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A. Grabchenko, I. Pyzhov, V. Dobroskok,
V. Fedorovich, Y. Ostroverkh, Kharkiv, Ukraine

SPECIFICITY OF USING DIAMOND MICROPOWDERS
IN WHEELS ON METALLIC BONDS

Abstract. Some issues related to the possibility of increasing the efficiency of shaping blade tools
from polycrystalline superhard materials by diamond grinding are considered. It has been
established that one of the ways to increase the efficiency of using diamond micropowder grains in
circles is to apply thick metal coatings on them. The use of embossed metal coatings on diamond
grains can significantly extend their cutting resource. This is explained on the one hand by a
stronger adhesion of the coating material to the diamond surface compared to the components of the
binder, and on the other hand, a significant increase in the contact surface of the coated grain with
the binder of the circle. It was established that the strength of metal and ceramic ligaments should
be consistent with the strength of diamond grains sintered with it, and the concentration and
graininess of the latter have a significant impact on the integrity of the grains in the sintered layer.
Keywords: superhard materials; grinding; coating; modeling; cutting area; thermal stresses; bond
stiffness; diamond consumption of a circle.

1. Problem statement. According to many researchers [1], [2], [3], at
present one of the most promising methods of manufacturing edge cutting tools
and other products out of polycrystalline extra hard materials (PEHM) is still
grinding with wheels on diamond grinding micropowder base. Its efficiency
remains essential even by rough grinding, since the process productivity and
wearing of wheels have satisfactory values. However, this technology is,
certainly, not economically sound, taking into account the costs of PEHM.

2. Analysis of the latest research and publications. The latest research on
this subject shows, that the increase in the efficiency of generating edge tools
out of PEHM owes to the field of using the wheels on the diamond micropowder
base [4], [5], [6]. In this case, however, the well-known contradiction between
the grain size and their stability in the wheel bond becomes stronger. First of all,
it considerably affects the value of the specific charge of diamonds. It has been
confirmed that one of ways to increase the efficiency of diamond micropowder
grains in wheels is to coat them with thick metallic layers.

3. The objective of the research. The objective of the paper is to define
certain peculiarities of using diamond micropowders with thick relief metallic
coatings in wheels on strong metallic bonds.
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4. Basic research materials. With regard to the conditions of processing
PEHM by current-carrying wheels on the diamond micropowder base, the
coatings with the thickness of half the size of the coated grain are of special
interest. The theoretical base of obtaining such coatings has already been
developed, and the coating technology itself is well practiced [7], [8]. The most
widely used coating at present contains 56 % of nickel, however the percentage
of metal content can be changed on customer’s demand. The above mentioned
technology allows us to obtain relief coatings. At the same time, there occurs the
possibility to adjust the degree of the surface relief of grains down to
nanostructural level (coatings with relief, velvet and smooth surfaces).

The model of a diamond grain with a coating of sufficient accuracy degree
can be presented, for example, in the form of a sphere with harmonic surface (fig.
1), the equation of which in spherical coordinates will be like this:

P(9.0) = T (k) 14K, sin(g)-cos(nd)]

p - radius-vector
length, @ and @ - zenith

and azimuthal angles
accordingly;

k, - relative factor of

average coating thickness
(the ratio of average coating
thickness to the average
size of the initial diamond

grain Zinit.a.g. (Fig. 2);

K, - relative

amplitude factor of coating

thickness variation;
N - quantity of
Figure 1 — A diamond grain model with metallic ¢, face peaks in axial
relief thick coating

section.

Using relief thick metallic coatings on diamond grains allows to
considerably extend the cutting life of the tool. The reason for this improvement
is, on the one hand, the stronger adhesion of the material to the diamond surface,
in comparison with the bond components, and on the other hand, the
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considerable extension of the surface contact area of the coated grain with the
wheel bond. As it has already been stated, this fact is particularly important for
fine-grained wheels, as the increase in the specific charge of diamond wheels
affects the reduction of the grain size.

c
Zaver.g.w.e, N '3 o
N fE
5|8
‘\ %.._.
Initial diamond | Zinita.g. =
grain |
S
—
o — &
. =
N - Sl <
— — Wb
Wheel bond
Figure 2 — The role of diamond grains coatings (Zinit.a.g. -initial averade grain;,

Zaver_g_w_c_ -average grain with coating; &, ¢ -Critical with coating)

In Figure 2, at the expense of using the coating on a diamond grain the
increase in the depth of grain sealing in the bond by the value X which
numerically equals the coating thickness, can be achieved.

Thus, when using the relief thick coatings, a part of the coated grain, sealed

in the bond, can reach significant value, if Z__, =~2-Z,, it can equal

X =Z,, 12, ie. itcan play an independent role in holding the grain in the

bond. We can suggest with confidence that even in case of destruction, the grain
will be held by its metallic coating, and will continue on performing useful work
on metallic transition of PEHM for some time. It should positively affect the
operating ratio of diamond grains, which is essential for micropowder diamond
grains.

If thick coating has relief, it will lead to even greater extension of the
surface area of the grain in general, and in particular, extension of the sealed area

5
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in the bond. Additionally, in comparison with coatings with smooth surface of
the same size, the conditions of mechanical fastening of the grain essentially
improve. They allow to evenly distribute the load, acting on the grain by cutting,
thereby essentially decreasing the value of the critical sealing in the bond
(gcriticall < ‘9critical2 ! gaver. < gcriticall' gcriticaIZ —min, Fig' 2)'

With the coated grain being bigger than the initial one
(Z et =Zini. +2-1, where t — is the coating thickness), the initial mass of
grains (before applying the coating) must be reduced appropriately, even taking
into account the ability to allocate the coated grains in the diamond-carrying
layer.

Provided that the size of the coated grain should equal approximately the

closest standard size (Z,, = Znq ). the first approximation may show that
their quantity in the volume unit of the diamond-carrying layer of the wheel
should also be the same, i.e N, =N, . This may lead to the reduction of

the initial micropowder mass, which means the decrease in real diamond grains
concentration in the wheel. The table below shows a model correlation between

the standard granularity and granularity of diamond micropowder grains with
thick coating (for the case t ~ Z. . [ 2).

init.

Table — Model correlation between the standard granularity and granularity of diamond
micropowder grains with thick coating*

Initial grains Z. . 60/40 40/28 | 28/20 | 20/14 | 14/10
init.
~7 100/80 | 80/63 | 50/40 | 40/28 | 28/20

stand.

Coated grains | 7

coat.

With the grain in the form of ellipsoid of revolution, the initial mass of

grains M., Wwith the granularity Z, ., can be calculated by the formula:

2
2
M =M . Zinit.max ) Zinit.min =M . zinitAmax . Zinit.min ((
imit. stand. 7 Zz - stand. 7 7 )
stand.max % stand.min stand.max stand.min

Similarly the concentration of the coated grains in the wheel can be
designated as C and the initial grains without any coating can be designated

as C. =7

imit. init.

aver. !

In this case, given that Z +2-1 an equation can result on

coat.

6
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the basis of (1). The equation allows to define the necessary concentration of the
coated grains in the wheel and to calculate the values of concentration of grains
in the wheels depending on the coating thickness and the granularity of diamond
micropowders. This equation is given by:

2

VA Z

init.min

+2-1 )

init.max

C .
+2t|Z

C

coat. — “imit. ©
Zinit.max init.min
At the same time the marginal initial diamond grains concentration in the

diamond-carrying layer of the wheel was considered to be the concentration

value of 200% (when diamond takes 1/2 of the volume of the working layer) on

the basis of empirically determined value of maximum volume filling by

diamond grains, which does not exceed ﬂ/m ~ 0.5 by V.N. Bakul and
his colleagues [9]. Graphic interpretation of the dependence (2) is presented in
Figure 3.

The role of diamond wheel characteristics (concentration, granularity and
bond material) by processing PEHM is significant, when there is practically no
embedding of diamond grains into the work material.

The fact is particularly true for the situation, when the influence of factors
has complex character. Therefore, for example, increasing the quantity of grains
up to a certain level in contact with PEHM, as a rule, improves the quality of
cutting edges. Then, however, (owing to durability increase in the processing
zone) it can lead to intensification of chipping process.

From the technological point of view there should be an optimum
combination of parameters of the diamond-carrying layer characteristics in the
wheel, which provides the required quality of cutting edges of the tool.
Considering the complexity of the phenomena, occurring in the grinding zone,
the most optimal characteristic of the wheel with the coated grains can be defined
empirically, taking into account technical restriction (2), considering the
possibility of allocating coated grains in the diamond-carrying layer.

The coating thickness is a very important parameter, the size of which
affects all stages of diamond wheel life cycle. At its preproduction phase, the
mix material affects the ability to allocate the coated grains in it, at the sintering
stage of the diamond-carrying layer its size determines grain integrity, and at the
grinding stage it determines its cutting durability in many respects.

Another important aspect of coating diamond micropowder grains, is
creating a diamond-carrying layer of the wheel, is the ability to avoid such a
negative phenomenon as communing of grains with forming large
conglomerates, which may negatively affect the quality of the processed surface.

7
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Figure 3 — Dependences C = f (t, Z_, ) for coated grains

aver.

Using 3D modeling of the diamond-carrying layer deflected mode of the
wheel by sintering allowed to establish the fact that the durability of metallic and
ceramic bonds should be coordinated with the durability of sintered grains in the
bond. The concentration and granularity of the sintered grains considerably
affects the integrity of grains in the sintered layer. For example, using diamond
wheels with the concentration of diamonds more than 40 % essentially
complicates the process of receiving the diamond-carrying layer, the
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characteristics of which would correspond the estimated one [10]. Such wheels
do not improve the realization of conditions of technological stability.

It is known [11], [12], [13] that concerning the grinding efficiency of
PEHM, particularly on the diamond base, the optimum concentration of grains
in the wheel should be less than 100 % (when diamond takes 1/4 of the volume
of the working layer), and can be defined by the experiment-calculated method.

It is known that the higher the durability of the grain is (depending on
its mark), the greater their concentration in the diamond-carrying layer of
the wheel can be (taking into account the preservation of the initial
characteristic of the wheel) [14], [15]. As opposed to the grinding grains
of the wheels on diamond base, when using diamond micropowders does
not enable to choose the mark of the grain, since out of two existing marks
only one is recommended for diamond processing — ACH (micropowder
with high abrasive ability). However, one of the advantages of using
micropowders is a much smaller quantity of metal inclusions in their
structure in comparison with grinding grains, for example those of AC6
mark. This advantage predetermines lower internal tension in them at high-
temperature sintering of the diamond-carrying layer. It is possible to
assume that micropowder grain durability can be altered by choosing the
coating thickness. It will enable to increase the diamond concentration
value in the diamond-carrying layer of the wheel, when it is not
technologically limited (2).

It is well known that at processing hard-to-cut materials it is often required
that the value of diamond grains concentration in the wheel should be less than
100 %. By manufacturing glass products, for example, it is stipulated by the
necessity to allocate the material dispersion products in the intergranular space;
when generating products out of PEHM, the restriction is power tension of the
grinding process. There factors can be considered advantageous concerning
using grinding wheels with the coated grains. The fact particularly concerns
diamond micropowders, taking into account the quantity of grains in one carat
[16], and, therefore, in the diamond-carrying layer of the wheel and per unit of
its functional surface. According to our data [17], the number of grains per unit
area of the working surface of the wheel can be calculated using the formula:

o 3.C
200-z-a¥*-(0,96-X,,)° 3)
With N being the number of grains piece/mm?; C — grains concentration
in the wheel, %; @ =0,6-0,8 — the grain form factor; X,, — the average size of
grain, mm.
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The calculations under the dependence (3) show (Fig. 4) that the forced
decrease in concentration of grains on diamond micropowder base with coatings
taking into account the restriction (2) is compensated by the increase in the
number of grains in comparison with wheels on grinding micropowder base.

3000 —
2600
2200
C=50% (micropowder)
1800
& 1400
£
g C=25% (micropowder)
21000
o
(%2}
£
s
= 600
F C=100% (GMIgG grat~
[
2 200
| |

14/10 20/14 28/20 40/28
Gran%JIanty of the Whe‘el (mlcropowder)‘ Z, mcm
\ 1 \

50/40 125/100 . . 200/160
Granularity of the wheel (grinding grain) Z, mcm

Figure 4 — Diagram of the dependence N = f (Z)

Hereby, for example, with the concentration of coated grains being

Z___. =25% their number per unit area of the working surface of the wheel with

the granularity of Z =20/14 will be considerably higher, than that of the wheel
on the non-coated grinding micropowder base, with the wheel having the finest
granularity (50/40), and the concentration of 100 %.

In order to define physical characteristics of the contact areas of the coated
grain with the bond and the processing PEHM and to reveal the potential reserves
of the grinding process the theoretical and experimental research of the deflected
mode of the system “wheel bond - diamond grain - relief thick coating -
processing material” has been conducted, taking into consideration the existence

10
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of the metal phase in the grain. The calculations have shown that the presence of
the metallic coating on the diamond grain considerably amends the deflected
mode of the system.

Particularly, it has been defined that the relief thick coating on the diamond
grain essentially decreases the tension rate at the border “grain — bond” under
the same conditions of thermal and power loading of the system (Fig. 5); the fact
can be explained by the substantial contact surface extend of the coated grain
with the wheel bond. This confirms the fact that the grains can be better held in
the bond, and, therefore, their cutting resource increases.

) )

Figure 5 — Visualization of surface impact on 3D deflected mode in the system:
a) — without coating; b) — with the Ni based coating (Z=20/14)

At the same time the obtained data allow to define another essential fact:
the relief thick coatings contribute to the increased tension in the processing
material. The fact can also be explained by the increase in the contact surface of
the coated grain with the wheel bond, therefore the rigidity of system “bond -
grain - processing material” increases.

This deduction is of utmost importance, taking into account the fact that
the removal of allowance occurs at the expense of fragile microdestruction of
PEHM considering the lack of embedding of the diamond grain into the
processing extra hard material. In order to achieve this, two major conditions
must be fulfilled: on the one hand, the presence of sharp micro and sub-micro
edges on the grain, and on the other hand, the force of certain value.

As our research shows [13], such factor as wheel bond rigidity increases
the pressure in the contact area of diamond grain with PEHM. Under the given
conditions the role of the bond is even more evident. Such factors as thickness
and durability of the coating, contribute to restraining the process of diamond

11
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grain macrodestruction, as they increase the effect of its ‘compression’. The
latter fact successfully affects the intensification of the removal of the allowance
with processing PEHM.

The experimental research confirms the fact of essential decrease in the
specific charge of diamond micropowder grains with thick relief metallic
coatings, the value of which approximates that of the wheels on diamond
micropowder base.

5. Conclusions and development prospects. Thus, on the basis of the
foregoing theoretical analysis, we can state the fact that it is not only possible
but also reasonable to use relief thick metallic coatings on diamond micropowder
grains. Using relief thick metallic coatings allows to technically resolve the
stated-above conflict between the necessity to decrease the grain size and the
durability of holding them in the wheel bond.
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OCOBJINBOCTI BUKOPUCTAHHSA MIKPOIIOPOIIIKIB AJIMA3Y
B KPYT'AX HA METAJIEBI 3B'SI3111

AHoTauiss. Pozensnymi OesiKi numanHs, nog'si3ami 3 MOJNCIUGICMIO NIOGUWEHHS eheKkmugHocmi
npoyecy (hopmoymeopents 1e308uUx iHCMPYMeHMi6 3 NOMKPUCMATIYHUX HAOMEEPOUXx Mamepiaie
anmasHum wigpyeanusim. [JocniodiceHHs OCMAHHIX POKi6 NOKA3auu, wo pe3eps NiOSUUeHHs
eghekmusHOCIi  POPMOYMBOPEHHS N1€308UX  THCIPYMEHMIE 3 NOMKPUCMANIYHUX HAOMEEPOUX
mamepianie (ITHTM) nesxcums 6 obnacmi 6UKOPUCMAHHS KPY2i8 HA OCHOBI MIKPONOPOWIKIE aimasy.
Bcmanoeneno, wo o00num i3 wiAxie  niOSUWeHHA —eheKmusHOCMI  BUKOPUCTAHHA — 3epeH
MIKPONOPOWIKI6 aimasy 6 Kpy2ax € HAHeceHHs HA HUX MOECMOULAPOUX MEemAaneux NOKpUmmie.
Cmocosno 0o ymos 06pobku ITHTM cmpymonpogioHumu Kpyeamu Ha OCHO8I MIKPONOPOWIKIE
anmazy ocobausuil inmepec npeOCMAGIANOMb NOKPUMMSA, MOSWUHA AKUX MOJice 0ocizamu
NONOBUHU PO3MIDY 3epHA. Bukopucmanna Ha aiMasHux 3epHax perbe@hHUX MOBCMOUaposux
Memanesux NOKpUmmis 00360js€ icmomuo nioguwumu ix pixcyuuil pecypc. Lle noschioemocs 3
00H020 OOKY OLIbU MIYHUM 3YENIEHHAM MAMEPIALY NOKPUMMS 3 NOBEPXHEIO AIMA3Y 8 NOPIGHHHI 3
KOMNOHeHmAamy 36'A3Ku, a 3 iHuI020 ICIMOMHUM 30INbUUEHHAM NOBEPXHI KOHMAKIMY NOKPUIMO20 3epHA
31 36'13K010 Kpyea. Buxopucmanns memoodonocii 3D modenioganss HanpysiceHo-0eqhopmosanozo
CMAaHy armMasoHOCHO20 wapy Kpyaa npu CnikauHi 003601UN0 6CIMAHOSUMU, U0 MIYHICIb Memanesoi
i Kepamiunoi 36'a30k NOGUHHI Y320024CYBAMMUCS 3 MIYHICTIO AIMAZHUX 3€PEeH, WO 3 Hel0 CRIKAIOMbCs
a KOHYenmpayis i 3epHUCMicmb OCMAHHIX ICIMOMHbO GNIUBAIOMb HA YINICHICMb 3epeH 8 wapi, wo
cnikaemvcs. Bukopucmanns, Hanpukiao, aimMasHux Kpyzie 3 Konyenmpayiero aimasie nonao 40%
icmomuo yCcKIaOHIOE OMPUMAHHA AIMA30HOCHO20 WApy, Xapakmepucmuka Koo eionosioana 6
pospaxynxosii. Bcmanoeneno, wo naagnicmv Ha aimasHoMy 3epHi perbe@ro20 moecmoulapogo2o
NOKpUMMSsL NPU MUX Jice YMOGAX MEPMOCUNIOB020 HABAHMAICEHHA CUCHEMU ICTOMHO 3MEeHULYE
BENUYUHY HANPYIICEHb HA KOPOOHT «3ePHO-36"A3KAY, W0 MOJCHA NOACHUMU 3HAYHUM 30ITbIUEHHAM
nogepxui KOMMAaKmy HOKpumozo 3epHa 3i 36's3koi0 Kkpyea. Excnepumenmansiui oOocniodcenns
niomeepounu (Gaxm iCMomHO20 3HUNCEHHSA NUMOMOI GUMPAMU 3epeH MIKPONOPOWIKIE aimasy 3
MOBCMOWAPOSUMU PETLEDHUMU MEMANEEUMU NOKPUMMAMU, 3HAYEHHS AKO20 HAOIUIHCAEMbCS 00
DIBHA KpY2i8 HA OCHOGI ULTIINOPOUIKIE aIMA3).

