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INVESTIGATION OF THE EFFECT OF DEPTH OF CUT AND CUTTING
SPEED ON CUTTING FORCES DURING FACE MILLING OF STEEL
WITH A RECTANGULAR CUTTING INSERT

In metal machining processes, the achievement of a sufficiently high material removal rate is
desirable. Material removal rate can be increased to the desired value by an increase of feed rate value
and also by increase of cutting speed or depth of cut values. However, as it is also required that surface
quality and deformation should be within the acceptable limits, it is necessary to control them by
selecting the appropriate process parameters values. In this study, face milling experiments are
conducted in order to investigate the effect of using different values of depth of cut and cutting speed on
the cutting forces and specific cutting forces. A comparison between the experimental results from cases
with constant feed rate and two different depths of cut at four different cutting speed values, ranging
from 100 to 400 m/min is conducted. After the subsequent analysis of the results, conclusions on the
effect of depth of cut and cutting speed on cutting forces and specific cutting forces are drawn.

1. INTRODUCTION

Machining processes are always of great importance when fabrication of
metallic parts with high surface quality and integrity and high dimensional and
geometric accuracy is required. At the same time, the achievement of the
aforementioned goals should be consistent with the achievement of high efficiency
of the material cutting process. Especially, by employing face milling, it is possible
to produce flat surfaces of excellent quality as well as to achieve acceptable surface
integrity.

In the previous works of our scientific team [1-3], experiments were
conducted in order to determine the dependence of face milling outcome, namely
cutting forces and surface roughness, on the variation of feed rate. Thus, in the
present work it is desired to analyze the effect of different depths of cut and cutting
speeds to the cutting forces and specific cutting forces during face milling.

Regarding cutting speed, it is almost undisputable that it has an inverse
effect on cutting forces; thus, an increase of cutting speed leads to a decrease of
cutting forces. This decrease can be observed in all force components and
especially in Fx and Fy components [4, 5] and occurs in both up and down milling
cutting modes [5]. Furthermore, this trend is shown to exist even at large speeds,
up to 3000 m/min [5, 6]. However, opinions are divided on whether the effect of
cutting speed on cutting forces is significant or not with most researchers stating
that it is lower than the effect of feed rate or depth of cut [7-9].

© N.E. Karkalos, A.P. Markopoulos, T. Makkai, J. Kundrdk, 2019
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The decrease of cutting forces with increase of cutting speed is attributed
either to the increase of temperature which leads to workpiece material softening
[5] or to the lower tendency of built-up edge generation at high speeds, something
that leads to more stable cutting [10]. This decrease of cutting forces is mostly
reported to be almost linear [6, 11, 12] with some researchers reporting non-
constant decrease rate [7].

Regarding depth of cut, it is shown, in every case, that its increase leads to
an increase in cutting forces. As with cutting speed, its effect is more profound in
Fx and Fy components whereas F, is the least affected force component [4].
Furthermore, this effect can be undoubtedly observed in both symmetric and
asymmetric milling [9]. Most researchers state that the depth of cut has a
significant effect on cutting forces, along with feed rate [8-10]. The increase of
cutting forces with an increase of depth of cut is attributed to an increase of tool-
workpiece contact length [5] and the increase of cross-sectional area of uncut chip
[4]. This increase is found, at least partially, non-linear, especially at higher depths
of cut [6, 11, 12].

2. EXPERIMENTAL CONDITIONS

In the present work, face milling experiments with a milling head having a
single cutting insert were performed in steel workpieces. The aim of the research is
to determine quantitatively the effect and relative importance of depth of cut and
cutting speed on cutting forces and specific cutting forces during face milling,
determining also the variation of the increasing or decreasing trend of cutting
forces due to variation of these parameters. In particular, the investigation of
process parameters effect on specific cutting forces is rarely conducted in the
relevant literature and thus, it will be of significant interest.

All the experiments were conducted on a Perfectlet MCV-M8 vertical
machining center. The details concerning the cutting insert and milling head are
presented in Table 1, along with the process parameters values.

Table 1 Experimental conditions

Machine Tool Perfectlet MCV-M8 vertical machining centre

Cutting insert Sandvik R215.44-15T308M-WL GC4030 coated carbide
insert (kr=90°; y0=0°; ao=11°; r:=0.8 mm)

Milling head type Sandvik R252.44-080027-15M face milling head (Ds=80
mm)

Workpiece material Normalized C45 (1.0503) carbon steel (HB=180)

Workpiece dimensions Width: 58 mm, Length: 50 mm

Cutting speed vc [m/min] 100, 200, 300, 400

Depth of cut ap [mm] 0.4,0.8

Feed rate f, [mm/tooth] 0.4
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Experiments with a constant feed rate of 0.4 mm/tooth, two different cutting
depth values, namely 0.4 and 0.8 mm and four different cutting speed values in the
range of 100 to 400 m/min are conducted. All the experiments are performed under
dry machining conditions. During the experiments, the three components of force,
namely Fy, Fy, F, were measured in a coordinate system relative to the workpiece
by a Kistler 9257A dynamometer. The measured signal was amplified using three
Kistler 5011A charge amplifiers. The data were sent to a PC using a Compact
DAQ-9171 data collector by National Instruments Company and finally the data
were recorded on the PC using software prepared in the LabView programming
language.

3. EXPERIMENTAL RESULTS AND DISCUSSION

After the experiments were carried out, analysis of the obtained results was
conducted. For each experiment, force diagrams were processed in order to
determine the maximum values for each force component, namely Fy, Fy and F..
For each component of forces, for all depths of cut and cutting speeds, the obtained
maximum force values are depicted in Figure 1.

From the results presented in the left column of Figure 1, it can be clearly
observed that an increase in cutting speed leads to a decrease of cutting forces in
most cases and an increase of depth of cut results in an increase of cutting forces,
as it was anticipated. Furthermore, Fy, component is shown to have larger values
than the other two force components. These results are consistent with results
reported in the relevant literature [4, 5, 7]. Moreover, the calculation of ratio of
change of forces between cases with different depth of cut values was conducted
by using the following formula:

J'57[.l=|'| ]
-

¥

@

ratio of change =

Tp=i.4

From the observed trends, it was revealed that the difference between force
values at different depths of cut has an increasing trend for Fx and Fy, components,
whereas in the case of F, component, it is almost constant. For Fy and Fy a change
between a,=0.4 mm and 0.8 mm results in 1.5 to 2 times increase in cutting force
value whereas, for F, the increase is almost 1.25 times. Among the three force
components, Fx was found to be more significantly affected by the variation of
depth of cut, a conclusion that can be observed by the largest slope of the
regression trend line in that case.

Regarding the cutting speed, the ratio of change of force values for cases
between 100 and 400 m/min was also calculated for both values of depth of cut, as
the ratio of cutting force component value at 100 m/min divided by the cutting
force component value at 400 m/min. It was found that, for Fx, Fy and F,
components of force, the ratio of change of forces between the cases at 100 and
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400 m/min was 1.49, 1.15 and 1.05, respectively at a,=0.4 mm and 1.31, 1.06 and
0.98, respectively at a,=0.8 mm.

Thus, it can be attested that, Fx component was the most affected by the

variation of cutting speed, F, component was almost unaffected and the impact of
cutting speed on cutting forces was more significant at the lowest value of depth of

cut.
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Figure 1 — Cutting force (left column) and specific cutting force (right column) components

values for cases with different depths of cut and cutting speeds
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Finally, if the effect of depth of cut on cutting forces is compared to that of
cutting speed, it is shown that for a 2-fold increase of depth of cut, the variation of
cutting forces is larger than for a 4-fold increase of cutting speed; thus, it is
revealed that the depth of cut has a more significant effect on cutting forces.

After the effect of depth of cut and cutting speed on cutting forces was
determined, it was considered important to determine the effect of depth of cut and
cutting speed on specific cutting forces as well. Specific cutting forces are
calculated as the ratio of cutting forces components to the chip cross-section value
(Ac) and are closely related to the loading on the cutting insert [1]. For each cutting
force component, the relevant specific cutting force component is denoted as ki
where i=x ory or z.

From the results presented in the right column of Figure 1, it can be seen
that an increase of cutting speed results in a decrease of specific cutting forces in
most cases, especially for ky and ky components and an increase of depth of cut
leads also to a decrease of specific cutting forces. Similarly with the case of cutting
forces, the ky component is largest between the three components of specific
cutting forces.

From the calculated values of ratio of change of specific cutting forces
between cases with different depths of cut, it can be seen that for all three specific
cutting force components, there is a decreasing trend with an increase of cutting
speed. The largest values for the ratio of change are observed for k;, which is
decreased almost 1.5 times with an increase of depth of cut, whereas the lowest
values are observed for kx. Regarding the cutting speed, the ratio of change of
specific cutting forces between cases with cutting speed of 100 m/min and 400
m/min is also calculated. It was found that, for kx, ky and k, components of specific
cutting force, the ratio of change of specific cutting forces between the cases at 100
m/min and 400 m/min was 1.49, 1.15 and 1.05, respectively at a,=0.4 mm and 1.31,
1.06 and 0.99, respectively at a,=0.8 mm. Thus, kx was more affected from the
change in cutting speed whereas the other two components of specific cutting
forces were less affected by this change, especially at a,=0.8 mm.

Thus, in the case of specific cutting forces, it was observed that the
variation of cutting speed was less important than the variation of depth of cut, but
in this case the difference in the effect of these two parameters was lower than the
difference observed in the case of cutting forces.

4. SUMMARY

Milling experiments were performed by rectangular inserts with the aim of
studying the change of cutting forces and specific cutting forces as function of
cutting speed.

All of the three components of cutting force increased, as the depth of cut
also increased from 0.4 mm to 0.8 mm. F, was less affected, while Fx and Fy

7
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increased equally, approximately to their double. The magnitude of the increase
was higher for cutting speed v.. The values of the specific cutting forces kx and ky
decreased by the increase of cutting speed. Such a tendency cannot be observed in
the values of k.. The values of ky and ky are about the same at the two depths of cut,
while the values of k, decrease significantly, namely 1.5 to 1.7-fold.

This means that the cutting force Fc, acting on the insert, changes
proportionally with the change of depth of cut, and this ratio is maintained with the
different cutting speeds, too, while the change of cutting speed practically does not
affect its value.
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INFLUENCE OF DEPTH OF CUT AND CUTTING SPEED ON CUTTING
FORCES IN FACE MILLING UNDER CONSTANT CHIP CROSS-
SECTION CONDITIONS

In various high-end industries such as the automotive and the aerospace industry, face milling is
one of the most preferred solutions for the fabrication of flat surfaces with high quality. During
machining it is desired to achieve the required result with high efficiency. However, attention should be
paid so that forces are kept within acceptable limits for maintaining energy consumption and loading of
machine tool at relatively low levels. Thus, it is important to determine the influence of process
conditions, such as depth of cut or cutting speed, on cutting forces. In this study, this is attempted by
conducting experiments at two different depths of cut and four different cutting speeds for cases with the
same chip cross-section value. After analysis of obtained results, useful conclusions on the influence of
these parameters on cutting forces are presented.

1. INTRODUCTION

Face milling process has long been considered appropriate for the efficient
manufacturing of prismatic surfaces of a large variety of components in industrial
practice. The expected goals of the manufacturing process are not only the
rendering of the appropriate geometric shapes and dimensions but also surface
integrity of the workpiece as well as high productivity must be ensured. By
controlling the cutting forces occurring due to tool-workpiece interaction during
milling, it is possible to achieve lower damage of the workpiece, lower energy
consumption of the machine tool and prolong cutting tool life. Efficient control of
cutting forces can be managed by selecting the appropriate process parameters
values. Previous research [1-3] has demonstrated that it is possible by varying feed
rate values. Thus, in the present study, the effect of varying depth of cut and
cutting speed values will be analyzed.

The correlation of depth of cut and cutting speed with cutting forces during
milling as well as their relative impact on them has already being a topic of interest
in the relevant literature. It was shown that, by increasing cutting speed, it is
possible to obtain lower cutting forces and particularly, the x and y component of
cutting forces are more significantly influenced from this change. This effect is
existent also when milling at very high speeds, namely during High Speed Milling
(HSM) and does not differ a lot in up and down milling [4]. The trend of cutting
force decrease is described mostly as linear [5] but it was sometimes reported that
the decrease can have a non-constant rate [6].

©.E. Karkalos, A.P. Markopoulos, T. Makkai, J. Kundrdk, 2019
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Although the effect of cutting speed on cutting forces is generally acknowledged,
its relative importance compared to that of other process parameters is not always
certain; thus, it is usually stated that it has a lower significance regarding cutting
forces [6, 7], but in some cases the opposite is stated [8]. The explanation on the
influence of cutting speed on cutting forces can be related to the fact that increased
temperatures due to higher cutting speed result in softening of workpiece material

[4].

By increasing the depth of cut, it is inevitable that all cutting force
components will increase, with the most significantly affected force components
being Fx and Fy. The variation of depth of cut is shown to have a significant effect
on cutting forces [7] and the increase of cutting forces with increased depth of cut
can be non-linear, mostly at higher values [5, 9]. The reason for the increase of
cutting forces with the increase of depth of cut is considered to be the increase of
tool-workpiece contact length and subsequently the increased cross-sectional area
of the uncut chip which is removed [4, 10].

2. EXPERIMENTAL CONDITIONS

In the present work, face milling experiments are carried out under various
process conditions on C45 carbon steel workpieces with a hardness value of
HB180. The experiments are conducted with a milling head with a single cutting
insert mounted on it. The aim of the present research is the determination of the
influence of depth of cut and cutting speed on cutting forces and specific cutting
forces during face milling. Additionally, their relative importance in cases where
the chip cross-sectional area, denoted as A., is constant whereas depth of cut and
feed rate values are chosen so that A remains constant.

The experiments are with a constant Ac value of 0.32 mm?, two different
depths of cut, namely 0.4 mm and 0.8 mm, two different feed rate values, namely
0.4 mm/tooth and 0.8 mm/tooth and four different cutting speed values in the range
of 100 to 400 m/min. All the experiments are performed under dry machining
conditions and during the experiments, components of force, namely Fy, Fy, F; are
measured in a coordinate system relative to the workpiece by a Kistler 9257A
dynamometer. The measured signal is then amplified using three Kistler 5011A
charge amplifiers. Finally the data are transferred to a PC using a Compact DAQ-
9171 data collector by National Instruments Company. The recording of force data
is conducted using software prepared in the LabView programming language.
Other experimental conditions include:

e Machine Tool: Perfectlet MCV-M8 vertical machining centre

e Cutting insert: Sandvik R215.44-15T308M-WL GC4030 coated carbide
insert (=90°; y,=0°; 00=11°; r:=0.8 mm)

10
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o Milling head type: Sandvik R252.44-080027-15M face milling head (Ds=80
mm)
e Workpiece dimensions: 58 mm width, 50 mm length

3. EXPERIMENTAL RESULTS AND DISCUSSION

After the experimental work is completed, diagrams for each cutting force
component are recorded and then appropriately processed in order to determine the
maximum cutting force values for each force component during face milling. The
maximum values for Fy, Fy and F, are plotted in Figure 1, in respect to cutting
speed and depth of cut values.

It can be seen from the results depicted in Figure 1 that the increase of
cutting speed values results in a clear decrease of Fx and Fy cutting force
components in the majority of cases, whereas the increase of depth of cut is leading
to an increase of cutting forces. These results are in accordance with the ones
observed in other experimental works in the relevant literature [4, 5, 9-11]. From
all cases, it can be seen that the y-component of cutting forces exhibits the largest
values compared to the other two force components. However, F, values do not
exhibit the same trends and particularly a slight decrease of F, value was observed
with higher depth of cut.

In order to investigate the effect of depth of cut and cutting speed on the
cutting force components, it is required to compute the variation of cutting forces
in respect to the variation of depth of cut or cutting speed values. The ratio of
change of forces between cases with different depth of cut values can be computed
as follows: ratio of change = |Fap=0.8/Fap=0.4|. From the diagrams plotted in Figure 1,
it can be observed that the difference between forces values at a,=0.4 mm and
2,=0.8 mm is clearly increased in the case of Fx and Fy components of cutting
forces. In the case of F, the trend is similar with the trend observed for the other
two cutting forces components but as the ratio values are below 1, it indicates that,
actually, the difference between the force values at a,=0.4 mm and a,=0.8 mm is
decreasing as the ratio approaches the value 1.0. The difference between force
values at the two different depths of cut is more evident in the case of Fy
component, as the increase is almost 1.3 times, whereas for Fy it is 1.1 times and
for F, it is almost 0.95 times, meaning that F, actually is almost constant with
increasing depth of cut. These trends can be also deduced from the difference
observed in the slopes of the regression trend lines in each case. If the same
calculation of ratio of change of cutting forces is conducted between cases with
cutting speed values of 100 m/min and 400 m/min, the influence of cutting speed
on cutting forces can be determined. The calculations can be conducted on both
cases with a,=0.4 mm and a,=0.8 mm. For the Fx component, the force value is
1.41 times higher at 100 m/min than at 400 m/min for a,=0.4 mm, whereas for
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3,=0.8 mm it is 1.31 times higher. In the case of Fy component, this increase is 1.08
times in the case of a,=0.4 mm and 1.06 times in the case of a,=0.8 mm. Finally,
for F, component the increase is 1.16 times in the case of a,=0.4 mm and 0.99
times in the case of a,=0.8 mm. Thus, it is clear that the variation of cutting speed
affects Fx more significantly than the other two components of force and also the
ratio of change is larger at lower depth of cut value.
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Figure 1 — Cutting forces for two different depths of cut and four different cutting speeds
(left column) and ratio of change of forces between different depths of cut for various
cutting speeds (right column)
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Furthermore, it can be revealed that the effect of depth of cut is more
significant than the effect of cutting forces as a 4-fold variation of cutting speed
has almost the same effect as a 2-fold variation of depth of cut.

In Figure 2, the results regarding the specific cutting forces are presented.
The specific cutting forces are calculated as the ratio of cutting forces components
to the chip cross-section value. In the present case, the variation of specific cutting
forces in respect to variations of depth of cut and cutting speed is similar to the one
observed in the case of cutting forces, as A value is the same in all cases.

15
400 14 /
= 13
£ 300 2
£ 1.2 *
£
= 200 11
> 1
100 0.9
} I I 0.8 T T T T "
0 500 1000 1500 2000 o 100 200 300 400 500
Specific cutting force k, (N/mm?) v, (m/min)
15
400 14
< 300 I 13
E LI I T T e T T T I T I I I e e I 1.2
£ .
11 -
=~ 200 ®«
> 100 1] 1 ’
100 IIIIIIIIIIIIIIIIIII\H|IIIIIIIIIIIIIIIIIIIIIIIIII\H||IIIIIIIIIIIIIIIIIIIIIIIIIII 0.9
NN NI
I T T I 0.8 . . . . ,
0 500 1000 1500 2000 0 100 200 300 400 500
Specific cutting force k, (N/mm?) v (m/min)
1.5
400 14
— 1.3
£ 300
£ 1.2
£
= 200 11
’ : e
100 0.9 /¢
t t t 0.8 T T T T ]
0 500 1000 1500 2000 0 100 200 300 400 500
Specific cutting force k, (N/mm?) v, (m/min)
Map=08mm  [Nap=0.4 mm # ratio of change — trendline

Figure 2 — Specific cutting forces for two different depths of cut and four different
cutting speeds (left column) and ratio of change of specific forces between different depths
of cut for various cutting speeds (right column)
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4. SUMMARY

At the reported experiments it was confirmed that by maintaining the value
of A constant, increasing feed, i.e. a,/f, ratio decreased, the cutting force decreases
and so does the taken up performance. In this paper the increase of depth of cut,
with A constant, i.e. an increase of ap/f, ratio, an increasing effect on the change of
the cutting force is observed. The increase of a, increases Fx component, while the
value of Fy increases slightly. However, the value of F, decreases slightly. This
characteristic is similar at each cutting speed in the examined range. The ratio of
change showed that the change is small, therefore, the change of depth of cut does
not limit the choice of cutting data, namely the Technological Plan.
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KAK JIYUIIE TOTOBUTH CIENUAJIUCTOB
IO MTHHOBAIIMOHHBIM TEXHOJOI' USAM

Aemopu na 6a3i eumoz cmanoapmy npo 6uwy oceimy cQopmynosanu nepeiix KoMnemeHyii,
3HAHbL | YMiHb cneyianicma 3 NPUKIAOHOT MEXAHIKU | HABEU HABYANbHI NOCIOHUKU, 8 AKUX CTYOeHm
Modice ompumamu maxy inghopmayiro.

Ha ocHose mpebosanuii cmandapma o 6blcuieM 00pa308aHuu aemopamiu cQHopmyiuposa
nepeueHb KOMnemeHyul, SHAHUU U YMEeHUll CReyualucma no NPuKiaoHol MexaHuke u npeocmasieHsl
NO020MOGIEHHbIe UMU YUeOHble NOCOOUs, 6 KOMOPbIX CMYOCHM MOJNCEN NOJYHUMb  HYICHVIO
uHpopmayuio.

Based on the requirements of the standard on higher education, the authors formulated a list of
competencies, knowledge and skills of a specialist in applied mechanics and presented training manuals
prepared by them, in which the student can obtain the necessary information.

B ceromHAmHMX peanusx pa3BUTHS MAIIMHOCTPOSHHS KaK HUKOIZA paHee
OCHOBHAs Harpyska IIPUXOJUTCA Ha TeX CIEIMaINCTOB (6akaJaBpOB U MaruCTPOB),
KOTOpbIe NpHXOAT mocie BY3a Ha mpou3BOACTBO, U B YCIOBHAX PBIHOYHOM
HKOHOMHKH OHH JIOJDKHBI 3()(DEKTHBHO BIUCATHCS B JIIO00I KOJUIEKTUB M PeLIaTh
ropazgo Oonee mupokwii HaOOp 3a7ad, CBS3aHHBIX C HWHHOBAIIMOHHBIMH
TEXHOJIOTHSIMH, Y€M 3TO ObLIO paHee.

K coxanenuro, He00X0AUMO OTMETHUTh, YTO OCHOBHAs Macca CTy/I€HTOB — 3TO
IIKOJIbHUKH, HE OPHUEHTHPOBAHHBIE MPO(ECCHOHAIEHO, HE HMMEIONIHE HHUKaKHX
NPE/ICTABICHU O COBPEMEHHOM MAalIMHOCTPOUTEIBHOM Npou3BoJcTBe. Ero
CTPYKTYpe, TOIpa3leieHusX, Npoleccax IOMydeHUst AeTaledl M 3aroToBOK,
COBPEMEHHOM O0OpYJOBaHMHU U JIp., a OTCIOJIa B JaJbHEHIIEM OyIyT BO3HHKATh
Cepbe3HbIe MPOOJIEMbl NMPU M3YYEHHH KYPCOB ITPOCKTUPOBAHMS MHHOBAIIMOHHBIX
TEXHOJIOTHH U HE TOJIBKO.

OpHuUM W3 JOCTYIHBIX MyTeH KOMIIGHCAIIMK TAaKOTO IMpobensa Mor Obl OBITh
MyTh Pa3padOTKH COBPEMEHHBIX Y4EOHBIX NMOCOOWH, B KOTOPBIX, B OTIMYHE OT
MPEeKHUX Y4eOHUKOB, Oosiee MoApOoOHO M Pa3BEPHYTO OIMUCHIBAIOTCS HEKOTOPHIC
MIPOIIECCHI, Pa3JeNlbl, MOCBAIICHHBIE MMEHHO HWHHOBAI[MOHHBIM TEXHOJOTHSAM, H
CIIO)KHOCTSIM pabOTHI C HUMH.

©T.1l. Kpemnes, B.b. Haooauun, A.A. Opeusn, E.I'. bepouuesckuit, 2019
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[IpaBaa, 3T0O MOXET NPHUBECTH K CEPHE3HOMY POCTYy OOBEKTOB MOCOOMIL.
Kpome Toro, mocobusi OpuUEeHTHpPOBaHBI Ha paboyue IUIaHBl MOATOTOBKU
0akanaBpoB ¢ BecbMa OrpaHHMYCHHBIM KOJIMUYECTBOM KPEAUTOB TI0 KypcaM.

VYeenmnuenue ob0bemMoB CPC B mmaHax, pacuidpeHue IMCTaHIIMOHHBIX
METOJIOB 00Y4EHHS, OTCYTCTBHE COBPEMEHHBIX MOCOOUH, MBI IOJIaraeM, SBJSIETCS
OCHOBaHHEM, YTOOBI TIOCOOHSI CIeIOBaI0 OBl CleNaTh TAKHUMH, YTOOBI OHU IPSMO
(hopMupOBaT KOMIIETCHITNH, 3HAHHUSA U YMEHHS OaKajiaBpa 0 ero CHeHaTbHOCTH.

Kaxmoit xommereHINH, HEKOTOPOMY OOBEMY 3HAHHH W HaOOpYy yMEHHH
JOJDKHA OBITH TIOCBSIIEHA TeMa, paboTa, 3aHATHE WIH UX Habop.

PaccmorpuMm KpaTko, 4TO ceromHs OQHUIMaIbHO TpeOyeT TocyAapcTBO B
PYKOBOIAIMKX MOKYMEHTaX IO IMOJATOTOBKE CICIHAINCTOB COOTBETCTBYIOIIETO
YPOBHSL.

Crangapt obOpaszoBanusi [1] TpeOyeT, uToOBI OaKamaBpbl MO MPUKIATHON
MEXaHUKe CO CIelHaIn3aniell o NPOSKTHPOBAHUIO HHHOBAIIMOHHBIX TEXHOJIOTHI
00J1a/1an MHTETPAIbHBIMH, OOLIMMH U CIIeUaTIbHBIMU (PO(eCCHOHANBHBIMH UITH
MPEIMETHBIMHU ) KOMIICTCHIMSIMU U MPAKTUICCKUMU HaBBIKAMHU.

K HuM oTHOCSTCS:

- CIIOCOOHOCTH ONHUCHIBATh MW KJIACCH(DHUIIMPOBATH IIHPOKAH  KpPYyT
TEXHUYECKUX OOBEKTOB M TEXHOJIOTHICCKUX MIPOIIECCOB;

- CIIOCOOHOCTH TPOBOIUTH TEXHOJOTHUYECKYI0O M TEXHHKO-dKOHOMHUYECKYIO
OIICHKY A(PQPEKTHBHOCTH WCIIONB30BAHHUS HOBBIX TEXHOJOTHHA ¥ TEXHHUYECKUX
CPEeICTB;

- yYMEHHE TMpPOW3BOAUTH ONTHMAIbHBIH  BBHIOOP  TEXHOJOTHYECKOIO
OCHAIICHUS;

- I0Ka3aThb CHOCOOHOCTh HCIIOJb30BAaHHMS HOPMATHUBHBIX M CIIPABOYHBIX
JIAHHBIX IS KOHTPOJIS COOTBETCTBUSI TEXHMYECKOI NOKyMEHTallMM CTaHAapTaM,
TV u gpyrum JOKyMeHTaM;

- BIAJCHHE 3HAHWSIMA M YMEHUSIMH B 00jactu HH(OPMAIIMOHHBIX
TEXHOJIOTHH IS TpakTHYeckoro ucnoinb3osanus cuctem CAD/CAM/CAE.

TimaTenpHBIN aHAIN3 MPUBEACHHOTO BBIIE HA0Opa KOMIICTCHITUI MO3BOJISCT
cIenaTh BHIBOM, YTO JJIS MX (POPMHPOBAHUS IIOJ STOT HAOOp IOAINANA0T MHOTHE
JUCHIHATUTAHBI TEXHOJOTHYECKOTO HampaBieHus, BKimtodast 1 ocHOBBI CAIIP u psig
JPYTHX.

Kadenpa texmonmormm wammuoctpoerns OHITY wum. A.A. MaramuHa
onpejieinia, YTO 0a30BbIMH JMCIHMIUIMHAMHU TIOATOTOBKH  BBIIIEYKAa3aHHBIX
KOMIIETEHIIMH MOTYT OBITh: TEXHOJIOTHYECKHE OCHOBBI KOHCTPYHPOBAHUS,
TEXHOJIOTUYECKHE OCHOBBI ~MAlIMHOCTPOEHHMS, OCHOBBI (hopMOOOpazoBaHHs
JieTajei ¥ OCHOBBI COOPKH MAIlnH.

ITo aTum Kypcam (aBTOpPBI Jajy Ha3BaHUsI, KOTOPbIE HE BCEr/a COBIAAAIOT C
TemMH, 4To umetorcess B PYII) yueOHMKOB mo4TH HET Wik oHM ycrapenu Ha 30-40
JIET U, CICIOBATEIBHO, X HY)KHO IIepe/IebIBaTh. TaKue MOMBITKH YK ICTA0TC U
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MOSIBUIIMCH TTocodus [2, 3, 4, 5, 6, 7]. B mocobuu [2] maHbl OCHOBHBIC MOHATHS O
3aroTOBKaX, METOJax MpPOM3BOJCTBA JIMTBIX M  IOJNYYEHHBIX METOJaMHU
TUIACTUYECKOTO Je(hOPMHUPOBAHHUS B XOJIOJHOM U TOPSYEM COCTOSHHH, 3arOTOBKAax
U3 TOPOIIKOB, IIACTMAacC U MOJY4YEeHHBIX MeTojaMu cBapku. IIpousBonacTso
3aroTOBOK C MCIIOJIb30BAaHUEM IIEPCIEKTUBHBIX MeTon0B: 3D crepeonurorpaduu,
CaMOpacIpOCTPAHSIOMIETOCSI  BHICOKOTEMIIEPATYpPHOTO CHHTE3a, a TaKke B
ycnoBusax HeBecomocTH (g—0) u Bakyyma (p—0), (T.€ B YCIOBHSIX KOCMHUYECKOTO
MPOCTPaHCTBa). PacCMOTPEHBI TEXHOJIOTHYECKHE BO3MOXKHOCTH IIPHUBEACHHBIX
MeTonoB. IlocoOme ©OoraTo WLTIOCTPUPOBAHO IBETHBIMH (poTOrpadusamMu
MIPOIIECCOB U 00OPYIOBAHHSL.

B moco6msix [3, 4] paccMOTpeHBI IpakTHYECKHE U Ta00paTOPHBIE 3aHATHUS IO
3aroTOBKaM C Y4YeTOM JKOHOMHUYHOCTH BapHaHTa ¥ MHHMMyMa pacxoja
MaTEepHaJIOB U SHEPTHH MPHU BHIIOJHEHUN T€X WM UHBIX IIPOIECCOB.

B mocobuu [6] aBTOpBI MpeIokKUIN HAOOP 3aHATHH MO OOIIMM BOIPOCaM
TEXHOJIOTHH, BEIOOPY 3arOTOBOK U METOJI0B 00pa0OTKH, SKOHOMHUYHOCTH BBIOOPOK
U HEKOTOPBIM BOIIPOCaM COOPKH THIIOBBIX COEIUHEHHUH.

B nocoGumu [5] aBTOpBI NOMBITAINCE KOMIEHCHPOBATh TOT MPo0es1, KOTOPHIH
MMEeT MECTO NPH IOATOTOBKE 0akajIaBpoOB IO MPHKJIAJAHOW MEXaHHWKE: MEXaHUK
MOXET BBIUEPTHTH OOBEKT, HO KaK 3TO y HETO IOJIyYHJIOCh — 3arajika.

B sTOM nocobuu uneT peus 0 TOM, Kak MPOEKTUPOBATH JETAIN U COOPOUHBIC
eIVMHMIBI, 4YTOOBI OHM OBUIM  TEXHOJOTMYHBL, OCOOEHHOCTH Ipolecca
KOHCTPYHUPOBAaHUSI ¥ aBTOMAaTH3allMM IIpoIecca C Y4eTOM HBIHE YyKe
cymectBytouux I111.

ABtopoM [7] m3noxkeH monxonq Kk mpobiemam  «TexHonoruu
ABTOMATH3MPOBAHHOTO MAIIMHOCTPOCHUS» C MO3MINH MAITMHOBEACHUS W TEOPHH
MAIIMH-aBTOMAaTOB HAa OCHOBE CXEMHO-QJTOPUTMHYECKOTO  ONUCAHHUA U
MOJICIUPOBAHUA 3TUX MPHUHIUIIOB C TIOMOLIBI0 TPOCTHIX IPUEMOB UX
npeoOpa3oBaHus. Bricka3aHa Takke BO3MOMKHOCTH IE€PEX0/ia K IHEPreTHYECKUM
KPHUTEPHSIM OLIEHKH MPOIECCOB M Pa0OTHI MAIIMH.

Panee B craTthsax [8, 9] yke aHOHCHPOBAINCh HEOOXOIMMEIC CTYICHTaM
HEKOTOpbIE ydeOHbIe TOCOOMS, TOITOTOBJICHHBIC ABTOPAMH M BBIIIEIIINE B IIEYATH.

Ora paboTa KOJJIEKTHBOM KaeApsl IPONODKAeTCs, W MBI  pajbl
COTPYJIHHYATh CO BCEMH 3aMHTEPECOBAHHBIMHU JIMI[AMH M NPOCHM BBIXOAWTH Ha
CBA3b C HaMM MO anpecy: YkpauHa, 65044, Onecca, np-T leBuenko 1, OHITY,
kadenpa Texnomorun mammHocTpoeHus, T. 0487058382 mm 0674804285.

CnucoKk MCHoJIb30BaHHBIX MCTOYHMKOB: 1. CtaHmapT BUmIOi ocBiti Ykpainu. CneuiambHicTh 131
«[Ipuknagna MexaHika», CTyHiHb BHINOi ocBiTM — OakamaBp. KuiB, MOH VYkpainu, 2016, - 10 c.
2. Haooauwun B.F. Metonsl NpOHM3BOACTBA 3ar0TOBOK B MAIIMHOCTPOSHHH : ydeb. mocobme /
B.B.Hagmaunu ; Onec. wan. monutex. yu-T. — O. : Uurepmpunrt, 2017. — 264 c. 3. Kpemnes .11
Pecypco- n sHeprocoeperaronue TEXHOJIOTHH B MAIIMHOCTpOeHHH : yueb. mocobue / I'.I1.Kpemues,
E.I'.bepmuueBckuii. — Bemukuit Hosropoa. : I'Y wum. SpocmaBa Myxporo, 2015. — 123 c.
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TexHomoruueckue OCHOBHI KOHCTpyupoBanus : ydeOmuk / I.IL.Kpemnues, E.I'.BepamueBckmii. —
Bemukuit Hosropoa. : I'V um. SpocnaBa Mymporo, 2018. c. 6. Kpemnes [.I1. Texuojorudeckue
OCHOBHI MammuHOCcTpoeHus : ydue6. mocobme / I'.IL.Kpemnues, E.I'.bepmuueBckumii. — Bemuknii
Hosropoxn. : I'Y um. flpocmaBa Myaporo, 2014. — 216 c. 7. I'ycapes B.C. Monenu mpoLEcCOB.
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Krisztina Kun-Bodnar, Zsolt Maros, Miskolc, Hungary

THEORETICAL DETERMINATION OF REMOVED LAYER
DEPTH AT ABRASIVE WATERJET TURNING

Abrasive waterjet turning is new technology to machine cylindrical or axisymmetric parts from
hard to machine materials. One of the problems of waterjet turning is that the real depth of cut usually
is not equal with the adjusted radial depth of cut. Aim of the paper is to develop a mathematical method
for determining the real depth of turning. This method is based on the equality of effecting time of the
jet at turning and simple kerfing test accomplished by abrasive waterjet.

INTRODUCTION

Abrasive waterjet machining (AWJM) is a new innovative technology to
remove material. Methods of this material removed is widening nowadays. One of
these new waterjet technologies is the turning with abrasive waterjet: This
machining method enables producing axisymmetric parts, eg. cylindrical or conical
surfaces from materials which cannot be machined by chip removal methods. In
abrasive waterjet turning (AWJT) the workpiece is rotating while the cutting head
is moving axially with a defined depth of cut (Fig. 1.)

Via

Nl

dw

Figure 1 — Cinematic view of abrasive waterjet turning

© K.Kun-Bodnar, Z. Maros, 2019
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The material removal is accomplished by the jet containing abrasive powder,
water and air. The cutting forces are very low at waterjet cutting, which gives the
possibility to cat parts with long length and relatively small diameter [1] The
process is suitable for machining of rigid and difficult to cut materials, like glasses,
ceramics, composites and different super- or titanium alloys [2,3,4].

1. ESSENCE OF MATERIAL REMOVAL AT ABRASIVE WATERJET
MACHINING

The abrasive waterjet consists of three components: water, abrasive grins
(powder) and air. The air is absolutely is not useful from point of machining. The
material removal accomplished mainly by the abrasive powder. The material
removal is a so-called solid erosion by impacts with solid grains (abrasive powder).
The abrasive grains have very high speed in the jet, about 500-1000 m/s, depends
on the pressure and the geometry of the cutting head. Depending on the target
material characteristics different erosions will be going on. (Fig. 2).

v

abrasive grains rotation abrasive grains m

zone of
plastic

cracks under the detormation

surface

workpiece

radial cracks

Figure 2 — Ductile and rigid erosion during impact of abrasive grain [5,6]

At ductile erosion material removal is caused by plastic deformation, or
ideally by micro machining mechanism (Fig. 2.), removing small chips. At brittle
erosion material removal is accomplished with help of crack growth and
intersection of cracks. At increasing depth, the jet loses energy which results a
deflection of the jet and a change in the material removal process from the cut to
the deformation wear. This phenomenon produces a slight roughness to the cut
surface called “striations”, which are typical of all beam cutting processes. From
the side of the material for ductile materials typical parameter is the hardness, for
rigid material the fracture properties are the parameters expressing the
machinability of the material.
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2. EFFICIENCY OF THE CUT, DEPTH OF KERF

When the effect of different parameters on the efficiency is investigated,
usually the depth of kerf is the test parameter of the experiments. In this case the
material is not cut through and the depth of the kerf (cut) is measured.

There are a lot of technological parameters which effect on the efficiency of
waterjet cutting: diameter of the nozzle and the focusing tube, type of abrasive,
stand-off-distance, pressure, traverse rate, abrasive mass flow rate etc., but usually
researches are focused to investigate the effect of the next process parameters:
pressure, traverse speed (feed rate) and abrasive flow.

On bhase of cutting experiments. the depth of kerf can be determined with different
mathematical models. One of the most applied formula is model of Monno [7] was
accomplished like mathematical model for determination of depth of kerf:

E_C
k=A"2 1)
f
where k: the estimated depth of cut
p: pressure, MPa
ma: abrasive mass flow, g/min
Vr. traverse feed speed, mm/min

A, B, C, D are constants.

The effect of the technological parameters relating (1) can be seen on Fig. 3.

¢ ma=6 g/s @ma=5g/s Ama=4g/s

20,00
18,00
16,00
14,00

12,00

depth of kerf k, mm

10,00

p=3000 bar

8,00

6,00 T T
50 60 70 80 %0 100 110 120 130 140 150

feedrate vi, mm/min

Figure 3 — Effect of the traverse- and the mass flow rate on the depth of cut (k)
(material X12Cr13 steel)
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With help of equation (1) and figures — like Fig. 3 — based on cutting
experiment, theoretical value of depth of kerf can be estimated.
At a given cut the effecting time (loading time) of the jet for a given point of the
workpiece can be calculated from the diameter of the jet and the feed speed:

Lo = < )

where teff: the effecting time
d: diameter of the jet

If the effecting times are equal for different cuts, then the depth of kerf
determined only by the pressure (p) and the abrasive mass flow rate (ma).

3. DETERMINATION OF DEPTH OF CUT IN CASE OF WATERJET
TURNING

At abrasive waterjet turning the real depth of cut is not always determined by
the position of the jet [8] (Fig. 4).

Figure 4 — Geometrical characteristics of waterjet turning

As it can be seen on Fig. 4, the depth of cut (ap) is not always determined by
the radial displacement of the jet (r). The depth of cut is determined by the
efficiency of the cut, ie. by the depth of kerf (k). This depth depends on the
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effecting (loading) time (tes), the pressure and the abrasive mass flow rate (m,), if
other parameters — like stand of distance (SOD) and diameters of the jet are
considered constant.

If we can determine the effecting time, then result of simple kerfing test can
be used for determination of depth of cut at waterjet turning accomplished by given
pressure and abrasive mass flow rate.

The abrasive waterjet moves a spiral curve according to the workpiece. One
point of the workpiece is attacked by the jet during the effecting time (Fig. 5).

Figure 5 — Geometrical characteristics of waterjet turning

If we determine the effecting time, then for a given pressure and abrasive
mass flow rate it is possible to define the extent od the depth of kerf (k) from
which the depth of cut can be calculated according to the Fig. 4.

On base of Fig 5 the time in which the jet is in contact with a given point can
be determined as follows:

The time, during the jet is contacting with a point along the spiral line (A
point):

23



ISSN 2078-7405. Peszanue u uncmpymenm 6 mexuonozudeckux cucmemax, 2019, evtnyck 90

d
—_— —d
= ®3)
where t: the time of contacting along the spiral line
dj: the diameter of the jet
Vir: the resultant feed speed of the jet
,—
the resultant feed speed of the jet: v, = *ql fa + Ve, 4)
where: Vi the circular feed speed of the jet
Ve = dy,mn (5)
where: n: the number of rotations of the workpiece
Via: the adjusted resultant feed speed of the jet

The time for a rotation of the jet around the circle of the workpiece (B point):
1

te =+~ (6)
In axial direction the jet is in contact with a point of the workpiece:
d:
[
te =1 7)

During this time the jet is turning back more times to the same workpiece point.

This number of turning back is:
ty

N=2- (8)
c
Finally, the effecting time to one given point of the workpiece:
terr = Nt, )
Summarising the (3)-(9) equations we have got:
" _ din
eff & r ver (10)

After determining the effecting time, from the kerfing tests mentioned in
section 3, the extent of the kerf (k) can be estimated. From the kerf the real depth
of cut (ap) can be easy to calculate on geometrical base of Fig. 3. With help of the
real depth of cut the machined workpiece diameter (dw) can be determined
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INCREASING PRODUCTIVITY OF COMBINED PROCEDURE
BY REDUCING GRINDING ALLOWANCE

Experiments were carried out to determine the minimal extent of acceptable grinding allowance
on case-hardened workpieces machined by combined procedure. The extent of acceptable or
unacceptable allowance was determined by a “painting” method. After bore grinding tests for 2D
roughness, roundness and 3D topography measurement were carried out. It was found that a 0.03 mm
allowance in the bores of gearbox wheels of cars is satisfactory and also necessary to obtain the
required level of topography when combined machining was applied and when no white layer formed in
the turning procedure. This is a significant finding, because the usual allowances of 0.05 mm or higher
(in many cases significantly higher) can be decreased to 0.33 mm and the machining time of bore
grinding can be reduced in proportion to this extent.

1. INTRODUCTION

The essence of the combined procedure is that workpiece machining can be
finished in one machine-tool in a single clamping or even by the sequential
application of more than one machining procedure [1]. This variant of operation
concentration is widespread in hard machining, especially for joining two
procedures: hard turning and grinding [2, 3]. It can be applied in machining
external and internal cylindrical surfaces but the latter is more frequent. The reason
for this is the fact that the bored gears of gearboxes are the components that are
produced in the largest lot sizes in the automotive industry. Exact data are
unknown but according to estimations the number of annually produced
gearwheels is likely to be several billion [4]. It is obvious that the greatest profit
can be earned in the production of such components by reducing the production
time [5, 6, 7]. Developments aiming to increase productivity and improve quality
technical are continuous in both procedure phases and in the machine tools applied
in the procedure as well. In hard turning productivity has almost been doubled as
the result of developments in wiper inserts. In grinding, the material removal rate
has been significantly increased by the application of high-speed procedures [8, 9].
In machine-tool development robotized service allows the parallel operation of
more than one machine tool. However, there is a field that has been not sufficiently
explored by research projects — the extent of grinding allowance in the second
operation of the combined procedure [10]. Determination of this is based on
empirical data; however, workshop data prove that grinding allowances that are
significantly higher than the specified values are frequently applied. Therefore, the
machining time of grinding may be increased significantly and for no particular
reason.

© J. Kundrdk, I. Deszpoth, V. Molndr, 2019
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2. OPERATIONAL ALLOWANCES

2.1. Components of operational allowances

The material thickness that forms the operational allowance is the sum of
more than one layer of material [11]. These multiple layers allow the inherited
errors and the errors of the operation to follow to be removed [12, 13]. That is, in
order for error-free components to be machined, these two requirements have to be
fulfilled:

e tool prints of the previous operation may not remain;
e there can be no patches on the surface of the component.

The three types of errors resulting from the previous operation (inherited
errors) are:

o faulty surface layer;
o form and position errors;
e dimensional errors.
The three groups of errors occurring in the subsequent operation are:
o errors of base designation or base change;
e errors of clamping;

If machining is carried out on a traditional lathe and then with a grinding
machine, the allowances have to be calculated and summarized separately for the
two operations.

2.2. Calculation of grinding allowance in combined procedure

Calculation of the bore grinding allowance of the combined procedure is
different from the traditional allowance calculation because due to the single
clamping there is no base change (Zsuc) or clamping (Zsc) error. This means that
only three remains from the five influencing factors.

3. EXPERIMENTAL STUDY OF COMBINED PROCEDURE TO
DETERMINE THE MINIMUM ALLOWANCE OF GRINDING

3.1. Experimental determination of minimum allowance

In the case of the combined procedure the literature is quite poor in
determining operational allowance. Since hard turning is 4 or 5 times more
productive than grinding in bore machining, and better surface quality can be
created, in the combined procedure it is enough to remove the bore grinding
allowance that allows surface periodicity to be erased. Theoretically this layer
thickness in hard turning is the created maximal surface roughness (Rmax).
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As the result of this procedure a random surface can be created that meets the
running requirements (e.g. surfaces in relative motion; sealing surfaces, etc.) when
turned topography is not suitable [14]. Removing the Rmax extent of material
thickness is only theoretically enough because beyond the advantages of single
clamping, as indicated above, three factors still influence the extent of the
necessary allowance. One way to determine this experimentally is by painting the
surface; after that the various material layers are removed to the point that the
machined surface is fully ground and contains no paint.

3.2. Experimental determination of form error and its maximum value in
hard turning

The aim of the experimental program is the determination of form error
(designated by A) and maximum roughness (Rmax). The experimental conditions of
machining bores of gear wheels were the following:

Machine tool: EMAG VSC 400 DDS

Turning tool: CCGW 09T308 NC2, normal edge insert (CBN BNC200 60%).

