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COMPARISON OF MEASURED SURFACE LAYER QUALITY PARAMETERS
WITH SIMULATED RESULTS

Annotation. The grinding temperature is one of the factors limiting the throughput performance of the profile gear grinding
operation. There are two main methods for determining the grinding temperature: an analytical method with the aid of analytical
models and a simulation one based on hoth the analytical and geometrical models. In the paper, at the first stage the profile gear
grinding temperature field is investigated with the aid of finite element method (FEM) simulation as an example of information tech-
nology which helps to predict the surface layer quality physical parameters. The results obtained are compared with similar calcula-
tions for the analytical models and the tooth surface area is found to determine the temperature according with the analytical mod-
els. At the second stage, a series of experimental studies on the CNC machine Hofler Rapid 1250 is carried out on a real gear by
means of a successive increase in the depth of profile gear grinding. From the gear machined the special samples were cut out on the
electro-erosive machine mod. MV 2400S ADVANCE Type 2 (MITSUBISHI ELECTRIC Company) for additional investigation of
these samples. The teeth surface layer quality experimental study and the structural-phase state of the surface layer metallographic
analysis have been performed using modern measuring equipment and instruments, e.g. microscope Altami MET-5. It is established
that, in other equal conditions, the highest grinding temperature occurs in the upper part of the tooth which is grinding. It is identi-
fied areas of the tooth profile, on which the grinding temperature can be calculated by the famous analytical dependencies. It is es-
tablished that as the parameters characterizing the grinding intensity and the volume of material removal per unit of the grinding
wheel width increase, the grinding burn arises and its thickness increases. The regularity of the change in the thickness of the burn
along the height of the tooth is established, which makes it possible to evaluate the reliability of the corresponding theoretical stud-
ies.
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Introduction

It was established in [1; 2] that one of the factors
limiting profile grinding productivity is the tempera-
ture in the cutting zone. Grinding temperature excess
leads to grinding burns and cracks. The relationship
between the gear grinding productivity and its limit-
ing factors was considered when developing a meth-
odology for studying the technological system of
gear grinding [3]. Grinding burns arise at some point
in time as the grinding intensity increases and the
cutting power of the grinding wheel changes in its
blunting, greasing, etc. Most researchers [4-12] con-
sider that the temperature factor is responsible for
the occurrence of grinding burns, and connect the
appearance of the burns with the so-called critical
grinding temperature which is not constant and de-
pends on the duration of high temperature and its
rate of change [5]. At this time, the detection and
study of burns in grinding is one of the problematic
issues in engineering technology in connection with
the uncertainty of the conditions of its occurrence.
Existing methods for determining the presence and
magnitude of burns are divided into two groups: de-
structive (cutting micro slices from the gear which
have been ground) and non-destructive (acid
etching, current strain control, the Barkhausen nois-
es method, etc.) [13-16].
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Each of these methods has its advantages and
disadvantages. For example, after the use of destruc-
tive methods, one of the parts of the batch is to be
disposed of. After acid etching of teeth, the contact
strength of the gears decreases up to 20 %. From the
non-destructive methods, the Barkhausen noises
method was the most widely used, according to
which the detection of burns is performed on the
basis of control of changes in the electromagnetic
properties of the gear material [6; 17]. All these and
related issues are considered in the relevant literature
[6; 17-25]. Typically, grinding burns are detected by
comparing the modified and initial structures of the
material in the studied region. Therefore, the meth-
ods of preliminary planning of relevant experiments
are commonly used [6]. Among the production
methods include the method of acid etching and the
method of visual control, the modification of which
allows increasing the reliability of the detection of
grinding burns.

Analysis of the literature shows that most stud-
ies refer to the flat and round grinding operations.
The specificity of the profile grinding is reflected in
a much smaller number of literary sources. For ex-
ample, in [25], it is shown that when profile grinder
working on the radial in feed method, the burns ap-
pears in the upper part of the tooth. However, in the
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literature there is no data on the study of the topog-
raphy of grinding burns along the height of the
tooth. There is no information on ensuring defect-
free grinding under uncertainty conditions when
burn appearance and their change along the tooth
height take place.

There are two approaches to determining the
grinding temperature: the phenomenological - on the
basis of the Fourier differential equation of the
thermal conductivity (analytical method of tempera-
ture determination) [8; 11; 12; 26-35] and tempera-
ture field simulation - on the basis of computer
simulation by the method of finite elements (FEM
Simulation) [36-41].

