer is used. Particular gears and reducers are crucial pats of modem mechanics
and occupy an important place in ate of the-art power engineering. Durability and
wear resistance of gears, in addition to design factors largely depends on the
technological methods of processing.

Issue. Heavy-duty gear wheels are produced from cemented chromium-
molybdenum and chromium-molybdenum-tungsten steels 12XH3A, 12X2H4A,
20X2H4A and 18X2H4MA. The final stage of production of such wheels is
operation gear grinding. In the process of gear grinding in a thin surface ball there
are complex and unique thermomechanical processes. As a result of short-term
heating to high temperatures in the surface of the ball structural transformations
occur, the so-called bums, and in some cases even micro and macro cracks.
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Moreover, there are cases of toothed wheels produced with adjacent defects
grinding (eg, the appearance of the surface ball teeth of large tensioning forces),
which reduces the service life, and in some cases leads to a breakage of teeth in
operating conditions. The development of effective measures to ensure the quality
of the surface ball in the grinding operation depends in part on the possibility of
predicting (or calculating) temperatures and residual loads on the depth of the
cemented tooth ball.

Analysis of recent studies and publications. Mathematical modeling of
thermal and strain-deformed state of the part material during grinding is the subject
of the works [1-6]. Analytical determination of the values of deflecting residual
stresses, taking into account the nonuniformity of carbon content in a grinded ball
has not been given sufficient attention. The works [7, 8] analyze the causes of
surface bums and cracks during grinding of cemented gear wheels. In these works
the adverse effects of grinding are proposed to reduce by optimizing the parameters
of the cutting mode, and the formation of the stress-strain state of the surface ball
during abrasive machining is considered mainly from the qualitative side or is,
devoted to experimental study of the residual stresses.

Research Obijective. To develop a method for calculating temperatures and
residual stresses at different levels of the cemented ball, which occurs during
grinding, and to suggest ways to improve the thermal and resilient-deformed state
of the tooth surface ball in abrasive machining.

Materials and methods of research.

The general technique of researches was built on the basis of scientific bases
of technology of mechanical engineering with attraction of the device of chemical
thermodynamics, theory of vibration, and also on the basis of scientific
representations on mechanics and thermal physics of processes of cutting.
Experimental researches on comparative estimation of working ability of solid,
discontinuous and discontinuous impregnated abrasive wheels were carried out on
the surface grinding machine of 3G71M model. As investigated materials were
used flat samples in the form of parallelepipeds with the sizes 150 * 20 * 10 mm
from steel U10. During the experiments, wheels with dimensions of 200 * 20 * 76
mm and characteristic 24A 40 CM2 7 K6 were used. Impregnating composition
included oleic acid, acetamide and stearic acid.

Results of investigations. In the surface balls of cemented parts at grinding
form stresses of different magnitude and sign. Residual stresses occur as a result of
the interaction of plastic and plastic-deformed balls. If plastically deformed balls
after cooling tend to increase their length in relation to their output length, then the
plastically deformed balls tend to return to their output length. Thus, some of the
balls will feel the tensile stress and others will feel the retracting stress. These
loads remain in the part after grinding and therefore are called gaps. The main
disadvantage of grinding is the occurrence of residual stresses of considerable
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magnitude, which can lead to cracking the surface of the cement bead. The reason
for the occurrence of gapped stresses in the grinding process at an uneven phase-
structural composition of the cemented ball is the grinding temperature, which
leads to a nervous thermal expansion of its individual microspheres, which causes
the occurrence of gapped stresses. When calculating the grinding temperatures two
conditions must be taken into account: 1. Heat flux intensity is nervously
distributed along the contact surface of the grinding wheel with the workpiece. At
the beginning of the trajectory of passing the rust grain in the processed material
the intensity of the heat flux is less, and at the end of the trajectory, where the
overflow of chips is maximal, it is higher Thus, it is necessary to determine the
temperature of the cutting surface taking into account the power of the heat fix,
nervously dispersed on the contact surface of the grinding wheel with the metal. 2.
It is of practical interest to determine the temperatures that occur not only on the
cutting surface (i.e. on the surface where the chip formations currently taking
place) but also on the ground surface located below the cutting surface. In addition,
for the calculation of the thermal surplus loads it is necessary to know how the
temperatures of the globe of the cement ball are distributed. To solve the first
problem, we select the coordinate system X,Y, Z on the surface of the bulked body.
We assume that heats supplied to a certain region circumscribed by a rectangle, the
sides of which are parallel to the axes X and Y:

—a<x<a,-b<ys<b,ae,_ VPt S,

2 2
Dyp- diameter of the grinding wheel, t - depth of grinding, S - cross feed rate.
Outside this area, there is no heat flow through the workpiece surface. Grinding
depth, - transverse flow. Beyond this area, there is no heat flow through the
workpiece surface. Heat source is considered non-perturbable, and the surface of

the processed part is tom at a rate of speed V() in the direction of decreasing
coordinate x. Let us consider a tired thermal regime when 7 —> 00 . For an
elementary plane D =dx-dy with the center with coordinates x,) the
temperature distribution is described by dependence [9]:

Tl(Z):q(X).lexp(_Vd'rJ’_zvgl'fXO_x)], (1)

where T1 - temperature on the cutting surface, °C; X, Y, Z - current coordinates of
the part position, m; q(X)— thermal flux intensity in the given point at the contact
point of the grinding wheel with the part, Bm/m? A, — coefficient of heat
conductivity of the cutting surface, W/m-°C;

R=(x— P +(yo— yf + 2°
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Radius-vector of coordinates; V, — velocity of moving the part over the intact
thermal source, m/min; 7 — moment of time, s; Xq— coordinate at the moment of

To, m; I' - radius of rounding of cutting grain, m; &, — coefficient of thermal

conductivity of cutting surface, m?/s. By interpolating the expression (1) by area D,
we obtain:

e R

2ay7

where a, b— half-width and full-width of the circle contact beaches with the piece,

m.

To solve the second problem, i.e. to bring the temperature at the top of the
cutting to the temperature of the machined surface, it can be imagined that on this
surface a body is driven, heated to temperature T, and composed of the material of

the part, abrasive grit and the bonding of the stake. Each point of the ground

surface is in contact with the body during the interval of time L Dy -t In order
V()

to simplify the problem, we can assume that two interposed bodies with thermally

insulated surfaces are brought into contact with each other at the initial moment of

time. The temperature of the first body is equal to the temperature of the cutting

surface Tl, and the temperature of the second body is equal to the temperature of

the crushed surface T, . It is necessary to find the temperature of the other body at
thetime from 7 =0to _ yDip L.

|

Figure 1 — Scheme for temperature calculation on the treated surface:
1 and 2 — bodies having at the initial moment of time the temperatures equal
to the temperature of the cutting surface and the treated surface accordingly
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Thus, the problem is reduced to the solution of the heat transfer function at
the boundary conditions of the 4th type, which corresponds to the contact of two
solids with different temperatures. The difference heat transfer equation is written
as follows:

aTl(Z,T) 62T1(Z,1) at7>0;z>0
=a;-
or oz’ at 7>0;2<0 ®)
Myz.7) _,  0°Ty(27)
or 2 Forda

Boundary conditions:

T.(20)=f (T
§T1(+oo,r):§T2( -0

a a
T1(+0"[):T2( OT) at’ ngg\/ﬁ (4)
oT,07) _ A, 9T,0.7) A

a A X

2(20)=f,(2)

0,7)

where 12— is the coefficient of heat conductivity of the treated surface, W/m-°C

Using Laplace transformation, we reduce the system (4) of differential equations to
a system of algebraic square equations. The solution for the representation looks

like:
Tu@s)- T Blexp[ \/a?j z>0
J ®)

where @, — coefficient of temperature penetrablllty of the treated surface, m?/s.
The residual solution for the images will be:

_To_ To _ |5
Tuzs)= s K‘g)sexp( \/:lz], 220 ,
K:To J z<0

1+K )sexp[_FZ

T(s)= (

TL2 Z, s Bzexp(
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where & _ \/11C171 — the ratio of coefficients of thermal activity of

K, ==
&2 220272

dosed bodies, the heat source and the crushed surface.
Going to the tables of images, we have:

Tz(Z'T)_Tozz Ke oric Z
Toi—To 1+ K, 2, /a,T

Or & z Considering, = 11
T,20)=(T o~ T o) —2—erfc i +To 9 To=0We
Erté&r 2\/a,r

get it: T.(20)= T ge |z . considering, that erfc = (1—erf ) we get:
2 &2t&1 2\Jayr

, Where =T. — is the temperature at the cuttin
)= T (1AL 0 T =T, : :
gz+gl 2 a,T

surface, -°C.

Thus, in view of the temperature on the cutting surface (2), the grinding
temperature T2 (Z,Z'), is reduced to the machined surface, which takes into

account that the power of the thermal source is nervinetrically distributed along the
contact, beach and the grinding wheel on the workpiece and the thermal power at
this point of the contact beach depends on the specific coordinate x, and is equal to:

o o] dy{ : ,exp{_ \M(XO‘X)} [1 )
X —e

2ay7
T,(z,7)=—"2 - 1
2(2 T) 2M1(52 +51)

z ), (6)
2\fayr

where &7, & — coefficients of thermal activity according to the thermal source and

the treated surface, W/m?-°C.
The magnitudes of the residual pressures that occur at different levels of the
cement ball can be determined by correlating with the equation:

+a 1 V,2r +V,2 (% — X) 2V,
Ezazgl_{"(x)dx{a'ex‘{‘ 23Dyt Hl_e” WJ U

G,(z)=
:) -2 1) 2, 5)
where E,- modulus of the cement ball, Mpa; o, linear coefficient of thermal

expansion of the cement ball, 1/°C; [y — Poisson's coefficient of the cement ball.
The figure 2 shows the calculated curves describing distribution of inner loading

50



ISSN 2078-7405 Cutting & Tools in Technological System, 2021, Edition 95

by the depth of the cemented ball after grinding of 18X2H4BA steel at the cutting
thickness t =0,1mm (without cooling) and ¢= 0,015 in mmt =0,015mm (with
cooling). From the graphs it is seen that in the measure of distance from the surface
the tensioning forces decrease and pass into constraining ones. When grinding in
the most severe mode (curve 2), the tightening resistances have the lowest value.
The appearance of tensioning forces during grinding of gear wheels leads to a
reduction of their total strength.
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Figure 2 — Distribution of intrinsic surplus loads by the depth of the cement ball
for two grinding modes: t = 0,015 mm and t =0,21mm

Thermal and physical parameters of the treated material depend on the
amount of carbon in the cement ball. Carbon in the cement ball is nervously
distributed (Fig. 3). [8].

Figure 3 shows that increasing the concentration of carbon in the surface ball
reduces the thermal conductivity (a) and thermal conductivity (1) of the treated
material. Calculation of internal residual stresses was carried out taking into
account the graph s a = f(c), A= f(c). The appearance of grinding cracks is

caused not only by filling and retention stresses, which occur during grinding and
grinding when the temperature is cooled down to the martensitic transformation
start point [11].

The reason for the formation of cracks are high contact temperatures and
temperature gradient in the cutting zone, as well as high speeds of cooling the
machined surface after the exit of its zone of contact with the abrasive wheel. In
order to reduce the internal tensioning forces and the probability of fracture
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formation, it is necessary to reduce the temperature in the cutting zone and the
speed of cooling by all available means [11].
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Figure 3 — Dependence of thermophysical parameters (a, A) of 18X2H4BA steel
on the amount of carbon in the surface ball [10] at different temperatures
and distribution of carbon over the depth of the cement ball [8]

This can be achieved by using as a coating and cooling agent a solid lubricant
[12] whose components are taken in the following proportions: stearic acid (60 -
65%), oleic acid (20 - 25%), acetamide (others). The proposed lubricant, having a
high sinking ability, significantly reduces the contact temperature of grinding at a
very low speed of cooling of the surface balls of parts, which provides a reduction
of internal tensioning forces occurring in the process of grinding [12]. Another
effective way to reduce the contact temperature can be overflow grinding [13].
Under certain conditions, operation of a grinding wheel with an intermittent
working surface can cause parametric resonance in the workbench rod system,
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which reduces the quality of the surface ball of the machined part. Parametric
instability of the grinding machine rotary system is determined by the
condition[14]

2

where L and M — parameters depending on the weight and rigidity of the rotary
system of the workbench, the rheological capacity of the grinding wheel, number
and sizes of pits and cutting protrusions on the working surface of the abrasive tool,
the diameter and circumferential speed of the wheel, as well as the parameter
characterizing the damped oscillations in time. Fig. 4 shows the areas of parametric
stiffness of the workbench grinding system (flat colored plots) designed for
intermittent grinding without using icing devices (two left space graphs) and with
the use of solid lubricant (two right space graphs). Expansion of zones of stable
work of the workbench’s trunnion system at grinding with the use of solid abrasive
is explained by the improvement of cutting ability of the abrasive tool in
comparison with "dry" grinding. From the placement of two spatial graphs, rooted
in the bottom of Fig. 4, it follows that the interval of change in the number of
cutting interventions on the interval stake 5<n < 20 the size of areas stable work
at grinding with a solid matrix at 35% more than for "dry" grinding. The area of
these areas increased due to the reduced area of unstable work zones of the
workbench system, i.e. due to the reduced area of the "hump" supports, which lie

L>

in the area described by the parameter M+1 (the right part of the nervousness

(8)). Fig. 5 shows the experimental data on the measurement of loss of metal per
hour unit K. The experiments were carried out on the surface grinding machine of
model ZG71M. Samples of the steel U10 were ground by dry, overfed (n = 12, N=
0,6) and overfed by PP 2500120176 24A 25CM2 6K5 wheels according to the
parallel scheme (without the cross feed). The composition of the impregnator
included stearic acid (60%), oleic acid (20%), acetamide (20%).

Fig. 5 shows that during the initial period of time the metal atomic

(O <r< 3) capacity was approximately the same for three investigated processes,

and after the 18-minute grinding period the tensile strength of the grinding wheel
became two times lower in comparison with the overexpanded and overprepared
wheel.