Table 1 — Workpiece and cutting data

Workpiece Cutting data
Material: Cutting  speed:  v.=187.11
18CrNiMo7-6, case m/min
hardened Depth-of-cut: ap=0.05 mm

Hardness: 59-63HRC Feed: f=0.12 mm
Bore diameter: 47 mm
(nominal)

Bore length: 20 mm

In the machining experiments bores of 10 gear wheels were hard turned.
Surface roughness measurement was carried out by the application of the
measuring equipment Altisurf 520 and then roundness was tested by the equipment
Talysurf 365. Averages of 3-5 measured data of the hard turned surfaces are
summarized in Table 2. In the last column the averages of the 10 results are also
indicated.

Table 2 — Measured data of maximum roughness and form error

1 2 3 4 5 6 7 8 9 10 Average

R”r"flx 261|251 | 237|243 |241|270 | 252|249 | 2.70 | 2.56 2.53
u

A

pm

8.21 | 8.07| 780 |6.11|8.04 | 723|595 |6.34|586|6.01 6.97
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3.3. Determination of maximal grinding allowance by painting method

In the combined procedure it is important that the grinding allowance be no
greater than necessary because material removal in hard turning is 4 to 5 times
more productive. If the grinding allowance is greater than necessary after turning
then the machining time of grinding increases significantly. This causes
unnecessary extra time consumption when lot size is large. If, however, the
allowance is too small, patches can remain on the surface of the bores. A special
painting method was developed to analyze patches. The minimal grinding
allowance is the value at which the surface will have just lost its patches and the
tool prints of hard turning are totally removed. Using the painting method the
patches can easily be noticed because they appear on the surface in red or blue.

3.3.1. Conditions and cutting data of bore grinding

Bore grinding was carried out after hard turning in the same clamping. The
grinding spindle was clamped in the revolver head as a rotating tool. In the
experiment five allowance levels were analyzed, each for five gear wheels, i.e. 25
operations were carried out. The allowances were 0.05; 0.04; 0.03; 0.02; and
0.01 mm. The working area of the machine tool and the position of grinding
spindle are pictured in Fig. 1. Conditions and technological data of grinding are
summarized in Table 3.

Table 3 — Data of bore grinding

Grinding tool Grinding data Infeed speeds
Dimensions: ©@36x37x13, [Wheel velocity: vs=40 m/s |Air grinding:
smooth grinding |Workpiece velocity: vw=48 |vir.Lmax=10 mm/min
wheel; m/min V£R,LMIN=2 mm/min
3AS80J8VET (Norton) Velocity ratio: q=50 Roughing: virN=1 mm/min
Smoothing 1: VtRr,51=0.6
mm/min
Smoothing 2: Virs2=0.1
mm/min
Further data:
e Stroke length of oscillation :2 mm, its velocity: vo=200 mm/min; no. of strokes:
No=330 1/min

e Coolant and lubricant: Rhenus TS25 5 % solution

e  Sparking-out time: tso=3 s

e Allowances (in diameter at the first five workpieces): roughing: zn=0.025;
smoothing 1: zs1=0.010; smoothing 2: z5.=0.005
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(4 | |

Figure 1 — Bore grinding spindle in working position

3.3.2. Qualification of allowances based on patch formation

After painting the hard turned bores, bore grinding was carried out. After
removing the various allowances, the clarity and patchy features of the surfaces
were analyzed. The painting method proved unambiguously that there is no patch
remained with allowances of 0.05, 0.04 or 0.03 mm. The picture in Fig. 2 of the
0.03 mm allowance bores shows this; i.e. 0.03 mm allowance can be considered as
a satisfactory allowance.

Figure 2 — None of the workpieces in the 0.03 mm allowance group include patches
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Roughness profiles of workpieces ground clean (without paint patches; 1%, 2"
and 3" groups) were analyzed and it was found that they have appropriate ground
profiles in all cases. Tool prints of the previous operation cannot be noticed at all,
they are completely ground (Fig. 3).
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Figure 3 — Roughness profiles of workpieces without patches after grinding with allowances
of 0.03 mm (top), 0.04 mm (middle), and 0.55 mm (bottom)

Inspecting the workpieces of the 4" and 5" allowance groups it was
discovered that in case of the 0.02 mm allowance one of the five gear wheels
contained patches and in case of the 0.01 mm allowance all the workpieces
contained patches (Fig. 4). This means that 0.02 allowance was insufficient to
completely grind the roughness profile remaining from the previous operation in
all of the workpieces.

The roughness profile of a surface section including clear and also patchy
parts was analyzed (Fig. 5). Two profile curves were analyzed for the 0.02 mm
allowance workpiece on which a small patch can be noticed (Fig. 4a) with the
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patch included in the sampling area. Their locations were designated by A and B
(Fig. 5). It can be observed that there is a place on the surface of the bore where the
grinding wheel did not grind the surface.

a) 0.02 mm allowance b) 0.01 mm allowance
patch

Figure 4 — In the 4™ allowance group (a) one workpiece and in the 5% (b) all workpieces had
one or more patches
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Figure 5 — Roughness profiles in the environment of the patchy area (0.02 mm allowance)
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Due to the insufficient allowance the grinding wheel only touched the
roughness peaks or did not even reach them because of the form errors. It can be
seen from the roughness profiles of sections A and B that they are non-ground
profiles because the feed prints of turning as periodic formations can clearly be
recognized in the profiles. The other characteristic is the significant asymmetry of
the profile. Positive amplitudes are lower than negative, that is, the wheel ground a
slight extent of material from the turned profile but by far not enough to eliminate
the turned profile. From the comparison of sections A and B it can also be
observed that the wheel removed more material from place A and less from place
B. This fact is clearly expressed by the parameter P:.. From the profile of section B
it is obvious that between the 1.7 and 2.0 mm section the wheel did not cut at all.

It can be stated that the colored patches on the surface and the roughness
profiles are consistent with each other and the abnormal shapes of the roughness
profiles is clear evidence that 0.02 mm allowance is not large enough to remove
the tool prints of the previous operation. However, since the described problem
was observed for only one workpiece from the five, reaching a 0.02 mm allowance
is not an unrealistic goal if the factors influencing form errors are analyzed more
profoundly and if it is possible to make corrections (e.g. reduce the clamping force
or apply other clamping equipment).
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Figure 6 — 3D topography on surface near a patch: inhomogeneous topography (random:
right bottom part; periodic: left top part)
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Finally, the patchy workpieces of the 51" allowance group were also analyzed.
The phenomena analyzed in the previous group were perceived more frequently.
Irregularities of roughness profiles can also be experienced in the 3D topographies.
An example is shown in Fig. 6. It can be observed that there are two types of
topography in the sampling area. In one area, which is characterized by higher
allowance, random topography was created and on another the allowance was
lower, thus periodic topography remained there. It is obvious that this type of
“mixed” topography is the consequence of inappropriate allowance, which is
unacceptable.

4. SUMMARY

In the experiment the extent of necessary and sufficient allowance was
determined by a special painting method in machining experiments. Assuming no
white layer was formed on the surface, the main conclusion is that, the
experimental method can provide useful information in the technology planning
phase of machining. Another important result is that current grinding allowances
can be reduced. Therefore, machining time can be saved while producing identical
surface quality. Based on our experimental data a 0.03 mm finishing grinding
allowance (measured in diameter) is necessary and sufficient for the combined
machining of bores of gearbox wheels if no white layer has formed in the previous
hard turning operation. Industrial experience shows that when case-hardened gear-
wheel materials are machined in well-chosen cutting circumstances, white-layer
formation is unlikely. The results of the experiments demonstrated that a further
decrease in the 0.03 mm allowance may be possible and even a 0.02 mm allowance
value may be obtainable, but further research is needed to determine the necessary
technological conditions.
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JOINT MACHINING: HARD TURNING AND GRINDING

The manufacturing of increasingly complex components and, at the same time, production of
parts of superior quality is a growing trend in industry today. This tendency is realized through
advanced machining processes that take advantage of the capabilities of the new machine tools, the
properties of cutting tools and the advancements in control and CAD/CAM/CAE systems available
today. However, productivity is important and it is not always possible to reduce machining times,
while difficult-to-cut materials, successive processes and tool replacements hinder the desired goal.
However, ready-machining of the components is a feasible way to achieve the aforementioned
requirements. A possibility for this is machining the workpieces on one machine tool, with only one
clamping. The fulfilment of the processing and finishing of parts with one clamping and the application
of several processes, i.e. hard turning and grinding, in one machine tool is called joint or combined
machining. There are several advantages to this arrangement in manufacturing processes, which are

discussed in this paper.

1. INTRODUCTION

The idea behind joint machining involves the integration of hard turning and
grinding. Hard turning is characterized by efficient material removal and flexibility,
while grinding can offer unsurpassed surface quality to the finished product. The
concept lies in exploiting, on one hand, the high material removal ability and the
flexibility of hard turning and, on the other, the advantages of the reliability and the
high quality of grinding. Other manufacturing processes such as boring or honing
can be included in the scheme [1]. However, in order to have a beneficial set-up,
all this has to be carried out with only one clamping of the workpiece.

Grinding has been the finishing process for almost all high-end industrial
products for a long time; the finishing of hardened materials implied exclusive use
of grinding wheels, as there were no other cutting tools suitable for such a task.
However, some grinding processes, e.g. internal grinding, can be very slow, due to
the allowance in the range of um that is to be removed at each pass. As an
alternative, boring can perform the same task faster. In order to attain the same
quality requirements, however, new materials for cutting tools had to be developed.
The main developments in cutting technology include coated tool materials that
offer the opportunity to fine tune the cutting tool to the material being machined
and superhard cutting tool materials that are suitable for cutting components of the
highest hardness. Furthermore, machining accuracies down to 10 um can now be
achieved for conventional cutting processes and dry or near dry cutting is finding
widespread application [2, 3, 4].

© J. Kundrdk, V. Molndr, A.P. Markopoulos, 2019
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Indeed, new advanced hard tools, such as cubic boron nitride (CBN), reached
the phase of industrial application at the end of the previous century. Since then,
many improvements on these materials and tools with CBN have been introduced
and productivity of the processes has dramatically increased — by four to five times
or even higher — maintaining at the same time the accuracy and surface quality in
terms of surface roughness obtained by grinding. Among the advantages of hard
turning are higher rigidity, high thermal stability, minimal use of cutting fluids and
quick workpiece clamping.

Nevertheless, the complete substitution of grinding with hard turning is not
without problems. First of all, turning operations leave a distinct pattern of cutting
marks on the finished workpiece; a thread-like regularly repeating line that creates
a non-desired topography on the surface. This periodic topography, depending on
the feed and depth-of-cut applied in the process, can be at the microscopic scale
and invisible to naked eye, but it is disadvantageous where sealing surfaces,
connecting surfaces and fixed junctions are involved [5]. In grinding, however, a
random topography is created, due to the cutting action of the grains on the
grinding wheels, and the problem is diminished. Although the two manufacturing
processes can provide the same roughness, the functionality of the finished surface
is different in each case. Another problem that hinders the substitution of grinding
with hard turning is connected to tool life. The wear of CBN inserts is difficult to
assess and depends on many factors. There are several studies that are connected
with this issue, see [6]; however, it can be stated that the process safety of hard
turning, in terms of accurately predicting CBN insert wear, is worse than that of
grinding.

The advantage of changing from manufacturing on different machine tools to
joint machining is without doubt the remarkable reduction in the lead time and the
drastic shortening of the production chain. In cylindrical components or shapes of
bodies of revolution, the clamping errors from consecutive centring are completely
eliminated; thus, axisymmetric bodies, for instance, can be processed with different
processes, with the same defining position, without the possibility of clamping
errors. Furthermore, errors from repeated clamping and errors from positioning the
distance measuring systems after each clamping are also removed [7].

2. FEASIBILITY OF HARD CUTTING REPLACING GRINDING

In industry today, one can often encounter the machining of hardened
surfaces. In general, in order to improve the reliability of products, the durability of
parts must be also increased. The latter can be accomplished either by the
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formation of ever harder surfaces and/or a higher number of hard surfaces. Due to
the fact that finish machining is connected to high costs, making machining more
economical is associated with improvement of the technological parameters, i.e.
tools and machine tools, the techniques of finish machining, and the reduction of
the amount of machining time and number of processes. Grinding is a well-
established and theoretically supported manufacturing process; therefore,
replacement it requires careful examination. Several significant factors strongly
connected to the performance of the process need to be examined: quality,
flexibility, economy and ecology. A prominent trend in investigations is the
examination of the cutting capability of hardened steels with hard tools. In Figure 1
an overview of hard-turning performance in connection to IT (ISO tolerance) and
roughness (values of Rz) is presented [8]. The trend is moving towards lower Rz
values and more demanding 1SO classes; it is now possible to obtain 1T3 at Rz
values below 1 um.
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Figure 1 — Roughness Rz versus IT class in hard turning [6]

In previous works the authors have carried out experimental and theoretical
research the comparing hard boring and internal grinding [9, 10]. The results
clearly exhibit that hard boring can be applied for precision machining of internal
cylindrical surfaces, i.e. bore holes, offering important advantages in the machining
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of parts with the examined geometry. Hard cutting is a suitable alternative to
grinding operations, when economy, ecology, flexibility and quality are considered.

Regarding the economic aspects of the operation, material removal and
surface rate in bore machining is better when applying hard turning than grinding;
in hard boring the machining times decrease significantly in the case of the disc-
type parts with a bore hole examined so far [9]. From an environmental point of
view, hard cutting is more advantageous compared to grinding, as no cutting fluid
is required [10]. One of the main benefits of hard turning over grinding is its high
flexibility and the ability to machine complex workpiece geometry at one setting.
This is true especially in the machining of parts that have many short surfaces of
various forms and where both external and internal surfaces are to be machined. In
the case of bore holes, where the plane and cone surfaces of the gears are to be
machined, the advantages of hard turning continue to increase. Finally, the
specified accuracy and roughness requirements for the parts’ surfaces can be
achieved through hard turning.

When machining with a single point tool, tool wear may cause problems
affecting stability of the process, accuracy and rigidity. Moreover, process
kinematics create scroll-forming on the machined surface, which needs to be
eliminated for certain applications; in these cases the application of grinding is
unavoidable. Of course, by modifying the turning kinematics, the periodical
topography of the surface can be altered. However, this only partially resolves the
problem [11].

3. APPLICATION OF JOINT MACHINING

As hard turning and grinding have certain advantages and disadvantages, a
suitable combination of them allows most of the disadvantages to be avoided [12].
By application of joint machining, supplementary times decrease, machining
efficiency increases and surface quality improves. In order to demonstrate these
benefits an experimental study with three different machining strategies is carried
out and the results are analysed. As a case study, the machining of a gear wheel is
selected. The first strategy (Fig. 2a) is hard turning of the face and bore; the second
(Fig. 2b) is bore grinding; and the third (Fig. 2c) is the combination of these: hard
turning of the face, bore and cone, then bore and cone grinding, with all activities
carried out in a single clamping.

In the third version, the workpiece is machined in one clamping on one
machine tool, namely EMAG VSC 400 DDS; the aim is not to replace one process
by another but for them to complement each other in an optimal way. To ensure the
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prescribed topography of the finished surface and exploit the high capacity of
material removal achieved by hard turning, grinding is performed after hard
turning. In other words, a traditional machining chain is applied. This way
transportation, storage and clamping time are dramatically reduced, positioning
errors are diminished and coolant is applied only at the grinding stage, thus it is
minimized. Performing the two processes on one machine tool and in one clamping
reduces grinding allowance to its minimum, which is significant, especially in
grinding high length bores.
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Figure 2 — Material removal by (a) hard turning, (b) grinding and (c) joint machining

4. RESULTS AND DISCUSSION

After applying the three different machining strategies the geometrical
accuracy of the bores of the gears was measured. After finishing, it was found that
joint machining provides tolerance IT5, as can be seen in Figure 3.
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In Figure 3 roundness and cylindricity are compared. In addition, the micro
profiles of the three machined surfaces were analyzed. The Abbott-Firestone
curves were plotted; from their agreement of their shape with the shape of the
normal distribution function, conclusions can be drawn about the randomness of
the topography (Fig. 4). The joint procedure was found to be the closest of the
three. That is why it can be stated that the topography of the surface machined by
the joint procedure was proved to best fit to the working specifications for the

machined surface in this comparison.
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Figure 3 — Roundness and cylindricity measured for the three different cases
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Figure 4 — 3D topography of finished surfaces

5. SUMMARY

In this paper, advantages and disadvantages of removing material from
metallic parts by hard turning or by grinding were studied. A third alternative was
also examined: joint machining, namely the removal of bulk material with hard
turning and finishing with grinding, with one clamping of the workpiece. A
comparative analysis of the three procedures was carried out in a case study,
analysing the accuracy and 3D surface roughness of the machine surfacesto
identify the random features of the topography. It was concluded that joint
machining can achieve the same levels of accuracy as grinding and at the same
time provide a surface topography of the finished workpieces that meets the
working specifications.
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KNEE IMPLANT STUDY AND EVALUATION WITH
AXIOMATIC DESIGN METHOD

People from all around the globe get their knees injured every day either because of severe sport
accidents or because of simple misstepping. Their lives are about to change drastically and
dramatically. The pain and the limitation of their movements becomes an obstacle and treatment with
painkillers only postpones the problem. In these cases, medical doctors suggest Total Knee
Replacement surgery, in which a knee implant replaces the damaged parts of the human injured knee in
order to recover partially or fully the normal motion of the knee and therefore the everyday activities of
the person in need. In over 95% of the patients who underwent a Total Knee Replacement surgery, the
pain was overcome in sort amount of time, a high percentage of the kinematics of the knee were brought
back to normal, and the patients were able to continue their lives. In this paper, the main purpose is to
study the knee mechanics, to deconstruct the kinematics and dynamics of this complex system, to
develop a new, ambitious knee implant design for severe accidents, perform simulation tests and
evaluate it by the rules of the Axiomatic Design Method.

1. INTRODUCTION

There are various kinds of knee implants in the market, today. However, there
is always possibility for improvement. Every knee implant design needs to comply
with the knee mechanics in order to be effective. More specifically a knee implant
design should take under consideration the kinematics and dynamics of the knee,
the weight, durability and biocompatibility of the implant, as well as the constraints
of the moving parts, the co-operation with the rest of the knee parts that remain
neutral, the final cost and the installation during surgery.

The kinematics of the knee are divided in three main motion studies. The
bending and extending of the knee, the internal and external rotation and the
forward and backward movement. The constraints of these movements are equally
important to obviate injuries like ruptures, fractures and dislocations. The
dynamics of the knee can be categorized in three segments. Load transferring from
the upper part of the leg to the opposite and vice versa, vibration absorption and
friction minimization and durability in dynamic loads [1, 2]. All the above
constitute the functional requirements of the knee implant design. In Axiomatic
Design, the customer needs are converted into functional requirements, which need
to be satisfied by the design parameters in the physical world [3, 4].

© A.P. Markopoulos, K.P. Souleles, 2019
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2. DESIGN

In [2] the designs and the materials used in knee implants are thoroughly
described. In this paper a novel approach is described.

The knee implant design was developed using the Solidworks Software. The
design consists of two part, the femoral and the tibial, see Figure 1. The material
used is Ti-6Al-4V with a ceramic coating for corrosion protection and
biocompatibility [5, 6].

(©

Figure 1 — (a) Femoral part (b) Tibial part and (c) views of the assembled design

First of all, the femoral part consists of the elliptic, flat surface bounds with
the femur so that the implant stays in place and bone cement plays the succorer
role, uniting implant and bone. The elliptic shape was given because the femur has
also an elliptic section in its lower point. Thus, cutting the lowest part of the femur
would leave an elliptic flat surface to match with the implant’s upper side, while
choosing the specific height to cut provides the opportunity for standardized sizes,
lowering the manufacturing cost. Secondly, the conical bulge can be inserted into
the femur after a special drilling operation in order to increase the contact surface,
hence the stability of the structure. Worth noticing is the difference in contact
surface between conical and cylinder bulges. Next comes the patella channel; its
purpose is to hold the patella in specific track during the bending and extending
movement. The last characteristic of the femur part is the twin side cylindrical
column. The two symmetrical cylindrical columns join the femur part with the
tibial part conveying loads between them, during everyday activities.

The tibial part bears two symmetrical columns, in the top of which exist two
symmetrical slots for the femur part’s cylindrical columns to be inserted, see
Figure 2(a). In that way the two parts of the implant are connected and cannot be
separated. Of course the assembling of these two parts, geometrically could not be
achieved if it was not for the separated upper half of one of the two columns of the
tibial part. This removing detail, when inserted in its column, according to its
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edged shaped design, leaves only two degrees of freedom that get fixed with two
fully thread screws. The symmetrical columns have their bodies machined in the
middle, in order to lower the final weight of the design, see Figure 2(b). The tibial
part also has the same surface as the femoral part and the same conical bulge to get
fixed with the tibia via bone cement.

All the possible and normal movements can be achieved setting the correct
boundaries. More specifically the bending and extending of the knee can be
achieved when the tibial implant is rotated around the femur implant with the
cylindrical column — slot joints to be the axis of rotation. The bending and
extension of the knee cannot be modelled as a hinge because the axis of rotation is
not stable and the design takes into consideration this unique characteristic [7]. The
geometry of the slots are semicircles in distance and include an elastic material to
absorb the vibrations and minimize the friction of the cylindrical columns in them.
This design provides the possibility the cylindrical columns to move freely into the
slots back and forth, up and down, setting different momentarily axis of rotation.

(b)

Figure 2 — (a) Detail in the tibial part and (b) design of the slots

The rest of the movements can also be achieved. While in internal and
external rotation, the cylindrical column, can be moved back and forth into the slot
in different direction as the opposite twin does. The forward and backward
movement is the same situation as before but the cylindrical column moves into the
same direction as its twin. Finally, the infinitesimal movement of up and down can
be achieved when the two cylindrical columns move into the elastic material of the
slots deforming it and taking its place.

The constraints of these movements are set via either the physical structure of
the knee system or the geometrically characteristics of the implant design. The
upper limit of the extending movement is set by the femur itself, as the patella
reaches a dead end at its track, while on the opposite direction the limit of the
bending movement is set by the end of the patella channel. The constraints of the
internal and external rotation of the knee are achieved via the diametrically
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opposite edges of the tibial part slots while the constraints of the forward and
backward movement via the symmetrically edges.

The dynamics of the knee are also satisfied. Load transferring is achieved via
the continuous contact of the femoral implant with the tibial implant, vibration
absorption and friction minimization via the elastic material in the slots, and the
durability of the implant is ensured as the simulations in the next section show.

3. SIMULATIONS

The simulation tests were performed in Solidworks software. The material
used is Ti-6Al-4V with density 4510 kg/m® and yield strength Sy = 3.7x108 N/m?.
For each of the femoral parts, tibial part and the attachable part of the tibial, two
simulations were run. In the first simulation, a 150 kg person stands still on his leg
with the implant on, loading the implant with its bodyweight and in the next
simulation, the same person from the same position performs a squat with the same
leg, loading the implant with the amount of 7.6 times its bodyweight [8]. The
results are shown in Figures 3 and 4.
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Figure 3 — (a) First and (b) second simulation on femoral part
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Figure 4 — Simulation on (a) tibial part and (b) the attachable part
Every simulation result is tabulated in Table 1. All results are acceptable since the
applied loads are lower than the yield strength of the implant material
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Table 1 — Simulation Results

Resulting loads [N/m?]

Femoral part Tibial part Attachable part
1% Simulation 8.9x10° 4.3 x107 4.1 x107
2" Simulation 1.2 x108 3.3 x108 3.1x108

4. EVALUATION

Axiomatic Design is a reliable method to design systems and products so that
from the very beginning it is possible to know whether a design is going to be
successful or not. In this way, methods like trial-and-error, which are time
consuming, are set aside. In this paper the Axiomatic Design method is used as an
evaluating measure to check if the final design of this knee implant can be
characterized as a good design. In order to achieve a good design according to
Axiomatic Design, the Design Matrix, consisting of the Functional Requirements
(FR) as rows and the Design Parameters (DP) as columns, should be a diagonal
matrix or at least a lower triangular matrix. That means that every customer need
needs to be satisfied by only one functional requirement and every functional
requirement should be achieved by only one design parameter. The second part of
the above statement can be approved even if the design matrix is not a diagonal
matrix but lower triangular matrix. The design parameters set by this paper’s
design should match the functional requirements of the knee, see Figure 5. The
design parameters of the implant’s design are shown in Figure 6.

FR1 = Biocompatibility
FR2 = Weight
FR3 = Kinematics
FR3.1 = Bending & Extension
FR3.2 = Internal & External Rotation
FR3.3 = Forward & Backward Movement
FR4 = Restraints
FR4.1 = Upper patella’s limit
FR4.2 = Lower patella’s limit
FR4.3 = Internal & External Rotation Limit
FR4.4 = Forward & Backward Movement Limit
FR5 = Dynamics
FR5.1 = Load Transferring
FR5.2 = Vibration absorption and Friction minimization
FR5.3 = Durability
FR6 = Good collaboration with the rest of the knee parts
FR6.1 = Connection with bones
FR6.2 = Patella’s right track
FR6.3 = Find required space for implant to fit
FR7 = Cost
FR8 = Easy installation during surgery

Figure 5 — Functional Requirements

48



ISSN 2078-7405. Peszanue u uncmpymenm 6 mexuonozudeckux cucmemax, 2019, evtnyck 90

DP1 = Implants Material

DP2 = Material Removal from symmetrical columns

DP3 = Cylindrical columns — slots Joint

DP4 = Diametrically opposed movement of the cylindrical columns
DP5 = Same directional movement of the cylindrical columns
DP6 = Femur

DP7 = End of the patella channel

DP8 = Diametrically opposite edges in slots

DP9 = Symmetrically edges in slots

DP10 = Continuous contact between femoral and tibial implant
DP11 = Elastic Material

DP12 = Bone Cement

DP13 = Conical Shape of Implant inserting into bones

DP14 = Patella channel

DP15 = Broken parts removal

DP16 = Standardized styles

DP17 = Easy assembling and bone cutting

Figure 6 — Design Parameters

5. RESULTS AND DISCUSSION

The design matrix of these FR-DP is shown in Figure 7(a). The Design
Matrix in this form cannot provide understandable results for whether the matrix is
a lower triangular matrix or not, but for sure the DM is not a diagonal matrix.
Making the necessary changes of rows and columns, moving row FR5.3 up top and
column DP11 in the second column, provides clear information that the DM is a
lower triangular matrix, see Figure 7(b). Blue cells are the diagonal cells, green
cells are the non-problematic cells and red cells are the problematic ones.

07 meE | DM D0 DR Dl DRI OPM  OPIS | DRl | OET
i
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Figure 7 — Design Matrix (a) before and (b) after transformation
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According to the Axiomatic Design Method, since the DM is lower triangular
and the first axiom, the Independence Axiom is satisfied, this paper’s knee implant
design can be characterized as a good design.

6. SUMMARY

A new design for knee implant was developed based on the knee mechanics.
Simulations showed that the durability of the implant is high and can withstand
extraordinary loads. Axiomatic Design Method evaluated the implant as a good
design. The developed design is in primary stages and needs improvement.
However, the concept’s basis is strong and it may influence other designs in the
future.
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INVESTIGATION OF SURFACE ROUGHNESS CHARACTERISTICS
OF FACE MILLING

Surface quality and accuracy affect the integrity and lifetime of machine parts and the
operational requirements of the structural (or assembly) units. These are the reasons that the expected
surface roughness must be planned based on the operational requirements of the parts. The path of the
tool edge, which is defined by the characteristics of the kinematics of face milling, makes the milled
surface inhomogeneous, which means the roughness analysis in various directions gives different values.
In this paper the effect of increasing the feed rate on surface roughness is investigated. This cutting
data is chosen because increasing the feed rate is an effective way to increase productivity.

1 INTRODUCTION

The purpose of finishing parts is to meet the roughness and accuracy requirements
of the part drawing. Extensive research work is being carried out to achieve surface
roughness values that meet the operational requirements, including in face milling. A
great number of publications describe the results; some of their conclusions are
presented in the followings.

Mansour et al. [1] aimed to discover the relationship between cutting data and
surface roughness characteristics with three independent variables (vc, f, and ap) with
dry machining. They found that when increasing the cutting data, surface roughness
decreases with the cutting speed (vc) and increases with the axial depth-of-cut (a,) and
the feed rate (f,). It is concluded that the same roughness value can be achieved with the
appropriate combination of cutting speed and feed rate, thus by applying higher speeds
the machining time can be reduced, also the material removal rate can be increased.

Sheth et al. [2] also studied the effect of cutting data on surface roughness with
full factorial design. It was concluded that the surface roughness is influenced slightly
by the cutting speed v, and the depth-of-cut a, but the lowest value should be sought to
keep the feed rate f, low. They found that changing the parameters in couples affects
the surface roughness in different ways: significantly for v — f;; it has a small effect on
V¢ — 8p; and it has no effect on f, — a,.

Liu et al. [3] investigated how surface roughness affects the fatigue life of the part.
It was found that the roughness is most dependent on the feed rate, while the cutting
speed has small, and the depth-of-cut has very little effect. Significant differences in
roughness values were experienced on different parts of the surface of the samples.

A mathematical model was further developed by Baek et al. [4] to calculate
surface roughness. It takes into consideration the run-out of inserts, which is inevitable

© A.Nagy, J.Kundrak, 2019
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when manufacturing tools. It has been observed that the effect of the run-out on the
surface roughness is not directly proportional to the feed rate, therefore the run-out is
always recommended to be pre-measured for surface roughness estimation.

Ozcelik [5] found during experiments cutting with the same tool that with the
increase of tool wear, the roughness of the machined surface increases. The amount of
the wear was correlated with the machining time, which is easy to determine. Taking
the wear into account, a formula was developed to determine the Ra value more
accurately. As a result of his experiment, the factors affecting roughness were stated in
descending order: cutting time, depth-of-cut, cutting speed, and feed rate.

Zhao et al. [6] also listed the factors affecting the roughness in descending order:
feed rate, depth-of-cut, and cutting speed.

A study was conducted to determine how two- and three-dimensional surface
roughness parameters are formed when separating a constant chip cross section with
one or several chips as a function of ay/f; chip size ratio [7]. It was found that by
increasing the feed per tooth f, for face milling with a single insert the roughness of the
plane surface is gradually deteriorates. For the cutting experiment with five inserts, the
result of 4 to 5 times higher roughness can be explained by the run-out of the inserts.

Preliminary estimation of surface roughness of machined surfaces is also an
important research direction. The effect of the run-out was studied by a suitable method
to determine the theoretical values of surface roughness and to estimate the expected
roughness of the surfaces machined under the given conditions, with circular inserts [8].
It was concluded that the roughness of the machined surface — for the tested settings —
was 1.44-7.71 times worse when made with several inserts, depending on the feed rate,
than when made with a tool which has no run-out.

Based on this short literature review it seems that the facts influencing the surface
roughness and the intensity of these effects are judged differently in terms of various
cutting conditions (tool-workpiece material pairing, technological parameters). In this
paper the change of 2D and 3D surface roughness parameters as a function of feed rate
is investigated for symmetric face milling. Because of the significant changes in the
depth-of-cut a, and the feed rate f,, the characteristics of the chip separation and
deformation also varies, so the change of the chip size ratio ay/f; has also been analyzed
in relation to the surface roughness.

2 EXPERIMENTAL CONDITIONS

The experiments were performed on a Perfect Jet MCV-M8 vertical milling
machine. The tool was a Sandvik R252.44-080027-15M face milling head having a
nominal diameter of D= 80 mm. During cutting, only one insert was used, which was
Sandvik R215.44-15T308M-WL rectangular coated carbide grade with a cutting edge
angle of k, = 90°. Other details: yo=0°; ap=11°; 1= 0.8 mm.

The workpieces used for the experiments were made of C45 grade unalloyed steel
(material number: 1.0503) in normalized condition, which has the tensile strength 580
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MPa and Brinell hardness 207 HBW [9]. The surfaces prepared on the specimens for
milling were 58 mm in length and 50 mm in width.

The cutting data used for the experiments are contained in Table 1. The
specimens were produced of one material, plane surfaces were milled in symmetric
setting with several f; feed rates in total width while keeping the v, cutting speed and
the a, depth-of-cut constant. Each sample was machined with a fresh cutting edge.

Table 1 — Cutting data for the experiments

No. Ve [m/min] ap [mm] fz [mm] ap/f;
1 0.1 4

2 0.2 2

3 400 0.4 0.4 1

4 0.8 0.5
5 1.6 0.25

The 2D and 3D roughness measurements were carried out using an AltiSurf 520
three-dimensional surface roughness measuring device. A CL2 confocal chromatic
optical sensor equipped with a MG140 magnifier was used for the recordings. The
probe has the axial resolution of 0.012 um and the horizontal steps are at least 0.5 pm.
The evaluations were performed with AltiMap Premium software.

The measurements were carried out in the symmetry plane and in two parallel
planes at the same distance from the first one. The starting positions and the places of
the measurements are shown in Figure 1. The lengths of the longitudinal measurements
were the same as those instructed by standards ISO 4287 and ISO 4288. Each 3D
measurement had an area of 2.5 x 2.5 mm.

* 50

o]

e | ||@2 @29
y

(5;29) (40;29)

Symmetry B | &— —_

(5;49) (40;49)

Entry side . .

o

Vi

Figure 1 — Positions of the measurements
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3 RESULTS OF EXPERIMENTS

Of the known 2D roughness parameters only Ra and Rz values are given, as in
practice these occur most frequently. Table 2 shows the values of the measurement
results. The feed rate values were assigned in geometric series. The arithmetic mean
roughness Ra and the maximum roughness depth Rz values progressively increase by
increasing the feed rate between the two neighboring values, and with it chip size ratio
decreases. During the increase in feed per tooth, the change in both roughness
parameters is the highest in the symmetry plane: Ra increased 59.5 times and Rz
increased 43.6 times. With f,= 0.1 feed per tooth there is little difference between the
values measured in the planes but when increasing the feed rate — or reducing the chip
size ratio — the differences become larger. At lower feed rates it can be observed that
the roughness values — both Ra and Rz — measured in the symmetry plane are the
smallest of the planes; however, at f,= 0.4 and larger values this relationship is reversed.

Table 2 — 2D Surface roughness values for various feed rates

Ra [pm] Rz [um]
Entry Middle Exit Entry Middle Exit

01 |4 0.325 0.322 0.350 1.934 1.510 1.817
02 |2 0.743 0.645 0.703 3.591 3.017 3.845
04 |1 1.752 2.904 1.229 6.492 10.200 6.878
08 | 0.5 6.440 7.835 4.032 23.862 29.313 16.739
1.6 | 0.25 | 16.486 19.159 9.115 49.914 65.849 38.636

2 ap/ f;

g|s|lw|d(k|o =z

As we have analyzed the Ra and Rz values from the possible parameters, values
of Sa and Sz are taken from the 3D measurements. The measured values are shown in
Table 4. The characteristics of the values between the measuring planes and the change
in the feed rate is the same as in the 2D case. The symmetry plane shows the maximum
change in roughness values here as well, but the ratios are smaller in both cases. They
are 41.8 times higher for Sa and 26.5 times higher for Sz.

Table 3 — 3D Surface roughness values for various feed rates

Sa [um] Sz [um]

No. [ | &t e =T iadle | Exit Entry Middle | Exit

01 [ 4 0.396 0.371 0.392 2.522 2.509 2.596

02 |2 0.767 0.631 0.695 3.493 3.273 4.317

04 |1 2.406 2.920 1.708 11.966 12.108 11.994

0.8 105 5.288 7.681 4.787 25.901 33.239 26.102

gl wiN(F

1.6 | 0.25 ] 11.156 15.521 12.371 59.200 66.478 66.346
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The roughness profile curves are shown in Figure 2, arranged according to the
measuring planes and the feed per tooth. All curves show the periodicity well. On some
graphs two peaks are visible per period, which shows the cutting edge and the minor
cutting edge impressions together.

f, | Entry side | Symmetry plane | Exit side
m] um] um]
0.1 0 A J\ A AW)[“‘/AWH A /\ A »" O / / /\A Aph»‘ J \V/\vf\u 0 l\my)ﬂwa}\w o W“J\Vﬂww{’w
0 0.5 1 mm 0 0.5 1mm 0 0.5 1mm
m pum pum
44 44 1]
0.2 YTV ITITIV VT o IAAAAL AR AARAANAA O'MMMHMMMHW
. 7WWYNW‘VWWWW’V/VW FVUVVYUVYUYVVVYVVVRY JVVYVYYVGVVRVIVYYYY
4 -4+ 4
0 1 2 3 4 mm 0 1 2 3 4 mm 0 1 2 3 4 mm
m pm pum
54 54 54
0.4 OMNNNNNNN on ﬂ/\ﬂ A\A\/\\/\ O\AAP\AJ\)\LAJ\AJ\
: iaaaavaraara VV\/\/VVJ\/V VY VW W W W W
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m um um
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VTV TR VUTVEITURAL

NHwH

Sl 30
=
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0 10 20 30 40 mn 0 10 20 30 40 mn 0 10 20 30 40 mn

Figure 2 — 2D roughness profile curves of the milled surface at different feed rates
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The mappings of the surfaces can be seen in Figure 3. On the topographies the
typical roughness impressions can be noticed well. While only the roughness profile of
the machined surface appears in the symmetry plane, on the entry side the scratching of
the minor cutting edge is also visible on the surface. It is also noticeable on the exit side,
with much deeper grooves appearing here. This is also related to the different values
between the planes.

| Exit side

f, |Entry side | Symmetry plane

.Hi i

sl

0.1

0.2

0.4

0.8

1.6

Figure 3 — Topography of the measured surfaces
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4  DISCUSSIONS
The measured values presented in the above tables are shown in diagrams, which
make the analysis of the results more meaningful and facilitate their evaluation.
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Figure 4 — Measurement results as a function of f; feed rate
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a) b)
Figure 5 — Measurement results as a function of ap/fz chip size ratio

Figure 4 shows the 2D roughness parameters as a function of feed rate. It can be
stated that only increasing the feed rate makes the roughness values increase almost
linearly. Looking at the curves of the diagrams, it can be seen that the roughness values
differ in the three measured planes. At low feed rates (f;= 0.1...0.2) roughness values
are close to each other, and when using higher feed rates (f,> 0.4) the difference of the
values between planes is also higher.

57



ISSN 2078-7405. Peszanue u uncmpymenm 6 mexuonozudeckux cucmemax, 2019, evtnyck 90

Figure 5 shows the Ra and Rz roughness values set for the chip size ratio.
Theoretically, the highest values of roughness should be found in the symmetry plane,
however the measured values follow this tendency only at ay/f; less than 1. When
setting higher depth-of-cut and lower feed rate (ay/f, >1) the differences between the
three planes are very small. This suggests that the assumption that it is sufficient to
measure the maximum roughness in the symmetry plane is not verified in all cases.

3D roughness parameters show similar changes that can be seen well in Figures 6
and 7. As described in the profile diagrams, the differences in the profiles of the three
planes cause different values between the planes.

20 T T T 80 PRSI
— & Entry — & Entry
—#— Symmetry —=— Symmetry ,/l
15 — ..o EXit //L 60 — .o EXit /7'/
E 1 lg! g '_.~/
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a) b)

Figure 6 — 3D surface roughness values as a function of f; feed rate
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Figure 7 — 3D surface roughness values as a function of ap/f; chip size ratio
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5 CONCLUSIONS

For face milling it is necessary to consider that surface roughness is
inhomogeneous due to the motion of the tool edge; therefore, the values of the
roughness parameters differ when measuring the surface in different directions and in
planes and various surface elements.

In this article, symmetrical face milling was performed on unalloyed steel, with a
milling head equipped with only one rectangular insert, where the feed per tooth f, was
changed and the depth-of-cut a, and the cutting speed v, were kept constant. The
surface roughness of the milled specimens was measured in three parallel planes, and
the 2D and 3D values of the parameters were analyzed and evaluated. During the
analysis, the following conclusions were made.

For the ap/f; chip size ratio the setting of higher depth-of-cut and lower feed rate
causes very little change in roughness values. However, if a ratio of ap/f, < 1 is set,
following the change the values of the roughness parameters increase significantly.
Therefore, when choosing the ay/f; ratio it is recommended to pay particular attention to
the change in roughness values in the steeply increasing section (Fig. 4.b) so that the
roughness values given in the part drawing are not exceeded.

The maximum surface roughness values were not always measured in the
symmetry plane, which indicates that the maximum roughness can be measured at
different points of the surface. It is therefore recommended to check the surface
roughness for correct evaluation not only in the symmetry plane but also in parallel
planes.

While in theory [10] the planes of the same distance to the symmetry plane are
identical to the roughness values, this was not proven during the experiments. The
experimental results gave larger values on the entry side than on the exit side. The
explanation for this is that up-milling is realized from the entry side until the middle
plane, and then down-milling occurs up to the exit side [11].
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VK 621.923

B.1. [longHcKkMii, KaH[. TEXH. HAyK, XapbKoB, YKpanuHa

MHOBBIIIEHUE Y®®EKTUBHOCTHU TEXHOJIOI AU
MEXAHHUYECKOMN OBPABOTKH ®OPMYIOIIEN OCHACTKH
JJIsI MAKAPOHHOM M KOHJIUTEPCKOM OTPACJIEN
NPOMBIIIJIEHHOCTH

Teopemuuno 6usHAUEHO MAKCUMATLHO MONCIUBY NPOOYKMUBHICHb 06pOOKU npu pesepysanti
YUNiHOPULHOIO Ma MOpYesoio (pesamu 3 ypaxy8aHHAM OOMedCceHHs 3a epaHUdHOL (3 YMO8 MiyHOCHI
@pesu) moswunu 3pizy. JJosedeno eghekmusHicmb 3ACMOCY8AHHA CXeMU (Qpe3epyeaHHs mopyeoo
@peszoio Ons niosuwgennsi npooykmueHocmi ma sikocmi 06pobku Ha eepcmamax 3 YIIY npu
6UCOMOGIIEHHI  CKIAOHONPOGinbHOi popmylowoi ocnacmku. Teopemuuno 002pyHmMOSAHI NPAKMUYHI
PpeKomeHOayii Wooo 3HUICEHHSL eHEPLOEMHOCII 0OPOOKUL.

Teopemuuecku onpedeneHa MAKCUMATILHO BO3MOJICHASL NPOU3BOOUMENLHOCb 00pabOmKY npu
ppeseposanu YuUIUHOPUYECKOU U TMOPYOBOU (Gpe3amu ¢ y4emom OpaHuyeHus no npedeibHou (u3
yenosuil  npounocmu  gpesvt) momyune cpesa. Jlokasana d¢ekmusHocmb npUMeHeHUs cxemvl
Ppezeposanusi mopyosoil gpesoil Ot NOBbIUIEHUSI NPOU3B0OUMETLHOCIU U KA4ecmeda 00pabomKy Ha
cmankax ¢ YIIY npu uzeomoeienuu crodicHonpouibHol Gopmyrowetl ochacmku. Teopemuuecku
060CHO8AHBI NPAKMUYECKUE PEKOMEHOAYUU NO CHUMCEHUIO IHEP2OeMKOCIU 06pabomKu.

Theoretically, the maximum possible processing capacity is determined for milling with a
cylindrical and face milling cutter, taking into account the limit on the cutting thickness (from the
conditions of the milling strength). The efficiency of using a milling cutter with an end milling cutter has
been proven to improve the productivity and quality of machining on CNC machines for the production
of complex profile forming tools. Theoretically justified practical recommendations for reducing the
energy intensity of processing.

1. MocranoBka mnpodgembl. [IprMeHeHHE Ha TPEANPHATHSIX YKpPaWHBI
COBPEMEHHBIX MeTaulopexymux crankoB ¢ UYIIY Tuna «oGpabaTsiBaronimii
LEHTP» 3apy0eKHOTO TPOW3BOJCTBA W MPOTPECCHBHBIX COOPHBIX PEXYIIHX
TBEPJIOCIUIABHBIX M KEPAMHUYECKHX PEXYIIUX WHCTPYMEHTOB C M3HOCOCTOWKHUMH
MOKPBITUSMH ~ TOSIBIJIACh ~ BO3MOJKHOCTh ~ CYIIECTBEHHOTO  IOBBIIICHUS
MPOM3BOJUTEIHPHOCTH W KadecTBA MEXaHWYECKOH OOpabOTKH, H3TOTOBICHHS
BBICOKOTOUHBIX JleTasieil MamiH. HecMOTpsl Ha BBICOKYIO CTOMMOCTh 3THX CTAHKOB
1 UHCTPYMEHTOB, OHHU JOCTaTOYHO OBICTPO OKYHAIOTCSA U 00€CTIEYHUBAIOT BBICOKYIO
npuObUTE TIpeanpusATHiO. B 0co0oif Mepe 3TO OTHOCHTCS K W3TOTOBIICHHIO
CJIOKHOTIPOMIILHOM (OpMYyIOIIEeH OCHACTKH JUII MaKapOHHOH M KOHAHWTEPCKOH
orpaciieii npombinienHocTn B OAO «MMnepust merauoB» (r. XapbKos),
SBIISIIOIIEMCS. JTMJIEPOM CpeJu BeAyIIMX YYaCTHUKOB JAHHOTO PbIHKA, Ha JOMII0

© B.U. INonanckui, 2019
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KOTOporo npuxonurcs 6osee 50 % mpousBoacTBa ocHacTKU cpeau crpan CHI'.