Analytical solutions require the assumptions
and do not allow considering factors such as the var-
iable heat flux density of the thermal flow along the
height of the tooth, the geometric shape (dimensions,
curvature) of the involutes gear surface, etc. The
simulation method is used to determine the tempera-
ture field in profile grinding, taking into account
cooling, the movement of the contact area, the vari-
able heat flux density along the height of the tooth,
the geometric shape of the object, to evaluate the
selected analytical mathematical dependence, to de-
termine the range of its action, based on the permis-
sible error of temperature determination.

Information 2D and 3D models

The geometrical model of a gear tooth is set in
the AutoCAD software and imported into the COM-
SOL Multiphysics (Fig. 1a). The tooth involute pro-
file contact zone is divided into 99 sections of equal
area. The heat flux density is given on each of these
sections, which at each point of the involute tooth
profile is determined by the formula [42]

The geometrical model of a gear tooth is set in
the AutoCAD software and imported into the COM-
SOL Multiphysics (Fig. 1a). The tooth involute pro-
file contact zone is divided into 99 sections of equal
area. The heat flux density is given on each of these
sections, which at each point of the involute tooth
profile is determined by the formula [42]

q(r)_e dQW _ P Vftn(rx) 1
" oV dSc Vf Scc W\/m ( )

where: %is a grinding specific energy of, J / m; v

is a grinding heat partition ratio; QWis a material

S. . .
€ IS a contact area, mz; P IS a
S

removal rate, m¥s;

grinding power, W; Vi is an axial feed, m/s; “ccisa

. . t .
cross-sectional area of the section, m% v is a

grinding vertical depth, m; t is a grinding normal

depth, m; x is a current radius-vector, m; Disa
instant grinding wheel diameter, m..

The initial data for determining q(rx)are given
in the Table 1.

To determine the instantaneous normal depth of
grinding, one can use either the techniques of differen-
tial geometry [43] or the known equation of connection
between vertical and normal grinding depths [8]

t, =t,cosy )

where: 7 is the angle between the normal to the in-
volute and the axis of symmetry of the gap gear.

3D Geometric model

The geometric model of the gear tooth
(Fig. 1b) was created in the AutoCAD program and
imported into the COMSOL Multiphysics. The con-
tact area (Fig. 2) of the grinding wheel and the gear
(moving thermal source) is the A-B-C-D section,
which is common between the grinding wheel and
the gear. Involute profile of the tooth consists of 99
sections. Each of them has a heat flux density de-
fined by the formula (1) at each point of the involute
profile.

¥y, mm

Fig. 1. Geometric models: 2D (a) and 3D (b)

The contact area has the height (r, — rp) and
width 2N ang =Dty /2=1/400-0,074/2

=2,72-10°m or 2N=544.10*m, a60 5,44 mm. The
time of the thermal source action is determined by
the formula

KAV 3)
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where: h is the half-width of the contact area in the
direction of the velocity vector of the part, mm.

_J/Dt, J400-0,074 0.0466

T, = =

V, 116,67

In this case

ie., T = 46,6 ms.

C,

Strip
source
of heat

Tooth involute
surface

Tooth involute
surface

2h

¥ (ra—rs)

Z, X

Fig. 2. Gear tooth with strip heat source

Table 1. Different parameters and conditions in grinding

Parameters Data

20X2H4A (an-
alog t019CrNi8

Workpiece material Germany, 3120

USA)
Specific energy (e, ) 54 J/mm?®
Grinding heat partition ratio to
the workpiece () 0.8
Initial wheel diameter (D) 400 mm
Vertical grinding depth (t,) 0,074 mm
Axial feed (moving heat source 116,67 mm/s
velocity Vi ) (7 m/min)
Thermal diffusivity (2) 5,683-10° m°/s
Thermal conductivity of the
workpiece (1) ’ 24 Wi(m:°C)
Density of the workpiece (p) 7850 kg/m®

Heat capacity (c) 538 J/(kg-°C)

Number of teeth (z) 40

Gear grinding temperature simulation re-
sults

Simulation of the temperature field in the
COMSOL Multiphysics is performed and-the fol-
lowing conclusions are formulated.