Decrease in rust performance of the grinding wheel is accompanied by an
increase in thermal stress of the grinding process and, as a result, formation of
large internal residual stresses on the machined surface.
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Figure 4 — Spatial graphs of dependence of parameters L and ||_| > M+1
2

on the number of cutting inserts on the abrasive stake and the value
of the ratio of the stock width to the protrusion length: left- for "dry" grinding;
right-hand - for grinding with the use of solid lubricant.
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Figure 5 — Comparative estimation of the richer performance of the dry
(non-interrupted line), over-interrupted (dashed line) and over-interrupted
impregnated (dotted line) quill in time

Results. The method of calculation of internal residual loads occurring at
grinding of wheels with cemented steels has been developed. On the basis of the
performed calculations and experiments the ways to improve the quality of
production of working surfaces of gears, which are used in the units of thermal and
nuclear power plants are suggested and grounded.
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3ABE3INEYEHHS AKOCTI IIVII®YBAHHSA 3YBYACTHUX KOJIIC,
IO BUKOPUCTOBYIOTBHCAA B PEAYKTOPAX
EHEPTETUYHOTI'O MAIIIMHOBY AYBAHHSA

AHoTaNifA. Po36umox cy4acrHozo eHep2oMauunoOyoyeants ioe no Jinii HenepeperHozo NiOGULYeHHS
weuoxkocmetl, koegiyienma xKopucHoi 0ii ma nomyoicnocmeti azpecamis. I ye 6e3ymo6HO npuzeooums
00 iHmeHcugiKayii GUKOPUCTAHHA MeXaHizmie. 3youacmi nepedaui ma pedykmopu € 6ionogioais HUmMu
YaCMUHAMU  CYYACHUX — Mexawismie i  3aumalomev  eadcauee  micye Yy GIMUYUIHAHOMY
enepeomawunobyoyeanni. Miynicme i 3nococmitikicms 3yduacmux nepeoau, KpiM KOHCMPYKMUGHUX
¢haxmopis, 3anexcums i 6i0 MeXHONOLIYHUX NPULOMIE 00POOKU. 3aKTIOUHUM emanom GUeOMOGIeHH s
maxkux xozic € onepayis 3ybownigpysanns. B npoyeci 3ybouinighposaniiss 6 moHKomy no6epxHesoMy uapi
8I00Y8AIOMbCA CKIAOHI MepMoMexaHiuni npoyecu. B pesynomami KopomKouacHozo Hacpieamus 00
BUCOKUX meMnepamyp 68 MAakomy HOGEePXHEeBOMYy Wapi GUHUKAIOMb CMPYKMYPHI Nepemeopenis,
npudIcocU, a 6 OesAKUX GUNAOKAX HAeimb Mikpo i maxpompiwinu. Kpim moeo, maioms micye eunaoxu
BULOMOBIEHHS 3YOUACMUX KONIC 3 NPUX08AHUMU Oehekmamu waighy8ants (Hanpukiao, noseNeHHs 6
nogepxnesomy wapi 3y6ie eenuxux posmazyiouux uanpye). Lle npuzeooums 0o moeo, wo 3nudicycmocs
pecypc pobomu Mexamizmie, a 6 OKpeMux SUNAOKAX MOJCe SUKAUKAMU NOWKOOJCeHHs 3y0i6 (6 momy
yucni, npuzeecmu 00 RNONAMKU) 6 YMogax excnayamayii. Po3pobka egexmuenux 3axodie no
3a6e3neyeHHIo AKOCMI NOBEPXHEE020 wapy Ha onepayii 3yoouwnighysants 6azamo 6 YoMy 3aNeHCUmb 8io
MONCTUBOCHI] NPOSHO3Y8AHHSA (@O0 PO3PAXYHKY) meMnepamyp i 3aIuKOSUX HANPYdICeHb NO NUOUHI
yemenmogano2o wapy 3yoie. 3anpononoeano Memoouxy pO3PAXYHKY GHYMPIWHIX 3aATUMKOBUX
Hanpyoicenb GUHUKAIOWUX npu 3ybownighyeanni konic 3i cmanei, wjo yemenmylomvca. Ha ocnosi
BUKOHAHUX PO3PAXYHKIE | eKCnepuMenmie 6yn0 3anponoHo6aHo, a Maxkodc HA8edeHo 0OPYHMY8aHHs
w000 wWAXi6 NIOBUWEHHs SKOCHI BUCOMOBIIEHHA POOOYUX NOBEPXOHb 3yOuacmux nepeoad, wo
3aCcmMoco8yIOmbCsl 8 azpe2amax Meniosux i AMOMHUX eNeKmpOCmanyii.

KurodoBi cioBa: yemenmosanuil wap; 3anumKo8i HANpy’CeHHs; meepoe Macmuio; nepepusiacmuil
winighysanvHuil Kpye.
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