Bnarogapst npuMeHEHHIO HOBBIX COBpPEMEHHBIX cTaHkoB ¢ UIIY u pexymux
UHCTPYMEHTOB C HM3HOCOCTOMKMMHU HOKPBITUSIMM OCBOEHO IPOU3BOJICTBO
OCHOBHBIX BHIOB (OPMYIOIIEH OCHACTKM JMJISI MaKapOHHOW W KOHIHUTEPCKOU
oTpaciel INPOMBIIUIEHHOCTH. Bwmecte ¢ TeM, C TOSBICHHEM HOBBIX
TPYAHOOOpaOaTEIBaEMBIX MAaTEpUAIIOB W TOBBINICHHEM TpeOOBaHMH K WX
MEXaHUYECKON 00OpaboTke BO3HHKAET HEOOXOAUMOCTH aNTBHEHUIIIETO
COBEPIICHCTBOBAHUS TEXHOJOTHH M3TOTOBICHUS (OPMYIOIIEH OCHACTKH JUIS
MaKapoHHOH M KOHAWTEPCKOHW OTpaciell MPOMBIIUICHHOCTH, 0COOEHHO Hamboiee
MaccoBO MpHUMEHAEMOI TexHoioruu (pesepoBanus. [losTtomy Hacrosmas padora
MOCBSIIEHA TEOPETHUECKOMY HCCIIEIOBAHUIO 3aKOHOMEPHOCTEH (hpesepoBaHUs U
IIOBBIIIICHUIO S(I)q)eKTI/IBHOCTI/I €ro MMPUMCHCHUA Ha COBPEMCHHBIX
MeTaulopexymux ctankax ¢ YITY tuna «ob6pabaThIBaromuil LEHTPY.

2. AHaTW3 MOCJETHHX HCCAeTOBaHWl W myGaukammii. dpesepoBaHue
SIBIIIETCS. OJIHUM W3 OCHOBHBIX BHJIOB MEXaHHMYECKOW 0OpaOOTKH MaTepHuaioB U
MOATOMY €My B Hay4HO-TEXHHYECKOH JIMTepaType MOCTOSHHO YyJemsieTcst 0oJbIoe
BHUMaHue [1-4]. B Hactosmee Bpems pa3paboTaHbl TEOPETUYECKHE OCHOBBI
(pezepoBaHUsT M1 HOPMAaTHUBBI PEKUMOB pe3aHus I (pe3epHbIX padoT. OgHAKO
OHM B OonblIel CTemeHW O0a3WpyIOTCs Ha pEe3ysbTaTax 3SKCIIEPUMEHTAIbHBIX
WCCIEJIOBAaHNH, T.€. HAa OMIMPUYECKUX IaHHBIX, YTO 3aTPyAHSECT BHIPAOOTKY
0000MIEHHBIX MPAaKTHIECKUX PEKOMEHAAIMH I PEIICHHs 3a7ad CyIECTBEHHOTO
MOBBIIICHUS IPOW3BOJUTEIBHOCTH, KadecTBA W TOYHOCTH MEXaHHYECKOH
00paboTKU ¢ MPUMEHEHHEM COBPEMEHHBIX PEXYIIUX JIE3BUIHHBIX HHCTPYMEHTOB H
ctankoB ¢ YUIIY. B cBsA3uM c 3THM, aKTyaJdbHOH SBISETCS 3ajada O0OOCHOBAHHSA
Haubonee HSQdexkTuBHO cxembl (pesepoBanus Ha crankax ¢ UIY wu
peanu3yoNnmx ee YCIOBHH 00paboTku (peXMMOB pE3aHUs, XapaKTEPUCTHK
HHCTPYMEHTOB U T.1.). HacTosimas pabora sBIsEeTCA NaJbHEHIINM pPa3BUTHEM
pabot [5, 6] MmO TEOPETUYECKOMY ONPECIICHHUI0 HOBBIX TEXHOJOTHUYECKHUX
BO3MOKHOCTEH orepanuii ppezepoBanus Ha crankax ¢ UITY meraneit Gpopmyromieit
OCHACTKH JJIsI MAKapOHHON M KOHAMTEPCKON OTpaciieil MPOMBIIUICHHOCTH C TOUKH
3peHust oTIpeieTIeHUs " peanuzanuu MaKCHMaJIbHO BO3MOXKHOH
MPOU3BOIUTENEHOCTH 00pabOTKH, a TAKXKE CHIKEHHS SJHEPTOEMKOCTH 00padOTKH.

3. Heap ucciaenoanus. TeopeTnieckoe 000CHOBaHNE YCIOBHUH ITOBBIILICHUS
MPOU3BOIUTENEHOCTH U CHIXKEHUS SHEPTOEMKOCTH 00padOTKH NpH (Ppe3epoBaHUN
Ha cradkax c¢ UIIY peraneit Qopmyromell OCHACTKH JUii MaKapoOHHOH |
KOHJIUTEPCKOU OTpaciiei MPOMBIIIJIEHHOCTH.

4. OnmnpeaeneHHe MAaKCHMMAJbBHO BO3MOKHOH TNPOU3BOIMTENBHOCTH
o0padoTku npu ¢pe3epoBaHUM HMIUHAPUYECKOH M TOPUOBOI (ppe3amu. s
aHaM3a TEXHOJOTHMYECKHX BO3MOXKHOCTEH (pe3epoBaHUS LIMIIMHAPHUYECKOU
(pes3olt ciaemyeT ONMPEnesUTh MAaKCHMaJIbHO BO3MOXKHYIO IMPOM3BOIUTEIHHOCTD
00paboTKu ¢ ydeToM oOecreueHus 3aaHHOi (M3 YCJIOBHSI NPOYHOCTH PEXKyIIei
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yacTh Qpe3bl) TOMMMHB cpe3a. s ynoOcTBa pacyeToB TOJILIMHBI Cpe3a
yranseMblii B Tpounecce 0OpaOOTKM Marepuall TpeJcTaBieH B BHAE
TOPU3OHTAIBHBIX 3JIEMEHTapHBIX cioeB (puc. 1 [5]), KOTOpble KOHTaKTUPYIOT C
pexymmmu 3yObamu (pessl mox pasHeiMu yraamu f3 . Jlns nepudepuitHoro

AJIEMEHTAPHOTO CJI0sl 00pabaThIBAEMOro Marepuajia MaKCHMaibHas TOJI[HHA
cpesa A onpenensercs: g=1-cosf , rae |=V,,, T — NepeMeLeHne

nepuepruitHoro  3JIeMEHTapHOTO  ciosi  oOpabaTeiBaeMOro  MaTepuaia B
TOPH3OHTA/ILHOM HAlpaBICHAN 3a MEPHON BPEMEHH 7 =| [V, MEK1y paboToit

JBYX COCEOHHUX 3yObeB (pesbl, M; V dem — CKODOCTb IIEPEMELICHHS ACTAIH, M/C;

L=2-7-R b | z — paccrosHue (MO OKPYXHOCTH) MEXKLY IBYMS COCEIHMMH
3y0bsMu (pessl, M; R pp — Dammyc ¢pessl, M; Z — uncno 3yobes (pessr; V op

CKOPOCTB BpalIeHUs Qpe3bl, M/C.

Pucynok 1 — PacueTnas cxema mapaMeTpoB (pe3epoBaHus MIIHHAPHYECKOH (Hpe3oii:
1 — koHTYp Ppe3sl; 2 — oOpabaTrIBaeMas neTaib

TpuronomeTpudeckyto GpyHKkiuo COS /3 MOKHO ONPENENUTh U3 YCIOBUS:

2 2
COS,B: Rdip_(Rttw _t) _ 2't'(ngp_t]y (1)
R([)p Dtﬁp
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rae {— rny6una pesanus, m; D op = 2-R pp ~ AWMAMETD (bpe3s, M.
MakcuManbHast TONIIKHA cpe3a ( ¢ yueToM 3aBucuMocTH (1) BeipakaeTcs:
2-7 V
q=2""02."0em /t.‘[)qbp_t). @)
z Vg,
Texymas TommuHa cpesa (p , ONpejenseMas yIrioMm ﬂT U TEKyLIUM

3HaYCHUEM tT (puc. 1), aHANMOTMYHO 3aBUCUMOCTH (2), aHAIUTHYCCKU

aT=2.Z7T'Vaem‘1]tT"D¢p—tT)' (3)

qup

OITMCBIBACTCA

W3 3aBucuMocTHn (3) BBITCKACT, 4YTO TCKYIlas TOJIIIMHA Cpe3a CZT BCEraa

MCHBIIIE MAaKCHUMaIbHOH TOJIIHHEI Ccpe3a ( ¥V U3MEHSETCA 110 3aKOHY:

4)

T.€. YeM MECHbIIE tT , TeM MeHbie Ay .

U3 3aBucumocTH (2) ciemyeT, 4TO MakCHMalbHas TOJIIUHA cpesa ( TeM
Gombire, ueM Oomplie riybuHa pesamms [ . Hawbonsmee 3Hauenne (1
jocruraetcs npu ycnosuu t = D op /2:

e =20 Vocn. ®)
z Vi

C y4eToM M3BECTHOTO COOTHOIEHUs \/ op =7 D op n, umeem:

Amax = : Q)

rae N —uacrora Bpauienus ¢pessl, 06./c.
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Cormacro 3aBucumoctd  (6), YMCHBIUINTH ... ~MOXKHO YBEIHYCHHEM
napametpos Z, I u ymenbienuem V,, . OT0 ykasbiBaeT Ha 3(Q(hEKTHBHOCTD

NPUMEHEHHS BHICOKOCKOPOCTHOTO (hpe3epOBaHMUSI.
Hcnone3ys 3aBUCHMOCTS (2), MOXKHO ONPEIEIUTh MaKCUMaIbHO BO3MOKHYIO
NPOU3BOJUTENLHOCT,  00pabotkn Q=B-V,, -t ¢ yderom obecnedeHns

3aJaHHON (M3 YCIOBHSA NMPOYHOCTH PEXyIed dacTu (pesbl) TOMMIUHBI cpe3a d ,

e B - mmpuHa (pesepoBanus, M. s 3Toro cuemyer 3aBHCUMOCTH (2)
Pa3pelnuTh OTHOCUTENBFHO CKOPOCTHU TIEpEMEICHHS IETAIH

v, - z-aVy, )
em

2.7+ Jt-(Dy, —t)

MakcuManbHO ~— BO3MOXKHAs — IIPOM3BOAUTENBHOCTH  00paboTku Q)

OIpPCACIIACTCA:

®)

Kak BuAHO, yBENMYHUTh MAKCHMAIBLHO BO3MOXHYIO MPOU3BOJUTEIHLHOCTh
06paboTku Q MOYHO YBEIMYCHHEM MapaMeTpOB B 2, a,\V op t.

W3 mpuBeneHnbix 3aBucuMocted (7) m (8) cimemyer, 4TO ¢ yBETHYCHHEM
IIyOMHBI pe3aHds L CKOPOCTb MepeMElICHHs eTaln Ve YMEHbBLIAETCS, a

MaKCHMAalbHO BO3MOXHAsl IPOM3BOJUTENBHOCTE 00pabotku () , Haobopor,

YBEJIMYUBACTCA B CBA3U C YBCJIUMYCHUCM [UJIMHBI YT KOHTAaKTa HHHHHI[pH‘IeCKOﬁ
(pesnl ¢ 0OpabaTeiBaeMbIM MaTepraioM. M3 3aBucuMocTH (8) Takke Cleryer, 4To
s¢pdexr ysenuuennss Q 0OyCIIOBNEH yMeHbIIEHHEM OTHOUIEHHS D op /t, Te.

a3 deKkTHBHO yMeHbIIaTh U auameTp ¢pessl D op OpHako 3TO HpUBEAET K

YMEHBLIEHUIO Yucia 3y0beB (pesbl Z, 4To, COIIACHO 3aBUCUMOCTH (8), BHI3OBET
ymenbiienne Q . Tloatomy ¢ nenblo yBenuyeHus Q 1e1eco00pa3HO yMeHbLIATH

oTHomeHue D bp [ t 3a cuer yBemmuenns roy6uns: pesanns L .

HaunGosbIuas MakcUMadbHO BO3MOYKHAs TPOM3BOAMTEIBHOCTH 0OPabOTKH
nocruraercs npu ycaosuu t = D op [2:
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Q:B-Z~a.V(M,. )

2-7
Ha HauOonbhlyro  MakCHMajbHO  BO3MOXKHYIO — IIPOM3BOIUTEIIEHOCTD
00paboTkn HE BiHAET nuamerp (pessl D op C yuerom V gp =7 D d)p-n ,

HUMECM!

_B-z:n-a-Dy,
2

B sTOM ciydae HanOosbIasi MAKCUMaIbHO BO3MOXKHAsI IIPOU3BOUTENLHOCTh
o6paboTtku Q onpenenserca u guameTpom Gpessl D oy TEM 6ombmre D gp> TM

(10)

Oompme (Q . Ilpu ¢pesepoBanuu TOpHOBOH (pe3oil CKOPOCTh HepEeMEICHHU

netamu V,,, MOKHO OMpPENENUTh, HCTONB3ys 3aBUCHUMOCTH (7), paccmarpuBast
BMecTo r1yOuubl pesanns { mmpuny gpeseposanns B:

v o raVep . (11)
oem —
2.-7-/B-(Dy, - B)

Torz[a MAaKCHUMaJIbHO BO3MOKHass MTPOU3BOAUTCIILBHOCTH O6pa6OTI(I/I Q

OTIPEJICNIUTCS 3aBUCUMOCTbIO, aHAJIOTUYHOM 3aBUCUMOCTH (8):

(12)

Hauboimpimass MakcMMalbHO BO3MOXKHAS TPOHM3BOJUTEIBHOCTH 00pabOTKH
JIOCTUTAETCs IIpU ycaoBun B =D op /2

t-z-a-Vv
Q= "%, (13)

2.
CpaBamBast 3aBucumoctu (9) u (13), HOIy4YeHHBIE NPUMEHUTEIBHO K
nporeccaM (pe3epoBaHUs MWIMHAPHYSCKOW W TOPIOBOH (pe3aMu, BHIAHO, YTO
OHH COZIEPKaT pa3HbIe MapaMeTphI B u t. Ognaxo, MTOCKOJIBKY 3aBHCHUMOCTH

MOJIyYeHbl JJIs YCIOBUH { = Dd)p /2u B= Dcﬁp /2, 10 t = B u 3navenus

HanOOJBIINX MAaKCHMAaJIbHO BO3MOJKHBIX IPOHM3BOAHUTEIBHOCTEH 00pabOTKH TIpH
(pezepoBaHUM NUIMHAPHUYECKOH U TOPIIOBOH (hpe3aMu OTMHAKOBBI.
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IIpu  ycmoBum t=D op HauOonbIIass  MaKCUMaJIbHO  BO3MOXKHAs

IPOU3BOJMTENLHOCTE 00paboTkun (Q Tpu (QpesepoBanuu TOPHOBOH (pe3oii,

ompenensgeMas 3aBucuMocThio (13), yBenmmanrcs B 2 pasa, T.e.

:t-z-a-qupl (14)

T
D710 yKka3bpIBaeT Ha BO3MOXKHOCTH JJOCTI)KEHUS 00jiee BBICOKOI MaKCHMAaJbHO
BO3MOJKHOH TIPOM3BOAMTENBHOCTH 00pabOTKH mpu (pe3epoBaHUM TOPIIOBOI

(pe3oii ¢ mmpuHOH PpezepoBanus, paBHON auameTpy Gppessl D dp
Hcxons u3 3aBucumoctu (14), ysenuuuts Q mpu ¢pesepoBaHUU TOPLOBOIH
dpesoit MoxHO yBenmuenmem mapamerpoB L, Z, d , gp > OCYWIECTBILLA

OJIHOTIPOXO/IHOE BBICOKOCKOpOCTHOE (hpesepoBanue. Hapsany c ysemuuenuem Q ,

JaHHas cxemMa (pe3epoBaHMS OOECIEYMBAaCT IEPEHOC OCHOBHOW  dacTh
o0pa3yromierocst B Ipolecce pe3aHus Tella B CHUMAEMbIi CIIOi IpHITycKa (a He B
MIOBEPXHOCTHBIM CIIOH 00pabaTeiBaeMOM JA€Taiy), YTO CHI)KAET BEPOSTHOCTH
MOSIBJICHUS TIPKOTOB M APYTHX TEMIEpaTypHBIX Ae(eKkToB Ha oOpabaThiBaeMoOn
MOBEPXHOCTH M COOTBETCTBEHHO IIOBBIIIAET KadecTBo o00paboTtku. [lpm
(dhpe3epoBaHUU MIMHIPUYCCKON (pe3oil (akTuyecku Bce oOpasymomieecs B
mpoIlecce pe3aHHs TEIIO0 YXOAWT B IIOBEPXHOCTHBIM CJIOM 00pabaThiBaeMOii
ACTaliu, YTO NOBBIMIACT BCPOATHOCTL MOABJIICHUA TEMIICPATYPHBIX ]Ie(beKTOB Ha
006pabaTbIiBaeMOii TOBEPXHOCTH U CHIDKAET KauecTBO 00paboTku. CienoBaTeNnbHO,
NMpECUMYIICCTBOM TPUMEHECHHUA CXEMbI TOPIOBOT'O (bpe3epOBaHI/Iﬂ SABIIACTCA
TOBBIIIEHHE MPOU3BOINTEIBHOCTH M KauecTBa 00pabOTKH BCIIEACTBHE CHIKCHHUS
TETJIOBOTO BO3JEHCTBHS Ha 00pabaThIBaeMyIO IIOBEPXHOCTD JAETalIH.

Hcnone3ys naHHyl0 cxeMy (pe3epoBaHHMs, MOXHO C  BBICOKUMH
MOKa3aTesIMU IPOU3BONTENBHOCTH M KauecTBa 00padaThIBaTh MIOCKOCTH, Mas3bl,
OTBEPCTHS U PA3IMYHBIE CIOXKHONPOGIIbHBIE MOBEPXHOCTH Ha cTaHKkax ¢ UIIY. B
OTIIMYHE OT CXeMBI (ppe3epoBaHms HHIMHAPUIECKOH Qpe3ol, cxema (pesepoBaHus
TopuoBOi (pe3oit obecreunBaeT (OPMUPOBAHUE pPA3IUYHBIX [0 KpPUBH3HE
OOKOBBIX MOBEPXHOCTEH MPOQuUIIsi 00padaThIBAEMOT0 HM3JENUs, YTO 3HAYUTEIHHO
pacumpsieT ee TeXHOJOTMYEeCKHEe BO3MOXKHOCTH, OCOOEHHO NpH 00paboTke Ha
crankax ¢ UYIIY Tuma «oOpabaTeiBaromuii I1eHTp». [lodToMy naHHas cxema
(hpe3epoBaHUS MOTyYNIIa IMHUPOKOE MPUMEHEHHE TIPH M3TOTOBICHUH (popMyroIeit
OCHACTKH JUISI MaKapOHHOH M KOHAMTEPCKON OTpacied MPOMBIIUICHHOCTH [6] B
000 «Mmrepus MeTasioB» (T. XapbKOB).

5. Teopernyeckuii aHAJIM3 YCJIOBHH yYMEHBIICHHS 3JHEProeMKOCTH
o0padorkn mnpu  ¢pesepoBannu. BaxHbIM  yclIOBHEM  IMOBBIIICHUS
a¢dexTuBHOCTH Tpouecca (pe3epoBaHUS TaKXKe CIeAyeT paccMaTpuBaTh
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CHIDKEHHE YCIIOBHOI'O HANpsDKEHHS pe3aHus (IHEProeMKOCTH 00padoTKH),
OIIpEeIeIIEMOT0 aHAJTUTUYECKON 3aBUCUMOCTBIO [7], MOTy4YEeHHOW NMPUMEHHUTENBEHO
K IUTA(OBaHUIO:

2-7,
o =C0Sy, -COSa - — <%, (15)
[1—sin(a +y1)]

rne T,.yg — TPENeNT NPOYHOCTH Ha CABAT 00pabaTBIBAEMOTO MarepHana, H/m?%;

wi=W+y ; W — YCIOBHbIA yrom TpeHus aOpasMBHOIO 3epHAa C

00pabaThIBaeMbIM MATEPUANOM; ) — OTpULATENbHBIH MEPEIHUHA YTOoN pexyIero

abpasuBHOTO 3epHa; (X — yron BXoja abpa3WBHOTO 3epHa B 00pabaThHIBAGMBIi
Mmarepuai.

IIpn ¢dpesepoBanuu TepesHUH yroa pexymiero nespus ¢pessl ) , Kak

IMpaBUJIO, ABJIACTCA MOJOXKUTCIIbHBIM, TOTAA YTOJI !//1 = l// - 7/ MCHbBULIC, YCM IIPpH

1IM(OBaHUH, YTO CHIKAET IHEPrOEMKOCTh 00paboTku O .

Kaxk cnenyer u3 3aBucumoctH (15), YMEHBLIIUTh SHEPrOEMKOCTh 0OPabOTKH
G MOXHO YMEHbIIEHHeM yria (f — BXOAa pexyluero Jessus ¢(pesbl B
oOpabatbiBaeMblid MaTepuan 0o 3HadeHus ¢ =0. OmHAKO 3TO OCYIIECTBHMO IPH
TOYCHUH, TIOCKOJIBKY TpH (pe3epoBaHHU BbINONHSETCS ycioBue O >0 u
COOTBETCTBEHHO YHEPrOEMKOCTb 00paboTkn O OoJblie.

‘VMeHbIICHNE yria l//l :l// —}/ TaKXKE CHOCO6CTByeT YMCHBIIICHUIO

HHEPrOeMKOCTh 00paboTKH O (Kak MpH TOYECHUH, TaK U NPHU (pe3epoBaHUm). ITO
yKa3blBaeT Ha HEOOXOJMMOCTh YBEJIMYECHHUS! MEPEIHEro yIja PeKyIIEro Je3BHs
¢Gpe3sl )/ M yMEHBIICHHMS MHTEHCHBHOCTH TPEHHMS B 30HE PE3aHHMsA 3a CUET

YMEHBIICHUST KO3(QQHUIMEHTa TPEHUS HHCTPYMEHTAIBHOTO M 00pabaThiBaeMOro
MatepuanoB. Kak H3BECTHO, HaMMEHBIIUM KOIPPHUIMEHTOM TpeHHsI 00iajaeT
anma3. [losTomy 5(h¢eKTHBHO HCMONB30BaTh ajiMa3Hble HWHCTPYMEHTBHI WU
TBEPJIOCIIIABHBIE MHCTPYMEHTBHI C aIMa3HBIMUA H3HOCOCTOMKMMU MOKPBITHSIMH.

PesynbraTel  nccrnemoBaHWM, IpHUBEICHHBIE B Hacrosimeil  pabore,
UCTIOJNIb3YIOTCS B NMPAKTUUECKON JAESATENbHOCTH INPU W3TOTOBICHUH (OPMYOLIEH
OCHACTKH I MAaKapOHHOM M KOHAUTEPCKOH oTpacieil mpomebliieHHOCTH B OAO
«mnepust MeTtamwioB» (r. XapbKoB). [IponM3BOJACTBO OCHAIEHO COBPEMEHHBIMH
BBICOKOTOYHBIMH METAJUI000pabaThIBAIONIMMK TIeHTpaMu W cTaHkamu ¢ YITY
(puc. 2). Ha puc. 3 — puc. 5 npuBeneHbl HEKOTOpPBIE 00pa3iibl M3roTaBINBaEMON
OCHACTKH, Ha pHC. 6 — puC. 8§ — CIOXHONPO(DWIBHBIE W3AEIHS Pa3IUYHOTO
Ha3HAYCHHUS.
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=
PI/IcyHOK 2- HpOI/ISBOJICTBeHHHﬁ Y4acCToK, OCHAIIlEHHBIH COBPEMECHHBIMU
BBICOKOTOYHBIMHU MeTaJ'IJ'IOOﬁpa6aTI)IBa}0HII/IMI/I LICHTpaMH1 U CTaHKaMH C qIry

PucyHok 4 — OcHacTKa JUIst IPOM3BO/ICTBA MIPSHUKOB
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Pucynok 6 — Banb! 115 mpon3BO/ICTBA TENbMEHEH 1 BApESHUKOB

Y/

Pucynok 7 — IllectepHs 1EBPOHHOTO Pucynok 8 — Kopryc pacnpenenurens
Hacoca 13 HepyKaBerollel cTamu kapGroparopa
12X18H10T
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BoiBogpl. B paboTe npHBEICHO TEOPETHYECKOE pEIIeHHWE MO
OIpE/IeTICHUI0 MaKCHMalIbHO BO3MOXKHOW IIPOM3BOJMTENILHOCTH OOpabOTKH HpHU
(pe3epoBaHUH LHMIMHIPUIECKONW U TOPLIOBOH (pe3aMu ¢ y4eTOM OrpaHHYEHUS 10
npefensHOM (M3 yclnoBMH IIPOYHOCTH (pesbl) TojiiuHe cpe3a. JlokazaHa
3¢ PEeKTUBHOCTH NPUMEHEHHsI CXEeMBbl (h)pe3epoBaHUsl TOPLOBOH (pe3oi ¢ TOYKH
3pEHHUS TOBBIMICHNS NMPOU3BOJUTEIFHOCTH M KadyecTBa 0OpabOTKM Ha CTaHKax ¢
UITY Tuma «oOpabaThIBAOMK IEHTP» IIPH H3TOTOBICHUH CIOXHOIPO(HUIHHOM
dopMmyromeil OCHACTKM JUII MakKapOHHOM W KOHIHWTEPCKOH  oTpacieit
MPOMBIIIICHHOCTH. TeopeTHIeckn 000CHOBAHBI IIPAKTUIECKUE PEKOMEHIAINH T10
CHIDKEHHUIO YHEPrOEMKOCTH 00pabOTKH, COCTOSAIINE B IPUMEHEHNH COBPEMEHHBIX
PEXKYIINX WHCTPYMEHTOB C aJIMa3HBIMHA M3HOCOCTOMKHMH IOKPBITHSIMH, KOTOPBIE
00eCIeunBalOT CHIDKEHIE HHTEHCUBHOCTHU TPECHUS B 30HC pE3aHU.

CHHCOK MCHOJIL30BAHHBIX HCTOYHHKOB: 1. FoOpos B.®. OcHoBbI Teopuu pe3anust Metaiwios/ B. @.
Fobpos. — M.: Mammsoctpoenue, 1975. — 343 c. 2. Ipanosckuu Y. Pe3anne MetaiuioB: yuyeOHUK /
I'U. I'panoeckuii, B.I'. [panosckuii. — M.: Beicuias wmkosa, 1985. — 304 c. 3. Jlonaose T.H. TIpouHOCTB
U M3HOCOCTOMKOCTP pekyiiero uuactpymenta / T.H. Jlonadze. — M.: MammHoctpoenue, 1982. — 320 c.
4. @usuko-mMaTeMaTHUeCcKas TEOpUs IPOIECCOB  OOpabOTKM  MaTepuaioB ¥ TEXHOJIOTHH
MmammHocTpoeHus / Ilox obmelt pemaxumeit @. B. Hosuxoéa u A. B. Axumosa. B pecatn tomax. —
Opecca : OHITY, 2003. — T. 3. “Pe3anue MaTepualioB JIE3BUHHBIMM HHCTpyMeHTamu”. — 546 c.
5. Ionanckuii B. M. YcnoBus NOBBIIECHNUS 3()(EKTHBHOCTH BBICOKOCKOPOCTHOTO (ppe3epoBaHus Ha
OCHOBE CHIDKCHHUSI JHEProeMKoCTH o0pabotku / B. M. [lonancxuii // HaniliHicTh 1HCTpyMEHTY Ta
ONTHUMI3allisi TEXHOJIOTIYHUX CHCTeM. 30ipHHUK HayKoBUX mparb. — Kpamatopesk, 2017. — Boim. Ne4l. —
C. 18-24. 6. Ionsnckuii B.A. OO0 “Hmuepust Mertamwios” /| B.U. Ionsnckuii I/ ®usuueckue u
KOMIIBIOTEpHBIE TEXHOJOIHU: TPYABl 16-i MexayHap. Hayd.-TexH. KoH}., 15-16 centsops 2010, r.
XapbkoB. — XappkoB: XHIIK “®3/1”. — 2010. — C. 156-160. 7. HosikoB ®. B. OcHOBH CTPYMHHHO-
abpasuBHOI 00poOKH npibHUX netaneii : monorpadis / @. B. Hosikos, O. O. Auninaxait. — X. : Bun.
XHEY, 2014. —348 c.
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B.M. Turapes, kana. TexH. Hayk, B.M. ToHkoHOTUH, 1-p TEXH. HAYK,
B.O. Baiicman, 1-p TexH. HayK, }0.1.babiu, kaH7. TeXH. HAYK,
B.1.Caniit, Oneca, Ykpaina

PO3POBKA TEXHOJIOI'TI TA IMMOPIBHSIJIBHUI AHAJII3 CTBOPEHHSI
TPUBUMIPHUX MOJEJIEU B CEPEJJOBHUIII CYYACHHUX CAIIP 3
YPAXYBAHHSAM ITPOLHECIB ®OPMOYTBOPEHHSA PI3AHHAM

Poszensinymo mexnonoeito cmeopenns mpusumipnoi mooeni demani muny Kopnyc ¢ cunxponnomy
cepedosuwji npoekmysanis cyyacnoi CAIIP Solid Edge. [{oknaono nagedeno ocobausicms cmeopeHHs
ma peoacyeanHs mpusumipHoi moodeni Oemani ma ii eleMeHmie 3 YpPAXy8aHHsIM 0coOIUsocmell
mexHon02iuHUX npoyecie popmoymeopens pizanuam. Ilposedeno nopieHAnbHUIL aHATi3 NPOEKMYBAHHS
Y CUHXPOHHOMY Ma NAPAMempPULHOMY CEpe00SUWax 3 NOACHEHHAM nepesas ma HeooniKis.

Paccmompena mexnono2usi co30anus mpexmepHot mooenu demanu muna Kopnyc 6 cunxponHou
cpede npoexmuposanusn cogpementol CAIIP Solid Edge. Iloopo6Ho u3noscenvt ocobennocmu
CO30aHUA U PeOAKMUPOBAHUA MPEXMEPHOL MOOENU OeMAal U ee 31eMeHmo8 C y4emom 0cobenHocmell
MexHoIo2UYecKux npoyeccos Gopmoobpasoeanus pesanuem. Illposeden cpasHumenvHolil aHaius
NPOEKMUPOBAHUs 6 CUHXPOHHOU U NAPAMEMPUYECKOl Cpedax ¢ NOACHEHUeM NpeumMyuwjecms u
HeooCmamkKos.

The technology of creating a three-dimensional model details the type of housing in the
synchronous design environment of modern CAD Solid Edge. The features of creating and editing a
three-dimensional model of the part and its elements are given in detail, taking into account the features
of technological processes of forming cutting. A comparative analysis of the design in synchronous and
parametric environments with an explanation of the advantages and disadvantages.

Beryn. CkopoyeHHS TEpMiHIB IIPOEKTYBaHHS 1 BHIOTOBJIEHHS HOBOTO
o0naiHaHHs, BIPOBAHKEHHS HOTO Y BUPOOHHUIITBO 3a0€3MeUy€EThCs 3aCTOCYBAaHHIM
komiutekciB CAD / CAM / CAE / PDM-cucremu. Okpemi MOAyJii IMX CHCTEM B
paMKax OJHOTO MiJANPUEMCTBA JO3BOJIAIOTH 3IIHCHIOBATH YIPABIIHHS MPOEKTOM
(PDM-cuctemu), iHXKeHEpHI pPO3paxyHKH, aHAJi3, MOJCTIOBAHHS Ta ONTHMI3aIIii0
npoekTHHX pimeHs (CAE-cucremu), ABO- 1 TpHUBUMIipHE MIPOEKTYBAaHHS JAeTaneH i
ckiraganeHuxX onuHUNb (CAD-cuctemu), po3poOKa TEXHOJOTIYHHUX TIPOIECIB,
CHHTE3 KepylUHX TMporpaMm mais TexHojoriguHoro oOmamHanas 3 YIIK,
MOJICITIFOBAHHSI ITPOIIECiB 0OPOOKH, B TOMY YHCHi M0OYyI0Ba TPAEKTOPIH BiZIHOCHOTO
pyXy iHCTpyMeHTa i 3aTOTOBKH B IIPOILIEC MEXaHIYHOT 00POOKH, PO3paxyHOK HOPM
yacy 06pobku (CAM-cuctemn). [1]

B pamxax mepemoBMX KOHLENIIH MIATPHAMKH >XHUTTEBOTO IUKIY BHPOOY
3D-MozentoBaH sl 3aJMIIAETBCS [EHTPAIBHOIO CKIIAZO0BOI0 BCHOIO MPOLECY
poboTr 3 BHUPOOOM, 3a JOMOMOIOI0 SKOTO 1H)KEHEP-KOHCTPYKTOP CTBOPIOE

© B.M. Tuzapee, B.M. Toukonozuii, B.O. Baiicman, O.1.baéiu, B.1.Caniii, 2019
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3D-mozmeni  gmeranmeid 1 CKIAAa’JbHUX  OJMHHUIB, a TAaKOXX  KOMIUIEKT
KOHCTPYKTOPCBKOI JIOKyMeHTalii. B yMoBax aKTUBHOTO BIPOBAKEHHS B
KOHCTPYKTOPCBbKY TpakTuKy cy4dacHux CAIIP, mnepexomy mianmpueMcTB Ha
CJIEKTPOHHHI JIOKYMEHTOOOIT, a TaKoX MOSBU CTaHIAPTy Ha €JIEKTPOHHY MOJIEIb
BUPOOY, CTa€ OYCBUIHOK BAXKIUBICTH MIATOTOBKU MOJIOAUX (DaxiBIiB B 0ONACTI
CAIIP [2].
IocTtanoBka 3aBaaHHs. CydacHI KOMIT'IOTEpHI TEXHOJOTii MpPH HpPOCKTYBaHHI
MaIPHOOYIIBHOTO BUPOOY JO3BOJISIOTE:
®  CKOpDOTHTH BHUTPATH 4acy;

T ABHUIUTH TOYHICTH Ta SKiCTh 00pOOIEHNX OBEPXOHB;

CTBOPUTH IAPAMETPUIHY KOMIT IOTEPHY MOJEIb;

MO/ICIIIOBATH OY/b-SIKUI TEXHOJIOTIYHUN TIpoliec MexaHiqHOT 00poOKH;

MIPOBECTH aHaNi3 TEPMIUYHHUX Ta MEXaHIYHUX HABAHTAXKCHb.
[MpoekryBanusa nerani mMoxuBo B pisHux CAD cucremax, B miii poGori
Oyno pO3pOOJICHO TEXHOJIOTIIO CTBOPEHHS TPHUBHUMIPHOT MOJETI JeTami B
cunxponHomy cepemosuiyi CAITP Siemens Solid Edge. dana cuctema H03BOIISE
CTBOPUTH TapaMeTpHUYHy MOAENb 00’€KTa, SKa B TOH K€ 4Yac JIETKO Ta T'HYYKO
3MIHIOETBCSL 332 JIOTIOMOTOI0 Kepyrounx po3MmipiB Ta TexHoiorii «[loBeminka
reoMeTpii». [lapameTpm3zamis m03BOJISE UITKO BiJCTIIKOBYBaTH pO3MIpH Ta
MIPOBOIUTH aHaii3 cTBopeHoi mozaeni B CAM cucremax. HaifBa)KuBIIIow MeTOrO
MPOEKTYBAaHHS MAIIWHOOYIIBHOTO BHPOOY MOBHHHO OyTH 3a0e3IeYeHHST BHCOKOL
TOYHOCTI Ta SKOCTI TOBEPXOHb, fAKI MIIATAIOTH MEXaHiuHili 00poOIi
(bpesepyBanHsi, CBEpAIIHHS, TOYIHHS TOIIO), a BXKE IOTIM CKOPOYCHHS
BUTPAYeHOro 4Yacy If0 o00poOky. Omxe, Juisi MiABUIIEHHS e()EeKTUBHOCTI
BUPOOHHUIITBA HEOOXIHO TPOBECTH CHMYJIAIIO TEXHOJOTIYHOTO TMPOLECY
MeXaHI4HOT OOpPOOKH CTBOPEHOI MOJENi Ta BH3HAYUTH ONTHUMAIbHI PEKUMU
00pOOKH Ta TX MOCIIOBHICTb.

Mertoro maHOi poOOTH € PO3MIIS] TEXHOJIOTIi Ta MOPIBHIBHHIA aHasi3
CTBOPEHHS TPHMBHUMIPHOI MOJENi JeTaji B CHHXPOHHOMY Ta IapaMeTpHYHOMY
CepelOBUINI 3 YpaxyBaHHAM YCiX OCOOJIMBOCTEH TEXHOJIOTIYHHX IMIPOIIECIB
MeXaHI9HOT 00POOKH MOBEPXOHb JIETAIII.

Pe3yabTaTi gocaigxkeHHs.

MexaniuHa 00poOKa MarTepiaiiB B Cy4aCHOMY MAaIIMHOOYJIBHOMY KOMIDIEKCI
€ OJIHAM 3 OCHOBHHUX METOJIB JJis 3a0e3MmeueHHs] KOHKPETHUX BUMOT J0 TOYHOCTI i
AKOCTI OOpOoONeHMX TMOBEpXOHb. bimbmIicTe geTaneil  MamMHOOYZyBaHHS
CTBOPIOIOTBCA 32 JOIOMOTOI0 TaKWX TEXHOJNOTIYHUX IIPOIECiB MeXaHIdHOi
00poOKwH, K CBepITiHHA, (hpe3epyBaHHs, TOUiHHS, 36HKyBaHHS TOIIIO.

IIpn mnpoektyBamHi [neTami OyJo BpaxoBaHO OCOOIMBOCTI 0OPOOKH
MIOBEPXOHb, SIKi OOpPOOIIOIOTHCA CBEpIUIIHHAM, TOMY IO BOHH IOBHHHI OyTH
NEePIEeHANKYISIPHUMHU /10 OCi OTBOpY. B iHIIOMY BHIaIKy MOXIIMBA IOJIOMKa
cBepuia. J{ist mporo Oyino mependadeHo creliaibHi TUTOIUHY, MepIeHIUKYIISIPHI
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oci oTBopy. TakoX BHCOKOTOYHI OTBOpU Oa’kaHO BUKOHYBAaTH HACKPI3HUMH, a HE
rryxumu [2].

CeepaninHsa 3a0e3neuye IIOPCTKICTh moepxHi Ra = 10...20 mxm. [lns
OTPUMaHHS OTBOPIB OUIBII BHUCOKOI TOYHOCTI BUKOHYIOTh 3C€HKYBaHHS 1
posropranssi [2].

O®pesepyBaHHIM Oyzne OOpOOJICHO IUIOCKUX JNiHIHYATHX HMOBEPXOHB JAETall
0araToNe30BUMH  PUKYYHM IHCTPYMEHTAMH - LWTHIAPUYHAMH 1 TOPLEBUMH
(pesamu. Y 3B'SI3Ky 3 UM PO3PI3HAIOTh MIIHAPUIHE a00 TOpIeBe (pe3epyBaHHS.
TonoBHUM pyxoM Tpu Qpe3epyBaHHI € 0OepTaHHSA (pe3n, a INOMOMDKHHM -
MOCTyMajJbHE TEPEMIMICHHS 3aroToBKH. Dpe3epyBaHHA IOBEPXHI IIHPOKO
BUKOPDHCTOBYETBCS JJISI CTBOPEHHS KOPIYCIiB, BaXENiB, IUIAHOK, KPHIIOK,
KPOHIUTEHHIB, IPHYOMY SIK TPOCTOI, Tak i CKJIaJHOi KoHpirypauii. Kpim Toro, Ha
HHUX MOKHa 00pOOJISITH KOHTYPH, L0 MalOTh AyKe CKIaany dopmy [2].

[TpoekTyBaHHsA Cy4acHHX BUPOOIB MAalIMHOOYIyBaHHS BaKKO YSIBHTH 0Oe3
yuacti CAIIP, mo peanizyors 3D-MonentoBanHs 00'ekTiB. [CHy€e ABa NPUHLIUIIOBO
pi3HMX Tigxomu Ao mpouecy 3D-mpoekTyBaHHS — e MapaMeTpUYHe Ta MpsiMe
MPOEKTYBaHHI.

[TapamerpudHe IPOEKTYBaHHS I'PYHTYETHCS Ha TapaMeTpax KOHCTPYKTHBHUX
€JIEMEHTIB TeoMeTpil MoAemi Ta 3B’S3KiB MK UMM MapaMeTpaMu. 3B’S3KH MiX
KOHCTPYKTUBHUMH €JIEMCHTAMH MOJIENi 1€papXiqHO OpPTraHi3OBYEThCS y BHUTILAMI
JMHIHHOTO NepeBa, M0 BiIoOpaXkae MOCHITOBHICTH ii MOOYIOBH Ta 3B'SI3KY THILY
«baTpKo-Hamamok» [2,3]. IlepeBaroro € mepenadadyBaHiCTh MOBEIIHKH MOJEII IIPH
3MiHi ii mapamerpiB. Ane € 1 CyTT€BI HENONIKHM: B CKIQJHHX MOJEISX TaKy
nepen0avyBaHIiCTh MOXHA 3a0€3MeYTH, JIMIIE PETEIbHO MPOJAyMaBIINd CTPATErito
ii moOymoBu. A mnpu HEOOXINHOCTI BHECTM HaWMEHINI 3MiHM, SIKI MOXYTh
MPU3BECTH JI0 MOPYIIEHHS 3B'A3KIB Ta i€papxil KOHCTPYKTHBHUX €JIEMEHTIB, 1, SIK
HACIIII0K, 10 Kpaxy MOJETI.

OzHOYACHO 3 MapaMeTPUYHHM MPOEKTYBaHHSM PO3BHBABCS IiJXiJ MPSIMOTO
MonemoBaHHs (0e3 gmepeBa TOOYAOBM Ta  KOPCTKHX  3B’SI3KIB MK
KOHCTPYKTUBHMMH €JIEMEHTaMH). 3Ha4yHA IlepeBara MHojsirae, mepum 3a Bce, Y
BHCOKIH THYYKOCTI MIPOCKTYBaHHS 1 IIBUJKOMY BHECEHI 3MiH y TeoMeTpiro[2]. Ane
€ 1 psi OYeBUIHAX HEJOTIKIB: TPYIHOMI 3 TOOYIOBOIO CKIATHAX KOHCTPYKTHBHUX
€JIEMEHTIB, CKJaJHO KOHTPOJIOBATH PO3MIPH 1 BHOCHTH 3MiHH, SKi IIOPYIIYIOTH
CTPYKTYpPHY LLTICHICTH MOJETI.

BpaxoByroun 3a3HaueHi HEIONIKHM 000X TMiAXOIIB 3’SIBHJIACH HEOOXiTHICTH
MIOIIYKY adbTePHATUBHUX PIllIeHb, 3MATHUX OO0'€THATH TEepeBaru i Mo MOXKIUBOCTI
BUKIJIIOUNTH Henodiku. OIHUM 3 KaHIUIATIB Ha TaKe PIIIeHHs CTajJo BapiaiiifHe
MOJICTIFOBaHHS, B paMKax SKOTO KOHCTPYKTHBHHMH  €JIEMEHT  3a/a€ThCs
MPOCTOPOBHMH BiJJHOCHHAMH MIiX TPAaHUYHHMH €JIEMEHTaMH, IO BU3HAYAIOTh
Horo KOHCTpYyKTHUBHY ¢opMy. J[lo meBHOro dYacy momiOHI  pilIeHHS
3aCTOCOBYBAINCS BUKIIIOYHO st 2D-eckizy 1 moOynoBu 3B'SI3KIB «3BEpXy BHH3»
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JUISL CKJIQJJIHUX BY3IIB, SIKI HE OXOIUIIOBAJIM TPUBHMIPHOTO MOJEITIOBAHHS.
Cutyanisi 3MiHWJIACh 3 TIOSIBOI0 CHMHXPOHHOI TEXHOJIOTII, SIKa 3MOTIJa MOLIMPHUTH
BapilalliiHUI MigXiJ M0 MOJCIIOBAHHS HAa BECh JIAHIFOKOK TPOCKTYBaHHS
BUpo0y.[5]

Bnepiue TepMiH «CHHXpPOHHA TEXHOJOTis»» Oyyio BukopuctaHo B 2008 poui
KoMraHi€ero-po3podaukom Siemens PLM Software — B skocTi HaliMeHyBaHHS
3alPOTIOHOBAHOTO  PINMIEHHS, 1IN0 JO3BOJISIE IIOETHATH CYBOPE YIPaBIiHHA
MPOIIECOM TIPOeKTyBaHHS 3 ictopieto Moxem (history — based) 1 iioro
BIITBOPIOBAHICTh 3 Ti€I0 CBOOOMOI0 i THYYKICTIO IJIsI MPOEKTYBAIbHHKA, SIKY
HaJaloTh CHCTEMHM IIPSIMOTO MOJETIOBaHHSI. TOOTO CHHXpPOHHA TEXHOJIOTIS
JIO3BOJISIE 3MIHIOBATH (YHKIIIOHAJN TIPSMOTO MOJETIOBAaHHS Oe3MOCepeaHbo B
napaMeTPUYHOMY CepeOoBHII. LIS TEXHONOTIS AKICHO 3MiHMJIA MPOAYKT KOMIaHI{
Siemens PLM Software i 10 IbpOro [gHA 3alUIIA€THCS OCHOBHUM 3aCO00M
iIBHUIICHHS IBUAKOCTI 1 3pyYHOCTI IPOeKTyBaHHs [2,4].

TexHoorist CTBOPEHHSI TPUBUMIPHOI MO/IENI B CHHXPOHHOMY CEpEIOBHILI
CAIIP Solid Edge

Hamu po3po0ieHO anropuTMH CTBOPEHHS TPHBHUMIPHOI Mojeni jaeTtaii B
cuaxpoHHomy (Pucynok 1)[4] Ta mapameTpudHOMY CEpeIOBHIIIL.

BukopHucTOBY[OUM 3alpONOHOBAaHMN QJITOPUTM CTBOPEHHS TPHBHMIPHOI
MoJeni netaiai B CHHXpoHHOMY cepemosumli (Pucynokx 1) Oynmo po3poOieHo
TEXHOJIOTiI0 CTBOPEHHS TPUBUMIipHOI Mozeni feTaii tumy «Kopiycy.

1. PesynpTar mepmioro eramy IyXe BajKIMBHH, TOMY IO BiJ HPaBHIBHOTO
(hopMyIrOBaHHS 3aBJIaHHS 1 JIOCTaTHBOI KINBKOCTI 310paHoi iHpopMallii 3a1exuTh
KiHIIEBUI pe3ynbTar podoTH. Y mpoleci HOro BUKOHAHHsS HEOOXiJHO BU3HAYMTH,
1110 € 00'€KTOM MOJICTIOBAaHHSI, BUSIBUTH TEXHIYHE TIPU3HAYEHHs BUPOOy B LIIOMY i
OKpeMuX ioro enemeHTiB. Ha OCHOBI IHMX JaHUX BH3HAYAIOTHCS BHMOTH JIO
KIHIIEBOTO pe3yibTaTy. Bu3HauMBIIM TeXHIYHE 3aBJAHHS, HEOOXIIHO MPHUCTYITUTH
0 300py iH(dopMaIlii mpo 00'€KT, M0 SKOi MOXKYTh BXOAMTH KOHCTPYKTOPCHKO-
texHonoriuHi cnenugikarnii (KTC), eckizu, cxemu, [OCTu Tormmo.