1) 2D and 3D simulation of the temperature
field allowed determining the surface temperature
under 2D simulation of the temperature field with an
error of not more than 5 % compared with the results
of 3D simulation under other equal conditions, when

the heating time TH ynder 2D simulation is equal to
the heating time from the unmoving source of heat

>
1y =2h/V, . Moreover, at Vi = 5 m/min the men-

tioned error does not exceed 1 %.
2) It is shown that in the axial feed range 1

<V, <
_Vf ~ 12 m/ min the difference between the results

of temperature determination under 2D and 3D sim-
ulation is 0,71 ... 4,03 %. This confirms the possi-
bility of replacing a moving thermal source by the
stationary one, whose thermal source action time
depends on the moving source velocity V, and is
equal to tH :Zh/Vf. For example, a minimum
error of 0,71 % when determining the temperature
for 2D (Fig. 3) and 3D models (Fig. 4b) is obtained

at Vi =7 m/min.

3) With an increase in axial feed Vi from 1
m/min to 12 m/min, the maximum temperature in-
creases for a moving heat source from 248 °C to 923
°C, while for the unmoving one — from 258 °C to
936 °C. This correspondence confirms the identity
of the results of determining the surface maximum
temperature for these solutions under 2D and 3D
simulation. In other equal conditions, the maximum
temperature for a moving source (248 °C ... 923 °C)
is less than for the unmoving one (258 °C... 936 °C)
throughout the range of axial feed interval of 1

<V. <
<Vi = 12 m/min.

It is found that the maximum values of tempera-
ture (Fig. 5a) and the heat flux density (Fig. 5b) are
located at the upper part of the involute profile and
do not match the height of the tooth, and the maxi-
mum temperature is below the maximum of the heat
flux density located on the tooth tip.

It should be noted that the 2D geometric model
in simulation corresponds to a one-dimensional ana-
lytic solution with a variable heat flux density.

Normal module (m) 3,75 mm
Diameter of the pitch circle (d ) 150 mm
Diameter of the outside circle (
d.) 153,75 mm
a

Diameter of the base circle (d,) | 140,954 mm
Diameter of the root circle (d
, (ds 139,875 mm
Face width (B) 24 mm
Pressure angle of involute (o) 20°
Helix angle (B) 0
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Fig. 4. Steady temperature field isotherms for 3D
model (a) and his fragment (b) for t==103,5 ms

To determine the profile gear grinding tempera-
ture using the solution of a one-dimensional differ-
ential heat equation, the following concept was
adopted. The indicated (one-dimensional) solution
can be used to determine the temperature in the cen-
ter of several areas of the involute profile surface of
the tooth (gap) located at the height of the tooth, for
example, in the upper, middle and lower areas of the
involute profile. The number of these areas should
be both minimal and sufficient. The condition of
parallelism of the heat flux density vectors occurs
when there is a “sufficient” surface area with a vari-
able heat flux density, which can be characterized by
its average value (mean value). It is obviously, this
condition is most fulfilled at the point of the contact
area, which is equidistant from the edges of this
zone.

T

or o i '
6(?0 /:\wlS ms
500 533 46 ms
400
300 |/
200
100 2h=5,44 mm 0 ms
0 1 2 3 4 5
Tip Gap depth, mm Root

0 1 2 3 4 5

Tip Gap depth, mm
b

Root

Fig. 5. The surface temperature T of the
involute profile under variable heat flux density q
for a moving heat source of width 2h on the its back
edge (a) and for the unmoving one (b)

The equation describing the one-dimensional

temperature field T.(x7) over the heating time in-
terval 0 <t <1, has the form [44; 45]

2-qva-t
A

-ierfc

Ty (X,1)=

X
(4)
2\a-1
where < is the duration of the unmoving heat source

i <1< . o
action and O<ts< YH s jerfcu is the designation

of a special function which is [46]:

ierfcu :iexp(—uz)—u erfcu i

7
5 %
erfcu :ﬁgexp(—uz)du

Therefore, the next stage of the temperature
field simulation is determining the number of areas
in which the profile grinding temperature can be de-
termined by solving the one-dimensional differential
equation of heat conduction by the formula (4).
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For a comparative analysis, a number of the
variants of imaging contact zone by areas on the in-
volute profile of the tooth for a one-dimensional so-
lution are predetermined: 1 area (Fig. 6a), 2 areas
(Fig. 6b), 3 areas (Fig. 6¢) and 6 areas (Fig. 6g). The
heat flux density is given equal to its averaged value
which are found through relevant instant values of

G . i inthiscase 1<i<6, 14< j<99.