Kuarouosi cioBa: naomeepoi mamepianu; winighyeanns; HanecenHs NOKPUMMIe; MOOENOBAHHS,
30HA PI3aHHA; MePMIYHI HANPY2u; JCOPCMKICG 36 A3KU; NUMOMI GUMPamM alMa3ié Kpyed.
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ELEMENTS OF INFORMATION SUPPORT
OF CUTTING TOOLS DYNAMICS ANALYSIS

Abstract. The condition of the cutting part of the tool largely determines the quality of machining.
Modern machine tools operate with limited operator participation, which necessitates the creation
of automated systems for diagnosing tool conditions. An important part of this process is the
development of mathematical and informational support, the creation of software classification
systems — recognition of instrument states and their failures. The article presents an approach to the
construction of decision trees and feature spaces that reflect the dynamics of the states of cutting
tools (on the example of cutters).

Keywords: wear of the tools cutting part; diagnosing conditions; geometric features; feature space;
decision trees.

Introduction. Modern engineering technologies are increasingly
widespread in industry [1]. The corresponding machine tools (CNC machines,
flexible manufacturing modules) are working with limited operator participation
or completely autonomously. Most of their failures are due to gradual or sudden
failures of cutting tools (CT), which necessitates the creation of appropriate
automated or automatic diagnostic systems.

In such systems, the assessment of the degree of operability of the cutting
part (CP) of the tool based on signal processing from sensors of different
physical nature.

CT wear as the tool operates leads to significant changes in its geometrical
parameters, i.e. to the dynamics of the states of CT (efficient - pre-failure - state
of failure). It is obvious that it is necessary to develop mathematical and
informational support for automatic classification (recognition, diagnosis) of the
current states of CT, and prediction of the moment of failure.

When creating the necessary software complexes, the important elements
are the formation and analysis of the corresponding decision trees, feature spaces
that reflect the dynamics of the states of the CT. Therefore, the topic of the work
seems to be relevant for the authors.

Literature review.

A large number of works by domestic and foreign researchers are devoted
to the issues of monitoring and diagnosing the states of tools in the processes of
their operation (or during periods of interruption of processing).

© A. Derevyanchenko, O. Fomin, V. Pavlenko, N. Charugin, 2019
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Examples of the use “on-line” methods of direct and indirect control of
tools working surfaces wear and the evaluation of the CT quality are shown in
[2, 3].

A detailed review of modern methods of functional and test monitoring of
instrument states made in [4].

On rough machining operations, methods of indirect control of instrument
states and their dynamics are mainly used.

Here, the control object is not the directly worn cutting part, but certain
data and signals generated by the cutting system recorded.

The methods based on the use of signal processing from sensors of different
physical nature, for example, control of acoustic emission [5], forces and
temperature of cutting, quality of the processed surface [6 - 8].

The use of methods for analyzing the corresponding signals using neural
networks, a fuzzy logic apparatus, wavelet analysis and others shown in [8 - 12].

It noted that indirect methods of monitoring the states of the CT are mainly
effective in the operations of roughing. They allow to quickly identify pre-
refusal conditions, or failures and stop processing in time.

In the operations of finishing and precision processing, their accuracy,
according to the authors, is not high enough. Here it seems advisable to perform
direct CT monitoring performed during periods of treatment interruption or in
the machine tool store using vision systems.

In considered sources, not enough attention (at our opinion) devoted to the
mapping of information support for the analysis of the CT states dynamics.
Therefore, a review and analysis of the literature allowed us to formulate the
purpose and objectives of the work.

The purpose of the article is to develop elements of information support for
the analysis of the tool states dynamics (in particular, cutters) under the
conditions of direct control of their states.

The objectives of the article are:

1. Presentation of the approach to displaying the dynamics of the CT states
in the spaces of wear zones geometric signs, failures and destruction of the
cutting part;

2. Presentation of the approach to the construction of diagnostic decision
trees (classification), reflecting the sequence of “dichotomous” recognition of
each of the tool states.

Research Methodology.

The objects of state control were turning cutters for semi-finishing,
finishing and precision turning, equipped with refillable carbide plate with TiN
coating, and cutters, made of composites. Processing was made on lathes and
boring machines.

15
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The registration of the CT states (dynamics) sequence was made using
special equipment with technical vision systems (TVS).

For each instrument, from the start of work until the moment of failure, a
set of digital images of wear zones (at least 6 - 7) was formed, reflecting the CP
zone changing.

Sets of one of the stands are shown in Fig. 1 (stands and software developed
with the participation of Ph.D. Krinitsyn D. A. and senior laboratory technician
Volkov S.K.).

Figure 1 — Types of stand for registering sets of the cutting part images
of the boring tool as it wears

On the rotary part of the body 1 was mounted digital camera 2.

The cutting part of the boring cutter 3 installed in the boring bar 4 was
illuminated by means of the light guide 5 (the corresponding projecting luminous
flux was directed to the CT top.

Sets of digital images of the cutter front surface in various stages of their
processing were displayed on the monitor of a personal computer 6.

One of the stages of processing such images is the selection of the contours
of the CT cutting edges for new and worn cutters. Their combination (7) allows
to obtain information about the current value of radial wear and geometry of the
transitional cutting edge.

Digital images of wear zones were processed, contour of wear zones,
defects and CP micro defects were allocated, sets of corresponding geometric
features were formed. They are the initial data for the construction of feature
spaces in which zones (regions) of various classes of CT states are formed.

To reduce the dimension (compression) of the feature space, we used
special methods developed by us and described in [14, 15].
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Results.

The basics of the approach to displaying the dynamics of the CT states in
the spaces of the wear zones geometric signs, failures and destruction of the
cutting part is shown in fig. 2 - 5.

We introduce a series of notation and we write down some relations:

X F - space of signs of the shape of the contours of wear zones, defects
and CP microdefects;
X X5, XE ..., X] - informative features of the shape of the contours of

wear zones, defects and CP microdefects;
n — number of informative signs;

A; - working area of the flank surface of the worn cutter (the main object
of control in conditions of fine and fine turning);
QlF[Ag],QZF[A;],Q'SZ[A”,...,QE[A” - cutting state classes;
k —CP classes quantity;
XE, X2, xE ..., x7 - vector signs of CP states, obtained at time points of

control Tl’Tl’Tl""’Tp :

Kn“ ¢ L] - traces of concentrated wear are present on the flank surface of
the CP (but do not affect the quality of the treated surface);
Kn“ e L., - traces of concentrated wear are present on the flank surface

and reach the forming section of the cutting edge - L;F (failure state - loss of
surface quality);

hYLE , [hYLEmaX] - respectively the current and limit value of the radial wear
of the tool,

hYLE < [hYL‘T’max] - radial wear value does not exceed the allowable;

;
Pr"T“, Priz . grooves respectively on the main and auxiliary flank
surfaces of the CP;
T T
h,';r2 \ hPLf(max) - respectively, the current and marginal heights.
Prit g " | Pr ¢ L - on the cutting part of the tool (LT ) there are

no grooves.
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N L built-up edge on the tools face surface ( LTl ).

In fig. 2 the dynamics of the CP state are represented by five consecutive
states.: ClLT —CSLT .

They are conventionally denoted by black circles - the tops of the state
vectors xI, x%,xZ,...,x2 ), which belong to the three classes of CP states:
QIF[A;],QZF[A;],Qg[A;]_

This corresponds to the set of relations (1):

c” eaflsl cf EQlF[Al]; cl eafllct teF[A;]; clearltl ()

.
Class QlF ], there are no grooves, concentrated wear and build-up on the
worn out CP.

T
Class Q; [AZ ] traces of concentrated wear appeared on the CP, but they
do not reach the forming section of the cutting edge; processing can continue.

:
Class Q'; w1 traces of concentrated wear reached the forming section of

the cutting edge — a state of failure due to a loss in the quality of the machined
surface.

Each of the states, except the parametric estimates, are represented by
logical relations (conditions), given in curly brackets. They represent the
appearance or absence of defects in the CP structure.

In fig. 3 The dynamics of the CP state are also represented by five

consecutive states. : ClLT —CSLT .
Formula (2) indicate the CT failure states:

L L
het > [hpf(max) )
T T
The dynamics of the CP state are represented by three states: ClL —C3L
in fig. 4.
Here the CT failure state is shown by the formula (3):

NS e, @)
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Figure 2 — Representation of the CP cutter states dynamics in the space of geometric
features of the surface wear zone (the final CP state is a failure state due to the release
of traces of concentrated wear to the cutting edge (CE) forming zone)

D.Prer’;
F F ,92). Pr® ell;
X 1 X 2 2

v 44
3). hP; </7P;‘ma‘>.

D).Prh g IF AP g I

N2 A eI

I.Nigrl

Figure 3 — Representation of the CP states dynamics in the space
of geometric features of the surface wear zone (the final CP state is a failure
state due to the development of 2 grooves)
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Figure 4 — Representation of the CP states dynamics in the space of geometric signs
of the surface wear zone (the final CP state is the failure state
of the built-up appearance)

Each of the reviewed (C. ,CL ,C. ,..,C ) and other CP states are

recognized using special classifiers (KLF™ ). This process will present using
“decision trees”, i.e. graphs having a tree structure. Let us consider an approach
to the construction of diagnostic decision trees (classification), reflecting the
sequence of “dichotomic” - pairwise recognition of the belonging of states to
pairs of classes.

In fig. 5 - 7 conventionally displayed processes of sequential formation of
a decision tree for recognizing the CP state in the space of 5 classes.

o

¢
QF Qv uaT vl

Figure 5 — Formation of a decision tree for the 1-st stage
of the CT state recognition
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o B Wl w
Figure 6 — Formation of a decision tree for the 1st and 2nd stages
of the CP state recognition
To simplify the CP states classes diagrams are conventionally shown as
disjoint, and classifiers ( KLF, 5, KLF, 5, KLF, 5, KLF, ;) — linear.

The presented results allow us to proceed to the conclusions.
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Figure 7 — Formation of a decision tree for the 3rd and 4th stages
of the CP state recognition
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Conclusions.

1. Set out an approach to displaying the dynamics of the CT states in the
spaces of wear zones geometric signs, failures of the CP.

2. Examples of the diagnostic decision trees (classifications) construction,
reflecting the sequence of “dichotomous” recognition of each of the tool states
are presented.

3. The obtained results will be the basis for the construction of automatic
classifiers of the CP tools states.
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EJEMEHTH IHOOPMAIIAHOI'O 3ABE3IIEYEHH S
AHAJII3Y IMHAMIKHU CTAHIB PI3LI1B

AHotauisg. Cman pidxcyyoi uacmunu iHCmpymeHnmy 6 3HAUHIll MIpi 6U3HaAuae AKicmb 0OpOOKU
pisannam. Hozo xapaxmepuzye komnaekc napamempie i, 6 neputy uepey, 2eomempuymi napamempu
pivicyuol uacmunu. B npoyeci 06pobru 6id6yeaemoucs it 3noc. Lle npuzgooums 00 3HAUHUX 3MiH
napamempie 6HACIIOOK NOAGU 30H 3HOCY HA NEPEOHIl | 3A0HIll NOBEPXHSIX, 3CY6I8 PI3ANbHUX KDOMOK
i 3Min ix ¢hopmu. Bidcymmuicme KOHMpORO 3a pi3aNbHUMU THCIPYMEHMAMU NPU3600ums 00
NOCMYNOBUX 4 pANMOBUX iX 8I0MO8; PVUHYEAHHIO IHCIMPYMEHMIE MAd MONCIUBOCHI SUHUKHEHHS
agapiti eepcmamy. Cyuacni mMemanopizanvbhi 6epcmamu npayioions 3a 0OMeNCeHOI0 YUacmio
onepamopa, wjo 06yMO6I0€E HeOOXIOHICMb CMBOPEHHA A8MOMAMUZ0EAHUX CUCHEM MOHIMOPUHEY
HA36AHUX 3MIH 2e0MEeMPULHUX NApaMempis ma 0iaeHOCMYB8AHHA CMAHI8 IHcmpyMenmie. Basciusoro
YacmuHoIO Ybo20 NPoYecy € po3pOOKA HOBUX MEMOOi8 KOHMPONIO IHCIMPYMEHMIE, W0 3a6e3newyions
opmyeans Habopis inGopmamueHux napamempis, AKi 6i00OPANCAIOMb IX CIMAH; MAMEMAMUYHO20
ma  iHpopmayitinoco 3abe3neuents, CMEOPEHHs NPOSPAMHUX KOMNIEKCi8 Kiacugixayii —
PO3NI3HABAHHS CMAHIE IHCMpYMeHmie ma ix 6iomos. Y cmammi euxkiaderHo nioxio 0o nobyoosu
depee piwiens | npocmopis 03HAK, Wo 8i000PaNCarOMb OUHAMIKY CIMAHIG PINCYHUX [HCMPYMEHMIE
(na npuknaoi pisyis). Ilokaszani enemeHmu HO8020 NiOX00y 00 BI00OPANHCEHHA OUHAMIKU CMAHIE
Pi3anbHo20 IHCMPYMEHMY 6 NpOCMOpPAx 2e0MEempUyHUX O3HAK 30H 3HOCY, GIOMOG I pYUHY6aAHb
pidicyuoi yacmunu. Hagedeni npukiadu nob6yoosu diacHocmuyHux oepes piuiers (kiacugixayii), wo
8i000pasicaroms nocnioogHicms "OUxXomoMiuHo20" po3nisHABAHHS KOHCHO20 3 CIAHIE IHCMPYMEHMY.
Ompumani pe3ynomamu 3's615MbCsl OCHOB0IO 0N NOOYOOB8U ABMOMAMUYHUX KIACUPIKAMOpi6
CMAHie pixcy4oi yacmuHu pizyie ma iHWUX IHCIMpPYMeHmie.