2. BuBumBmIM TexHIYHE 3aBHaHHA Ta iH(opMalifo Tpo 00'ekT, poOHMO
MoBHUHM aHami3 Qopmm nerami. BusHauaemMo HOro OKpeMi €IeMEHTH s
JeTaiizarii Ta MoJaabIIoro IIaHyBaHHS MPOLecy CTBOPSHHS TPUBHUMIPHOI MOei
eTaii.

3. Ha nacTymHOMy erami MM NEepexXoJuMO JIO IPOLECY IPOEKTYBAaHHS,
Oymyemo 2D-ecki3 eneMeHTy eTaji 6e3MmocepeHb0 Y CepeJOBHUINI TPUBUMIPHOTO
MmozemoBanHs (PucyHok 2). Lleit mpuHIIMIIOBO HOBHUI MiaXix OyJI0o peani3oBaHO y
CHHXPOHHIM TexHojorii kommnaniero Siemens PLM Software. 3amaemo Ha 2D-
eckizi kepyroui posmipu (PucyHok 2), ski mpm BukopucTaHHI (yHKOH 3D-
MOJICJTIOBaHHS ~ MIIPyIOTh B CTBOpeHy 3D-moznens i craroTe kepyrounmu 3D-
po3mipamu. BUKOPHCTOBYIOUH X MOKIJIMBO TWHAMIYHO KepyBaTH reomerpieio 3D-
MoJeni, Olble He 3BepTarouuch 10 2D-ecki3y, SKuil BXKe MepeiIIoB B KaTeropito
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BUKOpHCTaHUX. Lle 103BOJIsIE EKOHOMUTH Yac Ha MepexoJii B OKpeMe CEepPeJOBUIIE
peaaryBaHHs €CKi3y, sK 1ie peanizoBaHo B mapamerpudaux CAD [4,6].

C IMouaTok Moje0BaHHs 00'€KTa )

Texuiune 3aBIaHHsA

Buznauaemo ejieMeHTH 00'€KTA,
110 MOJETIOEThCS » VIS leTalizanii

1

CrBoproemo 2D-ecki3 npsiMo B cepeoBHILi
TPHBHMIPHOI0 MOJIETIOBAHHS

Hanocumo kepyroui po3mipn
(MOAJIMBO HAHOCHTH, SIK Ha eTani 2D-ecki3y,
TaK i 6e3nocepeHbo Ha 3D-Mozen)

CTBOpPIOEMO TPHBHMIPHHI eJIeMeHT MojeTi
HA OCHOBi CTBOPEHHOTIO0 €CKi3y,
BHKOpHCTOBYI0YH pynkuii 3D-mone/oBanns
1

CrBopenmii ejieMen
BiAnoBiac
napamerpam T3

00'eKT

PesaryeMo 06'€KT 32 10110MOI010 KepyIouHx
po3mipiB Ta TexnoJorii "IoBexinka reomerpii'

Heo0xinno eckis
JUIS1 3aBepLIeHHS
CTBOPEHHSs Tijia Mojesi

Tak

76



ISSN 2078-7405. Peszanue u uncmpymenm 6 mexuonozudeckux cucmemax, 2019, evtnyck 90

Heoo0xiano cTBopTH
NpoLeIyPHi eJleMeHTH
(0TBip, MacHB...

Hi

Croproemo I1E 3a gonomoroso aiasiorosoro Bikna,
B sIKe BBOJMMO i{0ro napamMeTpH

| -

Cumy.asinisi TeXHOJIOTiYHHX NpoueciB
¢opmoyTBOpeHHs AeTai

CTBOPIOEMO NMOTPIOHY KOHCTPYKTOPCHKY
JOKYMeHail0

PMBHMIpHA MoJIeJIb 00'€KTY
3 HeOOXIIHOK0 IOKYMEHTAII€10,

Kineub mozenioBanus 06'ekty

Pucynok 1 — AIroput™ CTBOPEHHS TPUBUMIPHOI MOJEINI A€Talli Y CHHXPOHHOMY
cepenouiii CAIIP Solid Edge

4. Ha ocHOBi CTBOPEHOTO paHilIe €cKi3y CTBOPIOEMO TPUBHMIPHHHA €IEMEHT
JleTali, BUKOpUCTOBYOuM (yHKmiid 3D-monentoBaHHs, Taki sk BumaBiaroBaHHS,
OO6epranns, BuaasmoBaHHs Mo CiyHUX TUIOMKMHAX, CTiHKA TOMIO.

5.Pemaryemo  Ta  n00ynoByeMO ~ HEOOXiHI  €NEMEHTH  MoJeli
BUKOPHCTOBYI0UH Kepyroui 3D-po3mipu i TexHomnorio «[loBeainka reomeTpiin».

CuHXpOHHI JeTasli BiJIOBiAIOTH BCIM BHMOTaM IapaMETPUYHOI MOEII.
Jerani ynpaBistoTbcs po3MipaMH i TeOMETPUYHUMH 3B'I3KaMH, 1 pO3MipH MOXYTb
YIPaBISITUCS SIK 3HAYSHHSIMH, TaK 1 pIBHAHHIMHU.
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120

7 .~ 46— 40 ]

L ¢ 18 @424 @ 38

Pucynok 2 — CtBopenHst 2D-ecki3iB 6e3mocepeIHbO Y CepeAOBHIII
TPUBHMIPHOTO MOJICITIOBAHHS

3a momomororo kKepyrounx 3D-po3mipiB i TeoMeTpHUYHHX 3B'A3KiB Mik 3D-
00'eKTaMH B CHHXPOHHIH TEXHOJIOTIi peani30BaHO TOYHHN KOHTPOIb TEOMETpii

(Pucynok 3, PucyHnok 4)[7]. st {boro BUKOPUCTOBYETHCS YHIKAJIbHA TEXHOJIOTIsS

«IloBeminka TeomeTpii», sKa aHamizye TmoBepxHi 3D-momemi, 1m0 SAKHX

3aCTOCOBYETHCSI OIEpallisi pelaryBaHHs, BOHA aBTOMAaTHYHO PO3Mi3HAE 1 BU3HAYAE
MOXIIMBI T€OMETPHYHI 3B'SI3KM, Ta 30epirae ix B Mpoleci peaaryBaHHs, HaBiTh
SKIIO MOJIeNb iMnopToBaHa 3 iHmoi CAD cucremu.

e B @
.......... Design Intent
— - Symmetric
7 Concentric
Offset

[7] Aligned Holes
[ Coplanar
Advanced...

Hide details [ |

PucyHok 3 — PenaryBaHHs KOHCTPYKTHBHOTO €IEMEHTY 3a JOIIOMOT'OI0 KEPYIOUOT0 pO3Mipy.
Kepytoui 3D-po3mipu (A) Ta moBeainka reomerpii (B)
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18 ¢ 24 ¢ 38

Pucynok 4 — Pe3ynbTaT pegaryBaHHsl KOHCTPYKTHBHOTO €I€MEHTY
3a JIOMOMOT 010 KEPYI0UOTo po3Mipy

B Solid Edge Takox peanizoBaHa MOXJIHMBICTH BUKOPHCTOBYBAaTH PiBHSIHHS
JUISl YIpaBJIiHHS po3MipaMu 3a jgomnomoroto Tabmumi 3minHMX (PucyHok 5).
Tabnuus npu3HaueHa IUisi BBEACHHSA PIiBHAHB 1 NepeliMEHyBaHHS 3MiHHHX IS
MOJANBIIOTO iX BUKOPUCTAHHS MPOCKTYBaIbHUKOM. Lle omHa 3 Oe3miui QyHKIIH,
sIKa OpPiEHTOBAHA Ha MiJABUIICHHS IPOIYKTHBHOCTI [8].

Part2:Variable Table @

distance - Hel
Type Name Value Rule Formula Range Expose Exposed.. Comment e
D.. Width 4500in Formula = Length/2+5 W width
D.. HoleDepth 2550in Formula = Height 75 W' HoleDe..
D. TopWidth 4.000in I r
D.. HolePos 2000in Formula = TopWidth /2 ¥ HolePos
D. Length 2000 in ) r =
D.. Height 3.400 in r
D. StepHeight  1950in Formula = Height /2+.25 T sephei.
D.. HoleDia 1.000in @ r
Va. PhysicalProp.. 0000 lbm/in®2  Limit [0.000 bmfin.. ¥ Density -
Va. PhysicalProp.. 0990 Limit 0.000:1.000] b Accuracy

< i v

Pucynok 5 — Tabnuus 3minnux B Solid Edge

TexHosorist aBBTOMaTHYHOTO TONIYKY Ta MiATPUMAaHHS 3B's13KiB y 3D-moneni (
«IloBeniHKa reoMeTpii») € OJHIEI0 3 OCHOB CHHXPOHHOrO MojenoBaHHs [9], y
ToMy u9HcHi, npu immopti reomerpii 3 iHmoi CAD cucremu. B mporeci
MIPOEKTYBaHHS HE TMOTPiOHO 3amaBaTH TEOMETPHYHI 3B'SI3KM BPYYHY — CHCTEMa
cama BHKOHYE iX IOIIYK 1 BIICTeKEHHS. 32 3aMOBUYYBAHHAM MiATPUMYETHCS TONIYK
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1 BIICTEXCHHS TAaKUX 3B’SI3KIiB, K TOPU30HTAJIbHICTH/BEPTUKAIBHICTb, CUMETDIs,
KOIUIAHAPHICTh, JOTHYHICTh, KOHIIEHTPUYHICTH Ta 1H.

JlaHa TeXHOJIOTisl AO3BOJISIE aBTOMATHYHO MIATPHUMYBAaTH KOHCTPYKTOPCHKHI
3aayM, 0e3 3aCTOCYBaHHs J0 MOJEN OUEBHIHHX T'€OMETPUUYHHMX OOMexeHb[2,4].
Hanpuknan, cumerpis rpaHeil BigHOCHO 0a30BOi mionmHu XZ mpu oOepTaHHI
OJIIHi€T 3 HUX 3a JOTIOMOTOI0 PyJIbOBOTO Koineca (PucyHok 6, PucyHok 7).

[Ticns Toro sik 6yII0 CTBOPEHO BCi €IEMEHTH MOJEII, SKi MOYKIIBO CTBOPUTH
3a JIOTIOMOTOIO eCKi3iB Ta KoMOiHOBaHOi poboTH 3 kKepyrounmu 3D-po3mipamu Ta
texHomoriero «[loBenminka TeoMmeTpii», MepexoaMMO Ha HACTYIMHHHA eran
MIPOCKTYBaHHS.

i

B E L=

-

Pucynox 6 — ABromatnuHe BinctexxeHHs 3D-3B'13KiB pH 3MiHI TeoMeTpii MoJieri y
CHHXPOHHOMY CEpEeIOBHIII

Pucynox 7 — I1pu 3miHi TeomeTpii Moemi 10 yBaru 6epyThes TUIBKH Ti 3B’ SI3KH, SKi
6e3mocepeIHbO 3a/isHI B 3MIHEHUX KOHCTPYKTHBHHX €JIEMEHTax
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6. CTBOpIoEMO HEOOXiJHI KOHCTPYKTHBHI €leMEeHTH (OTBOpH, MAaCHBH,
CHPSDKEHHS, TOHKOCTIHHI OOOJIOHKM — TaK 3BaHi HPOLEIYPHI EIEMEHTH) IpsMO B
3D-mpocTopi 3a JOMOMOTO0 JIiaJIOTOBOTO MPOIECy 3aBIaHHs mapaMmeTpiB [7], a He
npsSMOTO  MoAeNioBaHHA. Hampukian, s CTBOpPEHHS Ppi3b0OBOTO  OTBOPY
3aJal0ThCsSl MOTO THII, pO3Mip, HasBHICTH (packu Ta po3ramryBaHHs. [Ipu mpomy
OTpHMaHI €JEMEHTH HE 3B'A3YIOTBCS ONWUH 3 OJHHM BIIHOCHHAMH «0aThKO-
HAI[aJI0K», TOMY iX pefaryBaHHS HE BeZle 10 mepeOyI0BH BCiel MOJIENi, a JIUIIe 10
JIOKaJIbHOTO OHOBJICHHSI.

" % Kopnyc TexHonormaz.par
=1 [ F*3 pran
% [ [, Dimensions
[ 5 Base
[#=] Material (None)
# [ [E] Base Reference Planes
£2 L, Design Bodies
= Synchronous
# [ [5] Reference Planes
= & Features
(5 Protrusion 4
Protrusion 2
Protrusion 3
+ Hole 3
Protrusion 5
+ Hole 4
Protrusion 6

| Round 2
| Round 3
| Round 5
| Round &
| Round 7

# [ @ Live Sections

+ [#] 4 Sketches

=+ 4 Used Sketches

[

Pucynok 8 — HasiraTop Mozedni, sika CTBOpeHa BHKIIIOYHO B CHHXPOHHOMY CEpEIOBHIII

Y Solid Edge 3 CHHXpOHHOIO TEXHOJIOTI€I0 KOHCTPYKTHBHI CIIEMCHTH €
He3aIe)XHUMH 1 30epiraroTeCst He B JepeBi Mojeni, a B Hairatopi (PucyHok 8).
OTxe, iCHy€ MOXJIMBICTH 3MIHM IOCITIJJOBHOCTI KOHCTPYKTHBHUX €JIEMEHTIB,
nepeMillleHHss  rpaHed, 3MiHM 3HaueHb 3D-po3MmipiB  0e3  HOpyIIeHHs
KOHCTPYKTOPCBKOTO 3a/iyMy Mojeii. Te 110 Npu nepepaxyHKy MOJelNi 10 yBaru
OepyThCs HE BCi PUCYTHI B Hili 0OMeXeHHS Ta 3B's3ku (PucyHOK 7), a TUIBKH Ti 3
HUX, sIKi Oe3rmocepeqHbO 3alisHi B 3MIHEHHX KOHCTPYKTHBHHX €JIEMEHTax, IO
ICTOTHO CKOPOYY€ Yac ITOHOBJICHHS MOJIEIII.

7. CuMyIsList TEXHOJIOTTYHHX MpoLeciB (POPMOYTBOPEHHS AETalll.

Komn'rotepHi iMiTariiiHi MoeNi TO3BOJSIOTh ONEPATHBHO JOCIIIKYBAaTH Ta
miIoMpaTH ONTHMalbHI PEXUMH 1 MapaMeTpd TEXHOJOTIYHOTO IpOLecy, II0
3HAYHO MiABHUIIYE ePEeKTHBHICTh, TOYHICTH i sKicTh BHpoOHHITBa [1]. CHucTemn
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MOJICTIFOBaHHsI TEXHOJOTIYHUX IIPOLIECIB, NMpHU3HAUCHI JUIsi aHaJi3y HOBEAIHKU
TPUBUMIPHOI JleTalli MNpH PI3HUX TEXHOJOTIYHUX THpouecax (CBEepUIiHHSA,
(pesepyBanHs, ToUiHHA TOmIO). Lle Hamae BaknMMBY iH(pOpPMAIi0 PO MOBEIIHKY
MaTepially 1 pO3MOALT TeMmIeparyp Wi dac mporecy aedopmariii y BHIIISAAL
ONTHMI30BaHOI KIHLIEBO-EJIEMEHTHOI CITKH, 3TyIIaloud ii B HAHOLIbII KPUTUYHUX
30Hax. I[CHye MOXJMBiCTH BHOOpY HEOOXIZHUX PIDKYYMX IHCTPYMEHTIB Ta
MIOCIITOBHICTh TEXHOJIOTIYHUHN il IpH BUTOTOBJICHHI AeTami. Takoxk peanizoBaHO
MOJKJIMBICTh HE TUIBKH NOOYJyBaTH TPAEKTOPI0 BIIHOCHOTO PyXy PILKYYOro
IHCTPYMEHTa Ta 3arOTOBKH B MPOIECI MEXaHIYHOI O0OpOoOKH, a i po3paxyBaTH
HopMmu dacy 06po6ku.[10] CydwacHi TexHONOTIi HE TIIBKH CIPOILYIOTH POOOTY
IHKEHEPY-KOHCTPYKTOPY, @ ¥ 3HAYHO 3HIDKYIOTH COOiBapTICTh BHPOOHHIITBA.
BuxkopucroByroun crerianizopany CAM-cuctemy (Autodesk Inventor HSM,
HSMWorks (SolidWorks), Autodesk Fusion 360 Ta iHII) € MOXIHUBICTD
Bi3yali3yBaTH TEXHOJOTiYHI mpomecHd (OPMOYTBOPECHHS HeTaixi B HEOOXimHii
MOCJIZOBHOCTI, Al BU3HAYCHHS HAaWOLIBLI ONTHMAJIBHOTO Ta e(EeKTHBHOTO
Croco0y BUTOTOBIICHHS BUPOOY.
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Pucynoxk 10 — Kpecnennk nerani «Kopmycy
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8. 3aBepimryeMo  mpolec  CTBOpEHHS  TPUBHMIpPHOT  MOJeNi  JeTai
oopMIICHHSIM TOBHOTO KOMIUIEKTY KOHCTPYKTOPCBKOI nokymeHTauii (PucyHox
10), sxa HeoOXimHA i1 BHTOTOBIICHHS JETaNi IIJISIXOM MEXaHIYHOI 00poOKH
neraii (ppe3epyBaHHs, CBEPIUTIHHS, 36HKYBaHHS TOILIO0) BPaXOBYIOUH pPe3yJIbTaTH
CHMYJISLIIT TEXHOJIOTTYHOTO Nporecy (GOpMOYTBOPEHHS.

CydacHi TeXHOJIOTII JO3BOJIIOTE CTBOPIOBATH JIeTalb 1o ii 3D- Moxeni, ane,
npr  HEOOXITHOCTi, MOMJIMBO CTBOPUTH 1 OQGOPMHTH TIOBHHA KOMIDIEKT
KOHCTPYKTOPCHKOI jgokymenramii 3rigao cranmaptie ECKJ[[4]. Cucrema Solid
Edge manmae po3BWHEHWH iHCTpYMEHTapiii CTBOPEHHS KPECICHb JABOX THIIIB:
acoIliaTHBHI KPECIeHHs, SIKi aBTOMaTHIHO CTBOPIOIOTHCA 3 3D-Monmeni merani abo
CKJIaJaibHOI OJOMHHMIN 1 MOTPeOYIOTh HE3HAYHOTO pEeIaryBaHHS, Ta He3alleXkHi
KpECJICHHSI.

BpaxoByloun Bci 0cOONMBOCTI CTBOPEHHS TPUBHMIpPHOI Mopemi Jerani y
CHHXPOHHOMY Ta NapaMeTpUYHOMY CEpelOBHIIAX, HaMH OyJO IPOBEICHO
nopiBHsuibHUKA aHami3 (Tabmuist 1) Ta JOKIAZHO BUKIAAEHO BCI MepeBarn Ta
HEJIOJTIKH.

[MopiBHANBHMI aHATi3 CTBOPEHHS TPUBUMIPHOI MOJENi B CHHXPOHHOMY Ta
napameTpuaHOMY cepenoBumiax npoekryBanHs CAIIP Solid Edge

Cepen Oe3nepeyHHX IepeBar MapaMeTPHYHOTO MiIXOLy MOXKHA BHIUINTH:
YiTKy 1 OJHO3HAYHY peasi3amil0 KOHCTPYKTOPCHKOTO 3aayMy, B KOHCTPYKTHBHHX
eleMeHTax; iepapxis Mofeni; eeKTUBHE 1 mepenbadyBaHe OHOBJICHHS MOJEINI MPHU
BHECEHHI 3MiH; BUCOKHUH CTYIiHb aBTOMATH3allii MPOCKTyBaHHS, TOYHUH KOHTPOJIb
po3mipiB. Ilpore mnpu HeoOXigHOCTI 0OMiHy ganumu Mik CAIIP pisHEX
BUPOOHMKIB 1 pelaryBaHHS «4yXKOD» TI'eoMeTpii, BUSBISIOTECS HEJONIKH
MapaMeTpUYHOro MPOEKTYBAaHHS, SIKI TOB’s3aH] 3 NOPYILIEHHSIM 3B’S3KIB B JiepeBi
MoOy/I0BU Ta BUHUKHEHHS KOJTi31i.

CuHXpOHHA TeXHOJIOTisl 00’eqHye B COO0i mepeBarn MapaMeTpuUyHOro i
MPSIMOTO MOJICITIOBAHHSI, Ta BUKJIIOYAE HEAONIKM 000X miaxofiB. B pamkax el
TEXHOJIOTI] eNeMEHT 3aJa€ThCs MPOCTOPOBHMH BiHOCMHAMHM MDXK TI'DaHHYHUMH
€JIEMEHTaMH, SKi BHM3HAYalOTh HOTO KOHCTPYKTHUBHY (OpPMY, T'€OMETPUUYHHMHU
00OMeXeHHIMH (TTapaleNbHICTh, NEPICHIUKYIIAPHICTh, KOHIICHTPUIHICTB ).

Tabmuus 1.
CHUHXPOHHE CEPEJIOBUIIE ITAPAMETPMYHE CEPEJJOBUIIE
Ha cranii ctBopennst 2D- eckizy Ha cranii ctBopennst 2D- eckizy
aBTOMaTHYHO HAKJIaJAI0ThCS Ta ABTOMATHYHO HAKJIAAIOThCS Ta
BiI0OpaXkaroThCsl TEOMETPUYHI BiZIOOpaXKarOThCSI TEOMETPUYHI 3aJIS)KHOCTI
3aJIeKHOCTI (TOPH30HTANBHICTD, (TOpU30HTAIBHICTD, BEPTHKAIBHICTH
BEPTUKAIBHICTB TOIIO), SKi OTIM TOIIIO), aJie 3MIHUTH TX MOXKJIMBO JIMIIIE HA
MOJKIJIMBO PeJaryBaTH 3a JIOTIOMOTO0 piBHI 2D- eckizy.
TexHouorii «IloBeniHka reomerpii»
6e3mocepenubo B 3D- mpocTopi.
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CtBopenHs 2D- ecki3y BinOyBaeTbcs
Oe3mnocepenHpo B 3D- mpocTopi.

CrBopenHs 2D - ecki3y BinOyBaeThCs B
OKpEeMOMY CepeOBHILi CTBOpeHH: 2D-
eCKi3y.

Ha 2D- ecki3 HakIagaloThCs IEPEBaKHO
HeoOXiIHI po3MipH, a HeOTPiOHI Ha
JTAHOMY eTarli 3B'SI3KH 1 pO3MipH
3INIIAOTHCS HEBU3HAUCHUMH.

Ba)x1MBO MOBHICTIO BU3HAYUTH €CKi3, IS
TOro mo06 B NojansmomMy Oyia
MOXIIMBICTB peJlaryBaTh T€OMETPIio
MOJIeJI.

Haneceni Ha ecki3 kepyroui 2D- po3mipu
Mirpy:ots B 3D- Mozens,
BUKOPHCTOBYIOUYH SIKI MOXKIIHBO
JUHAMIYHO KepyBaTu reomerpiero 3D-
MoJIeli, OLTBIIe He 3BEpTarouuCh 10 2D-
€CKi3y, KU BKe MepEeHIIIOB B KATETOPil0
BUKOPHUCTAHHX.

Cucrema Kepylo4ux po3MipiB B
CepeoBHUIIIl HE peani3oBaHa, TOMY 3MiHa
reoMeTpii MoJIMBa JuIIe Ha piBHI 2D-
eCKi3y.

MO3KIMBICTh TOBTOPHOTO BUKOPHUCTAHHS
2D- eckizy

Hemoxauso

[Ipu BukopucTanHi komaug 3D-
mojesoBanHs (BuaaBioBaHHs,
O6epTaHHs TOIIO) CHCTEMa aBTOMATHYHO
pO3Mi3Hae Y HEOOXITHO JOAaTH MaTepia,
YM HaBIIaKU 3pOOUTH BHPi3. PeanizoBana
MOKJIUBICTh PYYHOTO BHOODY.

[ cTBOpEHHS BHPi3y iCHY€ JOAaTKOBA
KOMaHa.

Bci enemenTH He3alexHi 1 30epiraroTbes
y HaBiraropi (MeHIIa IMOBIpHICTh
MTOMIJIOK TIPH MOJAJIBIIOMY pearyBaHHi).

Bci enement 38’s13aH1 Mixk cO00r0
BIIHOCHHAMH «0aThbKO-HAIIAJ0K 1
30epiratoTeCs B A€peBi HOOYZOBH MOJEIII.
IIpu penaryBanHi HEOOXiTHO BpaXOBYBaTH
11 3B’3KH, 11100 mepe0aunTH MOBEAIHKY
MOJIeJTi 1| YHUKHYTH MOMJIMBUX KOJIi3ii.

[pouenypHi KOHCTPYKTHBHI €JIEMEHTH
(OTBOpH, MaCHBH TOIIIO) CTBOPIOIOTHCSA 32
JIOTIOMOTOO iaJIOrOBOTO MIPOLIECY
3aBaaHHs mapameTpiB. OTpumaHi
€JIEMEHTH HE3aJIeXKHI OJIIH BiJl OJTHOTO.

IIporenypHi KOHCTPYKTHUBHI €lIEMEHTH
(OTBOPH, MACHBH TOIIO) CTBOPIOIOTHCA 32
JIOTIOMOTOO JTIaJIOrOBOTO TPOLIECY
3aBIaHHs mapaMeTpiB. OTpuMani
€JIEMEHTH 3B'SI3aH1 OJMH 3 OJHUM
BiZTHOCHHAMH «0aThKO-HAIIAIOK», TOMY
penaryBaHHs OJTHOTO 3 HUX BEJIE 10 3MiHH
BCIX.

[pu 3MmiHI reomeTpii Moemi 0 yBaru
OepyThCsl TUTBKH Ti 3B’SI3KH, SKi
0e3mocepeTHbo 3a/1isHI B KOHCTPYKTUBHUX
€IIEMEHTaX, OTKE MOJIEIb OHOBIIOETHCS
JIOKAJIBHO.

[pu 3MmiHI reomeTpii Mozemi 10 yBaru
OepyThCst BCi 3B SI3KH, 1110 TIPU3BOIUTH JI0
repeOy 0By BCiei Mogeri.

TouHMI KOHTPOJIb PO3MipiB

TouHUI KOHTPOJI PO3MipiB

ABTOMaTHYHE CTBOPEHHS KOMILIEKTY
KOHCTPYKTOPCHKOT TOKYMEHTAIIi1

ABTOMAaTHYHE CTBOPEHHS KOMIUIEKTY
KOHCTPYKTOPCHKOT TOKYMEHTAIIi.
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Bucnosku.

B naniii po0OTI 3alpOIIOHOBAHO AITOPUTM CTBOPEHHS TPUBUMIPHOI MOAei
JieTalli B CHHXpPOHHOMY cepeoBuIli. Ha oCHOBI alropuTMy JOKIaIHO BUKJIAJAECHO
TEXHOJIOTII0 CTBOPEHHS TPHBHMIPHOI MOZENI 3 YypaxyBaHHSIM OcoOIMBOCTEH
TEXHOJIOTIYHUX TPOIIECIB MEXaHIYHOT 0OPOOKH TOBEPXOHB NIETAi B CHHXPOHHOMY
CepelOBUINI TPOEKTYBAaHH:], SKE pEalTi30BaHO B HIMPOKOMY CIEKTpi pillleHb
KoMmaHii-po3pobHmka Siemens PLM Software, omHIM 3 SKHX € pO3TISTHyTa HAMH
CAIIP Solid Edge. Takoxx HamMu Oyno TPOBENCHO NETANBHUHA MOPiBHLILHHMA
aHali3 poOOTH B CHHXPOHHOMY Ta MapaMETPUYHOMY (3BUYAWHOMY) CEpEIOBHIII.
BpaxoByroun mpoBefeHy poOOTy MOKEMO 3pOOHTH BHCHOBKH, IIO CHHXPOHHA
TEXHOJIOTiS TO3BOJISIE Peali3yBaTh OUIBII MPUPOIHIHN IMiIXi/ IO MPOSKTYBAaHHS, HIX
TpaAMUiiiHE TNapaMeTpUYHEe IPOEKTYBaHHS, Ta JA€ MOXIMBICTH BHOCHTH Y
KOHCTPYKLII0 OOMEKEHHSI 1 HaKJIaJaTh [€OMETPUYHI 1 pO3MIipHI 3B'SI3KH B MpoIeci
noOy/I0BH MOJEJNI, 3aJMIIAl0uM HENOTPIOHI Ha JAaHOMY eTami 3B'SI3KH 1 po3Mipu
HEBM3HaueHUMH. [IpM [BOMY BaXIMBO BiI3HAYMTH, LIO0 KOPUCTYBaY MOXKeE
OymyBaTH BiTHOCHO NMPOCTi KOHCTPYKTHUBHI €JIEMEHTH Y CHHXPOHHOMY PEXHMI, a
JUIsl peanizalii CKJIagHOI reoMeTpii MepeMHKaTHCs B MapaMeTPUUYHHH PEKUM,
BUKOPHCTOBYIOUH TEOMETPII0 CHHXPOHHOI YacTHHM MOJENI JUId JOJaBaHHS
MapaMeTPUYHUX KOHCTPYKTUBHHMX €NEeMEHTIB. TakoX MOXIHMBE IEpeMilleHHS
€JIEMEHTIB 3 MapaMETPUYHOTO NIPOCTOPY MOJIEIN y CHHXPOHHY 3 KOHBEPTAIi€lo 1X
«HA JTBOTYY.

Ha  ocHOBi  pe3ympTaTiB  CHUMYJALIi  TEXHOJOTIYHHX  IPOIECIB
¢dopmoyTtBopennss B moxayini CAM-cucremu, B CAIIP SOLID EDGE 0yno
CTBOPEHO MOBHHH KOMIUIEKT KOHCTPYKTOPCHKOI TOKYMEHTallii, sika HeoOXiaHa AJIst
BUTOTOBJICHHS JI€Talli [UIAXOM MeEXaHi4HOT 00poOku. Imirtariiiina Mojensb
TEXHOJIOTIYHOTO Tporecy (HOPMOYTBOPECHHS 3HAYHO IMiABHIINYE €(EKTUBHICTD,
TOYHICTb 1 SIKICTh BUPOOHUIITBA.

BukopucTOBYIOUYHM 3alpONIOHOBAHMN AITOPUTM Ta TEXHOJIOTIIO CTBOPEHHS
TPUBHMIPHOT MOZETI 3 YpaxyBaHHSAM OCOOJIMBOCTEH TEXHOJIOTIYHHX IIPOIECIiB
MeXaHI9HOI 0OpOOKH MOBEPXOHH NETalli B CHHXPOHHOMY CEPEIOBHIII MOKIHBO
MiBUIIUTH SIKICTh Ta TOYHICTh BUPOOHMIITBA, BUKOPHUCTOBYIOYM 3HAYHO MEHINE
4acoOBHX Ta MaTepiajJbHUX pecypciB. Po3BuTtkoMm nanoi pobotu Oyne CTBOpEHHS
KOMIT FOTEpHOI MOJIeNi B KOMOIHOBAaHOMY CEpEeIOBHUIII MPOSKTYBaHH:S (OJHOYACHE
BUKOPHCTAHHS CHHXPOHHOTO 1 NapaMeTpUYHOIO CEpelioBHINA B PaMKax OJHI€l
MoJielni), Ta MPOBEACHHS MOCTIKCHHS €(PEeKTHBHOCTI BHUKOPUCTAHHS CHUMYJIAMIi
TEXHOJIOTIYHUX TIPOIECiB (OPMOYTBOPEHHS HAa PAHHBOMY €Talli MPOEKTYBaHHSI
BHUPOOY.

Cnucoxk BUKOPUCTAHUX JKepen: 1. @emucos I'.I1. MatepuanoBeeHHE U TEXHOJIOTHS MaTEPHAIOB. —
M.:FOpaiit, 2014.—767c. 2. .Illaxnoe B.A., 3unuenko JLA. i in. OcHOBBl KOHCTpyHpoBanusi B Solid
Edge. [Tocobue mo npoekTHpoBaHHIO H3emiid B npudopoctpoennn. — M.: JIMK Ilpecc, 2014. — 272 c.
3. [lemuoog I1. Cunxponnas texuonorus Solid Edge [Electronic resource]/IIpoexr isicad. 28.07.2015.—
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Po3poOka TexHOIOTII CTBOpEHHS TPUBHMIPHOI MOJEN B CHHXPOHHOMY CEPENOBUIIN IPOEKTYyBAHHS
cydacaux CAIIP// 11 Mixnaponaua xoudepennis «Bupobrunrso & MexatponHi Cuctemu 2018y . —
Xapkie : XHVYPE, 2018. — 77-81 c. 5. Fast and easy creation of 3D models using synchronous
technology Solid Edge Edge [Electronic resource]// Material Library Siemens PLM Software—URL:
https://solidedge.siemens.com/ru/solutions/products /3d_design /synchronous_technology/#ui_Fast_and
_Flexible_Design_Creation. 6. 3unosses /{.B. Ocuosbl koHcTpyupoBanus B Solid Edge ST10/. 2018. —
206 c. 7. Ryan McVay. Solid Edge with Synchronous Technology—Many Things at the Same Time
[Electronic  resource] Ilpoext  engineering.  27.05.2016.—URL:https://www.engineering.com
/DesignSoftware/DesignSoftwareAurticles/ArticlelD/12223/Solid-Edge-with-Synchronous-Technology

Many -Things-at-the-Same-Time.aspx 8. MLombard Retired. Synchronous AND Parametric [Electronic
resource] Ilpoekt Siemens PLM Community. 15.04.2015.—URL:https://community.plm.automation.
siemens.com/t5/Solid-Edge-Blog/Synchronous-AND-Parametric/ba-p/297109 9. Ryan  McVay.
Synchronous Technology—Debunking the Myths [Electronic resource] IIpoekr engineering.
26.06.2017.—URL: https://www.engineering.com/Design Software/DesignSoftwareArticles/ArticlelD/
15056/Synchronous-TechnologyDebunking-the-Myths.aspx?e_src=relart 10. C.U. Ilecmpeyos.
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B.M. ToHkoHOTHH, A-p TEXH. HayK, A.A. SIKUMOB, I-p TeXH. HaYK,
JI.B. boBHerpa, KaHa. TEXH. HayK,
JI.B. Maifznuc, A.C. ®unanosuy,Oneca, Ykpaina

UCCJIEJOBAHUE JTUHAMUYECKHUX SABJIEHUM,
MPOUCXOAAINUX ITPU NPEPBIBUCTOM HIVIM®OBAHUN

Bemanosneno, wo 3i 30inbueHHAM KilbKOCMI PI3albHUX GUCIYNIG N Y NEPepusuacmomy Kpysi
amM-naumyoa SUMYWeHUX KOIueanb A 3MeHuyemvcs, a medici odracmeri Cmiikocmi po3uuplomscs.
Buseneni ymosu nepepuguacmoeo winihyganus, npu sKux 6 NPysjicHiil cucmemi RAOCKOULTIQY8aIbHO20
sepcmama  He  GUHUKAE YOapuuli 1 napamempuuHuil Pe3oHaMcu I GUHUKAE  MOJICTUGICTL
Camoopopmaents pizanbHo2o MiKpoperbedy pobouoi nosepxui abpazusHoo iHCmpyMennmy 6 npoyeci
11020 pobomu.

Yemanoeneno, umo ¢ yeenuuenuem xonuvecmea pedlcyuyux 8biCMynos Ha npepwleuUcmom Kpyee
aMIAUMYOd BbIHYHCOCHHBIX KONCOAHUll — YMeHbUldemcs, a epaHuyvl obnacmel napamempuyeckoll
YCMOTUeoCmu  pacuupaiomcs. Boisenenvl yciosus npepulieucmozo wiaugoeanus, npu Komopwix 6
YRpyeoil cucmeme NIOCKOUTUDOBATLHO0 CMAHKA He 603HUKAIOM YOApHblil U NApamMempuiecKuil
PE30HAHCHL U NOAGIACMCS 603MOACHOCHIL CAMOOMOPMICHUS pedcywezo Mukpopeivegpa pabouei
nogepxHocmu abpasueHo20 UHCMPYMEHMA 6 npoyecce e20 pabomoi.

1t is set that with the increase of amount of cutting ledges of n irregular circle of amnaumyoa of
force vibrations And diminishes, and borders of areas of stability of pac-wupsiomes. The terms of the
irregular polishing, at that in the resilient system of niockownugosanvrozo machine-tool there are not
shock and self-reactance resonances and noss-nsiemcs possibility of camoopopmnenus of cutting
Mmukpopenvegha of working surface of abpa-3uenoeo instrument in the process of his work, are educed.

BBenenne m mocraHoBka mpodsembl. lllnmndosanue sBisieTcs Hamboiee
pacnpocTpaHeHHbBIM METOJOM OKOHYATEeIbHOW 00pabOTKM 3aKaJeHHBIX AeTalei.
obecrieuynBaOMMi  BBICOKYIO TOYHOCTh HMX M3roToBieHMsA. OHAKO Ipolecc
mIM(OBAaHUST COMPOBOKAACTCS 3HAUYUTEIBHBIM TEIIOBBIICICHUEM, CIIEACTBHEM
KOTOPOTO SIBISIETCA IOSABICHHE HAa OOPa0OTaHHBIX ITOBEPXHOCTSIX IPHIKOTOB,
TPELINH M BPEIHBIX PACTATUBAIONIMX HampskeHWH. OAMH W3 MyTed CHIDKEHUS
TEII000pa30BaHKs B 30HE PE3aHuUs SIBIISICTCS IPUMEHEHUE NUTH(OBAJIBHBIX KPYTOB
C TIPEepBIBUCTON pabodel moBepXHOCTHIO. OHAKO MPH MPEPHIBUCTOM IIITH()OBAHUH
B YOPYyroi cHCTEME CTaHKa BO3HUKAIOT Koye0aHHsA, CHOCOOHBIE IIpH
OTIpeNIeNIEHHBIX yCIOBHAX MEPepacTy B yIApHBIA M MapaMeTPUIECKUil PE30HAHCHI.
[Ipn pacuerax UIMH peXYyIIMX BBICTYIIOB M BIAJWH Ha paOodeill IMOBEPXHOCTH
IIM(OBAIBHOTO Kpyra CTpeMsTCS OOEeCIednTh TIJIABHBIM 00pa3oM Tpedyemylo
CTENEHb IOHIDKEHWsS TEMIepaTypbl B 30HE PE3aHH U HE YUUTHIBAIOT
JMHAMHYECKHUE SIBJICHUS, COPOBOX/IAIOIIHE MPOLIECC MTPEPHIBUCTOTO NUTU(OBAHHUS.

© B.M. Tonkonozuii, A.A. Axumos, JI.B. bosuezpa, JI.B. Maiiznuc, A.C. @Quaanosuu, 2019
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AHaJM3 NMOCIeAHUX TOCTH:KeHUH M myOaukaunuii. Vzydyenuio xonebGaHuii,
BO3HUKAIOIIUX NP IUTM(GOBAHUH, TTOCBALIEHB! paboThl [1-5]. Ho atn paboTsl He
CBsI3aHBl C TPEpBIBUCTBIM HUIM(poOBaHHEM. B pabore [6] BBISBICHBI YCIOBHUS
0o0pa3oBaHMs  BOJHHUCTOCTH TP  IUIOCKOM  MPEPHIBUCTOM  HUIM(QOBAHUU
nepedepueit kpyra. Bmecre W TeM posib MapaMeTpUYecKHX KoyieOaHMH B
(hopMUpOBaHHM BOJHHUCTOCTH OO0OpadaThIBa€MOW IMOBEPXHOCTH HE BBISBIICHA.
Manou3y4eHHOCTh ~ JUHAMHYECKHX  SBICHHH, CONpPOBOXKIAIONINX  IIPOIECC
A OBaHUS IPEPHIBUCTHIMHA KPYTaMH, CAEPKHUBACT MIMPOKOE MPHUMEHEHHE 3THX
KPYTOB Ha MaIllMHOCTPOUTEIBHBIX IPEANPHUATHIX.

eab padorbl — HAa OCHOBE M3YYEHUS JUMHAMMYECKHUX SIBICHUH,
COINPOBOXKIAIOMIMX TPOLECC MPEPHIBUCTOTO IIIM(GOBAHKSA, ONPENCIUTh yCIOBHUS
MPEOTBPAIICHNS BO3HHKHOBEHHUS B YIIPYroH CHCTEME IUIOCKONUIN(OBAIBLHOTO
CTaHKa yJapHOTO M MapaMeTpU4ecKOr0 PE30HAHCOB, M BBIABUTH BO3MOXHOCTb
UCIIONIb30BaHMsl KoJieOaHWM Ui CaMOo3aTOYKH PEXYHIMX 3epeH Ha padoueit
MOBEPXHOCTH a0pa3MBHOTO MHCTPYMEHTA.

H310:xeHHe  OCHOBHOIO  MaTepHuaja.  DHEProeMKOCTh  Ipoliecca
M oBaHUsl 3aBUCUT OT paclpenesieHus: paboT, 3aTpayrBacMbIX Ha pe3aHue U
TpeHHe.

IIpu nBUMKEHUHM pEXYIIEro 3epHa Kpyra CO CKOPOCTBIO VKR BO3HUKAET

TaHI'CHIUAJIbHAsA CHUJia pE€3aHus PZ , KOTOPYIO MOXHO NIPEACTAaBUTH B BUAC

I:)z = Pz wrT Pz REZ @)

rae Pz u Pz rEz COOTBETCTBEHHO COCTABIISIONINE TAHICHIMAIBHON CHIIbI
Pr=1" Fy ; @
P,ee, =0-S. 3

rae f — koaddunmeHt TpeHust 3epHa ¢ 00pabaTbIBAEMBIM MATEPUATIOM;
2
O — yCIIOBHOE HaNpsDKEHHE pe3aHus, N/m*;

2
S — momane ce4eHust CTPYKKH, M~ .
U3 paboter HoBukosa @.B. [7] uzBecTHO, 9TO
2-0
— sz 4
Pz REZ — -5, “)
SH REZ
rae O, — Ipejien MPOYHOCTH MaTepuana Ha cxarne, N /m?.
[Mocne nmoncraHoBKHM BhIpaskeHuH (2) u (4) B ypaBHenue (1), moryunm
pzzf.pﬁ?'&.s, (5)

SH REZ
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Paznenus ciraraemelie (5) Ha Py , TTOITYyIIM

2.0 g (6)
P

SHREZ ~ 'y
[Ipeobpasyem 3aBucumocTs (6) K BULY

Ky, =1+

P — 2'0'52'8 _ Z'GSZ'S ) (7)

! (KSH - f) KSH REZ (KSH - f)z

[TpuaMMas cymMMapHYyIO IUIOIIAIb Cpe3a BCEMH pabOTAIOIIMMK 3€pPHAMH S B

BUJC OTHOIICHUSA IIPOU3BOAUTEIIBHOCTH Q K CKOPOCTH PE3aHUA V 3aBHCHMOCTD

KR >
(7) MO>XHO TIpeICTaBUTh B BHIE

Q= P Vi '(KSH — f)2 . (8)
2.0,

B 3aBucumoctu (8), Hapsday ¢ mapamerpaMH peXuMa HUIM(QOBaHMS PY u

VKR BXoauT pusnueckuii mapamerp K, , KOTOPBIHA, B CBOIO OYepe/ib, 3aBHCUT OT

SH?
pexuMoB Huudosanus. CieqoBaTeldbHO, MPOU3BOAUTENBPHOCTh HITU(OBAHUS

MMEeT HeOJHO3HAYHYIO B3aMMOCBA3b C peXHMOM 00paboTku. C yBenndeHHeM PY
" VKR MPOU3BOIUTEIEHOCTh 00Pa0OTKH JIHHEIHO Bo3pacTaeT. C Ipyroi CTOpOHHI,

C YBEIMYEHUEM PY u VKR M3MCHSICTCs apamerp K, , YTO MCKaXaeT JIMHCHHBII
xapakTtep 3apucumoct Q = f (PY Ve )

Taxum 06pa30M, AHAJIN3UPYA 3aBUCUMOCTDb (8), MOXXHO CJ€J1aTh BEIBOJ O TOM,

YTO Ha IPOM3BOAMUTEIHHOCTh NUIM(OBAHUS OKa3bIBAIOT OOJBIIOE BIHSHHE
¢usmueckre (akTophl, KOTOPBIE 0OOOIIEHHO OMKCHIBAIOTCS MapaMeTpOM KSH ,
MPUYEM 3TOT MapaMeTp BXOJWT B 3aBUCUMOCTH (8) HE B «YHCTOM BHUJE», & B BHJE

2 v
KBaJ[paTa pa3HOCTH (KSH —f ) , KOTOPBIA MOKET U3MEHATHCS B BEChMa IMUPOKUX
npejenax oT Hyys (Ciydad mepexoia OT Ipolecca TPEHHS K MPOIECCY pe3aHws,
Korja (KSH = f) o 3HaueHu#t 0,5...0,7 (ciydail BBICOKONPOU3BOJIUTEIHLHOTO
nuTUQOBaHUSA, KOTIa K SH >>f). COOTBETCTBEHHO B IUPOKHX Tpejenax Oyaer

M3MEHATBhCS M MPOM3BOANTENBHOCTL 00padoTkn Q. Hampumep, mo mepe m3HOoca
3€peH WM 3aTyIUICHHMs Kpyra, 4TO COOTBeTCTByeT  ycnmosumio K, —> f,

MIPOU3BOUTENHLHOCTh 00PaOOTKH OYyJeT YMEHBINAThCS 10 HyJIs. DTO yKa3bIBaeT HA
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TO, YTO pasHOCTb (KSH — f) — BCJIMYMWHA, BECbMa YYBCTBUTCJIbHAsA K U3MCHCHUIO

K

sy » OCOOEHHO, Koraa K sy Maino oTimyaercs ot f.