For example (Fig. 6): T 9= 21,45 W/mm?;
Ouae= 26,93 Wimm?  T,5= 1585 W/mm?
Ouas= 2836 W/mm?*  @,33= 2251 W/imm?
Oas = 1347 W/mm? @ ,,= 29,61 W/imm?
0,17= 2696 Wimm?* T;,;= 2396 W/mm?’;
0417 = 20,43 W/mm?; @ ,,= 15,97 W/mm®; T ,,
=9,70 W/mm?.

— — ql.l’?
4y, 49 4,33 -—————-
9217
_ 26,93 =it I =
g, 99 933 9317
[T 22,51 7T
21,45 A I R I e _
g. qs,17
15,85 3 I
13,47 o 14
a b c d

Fig. 6. Contact zone consisting of 1 area (a),
2 areas (b), 3 areas (c) and 6 areas (g) for 2D
simulation model

The cause-effect relationships in the direction
from the heat flux density T i (cause) to the tem-

perature (consequence) are explained graphically in
Fig. 7.

It can be seen that the result of the step-heat
flux during the two time intervals (23 ms and 46 ms)
is three surface temperatures:

— two continuous temperatures curves obtained

by the method of 2D simulation at T# = 23 ms

(green) and T# =46 ms (red);
— the temperature obtained by the calculation of
a one-dimensional solution of the differential equa-

tion of heat conduction (4) at '# = 46 ms (black
dotted line).

It can also be seen that at *# = 46 ms, the max-
imum temperature under the stepped heat flux
(Cause on Fig. 8) with 2D simulation (first compa-
rable version) and maximum temperature by analyti-

cal one-dimensional solution (second comparable

version) are TMAX=T1’ =699 °C and 686,52 °C,

respectively. That is, the difference is 1,79 % (no
more than 2%).

Let’s compare the obtained maximum tempera-
tures (699 °C ... 686,52 °C) with the maximum
temperature from the influence of the variable heat
flux density on the coordinate Y, (Fig. 5b). To do
this, the conversion of the dependence q(ry ) to the
dependence q(Y, ) has been made. This case (Fig. 8)
under other equal conditions is more close to reality.
It can be seen that the maximum temperature in this
case is 705 °C, it differs from the result of calculat-
ing according to the one-dimensional solution
(686,52 °C) of the differential heat conduction equa-
tion by 2,6 %. Thus, the considered method of using
a one-dimensional solution is the basis which allows
this solution use to determine the profile gear grind-

ing temperature. The Tl, T,, T; temperatures ob-

tained (Fig. 8) are in the middle of the corresponding
three areas. The temperatures for one, two, and six
areas (Table 2) can be determined similarly.

1'=699 °C

q, T, .R
- °c esponse
W‘ Y 7,=563 °C
mm=- 550 ¢ /
I o
361 450p ' T, =46 ms
I L NI =338°C
281 350 f—————  Cause L
T kg, 3= 28,36 W/mm"! {
2 : 201 45 3 —22,5IW£’n‘1mzi
Iz__ ISU— q.‘. .!3_]3,4?' \\'F.'{]-n.rn3
4+ sof T, = 0me
0 1 2 5 rl

Gap de;lh Ys, mm
Fig. 7. The average heat flux density and tem-
perature responded on the gap depth for the three
areas; 686,5 °C; 544,8 °C; 326,0 °C are the tempera-
tures found by one-dimensional analytical solution
(4) at heating time 0, 23, and 46 ms

T,

MAX

=705°C

7,=563°C i Third area
i'r”—%ms
7,=325°C |

! Second area

[R—"
P 1,=23m

sl | 5,-0ms

0 1 2 3 4 5 6
Gap depth ¥, mm

Fig. 8. The temperature on the gap depth under
the variable heat flux density q(ry) for 2D simula-
tion for three areas at heating time: 0, 23, and 46 ms
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Table 2. Maximum surface temperature deter-
mination results on the basis of the temperature field

2D simulation at *H = 46 ms

Areas numbers
1 2 3 6
T, 562,5 T1,,°C 675 T,°C 688 T1,,°C 700
°c
T,,°C 400 T,,°C 563 T,,°C 675
T,.°C 325 T,,°C 600
T,.°C 520
I,,°C 400
T,,°C 225
Note: the maximum temperature in the contact zone in 3D simulation
Tyax =705°C

Corresponding data for different number of are-
as (1, 2, 3 and 6) are presented in Table 2. When the
profile is divided into 3 areas with an average heat
flux density in each of them, the minimum error in

the definition of Tyiax is 0,84 % (Table 2) com-
pared with the maximum temperature found at the
instant heat flux density: ((705-699)/705) x100 %=
0,84 %.