KurouoBi ciioBa: 3xoc piscyuoi uacmunu incmpymeHmy,; 0ia2HOCIMYBAHHA CMAHIE, 2eOMempUdHi
03HaKU; Npocmip 03HaK, depesa piuiens.
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BJIMAHUE IIEPUOJA ABTOIfOJIEBAHPIFI HA ®OPMHUPOBAHUE
MMPOPUJIA OBPABOTAHHOU IMTOBEPXHOCTH TP KOHIHEBOM
OUWJINHAPUYECKOM ®PE3EPOBAHUU

AHHOTaUUA. B cmamve noKkazaHo, ymo wiaz 80IHUCMOCMU 00pabomanHol NO8ePXHOCMU 3a8UCUM
om wiaza OTHUCTNOCTU HA NOBEPXHOCTU Pe3AHUsl, KOMOPUILL 8 CB0I0 0Uepedb, 3dGUCUM O NepUood
agmoxonebanull u ckopocmu pe3anus. [{a 6bINOIHeHUs UCCIe008aAHUL UCTIONL30BATU MEMOOUKY
npoeedeHUst IKCHePUMEHMO8 Had CMmeHOe, KOHCMPYKYUs KOMOpo2o NO360Jsem 3anucsiéams
ocyunnospammel Korebanus oemanu 6 npoyecce (hpe3epoanus, pazoeiams ux Ha Qpazmenmol u
uzyuamy  GUAHUE NOJYYEHHbIX NApamMempos OCYUIIOSPAMM —HA NApamempsl Kayecmed
00pabomannoll  nogepxHOCmu. Aemopamu npueedeHvbl pe3Vibmamsl UCCIe008AHUN  6IUAHUA
nepuooa asmokonedanull Ha BeIUYUHY WA2a 60JHUCTIOCIU HA nogepxHocmu pesanus. Tlokasaro,
umo ¢ yeenuueHuem Hacmomvl 6paujeHUs WNUHOENs HA NOGEPXHOCMU Pe3aHUs YMeHbUaemcs
KOIUYECME0 60JIH, HO YSeIUUUBACM s UX OCHOBAHUE U uiae Mexcoy Humu. [ cpe3anus 0CHOBAHUS
mpebyemcst  00blUee  KOIUYECMEO Pe3068 UHCIPYMEHMOM, NOIMOMY HA 00pabomanHou
NOGEPXHOCMIU C YBeNudeHUeM Yacmonbl BDAUEHIUs YBeNULUBAEMCA a2 BOTHUCHIOCIU. YeenuueHue
nooayu npusoOUm K Y8eIUHeHUr0 MONUUHbL CEeYeHUs CPe3aeMo20 ClOos, YMEHbUEHUI0 Nepuooa
asmokonebanull u uaza B0THUCMOCHIU HA NOGepXHOCMU pe3anus. IToamomy ¢ yeenuvenuem nooauu
YMeHblaemes, wae BOTHUCMOCMU Ha 0bpabomannoll nosepxHocmu. Ilonyuenvl ypagnenus
pezpeccuu mexncoy WazoM 60JHUCIMOCMU HA NOBEPXHOCMU pe3aHus U Ha obpabomanHou
nosepxnocmu. Ilokazano, umo c yseenuueHuem nepuooa C80O0OHbIX KoaeOaHuti Oemanu npu
(peseposanuu yeenuuugaemcs nepuod asmoxonebdanuil. Ilonyuennvie pesyrvmamol Mo2ym Oblimb
UCNONIL306AHbL OISl NPOZHOZUPOBAHUS NAPAMEMPO8 KA4ecmed 0OpaAbOMAHHOU NOBEPXHOCMU 6
3a8uUCUMOCmU  Om  OUHAMUYECKUX YCIO06UUl NpU  6CMPEYHOM KOHYEBOM  YUIUHOPUHECKOM
peszeposanuu.

KiloueBble ciioBa:  ¢hpeseposanue;  agmoxonebanus;, npoPuIOZpaMMa;  OCYUWIIOZPAMMA;
AMRAUMYOa, Waz BOTHUCHIOCHIU.

BBenenne. BrusiHre aBToKONIeOaHMI, XapaKTePU3YIOMINUXCS aMILTHTYI0H
M TEepHoJOM, Ha KadecTBO OOpabOTaHHOW IOBEPXHOCTH, CTOMKOCTBH
MHCTPYMEHTA, MPOWU3BOJIUTEIBHOCTh pPaccMaTpUBaeTcs B padOTax MHOTHX
ucclieioBaTenel, M3yJaloluX TOYHOCTh OOpaboTKHM Ha METaUIOpPEexyIInX
cTaHkax. Haubospmiee BHUMaHHE IIPHU 3TOM YICNACTCA HM3YUCHUIO BIUSHUA
aMIUTUTYABI aBTOKoJebaHuil [1-6], ¢ yBennueHHeM KOTOPOH YBEINYHBACTCS
W3HOC WHCTpyMeHTa. [ ee CHMKEHHS, KaK MPaBUIIO, YMEHBIIAIOT CKOPOCTh
pe3aHus, YTO BIUSET HAa MPOW3BOAMTENBHOCTh. CUMTAETCs, 4TO MpUEMIIEMON
JUTSI aMIUTATY I6I MOKET OBITh BenmmauHa 10 0,020 MM, ipu KoTopoit obnerdaercs
HPOLIECC CTPYKKOOOPa30BaHMs U MOBBILNIACTCS CTOWKOCTh MHCTpyMmeHTa [1].
Ilepuon aBTOKONEOAHMH, HE3aBUCUMO OT W3MEHEHHMS

© C. [Ja0s, E. Kosnosa, A. I'epmawes, M. Kyuyzypos, 2019
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BEJINYMHBI aMIUTUTY b, IPU 00pabOTKE MPAKTHUECKH OJMHAKOB U €ro poib B
oOpa3oBaHnu 00paOOTaHHON ITOBEPXHOCTH OCTACTCS MAaJIOWCCIICIOBAaHHOM.
Opmnako B pabortax [7, 8] moka3aHo, YTO TPH BCTPEYHOM KOHIIEBOM
UIMHAPUYECKOM (PE3epOBAHUM, B TPEThEH CKOPOCTHOH 30HE, HEPHOX
aBTOKOJIEOaHMH OIpEeAeaeT IIar BOJIHUCTOCTH Ha NMOBEPXHOCTH pe3aHus. JTa
BOJIHACTOCTb, IPH CPE3aHNU IIPUIYCKa, (OPMHUPYET HEPEMEHHYIO TONIIHHY €TI0
CEUCHUS], YTO BIMSIET Ha AEMI(QUPYIOIIYIO CIIOCOOHOCTh YIPYIOH CHCTEMBI
«MHCTPYMEHT — JleTalb» U BEJIMYUHY OTKIOHEHUsS TIepBOl  BOJHBI
aBTOKOJIe0aHMIi OT mojoxeHus ynpyroro pasHoBecus (IIYP). Bnagunsl,
BBIpE3aeMble NPU 3TOM, (OPMHUPYIOT BOJHHUCTBHIN Npoduib oOpaboTaHHON
noBepxHocTH. OUEHNUTh (OPMY IMOBEPXHOCTH PE3aHUsl HE IPEICTaBIISCTCS
BO3MOJXKHBIM, IMOTOMY YTO OHAa Cpe3aeTcs KaXIbIM IOCIEAYIOIUM 3yOoM
uHCTpyMeHTa. OnHaKko, u3-3a MMEIOIIEHCSd HMICHTHIHOCTH MEXAy (OpMOH
TpPaeKTOpuM KoJeOaHus IeTand Npu (pPe3epoBaHUM M COOTBETCTBYIOIICH
MOBEPXHOCTHIO pe3aHus [7], 1A ee HWCCIeNOBaHMS MOKHO HCIOJIb30BaTh
OCIIMJUIOTPAaMMBI, TOJYYEHHbIC INpPH SKCHEPMEHTaxX. VHBIMH cloBamMH, MO
OCIIJUIOTpaMMe KOoneOaHui AeTand npu (pe3epoBaHUM MOXHO CYIHTh 00
M3MEHEHHAX Ha MIOBEPXHOCTAX pe3aHus. biarogapst ToMmy, 4To OCIMIIIOrpaMMBI
U MpoHUIOrpaMMBbl 3alHMCHIBAIOTCS B LU(PPOBOM BHUAE, 10 HUM BO3MOXKHO
oIpezieJIeHIe TeOMETPHYECKUX TapaMETPOB BOJIHUCTOCTH, KaK Ha TIOBEPXHOCTH
pe3aHust, Tak ¥ Ha 00pabOTaHHOI MOBEPXHOCTH.

H3n0:xxeHne ocHOBHOro Martepuana. B nanHOi pabore omucaHbl
UCCIICZIOBaHUS BIUSHHS MEpHOJa aBTOKOJEeO0aHU Ha oOpasoBaHMe HpOdUIIs
00paboTaHHOM MOBEPXHOCTH JETAIN IPH BCTPEYHOM KOHIIEBOM (hpe3epOBaHUH
MO OcCUMUIOrpaMMaM Kojie0aTesbHOTro IBIbKeHust aetanu [8] m mpodunsm
00paboTaHHOH MOBEPXHOCTH, ITOTYYSHHBIM ITOCIe 00pabOTKH.

HccnenoBanus MpoBOAMINCH Kak ¢ 00pas3iaMy, MMEIONMMHU OJMHAKOBOE
3Ha4YeHHE YacToThl cBOOOAHBIX Konebanuii (UCK), HO 00paboTaHHBIX TpH
Pa3HBIX peXHUMax, Tak u odpasamu, nmeromumu pasaeie YCK n o6paboranHble
IPU OJMHAKOBBIX PEXHMaX. JTO MO3BOJIUT OINPEAEIHTh B3aUMOCBSA3b MEXKIY
4acTOTaMH  CBOOOJHBIX KOJICOAaHWH JleTand H  aBTOKONEOAaHWH  TpH
(dpezepoBaHUM Uil POrHO3MPOBAHUSI TOYHOCTH OOPaOOTKH HA OCHOBAHUH
n3BecTHBIX YCK.

YacToThl BpalliCHUuA HIITUHACIIA, npu KOTOPBIX IMPOBOANIOCH
(dbpesepoBanne, BEIOUPAINCH TAKUM 00pa3oM, 4ToObl 00paboTKa MpOoXoauia B
TpeTbel CKOPOCTHOW 30HE, T. €. BBINOJHSIIOCH ONPEEISIONIee COOTHOIICHUE
[8]:

t
1<% <7. 1)

Tek
rae tp. — BpeMs pesaHus, C;
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Tex — MEPHOJ CBOOOIHBIX KONEOaHUH AeTallH.

Bpewmst pezanust paccyuThIBanoch Mo (popMysiaM, NpUBEAECHHBIM B [8], ms
CJEIYIOIIMX YCIOBHI:

1. UacTpymeHT — ogHO3Yy0as1, npsimo3y0bast, crienuanbHas ¢ppeza 50 mm ¢
peryiaupyeMbIM nojioxeHueM 3yoa [8], marepuan pexxymeid wactu BKS; uacrora
¢B00OOIHBIX KoneOanuii fex = 833 L.

2. PexuMeb1 pe3anus:

- moada Ha 3y0 S; = 0,1 mMM;

- oceBas TITyOMHA pe3aHus a, = 3,4 MM;

- paguanbHast riyouHa pesanus a. = 0,5 mm;

B Tabun. 1 nmpuBeieHbI 3HaYEHHS TPUHATHIX YaCTOT BpaIlleHHs IITHHICTIS.

Tabmuma 1 — YacToTsl BpameHus IIHHAETS B TPEThEH CKOPOCTHOH 30HBI

Nuin, 00/MUH

180 | 224 | 280 35 | 450 | 560

@pezepoBaHre BBINOJHSIOCH Ha BEPTHKAIBHO-(PE3EPHOM  CTaHKE
FWD-32J). Martepuan obpasioB — Cranp 3kn 'OCT 380-2005. O6pasigs
3aKPEIUISIIMCH B YIIPYTOM dJIEMEHTE C XapaKTePHUCTHKAMHU:

- BeuteT L = 80 MM;

- upuna b = 60 mm;

- TommuHa h = 6 MM;

- yactoTa cBOOOAHBIX Konebanu fex = 325 .

[Mocne ¢pe3epoBaHus ¢ MOMOIIBIO CHENUAIBLHOTO ycrpoiicTa [9], Obun
3amucaHpl  npodmiIorpaMMbl  00paboTaHHBIX —TOBepxHOcTed  (puc. 1),
OTIpeNleNIeHBI CPeJHHE 3HAYCHUS IIaroB M BBEICOT BOJHHCTOCTH, ITOKAa3aHHEIC B
Tabm. 2.

[omy4yeHHBIE Pe3yIBTATHI COTIACOBRIBAIOTCA C Pe3yiibTaTaMu paboTsI [7],
MOKa3bIBAIOIIEH, YTO C YBEJNUYEHHWEM YacTOThl BpAIUEHMS IUIHHAEINS
YBEJIMUYMBAIOTCSA Iar U BHICOTA BOJHHUCTOCTH OOpaOOTaHHON TOBEPXHOCTH.
OnHako, HOBBIE JIaHHBIE TOBOPSAT O TOM, YTO Ha IOBEPXHOCTAX 0Opa3lOB,
MOJIyYEHHBIX TOciie (pe3epoBaHuUsi C 4acTOTaMH BpAllleHHs LIMUHIAENS N =
450 06/mMuH u BbIime (puc. 1), BOJIHHUCTOCTH MPOSIBIISICTCS ciiabee, 4eM MpHU
(dpe3epoBaHnu Ha Ooyiee HU3KHX dYacToTax. [Ipm 3TOoM Ha 00paboTaHHOM
MOBEPXHOCTH TMoOcCie (pe3epoBaHUs C YacTOTOW BpAIICHUS IIITHHAEINS
N = 560 06/MHH BOJHUCTOCTH OTCYTCTBYET, HO OCTAETCs IOIPEITHOCTE (POPMBI
B BUJIE OTKJIOHEHHUS OT NPSIMOJIMHENHOCTU — A_.
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n = 180 o6/mun

™

Z

n =224 06/muu

n =280 06/muu

=
n =355 06/Mun
g
n =450 o6/mun
p
Sw
n =560 06/Muu
¥ A-
o, ot g, s
[

Pucynok 1 — [IpodumorpamMmmer 06paboTaHHEIX HOBEPXHOCTEH ITOCIIE BCTPEIHOTO
IIIMHAPAIECKOTO (h)pe3epOBaHUS C Pa3HBIMH YaCTOTAMH BPAIICHUS IIITUH/ETS
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Tabmuua 2 — Cpennue 3HAa4eHMs Iara M BBICOTHI BOJIHHCTOCTH 00pabOTaHHBIX
HOBEPXHOCTEH IOCIe BCTPEYHOTO KOHLEBOrO ()pe3epoBaHMS IPHU PasHBIX HacTOTaX
BpALIEHUS [INHHIEIS

YacroTa BpalleHHUs [ar BoaHHCTOCTH BricoTa BOIHHCTOCTH
HIITHHACIS Nyin, 00/MUH Wz, MM Sw, MM
180 2,1 0,081
224 2,5 0,120
280 3,5 0,130
355 4,6 0,165
450 6,4 0,074
560 - -

B Tabn. 3 npuBeneHsl cpenHue 3HAYCHUsI IEPHOIOB aBTOKOJIEOaHUI pU
(dpezepoBaHUM C pa3HBIMM YacTOTaMH BpALCHUS INMHHACS, KOTOpbIE
MOKa3bIBAIOT, YTO KAaKOW—JIMOO 3aKOHOMEPHOCTH U3MEHEHHUS IIPU STOM HET.

Tabmuua 3 — CpenHue 3HaYEHUS ITEpHO/Ia aBTOKOIeOaHMit

YacroTa BpaleHus
HIIHHACIS, N, 00/MUH
Ilepron aBTOKOICOAHMIA,
Tk, MC

180 224 280 355 450 560

2,16 2,6 254 | 247 2,62 | 2,34

bnuskue 3HaueHNs IeproI0B aBTOKOJIE0aHNt TOBOPST O TOM, YTO CHCTEMa
C O/IMHAKOBBIMH YIIPYTHMH CBOIMCTBAaMH HE3aBUCHMO OT YacTOTBHI BpPAIICHMS
MIMUHAES NpH Qpe3epoBaHn KOiIeOIeTcsl ¢ OAMHAKOBONH 9acToToi. OmHaKo
ClleflyeT OTMETHTh, YTO TIPH 3TOM C YBEJIMYEHHEM 4YacTOThl BpAIICHUS
IIMUHICTS yMEHbIIAeTCd BpeMsl pe3aHHs, a JUIMHA IIOBEPXHOCTH pE3aHUs
ocTaeTcs OIMHAKOBOM, MOTOMY Ha Heil pa3Melraercsi MEHbIIee KOJIUYECTBO
BOJHH (puc. 2).

OTO 3HAYMT, YTO TPH OAWHAKOBOM IIEPHOJE aBTOKOJEOaHMH cC
YBEJIMYCHUEM HaCTOTHI BpalicHUA HITUHACIIA mar BOJIHUCTOCTH Ha
TMOBEPXHOCTHU PE3AHUA — SAK YBEIIUYNBACTCH. Ero BCJIMYMHY MOXHO pacCuUnTaTh
o hopmysie:

m-Dgs - N
SAK :TAK '6;06’ (2)

rae Dy, — amametp dpessl, Mym;
N — 9acToTa BpaIleHUs IIIHHEIS, 00/MUH.
T4k — IepHOM aBTOKOJICOaHHH.
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n = 180 o6/mun n =224 o6/mun

Pucynok 2 — ®otorpadun noBepxHocTell pe3aHus Hocie ppe3epoBaHus C Pa3InIHBIMU
YaCcTOTaMH BpAIICHUS IIIHHACISL

B Tabn. 4 mpexncraBneHsl, paccuuTaHHble 1o (Gopmynie (2), mwaru
BOJIHUCTOCTH Ha MOBEPXHOCTH PE3aHUsI.