W3  npuBenenHoro  aHamm3a  BblpaxkeHus  (8)  ciemyer,  dro
MPOU3BOIUTENBHOCTHIO ITH(OBAaHUS MOXKHO YIPABISATh HA OCHOBE ONTHMHU3ALUU

napamerpa K, .., YBeanauts napamerp K WIN CTaOMIM3HPOBATh €ro BO

SH REZ
BPEMEHH  MOXXHO, BO-IIEPBBIX, 32 CYET peXHMa, 00ecreunBarouIero
caMo3aTauyMBaHHe Kpyra IyTeM HENpephIBHOM €ro MpaBKH, a BO-BTOPBIX, 3a CUET
CHIDKEHHMsS MHTEHCHBHOCTH H3HOCA PEXYIIMX 3€peH Kpyra. OTO JOCTUraercs
IMyTeM IPUMEHEHHUS BBICOKONPOYHBIX PEXYLIMX MaTrepuanoB, CMa304HO-
OXJIKAAIOIMINX JKUAKOCTEH, TBEPIBIX CMa30K, UMIIPErHUPOBAHUS HMIIH(OBAIBHBIX
KPYTOB, IPUMEHEHUS IIPEPHIBUCTHIX KPYTOB.

VYpaBHEHHE AT oNpeeeHns 00MIel SHEPTOEMKOCTH Iponecca M OBaHUS
UMEeT BUJ

f P Vi + 2Gsz —1- 9

Qo Ky, —f)o
C y4eroM BBIDOKCHHS . _ 2-045-Kg n HEKOTOpBIX npeobpazoBanuii (9),

K

SH REZ
[OJIy4UM

LN T Y (10)
K K

Vpasuenne (10) xapakTepusyeT 3aKOH COXpAaHEHHUs SHEPTUH IpH

SH SH

mumposanmm. [lo Mepe 3aTymienus mumudoBaIbHOro kpyra ymenpmaercs K SH -

B Bepaxenun (10) mpu Bo3pacTaHWHM TIEPBOTO CIIAra€éMOr0 BTOPOE CllaracéMoe
MPOTIOPIIMOHAIIEHO YMEHBIIACTCSI.
Mpu K, = f neppoe craraemoe cTpeMuTCS K €IMHAIIE, @ BTOPOE — K HYJIIO.

Cessp  mapametrpa K, .., ¢ ¢usumieckuMm  mapamerpom 1]

XapPAKTCPU3YIOIINM U3HOC PCIKYIINX 3€PCH, BBIPAKACTCA 3aBUCUMOCTBIO

-9y -HV
4.0,
rae ) — yroi IpH BEPLIMHE PEKYILErO 3€PHA,

K¢ (11)

SH REZ !

n=1-

HV — tBepnocTs o Bukkepcy o6padarsiBaemoro Matepuana, N / m?.
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B T1aba. 1 MpEACTABJICHBI 3KCIICPUMCHTAJIBHBIC 3HAUCHUA TaHTCHI[UAIbHOM

COCTaBIIAIONIEH CUIIBI pe3aHus Pz IIpY NUTH(OBAHUY TI0 YIIPYTOW CXeMe IIOCKUX

o6pasuos u3 ctanu 12X2H4A (O, =3600 MPa) kpyrom 24A25C16K5.

Tabmuna 1 — Baumsaue BpemeHu o00paboTku Ha mapameTpsl HUIM(OBaHUS (YCIOBHA
nposezeHus sxcriepumenta Vkr=29,6 ry V, =6m/min (ckopocts crona) Py=60N)
Sl

Ne Tiy6una | Cwia pesanus, N
9KC Bpews g oBa

06pabd Pz %10y, K sh fIKs
Tiep HHA 3a 5 P Pz KSH f )]

OTKH, Z. REZ- TR M pa REZ H
nuMme min lTpOX(-)IIOB, 10 10
HTa min 10
1 0,1 0036 |29 194 |094)|0,48 [ 3,24 |0,1530,324(0,458 | 31,9
2 05 0013 |22]| 1,16 (1,08|0373| 7,2 0,18 10,193 (0.748 | 48,2
3 1 0,08 22| 091 |124|0167| 11,2 |0,206 | 0,152 (0,878 | 57,5
4 2 0,06 18] 0,79 1 (0,299| 124 |0,167|0,132]0,911 |55,9
5 3 0,05 16| 0,72 (0,92]0,273| 13,7 |0,153| 0,12 (0,925 | 56
6 5 0,03 15| 06 [093]|0,25 | 18,8 |0,157| 0,1 (0,948 61,3

Ilo OKCIICPUMCHTAJIbHBIM NJaHHBIM PACCHUTBIBAJINCH IAapaMEeTpbl O U KSH .3a

ISTUMHUHYTHBIN TIepro]| mndoBaHus TTyOMHA pe3aHus yMeHbIImIach B 12 pas,
yCIIOBHOE HampspkeHWe pesanunss O Bo3pocio B 5,8 pasa; TaHreHIUaJIbHAsS

COCTaBIISIOIIAST CHITBI PE3aHus Pz yMeHbImiacs B 1,9 pasa.

Kax BHIHO, HHTCHCHBHOCTh YMEHBIICHHS CheMa MeTaslia He KOpPeIupyeT Hit
C OJTHAM U3 YKa3aHHBIX TEXHOJIOTHIECKHX MaPaMETPOB.

Jns yenosuii mimdosanus tg 60° = 1,723, Oy, =3600 MPa, HV =1400 MPa
Obin mpoussesiensl pacuerst f, /K, 77

B 3aBucumocTH OT 3aryIuleHHs a0pa3WBHOTO Kpyra JOJISl JHEPTUm,
satpaunBaemas na Tpenue f /K, mamenserca or 31,9 no 61,3 %; napamerp

KSH ymenbmaercs oT 0,323 no 0,100; koadduument TpeHHs H3MeEHsSETCS

He3zHauuTensHo oT 0,153 mo 0,206, a mpousBomutenbHOCTh Q ymMeHbmaercs B 10
pa3. [loryueHHbIC JaHHBIE O3BOJLSIFOT PacCMaTpPUBATh IMPOIecC NLTH(OBAHUS KaKk
pe3yIbTaT HAIOKEHUS TEPEMEHHOTO BO BPEMEHHU IIpoIlecca TPEHUS PEXYIIHX
3epeH W CBs3KM 00 0OpabaTbiBaeMbIii MaTepuan | Tporecca pesanus. [lo mepe
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3aTyIUICHUA  3C€PCH IHJ'II/I(l)OBaJ'IbHOFO Kpyra YyBCIMYUBACTCA TEMIICpATypa,

yMeHbIIaeTCst K, .. M BO3PAaCTalOT YCIOBHOE HAaNpspkeHue O u mapamerp 77 .

IMocne 30 cexyHmHOro mnepuoja HUIM(OBAHUS IO YNPYrod cXeme Kpyr
TIOJIHOCTBIO ~ TEPAET CBOM PEXyIIME CBOMCTBAa. 3a 3To Bpems mnapamerp 7]

yBemmumBaetcst ¢ 0,456 mo 0,800, a ycrmoBHOEe HampsDKEHHE —pe3aHUs
yBenmmuuBaetcst ¢ 32400 no 72000 MPa. Kak BumHO, cymecTByeT OOIBIION pe3eps
noBeImeHNs 3(dekTuBHOCTH mTpomecca NUH(OBAHHUA 3a CYET H3BICKAHHA
cr1oco060B yMeHbIIeHHs TapameTpa 77 .

Jnst ynpaBiieHHsT pexyIled CIOCOOHOCTBIO KPYToB U TEIUIOHANPSHKEHHOCTHIO
HEOOXOAMMO  YCTaHOBUTh (DYHKIMOHAJIbHYIO CBA3b MEXAY  Harpy3Kow,
JEHUCTBYIOIEH Ha OTAEIBHOE 3€pHO, U BEIMYMHON JIMHEHHOro M3HOCA 3€pHa 0
MOMEHTa €ro 00BEMHOT0 pa3pyLICHHs WU BBINAJACHHS U3 CBSI3KH 0€3 pa3pylleHHsI.

B ycnoBusx ycTaHOBHUBIIETOCS Tpoliecca IUIN(OBaHNS BEIMYNHA HATPY3KH,
JEUCTBYIOIEH Ha MaKCHMAaIbHO BBICTYIIAIOIIEEe 3€pHO, AOJDKHA HPUHUMATh
3Ha4YEHHE, PaBHOE WM COM3MEPUMOE C NMPOYHOCHIO 3€pPHA HAa pa3/aBIMBaHUC WIIN
MPOYHOCTBIO y/EpXKaHUS €ro B CBA3KE, a BEIMYMHA JMHEHHOrO M3HOCA 3€pHA —
3HAa4YeHHE, COOTBETCTBYyIOIlee OOpa3oBaHMIO Ha pabodell  IOBEPXHOCTH
MPEPHIBUCTOTO KPyra 3HEPreTHUECKH PaBHOBECHOTO pexyIuero penbeda. Vexoms
U3 3TOr0, B KAa4ECTBE YCJIOBHMS ONTHMH3ALHUH CIEIyeT INPUHUMAaTh HarpysKy,
JEUCTBYIOIIYI0O HAa MAaKCHMalbHO BBICTYNAMOIIEE 3€pHO, a B KayecTBe
ONTHMU3UPYIOUIETO IapaMeTpa BEJIUYMHY €ro JuHeiHoro wusHoca. Ilocne
¢dopmupoBaHus  (QPOHTAIBLHONM  HOBEPXHOCTH  HAa  PEXYIHMX  BBICTyHax
MPEpBIBUCTOTO Kpyra Harpys3ka, JeiicByiolmas Ha 3€pHO, B COOTBETCTBUH C
MIPOYHOCTHBIMH CBOWCTBAMHM 3€peH OyIeT OCTaBaThCS MOCTOSHHON HE3aBUCHMO OT
yCcrmoBUil 00pabOTKM, a BeIMYMHA JUHEWHOrO HM3HOCA 3epHa OyJIeT BBIPaXKaTh
B3aUMOCBSI3b BXOJHBIX MHapaMeTpoB (PEKMMOB HUTM(OBAHUS, XapaKTEPUCTUKU
Kpyra, >KeCTKOCTH TEXHOJIOTHYECKOH CHCTEMBI U T.JI.) C BBIXOJHBIMHU
napaMeTpaMHy (IIPOHU3BOJIUTEIBEHOCTBIO M Ka4eCTBOM 00pabOTKH, ce0eCTOMMOCTBIO
00paboTKH, CHIIAaMH U TeMIIepaTypoi pezanus). Hanpumep, Markue kpyra M1, M2,
M3 pabortaroT B peXHME HWHTEHCHBHOTO camo3araunmBaHus, TBepaple Cl,
CT1paboTatoT B pexuMe 3aTyIuIeHHs pexyiux 3epeH. Cieayer 3aMeTHTh, 4TO B
000uX cIydasX TEXHOJOTUYECKHH pe3epB pabOThI PEXYILUX 3€PEH MOTHOCTBIO HE

HCHOJIb3YCTCA.

B mepBoMm ciydae pexyniie 3epHa, HE TOCTUTHYB KPHUTHYECKOTO 3HAYCHHS
3aTyIJICHUS, BBIPBIBAIOTCA U3 CBSI3KH.

Bo BrOopoM ciyyae OOHOBIICHHSI PEXYIIMX 3€peH HE INPOUCXOIMT, 3€pHa
W3HALIMBAIOTCS, YMEHBIIIAsi TEM CaMbIM PEXYILYIO0 CIIOCOOHOCTH KpYyroB (Tadm.1) u
BBI3bIBasi HEOOXOIMMOCTh YacTO! NMPAaBKH KPYTOB.

Jnst obecniedeHust yCIIOBHH caM03aTauMBaHUs TBEPJIOTO Kpyra HEOOXOAMMO
NUTH(QOBaHUE OCYIIECTBIATH C ONTHMAIBHBIMUA 3HAYEHUSAMH napameTpa X (M3HOC
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MaKCUMaJbHO BBICTYIAIOIIETO 3¢pHA) U P (Harpys3ka, mpu KOTOPOI MPOUCXOIUT
paspylieHue 3epHa WIH BHINaJICHUE €r0 U3 CBsA3KH). OHAKO, pealn30BaTh YCIOBHS
caMoO3aTauMBaHUs KpPYIOB BBICOKOW TBEpPJOCTH BEChbMa CII0KHO, TaK KaK OHH
WHTEHCUBHO 3aCAJTUBAIOTCS U OBICTPO TEPSIOT PEKYIIYIO CIIOCOOHOCTb.

YroObl cO37aTh YCIOBHS Ui CaMO3aTayMBaHUS BBICOKOTBEPJABIX KPYTOB,
HEOO0XOIMMO B 30HY pe3aHHs BBECTH JOMOIHUTEIBHYIO SHEPTHIO.

Ipomecc mmmdoBaHus, TpH KOTOPOM TIPH OIPEOCICHHBIX YCIOBUAX
COBMEIAIOTCA HMHTEHCHUBHBIM CbEM MeETajlla C IPaBKOW Kpyra, MOYKHO
OCYIIECTBHUTH MPH NUTU(GOBAHUHN KPyTraMH, UMEIOMAMH Ha pabodeil TOBEpXHOCTH
PSA YepenyIOIIMXCS BBICTYIIOB M BIAAHWH CTPOIrO ONPEAEIEHHOW MPOTSKEHHOCTH.
[Ipu mpepriBECTOM HUTH(OBAHUN BO3HHUKAIOT BBIHY)KICHHBIC (IIEPUOTUYECKUE C
pa3pbIBOM KOHTAaKTa Kpyra) koneOanus. Hanuume koneOaHHMii B HaIpaBICHUU
HOpMaJIM Kpyra CO3/1aeT YCJIOBUS JIJIi MAKCUMAJIbHOTO BHEAPECHUS PEKYIIUX 3€pEH
Kpyra B Mertaml. Ilox BozaelicTBMEM JUHAMHUYECKOM HAarpys3Kd, KoTopas
BOCIIPUHUMAETCS PEKYLUIUMHU 3€pHAMH, PACIOJIOKEHHBIMU Ha IMEpeJHEl KpOMKeE
BBICTyNa, HAOJIOMACTCS WMHTCHCHBHOE OCBIIAHHE 3€peH C (POPMHPOBAHUEM
(hpOHTATHHOM MOBEPXHOCTH HAa PEIKYIIUX BBICTYIIAX.

[lo wmepe QopmupoBanus (QpOHTATBPHONH  TOBEPXHOCTH  HATPY3Ka,
MPUXOAALIASCS Ha 3€pHA PEXKYILETO BHICTYIIA, BBIPABHUBAECTCSL.

[Ipu mpeprBECTOM UUTH(GOBAHUU C HW3MEHEHHEM YCIOBUI NUIH(OBAHUS
U3MEHSIOTCS YTOJN HaKIOHa (PPOHTANFHONH TIMOBEPXHOCTH W JIMHEHHas ee
MPOTSHKEHHOCTD B IPEieax AJIMHbI PEKYIIEro BhICTyIA.

Bennunna muHEHHOTO U3HOCA 3epeH 0 MOMEHTA UX 0OBEMHOTO pa3pyIIeHUs
MOAJICPKUBAETCS ~ aBTOMATHMUYECKH  CaMUM  MPJOLECCOM  IPEpPHIBUCTOTO
NUTHQOBAHUS 3a CYET W3MEHCHHMS yIiia HAKJIoOHA (POHTAJIBHON MOBEPXHOCTH
PEXYIIEro BhICTYTIA.

Jns  ycraHOBIEHUS CBSI3M JUHAMUYECKHX SBJIEHUW C  BBIXOJHBIMU
MOKa3aTessMA TIPoOIecca MPEePBIBUCTOr0 HUTH(OBaHUSA (IIPOU3BOIUTEIHHOCTD,
TEIUIOHANIPSDKEHHOCTh, CHJIa  pPE3aHdus W JIp.) PacCMOTPUM  KolieOaHUS
OTHOMACCOBOW cHCTeMBI (UDIH(OBANBHBIH KpPyr Ha YIOPYTOM IOIBECKE C
3aTyxaHHEM), Ha KOTOPYIO H3BHE CO CTOPOHBI JETald JACUCTBYET HMITYJIbCHAS

BEpTHKAJIbHAS Harpys3ka F(Tl)’ rae T, — TepuoJ KOHTAKTa PEXYLIETO BBICTyIA

TIPEPBIBUCTOTO Kpyra ¢ obpabaTeiBaeMOd NeTanbio; 7, — MEPHOA NPEPHIBAHMUS

mporecca pe3aHus MpH  MPOXOXKIEHUM BHOAJAMHBI Kpyra HajJ J€Talblo.
KonebaTenpHoe ABMKEHHE Macchl 3a MEpUOA ASHCTBUS CHIIBI (3a Mepuoz padoThI
PeXyIIero BeICTyna 7, ) OMMChIBAETCA MU PepeHIMatbHbIM ypaBHenueM [8].

my +cy =F. (12)
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3a nepuoa IMpoXOKACHUA  BIIAJWHBI  Kpyra TZ JBHJKCHHUC  MacCChl

OIMCBIBACTCA YPABHCHUEM

my +cy =0. (13)
Pemenue (12) mmeer sun Yy, = Asinkz+Bcoskz+yg , rae | _ [C -
m
COOCTBEHHas  4acTOTa  KOJeOaHMH  CHCTEMBI; y _F —  cratugeckoe
ST
C

nepemenienne Maceel [Tl mon gelicTBrueM cuiibl F,.

Pemenue (13) umeer Bun y, = Csinkz + D coskz

Hemssectuele mnoctosHHble A, B, C, D omnpenmensiorcs u3 ueTbpex
Ha4aJIbHBIX yCIOBUI

¥ (0) = . (72)

J"L{(U% = ¥ ET:%} (14)
»MiT ) =¥y

Vi(T) = ¥2 ':TJ.J} (15)

Ilocnme pemieHust cUCTEMBI YpaBHEHHH M HEKOTOPBHIX IpeoOpa3oBaHui,
HOTyYUM

, (16)
D :—yST sink (coskﬁ—sinkﬁsinﬁj, ()
coskLzrlsini 2 2 2
A2= C-coskz, + Dsinkz,, (18)
B=C-sinkzr, + D-coskz, -y, (19)

Ipu sink = % =0 ¥ cosk = Lzrl = (0 nocroseeie A.B,C,D cTpemsarcs

K GeckoHeuHocTH. [IpH 3THX YCIOBHAX B CHCTEME HACTYIAET YAAPHBIA PE30HAHC
(mapameTpsr y — o0, Y, —> ©).

YcenoBus YAapHOro pe30oHaHcCa:

1. Sin(k sz —(Q npu k.LZZ =z-n,rmen=1,2,..,00- OTKyzna
2

- :2-7r-n_ (20)
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2. cos k.LZTl =0, mpu k-12+221-1=ﬂ+7z'-n, OTKyZa
1-2n
7, +21, _m-(=2n) 1)
2k

U3 momyyenHsix ypasaenuit (20) u (21) cnemyer OecunciieHHOE MHOXKECTBO
PE30HAHCHBIX COCTOSHMH cucreMbl. [lomHoe pemenne auddepeHIHaIbHOTo
ypaBHEHUsI OJJTHOMACCOBOI CHCTEMbI HMEET BH]

: (22)

rae g — j P(r)ir_ HMITYJIbC CHIIBL, | :\E; S = F,z,, F,— cuna pesanns, N ;
0 m

601 — YIJIOBasd 4acToTa ﬂeﬁCTBHﬂ HUMITYJIbCOB CHJIBI.

OtHomeHne S ONpCACIIACT MAKCUMAJIbBHOC OTKIIOHCHUC A , BBI3BBAHHOC

c
m .
m
OJIHOKpaTHI)IM I/IMHyJ'IBCOM. BmpameHMeM
B= 1
c
2.|sin| 7.+ M
,

XapaKkTepu3yeTcsi HOBTOPSIEMOCTh y1apOB OT PEXKYIINX BBICTYIIOB.
IMpn mpepbiBUCTOM NIMM(OBAHUM CYIIECTBYET OECKOHEYHOE MHOXECTBO

PE30HAHCHBIX COCTOSIHMN CHCTEMBI KaK IpH w, < C rakm pH ¢, < c (ipu
m
COBITQJICHUH YacTOT WJIM NPH UX KPATHOCTH).

W3 pemenns (22) BUAHO, YTO HA BEIWYMHY aMIUTUTY]IBI A BBIHY>KJICHHBIX
Kosie0aHNi NpeBaIMpyIoOllee BIMSHUE OKa3bIBAE€T UMITYJIbC CHIIBL. [loBTOpsieMOCTh
JIEHCTBUSL MMIYJIbCOB OKAa3bIBAET MEHEE 3HAUMTENBLHOE BIIMSHUE HAa aMILTUTYAY
BBIHYX/JICHHBIX KoyleOaHUH. I3MeHsIs BeIMUNHY UMITYJIbCa CHIIBI, MOJKHO TOOUTHCS
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U3MCHCHUA BCIWYUHBI aMIUIMTYAbl BBIHYXXJICHHBIX konebauuit. C YBCJINYCHUCEM
CKOpPOCTH IlIJ'II/Iq)OBaJ'H)HOFO Kpyra ujivd ¢ yMCHbIICHUCM JJJIMHBI PCIKYIICTO BBICTYIIA

MPCPLIBUCTOIO0 Kpyra YMCHBIIACTCA BpPEMsA KOHTAKTa T COOTBETCTBEHHHO

1
YMCHBIIAIOTCA  UMIIYJIBCBI ~ CHUJIbL S = FO’Z'l n aMIUIUTyJla BBIHYXJICHHBIX

konebanuii. C YMCEHBUICHUEM aMIUIUTYAbl YBCJINYNBAIOTCA q)aKTI/ILIeCKaH I"J'Iy6I/IHa
HIJ'II/Iq)OBaHI/IH 1 TOJIIHMHA Cpe3a MAaKCHUMaJbHO BBICTYIIAIOIIETO 3C€pHa Hmax . C

yBeIMYCHUEM (PaKTUUECKON INIyOMHBI pe3aHMsl BO3PACTAaeT BEPOSITHOCTh KOHTAKTa
00pabaThIBaEMOTO MaTepHalia Co CBSI3KOH MITH(OBAIEHOTO KpyTa.

Tpenne meTamia co CBA3KOH NPHBOAWT K HM3HOCY TOCIeAHEH um paboTa
MM OBaIbHOTO Kpyra IEPEXOAUT B PEXHUM CaMo3aTauMBaHMA. YMEHBIICHHE
aMIUIMTYIbl BBIHYXKJICHHBIX KOJE€OaHMH TOBOPHUT O TOM, YTOKKPYI HE yCIIEBaeT
0TpearnpoBaTh Ha MMITYJIbC CHIIBI SH CHCTEMa IOJIydaeT NMepeMelIeHHe, paBHOE

NEPeMCIICHNIO CTaTH4eCKOi cunbl [, IIpn sTOM Yem MHbIIE T, TEM MEHbIIC

1°

BEJIMYMHA aMIUIUTY bl A. [MpepsiBucTOCTH TIpOLIECCa HUTH(OBaHUS 00ecTIeunBaeT

OJTHOBPEMEHHO BBICOKYIO IIPOU3BOUTENHLHOCTD U A3 (QEKTUBHYIO NTPAaBKY Kpyra.
Ilepron BpeMeHH pabOTBHI Kpyra MEXAy ABYMSI PEXYIIUMH BBICTYHaMU

MOJKHO BBIPA3UTh Yepe3 YIrIOBYIO YaCTOTY AEHCTBHS UMILYJICOB a)) T=2-7lw

WIM 4epe3 BpeMsl KOHTAKTa PEeXYIIEro BbICTyNa UUIHM(OBaIBHOTO Kpyra c

06pabaThIBAEMOI J1€TaNIBIO (Z‘l): T=ar, mea= (|1 + |2)/ l,. rme |1— TUIMHA

pPeXKyniero BbICTYIIA, |2 — THPOTSXKCHHOCTb BIIAaJAWHBI. Ilocie IIOJACTAHOBKH H

HEKOTOPBIX NMPeo0pa30BaHNK aMIUIUTYAY KOJIeOaHUH MOXKHO TPEJICTaBUTD B BHIIC

, (23)
F 27 [c Xy [©
A m m

c c
a-w-2-csinz- M| a.@.c-sin z- M
(4] (0]

rie X, = F,/C —nepememenne kpyra B pajuaibHOM HAIpaBICHHH OT

HeﬁCTBHH CTAaTUYCCKOI'O IMPUITOKCHUSA CHUJIIbI Fo'

Cc
U3 3aucumoctu (23) cnexyer, uto mpu | 7y m aMILIUTyJa
sif ——|—0
w

BBIHYXICHHBIX KOJiebaHuit A —> 00.
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Ilpu A —> 00 oGpabarbiBaeMblii MaTepuan OyJIeT BHEAPATHCA B PabOUyro
HOBEPXHOCTb KPYyra 10 YPOBHS CBA3KH, YTO IPHBEACT K Pa3pyLICHHIO MOCIECIHEH.
B sTOoM cityyae nmutndoBanbHbBIA Kpyr padoTaeT B peKHMe caMO3aTauylBaHUA U €ro
pexyIIas CocOOHOCTh JTUTENBHOE BPeMsl COXPAHsETCsl BO BPEMEHH.

W3 3aBucumoctn (23) BHAHO, YTO NPH YBEIWYEHHH () N0 OIPEAEICHHOTO

3HAUYCHUA COOTHOIIICHUC - £ H COOTBCTCTBCHHO A < X —_
m <1
c
a-w-c-sin 7. 4M
[0}

B stoM u 3akmovaeTcsdPQEKT MpephBUCTOro HUIH(GOBAHUS KaK MeEToAa
npaBku kpyra. I[Ipu 3ToM uem Goibuie @, TeM Bbiuie 3PQHEKT, Clea0BaTENBHO,
3 PEeKTUBHOCTh NpaBKH NUIM(POBAILHOIO Kpyra BO3pacTaeT C YMEHbIICHHEM
JUIMHBI PEXYILETo BBICTYIA.

_2-nV

KR B (23), moayaum

HOCJ’IG IIOACTaHOBKU a= Il + IZ n
I +1,

Xer. A=k . (24)

e
2-V,q -C-sin R
(4]

Takum 06pa3oM, ¢ yMEHBIIEHHEM [UIMHBI PEXYIIHX BBICTYIIOB |1 (mmu ¢
BO3pacTaHueM HX KosuuectBa [1 ) W yBelMYEHHEM CKOPOCTH Kpyra VKR

YMCHBIIACTCA aMITINTYJa BBIHYKJIACHHBIX KoJIeOaHui A

Ha puc.] npusenens! 3aBucumocu 4 = f(l1)’ MIOCTPOEHBIE YISl PA3THIHBIX

3HaYEHUH KO3 PUIMEHTA IPEPHIBUCTOCTH N — Lz py TUTH(OBAHUH C TMMOOBOI
Il

nIyOWHOU pe3aHus tL = 0,2-10’4m. U3 rpadukoB BHUAHO, YTO B HCCICIyEMOM

HHTEpBaJie MPOTSHKEHHOCTEH  PEXYLIUX BBICTYIIOB 0,01mm < |1 <0,10mm
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JUana3oH W3MEHEHMs aMIUINTY]] BBIHYXJICHHBIX KojeOaHuii A cyxaercs c
yMeHbllIeHneM Kod¢pduuunenta npepbBuctoctu N,

] T L= Zed A= 1s0

0000016 -

0,0000121

0000008 - il
4 nj= 8
: =
g Yeom

0,000004
E T T T T T T T T T T T T T T T T T T T T T T T T 1

002 0,04 006 008 01

PucyHnok 1 — 3aBHCHMOCTH aMIUTUTYABI BEIHYKACHHBIX KOoJeOaHUH A(m) OT JJIMHBI
I,(m
PEXYILEro BEICTYyIIaA 1( ) npu NUTA(OBAHUN TIPEPHIBUCTHIMU KPYTaMH € Pa3InIHBIMU

3HAYEeHUSIMH K03 HUIHEHTa TPEPBIBUCTOCTH N =nj =0,3,0,5; 0,8; 1,0;1,5 ¢ num0OoBoOIt

t, =0,02mm.

rI1yOMHOM pe3anus

|1 (Ipu HemsMeHHOM 3HaueHHH Kkodpduuuenta npepsisuctoctd N ) ammuryna

BBIHYK/ICHHBIX KoneGanuit A ymenbmaercs.

Ha pwuc.2 nokaszaHbl 3aBUCHMOCTH aMILIMTYbI BHIHYKICHHBIX KOJIeOaHHH A
OT TEOMETPUYECKHX XapaKTepPUCTHK padoueil MOBEPXHOCTH MPEPHIBHCTOTO
OUTMQOBAaIBHOTO  KpyTra, IIOCTPOEHHBIE s JByX TIOyOMH  pe3aHus
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( t. =010mm,t, =0,05mm ), YCTaHOBIICHHBIX 1o MGy

TUTOCKOITU(OBATBHOTO CTAaHKA.
3aBUCHMOCTH A = f(n, N) BBIIVIIAT B BUJIE HENMHEHYATHIX MOBEPXHOCTEM,

M3 aHaJiu3a KOTOPBIX CJICAYET, 4YTO C YBCIWMYCHUCM KOJMYECTBA PCKYIIUX

BbICTYNOB [1 Ha MPEPHIBUCTOM Kpyre aMILIMTY[a BBIHYKICHHBIX KOJNCOaHHUIA A
yMmeHbInaercst. M3 rpagukoB BHAHO, YTO JUIS HMCCIIEAYEMOro HWHTEpBajla YHCEI
pexymmx BoicTynoB 5< N < 40 nuana3oH W3MEHEHHUs aMIUTHTY[ BBIHYXICHHBIX

KoJieOaHMH Cy)KaeTcs C YMEHbIICHUEM JTUMOOBO IITyOHHBI pe3aHus tl_ .

U3 ananuza muanit ABCD u KLMN , sBisironuxcst JIMHUAMHE TIepeCeYeHus
3apucumocteit 4 = f (n, N) C TOPU30HTAIBHBIMU IUIOCKOCSAMH [], 1 I1,, MOXKHO

CAenaTh BBIBOJ, YTO IUIS MOJAJEPIKAHUSA aMIUINTY/IbI BEIHYKIECHHBIX KoJeOaHHH Ha
OJHOM U TOM-)X€ YPOBHE HEOOXOOMMO TpH YBEIHUYCHHUH Ko3((unneHTa

MPEPBIBUCTOCTH N YMEHBIIATh KOJMYECTBO pexylmux BbIcTynoB I Ha paGoueit
MOBEPXHOCTH MPEPHIBUCTOTO HLTH(OBATIBHOTO KPyTa.

B ycrnoBusiX MpephIBUCTOrO NUIM(OBAHHS MPOUCXOIAUT IMEPUOAUICCKOE
M3MEHEHHE BO30YXKNAIOIIEH CHIIbI, NPUBOJSNICE K HM3MEHEHHIO JKECTKOCTH
YIPYroil cCUCTeMBbI cTaHka BO BpeMeHH. KosiebaHus, 00yCIOBICHHbIE H3MEHEHHEM
TAKOrO  TapaMeTpa YOpPYroil CHUCTEMbI, KaK JKECTKOCTb,  HA3bIBAIOTCS
napaMeTprUYeCKUMH KOJICOAaHUSIMH.

Tak e, Kak M TPH BBIHYXKJICHHBIX KOJIeOAHMAX, 3/1€Ch MOYKHO HaOII0aTh
SIBJICHUSI PE30HAHCA, KOTJa YaCTOTa M3MEHEHUsI JKECTKOCTH COBIMAIAET C YacOTOU
COOCTBEHHBIX KOJICOAHMIH.

JIyis BBISBJCHUS CTCICHH BJIMSHHUS TCOMETPHUYECKUX MapaMeTpoB paboucii
MOBEPXHOCTH MPEPHIBUCTOTO KPyra Ha BO3MOXKHOCTh BO3SHUKHOBEHHSI B YIPYroi
CHCTeME  IUIOCKOUUTH(OBAIBHOTO  CTaHKAa  MapaMEeTPUYECKOro  pe30oHaHca
BOCTIOJNIb3YEMCSl YCIIOBHEM HEYCTONUMBOM pabOThI yIIpyroi cuctemsl [9].

1+ M
L>="% (25)
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PI/IcyHOK 2 — 3aBI/ICI/IMOCTPI AMIUIATY Ibl BBIHYKICHHBIX KOHe6aHI/II>'I A , BOBHUKAKOIIHUX
npH NUTM(GOBAHUH NPEPHIBUCTHIMU KPYTaMU € TMMOOBBIMHY TTyOUHAMHU pe3aHUsI
t, =0,10mm,0,05mm

ot xo3dummenta npepsBrcTocTd N i 0T KoMMUecTBa pesKyIIX
BBICTYTIOB Nya a0pa3uBHOM HHCTPYMEHTE.

e*h(TlJrTz)

" hik, + hsin2k,t,

L )[kf sink,t, sink,t, —

—2-Kq -k, -COSK, Ty - COSK; Ty - COSK, (T4 + 1T, ) —

—kZ sinkyt; sin(2- Kty + Kyt )|
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kik,e 2" %) cos(2 -k, - (t, +1,))

M = _ (27)
h(k, +hsin2k,t; )
t
C,- L 1 C,|l+-1
The | — ng tF _h2,k2= g_#_hz.
' m 2-m m 2-m

C, — IPUBC/ICHHAs! XKECTKOCTD YIPYTOi CHCTEMBI, [\V .

-
h — BCJIMYHHA, xapaKTepI/Bonmaﬂ yracaHHe KOHC6aHI/II>'I BO BpCMeHI/I;

2

M — npusenennas macca, (N °S % ;
t|_ ) tF - riyouHa pe3aHusi, yCTaHOBIIEHHAS o TUMOY

TUIOCKOLUTU(OBAIILHOTO CTaHKa M (pakTuueckas (MCTHHHas) TIyOMHA pe3aHus
COOTBETCTBEHHO;

| J

T, = 1 T, = 2, |,l,— IMHA PEXYIIEro BBICTYNA M IPOTAKEHHOCTh
VKR VKR

BIAJUHBI cOOTBeTCTBEHHO, [T,

Mo ¢dopmynam (25), (26), (27) OblmM TpPOBEAEHBI PacyeThl U IOCTPOCHBI
M+1
= f(

3aBUCUMOCTH | = f(n, N) it n, N) JUIS IBYX 3HAYEHWH OKPYKHOH
CKOPOCTH KpyTa U JABYX 3HAUCHMI TUMOOBOM ITyOUHBI pe3anus (puc.3).

JluHuu nepeceyeHus] NOBEPXHOCTEH, OMUCHIBAEMbBIX dTHMHU 3aBHCUMOCTSIMHU,
SBIIIOTCS TPaHMLAMH oOO0JacTed mapamMeTpuYecKoW HEyCTOMYMBOCTH YIPYToit
CHCTEMBI TUIOCKOIUTM(OBAILHOTO CTAHKA.

U3 conocraBnenus puc.3(a,c), a Takke puc.3(06, d) cmemyer, uyto mpH

BEJIMUYEHUN OKPYKHOU CKOPOCTH Kpyra oT m (0} m 06HaCTI/I
y py p pyra V. or 25M/ 10 30 A

[apaMeTPUUECKOM yCTOWYMBOCTH YIPYIOM CHCTEMbl CTaHKa CMELIAKOTCS B
HAIPABJICHUH YMEHBIIEHHs KOJIMYECTBA PEKYIMX BoICTYIOB [1 Ha mpepsiBrcTOM
nu$oBaIHLHOM KpyTe.

W3 comocraBnenuss pwuc.3(a,B), a Takxke puc.3(c,d) BHgHO, YTO C
YMEHBIICHHEM  JIUMOOBOW  MIyOWMHBI  pe3aHus tL rpaHumbl  obmacTen

[apaMeTpUUECKON yCTOMYMBOCTU YNPYroil CUCTEMbI CTaHKa pacumupsitorcs. U3
puc.3(a,0,c,d) BumHO, 4TO I OOECMeYeHHs MapaMeTPUIEeCKONH YCTOMYHUBOCTH
YOpYro CHCTEMBI CTaHKa HEOOXOAMMO TIpH yBEIHMYEHHH KO3 (HUIMeHTa
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npepoiBrucroctn N yMeHbIaTh KOMMUECTBO MpopH3eil Ha paboucii MOBEPXHOCTH
kpyra N.

Pucynok 3 — O6nactu mapaMeTpuyecKkoil HEYCTOHYMBOCTH YIPYTOli CHCTEMBI CTaHKa
IIPU Pa3IMYHBIX CKOPOCTSAX BpaIlEeHUs Kpyra (VKR _ 30% (a,b),\/KR — 25% (c,d))

¥ TIPH Pa3JIMHBIX 3HAYSHHUSX TUMOOBOH ITyOWHBI pe3aHus

(t, =0,02mm (a,c), t,_ = 0,10mm (b.d)).
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BriBoabI.
1. YcraHOBIEHO, YTO C YBEIHUUCHHEM OKPYKHOW CKOPOCTH NUTH(OBAIHLHOTO
MIPEPBIBUCTOrO KpyTa V'<R aMIUIUTYJa BBIHYKIIEHHBIX KoJeOaHun A YMEHBILIAeTCs,

a obmnactu napaMeTpHUYecKon yCTONUUBOCTH ynpyroi CUCTEMBI
TUIOCKOLIUTM(OBAILHOTO CT@HKa CMEINAIOTCS B HANpPaBICHWH yMEHBIICHUS
konuyecTBa mpopeseit [N Ha paGoueii moBepxHOCTH a0pa3MBHOTO HHCTPYMEHTA.

2. YCTaHOBJIEHO, YTO C YBEIMYEHUEM KOJIMYECTBA PEXYIIUX BhICTyOB 1 Ha

NIPEPHIBUCTOM Kpyre amIUIUTy]a BBIHYXKJIECHHBIX Kojebanuii A ymeHbluaercs, a
TpaHUIBI 00JacTel MapaMeTpUIeCKOH YCTOHINBOCTHA PACIIUPSIOTCS.

3. YCcTaHOBJIEHO, YTO B HCCIIEyEMBIX HHTEPBAJIAX YHUCEI PEKYIINX BHICTYIIOB
5<n<40 u xoadduimenta npepriBucroctd 0,3<N<40 C ymeHblIeHHEM JTUMOOBOW

FJ'Iy6I/IHLI pe3aHua tL Auara3oH M3MCHCHUSA aMINIMTYZ BbIHYKACHHBIX KoJieOaHui

A CyXaeTcs, a TpaHullbl 00JacTell mapaMeTpu4ecKOoW YCTOHYMBOCTH YIPYTroM
CUCTEMBI CTAHKA PAaCUIMPSIOTCS.

4. YCTaHOBIEHO, 4YTO [UIi TOANCPKAHMUSA aMIUIATYABl BBIHY>KICHHBIX
Kosiebanuii A Ha MOCTOSHHOM YPOBHE U JUIA HEJOMYIICHHUS BBIXOJAd M3 30HBI
MapaMeTpUUEeCcKOi YCTOMYMBOCTH YNpPYyrol cHCTeMbl HeoOXomammo mnpu H —
yBenm4IeHUH K03 punnenTa npepsIBUCTOCTH N yMEHBIIATh KOJMYECTBO Mpope3eh
N Ha npepbIBHCTOM IUTH(POBATEHOM HHCTPYMEHTE.

5. BhIsiBIICHBI yCIIOBUSI TPEPBIBUCTOTO HMITH(OBAHUS, IPU KOTOPHIX B YIIPyTron
cUCTeME  IUIOCKOUUTM(OBaJBLHOrO CTaHKAa HE  BO3HUKAIOT  YJapHBIH U
MapaMeTPUUECKUil PEe30HAHCHl W TIOSBISAETCS BO3MOXKHOCTH CaMOO(OPMIICHHS
PeXyIIEro MUKpopenabeda padoyeid MOBEPXHOCTH aOpPa3sWBHOIO HHCTPYMEHTA B
nporuecce ero paboThI.
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COCTOSIHHUE AJIMA30HOCHOTI'O CJ105
HA OTAIIE U3T'OTOBJIEHUA HHCTPYMEHTA

Hageoeno pesynomamu 3D mooentoganHs mMemoOom KiHYesUx eieMeHmie npoyecy CniKaHHs
KOMNNIEKCHOT cucmemu «36'13y6aHHA—AIMA3He 3epHO—Memanopasay. Ynepuie npu 00CHiONCeHHI
npoyecy cnikamms po3paxyHKOSUM MemoOOM 6CMAHOBNEHO GNIUE DI3UKO-MEXAHIYHUX 61acmusocmell
Memanoghasu, a makodc ii i0COMKOBO20 GMICMY 6 AIMAZHOMY 3€PHI HA HANPYICEHO-0epopMOsanuil
cman 0aHoi cucmemu. Bcmanosneno Haubiibwt mepmocmitiKi 8udu CHIAGI8-PO3UUHHUKIG, SKI
MOACYMb 3ACMOCO8YBAMIUCS HA emani cunmesy aimasa il 3abesnevygamu YiliCHiCMb aiMAa3HUX
3epen npu 6u20mosIeHHI (6UNALi) AIMA30HOCHO20 WApYy KPY2ié HA KepaMiyHuX 36's13Y8aHHAX

Ilpusedenvr  pezynvmamor 3D modenuposanus memooom KOHEUHbIX dNeMEHMO8 npoyecca
CHeKaHusi KOMNJIEKCHOU — CUCMEMbl — «C8A3KA—AIMA3HOe — 3epHo—Memaniogasay». Bnepsvie npu
uccneo0o8anull  NPoYecca  CneKauus PAacHemHbiM — MemoOOM —YCMAHOGIEHO — GUAHUE — (DUIUKO-
MeXAHUYeCKUX ceolcme Memaniogassl, a maxice ee nPoYEeHMHO20 COOEPICAHUs 6 ATMAZHOM 3epHe HA
HANPANCEHHO-0ehOPMUPOBAHHOe — COCMOSHUEe — OAHHOU  cucmemvl.  YcmaHnognenvl  Hauboiee
mepMocmouKue 6udbl CHIAG06-PACHEOpUMeNell, KOmopble MO2YM HPUMEHAMbCA HA Smane
cuHmesa armasza u obecnevusams Yei0CMHOCHb AIMA3ZHbIX 3epeH npu uzeomosieHuu (obixcuze)
AIMA30HOCHO20 CII0SI KPY208 HA KePAMUYECKUX CBA3KAX

The results of the finite-element 3D modeling by finite-element method of the sintering process of
the complex system “bond—diamond grain—metal phase” are given. For the first time, when studying
the sintering process using a calculation method, the influence of the physico-mechanical properties of
the metal phase as well as its percentage in the diamond grain on the stress-strain state of the system
“ bundle - diamond grain - metal phase ". The most heat-resistant types of alloys-solvents that can be
used at the stage of diamond synthesis and ensure the integrity of diamond grains during the
manufacture (firing) of the diamond layer of the ceramic bonded wheels have been established

Jns  u3rotoBieHWS amMa3HO-aOpa3WBHOTO MHCTPYMEHTA HCIONb3yeTCs
HIMPOKUM JUala3oH MAapoOK CHHTETHUYECKOro anmasa. Mapka ajMa3Horo 3epHa
ONPEIEIISAET €r0 NIPOYHOCTh, CBSI3aHHYI0, IIPEXKIE BCETO, C COACPKAHUEM IIPUMECEI],
COBEPIIEHCTBOM (DOPMBI, BHYTPEHHEH W TIOBEPXHOCTHOU AePeKTHOCThI0. Kaxknoii
MapKe aJMa3a COOTBETCTBYIOT ONPEACICHHBIC TePMOOApUIECKUE U KHHETHYCCKIE
YCIIOBHSI CHHTE3a, COCTaB PACTBOPHTEIIS yIIIepoa, MapKa rpadura, pactoioKeHue
PCAKIIMOHHBIX KOMIIOHCHTOB, TEXHOJIOTHS OOOTalICHUs, PEXHMBI TPOOICHUS WU
COPTHPOBKH, KOTOphIE U OOECHCUMBAIOT HEOOXOAMMBIA  YPOBEHb €€

© B. A. ®eooposuu, E. B. Ocmposepx, H. B. Kozakosa, E. A. babenko, 2019
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OPOYHOCTHBIX cBOWCTB [1].

OpHuM U3 Hanboliee 3HAYMMBIX (DAaKTOPOB, BIMSIOIIMX HAa TEPMOCTOMKOCTH
anMasa, SBISIIOTCS METAUIMYECKUe BKIIOYEHHMS B Macce anMasa, KOTOpbIe
HEen30eXKHO MPHCYTCTBYIOT ToOcie ero cuHre3a (puc. 1). M3BecTHBI MeXaHH3MBI
0o0pa3oBaHKs BKJIIOYEHHH B KpucTawiax anmasza. OfMH M3 HHUX 3aKII04aeTcs B
3axBaTe BKJIIOYCHUH BEpIIMHAMH KpHUCTauia (IPH MaibIX IEPECHIIEHHAX) U
pebpamMu (B YCIOBHSX OOJBIIMX IIEPECHIMCHUN), APYrod — B 3apalliBaHUN
HCXOIHOTO PACTBOpa B LEHTPAJbHBIX MHPAMHUIAX HapacTaHHS B MECTaX BCTPEUH
cioeM [2].