Thus, the contact zone (Fig. 9a) can be repre-
sented by the spot consisting of three areas (Fig. 9b)
with the heat flux density averaged over these areas.

q\, 33 3
A o ?’;’
4, =
:,") B T;
q;, 3
C T

LD f—

I

o8
L4 1
b c
Fig. 9. Stages of the transformation of moving rec-
tangular source (a) into unmoving one, which con-
sists of 99 (b) and 3 (c) areas

Surface layer quality physical parameters
study

The study of the teeth surface layer quality after
the profile grinding is one of the most labor-
intensive works as it involves extracting fragments

and samples to study them. It is known the grinding
burns arise from the influence of the temperature
factor in the cutting zone, but the possibility of their
occurrence depends on a large number of parame-
ters. The literary analysis of the state of the question
showed that most researchers plan appropriate ex-
periments by successively changing the value of any
parameter that has an effect on the grinding tempera-
ture. In this regard, for the experimental determina-
tion of defect-free depth of grinding, a special exper-

iment was conducted at a constant axial feed Vi =
5000 mm/min with the following discrete grinding

depths (t”): 0.035 mm (the gap between 28 and 29
teeth); 0.050 mm (the gap between 29 and 30 teeth);
0.075 mm (the gap between 30 and 31 teeth); 0.090
mm (the gap between 31 and 1 teeth) (Fig. 10), that
is, we have the following data:

MM...osernnennn, 0,03 0,050

0,090,
The gap place...28-29 29-30 30-31 31-1.

0,075

Fig. 10. Grounded gear before (a) and after (b, ¢)
cutting off the four teeth
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The cutting off these four teeth was made on an
electro-erosion machine MV 2400S ADVANCE
Type 2 (MITSUBISHI ELECTRIC). After cutting
off the teeth and their fragments, the surfaces study-
ing were prepared on a flat-grinding machine with
the help of simple equipment (Fig. 11).

Studies of the samples microstructure 28-31
were performed on micro slips (Fig. 12) after etch-
ing their surface by the solution of 2-3 % nitric acid
in alcohol. The micro-hardness of the surface layer
depth was determined using the PMT-3 instrument
(Fig. 13a), the metallographic studies of the micro-
slips were performed on the Altami MET-5 micro-
scope. (Fig. 13b).

Fig. 11. Samples prepared from fragment teeth when
the sample is clamped in the fixture (a) and installed
onto the machine table (b)

On the surface of samples 28 (Fig. 14) and 29
(Fig. 15), a cemented layer is observed and no burns
are detected. Structural-phase transformations are
observed on the surface of samples 30 (Fig. 16) and
31 (Fig. 17), which are also confirmed by the change
in the microhardness of the depth of the surface lay-
er (Fig. 18).

em 14 15 16 17 18
Aokl

Fig. 12. The samples of teeth (28 — 31) and their fac-
es for study

Fig. 13. Hardness measurements both on PMT-3
instrument (a) and microscope Altami MET-5 (b)

Measurements of micro hardness were per-
formed in the upper, middle and lower parts of the
tooth (Fig. 18).

310
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Middle zone of tooth 30

b

Fig. 14. Sample surface microstructure of the Fig. 16. Sample surface microstructure of the
tooth 28 with an increase of x50 (a) and x100 (b) tooth 30 in the middle (a) and lower (b) zones

Middle zone of tooth

Fig. 15. Sample surface microstructure of the

X . Fig. 17. Sample surface microstructure of the
tooth 29 in the middle (a) and upper (b) zones

tooth 31 in the tip (a) and root (b) section
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H,, kgrhnn’f

900 Upper zone a—e

Middle zone

simandne

800

700

600

500
0
H,, kgf/mm’
° Joper zone
1200 Upper zone -+
Middle zone -a-+
1000
Lower zone —=—=
800

600 \ ™

400

0 02 04 06 x,mm b

Fig. 18. Change of microhardness on the depth of
the surface layer of teeth 30 (a) and 31 (b) on the tooth
different sections at its height (tip, middle and root)

As the normal cutting depth t increases from
0,035 to 0,09 mm with a constant axial feed Vi =
5000 mm/min, the grinding burns arises and increas-

es in the tooth surface layer (see the curves M. and

Mg, in Fig. 19). At the same time the Qu and Vi
parameters is increasing.