Tabmuua 4 — PaccuuTaHHBIE NIard BOJIHHCTOCTH Ha TMOBEPXHOCTSX pe3aHHs IIOCTe
(pe3epoBaHUs C pa3HBIMH YaCTOTAMH BPAIICHUS IIITHHIEIS

Hacrora Bpamenns 180 | 224 | 280 | 355 | 450 | 560
MITUAHAEIA N, 00/MUH

IIar BonaKCcTOCTH SAK, MM 1,18 1,63 2,01 2,42 3,15 | 3,64

Ha ocHoBaHW# qaHHBIX Ta0Il. 4 IOCTPOCH TpaduK 3aBHCUMOCTH, PHC. 3.
Koapunnent koppensun Mexay 9acTOTON BpalleHusl IIHHASNS — N 1

[IaroM BOJHHCTOCTH Ha MOBEPXHOCTH pe3aHusi— Sux paBeH 0,98. YpaBHeHue,
OITHCHIBAIOIIIEE UX B3aUMOCBSI3b, UMEET BHI:

Sac =7-10%.n*-8-10"°-n? +0,0347-n—2,9329 ©)
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Pucynok 3 — I'padiik 3aBHCIMOCTH IlIara BOJHUCTOCTH
Ha IIOBEPXHOCTH Pe3aHust — S4x OT YaCTOThI BPALICHHUS IIIHHIENSA — N

Ha puc. 4 nokasan rpaduk 3aBUCHMOCTH MEXK/Y LI1aroM BOJHHUCTOCTH Ha
MOBEPXHOCTH pe3aHusi — Syx M Ha OOpaOOTaHHOW TOBEPXHOCTH — Sy.
Koapduumenr xoppemsimuyi Mexmy d3TAMH mapamerpamu paBeH 0,93.
YpaBHEHHE, ONHCHIBAIOIIEE UX B3aNMOCBA3b, IMEET B

S,, =—0,7725-S3, +53933.54, —9.5574-S 5 +7,1285 (4)

S W
MM

gl = RS S e R |

=

0.5 1 15 2 25 3 35Sik.MM

Pucynok 4 — I'pad ik 3aBHCIMOCTH MEXAY MIaraMH BOJIHHCTOCTH Ha TOBEPXHOCTSIX
pe3aHus — S4x 1 00padOTaHHBIX TIOBEPXHOCTSIX — Sw

IIpn yBenuueHMu 1Iara BOJIHUCTOCTM HA IIOBEPXHOCTU pPE3aHUs
YBEJIMYMUBACTCA MIUPHUHA OCHOBAHHWA BOJHBI M I €€ CPE3aHUA Tpe6yeTCﬂ
00JIbIIICe KOJMYECTBO PE30B MHCTPYMEHTOM. DTHM OOBSCHSACTCS TO, YTO IMPH
YBEJIMYCHUN YaCTOTHI BpAalICHUA IIMMHACTIA YBCINYUBACTCA 1Har BOJTHUCTOCTHU
Ha oOpaboraHHON moBepxHOCTH. OMHAKO, CIEAYeT OTMETHTh, YTO IIPH
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(pezepoBaHMM € YacTOTaMH ONM3KUMH K YETBEPTOH CKOPOCTHOH 30HE
konebanuit (N = 560 00/MuH), IHar BOJHUCTOCTH OOJBINE, YeM JJIMHA
MOBEPXHOCTH pe3aHus. [103ToMy, HET IEPHOMYHOCTH €€ CPe3aHus U OOIBIIOTO
Hepenasia B MOJI0)KEHUN BBIPE3aHHBIX BIAJHH Ha 00pabOTaHHOH MTOBEPXHOCTH.
B pesynbTaTte 3TOr0 yMEeHbIIAETCS MOTPELIHOCTH €€ (hOpMBI.

HcxogHpIMu TaHHBIMH ISl OTIPENENICHUS MEPUOJa aBTOKOJIECOaHUI MpH
(pe3epoBaHUM C Pa3HBIMU MTOJJa4YaMy OBLIH:

1. MucTpymeHT — oHO3y0ast, npsiMo3y0asi, crieiralibHas ¢ppesa P30 mm,
Mmatepuan pexyieid yactu BK8; yactora cBo6oaHbix konebanuii fox = 833 I'u.

2. PexxuMbl pe3aHus:

- 4acTOTa BpPAIICHUS IMUHIENIA N = 35500/MuH;

- mojada Ha 3y0 S; = 0,05 mm; 0,1 mm; 0,2 Mm; 0,3 mm; 0,6 Mm;

- oceBas riIyOMHa pe3anust a, = 3,4 MM;

- paguanbHast ryOouHa pe3anus a. = 0,5 mm;

- HaNpaBJICHUE MOAAYH — BCTPEUHOE;

- pe3aHue CBOOOIHOE.

@pes3epHblii  CTaHOK, 0OpaOaThIBaeMbIii MaTepwaid Te JXK€, YTO U B
npeasiaynx uccnenoBanusix, YCK obpasua fox = 390 I'u.

B tabn. 5 npuBeneHs! pe3yabTaThl H3MEPEHHS MEPHOAA aBTOKOICOaHNH —
T4k 10 ocuMIIIOTpaMMaM, 11ara BOJIHUCTOCTH Ha 00pabOTaHHOW MTOBEPXHOCTH —
Sw mo mpodunorpaMmaM ¥ IIard BOJHUCTOCTH Ha IIOBEPXHOCTH DPE3aHUs,
paccunTaHHble o popmyie (2).

JlanHble Tab11. 5 MOKA3BIBAIOT, YTO NIPH YBEJINYECHUH OAAYH YMEHBIIAIOTCS
U [IEpUOJ aBTOKOJIEOaHUt, 1 Iar BOJIHUCTOCTH, KaK Ha MOBEPXHOCTSX Pe3aHus,
TaK ¥ Ha 00pabOTaHHOW MOBEPXHOCTH.

Tabmuia 5 — Ilepuoapl aBTOKONEOAaHUH, NIarKM BOJHHCTOCTH Ha 0O0pabOTaHHOI
MOBEPXHOCTHU M OBEPXHOCTHU Pe3aHus TPH (Ppe3epoBaHIM C pa3HBIMHU TTOAaYaMHU

Iopnaua Sz, MM/3y0 0,05 0,1 0,2 0,3 0,6

Iepuon aBTokoneOanuii T4k, MC 2,22 1,83 1,59 1,38 1,23

llar BonHUCTOCTH Ha 0OpabOTAaHHOM 1,03 1,52 1,07 0,94 0,81
MOBEPXHOCTH Sw, MM

[Iar BOJHHUCTOCTH Ha MTOBEPXHOCTH 2,03 17 1,39 1.28 114
pe3anus Six, MM

Ha puc.5, 6 nmoka3ansl rpaduku 3aBUCUMOCTEH, TOCTPOSHHBIE 110 JTAHHBIM
Tabm. 5.

YpaBHEHHE PErpeccur MeXay Six U S; uMeeT BHJI (KOPPENIAIHOHHAS
3aBucumocth — 0,87):

S =5,0407-S? —4,7639-S, + 21924 (5)
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Pucynok 5 — I'paduk 3aBUCHMOCTH 11ara BOJTHUCTOCTH Ha IOBEPXHOCTHU PE3aHHS
— S4x OT IOgAYH — S;

Sw, &

MM

2.5

e

0 0.5 1 1.5 2 2.5 Sak. MM

Pucynok 6 — I'padik 3aBHCHMOCTH My IIaraMi BOIHHCTOCTH Ha TIOBEPXHOCTSIX
pe3aHus — S4x 1 00pabOTaHHBIX TIOBEPXHOCTSIX — Sw

YPaBHCHI/IC perpeccun, OIMMCBhIBAIOLICS BJIUAHUC MIara BOJIHUCTOCTU Ha

MOBEPXHOCTH pPE3aHMA Ha IIar BOJHUCTOCTH OOpabOTaHHOW MOBEPXHOCTH,
UMeeT BUJ:

S, =01245.S%, +0,8973-S, —0,3949 (6)

BrusHMe mogaun Ha TEpHOJ aBTOKOJEOAaHUHM CBS3aHO C H3MEHEHHEM
TOJILIMHBI CEUYEHUs cpe3aemMoro ciosd. Ilpu yBennyenun nogauu yBeauuuBaeTcs
TOJIIIMHA CEYEHHS CPE3aeMOr0  CJIOS, JKECTKOCTb YNPYrod CHCTEMBI
«MHCTPYMEHT-AETAIIb, YMEHBILIAETCS HEPUOL, aBTOKOJI€0aHuH,
COOTBETCTBEHHO, U LIar BOJIHUCTOCTH HA MOBEPXHOCTHU pe3aHus. Jis cpesanus
BBICTYIIOB Ha HEHl NpH JBIKEHUH I0Jaud TpeOyeTcs MEHbIIee KOJIMYECTBO

pe30B, IMMO3TOMY YMCHbHIACTCA W LAl BOJHUCTOCTU Ha 06pa6OTaHHOﬁ
IMMOBEPXHOCTH.
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BrusHME  HWCXOOHOTO  COCTOSHHMA  OOpasloB Ha  (OpPMHPOBaHUE
00paboTaHHOW MMOBEPXHOCTH HCCIIEAOBAIOCH NPH UX OJUHAKOBON KECTKOCTH,
HO pa3Hoii Macce. [Ipn 3TOM pa3HBIME OBUIH 9aCTOTHI CBOOOTHBIX KOJICOaHUH.

®pesepoBaHne BBIIOIHAIOCH C YacTOTOM BpAaICHUS IINHHASNS N =
280 00/MuH TIpH OCTANEHBIX UCXOTHBIX TaHHBIX, KaK M B IEPBOM HCCIICIOBAHUH.
YacToTbl cBOOOAHBIX KosiebaHuii 00pa3uoB — fex = 325 T'ir, 390 ' u 455 T,

Pesynbrarhl, mnonyueHHble TOciHe O0pabOTKM  OCHMJUIOTpAaMM U
npodunorpamm, 3anucansl B Tad. 6.

[To nanubIM Tab11. 6 Ha puc. 7, 8§ MOCTPOEHBI rpa)KN 3aBUCUMOCTEHA.

Tabnuia 6 — Illar BOTHUCTOCTH Ha TIOBEPXHOCTH pe3aHus 1 00paboTaHHOi TOBEPXHOCTH
npu ¢ppesepoanun 00pa3uos ¢ pasHeiMu YCK

llar BomHUCTOCTH
YacrtoTta cBOOOJHBIX Ilepuon [ar BoixHHUCTOCTH o
9 . Ha 00paboTaHHOM
KOJIeOaHMI/TIepro] | aBTOKOJCOaHUH Ha TMIOBEPXHOCTH HOBEPXHOCTH S
fcx/Tex, Ti/me T4k, MC pe3anus Sqx, MM p M e
325/3,08 2,54 2,01 3,5
390/2,56 2,19 1,74 2,72
455/2,19 1,92 1,52 2,22
Tak.
MC "
3
2 —
1

0 05 1 15 2 25 3 35 Tgg.MC

Pucynok 7 — I'paduk 3aBHCHMOCTH MEXy IIEPHOIOM CBOOOIHBIX KOJIeOaHuH — Tck 1
MepPUOOM aBTOKOJIeOaHUN — Tax

JanHpie Tabn. 6 MOKa3bIBAOT, YTO YeM OOJBINE IMEPUON CBOOOIHBIX
KOJICOAHWH J1eTany, TeM OOJIbIIe epho]] aBTOKoJIeOaHui pu (pe3epoBaHUU.
Taxke, Kak ¥ B BBIIIE IMPEICTABICHHBIX HCCICIOBAHUIX, MPOCMATPHBACTCS
npsMasi KOpPPEJSIIHUOHHAS 3aBUCHUMOCTh MEXKIYy IIIaraMH BOJHUCTOCTH Ha
MOBEPXHOCTH pe3aHus U 00paOdOTaHHOW TOBEPXHOCTH.
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Pucynok 8 — ['paduk 3aBHCUMOCTH MEXK/LY [IATaMH BOJIHUCTOCTH Ha IIOBEPXHOCTSIX
pe3aHust — S4x U 00pabOTaHHBIX MTOBEPXHOCTSX — Sw

BriBoabI.

1. UccnenoBanus oka3aiy, 4To Ha IIar BOJIHUCTOCTH HAa 00pabOTaHHON
TMOBEPXHOCTU BJIMACT MIAar BOJIHUCTOCTH HAa MNOBCPXHOCTH pPE3aHUA, KOTOpI:Iﬁ
3aBUCHUT OT EPHUOJia aBTOKOJIECOAHUH U CKOPOCTU Pe3aHHusl.

2. YBenuueHue 4acTOTHI BpaliCHU IIMUHACIIA TPUBOAUT K YBCIIUYCHUTIO
I1ara BOJIHUCTOCTH Ha OBEPXHOCTH pe3anus. Ha Hell 00pa3yeTcs MeHbIIe BOJIH
OT aBTOKOJEOaHM, HO MX OCHOBaHME YBEJNWYMBACTCA. Tak Kak IIpH
(pe3epoBaHNH BOJIHUCTHIC YIACTKH IIOBEPXHOCTH PE3aHUSI BIUSIOT HA TOJIIHHY
CEUCHHUSI CPEe3aeMOro CJIOS M Ha BEJIMYMHBI XapaKTEPUCTHK KOJIeOATEIbHOTO
JBIDKEHUS, TO, B pe3yjibTaTe, Ha 0OpadOTaHHOI MOBEPXHOCTH BBIPE3AIOTCS
BIAUHBI, (HOPMHUPYIOLME €€ BOJIHUCTBIA MPOQHIb, C HIArOM, 3aBUCSIIUM OT
mara BOJIHUCTOCTH Ha MMOBEPXHOCTU PE3aHUA. Ero YBEJIMYCHUE C YBEIIMUCHUCEM
YacTOTH! BPALCHUS LIMUHAENSA TpeOyeT A cpe3aHus OOJbLIee YHCIO PEe30B
HHCTpyMeHTOM. [loaToMy yBenmmuuBaeTcs miar BOJIHUCTOCTH Ha 00paboTaHHOU
MOBEPXHOCTH.

[Tpu yactore N = 560 006/MUH BeIMYMHA [Iara BOJIHUCTOCTH OOJIbIIE, YeM
JUITMHA MOBEPXHOCTH pe3aHus. [103ToMy HET NMepHOIUYHOCTH €ro Cpe3aHust u
OouspIIOro Tepenaga B MOJOKEHWM BBIPE3aHHBIX BMNAJAWH Ha 0OpaboTaHHON
MOBEPXHOCTH, B pE3yJbTaTeé 3TOT0 BOJHUCTOCT Ha HEH BBIPOXKIACTCS W
YMEHbIIAETCs HOTPELTHOCTh €€ (POPMBI.

3.1lpu yBenmMYeHHMW TIOAYM  YBEJIMYMBACTCS TONIIMHA CEYCHHUS
cpe3aemoro cnost. [IpoucxomuT yBeIMYEHHE >KECTKOCTH YIPYTroil CHCTEMBI
«MHCTPYMEHT-IIETalby), YMEHBIIACTCS NepuoJ aBTOKoNeOaHWMM W  1mmar
BOJTHUCTOCTU Ha TIOBEPXHOCTU PE3aHUA. I/IHCprMeHT JACJIacT MCECHBIICC

34



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

KOJIMYECTBO PE30B [UIS CPE3aHusl BEICTYIIOB Ha HEll, I09ToMy Ha 00paboTaHHOM
HOBEPXHOCTH YMEHBIIASTCS LIaT BOJTHUCTOCTH.

4. C yBenmueHWEM NepHOJa CBOOONHBIX KOJNEOAHWH JETalld TEPHOX
aBTOKOJIeOaHMH IpH (ppe3epoBaHUN TaKKEe YBEITHINBACTCS.
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C. Hsansg, O. Kosnoga, A. ['epmarnes,
M. Kyuyrypos, 3amopixoks, Ykpaina

BIIJINB ITEPIOY ABTOKOJIMBAHb HA ®OPMYBAHHSA
MPO®LIIO OGPOBJEHOI TIOBEPXHI ITPH
KIHHEBOMY HUWJITHAPUYHOMY ®PE3EPYBAHHI

AHoTanis. ¥ cmammi nokasano, wo Kpox Xeuasicmocmi 06po0aenoi nogepxui 3anexicunsv 8io Kpoxy
XGUISICIOCII HA NOGEPXHI Pi3anisl, KU 6 CE010 Yepey, 3anedcums 6i0 nepiody asmoKoaueans i
weuokocmi pizauua. [ GUKOHAHHA OO0CHIONHCEHb BUKOPUCMOBYBANU MEMOOUKY NPOBEOeHHs
eKcnepumMenmie Ha cmenol, KOHCMPYKYia AKO20 O03B0MAE 3ANUCY8AMU OCYULOZPAMU KOJIUBAHD
Odemani 6 npoyeci @pesepysanns, po3oinamu ix Ha pasmenmu i GueYamMU 6NIUE OMPUMAHUX
napamempie ocyunozpam Ha napamempu saxocmi obpobnenoi nosepxui. Aemopamu HaseoeHo
pes3ynbmamu 00cniodxnceHs 6naUsy nepiody a6MOKOIUBAHb HA GENUHUMY KPOKY XBUTACMOCMI Ha
noeepxui pisanns. Ilokasano, wo 3i 30inbwenHsAM yacmomu 0bepmanna WNUHOEA HA NOBEPXHI
PI3AHHA 3MEHUYEMbCS KIIbKICMb X6Ub, ale 30LIbUYyEMbCs iX 0CHO8a | KpOK Midc Humu. J{ns
3pi3anHs 0CHOBU NOompiona 6iibua KITbKICNb Pi3ie IHCMPYMEeHmOoM, Momy Ha 06pobeniil nogepxii
30 36inbUIeHHAM Yacmomu 06epmants 30iIbuycmvcsi KpoK xeunscmocmi. 36inbuienns nooayi
npu3eooums 00 30iNbUEHHS MOSWUNY Nepemuny 3pi3aHo20 wapy, 3MeHuleHHs nepiody
ABMOKOIUGAHL 1 KPOKY XGUASICIOcmi Ha noeepxwi pizanns. Tomy 30 30invwennsm nooavi
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3MEHULYEMbCA KPOK XGUNACMOCMI HA 00pobaenitl nosepxwi. Ompumano pienanusa peepecii midc
KPOKOM XBUIACMOCMI HA NOBepXHi pi3anHa i Ha 00pobaenii nosepxwi. Ilokasano, wo npu
pesepysanni 31 30inbUEeHHAM NePiOOY GITbHUX KOIUBAHL Oemani 30iNbULYEMbCs  nepioo
agmoxonusanb. OmpumaHi pe3yibmamu  Moxicyms Oymu SUKOPUCIAHI OISl NPOSHO3YBAHHS
napamempie akocmi 00poOIeHOI NOBEPXHI 6 3ANEACHOCE 6I0 OUHAMIYHUX YMOE NPU 3VCIPIYHOMY
KIHYeBOMY YUNTHOPUYHOMY (Dpe3epyBaHHi.