Pucynox 1 — CHEUMOK MOHOKPHCTAIIIA aJIMa3a ¢ JIOKAJbHBIM BKIFOUEHHEM
MeTalla-KaTaan3aTopa

CornacHo naHHbIM [3] Hamuuue CraBa-pacTBOPHUTENS] B CHHTETHYECKOM
ajMa3e NPUBOAMT K YBEJIMYEHWIO BHYTPEHHHX [aBJCHUI B 3€pHE, IOSBICHHUIO
CeTKM MHUKPOTPEUIMH B TMpOLlECCe HarpeBa M MHUrpauud Metamiodassl Ha
MOBEPXHOCTh KPUCTAJUIA. YPOBEHb JaBIEHUS B IJIOCKOCTH MOXKHO OIICHHUTH
COOTHOIIIEHHUEM:

q = R2(0'/2 - al)(Tl - To) ’ (1)

e K2 — npuseiennblii MOy Ib 00BEMHOTO CHKATHS METAILIO(A3HI;

o2 — ko3 dunneHT auHelHHoro TemmeparypHoro pacumpenus (KJITP)
MeTamodassr;

T1 — TeMmiepaTypa, IpuU KOTOPOHW MPOMCXOIWT BBIXOA MeTayurodassl Ha
MOBEPXHOCTh ajMas3a, CONPOBOXKAAEMBIN 00pa3oBaHMEM TPEIIMH (COOTBETCTBYET
973 K);

01 — ko3 uIMeHT NMHEHHOTro TeMIlepaTypHOTrO paclIMpeHHs ajiMasa B
nuanasone 10 750 K (o1 = 3,7-10° K1),
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OpHako JjaHHas pacuyeTHas CXxeMa He YYMTBIBACT BIMSHHE CHIIOBOrO (hakTopa
Ha YypOBEHb HAaNpsDKEHHH B aJIMa3HBIX 3€pHaX M pemlaercs B YCIOBHUIX
JBYXMEpHOro MojenupoBaHus. C ydeToM BBICOKOH TEMIIEpaTypHOW Harpysku
aJIMa30HOCHOIO CJIOS Ha JTame OO0XHUra, BO3HUKAeT HEOOXOAUMOCTb Ooiee
rIIyOOKOr0 W3y4YeHUs] BO3JECHCTBHS (DU3MUECKHX CBOWCTB CILIaBa-pacTBOPHUTEIS
(Metaimodazpl) Ha W3MEHEHHE HANpsHKEHHO-AS()OPMHUPOBAHHOTO COCTOSHUS
(HAC) cucrembl «cBsizka—anMmasHoe 3epHO—MeTaurodaza»y. Axamms HJC
MOJIETIMPYEMOH CHCTEMBI II03BOJMT CHPOTHO3HPOBATh IIOBEJCHUE CHCTEMBI M
COXPaHUTH LEIOCTHOCTh aJIMa3HBIX 3€PEH IPH H3TOTOBJICHWHU KPyroB. M3yueHne
BIMSAHASA (U3UKO-MEXaHMUECKMX CBOHCTB MeTaiula-katamm3zatopa Ha HJIC
HCCIEIYeMOH CHCTEMBI TIO3BOJMIIO ONPEACINTh UX PAlMOHAIBHBIC 3HAYCHUS UIS
pas3IMYHbIX MapoK ajaMasa, 4TO MOXKCT HMCTb MNPAKTUYCCKYIO HEHHOCTH IIpU
CHHTe3¢ MOJUKPUCTAIIIOB aJIMas3a.

AnMa3Hoe 3epHO

i
Ay g
S

S
N

Merawio paza

AunmasHoe 3epHo|

Merasmo paza

a) 0)

Pucynok 2 — 3D Mozenu 1 pacuyeTHas cXeMa HCCIeyeMOW CHCTEMBI:
a) 3D Moaens cucTeMBbl «alMa3Hoe 3epHO—MeTautodaza;
0) 3D xoHe4HO-3IIeMEHTHAsI MOJIENb M pacyeTHast CXeMa CUCTEMBI «CBSI3Ka—aIMa3HOe
3epHO—MeTaiuto(hasay JUIs UCCIeIOBaHUs POLiecca CIeKaHUs AIMa30HOCHOTO CII0s

Hnsa uccnenoBanus usmeneHuss B HIC cuctemsl «cBs3Ka—ajliMa3HOE 3€pHO—
MeTauiodasza» CMOJCIUPOBAH MPOLECC O0KUTa KEPaMHUYECKOTO aIMa30HOCHOTO
cnost K1-01 ¢ comeprkanuem ajiMasa pa3jiMyHbIX MapokK. JJs eTanbHOro aHaaiuza
ObUTH BBIOPAaHBI MapKH 3€peH, COOTBETCTBYIONIME COTJIACHO Kiaccupuranuu [3]
XpYIIKOM, MPOYHOM TIpylnme, a TakkKe TIPyINNe M[OBBILIEHHON POYHOCTH.
MopenupoBanachk Temneparypras Harpy3ka (T) unasnenue (P) Ha anMa3oHOCHBIN
cioii ¢ 3epuamu Mapok AC4, AC6, AC15 u AC32. KonnuectBo Meramiodassbl,

106



ISSN 2078-7405. Peszanue u uncmpymenm 6 mexuonozudeckux cucmemax, 2019, evtnyck 90

coJieprkaleecsl B anMase, MOJASIMPOBAIOCH BKIOYEeHUsiMU oT 7,5 mo 0,6 % wmac.
MoHoKpHCTaLT anmasa OblT TPEJICTaBIeH B [€OMETPUH OKTadapa. [IpoBesneH psin
pacyeToB C NPUIOKEHHEM TEMIIEpPAaTYpHOW Harpy3Kd Ha IOBEPXHOCTH 3JIEMEHTa
«cBsi3Ka» (pHC. 2), COOTBETCTBYIOIIEH 3HaueHuio Temmeparypsl or 200 °C  no
800 °C c marom nteparuu 200 °C 1 AnUTENBHOCTEIO Harpy3ku 10 cexyHa.

®duznyeckue CBOWCTBa ajMasa AMHAMUYECKH H3MEHSUTHCH IIPU HM3MEHEHUH
TeMIlepaTyphl B HccleayeMoll cucteme. B kadectBe MmeTtamiodaszsl IpUMEHSITICH
ISTh POCTOBBIX CHCTEM, HamOoJiee IMUPOKO HCIIONB3YEMBIX B IPOHM3BOJICTBE
(tabi. 1). Ha maHHOM 3Tare HMCCICIOBaHHIA MOICTHPOBATINCH CICAYIONINE BHIbI
MeTaJIHO(baBBII Ni39,6Mn59,4(Cr3C2)1,o; Fe958i5; COsg(CI"ng)lz; Ni4gFe4g(Cr3C2)4;
Fe44Co44(Cr3C2)12 [4]

Tabmuma 1 — HekoTtopble (U3HKO-MEXaHHYECKHE CBOWCTBA CIUIABOB-PACTBOPHTEINEH,
UCIIOJIb3yEMbIE TIPH TPEXMEPHOM MOJIEIHPOBaHUH [4]

Monynb KJITP Moy
CocraB ciuiaBa- 5 00BEMHOT
N O06o3HaueHHE | YNPYrocTd a, 10

pactBopuTens, Mac. % E T'Tla KL 0 CXKaTusd
’ K, I'lla
Nis9,6Mns9 4(CrsC2)1,0 Ni—-Mn-Cr 217 20,3 96,19
FegsSis Fe-Si 238 12,9 113,33
Cogs(CrsCa2)12 Co-Cr 250 10,3 162,19
NissFeas(CrsCz)a Ni—Fe-Cr 188 10,2 110,56
Fe44C044(CraC2)12 Fe—Co-Cr 246 9,2 201,56

YuuteiBag otnamuue (Oojee weM B 2 pa3a) IMOKazaTelneil OTAENbHBIX
TEPMHYECKUX CBOMCTB CILUIaBa-pacTBOPUTENS], BHIBUHYTO IPEIIOIIOKEHUE O TOM,
YTO IIyTeM BBIOOpa WX 3HAYEHHH IPEICTaBISETCS BO3MOXKHOCTH BIIMATH Ha
M3MEHEHHE HalpsHKEHHO-1e(OPMUPOBAHHOE COCTOSIHUE CHCTEMBI «aJIMa3HOE
3epHO—MeTauioha3a» Ha ITale CIEKaHUs alIMa30HOCHOTO CJIOS KePaMHUYECKUX
KPYTOB.

[t ero moATBep KICHUS MPOBEICH PsIJI pacUeTOB VIS alIMa30HOCHOTO CIIOS
Ha Kepamuueckoir cBs3ke K1-01 ¢ ammasaeiMm mopomkom ACI15 100/80. B
KauyecTBe TMpeIeNbHO JAOIYCTUMOM Harpy3kKH B 3€pHE pPaccMaTpUBAJIOCh
o, = 0,57 I'Tla [5]. C ucnonp30BaHUEM TPEXMEPHOTO MOJICITUPOBAHUS METOAOM
KOHEYHBIX 3JIEMEHTOB OBIJIM pacCUMUTAHBI MpeebHbIE 3HAUEHHs SKBHUBAJICHTHBIX
HanpsOKeHU. AHanu3 TOJNyYeHHBIX pPE3yJIbTaTOB IOKa3aJl, YTO HauOOJbLINE
HaNpsDKEHUS CPeOu BapbHPYEMBIX BHAOB MeTayutoda3sl HaONIOATNCh Y 3epeH,
coxepxaux cruias Ni-Mn (puc. 3).

107



ISSN 2078-7405. Pezanue u uncmpymenm ¢ mexnonozuyeckux cucmemax, 2019, evtnycx 90

4
=
1
535 /
= |_2\{\/
2
2 3
: /
£25 —Ni-Mn \
E —Fe - §i /
E” 2 — 0 -Cr 7 3
E —Ni-Fe-[Cr )
’ 15 Fe-CodCr A
1
05
0
0 200 400 600 800 1000

Temmepatypa, C

PucyHnok 3 — 3aBUCUMOCTb IIPE/IENIBHOTO 3HAYEHUS Osxs B CUCTEME
«alMa3Hoe 3epHO—MeTaIo(ha3a) OT TEMIEpaTypbl 00XKUra KEPAMUIECKON CBSI3KU
K1-01 mnst 3epeH ¢ pa3nuyHOit MeTamtodazoit:

1) Ni-Mn; 2) Fe-Si; 3) Co—Cr; 4) Ni-Fe—Cr; 5) Fe-Co-Cr

B cucreme ¢ mnpeobnagarommMm coxepxkanueM Fe-Si HaGmopanuch
HaIpsDKEHUsI, 3HAYEHUsI KOTOPBIX B CpeJHeM ObUTH B 1,5 pa3 MEHBIINMH: TaK, MPU
temriepatype obkura 7 =600 °C B 3epHe ¢ coxmepxanuem cmiaaBa Ni—Mn
3HAYCHHST HATIPSDKEHUS COCTABIUIO Ov = 2,1 T'Tla, a B 3epHEe ¢ Metamnodasoit
Fe-Si aTo 3HaueHue paBHIOCH Oy = 1,6 I'Tla. Ilpumenenue cmiaasos Co—Cr,
Ni—Fe—Cr, Fe—Co—Cr BbI3bIBAJIO CONOCTABUMbIE HAMpsDKeHUs B cucteme. Jlis
T =600 °C 3HaueHHE Oy OBLIO 3aduKcHpoBaHO B nuamasone ot 1,04 mo
1,13 I'Tla. Bo Bcem mHTepBalie 3HaUYeHU MOXHO Bbiaenuth criaB Ni—-Fe—Cr,
IPU HCIOJIB30BAHUHM KOTOPOTO YAAIOCh JOCTHYb HAMMEHBIIMX 3HAYCHUH O
MopaenupoBanue anmasza, HeE COJAEpXKallero BKIIOYEHUH MeTammodassl,
MOKa3aJ0 HAaCKOJbKO MEHEe TePMHYECKH HAIpPSDKEHHBIM MOXET OBITh ero
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COCTOSIHHE: TIPH OJUHAKOBBIX TEMIEPATYPHBIX PEKUMAax CHCKAHHUS alIMa3HOE
3epHO ¢ MeTamiodaszoif XapakTepH3oBanoch HampsbkeHMeM B 1,9 pas
6oJbIINM, YeM 3epHO Oe3 Hee (puc. 4).

AnmaszHoe
3epHO

Mertamodasza
a) 0)

PucyHnok 4 — Pacnipenienienue HanpsbKeHUH B aIMa3HOM 3€pHe:
a) 6e3 Metamutodassl (o = 0,58 I'Tla); 0) 3epHe ¢ BKIFOUCHHUEM MeTaloda3bl
Ni—Fe—Cr, cocrasisitomum 7,5 % mac. (owe = 1,13 T'Tla):
Temneparypa obxura 600 °C, Bpems o6xura 10 ¢, mapka cBs3ku K1-01

AHanu3 BiAMAHUS ~(U3MUECKHX CBOWCTB  CIUIABOB-PAcTBOPHTENICH Ha
pe3yNbTaThl MOJEIHPOBAHMS poLiecca 00XKUTA TO3BOJIMII C/IENATh BBIBOA O TOM,
YTO MUHHMMAJIbHBIE HAIIPSHKEHUS] B CHCTEME BO3HHKAIOT IPH MOJYJE YHPYTOCTH
Metamutodaszel He Oomee 200 ['Tla u kodddummeHTe TEPMUIECKOTO JIHHEHHOTO
pacuupenus He 6onee 10,2-10% K, uTo B 1aHHOM cllyyae COOTBETCTBYET CILIABY
Ni-Fe-Cr. B cpennem ypenuuenue 3Hadenus KJITP B 2 pasza ¢ 10,2 10° no
20,3 10 K! mpuBOAMT K YBEIHUYEHHUIO SKBUBAJICHTHBIX HANPSKCHUS Goxs B 2,7 Pas.

[MpoueHTHOE  coiep)kaHWE  CIUIABA-PACTBOPUTENST  TaXKe  SIBIISIOTCS
3HAYUMBIMH (DaKTOPaMH, BIUSIONMMU Ha Npe/eNbHble 3HAYCHHs SKBUBAJICHTHBIX
HaNpsOKEHUI B CHCTeMe «aliMa3Hoe 3epHo—MeTaiodasza» npu HaJIWYUU
TeMmnepatypHoil  Harpy3ku. Ha cuexayromem — 3tamne  UcclieIOBaHUM
MOJleIMpOBajach CHCTEMa C alMa3HbIM 3epHOM ¢pakmuun 63/50 wu
IMPOLEHTHBIM COJIep)KaHUEeM MeTaiuio(]as3bl, COOTBETCTBYIOMMM Mapkam AC4,
AC6, ACI15, AC32. B kauectBe MeTammoda3sl B MOJENb 3aKIaJbIBaIUCh
cBoiictBa poctoBoii cuctembl Ni—Fe—Cr. Pacuyer mokasan, 4to mpu BeIOOpe
Ooyee NPOYHBIX aJIMa3HBIX MapoK YBEJIMYHMBAETCS HX TEPMOCTOMKOCTD
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(puc. 5), cBs3aHHas C MEHBIIMMH 3HAYCHHUSIMH SKBUBAJICHTHBIX HAIPSDIKEHUH,
BO3HHMKAIONIMX HE TOJBKO B 00nacTu Metamnodasbl, HO U Ha BEpUIMHAX
KpHCTasIa.

VBenu4YeHUe NPOLEHTHOTO COJAEpXKaHUs MeTaiodassl B alMa3HOM 3€pHe
NPUBOAMUT K HPONOPIHOHAIEHOMY POCTY KPUTHYECKHX HAlpsDKeHUI B 00iacTh
BKJIIOUEHUH CIUIaBa-pacTBOPUTENS, KOTOPBIM CBS3aH C pacCIIMPEHUEM BKIIIOUEHUI
T0JT ICHCTBHEM TEMITEPaTypHOM Harpy3ku (puc. 5).
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PucyHok 5 — 3aBHCHMOCTB 9KBHBAJICHTHOT'O HANPSDKEHUS B CHCTEME
«anMaszHoe 3epHO—MeTamtodasza» oT TeMneparypsl ooxura cesazku K1-01
JUISL alIMa3HBIX 3€PEH C Pa3IMYHBIM MPOLIEHTHBIM CO/IepKaHHeM MeTauioghasbl:
1) AC32;2) ACI15; 3) AC6; 4) AC4

Tak nmns 3epHa AC4 mpu temmepatype obxura T =400 °C mnpenenbHOe
pacyeTHOe 3HaueHHE Oy = 0,56 [Tla B 1,5 pasa mpeBbllIaeT MpeaeIbHO
jpomycrumoe 3HaueHue o, = 0,37 I'Tla. Ilpm ananornynoil TemmepaTypHOU
Harpyske B 3epHe Mapku AC32 HampspkeHHE TOCTUTACT 3HAUYCHUS Oy = 2,2 ['1la,
yto Oosiee yeM B 2 pa3a MEHbLIE JONYCTHUMOIo 3HaueHus o, = 5,37 I'lla. IIpn
MojenupoBanun anMasza Mapku AC15 u AC32 mnpeBblllIeHHE JOIyCTUMOTO
3HAQYEHUS DKBHUBAJIEHTHOTO HANpPsDKEHUS MPOUCXOAUT JUIIb MPU TeMIepaTrypax
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T=400°C u T =600 °C coorBercTBeHHO. [[)1s1 MeHee MPOYHBIX MApOK aiMmasa C
OOJIBIIMM  COZep)KaHHEM  BKIIOYEHHUH  KPUTHYECKHE  HANPSHKEHHS  MOTYT
BO3HUKHYTb yoke rpu T = 300 °C.

Takum o00pa3oM, pe3yJibTaThl pacdyeToB IOJITBEPIWIN BO3MOXKHOCTH
MPOTHO3UPOBaHUS HANPSKEHO-1e(OPMHUPOBAHHOTO COCTOSHHE CUCTEMBI «CBSI3Ka—
alMa3Hoe 3epHO—MeTautodazay W MPEAENbHBIX 3HAYEHWH OSKBUBAJICHTHBIX
HaNpSOKEHUH Ouxe TYTEM BapbUPOBAHMUS (PU3MUECKHX CBOWCTB aIMa3HOTO
I (GIIopoIIKa. ITyTem MOJAEINPOBAHUS OTIpEIETICHBI Hambomee
TEPMOCTOWKHUE BHUBI CIIIIaBOB-PACTBOPHUTENIEH, KOTOPBIE MOTYT 00eCIIeUnBaTh
[EITOCTHOCTh aJIMa3HBIX 3€PEH NPH HU3TOTOBICHHH (00XHTe) aaIMa30HOCHOTO
CIO0sI KPYrOB Ha KEpaMHUYECKHX CBs3Kax. K rpymme TepMOCTOMKHX BHIOB
metaiodassl MoxkHO oTHecTu cminaBbl Co—Cr, Ni-Fe—Cr, Fe—Co-Cr. B aroii
TpyTIIe KPUTHICCKOE 3HAUCHUE Oyye 3auKcupoBano aumb mpu 1 = 400 °C, B TO
Bpems kak st cruiaBoB Ni-Mn u Fe—Si ata remnepatypa cocrauna T = 200 °C u
T =300 °C cootBercTBenHo. Tak MoaenupoBanue cuekanus npu 1 = 400 °C ¢
metanogazoit Co—Cr, Ni— Fe—Cr, Fe—Co-Cr moxkasaio, 4T0 NpUMEHEHUE ITHUX
CIIaBOB-pacTBOpHTENe o0ecreunBaeT yMEHBIICHHE 3HAUCHWH NPHBEICHHBIX
HanpspkeHu# B 1,7...2,1 paza.

HccnenoBanue BO3JEHCTBUS IMPOLIEHTHOTO COJEpKaHHUs MeTautodasbl Ha
HJIC  cucrembl  «CBsi3ka—ajnMasHOe  3epHO—MeTauiodasay  IMOATBEPIUIIO
MPEATONI0KEHHE O HEOOXOIMMOCTH MHUHHMMH3AIUN KOJIMYECTBA METAJUTMYECKUX
BKJIIOUEHUH B aJIMa3HOM 3epHe. I'panuua tepmoctoiikocT i 3epeH AC4 u AC6
3aukcuposana pu T = 300 °C, a s 6omee npounbix 3epeH AC15 uw AC32 pu T
=400 °CuT =600 °C cooTBETCTBEHHO.

PesynbraTel MOIENMPOBAHUS TOBOPAT O HEOOXOIMMOCTH HCIIOIB30BAHHSA
3epeH XpPYNKOH TpyHmbl B ajMa3HBIX Kpyrax Ha MOJMMEpPHBIX CBS3Kax,
TeMIiepaTypa ropsiaero npeccoanusi koropbix He gocruraetr 200 °C. Kpome Toro,
HEOOXO/UM TOHCK IyTel peleHus] MpoOJeMbl HU3KOW TEPMOCTOMKOCTH ajiMa3oB
MyTEM COBEPIICHCTBOBAHHS TEXHOJIOTMI CHHTE3a ajIMa3HbIX IUTU(IIOPOIIKOB.

Takum oOpazom, 3D MoxenupoBaHHEe METOJOM KOHEYHBIX 3JEMEHTOB
mpolecca  CHEKaHWsl  KOMIUIEKCHOM — CHCTEMBI  «CBSI3Ka—aJMa3HOE 3epHO—
Metaiuiodasa»  IMO3BOJMIO yCTAaHOBHTh, 4YTO B MPOLECCE HM3TOTOBICHUS
QJIMa30HOCHOTO  CJIOSI Ha KEPaMHUYECKMX CBA3Kax OJHOW W3  TPUYMH
NPEXIEBPEMEHHOTO Pa3pyIICHHs JIMa3HbIX 3€peH SBILIETCS] HAINYNE BHYTPEHHHUX
HaIpsOKEHUH B 3epHE, KOTOPBIE MTPEBBIIAIOT MPEAETBHO TOMyCTHMbIE 3HAYEHUS U
BBI3BaHBl HAIMYMEM METAINIMYECKNX BKIIIOYECHHUH CIIaBa-pacTBOPUTEIIS.

PacueTHBIM METOZOM YCTaHOBJICHO, YTO MPHU OAWHAKOBBIX TEPMHUYECKHUX
Harpy3kax 3Ha4eHHe DKBHBAJCHTHOTO HAIPSIKEHUsI B CHCTEME «aJIMa3HOE 3€PHO—
Metaiwioda3a» MOXKET BapbUPOBATHCSI B  3aBUCUMOCTH OT  MPOIIEHTHOTO
colepkaHus criaBa-pactBoputens. MogaenupoBanue HJIC cucteMbl «cBsi3ka—
anMasHoe 3epHO—Merauiodasza» NpH CIEKaHHMHM alMa3HbIX 3€pPEeH PasInuHbIX
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MapoK Mokasano, uro s 3epHa AC4 63/50 ¢ comepxkaHueM CIiiaBa-pacTBOPUTEIST
7,5 % mac. HanpsDKEHMsT JOCTUTAIOT KpUTHYecKoro 3HaueHus ysxe npu 1 = 300 °C,
a Juia HauboJsiee MPOYHOTro B mccieaoBanun 3epHa AC32 100/80 ¢ comepkanueM
crutaBa-pactBoputens 0,6 % mac. — npu T = 600 °C.

BriepBele mpu MCCIEIOBaHMM Mpolecca CHEKaHUS PacUeTHBIM METOJIOM
YCTAHOBIICHO BIMSHHUE (PU3NKO-MEXaHUYECKUX CBOWCTB MeTayuiodaspl, a Takxke ee
MPOLIEHTHOTO COJICPIKAHUS B aIMa3HOM 3epHE Ha HaNpPsDKEHHO-Ie(hopMUpOBaHHOE
COCTOSIHAE CHCTEMbI «CBsI3Ka—ajMa3HOe 3epHO—MeTaodaza». Y CTaHOBICHBI
HanboJiee TEPMOCTOIKHE BH[bI CIJIABOB-PACTBOPHUTENEH, KOTOpPBIE MOTYT
obecreynBaTh IEJNOCTHOCTh 3€peH Ha JdTame W3roToBIeHHUs (00xwura)
aJMa30HOCHOTO CJIOS KpPYyroB Ha KepaMH4YecKux cBsi3kax. K rpymme
TEPMOCTOUKHX MOxHO oTHecTd cruaBel Co—Cr, Ni-Fe-Cr, Fe-Co-Cr. [{ns
ATOM IPYINBI CIJIABOB KPUTHYECKUE 3HAYCHUS Ohre 3a(PUKCUPOBAHBI JIMLIL TIPH T
= 400°C, B To Bpems kak mias cmiaBoB Ni-Mn u Fe-Si atu Temmeparypsr
coctaBistor T = 200 °C u T =300 °C coorBercTBeHHO. BBIOOp TEepMoOcCTOIKOTO
CIlJIaBa-pacTBOPUTECIIA IIO3BOJIAICT YMCEHBUIUTDH 3HAUYCHUA MPUBCACHHBIX
HANpSDKCHUH B CHUCTEME «aiMasHoe 3epHo—Mertaiodasa» B 1,7...2,1 pasa. C
YMEHBILECHUEM MPOLIEHTHOTO COJepKaHusi MeTauiodasbl B 3€pHE pPacTeT ero
TEPMOCTOHKOCTb.
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B. A. ®enoposuy, a-p TexH. Hayk, W. H. IIspkoB, O-p TexH. Hayk,
H. B. BosowikuHa, XapbKkoB, YKpauHa

MOJEJIUPOBAHUE IMNPOIECCA BUBPAIITMOHHOI'O
HIJIN®OBAHUA METOAOM KOHEYHBIX 9JIEMEHTOB

Hagedeni  pezynomamu  MoOento8anHs npoyecy GiOpayitiHo20 aiMA3HO20 WNIQY6aHHs 3
BUKOPUCIAHHAM MEMOOY KiHYegux eleMeHmie. Ycmanoenere, wjo Haxiaoenus eiopayii y 301y 00pooKu
CYmmeso 30i1bULye  HANPyHCeHo-0eopMOBanutl CMan 30HU WNIQYBAHHS, WO CHPUAE NIOBUUEHHIO
npoOyKmusHocmi 06pooOKu.

Tlpugedennvl pes3yrbmamol MOOCIUPOBAHUSI NPOYECCA BUOPAYUOHHO2O AIMAZHO20 WIUPDOBAHUSL C
UCNONb306AHUEM MEMOOAd KOHEUHbIX NEMEHMO8. YCMAHOBNEeHO, Ymo HAlodCeHue GUOpayuii 6 30Hy
00pabomKu  CyuweCmeeHHo  Y8eiuuusaem  HanpsdiCeHHO-0eoOpMUPOBAHHOE — COCMOSHUE — 30Hbl
wiaugosanus, 4mo cnocobcmeyem nosblUeHU0 NPOU3B0OUMeNbHOCMU 00pabOmKU.

The results of the simulation of vibration diamond grinding using the finite element method are
given. It is established that the imposition of vibrations in the treatment area significantly increases the
stress-strain state of the grinding zone, which contributes to an increase in processing performance.

1. ITocTaHoBKa MpodaeMbl. YHUKaIbHbIE (PU3UKO-MEXaHUUECKHE CBOMCTBA
MOJUKPUCTAJUINIECKUX cBepXTBepApIX MaTepuanoB (IICTM) k KOTOPBIM B IEPBYIO
ouepeqb OTHOCATCS CHHTeTHdeckue MNojaukpuctammdeckue anmassl (CIIA) u
wiotHele Moandukanuu Hutpuaa copa (IITHB) no3soauian um cpasy ke HaiTh
BO3MO)KHOCTb HIMPOKOTO HCIIOJIBb30BaHMS BO MHOTHUX O0O0NAcTAX HApOIHOTO
xo3siicTBa. OTMEUEHHBIE BBINIE MaTepHaNbl COCTAaBISIOT 0CO0YyI0 TpyITy
obpabateiBaeMbIx MarepuaiioB (OM). TexHOIOrnM WX MPOW3BOJCTBA MOCTOSHHO
COBEpUICHCTBYIOTCS. B Toke BpeMs cymiecTByeT cepbe3Has npobiiema o0paboTku
IICTM. 3arpatrsl Ha U3TOTOBIEHUE HHCTPYMEHTOB U3 HUX JOCTATOYHO BENHKH, TAK
Kak Hayka M TEXHHKa II0OKa HE pacrojiarajoT aOpasMBHBIMH MaTepuallaMy,
TBEPAOCTh KOTOPBIX NpeBbIlIasia Obl TBEPIOCTh aliMa3a Ha HEOOXOIUMYIO C TOUKU
3pennsi 3(GGEeKTUBHOCTH Tpoliecca pe3aHusi BeduduHy. Ha Hacrosimiee Bpems
OJTHMM M3 HauboJiee pacpOCTPaHEHHBIX METOA0B (hOopMOOOpa3oBaHus u3aenui (B
TOM uYHciIe M pexyumx uHCTpymMeHToB) u3 [ICTM  sBrnsercs anmasHoe
nundoBaHUEe KpyramMH Ha pasauyHbIX cBs3kax. Cwsem mpumycka c¢ IICTM
OCYIIECTBIISIETCS TPH 3TOM IIyTeM XpPYHKOro Mukpopaspymenus OM mpu
BBICOKOCKOPOCTHOM KOHTAKTHOM B3aUMOJEHCTBUM anMa3HbIX 3epeH ¢ OM.
OCHOBHOW NPEeANOCHUIKON I pealu3aliy TaKoro Mpouecca SBIAETCS Haludue
Ha 3epHax OCTPBIX MHUKPO- U CyOMHKpOoKpoMok [1]. OTcyTcTBHE mpencTaBieHUN
00 0COOCHHOCTSIX MEXaHM3Ma CaMO03aTaYMBaHMs AJIMa3HBIX 3€peH B Kpyrax He
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MO3BOJISIET BCKPHITh MX BO3MOXKHBIE INOTEHIMAJIBHBIE pe3epBBbl IpU 00paboTke
IICTM.

OnmHuM ux 3P (EeKTHBHBIX METOI0B aKTUBH3ALMH ITPOIIECCa CaMO3aTauHBaHMs
JIMa3HbIX 3epeH MyTeM MX MaKpo- M MHKPOpa3pyllIeHHsi ¢ 00pa3oBaHUEM Ha UX
MOBEPXHOCTH MMKpPO- U CYOMHKPOKPDOMOK  SIBISIETCS. BBECHHE B  30HY
nundoBaHusd BuOpanuid [2]. B cBA3M ¢ STUM HaMU TpPEIANPHUHSATA IOMBITKA
YCTaHOBIICHHSI (DU3MUECKHX OCOOCHHOCTEH B 30HE KOHTAKTa alMAa3HBIX 3€pPEH C
IICTM myTtemM wuW3ydYeHUs BIUSHHUS pa3IW4YHBIX (AKTOPOB HA BEIHIHHY
SKBUBAJICHTHBIX HANPSOKEHUH, YTO TO3BOJIMT CYyAWTh O BO3MOXKHOCTH
caMo03aTauynBaHMs aJMa3HBIX 3€peH. B KOHEYHOM HTOTe 3TO JOJDKHO ITO3BOJHTH
YCTQHOBHUTH ITyTH TOBBIMECHUS 3((EKTUBHOCTH paccMaTpuBacMoOro mporecca
o0pabotku. B wacTtHOCTH, BHOpanuu SBISIOTCS WHCTPYMEHTOM, C IOMOILBIO
KOTOPOTO MOJKHO HE IPOCTO MCKIIOUHUTh TaKO€ OTPHUIATEIbHOE SIBICHHE IPU
obpaborke [ICTM kak NEpHOAMYHOCTH caMO3aTayMBaHUsi Kpyra (Y4TO CHIKAeT
MPOM3BOJUTENHLHOCTh M TIOBBINIAET PAcxXoj alMa3HbIX 3epeH Kpyra) [3], HO u
o0ecrneunTh caMo3aTayMBaHHWE 3€peH C MeEHbIIEH BBICOTOM BBICTYNAHUS Haj
CBS3KOM Kpyra, a, CIeJOBaTEeNbHO, IMPHU OOJBIIEM HX KOJIWYECTBE B KOHTAKTE C
I[ICTM. Ilo HamieMy MHEHHIO B 3TOM COCTOHT pe3epB Iporecca MUTH(POBaHUSL
[ICTM.

2. AHanIn3 mocJeNHUX HccaeqoBaHMil W myOaukanmii. V3BecTHO, dTO
9KCIIEPUMEHTAIbHOE (CTAHOYHOE) M3Y4YEeHHE OCOOCHHOCTEH YIbTPa3ByKOBOH
alMa3Ho-a0bpa3uBHOW 00pabOTKM SABISIETCS JOPOTOCTOAIIMM U TPYAOEMKHM
IpoIieccoM. B ¢BA3M ¢ 3TUM OYEBHIHO, YTO MCIOIB30BAHUE «BBIYHUCIHUTEIBHOIO
HKCIEPUMEHTA) SBIIETCS aKTyalbHBIM alTbTEPHATHBHBIM METOJIOM HCCIICTOBaHHS
BuOpaonHoro uumdosanus [4], [S].

ITpu paccmoTpeHnn Bo3MoxHbIX BapuanToB CAD-cuctem ObLT c/ienaH BBIBOJ,
4TO HauOoJsiee MOIXOMISIIUM JUISi MOJEIUPOBAHUsS BUOPALMOHHOTO HUIH(OBaHUS
sisieTcst maket SolidWorks, comeprkamnuit miarua Simulation, 6a3upyromiuiicss Ha
MeToJie KOHeUHBIX djieMeHToB (MKD).

3. Heap ucciaenoBanus. YcTaHOBIEHHE (U3MUECKUX OCOOECHHOCTEH B 30HE
KOHTakTa anMasHbix 3epeH ¢ I[ICTM myrem u3y4eHUWs BIWSHUS Pa3IMIHBIX
(hakTOpOB Ha BEJINYMHY SKBHBAICHTHBIX HAITPSKESHUH.

4. OcHoBHble MaTepuaybl HcciaeAoBaHuA. Jlii uH3ydeHHs Mpolecca
BHOPALIOHHOTO nudoBaHus HEeo0XoanMo OTIPEIECTNTh BIIMSTHUE
YIBTPa3BYKOBBIX KOJIeOaHWH, BBOAMMBIX B 30HY HUIM(OBAHUS, HA HANPSDKEHHO-
nedopmupoBannoe cocrossHue (HJIC) cucTembl «CBsi3ka — ajgMa3HOE 3epHO —
MeTautodasza — 00pabaTeIBaeMBbIil MaTEepHaI.

W3BectHO, YTO Hamboiee pacIpoCTpPaHEHHOW (OPMOH KpPUCTAJUIUTOB
(MOHOKpHCTAZIOB) ajMa3a CYMTAeTCS OKTadJp, IOCKOJIBKY IPH pa3pyIIeHHH
anMasa 9acTump! (IPOLYKTHl pa3pyIIeHHs) UMEIOT, KakK MPaBHUII0, UMEHHO (GopMy
okraspa [4]. Popmy mozenu 3epHa B MKD npuHuManyu 61u3KoH K HEMY, TaKUM
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0o0pa3oM, OBUIO BEIOPaHO TEJNO, B MPOJOJIBHOM CCUCHHH KOTOPOTO JICKHUT
BOCHMHIPAHHUK.

@parmMeHThl CBSI3KM M 00padaThIBaeMOro MaTepualia ObUIM NPEICTaBICHBI B
BUJIEe IPU3MAaTHYECKUX IUIACTHH C pa3mepamu cooTBeTcTBeHHO 0,4x0,4%x0,4 MM n
0,4x0,4x0,2 MM, YTO TO3BOJISJIO JOCTaTOYHO TOYHO  MOJCIUPOBATH
nedopmupoBanre (QparMEHTOB MOJENM C YYETOM YIAJCHHOCTH 30H KpaeBbIX
a¢pdexroB. Merauodasa B aMazHOM 3€pHE MOJEIMPOBAIACh B BUAE MPOCIOWKU
TONIIKHOM 2 — 5 MKM pa3nuaHoi GopMbl 1 AnuHb (puc. 1).

Cs3ka

Merannodaza

AnmaszHoe
3epHO

O6pabarbiBaemblii
Martepuan

Pucynok 1 — Mcxonuas 3D-mMozmens cucTemMsl
«CBsI3Ka — aJIMa3HOE 3epHO — MeTaJuIo(a3a — 00pabaThiBaeMblil MaTEpHaID)

Hanuure metamiodassl B aaMa3HbIX 3epHax, KOI(QQHUIMEHT TEPMHUSCKOrO
pacumpeHus KOTopoii 0oJblie yeM y anMasa, IIPUBOJIUT K TOMY, 4TO IPH Harpese
9TO MOJKET BBI3BaTh PacTPECKHBAaHHUE 3epHA B MecTax ee pacnonoxkenus. [Ipouecc
NUTHQOBAaHUS KPYraMHd Ha pPa3JIMYHBIX CBSA3KAX XapaKTEPU3YeTCs BBICOKUMHU
TEeMIIepaTypaMu B 30HE pe3aHus. B CBSI3U ¢ 3THM JOTHYHO NPEAIIOIOKUTH, YTO 3TO
OyZer OKa3bIBaTh CYIICCTBEHHOE BIMSHUE HA Pa3pyIICHUE aIMa3HbBIX 3€PCH.

Ha cnenmyrommem stare mpou3BOIMIOCH CO3/IaHUE CETKH KOHEYHBIX 3JICMEHTOB
U ec CrylmleHHe B 00JacTH KOHTaKTa ajiMa3HOro 3epHa ¢ 00padaThiBacéMbIM
marepuanoM. [IpuHMManoch, 4YTO CBA3Ka Kpyra — Ha OCHOBE ME[H,
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oOpabaThIBaeMBIil MaTepuall — MOJMKPHCTAUIMYECKHH CBEPXTBEPIBIA Marepual
(IICTM), meramnodasa — HuKenb. B kauecTBe MaTepuaina 3epHa BBIOpaH anmMas
Mapku  AC100 3epumcrocthio  160/125, oOnamaromuii  CIeIyHOIIUME
MPOYHOCTHBIMU XapaKTEPUCTHKAMMU:

Opacr = 2,18 T'Tla; oex = 12,9 I'T1a [5] [6].

CrnemyromyM  3TalioM  MOAENIHMPOBaHUS OBIIO  3aJaHWE  I1APaMETPOB
Harpy’keHusi MoJenu. B  Xome JKcmepuMeHTa  MOJENb  Harpyxaiaach
pacOpelesieHHONM  Harpy3kod, MNpWIOKEHHOM K BEPXHEM TIpaHM  CBSI3KH
(MozmenupoBaTach HOpMabHasi COCTABIAIONIAs CHIIBI pe3aHus Py) n paBHOMepHOH
Harpy3KoH, TIPHIOKEHHOH K OOKOBOHM TpaHM WMHUTHPYIOUIEH TaHTCHIIHAIBHYIO
COCTaBIIONIYIO CHITHI pe3anus P, (puc. 2).

MorenmipoBaHie  BHOPAIMOHHOIO — NUMM(OBAHMSA  MPOU3BOAWIOCH  ITyTEM
BAapbUPOBAHMSL YCWIUS NPYDKAMA aJIMa3HOTO IUTH(OBAIBHOIO Kpyra co BpemeHeM. Jlst
3TOTNO YCHJIME TNPIKMMA 33/IaBajIoCh B BHJIE TAPMOHUYECKOW HArpy3kH, rpaduK KOTOPOi
nmen Bun cuHycounbl (puc. 3) ¢ wactoro 10 + 50 kIl W aMIumMTya0i paBHOM
MPUJIOKEHHOM HarpysKe.

Brawusinne yneTpasBykoBbix konebanuii Ha HJIC B 30He KOHTakTa «3€pHO-
cBsi3ka». OCHOBHOW NPHYMHOI BBICOKOH CEOECTOMMOCTH IIpOIEcca alMa3HOTO
mu(OBaHUs, HapsAy C BBICOKOW CTOMMOCTBIO aJMa3HBIX KPYIOB, SBISIETCS
YpEe3BBIYAHHO HMU3KHH KOA(PQUIMECHT HCHONB30BAHUS ITOTEHIHAIBHBIX PEXYIINX
CBOMCTB aJMas3HbIX 3epeH. YacTo 3epHa HE UCHOJB3YIOT CBOM pPEXYIIMH
MOTEHIMAJ U3-3a MPEXICBPEMEHHOTO BBINAACHHS U3 CBS3KHU. B CBsI3M ¢ 3THM ObLIa
nmocraBneHa 3amada m3ydeHus HJIC B 30He KOHTakTa «3€pHO-CBS3Ka» IIPU
yiIbTpa3BykoBoM nutMdoBannu myreM 3D mopenupoBanus. bbuio npoBeneHO
CPaBHEHHE COCTOSIHMSI 30HBI KOHTaKTa «3€pHO —CBsI3Ka» MNpH NUIM(GOBAHUN
TPaAMIOHHBIM METOJIOM U NPH 00paboTKe ¢ HAJIOXKEHUSAMH KOJIeOaHHH.

Pacuersr HJIC 30HBI KOHTaKTa <«3epHO —CBSA3Ka» IMOKa3alH, YTO B CIydae
HAJIOKEHHE YIBTPA3BYKOBBIX KOJICOAHWI HANpPSHKEHUS] PAaBHOMEPHO PaCHpeiesistoTCs
BOJb BCErO 3€pHA, YTO JOJDKHO YIYHIaTh €ro yaep:kaHue B cBs3ke (puc. 4). Ilpu
MOJIC/IMPOBAaHNM NUIA(GOBAaHKUS O3 BUOPAIMOHHBIX KOJICOAHHH, MaKCHMAaJIbHbIC
HAaIpsDKEHUST KOHIIGHTPUPYIOTCSI Ha OTPEIeNICHHOM TpaH! alMa3HOTO 3epHa. OTO MOXKET
TIOCIY)KUTh Pa3pyIICHHUIO 3¢pHA B 30HE KOHTAKTA CO CBS3KOM M €ro IOCIEeIyIOLIEMY
BbIMAJICHNIO. [IpM 3TOM yCTaHOBJIEHO, dYTO TpH BHOPAIMOHHOM IIUTH(OBAHUN
HalpsOKEHWS! B KOHTaKTe «3epHO-CBs3Ka» Ha 40% (puc. 4) MeHblle 4YeM IpH
TPaANIHOHHOM IUTM(OBAHHH, YTO MOJOKHUTEIBFHO CKa3bIBAETCs Ha yJEp)KaHUH 3€pHA B
CBSI3KE.

Bo BrOpoil wWacTu OSKcHEpUMEHTa HCCIENOBAJIOCh BIUSHHE 4YaCTOTEHI
BHOpAIMOHHBIX KOJNEOAaHWH Ha TNPOM3BOAMTENBHOCTH 00paboTku. [l 3Toro
SKCIEPUMEHTa OBLIO MPOBEACHO ABA pacdéra, B X0Je KOTOPHIX 3HAYCHNE YaCTOTHI
YIBTPa3BYKOBBIX KoJe0aHWH BapbHpOBalIOCh. B MepBoM ciydae Ha MOZEH
HaKJIaJpIBaINCh Koebanus gactoroit 20 kI, Bo BropoMm — 50 kI'm. PesympraTs
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pacuéra H/IC 30HbI pe3aHus mpeacTaBieHbl Ha pucyHke 5. OHHM MOKa3alH, 4yTo ¢
pOCTOM  4YacTOTHI  YJIbTPa3BYKOBbIX koneOanuit HJIC B 30He pe3aHus
YBEIMYMBAETCS. ITO CBHUAETENBCTBYET O TOM, 4YTO IIyT€M BapbUPOBaHUS
3HAYCHHUEM YaCTOTHI YJIBTPa3BYKOBBIX KOJICOAHHN MOXKHO PETYJIHPOBATH OO0BEM
CHUMaeMOro MaTepuaia B eIMHUILy BPEMEHHU, T.€. U3MEHSITh MIPOU3BOAUTEIHLHOCTD
00paboTKu.

HopmanbHast
COCTaBJIAIOIAsH CHIIbI
pe3anus

Harpyska ot y/ibTpa3By KOBbIX Taurenuuanbhas
konedaHuit COCTaBISKOLIAsH CHITbI
pesanus

Pucynok 2 — 3amanue Harpy3ku npu nUTHQOBaHUN C HATOKEHHEM
YIIBTPa3BYKOBBIX KOJIeOaHMIA

200007 200+
100.00 1.00+06
z =
S omob 2 0.00+00
=
100,00 -1.00+06
00.00 -2.00+08 + +
000-00 60005 12004 18004 24004 30004 00000 60005 12004 18004 2404 30004
* (sec) ¥ (sec)
a 0

PucyHok 3 — I'padmk rapMonndeckoii Harpy3ku ammumrtyoi 2 MITa:
a—f=10xI"; 6—-f=50 k1
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Mamemamuueckoe  mooeruposanue — WAUDOBAHUL € HALONCEHUEM
6bICOKOUACTMOMHBIX ~KOACOAHUN MEemMOOOM MHO2OPAKMOPHO20 NIAHUPOBAHUSL
aKcnepumenma. JIIs  COKpalleHWsS KOJMYSCTBA PACUYE€TOB M TOJTYYCHUS
MaTEeMaTHYCCKOW MOJEIH MpOoIecca yIbTPA3BYKOBOTO INUTU(POBAHUS TPUMCHUIH
METOZi MHOTO()aKTOPHOTO IUIAHUPOBAHUS  PACUYCTHOTO  ODKCICPUMEHTa C
HCIIOJIb30BaHNEM IutaHa B4.

[Marc: | 5157 055 485,0)

a

Pucynok 4 — PacnipenieneHrie SKBUBaJICHTHBIX HANPSKEHUN B KOHTAKTE
«3€pHO — CBsI3Ka» MpH HUIMQoBaHuK 6e3 YIbTpasByKa (a) U ¢ YIbTpasByKoM ()

[ Wakc: [3.8e+010
[ hakc: |2.56-+010

a—f=20 xI'u (ooke.= 25 I'la) 6 —f =50 xI'y (6 »xp.= 38 I'TIa)

Pucynok 5 — Pacnpenenenuie SKBUBaJICHTHBIX HaNpsKeHUH
TIpY U3MEHEHNH JaCTOTHI KoeOaHNi BUOPAIIMOHHOTO HMITH(OBaHUSL

B kauectBe (hakTOpOB OBUTM TPUHSATHL YacToTa KoJjeOaHWi, MOy
YOPYrocTd  CBsI3KH, K03 ¢uumeHt Ttepmudeckoro  pacmupenust  (KTP)
MeTtauio(asbl M IPOLEHTHOE COAep)KaHne MeTauiohassl B alMa3HOM 3€pHE.
O6pabarsiBaeMbiM  MarepuasioM  siBisics  [ICTM.  BeiGop  mHTepBasa
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BapbUPOBaHUs He sBisgeTcs (HOPMANM30BAHHON TPOLEAYPOH, a 3aBUCHT OT
UHTYUIIMA UCCICNOBATEeNsl, MOTOMY OyJaeM MpPHUHUMATh 3HAYCHUS YPOBHEH
(hakTopoB, yKka3aHHbIC B TabwmIe 1.