The points Al and B1 correspond to the operat-
ing characteristics of the conventional 25AF46L6V
grinding wheel. In turn, the points A2 and B2 corre-
spond to high-porous wheel, for example, the wheel
3SG46Hs12Vs. As the grinding depth increases, the
burn defective layer, consisting of the re-hardened
“white” layer and tempered layer (not shown in Fig.
10).

If,: s Q:. ] hd I h-r.f
mm’| mm?| mm
mm js-mm 0,4 Non-defect zone
15 15
03 0 ' hy
10+ 10 p
0,2
B,
5 5 -
031 B] LA -
Al V‘ ”' hll'..l'
0 0 A
0 0,02 0,04 0,06 { . mm

n?

Fig. 19. Influence of the grinding normal depth on the
h

thickness of the emerging “white” layer

ha , as well as the parame-

w.l. | the total
depth of the defective layer
ters QW and VW.

Thus, improving the operating characteristics of
the grinding wheel (the combination of parameters

Qu and VW) allows you to increase the grinding
depth without the defect zone (Fig. 19). The tenden-
cy to change the depth of the defective layer by the
height of the profile is such that its largest thickness
is at the top of the profile height at a distance from
the edge of the contact area (Fig. 19). It is known
that at the edge of the contact zone, the grinding
temperature is twice lower than in the middle of this
zone, even with the same density of heat flux density
[26]. This experimentally discovered fact confirms
the expediency of determining the grinding tempera-
ture for one-dimensional solutions of the differential
heat equation, in which the density of the heat flux is
constant within the contact zone and is equal to its
average value within the specified zone. Continuous

!

VW(tn) corre-
hy.1.

increase of parameters QW(tn) and

spond to "threshold dependencies” (t“) and

M. (t“) with threshold level 01=0.05 mm (Fig.
19). This at the level of the dividing circle corre-
- t
' sina =

n

sponds to the vertical grinding depth
0,146 mm, where o - the profile angle).

The performed experimental studies confirm
the position of the points on the involute profile
(Fig. 20), which determine the grinding temperature
for a one-dimensional solution of the differential
heat equation.

+

Fig. 20.The points H and B (a) and also the points H,
C and B (b) on the involute profile for the grinding
temperature theoretical determination

312

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)



Applied Aspects of Information Technology

2019; Vol. 2 No. 4 304-316

Systems of Adaptive and Optimal Control, Identification of Objects and Systems Parameters

The position of these points (Fig. 20) deter-
mines the mean value of the grinding temperature,
which reduces the influence of the edge of the con-
tact area, where a large temperature gradient, which
almost twice decreases the temperature at the edge
of the zone, takes place.

Conclusions and prospects for further re-
search

1. The burn defective layer in the profiled
grinding depends on a large number of factors and
may appear at a certain critical temperature in the
cutting zone which is not a constant value, and de-
pends on the individual actual grinding conditions.

2. In other equal conditions, the defective layer
appears when any grinding factor increases, for ex-
ample, the grinding depth factor. To account for the
uncertainty of the conditions of occurrence and in-
crease in the thickness of the defective layer, defect-
free grinding should be carried out with some mar-
gin (tolerance) on the depth of grinding which takes
into account the specified uncertainty (temperature
gradient in time, time of acting the critical tempera-
ture, etc.).