KuaiouoBi clioBa: ¢hpesepysarts,; asmoxkonueants, npoginocpama, ocyuioepamd, amMniimyod, Kpoxk
XBUNIACMOCHII.

S. Dyadya, O. Kozlova, A. Germashev,
M. Kuchugurov, Zaporozhye, Ukraine

THE EFFECT OF THE PERIOD OF CHUTTER ON THE
FORMATION OF A PROFILE OF PROCESSED SURFACE
AT THE END CYLINDRICAL MILLING

Abstract. The article shows that the wavy step of the machined surface depends on the waviness
step on the cutting surface, which in turn depends on the period of chatter and the cutting speed. To
carry out the research, we used the method of experiments on the stand, the design of which allows
recording oscillograms of the part oscillation in the milling process, separating them into fragments
and studying the effect of the obtained oscillogram parameters on the quality parameters of the
processed surface. The authors present the results of studies of the influence of the period of chatter
on the value of the wavy step on the cutting surface. It is shown that with an increase in the spindle
rotation frequency on the cutting surface, the number of wave’s decreases, but their base and pitch
between them increase. To cut the base, a larger number of tool cuts are required, therefore, the
wavy step increases with the frequency of rotation on the machined surface. An increase in feed leads
to an increase in the thickness of the section of the layer being cut, a decrease in the period of chatter
and a wavy step on the cutting surface. Therefore, with an increase in feed, the wavy step decreases
on the treated surface. The regression equations between the waviness step on the cutting surface
and on the machined surface are obtained. It is shown that when milling with an increase in the
period of free oscillations, the period of self-oscillations increases. The results can be used to predict
the quality parameters of the treated surface depending on the dynamic conditions during the
opposite end cylindrical milling.

Keywords: milling; chatter; profilogram; waveform; amplitude, wavy step.
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STUDY ON THE APPLICABILITY OF COUPLED
EULERIAN-LAGRANGIAN FORMULATION IN ABRASIVE
WATERJET MACHINING SIMULATIONS

Abstract: Non-conventional machining processes are considered as reliable alternatives to the
established conventional ones in the case of processing of difficult-to-cut materials. Especially,
Abrasive Waterjet Machining (AWJM) is advantageous for this purpose, as it can handle a wide
range of workpiece materials and does not cause heat affected zones. In order to study the
phenomena occurring during AWJM, numerical simulations should be carried out along with
experiments. As machining processes involve significant material deformation, Coupled Eulerian-
Lagrangian (CEL) Finite Elements (FE) models have been proven significantly accurate for this
purpose, compared to pure Lagrangian models. Thus, in the present study it is attempted to compare
the predicted results of CEL and pure Lagrangian models in the case of AWJM and determine
whether this method is applicable for the process or not. Simulation cases based on experimental
results are employed and discussion on the predicted cutting zone dimensions, stress and
temperature field is conducted.

Keywords: Abrasive Waterjet Machining, Finite Element Method, Coupled Eulerian-Lagrangian
Formulation.

1. Introduction

Abrasive Waterjet Machining is one of the most frequently employed non-
conventional machining process, along with laser cutting and Electrical
Discharge Machining. Compared to the conventional machining processes, such
as turning or milling, AWJM has several advantages, as it does not require the
utilization of a cutting tool, it is able to process a variety of material types and it
is considered as a cold machining process, as it is not associated with the
development of heat affected zones in the workpiece [1]. Furthermore, AWJM
enables the creation of complex features on workpieces and is regarded as an
environmentally friendly process, as it does not produce or employ harmful
substances such as lubricants or coolants [1, 2].

During AWJM, material is removed from the workpiece by the impact of
a high speed water jet, which contains abrasive particles, on the workpiece
surface. As a pure water jet is only able to process soft materials, in AWJIM the
high-pressure waterjet is mixed with the abrasive particles in a mixing chamber
and after the jet is homogenized; the accelerated abrasive particles impact the
surface, removing material by erosion. In AWJM, two different mechanisms of
material removal can be observed.

© C.D. Dimopoulos, N.E. Karkalos, A.P. Markopoulos, 2019
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More specifically, during ductile erosion, the material undergoes plastic
deformation, so micro-machining takes place by removal of microscopic chips,
whereas during brittle erosion, crack growth, crack propagation and intersection
cause material to be removed, even near the impact zone [1]. The fundamental
process parameters of AWJM are the flow rate and pressure of the water jet, the
nozzle characteristics, the traverse speed, the stand-off distance, the material
type and geometry of abrasive particles, as well as the material of the workpiece
[1, 3].

Apart from experimental studies, for the purpose of understanding and
optimizing AWJM process, interest on the theoretical study of AWJM, as well
as the development of reliable numerical models has begun to grow. After the
first theoretical models describing the results of abrasive particle impact on the
surface of metallic or ceramic workpieces, such as the works of Finnie [4] or
Zeng and Kim [5] were created and validated, there was a need for more detailed
simulations, in order to be able to predict the deformation of the workpiece and
the material removal mechanisms under various conditions. Thus, FE models
were created to simulate the impact of abrasive particles on workpiece surfaces,
with the first models, such as the one presented by Hassan and Kosmol [6],
including a single abrasive particle. These models were able to determine the
correlation between waterjet pressure and depth of cut and depict the time
evolution of the depth of cut. Apart from metallic workpieces, the effect of
AWJM process on ceramic workpieces was studied firstly by Gudimetla and
Yarlaggada [7], who developed a FE model with a single abrasive particle
impacting a polycrystalline alumina workpiece. They showed that the model can
predict the erosion rate with a sufficient accuracy, compared to theoretical
models and it could depict the material removal mechanism in a realistic way.
Later, researchers developed more advanced models, taking into consideration
multiple abrasive particles. Kumar and Shukla [8] conducted a study on the
effect of particles impact angle and velocity during AWJM of titanium alloy
specimens with steel abrasive particles. They concluded that crater geometry
varied considerably with impact angle and velocity until the 17th impact and
then the variation was reduced or eliminated.

As in AWJIM fluid-structure interaction takes place, other researchers
considered the more accurate modeling of the waterjet as important and modeled
it by coupled FE formulations or meshless methods. For example Shahverdi et
al. [9] and Wenjun et al. [10] created Arbitrary Lagrangian-Eulerian (ALE)
models, by modeling the workpiece by a Lagragrian formulation and the
abrasive waterjet with an Eulerian mesh. Accordingly, Jianming et al. [11] and
Feng et al. [12] presented models for AWJM process in which the abrasive
waterjet was modeled with SPH method and the workpiece with Lagrangian FE
formulation. These approaches were particularly useful in order to model the
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flow of abrasive particles [11], as well as their movement starting from the
mixing chamber until their impact on the workpiece surface [12]. Another
method, suitable for fluid-structure interactions, which has also been used for
machining simulations, is the Coupled Eulerian-Lagrangian method. CEL
method involves the use of both Lagrangian and Eulerian regions in the same
model and is able to overcome the problems associated with simulations with
large deformations, as it does not require element deletion or remeshing
technique for material removal. In CEL formulation, material removal is
conducted as a continuous flow of material, due to forces occurring from
interaction of different bodies or other force fields. Up to now, several works on
simulation of machining processes with CEL have been published [13, 14], even
on waterjet-assisted machining [15].

In this paper, an investigation on the applicability of CEL formulation in
AWJIM simulations is attempted. Results from CEL simulations will be
compared to those of the more established Lagrangian formulation, in order to
determine whether CEL model can achieve high accuracy in the prediction of
cutting zone dimensions, stress and temperature fields and also depicts the
phenomena occurring during AWJM realistically. For the Lagrangian models,
element deletion will be employed, whereas for the CEL model the abrasive
particles are formulated as Lagrangian bodies and the workpiece is formulated
as Eulerian. After the simulations are carried out, results between CEL and
Lagrangian models and compared and discussed.

2. Methodology

In the present work, 3D explicit thermo-mechanical models were created
in Abaqus software for both cases. The comparison of the results of Lagrangian
and CEL models will be conducted for three different experimental cases from
the relevant literature [16]. In the Lagrangian model, both the abrasive particles
and the workpiece were modeled using the Lagrangian formulation, whereas in
the CEL approach the particles were Lagrangian and the workpiece was Eulerian.
In both cases, the particles were modelled with a single C3D8RT mesh element,
which had diagonal dimension of 0.2 mm (Grit 80). The workpiece had the same
mesh size in both cases (210,120 elements), with a minimum element size of
4x102 mm and a maximum element size of 0.1 mm; mesh type of the workpiece
in the Lagrangian formulation was C3D8RT and in the Eulerian formulation
EC3D8RT. Finally, dimensions of the workpiece were 6 mm height, 4 mm
length and 6 mm width for both cases.

In order to be able to simulate the abrasive particle flow realistically for the
various simulation cases, calculations were carried out. Steady abrasive mass
flow was divided by particle weight, in order to calculate the abrasive particle
quantity per second. Then, the number of particles used within the total
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simulation time was calculated with a simple division. To calculate the initial
position of the particles, it was assumed that they were spaced evenly in the
direction of travel, with their distance calculated by multiplying their velocity
with the simulation time and dividing with the number of particles in that time.
For the horizontal position of the abrasive particles, a Gaussian distribution was
assumed, keeping the particles within the nozzle diameter range. The jet impact
position was in the middle of the top left edge and the angle was 90° in both
cases.

qr; Traverse
" Direction
Traverse

XDirection

-
(44

Lagrangian assembly

d
(=

CEL assembly

E,x

z z

Figure 1 — Model assembly with the two different formulations

In the CEL model, in order to create the Eulerian workpiece, a workpiece
Eulerian part and a slightly larger void Eulerian part were created. Then, the
workpiece part was placed in the void part, with 1 mm clearance in the jet impact
area, to allow for material movement, since any material reaching the boundary
would be deleted otherwise. After that, the volume fraction tool in Abaqus was
utilized. This tool compares the two instances and creates a scalar discrete field,
based on the percentage of occupation of the void instance by the workpiece
instance, so then an initial material assignment condition can be created, in order
to fill that created space with the workpiece material. In the Lagrangian
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formulation, the workpiece was constrained at the bottom and right face. In the
Eulerian formulation, material movement was constrained at the bottom and
right face as well. Fig. 1 presents the assembly of the two models side by side,
including boundary conditions.

To model the workpiece material response to the process, the Johnson-
Cook plasticity and damage model was chosen for both cases [17]. Material
constants for AISI 1018 steel were adopted from literature [18]. In the
Lagrangian model, when an element reaches 100% damage, it is deleted from
the simulation. However, there is no element deletion or relevant feature in the
CEL formulation workpiece in Abaqus software [19]. The abrasive particle
material parameters were adopted from literature as well [20]. In addition to
normal parameters, a deletion criterion was adopted, to reduce computation time
due to particle movement after collision with the workpiece. When the particle
reached a critical stress of 150 MPa, it was deleted from the simulation.
Furthermore, coefficient of friction between the particles and the workpiece was
considered to be 0.1. Due to high strain rates, adiabatic heating of the workpiece
is considered, with a coefficient of 90%, converting that percentage of plastic
work to heat [20] and initial model temperature was set to 20°C. An initial
vertical velocity was given to each abrasive particle, according to waterjet
pressure value in each case, and the same jet traverse speed was applied in all
simulations, namely 3.83x10* m/s. These values were adopted from literature
[16] and are presented in Table 1.

Table — Particle Velocities for each simulation case

Simulation case Pressure (MPa) Velocity (m/s)
1 100 400
2 200 620
3 350 810

3. Results and discussion

At first, simulation results were compared to experimental ones, in order to
assess their validity. The simulation time of 1 ms was sufficient to start the
erosion process on models of both formulations. Comparing the predicted
cutting forces for models of both formulations to the experimental ones [16], it
was verified that the present model simulates the initial stages of abrasive
waterjet cutting. In the simulations, cutting forces never exceeded 1N, therefore
indicating that the models do indeed fall into the initial cutting stage.

Then, the investigation on the applicability of CEL formulation for AWJM
simulations was carried out, based on data from the three different experimental
cases. In Fig. 2, resulting dimensions of the cutting zone for all cases and both
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formulations are presented. In respect to Fig. 1, width direction is in the z axis,
traverse direction is in the x axis and depth of cut in the y axis. It is noted that
width of cutting zone and cutting zone length along the traverse axis are almost
identical for both formulations in most cases. This is justified, as due to the
relatively low traverse speed, the main cutting action during the simulation time
is towards the depth of cut direction rather than the other two directions.

An obvious difference, though, is that although both models predict
correctly the increase of depth of cut with increased abrasive particle speed, the
predicted depth of cut is significantly lower in the CEL formulation than in the
Lagrangian one. A probable explanation for that outcome is that, as in the CEL
formulation no element deletion can be specified, the brittle erosion mechanism,
present in experimental works, cannot be properly represented in the simulation.
Thus the resulting dimensions of the cutting zone for the CEL formulation are
only caused by ductile erosion, especially due to plastic deformation.

Dimensions of the cutting zone

5.00E-03
4.50E-03
4.00E-03
3.50E-03
3.00E-03
2.50E-03
2.00E-03
1.50E-03
1.00E-03

5.00E-04 I
S Hmm W Huw B || i
400 m/s 620 m/s 810 m/s

CEL Lagrangian CEL Lagrangian CEL Lagrangian

B Width (m) mDepth (m) Traverse (m)

Figure 2 — Dimensions of the cutting zone for all cases for both formulations

In order to further observe the differences between the two types of models,
snapshots from several stages of the AWJM process with both models are
presented in Fig. 3. In both cases, material removal takes place as expected,
caused by the impact of abrasive particles on the surfaces and craters are formed
and widened as time progresses. However the shape and dimensions of the
cutting zone differ considerably, even from the first stages of the simulations.
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Figure 3 — Comparison of snapshots of the AWJM simulation with Lagrangian
(upper row) and CEL models (lower row)

More specifically, in the case of Lagrangian model, the depth of cut is
considerably larger in any case and the cutting zone has distinctive erosion marks
produced by deleted elements and further erosion of the new surfaces. Although
material removal is more evident in the direction of depth of cut, erosion occurs
sometimes in lower regions perhaps due to the intense stress propagation as well
as in regions near the main cutting zones, perhaps due to reflected abrasive
particles. Nevertheless, in the case of CEL model, it seems that the workpiece
material is only compressed due to the particle impacts and the deformation of
the workpiece is considerably smaller and more uniform, with an initial crater
being widened towards the depth of cut and traverse direction and with an almost
symmetrical stress field developing away from the main cutting zone. Thus, in
conjunction with the results presented in Fig. 2, it becomes clear that CEL
models can account for only the plastic deformation due to particle impacts and
propagation of erosion cannot be represented.

After the differences between the CEL and Lagrangian formulation models
regarding the predicted dimensions of cutting zone and material removal
mechanisms were discussed, the differences regarding the prediction of stress
and temperature distribution by the two different formulations are also discussed
afterwards. Fig.4 presents the von Mises stress distribution comparison for the
CEL formulation on the left and the Lagrangian one on the right. In the figure
concerning CEL, plastic deformation zone is visible at the center of the top edge.
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Stresses are concentrated around that area, as for the Lagrangian model, depicted
on the right figure. However, the previously mentioned brittle erosion
mechanism is missing in the CEL model results. Thus no material removal is
noticed around the deformed area, in contrast to the Lagrangian model results,
where elements around the impact zone have been deleted and the evolution of
the erosion process is visible near the edges. Furthermore, stress values are
slightly lower for the CEL model; for example in Fig.4 maximum stress value in
the cutting zone is 209.8 MPa, whereas for the Lagrangian is 253 MPa.

Lagrangian

Figure 4 — Comparison of the cutting zone morphology for the CEL (left)
and the Lagrangian (right) formulations of the workpiece for the 810 m/s
abrasive velocity case and VVon Mises stress distributions

Regarding temperature distribution, Fig. 5 presents the maximum predicted
temperature in all cases. Since 90% of plastic work is converted to heat,
temperatures in all CEL formulations are almost identical, with only 2°C
difference per case and 4°C maximum change. Temperatures of the Lagrangian
models on the other hand increase almost 20°C from the lowest velocity to the
highest velocity. A probable explanation for this is that, after an element is
deleted, nearby elements gain more free degrees of movement, so their plastic
deformation is higher compared to the constrained CEL ones, something that
results in higher temperature increase as well. Furthermore, in higher abrasive
velocities cases, elements deform more and thus the difference of the predictions
of the two methods becomes higher. Finally, it is worth mentioning that all
predicted temperatures from the simulations are in compliance with
experimental literature results for the same material [21].
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Temperature (°C)
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400 m/s 620 m/s 810 m/s

Figure 5 — Maximum temperature results for all cases

By taking into account all the previous comparisons between the CEL and
Lagrangian formulation models, it becomes obvious that the Lagrangian model
is more appropriate for the simulation of AWJM and especially material removal
process from the workpiece. Although it had been proven that CEL formulation
is superior to the Lagrangian one for cases with high plastic deformation, it was
shown that the underestimation of the dominant erosion phenomenon during
AWJIM finally results in a significant underestimation of the depth of cut as well
as workpiece temperature. The contribution of the present study can be regarded
as important as, to the authors’ knowledge, no study on AWJM with CEL
formulation has been yet presented and definitely no comparison of its results
with results of Lagrangian models has been yet conducted in the relevant
literature.