Tabmuma 1 — YpoBHH BapbHpOBaHHs (aKkTOPOB

DaxTo
MOIVIh VIIDYEOCTH Konunuectso
g Yacrora KonebaHuit Y c35}1/31<pny KTP meramnodasbt BKJIIOUCHUI
§‘ MeTamo(assl
g o = Konu- o % Komm- Y Komu- o & Komu-
5 % = poBa- % = poBan- % = poBaH- % H | posai-
z E g Hoe Eg Hoe E g HOE E g| moe
S &5 3Haye- 2 % 3Haye- &5 3Have- . 5 | 3Haue-
s i‘: HHE s Z HHE S § HHC s § HUe
T & Xl = C:;::7 X2 T 5 X3 T 5 x4
Ei]
£
Z | 50e+003 +1 1,45¢+011 +1 2,1e-005 +1 3 +1
=
pis)
g
& | 30e+003 0 1,1e+011 0 1,7¢-005 0 2 0
8
]
£
g 10e+003 -1 0,75e+011 -1 1,3e-005 -1 1 -1
jast

CoracHO MaTpuIle ITAHUPOBaHU IDTaHa B4 OBII0 TipoBeieHO 24 pacdeTHBIX
HKCIEPUMEHTOB B COOTBETCTBUH C BBIOPAHHBIMH (PaKTOpaMu.

Ha puc. 6 mpexacraBneHa BHU3yaldM3allUs pPE3yNbTaTOB MOJEIHUPOBAHMS IO
BJIMSIHUIO BhIOpaHHBIX (akropoB Ha H/IC 3oubl numdosanus. Ilocie o6paboTku
pe3yNbTaTOB pPAacueToB B MporpamMmHoM makere Maple 14 6buio moiydyeHO
ypaBHEHHE PErpecCcHH, YCTaHABIMBAIOIIEe MAaTEMAaTHUECKYIO 3aBHCUMOCTh MEXIY
OCHOBHBIMH BIHSFOIIUMHE (PaKTOpaMH U HAIIPSDKEHISIMA B 30HE IITH(OBAHYS

Y =9,267-0,394X:+0,659X,+0,984X3+2,529X4-1,098 X1X; +0,082X1X3 -
-0,543X1X4-0,416X2X5+0,13XXa+0,468X5X4-0,016X12+2,08X,2-2,07Xs? — 1,57X4?

[o pe3ympTaTtam 3KCIieprEMEHTa OBLIH MOCTPOSHBI OTHOMEPHBIC 3aBUCUMOCTH
HalpsOKEHUA OT YaCTOThI TIPU  PA3JIMYHBIX 3HAYCHUAX MOIAYJIA YHOPYTroCTH
00pabaThIBAEMOTO MaTepHraa, MPeACTaBICHHbIC Ha puc. 7 — 12.
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PucyHok 6 — Busyanu3aius pe3yIbTaToB MOJICIUPOBAHUS 110 BIHSHUIO
BBIOpaHHEIX (hakTopoB Ha HJIC 30HBI i oBanms
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OTH 3aBUCHMOCTH NOKA3bIBAIOT, YTO 3HAYCHUS HAIIPSDKEHUH MOTYT JOCTHraTh
TaKOW BEJIMYUHBL, IPU KOTOPOH B Tpolecce NUM(pOBaHus OyAeT pearrn30BbIBATHCS
HauOomnee  TPOW3BOJUTENBHBI ~ MeToj ~ o0paboTkm,  oOecHeyrBarOMINi
MaKCHMaJIbHbIH KOA(QQUIIMEHT UCIIOIb30BaHUS MOTCHIIMAIBHO BBICOKHUX PEXYIIHX
CBOMCTB aJIMa3HBIX 3€pEH.

I'paduky 3aBUCUMOCTH Goq; OT YACTOTHl BHOPAIIMOHHBIX KOJEOaHWH TP
Pa3IMYHBIX MOJIYJSAX YIPYTOCTH CBS3KH CBUICTENIBCTBYIOT O TOM, 4YTO C
HOBBIIICHHEM YacTOTHl KoJeOaHWH y WMHCTPYMEHTOB C HH3KUM MOJIYJIeM
YOPYTOCTH CBS3KH (pUC. 7) HANpPsDKEHHS CHIDKAIOTCS. Y MHCTPYMEHTOB ¢ Ooiee
BBICOKOH YIPYTOCTBIO CBSA3KU Gsys, BO3PACTAIOT, YTO, KaK IIOKA3bIBAIOT CTAHOYHBIC
9KCIIEPHMEHTBI, NPUBOAUT K POCTY MHPOU3BOAUTENBHOCTH NUTH(OBAHHA. OTO
MOXHO OOBSCHHUTH TE€M, YTO PpACIpPOCTpaHSIOIIUEcs B JIO00I cpene ympyrue
BOJIHBl  HCIIBITHIBAIOT  TIOTJIOLICHUE, OOYCIOBICHHOE BS3KOCThIO  (CHIIaAMU
BHYTPEHHETO TPEHHs), TEIUIONPOBOJHOCTRIO, a Ha BBICOKMX YacTOTax H
MOJICKYJISIPHBIM TIOTJIONICHHEM B cpeie. [2]

Ha puc. 9 mnpexacraBieHbl 3aBUCHUMOCTH HaNpsDKEHHH, BO3HUKAIOIIUX B
CHCTEME «CBsI3Ka — aJMa3Hoe 3epHO — Merauodaza — oOpadaThIBaeMBbIid
MaTepHa» OT MOJYJIS YHOPYrocTH cBsA3kd npu m3MeHennn KTP meramnodassl u
onTuMakHas 30Ha HanpsokeHui (puc.10).

= 14.00 v =-0,0006x2+ 0,1486x+ 11,142
= 12,00 — -

= ————— v —-0.0001x2- 0,2982x+ 12,483
P 10,00

= 8,00

5 ’ ¥ = -0,0006x2- 0,0711x+9,7168
= 6,00

=

E_ 4,00

5 2,00

s 0,00

-1,0 | -0.8| -06 -04)|-02]00 | 02| 04| 06| 08 | 1,0

Moyllb YIPYrOCTH CBASKH
1.45e+011 H/M2
MOIyNb YIPYTOCTH CBA3KH
1.1e+011 H/M2

Moayne YIPYTOCTH CBA3KH
0,75 e+011 H/Mm2

11,29/11,44|11,58|11,73 11,87|12,01 12,15 /12,29|12,43|12,56(12,70

9.65 | 9,57 19,50 | 9.42 | 9,35 | 9,27 | 9,19 | 9,11 | 9,03 | 8,94 | 8,86

12,20 /11.88/11.58|11,29/10,99 10.69|10,39/10,09 9,79 | 9,49 | 9,18

YacroTa KoxeoaHmii kI 11

PrcyHOK 7 — 3aBUCHMOCTB Gsxz OT 4aCTOTHI BUOPAIIMOHHBIX KOJIeOaHMit
HpH U3MEHEHUH MOJIYJIsS YIPYTOCTH CBSI3KH aJIMa3HOT'O Kpyra

JIByMepHBIE  CeYeHHsI IOBEPXHOCTH OTKIMKAa  JaloT  Tpaduueckoe
NpeJICTaBIeHHe 00 ONTHUMAILHON 30He I oBanus (puc. 8).
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-1,0

YactoTra koixeOaHHii

Monaynb YIIPYTOCTH CBI3KH

12,000-13,000
= 11,000-12,000
= 10,000-11,000
=9,000-10,000

= 8,000-9,000
=7,000-8,000
= 6,000-7,000
= 5,000-6,000
= 4,000-5,000
= 3,000-4,000
= 2,000-3,000
= 1,000-2,000
= (,000-1,000

PucyHnok 8 — Busyanusanus 3aBUCUMOCTH 3HAU€HUS Goxs

OT YacTOTHI KOJIeOaHUH ¥ MOIYJISl yIIPYTOCTH CBATKH

14,00 R
12.00 vy = 0,0834x*-0.8688x+11.477
= 10,00 - =0,0834x2- 0,9 B
E 8.00 —_——
\ /
£ 6.0 y = 0.0834x2- 0,7858x+ 7,0287
E 4,00
= 2,00
0,00
-1,0[-0,8[-0.6[-0.4[-0.2] 0.0 0.2 0.4 [ 0.6 |0.8] 1.0
= K TP meTamnodaszsr
3.16-005 1/K 10,03/ 9,32(8.79|8,42| 8,22 8,19(8,32|8,62 9,09|9,71 10,51
KTP meramodaser 1.7, o010 07/ 0,62 [9.34| 9,22 | 9,27 | 9.48 9,86 10.4211.13(12.01
005 I/K
= K TP meTamnodassl
1.3e-005 1/K 7,23 6,69 |6,32 6,12 | 6,09 | 6,21 |6,52 | 6,98 | 7,61 | 8,41 | 9,38

Monynb yIpyrocTH CBA3SKH H/mM2

PucyHox 9— 3aBHCHMOCTB Gxs OT MOIYJIISI yIIPYTOCTH CBSI3KH

nipu n3menennu KTP meramnodassr
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12,000-13.000
= 11,000-12,000
= 10,000-11,000
= 9,000-10,000
= 8,000-9.,000
= 7.000-8.000
1 6,000-7.000
= 5,000-6.000
= 4,000-5.000
= 3,000-4.000
= 2.000-3.000
1 1,000-2.000
= (0,000-1.000

KTP merannodasn

Moy YOPYTOCTH CBASKH

Pucynok 10 — Busyanuzamust 3aBUCHIMOCTH 3HAYEHUS Goks
OT MOAYJIS YIIPYTOCTH CBsi3KH Tpu n3menernu KTP meramiodasst

12,00
\_ 2_ 4
=
=
= 8,00 ¥ =-0,0006x2-0,0711x+9,7168
g
2 6.00
=
£
= 2
] 4,00 ¥ = -0,0006x2+0,0375x + 4,9703
2,00
0,00
-1,0[-08]-06]-04]-02]00]02]04] 06 08] 1,0
——Komraectso MeTamiodas 3 | 11,15 10,97 10,79 10,60 10,42|10,23 10,04 9.85 | 9,66 | 9,47 | 9,28
——Komrectso MeTammodas 2| 9,65 | 9.57 | 9,50 | 9,42 | 9,35 | 9,27 | 9,19 | 9.11 | 9,03 | 8,94 | 8,86
——Komraectso metamiodas 1| 5,01 | 5.04 | 5,08 | 5,11 | 5,14 | 5,17 | 5,20 | 5.23 | 5,26 | 5,28 | 5,31

YacToTa KoneOanuii K[ 1

PucyHnok 11 — 3aBHCHMOCTD Goxs. OT 9YaCTOTHI KOJIEOaHUIT
IIPY BapbHUPOBaHUH KOJIWYECTBA MeTaiuiodas
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11,000-12.000
= 10,000-11,000
= 9.000-10.000
8,000-9,000
= 7.000-8,000
= 6,000-7,000
= 5,000-6,000

Konnueetso Metaniodas

= 4,000-5,000
= 3,000-4,000

= 2.000-3,000
= 1,000-2,000

HacroTa koneGanuii

= 0,000-1,000

Pucynok 12 — Busyanu3sarus 3aBUCHMOCTH 3HAUCHHS Goxs. OT YaCTOTHI KOJICOAHHUIA U
KOJIMYCCTBA MeTaﬂHO(baBBI
Onmumusayuss npoyecca yibmpaszeyko6020 wiiugosanus. ONTUMU3AIMS
mpoliecca yJIbTPa3BYKOBOIO NUIH(OBAHHUS MPOBEACHA B IMPOrPAMMHOM MAKETEe
Maple 14. B pe3ynbTare ObLIM YCTAHOBJICHBI ONTHMAJbHBIC 3HAUYCHUS (AKTOPOB
Kiomr=-1;  Xoomr=1; X3onr=0,23; X4omr=-1) TpH KOTOPBHIX MaKCHUMaJIbHOE
HaNpSDKEHUE COCTAaBIIET Ymax=8,64 ['Tla. IlepeBonms »Tm nNaHHBIE B peajbHEIC
3HAYCHHS TIOJTYYHUM, YTO ONTHMAJIbHOE 3HAYCHHE YACTOTHI KOJCOAHMI COCTABIIICT
10 x'u, Moxayns ynpyroctu cssku 6,9e+011 H/m?, KTP meramnodassr 2,1e-005
I/K, omnTtmManbHOE KOJIHYECTBO MeTawiodasbl MODKHO COCTaBIATH |, dUTO
cOOTBeTCTBYET 3% MeTamtodassl B aTMa3HOM 3epHE.
Busyanuzarus onTuMansHOTO 3HAUCHUS HaNpsDKEHUH MpuBeeHa Ha puc. 13
—14.

-0.54

Pucynok 13 — 3aBUCHMOCTh MaKCUMaJIbHBIX HAIIPSXKEHUH
oT yactoThl Konebanuii (X1) u Mmoayns ynpyroctu cBsizku (X2)
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//

Pucynok 14 — 3aBHCHMOCTh MaKCHMAJIBHBIX HANIPSDKEHUH OT 4acTOTHI Kojebanuit (X1)
1 KoJIM4yecTBa Metautodassl B 3epHe(X4)

BoiBoabsl M mepcnekTuBbl pasButus. 3D monenuposanue HJIC cuctemsl
«anmmasHoe 3epHO — IICTM» moAaTBepAMIO BO3MOMKHOCTh aKTHUBAIMM IIpoliecca
caMo3aTauyMBaHUsl aJIMasHbIX 3€peH, 4, CIeJOBaTeJIbHO, W  IOBBIIICHUS
npousBoutensHocTH Hudosanus [ICTM. Tlpu numdosanuy 6e3 BUOpalMOHHBIX
KOJIeOaHNH, MakcHMalbHas Harpy3ka KOHIIGHTPHPYETCS Ha OIpEIENICHHON TIpaHd
aJIMa3HOTO 3epHA. JTO MOKET MOCTYXKUTh Pa3pyIICHUIO 3€pHA B 30HE KOHTAKTa CO
CBSI3KOH M €T0 MOCIIEAYIOIEMY BbINIAACHHIO. Y CTAHOBIICHO, YTO B CITy4ac BBEICHHS B
30Hy 00pabOTKM BHOpAIMii HANpSDKEHHS] PAaBHOMEPHO PAcTIpEENsIOTCsl BAOIb BCETO
3epHa, 4TO B CBOIO Ouepe/b YJydIlaeT ero yaepskaHue B cBsi3ke. B menom 3to Oyzer
CIOCOOCTBOBAaTh CHI)KEHHIO YJIEIIBHOTO Pacxo/ia aliMa3oB Kpyra.

CIHCOK HCIOJIB30BAHHBIX MCTOYHMKOB: 1. Cemxo M.@. Anmasznoe uUIM(OBaHUME CUHTETUYECKHX
cepxTBepabIx MarepuanoB / M.@D. Cemxo, A.M. I'pabuenxo, M.I. Xoodopesckuii - Xappko: Buma
mkomna, 1980. - 192 c. 2. Illymunos B. A. OcuoBsl ¢pusukn ynsrpassyka /| B.A. [Llymunos. — J1.: U3n-Bo
Jlenunrpanckoro yumsepcuteta, 1980. — 280 c. 3.[Ipabuenxo A. M. TloBbiieHue pexyuieit
CTTOCOOHOCTH TOKOMPOBOZAIIMX aJMa3HEIX KPYTOoB B KOMOWHMPOBAHHBEIX IIpOIecCax MLTH(OBAHUS
IICTM / A.HU. Ipabuenxo, HU.H. ITewicos, /M. Anexceenxo. Bicauk CyMCBKOrO IepKaBHOTO
yuiBepcurery. Cepisi «Texmiuni maykm», Nel,t.l, 2011.-C. 105-116. 4.[Ipabuenxo A. . 3D
MOJIETTMPOBAaHNE aJIMa3HO-aOpa3HBHEIX MHCTPYMEHTOB U IIpolieccoB nutndoBaHms: YueOHoe mocobue /
A.U. I'pabuenxo, B.JI. [obpockok, B.A. ®edoposuu. — Xappko: HTY «XIT», 2006. — 364 c.
5. ®edoposuu B. A. Pa3paboTka Hay4HBIX OCHOB M CHOCOOOB MPAKTUYECKOH pealn3aluy yrnpaBIeHHs
HpHCTIOCca0IIMBaeMOCTBIO TIPH aJIMa3HOM NUTM(OBAHWHM CBEPXTBEPABIX MaTepuanoB. — Jluc. pokTopa
TexHuueckux Hayk: 05.03.01. — XapekoB, 2003. — 469 c. 6.Kozaxosa H.B. OmpeneneHue
ONTHMAJBHBIX XapaKTEPUCTUK aIMa3HBIX KpyroB myTteM 3D MozmeanpoBaHHs MHPOLECCOB HX
W3TOTOBIICHUS. M NUIM(OBAHMS CBEPXTBEPJbIX MartepuanoB: Jluc. kanxa. TexH. Hayk: 05.03.01. —
Xapbkos: HTY «XITW», 2004. — 210 c.
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UDC 621.9
Viktoria Ferencsik, Dr.GyulaVarga, Miskolc, Hungary

ANALYSIS OF SURFACE MICROHARDNESS ON DIAMOND
BURNISHED CYLINDRICAL COMPONENTS

Cold-plastic forming technologies are one of the most dynamically developing technological
processes in these days The main purpose of modern plastic forming is to achieve the shape and size of
the designed component by providing minimum environmental loads, while ensuring the proper values
of strength and deformation characteristics.These methods include surface strengthening processes,
characterized by the introduction of cold forming hardening and residual compressive stress [1]. In this
paper, we study the main types of surface consolidation in detail to burnishingof outer cylindrical
surfaces.The application of burnishing results in cost reduction in several aspects: cheaper, lower
alloyed, lower rigid structural materials can be used as raw materials, abandoned grinding and other
fine surface machining, can be replaced by heat treatment operations. In our investigation we used
polycrystalline diamond tool with spherical machining surface on C60 hardened steel examining the
changing of surface micro-hardness caused by different burnishing parameters.

1. INTRODUCTION

In the course of the analysis of the structure of the material and its properties,
several strengthening mechanisms are known, one of which is forming
hardeningoccurred by cold forming. As a consequence of the cold forming is
limited to the surface layer, this strengthening mechanism can be exploited to
increase the load capacity and, above all, to increase the lifetime by increasing
resistance to fatigue strain.Moreover, in the industrial practice the quality
requirements of the parts, exposed to fatigue strain, include the value and
distribution of residual stressin the subsurface area [2].

To design and execute the experiments, Taguchi type full factorial
experimental design method [3-4] was used to create empirical formulas and
evaluate the results by a special relationship ratio to determine the parameter
setting values that provide the best results within the given technological parameter
ranges.

In the present experiments the examined parameters were: burnishing speed
(vb), feed rate (f), burnishing force (F,) and the number of passes (i). The latter
means how many times the tool passes along linearly on the rotating workpiece
surface.

Measuring of the surface micro-hardness of the specimens were executed
with Wilson Instruments Tukon 2100B measuring equipment in Vickers hardness.

© Viktoria Ferencsik, Dr.GyulaVarga, 2019
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2. SURFACE BURNISHING

Finishing operations of high precision and low roughness working surfaces of
shafts are grinding or polishing, lapping. These operations significantly reduce the
surface roughness, but essentially only slightly modify the properties of the surface
layer. For occasional substitution of these relatively low productivity and costly
chip removal processes, burnishing is used on outer cylindrical surface. The
practical implementation of it can be seen in Fig 1.

Figure 1 — Burnishing in CNC lathe

During the experiments, a CNC lathe with flatbed by firm OPTIMUM type
OPTIturn S600 was used which is located in the workshop of Institute of
Manufacturing Science at University of Miskolc. The tool tip was PCD
(polycrystalline diamond) with 3.5 mm radius and the kinematic viscosity of the
manual dosed oil was 70 mm?/s.

3. EXPERIMENTAL CONDITIONS
3.1. Burnishing parameters

A number of test results are available in the literature for the burnishing of
certain heat-treated (hardness) workpieces with different technological parameters
[5-9]. Summarized the factors determining the micro-hardness of the surface layer,
according to the above mentioned studies, the following pie chart can be drawn:

From these parameters the burnishing force, feed rate, and speed were
choosen setting with two values of number of passes. The latter does not belong to
the factors because the experimental design, such as the representation of the
results will be too difficult and less obvious with four factors.
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Number of  Material ~ Burnishing
passes defects speed

12.39% 1.51% 13 95%

Burnishing - S e ., /f’l-f /.f? Feed rate
force , % ,J,:%f A .-;_',{,z
42.85% 29.3%

Figure 2 — Parameters affecting surface micro-hardness [8]

In the matrix of the Taguchi type full factorial experimental design (Table 1)
we can see these parametersin natural dimensions and their transformed values

Table 1 — Applied burnishing parameters

Sign of Parameters of burnishing Transformed parameters
specimen Fo[N] f [mm/rev] Vb [m/min] X, X, X,
1 50 0.05 40 =il -1 1
2 100 0.05 40 +1 -1 Al
3 50 0.1 40 -1 +1 =l
4 100 0.1 40 +1 +1 -1
5 50 0.05 80 -1 -1 +1
6 100 0.05 80 +1 -1 +1
7 50 0.1 80 -1 +1 +1
8 100 0.1 80 +1 +1 +1

3.2. Measuring of surface micro-hardness

The apparatus (Wilson Instruments Tukon 2100B) also measures Vickers
hardness, which has the same principle as all hardness measurements, is to
examine how a material is subject to plastic deformation by using a standard force.
During the measurement, a 136 ° diamond pulley is pressed with a specific force,
10 N in our experiments for 10 seconds on the surface to be measured. In the
course of the evaluation, using a CCD camera, weigh the traces of the imprint and
the average of the two is calculated by the device own software calculating the
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impression surface [10]. Fig 3 illustrates the measurement and a Vickers test
imprint on the workpiece surface.

Figure 3 — Measurement process

In order to capture the most accurate values, we carried out control
measurements both on the workpiece surface and on a control block calibrating the
device.

4. RESULTS AND EVALUATIONS

For evaluation of measured data an improvement ratio was introduced, which
is shown in formula (1):

_ avp-aky
Payr = Ty + 100% 1)
where: PHV Dimensionless improvement ratio of the surface
micro-hardness,
HVy Hardness of the burnished surface,
HVq Hardness of the grinded surface.

The larger the value of puv, the greater is the improvement due to burnishing.
In some cases decrease in hardness was experienced, the reason of it will be
investigated
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Measured data and the improvement ratios of surfacesmicro-hardness,
calculated by formula (1), in the case of setting 1 and 3number of passes,
summarized in Table 2.

Table 2 — Measured and calculated results

HV HV
Sign of i=1 i=3
specimen after after prvi[%] after after prva[%]
grinding burnishing grinding | burnishing
1 985.5 11.68 883 1018.5 15.35
2 914 3.58 961.5 8.89
3 882.4 977 10.72 986 12.74
4 1059 20.01 909 3.93
5 1024 16.05 874.6 906.5 3.65
6 860 -2.60 865.5 -1.04
7 883 832 -5.78 1042.5 19.19
8 854.5 -3.33 846 991.5 17.19

We created empirical formulas (2-3) from the calculated values,further
calculations and demonstrations (Fig. 7-8) were created by ,,MathCAD 16.0”

software. '
vb = 40 m/min

f [mm/rev]

vb = 80 m/min
Figure 4 — Changing of surface micro-hardness in the case of i =1
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Py, = —1.37 — 0225 -F, + 1246+ f + 0.998 - v, + 5472 - F, - f —
—713-107% - F, vy —12.20 - f cv, + 0.037 -F, - f - 15 2

vb = 40 m/min
PHV3

0
f [mm/rev]

Vo = 80 m/min

Figure 5 — Changing of surface micro-hardness in the case of i =3

Pry, = 48.65 — 0.017 - F, — 267 .4 - f — 0.665 - v, — 2.956 - F, - f —
—1.635+107% - F, - v, + 6555 - f » v, + 0.05-F, - f - 13 (3)

5. SUMMARY

The paper contains diamond burnishing experiments on hardened steel with
its measurement and evaluation results. The purpose of this study was to determine
how the choosen burnishing parameters affect the change of micro-hardness. The
experiments and the evaluation of the measurement results were performed by
using the Taguchi type full factorial experimental design method. According to the
measured, calculated and illustrated results the following conclusions have been
drawn:

e Among the examined parameters, the effect of feed rate is the most

dominant and it has a strong interaction with the burnishing speed

e Parameters that resulted the largest and thus the most favorable surface

micro-hardness were follows:
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F=50N

Ve = 80 m/min

f=0.10 mm/rev

i=3
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EXAMINATION OF 3D SURFACE TOPOGRAPHY
OF DIAMOND BURNISHED C45 WORKPIECES

Nowadays cold working operations like rolling, burnishing are important finishing methods. In
this paper the diamond burnishing of external cylindrical surfaces are studied. The principle of this
process is that a pressing tool, which goes along the surface of the workpiece with linear motion having
given parameters (e.g. feed) while the workpiece is rotating. Using of diamond burnishing has many
preferences: surface roughness of the workpiece is improving, hardness of the surface is increasing
while it’s micro-structure is also improving. Fatigue strength is increasing significantly due to the
compressive residual stress in the subsurface area causing by burnishing. The aim of this study was to
examine the influence of different burnishing parameters, such as burnishing speed, feed and force with
the using of two different kinematic viscosity oil. For plan and execute the experiments we used the
Taguchy type full factorial experimental design method by which empirical formulas can be created
easily. The measurement of the surface roughness was executed with Altisurf 520 3D measuring
equipment at the Institute of Manufacturing Science. The measured results were evaluated by the
comparison of a special correlation formula to determine the optimal combination level of the different
parameters in the given interval.

1. INTRODUCTION

While working on machines, most of the stresses are mainly applied to the surface
of the different machine parts or to a certain thickness of the surface layer, sothe
microgeometry of the machined surface has a great effect on the abrasion
resistance of the machine, and its stress-absorbing influence is considerable in the
case of fatigue stresses. The surface layer of the machine element is primarily
subjected to friction or fatigue [1]. The roughness of the surface of the machine
may be reduced more efficiently with life-enhancing mechanical machining than
chip removal processes and more and more researches deal with residual stresses
[2] and the examination of changing of texture on the surface of the workpiece [3].
The common feature of these material and energy-saving solutions and processes
of mechanical surface conditioning is to reduce surface roughness, increase surface
hardness by rendering structural defects and dislocations, resulting in significant
compressive stress in the surface layer [4-5].Surface-strengthening technologies
are differfrom each other in the terms of the relative displacement of the tool and
workpiece on the working surfaces. Diamond burnishing which is the subject of
the experiment uses sliding relative displacement.

© Viktoria Ferencsik, Dr.GyulaVarga, 2019
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The diamond burnishing process is used for machining external and internal
cylindrical surfaces and its main application is automotive crankshafts, inner and
outer bearings, etc. form.

The Taguchi type factorial experimental design was used in this research[6], [7]
which is valid in between the minimum and maximum values of the input
parameters.

In the present experiments input parameters were: burnishing speed (vs), feed rate
(f), burnishing force (Fp) and kinematic viscosity of the used lubricants while the
output parameter: arithmetic mean of surface roughness (S,).

2. APPLICATION OF BURNISHING ON EXTERNAL CYLINDRICAL
SURFACE

During burnishing, the roughness of the surface and the solidification of the
surface layer are characterized by the interaction between the tool, having a much
harder material than the material to be machined, and the surface sliding friction
between them. The pressure, required to realize the cold forming, occurs through
the overlap between the working tool and the work surface to be formed [8-
9].Kinematic relations are demonstrated in Fig. 1 [10].

Force

Tool *
Burnished

Feeding direction surface Residual
— Compressive

Stress

4 ]

Unburnished
surface

Workpiece

Zone of Increased Hardness

Residual Tensile Stress

Figure 1 — Kinematics of burnishing [10]

Plastic deformation is caused by this low environment load (does not require huge
amount of coolant and lubricant)[10-11]is realized typically in the depth of
0.01+0.2 mm. According to the purpose of the machining can be distinguished
smoothing burnishing (roughness reduction with small overlapping), surface
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burnishing (forming at a defined depth) and forming burnishing (forming in full
cross-section) [1].

Diamond burnishing of outer cylindrical surfaces can be realized on conventional
lathes and CNC lathes as well. The applied tool tip can be hardened steel, carbide,
ceramics, or natural or artificial diamond.We used polycrystalline diamond which
was fixed with a low melting metal in the tool head and sharpened to
spherical.When holding the diamond, it must be taken into consideration that its
abrasion resistance differs in different directions and the different experiments with
artificial diamonds show that the optimum angle between the shafts is 120 ° [1].

3. EXPERIMENTAL CONDITIONS
3.1. Material of the workpiece

The material and the hardness of the workpiece to be burnished can be variousin a
very wide range. The object of our study was C45 unworked steel, the chemical
composition of which is shown in Table 1.

Table 1 — Chemical composition of workpiece

Elements C Si Mn | Cr | Ni \% W Cr Other
Averaged wt% ~
(weight percent) 0451 03 | 07 | - - - - - -/S=0.03

The choice of material for the releaseable structural steel with favorable
mechanical properties is justified by the fact that it produces medium wearable
parts that are exposed to wear.

3.2. Burnishing parameters
Several researchers have experimentally studied the effect of the technological

parameters applied in the burnishing process on surface quality [11], [13], [14].
Based on the results, these are summarized in Fig. 2 [14].

‘ Burnishing parameters that influences surface roughness ‘

v v v v v v v
Burnishing Burnishing Burnishing Number of Burnishing Workpiece Coolants/
speed force feed passes tool material lubricants
v v
‘ Type ‘ ‘ Viscosity H Additives ‘

Figure 2 — Kinematics of burnishing [14]
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From these parameters the burnishing speed, feed rate and force were choosen, it
can be seen in natural dimensions and their transformed values on Table 2 as the
matrix of the Taguchi type Full Factorial Experimental Design.

Table 2 — Applied burnishing parameters

Parameters of burnishing Transformed parameters
Sign of
specimen

[m/"n:in] f [mmirev] [ﬁ’] X, X, X,
1 180 0.05 45 -1 -1 -1
2 277 0.05 45 +1 -1 -1
3 180 0.10 45 -1 +1 -1
4 277 0.10 45 +1 +1 -1
5 180 0.05 82 -1 -1 +1
6 277 0.05 82 +1 -1 +1
7 180 0.10 82 -1 +1 +1
8 277 0.10 82 +1 +1 +1

The burnishing operations were carried out on OPTIMUM (OPTIturn L-Series
440) flatbed CNC latheusing PCD (polycrystalline diamond) tool with 3.5 mm
radius and the kinematic viscosity of the applied oil was 70 mm?/s and 220 mm?/s.

3.3. Measuring of the 3D surface roughness

The measurement of the 3D surface roughness of the specimens before and after
burnishing was carried out on AltiSurf 520 type 3D surface roughness tester with
optical probe at the Institute of Manufacturing Science. The advantage of using this
machine is that the software can not only perform a particular measurement, but
can also be done in one setting in succession, so a pre-programmed measurement
process can be realized. This means that multiple measurements can be defined one
after the other or axis movements can be set [15]. Fig 3 illustrates a state of a
measurement, the workpiece was fixed in a prism.

3D surface roughness parameters are classified into five major groups in 1SO
25178 standard [16], one of which is the amplitude parameter whose parameters
are shown in Fig 4 [17].
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Figure 3 — The measurement process

Sq Root mean square height of surtace

Se Skewness of hight distribution

Sku Kurtosis of hight distribution

Hight
parameters

Sy Maximum height of valleys

S Maximum height of surface

|
|
|
Sp Maximum height of peaks |
|
|
|

I A A

Sa Arithmetical mean square height of surface

Figure 4 — Classification of height parameters [17]

The changing of the last surface roughness parameter of Fig. 3, Sa was examined in
our investigations which shows the arithmetic mean of the deviation of the surface
from the median plane, mathematically expresses the scattering around the median
planen(xi,yj) as it can be seen in Fig 5 [17].
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Middle plane

Figure 5 —Basic dimensions for 3D evaluation [17]

For the full characterization of the surface, topographic studies were carried out on
certain parts of the specimens. To evaluate the measurement values, we used the
software of the roughness measuring instrument (PhoeNix). The topographic
recording with the optical sensor shows the characteristic machining traces as well
as the surface roughness change of the surface and provides quantifiable
characteristics.

Among these recordings, one of the topographic images and the results of the
evaluation of the three markedspecimen part is shown in Fig 6.

[= | Height Parameters
£ Sq Q.e527 pm Root mean sguare halgist
H Ssk -0.3318 SHewness
H Sku 6.5437
s Sp 17.3732 prn
S 10.2240 prn
Sz 27.5872 pm
Sa 04808 pm
Funetional Paramaters
Smir Q.ooo2 % rars
Sme 0.8125 prn e

Figure 6 —Burnished 3D topography

In the case of 16 analyzed topographies, the amplitude parameters that determine
the most important functional properties were examined and compared.
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4. RESULTS AND EVALUATIONS

As it was mentioned during the experiments, two kinds of kinematic viscosity
lubricants were used, a viscosity path of 70 mm?/s and 220 mm?/s, hereinafter
referred to as Oil 1 and Qil 2.

For evaluation of measured data an improvement ratio was introduced, which is
shown in formula (1):

5,
Psg = S—b 100 %, ()
g
where:psa Improvement ratio of arithmetical mean square height of

surface (Sa). This is a dimensionless ratio, which textures the
changing of surface roughness occurring because of
manufacturing,

Sap Residual stress remains after burnishing,

Say Residual stress remains after grinding.

The smaller the value of ps, the greater the improvement due to burnishing.
Measured data and the improvement ratios of surface roughness parameters,
calculated by formula (1), in the case of using Qil 1 and Oil 2, summarized in
Table 3.

Table 3 — Measured and calculated datas

Sian of Sa [um] with Oil 1 Sa [um] with Oil 2
s e?:imen after after psa[%] after after psa[%]

P grinding burnishing grinding | burnishing
1 0.2373 0.63 0.4898 1.36
2 0.2428 0.65 0.3193 0.89

374 .

3 0-3745 0.1917 0.51 03603 0.2085 0.58
4 0.2039 0.54 0.2489 0.69
5 0.5148 141 0.5841 1.56
6 0.6941 1.90 0.5510 1.48
7 0-3652 0.2235 0.61 03733 0.2393 0.64
8 0.1909 0.52 0.2725 0.73

Application of Factorial Experiment Design method empirical formulas (2) and (3)
were created from the calculated values. Calculations and axonometric figures (Fig.
7-8) were prepared using ,,MathCAD 16.0” software.
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F:=82N
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Fi=45N
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220 /
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Figure 7 — Changing of improvement ratio of surface roughness using Oil 1

ps, = —636.879 + 2.898- v, + 1.005 - 10%- f + 17.664 - F, —40.291- v, - f —
—0.077 v, * F, — 254.005 f* F, + 1.031 v, - f - F, @)

P sa[%)

0
180

0.05 Ve [m/min]

0.075

f [mm/rev] 01

Figure 8 — Changing of improvement ratio of surface roughness using Oil 2

ps, = —636.879 + 2.898- v, + 1.005 - 10%- f + 17.664 - F, —40.291- v, - f —
—0.077 v, - F, — 254.005 f - F, + 1.031 v, f - F, ®)
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5. SUMMARY

The paper presents the experiments of diamond burnishing of external cylindrical
surface with different types of oil with the settings of different technological
parameters. For the improvement of surface roughness, we determined a ratio (psa)
that was formed from the ratio of pre- and post-burnishedresults. Using the
Taguchi typefull factorial experimental design methodology, burnishing
experiments were carried out on the surface of a non-heat-treated cylindrical
specimen with spherical surface burnishing tool. Our results are illustrated in 3D
charts and the following statements are made:

Among the examined parameters, the effect of burnishing force is the

most dominant in the improvement characteristic of psa

In the examined parameter range, the larger psa surface roughness

improvement was observed in the case of the larger feed

(f=0.10 mm / rev)

The setting of larger burnishing force with lower feed rate can lead to the

increase of the roughness

Parameters that resulted the lowest and thus the most favorable surface

roughness were the following:

F=82N
Ve = 277 m/min
f=0.10 mm/rev
v=70 mm?/s
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VK 621.642.39

IO.M. XowMmsK, kKaHA. TeXH.HayK,
LLA. fpoga, xaua. TexH.Hayk, Oneca, Ykpaina

PO3PAXYHOK BUTHHY IUIACTUHHA 3MIHHOI TOBIIUHA
13 BACTOCYBAHHSAM ®YHKIIII YITTEKEPA

Posensinymo numaHHs 00ePICAHHS AHANIMUYHO20 PO36 3K 3a0aui GUSUHY KpYenoi niacmuuu
3MIHHOT MOBWUHU 13 3ACMOCY8AHHAM QYHKYIL Yimmekepa. 3anponoHo6ano mouHull po3e 130K 3a0ayi
0151 NAACMUNY 3 8ICECUMEMPUYHUM HABAHMANCCHHAM, MOGUWUHA KO 3MIHIOEMbCSL 3 eKCNOHEHYIUHUM
3axoHom. TIpogedero ananis piuieHs 3a0aui npu PizHUX 3HAYEHHAX XAPAKMEPUCMUKU HEPIBHOMIDHOCI
MOBUWUHU NAACMUHU.

Paccmompen onpoc nonyuenus aHarumuiecko20 pewenus 3a0auu uzeuba Kpyanou niacmuHbl
nepemMeHHOl MoawuHbl ¢ npumenenuem Gyukyui Yummexepa. Ilonyueno mounoe pewenue 3a0auu 0ns
NAACMUHbL ¢ OCECUMMEMPUYHOU HAZPY3KOU, MOIUUHA KOMOPOU UMEHSEMCs. NO IKCNOHEHYUATLHOMY
sakony. Ilposeden ananuz pewenutl 3a0auu Npu  PA3IUYHBIX  3HAYEHUSAX XAPAKMeEPUCUKU
HEePAGHOMEPHOCTNY MOTUUHL NIACTIUHDL.

The analytic solution to the problem of a round plate of variable thickness bending using
Whittaker functions is considered. The exact solution of the problem for an axisymmetrically loaded
plate with thickness varies according to the exponential law is obtained. An analysis of the problem
solution with different values of the characteristic of the plate thickness unevenness is carried out.

Beryn

JHumia UWTHIPWYIHUX CYAMH 1 pe3epByapiB, poropu TypOiH, QraHIesi
3’€HaHHS 1 3aTBOPM amapaTiB BHUCOKOTO THUCKY MaioThb ()opMy Kpyriamx abo
KITBLIEBUX IIIACTHH. AKTyaJbHHUM 3aBIAaHHSAM Cy4YacHOTO MAaIlIMHOOYIyBaHHS €
MOJIEpHi3allisl X KOHCTPYKIH i po3poOKa METOHIB PO3pPaxyHKYy Ha MIIHICTb.
[TepcriekTHBHUM HampsIMKOM MOJIEpHi3allii € onTuMizalist GOpMH MIaCTHHYACTHX
€JIEMEHTIB KOHCTPYKIIiH, sIKa MOJISArae B MEepepo3noAiii BUKOPUCTAHOTO MaTepiairy
3 METOI0 3MEHILECHHS BHYTPILIHIX HampyXeHb. TakuM 4YMHOM, BHOIp B SKOCTI
JIHHIIL CYJVH IUTACTHH 3MIHHOI TOBIIMHHU € OUIBII NMEPCHEKTUBHUM HANPSIMKOM Y
MOPIBHSAHHI 13 IUIACTMHAMM TOCTIHHOI TOBIIMHM. B  amaparoOyayBaHHI
PO3TIISIIAI0Th KOHCTPYKINT KPYIJIHX IUTACTHH 3 IUIABHO-3MIHHOKO 1 CTYMiHYaCTO-
3MIHHOIO TOBIIMHOIO. B Teopii mimacTHH icHye ABa KiacH METOMIB PO3PaXyHKY
MONIOHMX €JIEMEHTIB: aHAJNITHYHI 1 4YucelbHI Meroad. Po3B’s3aHHs 3amad
YHCEJILHUMHU METOJIaMU IOTpeOye CTBOPEHHS CKJIQJHUX MaTeMaTHYHHX MoJelen
13 ypaxyBaHHSAM 3HAa4HOI KUTBKOCTI (akTopiB i mpumymenb [1-3]. AHamiTuyHi
METOJM PO3PaxyHKy [4-7] NO3BOJSIOTH OAEPKyBaTH OUIBII y3arajbHEHi pillleHHS,
SKi MOXXYTb OyTH IepeTBOpeHi y Gopmu, 3pydHi A1l PAKTHYHOTO BUKOPUCTAHHS.

© IO.M. Xomak, 1.A. Apoea, 2019



ISSN 2078-7405 «Pe3anue u uncmpymenmm ¢ mexnonozuyeckux cucmemaxy, evinyck 90, 2019

OnHak MOUIMPEHi 1HXKEHEpHI METOAMKH, IIO pOo3po0iieHi Ha 0a3i aHaTiTUYHHX
METOJIiB, 3a3BUYail BUKOPHCTOBYIOTH TinepreomMerpuyHi QyHkuii, ki ToTpeOyoTh
TPOMI3JIKMX PO3paxyHKiB 1 B JaHWH 4Yac MOXYTh BBa)KaTHCs B IIEBHIH Mipi
MOpaJIbHO 3acTapiaumi [8].

Mera po6oTn

Metoro maHOi POOOTH € ONEpXKaHHS TOYHOTO PO3B’SI3KY 3a1adi BUTHHY
KPYININX IUTACTHH 3MIHHOI TOBIIMHHM AaHANITHIHUM METOJOM pO3pPaxyHKy i3
3aCTOCYBaHHSAM arapary cHemiadbHUX (QYHKIIA. Y SKOCTI CremialbHUX (QYHKITIH
JIOUUTPHAM € BHKOpUCTaHHA (yHKOIN VYirrekepa. nms mociikeHHS 0OpaHO
JHUIAa CYJWH, Kl MaroTh BUTJIAA KPYTJIMX IJIACTHUH, TOBIIMHA AKUX 3MCHIIYETHCA
a00 3pocTae B pajiiaJIbHOMY HAIPSIMKY 32 CKCIIOHCHIIIHHIM 3aKOHOM.

BukJiajeHHsI 0CHOBHOTO MaTepiany

OO0’eKTOM JOCTI/KEHHsI € BepTHKaJbHI CYAWHM i3 JHUINAMH, IO MAIOTh
3MiHHY TOBIIMHY. [IpeMET JOCHTIPKCHHS: HUIIA 3MIHHOT TOBIIMHH, BUTOTOBJICHI
METOJIOM IITaMITyBaHHsS abo nuTTs. Martepian cyIuH B LIOMY 1 JTHHII 30KpeMa —
ByIJIeIIeBa a00 HU3bKOJIETOBaHA CTAb.

PosrisHeMo mHUIIE BEPTHKAIBHOI CyIMHU SIK )KOPCTKO 3aKPIIJICHY IUIACTHHY
i3 3MiHHOIO TOBIIKMHOIO O(r). BBaxkaeMo, 110 TOBIIMHA IUIACTHHHA 3MIHIOETHCS B
paniaTbHOMY HaImpsIMKY 3a QyHKIi€ro [ayca:

2
5(r)=35,exp _ﬂ_r2 ’ 1)
6a
ne f — XapaKTepHCTHKa HEPIBHOMIPHOCTI TOBIIWHH IDTACTHHH; Jp — TOBIIHHA
TUTACTHHY B 11 IEHTPI.

BBaxaemo, 110 TOBIIMHA IUIACTUHM HE 3MIHIOETHCS B KOJIOBOMY HAlPSIMKY.
3akpilieHHs MJIACTHHU Y KOJIOBOMY HAaNpsIMKy € OJHAaKOBMM i He3MiHHUM. Ha
IIACTHHY JIi€ piBHOMIPHO po3mojineHe nomnepeuHe HaBanTaxeHHs ((r). OCKinbKu
pO3IOJINT HaBaHTAXKEHHS HE 3MIHIOETHCS B KOJIOBOMY HAmpsMKy, NPOTWH 1l
CEpEeMHHOI TIOBEPXHI TakoX Oyje (QyHKIIEr0 uie pagiansHol koopauaata W(r).
TakuM YHUHOM, MH OJEPKHUMO BicecHMeTpuyHy aedopmariiro miacTuHu. Jis
IUIACTHHH i3 TOBIIMHOKO, IO 3MIHIOETHCS Y paliallbHOMY HANpsMKY, mporuH W(r)
Oy/ie TaKoX BiCECUMETPHYHHM.

Po3risiHeMO CyKyINHICTB TOYOK A, pO3TalllOBaHWX HA BiACTaHi I' BiJ LEHTPY
wiacTuHy. J{7sl HaBaHTaXXEeHOI IUIACTHHU PaJilyC KPUBHHM 3irHYTOI CepeanHHOI
MOBEPXHI y pajiaJbHOMY HAIpPSMKY p1 Oyle BiAPI3HATHCS BiX paliycy KpUBHHH
CepeIMHHOI NMOBEPXHI Y KOJIOBOMY HanpsiMKy p2 (puc. 1). Kyt Haxuiny cepeanHHol
noBepxHi  @(f) mToB’s3amHmit 3 mpormHoM W(F) Ta pamiycaMu KPHUBHHH
3aJIKHOCTSIMH:
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2
1y -de_ dw 2
o) dr dr
Lo oe 1w ®
yox r rdr

ne ki ta Ko — KkpuBMHH cepequHHOI MOBEpXHi BiJMOBIAHO Yy palialbHOMy Ta
KOJIOBOMY HarpsiMKax.