3. As the grinding stock remains lower, the tol-
erance zone at the depth of the defect-free grinding
must be increased, for example by reducing the
grinding depth. In this sense, it is prudent to consider
a new approach to the condition of the grinding
stock distribution in grinding stages and strokes, ac-
cording to which the grinding depth, as the reduction
of the remaining grinding stock to be removed, is
chosen not from the condition of decreasing the de-
fective layer size within the remaining grinding
stock, but from the condition of reduction of proba-
bility of the defective layer formation. In this case, at
each moment of grinding time there will be some
stock of allowance within which a defective layer
may form and will be removed later with this re-
maining allowance.
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INOPIBHAHHA BUMHNPIOBAHUX ITAPAMETPIB AKOCTI IIOBEPXHEBOI'O
IIAPY 3 PE3YJIBTATAMMUW MOJAEJIFOBAHH

Anomayin. Temnepamypa winighysanus € 0OHUM 3 hakmopis, wo obMmexHcye npoOYKMUBHICMb NPOPLIbHO2O WNiYEaAHHs 3y04aACmOo20 Kolecd.
Icnye 06a ocnosHux MemoOu UHAUEHHA MeMNepamypu WaiyeanHa. aHATIMUYHUL MeMoo 3a 00NOMO2010 AHANIMUYHUX Moodenell | imimayitinuil,
3aCHOBANUIL AK HA AHATIMUYHUX, MAK [ HA 2eOMEMPULHUX MOOeNAX. Y cmammi na neputomy emani 00CIiONCYIOMb meMnepamypHe noie npoQiibHo2o
sybownihyeanns 3a donomozoio memody inyesux eremenmie (FEM) sax npuxnao ingpopmayitinoi mexnonozii, wo donomazae npoenosyeamu gizuuni
napamempu axocmi nogepxunesozo wapy. Ompumani pe3yibmamu NOPIGHIOIOMYb 3 AHATOTYHUMU POPAXYHKAMU O AHATIMUYHUX MOOeel, | 3HAXO0-
O0simb OLISAHKU NOGEPXHI 3y0a Ol GUHAYEHHS MeMNepanypu 8ionogiono 0o anarimuynux mooeneu. Ha opyeomy emani npogedeno cepis excnepume-
mmansHux docniodxcens na eéepcmami 3 YIIK Hofler Rapid 1250 npu winighysanni peansrozo 3y6uacmoeo koneca npu nociioo8HOMYy 30LNbUEHHI 2u-
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bunu npopinbrozo winigysanns. 3 06pobieH020 3y6UACMO20 KoNleca GUPI3aiu Cneyianbii 3pasKu Ha elekmpoeposiiunomy eepcmami moo. MV 24008
ADVANCE Type 2 (MITSUBISHI ELECTRIC Company) o dodamkosozo 0ocaioscenns yux 3paskie. Excnepumenmanvhe 00Caiodicenus AKocmi
noeepxneso2o wapy 3y6ie i CmpykmypHo-haz08020 cmamy no6epxXHeso20 wapy nposedeHo 3 BUKOPUCTNAHHAM CYUACHO20 6UMIPIOBANILHO20 BCIAMKY-
6anHs U npunadis, Hanpukiao, mikpockona Altami MET-5. Bcmanoeéneno, wo 3a iHwux pieHux ymos 0iibui 8UCOKa memnepamypa wiighyeanus mae
micye y 6epxuill uacmuni 3y06a npu winipysanni. Busieneno OUsiHKU npo@into 3y06a, o sKUX MOJICHA PO3PAXYyeamu memnepamypy wiighyeanns 3a
GIOOMUMU AHATTMUYHUMY 3aeACHOCmAMU. Bemanoeneno, wo npu 30inbuienni napamempis, wjo Xapakmepusyloms IHMEHCUSHICMb WAIQyeants i
00ca2 3HIMaHHA Mamepiany Ha OOUHUYIO WUPUHU WNIPYBATbHO20 KpYaa, WNiQYEanbHutl NPUNIK 6UHUKAE | 11020 MOGWUHA 30inbUyembes. Bemanos-
JIeHa 3aKOHOMIPHICMb 3MIHU MOSWUHU NPUNIKY NO 6Ucomi 3y0d, wo 00360J5€ OYIHUMU GIPOLIOHICMb 8IONOGIOHUX MEOPEeMUYHUX OOCHIONCEHb 3d
inpopmayitinumu MooersIMu.