4. Conclusions

In the present paper an investigation regarding the applicability of CEL
approach in AWJM simulations was carried out. CEL and Lagrangian simulation
models were developed based on experimental data and comparison between
them were conducted, in respect to prediction of cutting zone dimensions, stress
and temperature distributions and accuracy of representation of material removal
mechanisms. Based on the simulation results various conclusions were drawn.

The simulation results indicated that Lagrangian model is more adequate
than CEL, regarding depth of cut prediction in AWJM process. Although
material removal after the impact of abrasive particles occurred from the initial

45



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

stages, as with the Lagrangian model and the trend of increase of depth of cut
with increasing pressure was captured, only the plastic deformation mechanism
was able to be observed with CEL, whereas the erosion and its propagation in
the workpiece material was not simulated. Furthermore, comparison with results
from the Lagrangian model showed that depth of cut was significantly
underestimated while width and traverse length were similar between the two
types of models. Finally, relatively lower stress values were observed in the CEL
model and temperature variation was minimal as the additional plastic
deformation occurring in the newly created surfaces of the cutting zone due to
erosion was not calculated. In conclusion, although CEL has been proven
sufficient for machining simulations it is deduced that it not as successful in
simulating material removal due to erosion as it occurs in AWJM.
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Xpucroc JI. limonynoc, Hikonaoc E. Kapkaroc,
Anrenoc I1. Mapkonynoc, Adinu, ['peris

JOCJLIKEHHS BACTOCOBHOCTI PIBHSIHHSI EMJIEPA -
JIATPAHKA IIPU MOJEJIIOBAHHI ABPA3SUBHOI
BOJOCTPYMEHEBOI OFPOBKH

AuoTtanis. Hempaouyiini npoyecu o00pobKu po32nsioaromvcs sK HAOIIHI  albmMepHAmueu
3A2AIbHONPUIHAMUM — MPAOUYITIHUM — CnOCO6aM  0OPOOKU  BAMCKOOOPOOIIOBAHUX — MAMEPIANis.
3okpema, ons yiei memu euziona abpasusHa eodocmpymenesa 0opooka (AWJIM), ockinvku yum
MeMOOOM MONCHA O6POGIAMU WUPOKUL CNEKMp MAmepianie 3a20moeKu i He SUKIUKAMU 30H
mepmiuHo2o enaugy. [l eusueHHs ssuwy, wjo 6iobysaromvcs nio yac AWJIM, crio npogooumu
ylcenvbHe MOOeN6aHHs nops0 3 excnepumenmamu. OCKiIbKU npoyecu 00poOKU No8's3aui 3i
sHauHoro nazpanscesumu (CEL) xinyesumu enemenmamu (FE) eussunucs sHauno 0inous mouyHuMu
ons yiei depopmayicio mamepiany, Mooeni 3 CNOLYHEHUMU ellIepO6O- Meni 8 NOPIGHAHHI 3 YUCMO
aazpamdicescokumu mooensamu. OOHAK 04eBUOHA GIOMIHHICMb NOJA2AE 8 MOMY, WO X04d 00UOBI
MoOdeni npasunbHo nepedbauaroms 30iNbUeHHa 2NUOUHU PI3AHHA Npu 30i1bUWeHHI WBUOKOCI
abpasusHUXx YacmuHoK, nepeddbavena 2nubuna pizanus 6 cepedosuwyi CEL 3Hauno Hudicue, HidC 8
nazpandicesCobKii. Modicaueum noACHEHHAM Yb020 pe3ylbmamy Modice Oymu me, wo, OCKilbKU 6
dopmymosanni CEL ne mooice 6ymu 3a3Ha4eHo 8UOANCHHS eleMeHmd, MeXaHi3M KPUXKoi epo3il,
AKULL  NPUCYMHILL 6 eKCNePUMEHMANbHUX pobomax, He Modice OYMuU HANeJCHUM —HUHOM
npeocmasgieHuil 6 MoOemo8anHi. Takum YUHOM, pe3yibmyioui po3mipu 301U pizaris s modeni CEL
00yMOBIEeHT MibKU NIACMUYHOIO ePO3I€I0, 0COONUBO Yepe3 naacmuuHy degopmayiio. Y pasi mooerni
Jlaepanoica, enubuna pizanns 6 6y0b-aKOMY UNAOKY 3HAYHO OiibULe, | 30HA PI3AHHA MAE XAPAKMEPHI
ciou epo3ii, BUKIUKAHI UOAIEHUMU eNEMEHMAaMU, | NOOATbULY epo3il0 HOBUX nogepxonb. [lpome, 6
pasi modeni CEL, 30aembcs, wjo mamepian 3a20mogKku CMuCKaenvCsi mibKu yepes yoapu 4acmuHoK,
i deghopmayis 3a20moeku 3HAYHO MeHwa i Oinbu 0OHOPIOHA, NPU YbOMY NOYAMKOSULl Kpamep
PO3UUPIOEMBCS. 8 HANPAMKY 2IUOUHU PI3AHHA | NONEPEUHO20 HANPAMKY. 1 3 MAUdCe CUMEMPUYHUM
noneM HanpyxceHs, Wo po3suUEaIombCs 0aleKo 6i0 OCHOBHOI 30HU pi3anHA. Takum YuHOM, 8 Ybomy
docnidoicenni 3pobaeno cnpoby nopignamu nepeddaueni pezyromamu mooenei CEL i wucmo
nazpandicescokux 6 pasi AWJIM i uznauumu, uu moodice Oymu 3acmocosanuii yeti Memoo 015t npoyecy
uu  Hi. Buxopucmogyiomecsi 6unaoku MOOeNO8AHHs, 3ACHO6AHI HA  eKCNePUMEHMATbHUX
pesyrvmamax, i npogoOUmbCs 002080peHts NPOSHO308AHUX PO3MIDI6 30MU  pi3anus, NOJi8
Hanpydicenb i memnepamypu.

KurouoBi cioBa: 2cidpoabpasusna o6pobra; memoo Kinyesux einemenmis, pisHsanua Einepa-
Jlaepanica; enubuna pizanns, KOMRO3UYIsL, epo3is Mamepiany; HaAnpylceHHs.
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STUDY ON MESH DEPENDENCE OF CUTTING ZONE DIMENSIONS
PREDICTION DURING ABRASIVE WATERJET MACHINING

Abstract: Abrasive Waterjet Machining is a non-conventional material removal process, preferred
to be used for the cutting of difficult-to-cut materials, due to its ability to remove material without
the use of a tool and without causing heat affected zones. Experimentally, monitoring the phenomena
taking place in the cutting area is very difficult, due to various reasons such as the high speed of the
particles and the obstruction due to the water stream. Thus, a simulation approach, based on
experimental data, is required in order to be able to explain these phenomena. In this work, a 3D
thermo-mechanical Finite Element model is presented with realistic representation of the positioning
of discrete abrasive particles and the dependence of cutting zone dimensions on the mesh size is
investigated. After simulation, results are compared to experimental results, mesh independence
study is conducted and finally, conclusions on the optimum mesh size are drawn and observed
process characteristics are discussed.

Keywords: Abrasive Waterjet Machining, Non-conventional Machining, Finite Element Method.

1. Introduction

Non-conventional machining processes can be beneficial for the processing
of hard-to-cut materials, such as hardened steel, titanium and nickel-based alloys
or composites, because they do not involve the use of tools and can be applied
to a wide range of materials [1]. More specifically, one of the most commonly
used non-conventional processes is the Abrasive Waterjet Machining (AWJM),
which involves material removal through high-speed impact of a waterjet
containing abrasive particles. AWJM is a cold machining process, able to create
even complex curves on hard workpieces, something that is frequently required
in the aerospace and automotive industry [1, 2].

AWJIM is based on the principle of conversion of the energy of a high-
pressure water column to Kinetic energy of a high-speed waterjet. As the waterjet
cannot penetrate the surface of hard materials, the abrasive particles are added
to the jet to improve its cutting capability. The abrasive particles flow towards
the mixing chamber, where they are mixed and homogenized with the incoming
high-speed water jet. Then, accelerated by the high-speed jet, a number of
abrasive particles impact the workpiece surface and remove material, mainly by
erosion. AWJM is an environment-friendly process, as no hazardous substances,
coolant or lubricants are employed. Furthermore, due to the relatively low
cutting forces during AWJM, there is no need for special clamping of the
workpiece on the machine table.

© C.D. Dimopoulos, N.E. Karkalos, A.P. Markopoulos, 2019
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The types of materials machined by AWJM include metals, ceramics, alloys,
polymers, composites, even textile and soft materials as plastic foams [1, 3].
Important parameters for AWJM are the pressure and flow rate of the water jet,
the traverse speed, the characteristics of the nozzle, the stand-off distance, the
type and size of abrasive particles and the workpiece material [1, 4, 5].

Although AWJM has been established for several decades, the
understanding of material removal mechanisms and phenomena occurring
during the process, are far from being complete. As it is not possible to conduct
direct observations during the progress of AWJM, theoretical studies using
appropriate numerical models are necessary, in order to be able to explain the
occurring phenomena and improve its efficiency. Apart from theoretical
approaches based on particle impact, such as the work of Finnie [6], or Zeng and
Kim [7], numerical models using Finite Element Method (FEM) or meshless
methods have also been presented. One of the earliest FEM approaches for
modeling AWJM was conducted by Hassan and Kosmol [8], who created a
single particle impact model for AWJM of a steel workpiece and investigated
the dependence of depth of cut on pressure as well as its time evolution.
Gudimetla and Yarlaggada [9] investigated the case of AWJM of a
polycrystalline alumina workpiece with a single particle model. Using this
model, they were able to predict erosion rate values close to the theoretical ones
and observe the phenomena occurring during brittle erosion. Kumar and Shukla
[10] presented a 3D FEM model for AWJM, including multiple steel particles in
order to study the erosion process of Ti-6Al-4V for various impact angles and
velocities. With this model they found that the variation of crater geometry with
different particle velocities and angles was considerable for up to 17 impacts and
then the variation was reduced or stabilized. Apart from simple FEM approaches,
Wenjun et al. [11] and Shahverdi et al. [12] developed Arbitrary Lagrangian-
Eulerian (ALE) models, in which the abrasive waterjet was explicitly modeled
using an Eulerian mesh, while the workpiece was modeled using a Lagrangian
formulation. Finally, Smoothed Particle Hydrodynamics (SPH) method has also
been employed in the relevant literature, in order to model the abrasive particles
flow [13] or even simulate their trajectory from the mixing chamber up to the
workpiece surface [14].

In this paper, the dependence of AWJM simulation results on mesh size is
investigated using a different modeling approach for AWJM, focusing on a more
realistic abrasive particle positioning. The particles are modeled as discrete
deformable bodies impacting the workpiece with a specific velocity depending
on waterjet pressure. The simulation results are firstly compared to literature
ones and then, mesh sensitivity analysis is carried out. Apart from mesh
sensitivity study results, other significant results, such as the effect of process
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parameters on cutting zone dimensions, stress and temperature distribution are
discussed as well.

2. Methodology

For the modeling of the AWJM, a 3D explicit FEM thermo-mechanical
model was created in Abaqus. In order to investigate the effect of the mesh size
on the results, three different meshes were used for three different experimental
AWJIM cases, described in [15], for a total of 9 simulation cases. The abrasive
particles and workpiece were modeled using the Lagrangian formulation. Each
abrasive particle consisted of a single rectangular C3D8RT mesh element and
had diagonal dimension of 0.2 mm (Grit 80), while the rectangular shaped
workpiece consisted of varying-size C3D8RT mesh elements, depending on the
simulation case. The water is omitted in the present work, as it does not have the
energy to cut the material on its own [16]; however, the effect of particle
acceleration due to the waterjet was taken into account by a velocity boundary
condition. The workpiece dimensions were 6 mm height, 4 mm length and 6 mm
width, in the y, x and z axes respectively, as can be also seen in Fig.1. The
characteristics of the three different meshes used in this work, such as element
size and number of elements are presented in Table 1.

Table 1 — Characteristics of the meshes employed in this work

Mesh density Number of Minimum element Maximum
elements size (m) element size (m)
Coarse 67,320 10+ 3-10*
Average 91,800 8:10° 2:10
Fine 210,120 410 1-10

In order to position the abrasive particles in space, some calculations were
carried out at first. Since the abrasive mass flow was constant at 2.56 g/s, the
number of particles existing within the solution time was calculated. This was
done by dividing the mass flow by the particle weight, multiplying that result
with the final solution time of 1 ms. After that, the distance between the particles
was calculated, assuming that when a particle left the nozzle with a constant
initial speed, the next one leaving the nozzle would have a fixed distance from
the first one, based on the particle speed. Knowing the vertical distance between
the particles and their total number, a Gaussian distribution was used for
horizontal positioning of the particles, keeping them within the theoretical nozzle
diameter of 0.3mm. The jet impact angle was 90° and the initiation point was in
the middle of the top left edge, with a standoff distance of 3mm. An initial
vertical velocity was given to each particle per pressure case, and the same jet
traverse speed was applied in all simulations. These were adopted from literature
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[15] and presented in Table 2. The selected material model for the workpiece
material (AISI 1018 steel) was Johnson-Cook model [17], with the values related
to plasticity and damage adopted from literature [18].

; Traverse
;—3 Direction

Y

E'x

z

Figure 1 — AWJM model assembly

The abrasive particle mechanical and thermo-physical properties were
adopted from literature as well [19]. Abrasive material was garnet, with a density
value of 4,325 kg/m?® and tensile failure stress was 150 MPa. A deletion criterion
was adopted for the particles, to reduce computation time due to particle
movement after collision with the workpiece; thus, when each particle reached
the critical stress value of 150 MPa, it was deleted from the simulation.
Furthermore, coefficient of friction between the particles and the workpiece was
considered to be 0.1. Due to high strain rates, adiabatic heating of the workpiece
is considered, with a coefficient of 90%, converting that percentage of plastic
work done to heat [19], while initial model temperature was set to 20°C. Finally,
the workpiece was constrained at the bottom and right face, as shown in Fig. 1.
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Table 2 — Waterjet pressure and abrasive particles velocity values for all simulation cases

Simulation Waterjet pressure (MPa) Abrasive particle velocity (m/s)
Case
1 100 400
2 200 620
3 350 810

3. Results and Discussion

At first, simulation results were compared to experimental ones from the
aforementioned literature reference [15]. In the present case, the simulation time
of 1 ms was sufficient for the erosion process to start. By comparing the present
simulation results to the experimental ones, the calculated forces never exceeded
1N, in accordance with the experimental results for the earliest stages of AWJM;
thus, it can be assumed that the presented model is accurate enough.

Then, the investigation, regarding the dependence of simulation results on
the mesh size took place. Results on predicted cutting zone dimensions for all
cases are depicted in Fig. 2. It can be clearly observed that there exists a variation
in the results, in respect to each type of mesh. The clearest difference is observed
for the depth of cut in every case; in fact, a decrease of element size results in a
visible increase of predicted depth of cut with the differences being more
significant in the cases with particle speed of 400 and 620 m/s. The importance
of using a sufficiently fine mesh for the simulation can be further stressed by
observing that the use of a coarse mesh for the case with particle speed of 620
m/s produced the same result with the simulation regarding the case with particle
speed of 400 m/s and a fine mesh, something that is not reasonable. As for
traverse length and width of the cutting zone, there is not a definite trend in their
variation with element size, except for some cases in which width was shown to
decrease for finer meshes, so a clear conclusion cannot be deduced for them.

As the presented model is thermo-mechanical, it is considered important to
observe the dependence of predicted temperature values on the mesh density.
Maximum temperature observed in every simulation case is presented in Fig. 3.
Starting from a maximum of 40°C for the lowest speed and rising to a maximum
of 65°C for the highest speed, these results are in compliance with other
experimental results of the same material [20]. Temperature is shown to increase
as the mesh gets finer and as the abrasive particles’ speed increases. Although
temperature variation is relatively small in AWJM, its variation with mesh
density is another indication that mesh density plays an important role for
AWJM simulations.
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Dimensions of the cutting zone
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Figure 2 — Predicted dimensions of the cutting zone for all simulation cases

Temperature (°C)
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400 m/s 620 m/s 810 m/s

Figure 3 — Simulation temperature results for all cases

After the effect of mesh density on AWJM simulation results was
determined, the results of the developed models can be further analyzed.
Regarding depth of cut, a clearly increasing trend with increasing waterjet
pressure was noted, as can be seen in Fig. 2, as expected from the experimental
works [15]. Moreover, regarding workpiece temperature field, it is observed
from relevant snapshots, such as the one in Fig.4, that temperature is
considerably larger in the zone where erosion takes place and that there is
minimal temperature change around the cutting zone.
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Figure 4 — Temperature distribution for finest mesh case at particle speed of 620 m/s

Furthermore, in Fig. 5 the von Mises stress distribution for the end of the
simulation, for the finest mesh, at 810 m/s particle speed is presented. Highest
stress concentration is visible near the cutting zone, confirming theoretical
expectations [20]. Another interesting observation is the material removal
mechanism near the impact zone on the top face, where brittle erosion took place,
since that area had no particle impact during the simulation.