Gy

Co

= dr —_—
-""\-\.\_\_\_\_\-\-\-\-
r z

Pucynok 1 — 'eomeTpH4Hi XapaKTEpUCTHKN CEPEIUHHOT TOBEPXHI
HaBaHTAKEHOI KPYyTJIOi INIACTUHU

Ockinbku TOBHIMHY TaacTHHU O(r) Ta HaBaHTakeHHs () BBaxaeMo
HE3MIHHIMHU Yy KOJIOBOMY HAIpSIMKY, (opMa 3irHyTOi CEpeIMHHOI MOBEpXHI €
BicecumerpuyuHow. ludepeHuiiine piBHSIHHS BICECUMETPUYHOTO MIPOTUHY KPYTJiIol
TUTACTHHHU 3MiHHOI TOBIIMHH O(I') Ma€ BUTIISA

Dv2v2w+d—D(2
dr

d®w 2+p d’w dw | d’D{d*w dw
3+ E. 2~ 2 T/ 2+E'_ =q(r)’ )

dr rdr® ridr) dr°{dr® r dr

ne D — mumiHapuyHa KOPCTKICTh TIACTHHM, 4 — KoedimieHT Ilyaccona marepiany

TUIACTHHU; ' — pajiaibHa KOOPAWHATA.
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B nanomy piBHSHHI BUKOPUCTOBYEMO quepeHLiHHNUI oepaTop
d’w 1 dw (5)
dr> r dr
ne g(r) — 30BHIIIHE MonepeYHe HaBaHTaKeHHs; W(I) — IPOTHH MTACTHHH.
BBaxaeMO HaBaHTaXXEHHS | NPOTMH MO3UTUBHUMH Yy BHUIIAJAKY, KOJIH BOHH
cupsMOBaHi TOHK3Y. [Ipu 3MiHHIM TOBIMIMHI IUTACTHHH ii HUIIHIPUIHA KOPCTKICTD

TaKOX € (QYHKITI€I0 paaialbHOI KOOPAWHATH:

Viw=

_ ES(r) (6)
12(1-47)
ne u, E — xoedinient IlyaccoHa i Momymp NpYXKHOCTI — MeXaHi4yHI

XapaKTePUCTHKH MaTepially IUTACTHHM, SKi BBA)Ka€MO TOCTIHUMHU.
[Ipu HaBaHTaXXCHHI IIACTHHU BHHUKAIOTh HACTYITHI BHYTPIITHI 3YCHILIA:
— pamianbHUN 3THHANEHUN MOMCHT:

d’w  u dw do @J; (7
M (r)=-D| —+£.22 |=D| =2+ 4,2
(1) (dr2+r dr) (dr+#r
— 00BOIOBHI 3rMHAJILHUA MOMEHT:
d’w 1 dw ® dgo)' (8)
M, (r)=-D +—-— |=D| =+ pu— |
(1) [ﬂdr2 r er [r “ar
— paziayibHa TIONIepEeYHa CHJIa!
2 2
Q,(r)=—pdyW _dDfdw pu dw). ©
dr dr{ dr® r dr
Benemo 6e3po3mipHy pagialbHy KOOPAUHATY X:
Xx=" (10)
a

Jie & — pajilyc 30BHILIHBOTO KOHTYPY IUIACTHHH.
Tomi 3aneKHICTh, [0 ONUCYE 3MIHHICTh TOBIIMHUA IUIACTHHH B
panianbHOMY HanpsMky (1), mpuiimMae BUTIISLT

o100 L2 | (11)

Bukopucrannsi napamerpa [ — XapaKTePHCTHKH HEPIBHOMIPHOCTI
TOBIIWHM TTACTUHH — HAJIa€ MOXKIIMBICTh onmcaTh ¢yHKIiero (11) popmy mmactus,
TOBIIMHA SIKUX 3MEHIIYEThCS abo 3pocTae y pajialbHOMY HaNpsIMKy 3a
HEJIHIMHOI0 3aliekHicTio. B Hamomy BHMIagky — IUIOCKO-ONYKJIMX 1 IUIOCKO-
yBirHyTHx. Lliefo kX (YHKII€I0 MOJIMBO ONWCATH JBOOMYKJII 1 JBOBBITHYTI
IUTACTHHU: U1 I[bOTO HEOOXiTHO BIAKIAZaTH B oOWaBa OOKH Bill CepeAMHHOL
HOBEpXHi opauHaTy 8(X)/2.
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Pucynok 2 — XapakTep 3aeXHOCTi TOBIIMHH ITACTHHH BiJ apaMeTpy S

DE=3; 2)=2 3)f=0; =2 5p=-3

B sKoCTi mpukiaay MOKa3aHO 3aJeKHOCTI TOBIIMHHU IUIACTUHHU U PI3HUX
3Ha4YeHb XapaKTEPUCTUKU HEPIBHOMIPHOCTI TOBLIMHM IUIACTUHH [ NPU TOBILIHMHI
IUTACTHHU B TI IEHTPI do = 5 MM (puc. 2).

ToBmmHa mIacTHHU Ha T KOHTYPI CYTTEBO 3alIeXKHUTh BiJ| BEIUYUHU
napaMeTpa ff . 3aNeXHiCTh TOBIIMHM IUIACTHHN HA KOHTYPI IPH TOBIIWHI MIACTHHU
B HEHTpPl dp = 5 MM MoOKa3aHO Ha pHc. 3. 3a3HAYMMO, IO IPH PIBHUX 3a
aOCOJIOTHOIO BEJIMYHMHOIO IIapaMeTpax [ TOBIIMHA IUIACTHHU 3pPOCTAE MpHU
MO3UTHBHUX 3HAYEHHAX [ IHTEHCHBHIIlC, HI)K 3MEHIIYETHCS IPU HETATHBHHUX
3HAYCHHSX ff.

S(1)

-4 -3 -2 -1 0 1 2 3 4

Pucynok 3 — 3anexHiCTh TOBIIMHY IUIACTHHY Ha KOHTYpI BiJ mapamerpa
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Judepenuiline piBHAHHA  ueTBepTOro mopsaky (4), 1o  omucye
BICECUMETPUYHI TPOTMHU KpYyIJIoi IUIACTUHHM 3MIHHOI TOBIIMHH, 3BOAMMO 1O
PIBHSIHHSI JPYrOoro TOPSAKY BITHOCHO KyTa IOBOPOTY HOpMalli O CEpPEeAMHHOI
MOBEPXHI ¢(x). 3 ypaXyBaHHAM CKCIIOHCHI[IHOM 3aJIe)KHOCTI 3MIiHM TOBIIMHU
rwiactuay (11), a TakoK 3aesKHOCTEH I KYTY HaXHJIy CEpeJUHHOI moBepxHi (2) 1
(3) omep>kuMo PiBHAHHS MPOTHHIB KPYTIIOT IJIACTHHH:

d?p [1 jdq) [1 J Bx’ (12)
— 4| ==X |=——| S5+ =—pxexp| — |
dxzxﬁdx Xzyﬁ(oppz
B onepxanomy piBHSHHI P — 3arajgpHa Oe3po3MipHa XapaKTepPHCTHKA
MaTepiairy, po3MipiB Ta HABaHTa)KEHHSI IUTACTHHH:
3
a
—6(1— 12D, (13)
p=6(1-4’) 2 5

Jie o — IHTEHCUBHICTh PIBHOMIPHO PO3MOIJICHOTO HABAHTA)KECHHSI.

3a 3araJIbHONPHUIUHATOI0 METOMUKOIO TOBHMIH PO3B’s130K piBHSAHHA (12) Mae
BUIJIAJ CTENEHEBOTO psAy 13 JOCHTh CKIQJHOI0 CTpyKTyporo [5]. Ockinbku
onHopinHe piBHAHHA (12) Mae nApyruil MOpsIOK, HOro 3aralibHUHA pO3B’S30K
MOBUHHUI BUIIIANATH AK (yHAaMEHTalbHAa CHCTEMa pIllleHb, CKJIAJEHa 3 JABOX
TMHIHHO-He3aNeKHUX (YHKOIA. J[7s CHOpOIICHHS BUTISAAY pPO3B’SA3KY JiHIHHO-
He3aJeXHi (QYHKIIi IpeAcTaBUMO Y BUTJLANI TOOYTKIB e€JIeMEHTapHUX (QYHKINH i
¢byHkuii Yirrekepa Myy(z) Ta Wiy (2):

F(x)= xlexp[ﬁTij ~ MM['BTXZJ’

F(x)=x" exp(ﬂTXZj W, (%Xz] '

3araneHUIA PO3B’A30K OJHOPITHOTO piBHAHHS (12) Mae BATIISAA:

} X X x? (15)
0. (X) =X ' exp(ﬂ‘lj |:C1M Ky (ﬂzJ + Czwk,r (132]:|
ae k= Ji Doy 1 — napamerpu dynkuiit Virrexkepa; Ci ta C; — JoBinbHI
2
KOHCTaHTH.
YacTiHHNHN po3B’ 130K piBHSIHASA (12) A7 3a1aHOT TipaBOi YaCTHHH:

M BX ) (16)
i (3—ﬂ)ﬂeXp[2j

[ToBHMIt po3B’s130K HEoHOPIAHOTO MudepeHuiiHoro piBHAHHA (12) € cymoro
3araJibHOTO 1 YaCTUHHOTO po3B’s3KiB (14) 1 (16):

P(X) =g, (X)+o,(x)- (17)
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4 05 06 07 08 09 x 10

Pucynok 4 — BrnacHi ¢pyHKIii qudepeHIiiftHOro piBHSIHHS IPOTHHY
KpyTJIOi IIIaCTHHH 3MiHHOI ToBIMHY Tpu 1t = 0,31 =3

JoginpHi koHcTaHTH C1 Ta C; BU3HA4aeMO i3 TPAaHUYHUX YMOB IJIsI (PYHKIIT
@(x). BcraHOBIIEHO, 110 Y AOCTiKyBaHOMY miama3oHi aprymenty 0 < X <1 mepima

3 BIACHUX (YHKIIN Fl(X) € oOmexeHow, npyra BracHa ¢ymkuis F,(X)

HeoOMexxeHo 3poctae mpu x — 0 (puc. 4). Benemo rpaHudHy YMOBY: KYT
MOBOPOTY B LICHTPI INTACTUHH JIOPiBHIOE HYJIIO:

p(x)| =0 (18)

x=0

[Tpn BukoHaHI JaHOI YMOBH Apyra KoHCTaHTa JopiBHIOE Hymo: Co= 0. Kpum
TOTO, TPU OYyIb-IKHX 3HAa4YeHHAX KoedimieHta IlyaccoHa miHiitHO-He3anexKHA
¢yHkuis F1 B IEHTPI IIIACTHHY TaKOXK JOPIBHIOE HYJIIO:

R(x),_, =0 (19)

Bimomo, 1o s i30TpOIHAX MaTepiaiiB 3HaueHHs KoedimienTy [TyaccoHa IexxuTh
B miama3oHi 0 < x4 < 0,5. ToMy U1 IOBITBEHOI BENWYHWHHU y 3HAYCHHS JIiHIHHO-
HesanexHoi GyHKUIT [ (X) po3ralloBaHi y IPOMiKKY, 0OMEKEHOMY KpHBAMHE 1 Ta

2 (puc. 5). BcranosneHo, mo ymoBa (19) BUKOHY€eTBCS I BCiX KiHIIEBUX 3HAYCHb
mapameTpy [, To0To 1 OyIb-KOi XapaKTEpPUCTHKH HEPiBHOMIPHOCTI TOBIIWHHU
Kkpyroi mmactuHH (puc. 6). TakuM YHMHOM JOBeAeHO, WO It Oyap-sgKoi
XapaKTePUCTHKN HEPIBHOMIPHOCTI TOBIIMHA Kpyrioi miactuuu ynkuis F (X) B

HEHTPI1 MTACTUHH JOPIBHIOE HYJIIO 1 TpUiiMae HaiOIbIIe 3HaYeHHS Ha ii KOHTYpI.
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Fi(x)

21 5
4 ,ﬂ"'ﬂj
2

1 1 #__d-—f“f—’
4 1 x
o5 1D

Pucynok 5 — BrnacHa QyHKIis qudepeHIiHHOTO piBHIHHS Fl (X) mpu f =3
Ta koedirienrax Iyaccona: 1) u=0; 2)u=0,5

"] 3
Fy;

j_
2]
2]
2—_ 2
L

= - _1_' 2 4 B

Pucynok 6 — BrnacHa ¢yHKuis augepeHniiHoro piBHIHHS Fl(X) ripu (hiKCOBAaHUX

3HaueHHsx aprymenty: 1) x=0,1; 2)x=0,5; 3)x=1,0

BucHoBku:

Y po6oTi 3arporoHOBaHO METOAMKY OJIEp)KaHHS TOYHOTO PO3B’SI3KY 3a/adi
BUTHHY KpPYyTJIOi IJIACTHHY, TOBLIMHA SKOI 3MIHIOETHCS B PajialIbHOMY HarpsMKy
3a eKCINOHEHLIHHNM 3aKOHOM. PO3B’sI30Kk ozepkKaHO i3 BHKOPHCTaHHSAM (DyHKIIH
VYitrekepa. [IpoBeneHo HOCHiKEHHS XapakTepy 3aJIe)KHOCTI TOBIIWHH IUIACTHHU

150



ISSN 2078-7405 «Pe3anue u uncmpymenmm ¢ mexnonozuyeckux cucmemaxy, evinyck 90, 2019

BiJl mapameTrpy HepiBHOMIpHOCTI ii ToBmIMHM. Bu3HaueHo Xapakrep i 00nacTh
3Ha4eHb BJIACHUX QYHKUIN AU(EpeHIiHHOTO PIBHAHHS NPOTHHY KPYTJIOi INIACTUHU
3MiHHOT TOBIL[MHH.
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A A. SIxuMOB, TOKT. TexH. HayK, JI.B. boBHerpa, kaHj. TeXH. HayK,
10.B. [lluxupesa, kana. TexH. Hayk, E.I". [TaBnsiiiko,
M.B. KoponskoBa, Onecca, Ykpansa

MOBBIINEHUE 3®PEKTUBHOCTHU
IMPOHECCA INPEPBIBUCTOI'O IIVIM®OBAHUSA

Haubonee pacnpocmpanennviM — MemooomM —OKOHYAMENbHOU 006pabOmKU  BbICOKOMOUHbIX
omeemcmeenHblx  demaneil seisemcs  wiugosanue. Ha onepayuu winugosanus 8 OCHOBHOM
Gopmupyiomes mouHoOCmb,  ULEPOXOBAMOCHTL NOGEPXHOCHU U  PUUKO-MEXAHUYECKOEe COCMOSIHUE
NOBEPXHOCHO20 €051, onpedesioujue dKCNIAYAmayuontvle ceoticmea demaneil. B cuny upesmepnoil
MENIOHANPSANCEHHOCTNU  DMO20  Memooa 06pabomKu HA  NOGEPXHOCMU  0emanu  NOAGNAIOMCS
wiugosounvie  dehexkmol  (npudicocu U mMpewjuHvl), Komopwie 6 psde clyyaes, 6 npoyecce
IKCNIYaAMAyuy MAWUH CHUICAIOM UX 00I208eYHOCHb. B c6s3u ¢ amum usvickanue ycioeuil u Memooos
WAUGOBAHUSA, UCKTIOUAIOWUX NOTHOCIBIO UTU YACTIUYHO OeeKmbl WAUpOBANUsl, AGTACMCA CEPbEe3HOU
3a0auell u umeem OOIbUIOE MEOPeMmUecKoe U NPAKMUYECKoe 3HaueHue.

IIpedomepaujerue noseneHus Ha o6padbAmMbIEAEMbIX NOBEPXHOCHAX WAUPOBOUHBIX OedheKmos,
B03MOJICHO NpU NPUMEHEHUU NPEPLIBUCHIO20 WAUPDOBAHUS, CYWHOCHL KOMOPO2O OMpAadceHa 6
pobomax [1, 2, 3, 4 u Op.]. B amux pobomax noopobHO OnUCAHbI Npeumyuecmsa cnocooa
NPEPLIBUCHIO20 WAUDOBAHUS NO CPABHEHUIO C OOLIUHBIM.

O,HHI/IM N3 CYHICCTBCHHBIX HCAOCTATKOB MPCPLIBUCTBIX a6paSI/IBHBIX KpyroB
SABJACTCA HCCOBCPHICHCTBO TCXHOJOTHHU HUX H3TOTOBJICHUA, KOTOPAd CBOAUTCA K
MpOpE3KE  1a30B Ha  3aTOYHbIX CTaHKax, OCHAIICHHEBIX  OCJIUTCIbHBIMU

YCTpOHCTBaMH.
[pu uumdoBaHUK TPEPHIBUCTHIMU KPyraMH MOTYT BO3HHKHYTH yJIapHbBIH U
napaMeTpUuecKuii  Pe30HAHCHl, OOYCIOBJICHHBIE COBIAJEHHUEM YacTOTbI

HMITyJIbCHOTO BO3MYIIEHHUS C OJHON M3 COOCTBEHHBIX YacTOT YIIPYToil CHCTEMBI
CTaHKa W TEPUOJUYECKUM M3MEHEHHEM CHIIbBI pe3aHus. OTO MPHUBOAUT K
YXYIIISHAI0 MaKpo- U MUKPOT€OMETPHHU HUTU(OBaHHBIX MOBepxHOCTeH [5, 10, 11].
YBenu4yeHne MIEepPOXOBATOCTH TOBEPXHOCTH M TOSIBIEHHE HAa HEH BOJIHHUCTOCTH
CHIKAeT JKCIUTyaTal[lOHHBIE CBOMcTBa Jerayeil. M3-3a yka3aHHBIX HEZOCTATKOB
KPyI'M C TIpepbIBUCTOH pabodel IOBEPXHOCTBIO HE HAXOIIT IIMPOKOTO
NPUMEHEHUS B MeTauiooOpabaTbiBaromieil MpoMblnuieHHOCTH. [lomck 1myTteit
YCTpaHEHUs 3TUX HEIOCTAaTKOB ABISETCA aKTyaJdbHOM 3a1aueil.

Lenpto paboThl siBIsETCS OMpeieieHue IyTed oOecrieueHHss TpeOyeMbIX
TEOMETPUYECKUX MapaMeTpoB KauecTBa MOBEPXHOCTHOIO CJod  JAeTaleH,
00pabaThIBaMbIX MPEPHIBUCTHIMU IIIM()OBATGHBIMU KPYTaMH, W CHIDKEHHS
TPYAOEMKOCTH U3TOTOBJICHUS 3THX KPYTOB.

© A.A. Axumos, JI.B. Bosnezpa, I0.B. Illuxupesa, , E.I. ITagnviuuxo, M.B. Koponvkosa, 2019
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B pabote [5] pacueTHO-’KCIIEPUMEHTAIBHBIM IMYTEM OIPEIEICHBl YCIOBHSA
BO3HHKHOBEHHS B yNnpyroil cucreMe ctanka 3171 mapaMeTpudeckoro pe3oHaHca B
npouecce IUTM(OBAHUS IUIOCKHX 3arOTOBOK KPYI'aMH C IPEPHIBUCTON padoueit
MOBEPXHOCTRIO (puc. 1).

0)

Pucynok 1 — AGpa3uBHBIE IpeprIBaEMbIe KPYTH, IIPUMEHsIEMBIE ITPU 3aTOUKe (pe3
JUIs1 00paboTKH ETOYHBIX 3aMKOB I'a30TypOMHHBIX JIONIATOK ()
1 Jutst TUTHQOBaHMS IIOCKUX IOBepXHOCTeH (0)

Ha puc. 2 (a), (0) moka3aHbl 00JaCTH MAPaAMETPUYCCKON HEYCTOWYMBOCTH
YOPYro CHCTEMBI IUIOCKONUTH(OBAIBHOIO CTaHKA, MOCTPOCHHBIC B IUIOCKOM
cucreme koopauHaT (Kyp, Ko), e
Kip — K03 UIHEHT NPEepBIBUCTOCTH, YUCICHHO PaBHBIM BEJIMYMHE OTHOLIECHUS
NpOTHKEHHOCTH BriaAnHbI | K [utnHe pexyiero BeicTyma ly;

. .
Ko =co (5 — 1) — nunamuueckas xxéctkocts pesanus; (1)

t; n ty — riryOuHa pe3aHusi, ycTaHOBIICHHAS 110 JIMMOY CTaHKa M (pakTHIecKas
rTyOWHA pe3aHus COOTBETCTBCHHO;

Co — )KECTKOCTPH yIPYTOl CHCTEMBI, KT/M;

N — YICII0 BIAIWH Ha NDTH(OBATEHOM KPYTE;

K. - cobcTBeHHas yacTOTa KOJIeOaHUH YIIPYTOil CHCTEMEL.

W3 puc. 2 (a), (6) BUAHO, YTO yBeIMUYEHUE IMHAMUYECKON >KECTKOCTH
pesanus K, TpUBOIUT K paclIMpeHHIO TpaHHWI o0JIacTed mapaMeTpHuecKoi
HEYCTONYHUBOCTH.

Pacuéter 1o dopmynam (1), (2), (3) mo3BONOWAM TOCTPOWTH 30HBI
mapaMeTpruuecKoi HeycToiunBocTy B cucteme koopauHat (Kop, Ko) (puc. 2, B).

W3 puc. 2 (a), (6) [5] n Hammx uccnempoBaHui (puUC. 2, B) MPOCICKUBACTCS
001asi 3aKOHOMEPHOCTb: C YBEJIMUCHHEM JAMHAMHUYECKOH k&cTkocTn pesanust K,
MPOUCXOJUT pacUIMpeHUe I'paHuil obyiacTeil HEYCTOMYHMBBIX COCTOSIHMH YyHpYroi
CHUCTEMBI IUTOCKONUTU(OBaTbHOTO cTanka wMomenu 3[71. Bmecre ¢ Tem

153



ISSN 2078-7405 «Pe3anue u uncmpymenmm ¢ mexnonozuyeckux cucmemaxy, evinyck 90, 2019

CYIIECTBYET IPOTHBOPEUNBOCTH MEK/Ty JaHHBIMH, IPEICTABICHHBIMU B padoTe [5]
W pe3ylbTaTaMM Hallux wHccienoBaHuid. M3 puc. 2 a, 6 [5] cienyer, uro B
UHTEpBAJIe YUCENl PeXYIIUX BBICTYNOB 5 < N < 17 mapamMeTpHuecKHil pe3oHaHC
BO3MOJKEH TOJIBKO B cliy4asix, korna Kpp> 0,6.

5

6 ’ T

o Kc=33003|n= 15 /

x XS
Kc=130/5,f ‘\2

ke=lazon/ (oY

7

4 5 6 7 8 9 — w— ——— m— _? e
— w— w— (05 kI — — Ko-10% Kiy/m Ko+ 105 5 Kr/m
a) 0) B)

Pucynok 2 — O6nacti napaMeTpruuecKkoi HeyCTOHYMBOCTH YIIPYTOi CHCTEMBI
mwiockonumdoBaabHOro cTanka mogenn 31'71M, Bo3HHKaromue npu 00paboTke
NIPepBIBUCTHIMU Kpyramu ¢ 5, 10, 15 (a) c 6, 17 (6) mc 11, 12, 13, 14, 15 (B)
HpOope3sMU Ha pabOYHX ITOBEPXHOCTSIX

Hamm wccnemoBanus mokasand, 4Yro B JAuanmazone 11 < n < 15
napameTpuueckuil pesoHanc Bo3smoxeH npu 0,3 < Ky < 0,6 (Puc. 2, B).
B03MOKHOCTh BO3HHKHOBCHHUS MapaMETPHUCCKOrO PE30HAHCA MPU ILTH(POBAHUH
MPEPBIBUCTEIME KPYTaMH B JUANa30He N3MEHEHHS KO PHUIIMEHTA TPEePHIBUCTOCTH
0,3 < Kyp < 0,6 noaTeepkaaeTcs JAHHBIMH, ITPEACTaBICHHBIMH Ha puC. 3, 4.
Ass__ Wi

A O O A T O LT LT
00 04 0,2 03 0,4 05 0,6 07 08 09 10
— w— Knp

Pucynok 3 — HeycToifunBble COCTOSIHUSI YIIPYTO# CHCTEMBI, BOSHUKAIOIINE TIPH Pa3HBIX
YCIIOBHSAX IUIOCKOTO MPEPBIBICTOTO MUTH(OBaHMS Ha cTanke Moxenu 3['71M
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Ha puc. 3 noka3aHbl 00bEMHBIC 3aBUCUMOCTH

L=f(n,Kep), 5 =F (0, Kup), @
- 1+M

"

pacYuTaHHbIC JJId pa3/IMYHbIX yCJ'IOBI/Iﬁ MPEPLIBUCTOTO HIJ'II/I(l)OBaHI/IH, rac Lu

— COOTBETCTBCHHO JieBas M TIpaBas 4YacTH YCJIOBHS IapaMeTpUUYecKOn
HEYCTOWYHMBOCTH yOpyroi cuctemMbl cTaHka [l1]. D['pammmamm oOGmacteit
HEYCTOIYMBEIX COCTOSIHMH YIPYrOd CHCTEMBI SBIAIOTCS JIMHUHM IEPECeUCHUS

TUIOCKON (TIapaMeTp ) m BomHOOOpa3HO# (mapamerp L) moBepxHocteir. Ha

puc.4 TpaHWIBl 30H MapaMETPUYECKONH HEYCTONYMBOCTH BBINNIAIAT B BHAC
3JUIMIICOB, TOCTPOCHHBIX B IIOCKOH cmcteme koopamHar (N, Kip) B anamazone

n3MeHeHns Koddduimenta npepreBucrocty 0,3 < K;p < 0,6.

L
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Pucynox 4 — O6macti napaMmeTpuIecKoi HeyCTOHIMBOCTH YIIPYTOH CHCTEMBI CTaHKa
B IUIOCKOI1 cucteme koopaunart (N, N), rae N — 4nciio BnaauH Ha MPEPHIBHCTOM KpPyTe,
N — BelMYMHA OTHOLIEHHS NPOTHKEHHOCTH BIIQANHBI K JUTMHE PEXYIIEro BEICTyIa

Ha puc. 5 nmoka3aHbl 30HB YCTOHUMBOM pPabOTHI YIIPYTOil CHCTEMBI CTaHKa B
Buze uckpusnerus moinoc I, 1L, I, IV, V,VI, xotopsie npeacTaBisroT coOoi Takue
coBOKynHocTH Kpp W N, IpH KOTOPHIX MapaMeTpUUECKUl PE30HAHC HE BO3HHUKACT.
W3 sToro pucyHKa BHIHO, YTO MIMPHHA 3THX 30H U CTENCHb WX HCKPUBIEHHOCTH
BO3pPACTalOT B  HANpaBICHUM  YBEIMYCHHS  KOJNHMYECTBA  Mpope3ed  Ha
nUTH(OBaIBHOM KpyTe.

U3 puc. 6 BUIHO, 9YTO YMEHBIIICHHE PEXKYIIEH CIOCOOHOCTH NUTH(OBAIEHOTO
Kpyra (T.e. BO3pacTaHHE BEIWYMHBl OTHOIIEHHWS TIIyOMHBI  pe3aHms,
YCTaHOBJICHHON 1m0 nuMOy craHka t,, kK (akTHueckoi TiyOuHe pesaHus tg)
cMmemaer obimactu ycroWumBod pabotel V um VI B cTOpoHY BO3pacTaHus ducia
npopeseid N Ha kpyre. Tak Kak Mo Mepe 3aTyIUICHHs PEXYILEro MHUKpopeibeda
paboueil TOBepXHOCTH MHCTPYMEHTAa HEBO3MOJKHO YBEIMIHBATH YUCIO BHAINH Ha
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HEM, TO «3acllauBaHWe» Kpyra B IIpoliecce ero paboThl TNPHUBOIUT K
BO3HHKHOBEHHIO PE30HAHCA B yNPYroif CUCTEME CTaHKA.

i

B0 n5 Mo 15 150 125 100
l U8 46 4442403836 34 3230 2826 2422201816 14 1210 8 6
4t G ] emmm Gummm m———

Pucynok 5 — OGacty, COOTBETCTBYIOIIHE YCTOWYUBBIM COCTOSTHHSIM
YIPYTo# CHCTEMBI CTaHKa (3aIITPHUXOBAaHHBIE 30HBI)

bR

WY
i

Pucynox 6 — Cmemenne kpuBomuHeHHBIX 30H (V u V1) ycroitunBoif paboTs! ynpyroi
CHCTEMBI CTAHKA B HAIPABJICHNH BO3PACTAHMS UHCIIA PEXYIIUX BEICTYIIOB N Ha
HPEPBIBUCTOM KPyTe PH yBEIHYCHUH OTHOLICHUS B/ tp (T.€. IPH CHIDKCHUHU pexKyLIeH
CMOCOOHOCTH 1UTH(OBAIBHOTO HHCTPYMEHTA)
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ITapamerp (:;; — 1), Bxomsmuii B popmyst (2), (3), KOCBEHHO XapaKTepu3yeT

PEXKYIIYIO CIIOCOOHOCTH NITH(OBAIBHOTO KpyTa.
Ha puc. 7 nokazana 3aBUCUMOCTh

= Dol = Den = (ap 1) ®

MOCTPOEHHAs! 10 pe3yJbTaTaM OAKCIIEPUMEHTAJIBHOTO OIpPEIETICHUsT HCTHHHOTO
o0béMa oOpabaThiBaeMOro Marepuajlia 0Npu  NUIM(OBAHUM  CIUIOIIHBIM U
NPEephIBUCTEIM ~ Kpyramu. M3 aHamm3a 93TOH 3aBHCUMOCTH  CIIEIYeT, 4YTO
3((eKTHBHOCTh pabOTHl NPEPHIBHCTOTO KpPyra IO CPaBHEHHIO CO CIUIONTHBIM
HOBBIIIACTCS C YBEIWYCHUEM YHCIIa Ipope3el N Ha IUTM(OBaTEHOM HHCTPYMEHTE
M C BO3pacTaHMEM BEIIMYMHBI OTHOLICHHWS MPOTSHKEHHOCTH BIAWHBL | K mmuHe
pexymiero BeicTyna g,

Pucynok 7 — BnustHue KoandecTBa BIAJWH U BEICTYHOB N HA MIPEPHIBICTOM KpyTe
a1
U oTHOMIeHHH nx JuiH N Ha BEeMUYNHY ITOKa3aTems (5 — 1)p, xapaxrepusyromuiero

3¢ PeKTUBHOCTH paboTHI a0pPa3HBHOTO HHCTPYMEHTA

Ha puc. 8 npuBeneHa 3aBHCHMOCTb TeMIlEpaTypbl HUIM(OBaHUS OT YHCIA
npopesel N Ha Kpyre U OT BednuuHbl kKoddduuenta npepbiBuctoctu Kyp Kpupas
ABB o6pa3zoBanacs B pe3ynbTare nepecedeHus 00bEMHOM 3aBUcHMOCTH Ty = T (Kip,
N) B BHJE BOTHYTOIl JICHTHI C 3aIITPUXOBAHHOHN IMJIOCKOCTBIO, PACIION0KEHHON
napajensHo cucteme koopauHat (Kup, N ) Ha ypoeHe Temnepatypsl Ty = 400 °C,
HE BBI3BIBAIONICH TMOsBICHUE NUIM(POBOYHBIX NeheKTOoB Ha oOpadaThiBaeMoOi
noBepxHoctH. Kaxnmas Touka kpuBoii ABB mpencraBmsier coboil  Takyio
COBOKYNHOCTb  TI'€OMETPHYECKMX  HapaMeTpoB  pabodeil  MOBEPXHOCTH
NPEPBIBUCTOTO Kpyra, NPH KOTOPOH He HapymaroTcs (QU3NKO — MeXaHWYecKHe
CBOMCTBA IOBEPXHOCTHOTO ciosi nutudyemoit aeranu. U3 puc. 8 BUIHO, 4TO A
obecrieueHnst 0e30mMacHOil TeMmIepaTypsl B 30HE pe3aHMsi HEoOXOoAMMO NpHU
YMEHBIICHNN 4YHCJIa Tpope3eld Ha Kpyre YyBEIMYMBATh BEIMUYMHY OTHOIICHHMS
NPOTSHKEHHOCTH BITAWHEI | K [uTiHe peskymiero BeicTyma Iy,
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Pucynok 8 — 3aBucuMOCTb TeMIepaTyphl IUTH(OBaHHS OT mapaMeTpoB Kup 1 N,
OTIPEAEISIONINX pa3Mephl BEICTYIIOB U BIIAJUH Ha pabodeli OBEpXHOCTH
HPEPHIBUCTOTO Kpyra

Ha puc. 9 mnpuBeneHs! KpHUBBIE pPaBHBIX TeMIIEpaTryp, OTICIAIOIINE
OECHpIKOTOBYI0 30HY OT IPWKOTOBOM NPH MNPEphIBUCTOM UUIM(POBAaHMH HA
wiockonutugopanbHoM cranke 3['71M co ckopocthio getanud Viyer = 10 m/mMuH,
riyounord pesanmss t = 0,075 MM, ckopocthio pesanust Vi, = 30 M/c wu
nornepevyHbIMu mogadamu 1mm/xon < S <4 mm/xon [13].

S=3,Svg1,r;/;xoa\ S=3,0mnf<oz? \2,5MM£X03 2,0mm/4&00 1,5mm/k08 1,0mm/x0d
AP i\\\ §Q< L

| NOND
Nl \
10,75 \ \ \

=
e
L

5= 4,0 MM/Aod

P

"00% 2 2 20 ® 6 #% 12 10 8 6
S T s (R e (e ==
n

Pucynok 9 — KpuBble paBHBIX TeMIepaTyp, OTASNISAIOINE OECIIPUKOTOBYIO 30HY
OT NIPIKOTOBOH, PH MITN(OBAHUH IPEPHIBUCTEIMU Kpyramu 24A 40 CM 1K1
neMeHTOBaHHOM cTanu 12X2H4A Ha pexxumax:

Vier = 10 m/muH, t = 0,075 MM, Vip = 30 M/c, 1 Mm/xon < S <4 mm/xon
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Kpugsie, nzobpaxénnsie Ha puc. 9, aHamoruunsl kpusoit ABB (puc. 8). U3
aHanu3a puc. 9 ciemyer, 4To AN OOECHEUeHHS OJHOTO U TOTO JK€ YPOBHS
TEeIIOHATIPSHKEHHOCTH TIpoliecca NUIM(OBAHUS MOXKHO YMEHBIIEHHE KOJIMYECTBA
BHaJUH Ha Kpyre N u kodd¢uuueHra npepbBUCTOCTH Ky, KOMIEHCHpOBAaTh
YMEHbIIEHNEM NIOIIEPEeYHOH nojaaqu S.

Ha puc. 10 mokazaHel OO0JaCTH  BO3MOXXHOTO  BO3HHKHOBCHHSA
MapaMeTPUUECKOTO PE30HAHCA B BH/E CKOIIEHUH 3JUIUIICOB B CHCTEME KOOPIMHAT,
B KOTOPOH N0 ocu abcuucc OTKIAABIBAIOTCS YHCIA BIIAAWH Ha Kpyre. a 10 OCH
opaMHAT — 3HaYeHHUA K03 PunmerTa mpepuBHCTOCTH Kip.

e S
MonS M NS M0 m§ w0 S5 K0 9 % A5 60 a8

7674727068 66 64 62 60 58 56 54 52 5048 46 44 42 40 38 36 343230282624 22 2018 16 1412.10 8 6
) mm em—

Pucynok 10 — O6nacti napaMeTpH4ecKoil HeyCTOHYUBOCTH yIIPYTOd CUCTEMBI
UIOCKONLTH(OBATBLHOTO CTaHKA B TIOCKOM cucteMe KoopauHat (N, Knp )

Ha puc. 11 nokaszansl Takue JUHUH 1-5, XapaKTepHU3YIOILIHE COBOKYITHOCTH
FeOMETPUYECKMX  MapameTpoB  Makpornpodwisi  pabodeld  MOBEPXHOCTH
MPEPHIBUCTOTO HIIM(OBATEHOTO HHCTPYMEHTA, TEXHOJOTHSA (OpMOOOpa3oBaHUS
KOTOPOTO CBOJHTCS K IPOpEe3Ke Ha 3aTOYHBIX CTaHKaX OJMHAKOBBIX IIa30B.
PaBHOMEPHO pacnpeeNEHHbIX N0 Tepupepun Kpyra.

Kpusbie 6, 7, 8, 9 nHa puc. 11 COOTBETCTBYIOT TaKMM COBOKYIHOCTSIM
pa3MepoB BBICTYIIOB M BNIAJAMH, KOTOPHIE OOECIIEYHMBAIOT CHIDKEHHE TEMIICpaTyp
crutontnoro mugosanus (800 ‘C, 900 “C, 1000 °C, 1100 ‘C cooTBETCTBEHHO) 10
OIHOTO M TOTO € YPOBHS, HE BBHI3BIBAIONICTO MOSBICHHUS MPWKOTOB Ha
00pabaThIBaMbIX IOBEPXHOCTSIX J€TalIei.

®opma KpHUBBIX 1-5 TOBOPHT O TOM, YTO MOCJIENOBATENBFHOE YBEIHMUYCHHE
KOJINYECTBA PABHOMEPHO — DACHpPENeNEHHBIX IO mnepudepun Kpyra mpopesei
HEM30€XHO MPHUBOANT K YBEIMYCHHIO KO3((HUIMEHTa NPEpHIBUCTOCTH, M, Kak
CJIC/ICTBHE, CIIOCOOCTBYET JIONOJIHHUTEIHHOMY CHIDKCHHIO TEIUIOHAIPSHKEHHOCTH
nporecca HUIMQOoBaHuUSI.
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W3 puc. 11 BuaHO. YTO TeMmeparypy CILIOIIHOTO LUTU(OBaHHUS, PaBHYIO
1100 °C. MOXHO NOHM3HTL J0 O€30MACHOTO YPOBHS 3a CYET NPUMEHEHHMS
MPEPBIBUCTHIX KPYT'OB, FTEOMETPUYECKHE XapaKTEPHUCTUKH KOTOPBIX COOTBETCTBYIOT
toukam I' (N = 60, I, = 6mMm), B (n =65, I, =5mm), B (n =75, [, =4mm) u A (n = 80,
I, = 3mMm). Ecnn Temneparypa ctomsoro mindosanus 1000 °C, To obecneunts
TpeOyemoe (U3UKO — MEXaHHYECKOE COCTOSIHUE ITOBEPXHOCTHOTO  CJIOS
o0pabaThIBaeMbIX JeTaleil MOXHO 33 CYET MCIOJIB30BAHUS NPEPHIBUCTHIX KPYTOB
C TAKMMH HaOOpaMy FeOMETPUISCKUX XapaKTePHCTHK:

n =45, I; = 7MM (touka K Ha nuanu 5);
n =48, I, = 6Mm (Touka 1 Ha nuHuK 5);
n =52, l; = 5mM (Touxa XK Ha auHHM 5);
n =58, I, = 4mwm (touka E Ha muuuu 5);
n =63, I =3mM (Touka /I Ha MuHKH 5).

Ha puc. 11 paiioHBl CKOIJIEHMH OJJUIMIICOB O4YEpuUeHBl TIpaHHULAMH H

3alITPUXOBAHBI.
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Pucynok 11 — 'eomeTprueckre XapaKTepHCTHKH Padoveli IIOBEPXHOCTH MPEPHIBUCTHIX
IUTHQOBATHEHBIX KPYTOB € pasMepaMu BOAIUH 3 MM, 4 MM, 5 MM, 6 MM, 7 MM
(xpuBble 1, 2, 3,4, 5 COOTBETCTBEHHO) 1 HX BIMSHUE Ha CTEIIEHb CHI)KSHUS TEMIIePaTy bl
M0 CPaBHEHHIO CO CIUIOMIHBIM HUTH(OBaHUEM (KpuBBIe 6, 7, 8, 9) 1 Ha BO3MOXHOCTD
MIPEIOTBPAILCHHUS TAPaMETPUIECKOTO PE30HAHCA (3alITPUXOBAHHBIC 30HBI)

IIpu sTOM KaXKABI M3 ATHUX MAEBATH NPEPHIBICTHIX KPYTOB CIOCOOEH HE
TONBKO obOecrednTh TpeOyeMylo CTEleHb IOHIKCHHS TEMIIepaTypbl B 30HE
pe€3anusd, HO W MNPEAOTBPATHTH BO3HHKHOBCHUE B pryFOﬁ CHUCTCMEC CTaHKa
MapaMeTPUUECKOTo Pe30HaHca. YIa4HOMY pa3MEIIeHHIO KpuBBIX 8§ m 9 B 0e3
PE30HAHCHOW 30HE B 3HAYMTEIHHOW Mepe OJIaronpHsATCTBYIOT OJMHAKOBBIE YIJIBI
HaKJIOHOB 3THX KPHUBBIX M 00JIacTell HEyCTOWYMBBIX COCTOSIHUH YIPYrol CHCTEMBbI
CTaHKa.
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Hamwm wuccnemoBanus [1, 2, 3, 6, 7, 8, 9, 13] moka3angu, 4yTo HTOOUTHCS
TpeOyeMBbIX TCOMETPUYECKUX IMOKa3aTelneld KavyecTBa IMOBEPXHOCTHOTO —CIIOS
00pabaThIBaCMBIX JeTalel MPU MPEPHIBUCTOM IUTH()OBAHUK BEChbMa CIOXKHO, TaK
KaK [OCTOSHHO MECHSIOIIUECS YCIOBHS OOpa0OTKM (CHM)KCHUE pPEKyIICH
CHOCOOHOCTH Kpyra, U3MCHEHUE IIyOWHBI M CKOPOCTH PE3aHMS U T.J.) BBI3BIBAIOT
KoyleOaHus IMNUH/ENA cTaHka. KpoMe Toro, mpephIBUCTHIC MUTH(OBATBHEIE KPYTH
HETEXHOJIOTUYHBI IS W3TOTOBIICHHS B MAacCOBOM IIPOW3BOJICTBE, TpEIIaracMble
HAMH pPEKOMEHIAIMM [0 YBENMYEHHIO 4YHCIa TIpope3edl Ha wux padbodmx
TTOBEPXHOCTSIX eII€ OOJIBIIe YBETHUNBAIOT CE0ECTOMMOCTD UX U3TOTOBJICHUSI.

IIpoBenennsie Hamu wccienoBanus [13] mokaszamy, 4To HUTHQOBAIBLHEIC
KPYTH C paJdalbHBIMHA TIa3aMH, BBHIIOJHEHHBIE Ha TOPIAX C BBIXOAOM Ha
nepudeprro, XOoTh M HE YMCHBIIAIOT CCOECTOMMOCTh WX HM3TOTOBJICHHUS, HO
3HAYUTCIIbHO CHUXAIOT BEPOATHOCTHL BO3SHUKHOBCHUS B pryFOﬁ CUCTEMC CTAaHKa
napaMeTpHuecKoro pe3oHaHca (puc. 12).

wl

a) 0)
Pucynok 12 — AGpasuBHbIe NUTH(OBAIBHBIE KPYTH C paJHalbHBIMK NIa3aMU Ha TOpLax (a)
U KPYTH, y KOTOPBIX MPsIMbIE CKBO3HBIE TIPOPE3N Ha IepuUdepHn paBHOMEPHO YePEayIOTCs
¢ paMaTBHBIME TIa3aMHU Ha Topuax (0)

[IpepbiBuCTBIE KpyrM ¢ HaKIOHHBIMH mNasamu (puc. 13, a) obecnedmBaror
HETIPEphIBHBIM ~ KOHTakT a0pa3sMBHOTO WHCTpyMEHTa ¢ oOpabaTbiBaeMoin
3aTOTOBKOHM, Onarofapst d4eMy IMOJHOCTHIO  HWCKIIIOYAeTCs  BEPOSTHOCTh
BO3HHMKHOBEHUS IapaMeTPUUECKOro pe3oHanca [12].

Hannume BbIpe30B, HAKIOHEHHBIX K OCH BpalleHUs Kpyra, oOecreduBaer
MoJjady BO3IYIIHOTO IOTOKA B 30HY pe3aHus. MoImHas CTpys BO3IyXa BBIAYBaeT
CTPY’XKY M3 30HBI PE3aHNs, HHTEHCU(PHUIIUPYS TPOLIECCH €€ OKUCICHUS U CTOPAHUSL.

OxucieHHass CTpPyXKa CTAHOBHTCS KpyIJOi, mpuoOperas MIapOBHIHYIO
tdopmy (puc. 14), He HaMTUMaeT HA MMOBEPXHOCTh PEXYIINX 3EPEH U HE BHEAPSETCA
B mopbl unmdoBanmsHOoro Kpyra [3]. IIpeprIBUCTBIE KpPYrH C HAKJIOHHBIMH
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PSXy3UMH BBICTIIaMH OOECIIEUMBAIOT IPOKAYKy >KHUAKOCTH W BO3JyXa uepes
MPOpPE3H, TEM CaMbIM CHIKAsl TEIUIOHANPSDKEHHOCTH Mporecca nundosanus [13].

Pucynok 13 — AGpasuBHBIE OUTH(OBAIBHBIE KPYTH, 00ECICYNBAIOIIIE HETTPEPHIBHBIN
KOHTAKT ¢ 00pabaThIBaeMOM JeTalIbI0: PEPHIBUCTHI KPYT ¢ HAKIIOHHBIMH
ma3amu (a) u KpyT €O CIMpaIbHBIMU KaHABKaMH Ha paboyeil HoBepXHOCTH (0)

Pucynox 14 — Bua cHapyxu, 00pa3yromuicst npy Nuin(poBaHUH
MPEPHIBUCTHIMHU KPYT'aMH C HAKJIOHHBIMH [a3aM1

Paboter [14, 15] mocesiieHb! HcCleNOBaHUIO dPPEKTUBHOCTH MPUMEHEHHS
a6paSI/IBHBIX KpyroB CO CHUpaJbHbIMHU KaHaBKaMW Ha paGO‘-II/IX TIOBEPXHOCTAX.
Takue Kpyrd o00JaalOT BCEMH MPEUMYIIECTBAMH IPEPBIBUCTBHIX KPYroB H,
Omaromapst OOE€CHEeUeHHI0 HEMpephIBHOTO KOHTakTa ¢ 00pabaThiBaeMbIM
MaTepHuajoM, X paboTa HE COMPOBOXKIAETCS KoJeOaHWsMH ImuHAeH. Kpome
TOro, €e0EeCTOMMOCTh W3TOTOBICHHUS 3THX KPYroB 3HAYHTEIBHO HIDKE, YEM
MPEPHIBUCTHIX.

BoiBOaBI:

1. Ha ocHOBe NpOBEAECHHBIX TEOPETUYECKHX M OKCIIEPHMEHTAIbHBIX
UCCIICIOBAaHUN BBIABICHBI IMPEHMYIIECTBA M BCKPBITBI HENOCTATKH, MPUCYIIHEC
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HI(OBAHUIO TPEPHIBUCTHIMM KPYraMHu C TPSMBIMH TIPOpE3sMH Ha paboumx
MOBEPXHOCTSIX.

2. Jns ynydileHus FeoMeTpHUecKUX Mokas3aTeei kauecTBa MOBEPXHOCTHOTO
ciios 00pabaThIBaeMBIX JieTalleii 000CHOBaHO NMPUMEHEHHE NUTH(OBAIBHBIX KPYTOB
CO CIUPAILHBIMH KaHaBKaMH Ha UX paOOUYMX IMOBEPXHOCTSIX.
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