Kntwouosi cnosa: npoginvue winighysanus 3youacmozo Koneca, winighyeanvHuti npunik, AKiCms n08ePXHE8020 wapy, memnepamypa winighyean-
ns, FEM mooeniosanns.
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CPABHEHME U3MEPEHHBIX TAPAMETPOB KAYECTBA IIOBEPXHOCTHOI'O
CJI104 C PE3YJIBTATAMU MOJAEJIMPOBAHUSA

Annomayusn. Temnepamypa wnugosanus seisiemcs OOHUM U3 PAKMOPO8, 0SPAHULUBAIOUUX NPOU3EOOUMENLHOCL NPOPDUITL-
Ho2o wughosanus 3y6uamoco xkoaeca. Cywjecmeyem 08a OCHOGHbIX MEMOOa onpedeieHusi memnepamypbl WAUGOGAHUs. AHATUMU-
YeCKUll Memoo ¢ NOMOWBIO AHATUMUYECKUX MOOeel, U UMUMAYUOHHbLU, OCHOBAHHbIL KAK HA AHATUMUYECKUX, MAK U HA 2e0Mempu-
ueckux mooensix. B cmamve na nepeom smane ucciedyemcsi memnepamypHoe noie npo@uibHoco 3y60unu@oeanus ¢ nOMOubIO
memoda xoneunvix dnemenmos (FEM) 6 kauecmee npumepa ungpopmayuonnoii mexnono2uu, Komopas HoOMo2aem npoSHO3UPOSANb
Qusuneckue napamempul Kayecmea nogepxHOCmMno20 cios. Ilonyuennvie pe3yibmanvi CPAGHUBAIOMCSL C AHALOZUYHBIMU PACYEMAMU
01 AHATUMUYECKUX MOOeell, U ONpedensomes YuacmKu no8epXHOCmU 3y0a Ol OnpedeieHus MmeMnepamypsbl 8 COOMEemcmaull ¢
anarumuyeckumy mooenamu. Ha emopom smane npogooumcsi cepus 9KCRepuMenmanbhulx ucciedosanuii na cmawnke ¢ 411V Hofler
Rapid 1250 npu 3y6ownugosanuu pearvroco 3y6uamozo koieca npu nocie008ameIbHOM YEeaudeHuu 2iyounsl npopuIbHO20 Ui~
Gosanus. Hz obpabomannozo winugosanuem 3y0Mamoeo Koieca bipe3anu cneyuaibhivlie 06pasybl Ha 1eKmpoIPO3UOHHOM CIMAHKE
M00. MV 24008 ADVANCE Type 2 (MITSUBISHI ELECTRIC Company) ozs donoanumenshozo ucciedosanus smux oopaszyos. IKc-
NnepUMeHmMAanbHoe UCCIe008aHUe KA4ecmea No8epPXHOCMHO20 CNos 3Y0be6 U CMpYKMypHO-(a308020 COCMOSIHUSL NOBEPXHOCMHO2O0
CL0SL NPOBOOUNOCH C UCNONL30BAHUEM COBPEMEHHO20 UIMEPUMENbHO20 000py008anus u npubopos, nanpumep, mukpockona Altami
MET-5. Vemanoeneno, umo npu npouux pagnvix yciogusix Ooiee eblcoKdsi meMnepamypa wiug)oeanus umeen Mecmo 6 GepxHeil
yacmu wnughosannoo 3y6a. Buisigienvl yuacmiu npoghuis 3y6a, RO KOMOPbLM MOICHO PACCUUMAMb MEMRepamypy uaugosanus no
U3BECTMHBIM AHATUMUYECKUM 3A8UCUMOCHIAM. YCMAaHO61eHo, 4mo npu yeeaudeHuyu napamempos, Xapakmepusyloujux UHMeHcUs-
HOCMb WAUGOBaAHUA U 00beM CbeMa Mamepuand Ha eOUHUYY WUPUHbL WIUPOBATLHO20 Kpyed, WAUPOBATbHYIN NPUNCOS BOZHUKAEM
U €20 MONWUHA Y8enUUUBAEMCA. Yemanosnena 3aKkOHOMEPHOCHTb USMEHEHUsl MOTWUHbL NPUJICO2A NO Gblcome 3y0d, Ymo No360Jsem
oYeHums 00CMOBEPHOCMb COOMBEMCMBYIOWUX MEOPEMUYECKUX UCCACO08AHUL NO UHPOPMAYUOHHBIM MOOETSIM.

Kniouesnvie cnosa: npoguivroe uughoganue 3y64amozo Koneca, wau@do8OUHbLI NPUNCO2, KAYeCMB0 NOBEPXHOCMHO20 CIOS,
memnepamypa winugosanus, FEM modenupoganue.
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