Figure 5 — Von Mises stress distribution for finest mesh case at 810 m/s particle speed
Finally, in Fig. 6 the time evolution of the cutting process for the fine mesh
case at particle speed of 810 m/s is presented. The view is cut along the width
axis, so as the evolution of the erosion to be more easily understood. It is visible
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that the material is mainly removed in a vertical direction, with a few points of
impact and deleted elements being occasionally in a distance from the main
cutting zone during the evolution of the process.

t=1ms

t=0.1ms

t=0.8ms

Figure 6 — Time evolution of the AWJM for the finest mesh at particle speed of 810 m/s

4. Conclusions
In the present paper, an investigation regarding the dependence of AWJIM
results on mesh element size was carried out. A 3D thermo-mechanical FEM
model was developed with realistic positioning of abrasive particles, which were
regarded as distinct deformable bodies. Simulations were carried out for three
different waterjet pressure values with three different meshes and afterwards, the
following conclusions were drawn:
e From the simulation results, it was deduced that there is a clear impact
of mesh element size on predicted cutting zone dimensions.
¢ Regarding depth of cut, the difference between meshes of different
density were more obvious for the cases with particle speed of 400 and 620 m/s
and in every case, the depth of cut was higher for finer meshes.
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¢ Regarding traverse length and width of cut, minimal variations were
observed with different mesh element sizes.

e Furthermore, mesh size had a direct impact on workpiece maximum
temperature, with predicted temperature being higher for finer meshes.

e Finally, the proposed model was able to predict experimentally
observed trends of AWJM and thus it can be considered reliable for future
studies.
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Xpucroc . dimomynoc, Hikomaoc E. Kapkaioc,
Amrenoc [1. Mapkomrynoc, Adinn, I'peris

JOCIILKEHHS 3AJTEXKHOCTI TIPOTHO30BAHUX PO3MIPIB
30HU PI3AHHS BIJJ TAPAMETPIB CITKH
ITPA ABPA3BUBHINA BOJOCTPYMEHEBII OBPOBIII

AHoTanist. A6pasusna eodocmpymenesa 06poOKa — ye HeMpaAOUYitiHuil npoyec GUOANCHHS.
Mamepiany, AKull Kpawe UKOpUCmosysamu O Pi3ants 8adlckooOpoOI0saHux mamepianie yepes
11020 30amnocmi udanamu mamepian 6e3 BUKOPUCMAHHA THCMpYMeHmy i 6e3 CmeopeHHs 30H
mepmiuno2o énaugy. Excnepumenmansho, monimopune asuuy, wo 6i00y6aromvcs 6 30Hi pi3aHHs,
dyoice YmMpYOHeHUll uepe3 PIZHOMAHIMHI NPUYUHU, MAKI SAK SUCOKA WBUOKICb YACMUHOK |
nepewkoou uepe3z nomik 6oou. Takum uumnom, Imimayitinul niOXi0, 3ACHOGAHUN HA
eKCNepUMeHmManbHUX OaHUX, € HAUKpawum O0iis mo2o, wob noacHumu yi asuwa. Y oauii pobomi
npeocmaegieHa MpUSUMIPHA  KiHYeBO-eleMeHMHA MepMOMEXAHIYHA MOOelb 3 PeanricmuiHuMm
NOOGHHAM NONOHCEHHS OUCKDEMHUX AOPA3UGHUX YACTNUHOK | 0OCNIOdCeHa 3aNediCHiCmb po3MIpie
30HU pi3anHA 6i0 posmipy cimku.  Ilicnia MOOenoeaHHs pe3yibmamu NOpIeHIOIOMbCA 3
eKCNePUMEHMATLHUMU  De3YIbMAMamy, NpoeoOUMsCs OOCHIONCEHHA He3ANedCHOCMI  CImKu 1,
Hapewimi, pOONAMbCA  GUCHOBKU NPO  ONMUMANLHULL  pO3MIp cimKu [ 002080pI0IOMbCs
Xapakmepucmuku npoyecy, Axi cnocmepieaiomucs. Moodeniosanns npogoounocs 0jia mpbox pisHux
3HAYEeHb MUCKY 2I0poadPA3UBHO20 CIPYMEHIO 3 MPbOMA PIZHUMU CIMKAMU, [ NICAs Yb02o OYau
3p006eHi BUCHOBKU WO, ICHYE AGHULL 6NIUE POSMIDY elleMeHmy CIMKU HA NPO2HO308AHI PO3MIPU 30HU
pizanns. [llo cmocyemvces enubunu pisauus, pisHuYa mixc adesamu pisHoi wjineHocmi 6yna Oinvu
0UeBUOHOIO 0I5 BUNAOKIE 31 weuoKicmio yacmunok 4001 620 m / ¢, i 8 KOANCHOMY BUNAOKY 2IUOUHA
pizanns Oyna euwe Oas Oitbut OpibHux suei. Lo cmocyemves 008dicunu i wupunu 00pizKu,
MIHIMANbHI 3MIHU CROCmepieanucs npu pisHux posmipax enemenmie cimxu. Kpim moeo, posmip
cimku 6e3n0cepeoHbo 6NIUHYE HA MAKCUMATLHY MEMNEPAMYpy 3a20MO6KU, NPUYOMY NPOSHO306aHA
memnepamypa 6yna euwe 01 Oinvwt Opibnux cimox. Hapewmi, 3anpononoeana mooenv 6Gyna
30amna  nepedbauumu - eKCHepUMEHMANIbHO — CROCMEpPeXdCy8ani  meHOeHyii  abpasueHoi
6ooocmpymenegoi 0bpobrxu (AWIM) i, maxum uunom, il modcna esadcamu HadiiHOW0 OnA
MauOymmix 00Caiodncens.

KurouoBi ci1oBa: ciopoabpasusna obpobra, Hecmanoapmua 06pooKa; Memoo KiHyesux eiemenmis.
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ENTWICKLUNG EINES MATHEMATISCHEN MODELLS
DES GLATTENS UNTER EINSATZ VON FEA

Abstract: Der folgende Artikel umfasst Informationen aus der Forschung, in Rahmen von der ein
mathematisches Modell des Glittens entwickelt wurde. Glitten ist eine effiziente Fertigungstechnik
fiir Finishbearbeitung der Oberflichen metallischer Bauteile. Mit Einsatz des Gldttens ist es moglich
eine sehr hohe Oberflichengiite zu erreichen, Oberflicheneigenschaften zu verbessern und Qualitit
eines Produktes zu erhohen. Das mathematische Modell des Prozesses wurde unter Einsatz von FEA
entwickelt, dafiir wurde eine spezialisierte Software ,,AdvantEdge* von der Firma Third Wave
Systems eingesetzt. Mithilfe der FEM-Simulationen kann die Anzahl von realen Experimenten
wiéhrend der Modelentwicklung reduziert werden und konnen Prozesseigenschaften ermittelt werden,
die sich im realen Experiment schwer oder gar nicht definieren lassen. Das entwickelte
mathematische Modell des Gldttens erleichtert Prozessoptimierung, erméglicht die Verminderung
der Anzahl von praktischen Experimenten und fiihrt zur Erhohung der Kosteneffizienz und der
Umweltvertriglichkeit. Diamantgldtten, FEM; Vier-Faktoren-Experiment; mathematisches
Prozessmodell; quadratische Regressionsgleichung; Spannungen.

Keywords: Diamantglitten; FEM; Vier-Faktoren-Experiment; mathematisches Prozessmodell;
quadratische Regressionsgleichung; Spannungen.

1. Einleitung

Die moderne Produktion ist ein System, das sich kontinuierlich und sehr
schnell entwickelt. Unter solchen Umstinden ist es sehr wichtig, den
Zeitaufwand  fir Produktionsvorbereitung zu minimieren, um die
Wettbewerbsfahigkeit und das Einkommen des Unternehmens zu erhdhen. Die
mathematische Modellierung der Bearbeitungsprozesse unter dem Einsatz von
FEA  ermoéglicht eine  schnellere  Produktionsvorbereitung  und
Bearbeitungsoptimierung der neuen Produkte.

Techniken der Finishbearbeitung haben einen bestimmenden Einfluss auf
die Oberflachengiite und auf die Qualitdt der Bauteile. Sie bestimmen die
Verschleifibestidndigkeit und die Dauerfestigkeit der Bauteile. Glitten ist ein
spanloser Bearbeitungsprozess, in dem die Oberfliche eines metallischen
Bauteils durch das Werkzeug plastisch deformiert wird. Dabei entsteht eine
harte Oberflachenschicht mit der hohen Oberflichengiite. Aufgrund der
hochgradigen plastischen Deformation entstehen die Druckeigenspannungen
in der Oberflichenschicht. Das alles zusammen verbessert die
Oberflacheneigenschaften und fiihrt zur Qualititserh6hung der Bauteile.
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Modellierung des Glattens mit FEA kann sowohl bei der Erforschung als
auch bei der Prozessoptimierung helfen.

2. Stand der Technik und Motivation fiir Prozessmodellierung

Diamantglitten ist eine Fertigungsmethode, wobei die Oberflachensicht
des zu bearbeitenden Bauteils durch das Werkzeug plastisch deformiert wird.
Dafiir verwendet man Werkzeuge mit dem Diamanteinsatz. Die
Diamantoberfliche des Werkzeugs ist wihrend des Prozesses an die
Bauteiloberfliache angepresst und gleitet an ihr. Dabei entstehen die plastischen
Deformationen in der Oberfldchenschicht des Bauteils und das flihrt zu solchen
Vorteilen:

o  Verminderung der Oberflichenrauheit
e  Erhdhung der Oberfldchenhirte

e  Entstehung der Druckeigenspannungen
e  Erhohung der Korrosionsbestindigkeit
e  Kornverfeinerung

Im Vergleich zu verschiedenen Arten der spanenden Bearbeitung hat die
geglittete Oberfliche eine sehr glatte Struktur. Z.B. hat eine geschliffene
Oberfliche Kratzen von den Werkzeugkérnern, was ihre Eigenschaften
verschlechtert. Durch Diamantglétten ist es moglich die Oberflachenrauheit um
90% zu vermindern [1-5]. Die plastischen Deformationen im Prozess fithren zur
Erhohung der Oberfldchenhirte wegen der Kaltverfestigung [6]. Entstehung der
Druckeigenspannungen spielt eine groBe Rolle fiir die Qualitit der
Oberflachenschicht und ist ein sehr wichtiges Produkt des Glittens [7]. Das alles
fihrt zu Erhohung der Funktionalitit der Oberfliche, eine hdohere
VerschleiB3bestindigkeit und Dauerfestigkeit der Bauteile [8].

Wihrend des Glittens passieren komplizierte Deformationsprozesse in der
Oberflachenschicht des Bauteils. Fiir eine bessere Einsicht in den Prozess
konnen die Modellierungstechniken eingesetzt werden. Das mathematische
Modell des Glittens erleichtert und macht effizienter die Optimierung des
Prozesses und kann dabei helfen, die vorgeschriebene Qualitit zu gewahrleisten.

Im Bereich der analytischen Modellierung des Glattwalzens wurden schon
manche Forschungen durchgefiihrt. Einige Modelle basieren auf den
theoretischen Kenntnissen {iber die physischen Prozesse, die beim Glattwalzen
passieren — das sind die theoretischen analytischen Modelle. In Rahmen der
Forschung von M. Korzynski [9] wurde ein solches Modell fiir Optimierung der
Anpresskraft  entwickelt. Dabei wurde die Wirkung verschiedener
Prozessparameter (Vorschub, Werkzeugradius, mechanische
Werkstoffeigenschaften usw.) auf Werkstoffverschiebung im
Bearbeitungsprozess erforscht. Mithilfe des entwickelten Modells ist es moglich
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die optimale Anpresskraft fiir den bestimmten Prozess zu definieren. In der
Forschung von F. Lei Li [10] wurde ein anderes theoretisches analytisches
Modell entwickelt. Mit diesem Modell kann man die Oberflichenrauheit auf
Basis von der Anpresskraft vorhersagen. Fiir die Modellverifizierung wurde ein
praktisches Experiment mit zwei Al-Legierungen gemacht. In den Arbeiten von
L. Hiegemann u.a. [11-13] hat man auch die Entstehung der Rauheit bei den
beschichteten Oberflidchen erforscht. Auf Basis der Theorie von Kontaktdruck
wurde ein analytisches Modell fiir Vorhersage der Oberflichenrauheit nach dem
Glattwalzen entwickelt und verifiziert.

Es wurden auch die experimentbasierten Modelle des Glattwalzens mit
dem kugel- und rollenformigen Werkzeug entwickelt. In der Forschung von A.
Sagbas [14] wurde ein quadratisches Regressionsmodell des Glattwalzens
erstellt. Mithilfe dieses Modells ist es moglich arithmetischen Mittenrauwert Ra
nach der Bearbeitung bei verschiedenen Prozessparametern vorherzusagen. Das
Modell basiert auf einem Vier-Faktor-Experiment und dafiir wurden 30 reale
Experimente mit den unterschiedlichen Prozessparametern durchgefiihrt. Aber
das Modell wurde nur fiir eine bestimmte Al-Legierung entwickelt und ist nur
fiir diese Legierung einsetzbar. Ein empirisches analytisches Modell des
Glattwalzens wurde auch in der Arbeit von M.M El-Khabeery und M.H EI-Axir
[15] erstellt. Fiir Entwicklung des Modells wurde ein Drei-Faktoren-Experiment
eingesetzt und 20 reale Experimente fiir Al-Legierung 6061-T6 durchgefiihrt.
Die Eingangsparameter des Modells sind Schnittgeschwindigkeit, Anzahl der
Durchgénge und Einpresstiefe. Mit diesem Modell ist es moglich arithmetischen
Mittenrauwert Ra, Mikrohdrte HV und Eigenspannungen omax nur fiir Al-
Legierung 6061-T6 vorherzusagen.

Meistens ist die Entwicklung solcher Modelle sehr aufwendig und braucht
mehrere experimentelle Untersuchungen und jeder weitere Werkstoff vermehrt
die Anzahl der Experimente. Manchmal sind auch die interessierenden
Prozesseigenschaften schwer zu definieren. Deshalb kann die Entwicklung
solcher analytischen Modelle durch den Einsatz von FEA effizienter werden.
Dabei kann die Anzahl der kostenintensiven praktischen Experimente reduziert
werden. Das fithrt zur Erhohung der Kosteneffizienz und der
Umweltvertrdglichkeit. Mit Einsatz von FEA ist es auch moglich die
Prozesseigenschaften zu definieren, die sich durch praktische Experimente
schwer oder gar nicht ermitteln lassen. Das sind z.B. Temperaturen, Spannungen
und plastische Deformationen im Kontaktbereich. Sie sind sehr wichtig fiir den
Prozess und konnen mit FEA definiert werden.

3. Mathematische Modellierung des Gliittens unter Einsatz von FEA
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Die wichtigste betriebsorientierte Aufgabe eines analytischen Modells des
Prozesses ist die Bearbeitungsoptimierung. Fiir Optimierung des Prozesses muss
ein deutliches Ziel quantitativ formuliert werden. Ein solches quantitatives Ziel
ist ein Optimierungsparameter. Der Optimierungsparameter ist ein Ergebnis des
zu erforschenden Prozesses. Durch die Umstellung der Prozessparameter
(Schnittgeschwindigkeit, Vorschub usw.) kann der Optimierungsparameter
verschiedene Werte bekommen. So ist es moglich den Bearbeitungsprozess nach
dem gewidhlten Optimierungsparameter optimieren. Der gewdhlte
Optimierungsparameter muss eindeutig sein, das heifit, dass jedem bestimmten
Satz der Prozessparameter nur ein Wert des Optimierungsparameters
entsprechen muss. In der durchgefiihrten Forschung wurden die Spannungen in
der  Oberflichenschicht  des  Bauteils im  Kontaktbereich  als
Optimierungsparameter Y gewahlt. Spannungen im Kontaktbereich bewirken in
der  Oberflaichenschicht  plastische  Deformationen, die flir das
Bearbeitungsergebnis bestimmend sind.

Das analytische Modell des Prozesses soll die Input-Parameter X
(unabhingige Variable) und der Output Y (abhidngige Variable -
Optimierungsparameter) haben. Fiir die analytische Modellierung sind meistens
Modelle in Form von den algebraischen Polynomen benutzt:

Die Gleichung enthilt eine Konstante be und die Koeffizienten b, bj;, bii. In

der vorliegenden Forschung wird das Modell entwickelt, das 4 Input-Parameter
hat und ist mit der folgenden quadratischen Regressionsgleichung beschrieben:
4 4 4 4

i=1

i=1 j=i+1 i=1

Die fiir den Prozess gewéhlten Input-Parameter mit drei gewéhlten Stufen
der Werte sind in der Tab. 1 gegeben.

Tabelle 1 — Input-Parameter

Radius der Schnittgeschwindi Zustellung E-Modul des
Werkzeugspitze gkeit Werkstoffs
mm | KodeX: | m/min | Kode X2 | um | Kode X3 | GPa Kode X4

3 +1 140 +1 10 +1 201 +1
2 0 100 0 8 0 135 0
1 -1 60 -1 6 -1 69 -1

Fir die Bestimmung des Konstantes und der Koeffizienten sollen die
Experimente mit verschiedenen Sétzen der Input-Parameter durchgefiihrt
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werden. In dem klassischen monofaktoriellen Experiment wird jeder Faktor
(Input-Parameter) einzeln variiert, wihrend andere Faktoren auf dem
bestimmten Niveau fixiert bleiben. In der vorliegenden Forschung wird ein Vier-
Faktor-Experiment verwendet, wobei alle vier Faktoren sich gleichzeitig nach
dem bestimmten Gesetz variieren. Mithilfe der statistischen Techniken wurden
24 Experimenten definiert, die die Entwicklung der Regressionsgleichung
ermoglichen. Die Input-Parameter fiir die Experimente sind in der Tab. 2
gegeben.

Tabelle 2 — Die kodierten Input-Parameter fiir die Experimente

Exp. Nr. | Xi X2 X3 X3 | Exp. Nr. X1 X2 X3 X3
1 1 1 1 1 13 1 1 -1 -1
2 -1 1 1 1 14 -1 1 -1 -1
3 1 -1 1 1 15 1 -1 -1 -1
4 -1 -1 1 1 16 -1 -1 -1 -1
5 1 1 -1 1 17 1 0 0 0
6 -1 1 -1 1 18 -1 0 0 0
7 1 -1 -1 1 19 0 1 0 0
8 -1 -1 -1 1 20 0 -1 0 0
9 1 1 1 -1 21 0 0 1 0
10 -1 1 1 -1 22 0 0 -1 0
11 1 -1 1 -1 23 0 0 0 1
12 -1 -1 1 -1 24 0 0 0 -1

Mithilfe der definierten Experimente sollen die Werte der
Optimierungsparameter ermittelt werden. Die Experimente wurden unter
Einsatz von FEA durchgefiihrt. Dafiir wurde ein 2D-FEM-Modell des Glittens
entwickelt. Das Modell basiert auf der Software ,,AdvantEdge” von der Firma
Third Wave Systems. AdvantEdge ist eine FEM-basierte Software, die ist auf
der dynamischen Modellierung der Zerspanungsprozesse in 2D und 3D
spezialisiert. Mit Einsatz von AdvantEdge konnen Krifte, Temperaturen,
Spannungen, plastische Deformationen im Prozess und Eigenspannungen im
Bauteil berechnet werden. AdvantEdge ldsst auch eigene CAD-Modelle des
Werkzeugs und des Bauteils importieren. Das macht diese Software fiir die
Modellierung des Diamantglittens einsetzbar. Das entwickelte 2D-FEM-Modell
des Diamantglattens ist auf der Abb.1 dargestellt.
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mmg

Abbildung 1 — 2D-FEM-Modell des Diamantgléttens

Fiir die Modelle wurde das Mesh eingestellt. Die minimale Elementgrofie
fir das Werkzeug ist 10 um und fiir das Werkstiick — 4 pum. Mit solchen
Meshparametern kann das Werkzeug prézis dargestellt werden. Die kleinen
Meshelementen fithren zur Erhhung der Simulationsgenauigkeit und genaueren
Ergebnissen. Dafiir wurde auch eine dynamische Meshverfeinerung bis zum 2,5
pum eingesetzt. Das heiflt, dass im Bereich der hdochsten plastischen
Deformationen die Meshelementen sich fiir eine hohere Simulationsqualitét
verkleinern.

Nach den Parametern aus der Tabelle 2 wurden 24 Simulationen durchgefiihrt.
Als Beispiel ist auf der Abb.2 das Ergebnis aus der Simulation Nr.2 gezeigt.

Nach den Simulationsergebnissen wurden fiir jedes Experiment die
Output-Parameter Y — die Spannungen in der Oberfldchenschicht des Bauteils
definiert. Die ermittelten Angaben sind in der Tab.3 gegeben.

Tabelle 3 — Output-Parameter Y

Nr. 1 2 3 4 5 6 7 8
Wert, MPa 1098 1395 1089 1392 1056 1329 1039 1396
Nr. 9 10 11 12 13 14 15 16
Wert, MPa 422 484 416 495 476 485 488 485
Nr. 17 18 19 20 21 22 23 24
Wert, MPa 687 652 673 658 692 691 1196 465

63



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

mm 1200
960

3,5 720
480
240

3 0

2,5

mm

Abbildung 2 — Simulationsergebnis aus dem Experiment Nr.2

Mit den Ergebnissen ist es moglich, eine quadratische
Regressionsgleichung fiir den Prozess erstellen:

Y =670,21 — 74,56X; — 2,22X, + 2,11X; + 376,36X, + 5,94X, X, (3.3)
—6,56X,X; — 67,69X, X, +4,31X,X; — 1,31X,X,
+16,94X;X, — 0,61X7 — 4,61X7 + 21,39X% + 160,39X7

Mithilfe der entwickelten Regressionsgleichung ist es mdglich die im
Bearbeitungsprozess entstehenden Spannungen in der Oberflichenschicht fiir
verschiedene Bearbeitungsparameter zu definieren. Um das Ergebnis in MPa zu
bekommen, sollen die Input-Parameter kodiert werden. Um eine kodierte Wert der
Input-Parameter zu bekommen, soll er nach den Angaben aus der Tab.3 interpoliert
werden.

4. Ergebnisanalyse

Die Regressionsgleichung hat in dem vieldimensionalen Raum
(Faktorenraum) eine bestimmte Interpretierung — eine Antwortfliche. Die
Darstellung der Antwortfliche der Regressionsgleichung mit 4 Faktoren
bendtigt 5 Dimensionen. Deshalb wurden die Faktoren fiir die Darstellung ihrer
Wirkung auf 2 Diagramme geteilt. Auf der Abb.3 ist der Wirkung vom E-Modul
des Werkstoffs und Radius der Werkzeugspitze auf die Spannungen in der
Oberflachenschicht  des  Bauteils  dargestellt. ~ Dabei  sind  die
Schnittgeschwindigkeit und die Zustellung auf dem Niveau 0 fixiert.
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Der E-Modul des Werkstoffs hat eine hohe Wirkung auf die im Prozess
entstehenden Spannungen aufgewiesen. E-Modul zeigt den Widerstand eines
Werkstoffs zu Deformationen unter der Kraftwirkung. Deshalb steigen bei der
Bearbeitung eines Werkstoffs mit hoherem E-Modul sowie die Spannungen in
der Oberflachenschicht des Bauteils als auch die Spannungen im Werkzeug.

Spannungen in der

MPa Oberflachenschicht, MPa
1400
1200 1200 - 1400
A
1000 S 1000 - 1200
PSS
g = 800 - 1000
« ,
600 “ = 600 -800
400 400 - 600
200
0 3
201 ) rmm
E, GPa 135 69 1 '

Abbildung 3 — Wirkung des E-Moduls des Werkstoffs und Radius der Werkzeugspitze
auf die Spannungen in der Oberfldchenschicht des Bauteils

Abb.3 zeigt auch den Einfluss vom Radius der Werkzeugspitze auf die
Spannungen in der Oberflichenschicht. Mit der Steigung des E-Moduls erhoht
sich die Wirkung vom Werkzeugradius. Bei den Werkstoffen mit niedrigem E-
Modul hat der Werkzeugradius fast keinen Einfluss auf die Spannungen.
Deshalb ist es fiir solche Werkstoffe besser ein Werkzeug mit groBerem
Spitzenradius einsetzen, weil so die Oberfliche mit kleineren Rauheitswerten
entsteht. Fiir die Werkstoffe mit hoherem E-Modul kann man die Werkzeuge mit
kleinerem Spitzenradius effizient nutzen, weil sie um 31% hohere Spannungen
und hdhere plastische Deformationen in der Oberflichenschicht des Bauteils
bewirken. Die Belastung der Werkzeugspitze steigt dabei nur um 10,6%. Dieses
Ergebnis, das auf der FEM-Modellierung basiert, entspricht auch den
Empfehlungen aus Literatur [16].

Die Schnittgeschwindigkeit hat eine groe Bedeutung fir die
Bearbeitungsproduktivitit. Deshalb soll sie aus den 6konomischen Griinden
moglichst hoch eingestellt sein, aber es gibt immer die Begrenzungsfaktoren. Im
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Fall von Diamantglétten ist das die Hitzebestdndigkeit der Diamantspitze. Bei den
Geschwindigkeiten hoher als 200 m/min erhdht sich die Temperatur im
Bearbeitungsbereich und das filhrt zum schnellen Verschlei3 vom Diamant
aufgrund der Graphitisierung und der Diffusionsprozesse [17]. Deshalb ist das
Diamantglatten mit solchen hohen Geschwindigkeiten nicht sinnvoll. Der grofite
Effekt hat das bei der Stahlbearbeitung. Fiir eine hohere Bearbeitungsproduktivitét
soll die Wiarmeabfuhr mithilfe von KSS optimiert werden. In Rahmen der
Forschung wurde die Wirkung von der Schnittgeschwindigkeit und der Zustellung
auf die Spannungen in der Oberfléchenschicht des Bauteils ermittelt. Das Ergebnis
ist auf der Abb.4 gezeigt. Bei verschiedenen Geschwindigkeiten dndern sich die
Spannungen im Bereich von 24 MPa (667 MPa — 691 MPa). Deshalb hat die
Schnittgeschwindigkeit fast keinen Einfluss auf den Deformationsgrad und soll so
eingestellt werden, dass der Prozess moglichst produktiv aber ohne Uberhitzug
bleibt.

140 Spannungen in der
Oberflachenschicht,
124 MPa
108
690 - 700
100 m 680-690
vi 92
m/min = 670-680
76
=  660-670
60
ap, Um

6 8 10

Abbildung 4 — Wirkung der Schnittgeschwindigkeit und Zustellung
auf die Spannungen in der Oberfldchenschicht des Bauteils

Die Simulationen haben gezeigt, dass die Zustellung auch nur einen kleinen
Einfluss auf die Spannungen in der Bauteiloberfldche hat. Deshalb ist bei der
Einstellung der Zustellung wichtig, dass sie die vollstindige plastische
Deformation der Unebenheiten gewéhrleistet. Um eine hohe Oberfldchengiite
und optimale Druckeigenspannungen in der Oberflachenschicht des Bauteils zu
gewihrleisten, soll die Werkzeugspitze einige um tiefer als die Linie mit dem
100% Traganteil liegen.
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5. Zusammenfassung

In Rahmen der Forschung wurde ein empirisches analytisches Modell des
Diamantglattens entwickelt. Das entwickelte Modell ist mit der quadratischen
Regressionsgleichung beschrieben und basiert auf den Ergebnissen von den 2D-
FEM-Simulationen. Solche Vorgehensweise ermdglicht die Entwicklung eines
analytischen Modells eines Prozesses mit einer Kleineren Anzahl der praktischen
Experimente. Das macht die Entwicklung kosteneffizienter und erhoht die
Umweltvertraglichkeit. Mit solcher Vorgehensweise zur Modellentwicklung ist
es moglich, solche Output-Parameter des Bearbeitungsprozesses zu ermitteln,
die man schwer oder gar nicht bei den realen Experimenten messen kann. In dem
Fall erméglicht das entwickelte Modell eine schnelle Berechnung der
Spannungen in der Oberflachenschicht eines Bauteils im Kontaktbereich
wihrend der Bearbeitung. Die entstehenden Spannungen fithren zu den
plastischen Deformationen in der Oberflichenschicht des Bauteils und dabei zur
Entstehung einer Oberfliche mit der hohen Oberflichengiite und
Druckeigenspannungen bis zu 0,4 mm in die Tiefe [18]. Als Input-Parameter
nutzt man die fiir den Prozess wichtigsten Parameter: Radius der Diamantspitze,
Schnittgeschwindigkeit, Zustellung und E-Modul des zu bearbeitenden
Werkstoffs. Das analytische Modell des Diamantglittens ermdglicht die
kosteneffiziente Prozessoptimierung mit mdglichst niedrigem Einsatz der
kostenintensiven realen Experimenten.
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PO3POBKA MOJEJII BUT'VIAI’KYBAHHS
3 BUKOPUCTAHHAM METOAY KIHIIEBUX EJIEMEHTIB

Awortanis. [lpedcmaenena mnaykosa cmamms — OXORMOE  IHGoOpMayilo  woodo  po3pooKu
Mamemamuynoi Modeni npoyecy 6uenadxicysanus. Buenadoicyeanns € egpekmusnum npoyecom
Qiniwnoi 0bpobru eupobie 3 memany. Buxopucmanns yb020 6UpoOHULO20 npoyeccy dae 3mMo2cy
3HAYHO NOMTNUUMU YUCTONY NOSEPXHI, NOKPAWUMU 6IACIUBOCII NOBEPXHI | NOBEPXHEBO20 WIADY,
a makoxc niosuwumu AKicms 006pobneanozo eupoby. Mamemamuuna Mmodens npoyecy
8ULTIA0NCYBAHHA OYNIA CMBOPEHA 3 3ACMOCYBAHHAM Memooy KiHyesux eremenmie. [na ybozo 6yno
sUKOpUCMaHo cneyianizoeane npozpamie 3abecneuenns “AdvantEdge ” ¢pipmu Third Wave Systems.
3acmocysanns iMimayiiHo2o MOOeNO8AHHI MemOoOOM KiHYesux elemMeHmis O0de MOICIUBICIb
3MEHWUMU KilbKICMb pealbHux eKcnepumenmie 0 po3pooKu Mooeni ma ompumamu OaHHi npo
napamempu npoyccy, wjo 6adcko abo 63a2ani HeMOJICIUBO GUMIPAMU IO YAC eKCnepUMeHNIy.
Pospobrena mamemamuuna mooens npoyecy 6u2naoACcy8anHs NONE2ULYE ONMUMI3AYiIo npoyecy ma
003601A€ 3MEHWUMU  KITbKICMb PealbHUX eKcnepuMeHmis, o npu3eooums 00 NONINUEHH
EKOHOMIUHOI egheKmUeHOCHi Ma eKoN02IYHOC.

Kuarodosi cioBa: anvasue euenadiicyéanns; mMemoo KiHYesUx eieMeHmis; 4omupugakmopHui
excnepumMenm,; Mamemamuina Mooenb npoyeccy, Kaopamuine pieHANHs pecpecii; HanpytCeHHsL.

Thomas Emmer, Florian Welzel, Dmytro Borysenko,
Vadym Voropai, Magdeburg, Germany,
Dac Trung Nguyen, Hanoi ,Vietnam

DEVELOPMENT OF THE MATHEMATICAL MODEL
SMOOTHING WHILE USING FEA

Abstract: The following paper provides insight into developing of a mathematical model of
burnishing process. Burnishing is an efficient manufacturing process for surface finishing of metal
products. Using this manufacturing process, it is possible to achieve an excellent surface finish,
improve surface properties and quality of the product. The mathematical process model was
developed using FEA. In the development process was used a specialized software “AdvantEdge”
by Third Wave Systems. Usage of FEM-Simulations makes it possible to reduce the number of real-
life experiments by developing of the model and the hard-to-measure process characteristics can be
defined. The developed mathematical model of the burnishing process makes the process
optimization much more efficient and reduces the number of real-life experiments. Thus, this
optimization process is more economically attractive and environmental friendly.

Keywords: Slide diamond burnishing; FEM; four-factor experiment; mathematical process model;
second-degree regression equation; stresses.
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MNEPCIIEKTHUBH NI/IBUINEHHSA EOEKTUBHOCTI OBPOBKHA
CKIIAJHOITPO®IJIBHUX BUPOBIB I3 KPUXKHUX
HEMETAJIEBUX MATEPIAJIIB

Anomayin. Busnaueni wiisixu niosuujenns egpexmugnocmi winighyeanns eupodie — 06010HOK
CKIaOHOI hopmu 3 Kepamiku i cumanig, wjo nos’szaui i3 3a6e3nedeHHAM 6IOPOCMIUKOCMI
mexHon02iyHol cucmemu 00pobKu. [{ia KOHKpemHUX YMO8 3a605KU BUKOPUCTNAHHIO pO3pO0O.IeHOT
V3a2anbHeHOI MameMamuynoi Mooeni (popmyeants NOXUOKU npo@ino npu Mexamiunii o6podyi
B8CMAHOBIIEHT  NPIOPUMEMHI  HANPAMKU  NIOBUWEHHSL JICOPCMKOCI  eleMeHmi6  MexXHON02IYHOT
cucmemu, ceped AKUX NPOGIOHE 3HAUEHHS! MAIOTb KOHCMPYKYIA 3a20MOGKU, HeOOTiKY MeXHON02il
3aeomisenvHUX onepayitl i 0coOIUBOCMI BUKOPUCMAHUX 6EPCMAMHUX cucmeM. [[ia eupiuieHHs
3a60aH s 3aNPONOHOBAHO YOOCKOHANEHHS ICHYIOUOT MEXHON02TT OMPUMAHHA 3a20MOBKU; Nepexio Ha
00poky 06010HOK Ha sepcmamax X HIIK; moocnugicmo suxopucmarnus mexvoaoeii 3D-0pyky npu
BUPOOHUYMBI MOYHUX CKIAOHONPODINbHUX demanell 3 KepaMiKU.

Kniouosi cnoea: mexuiuna xepamixa, MOHKOCMIHHI 000JOHKU, AAMA3HE WIIQY8AHHS, OUHAMIKA
npoyecy; Xapakxmepucmuxuy i cnocodu ompumManis 3a20moeKu, AKICMe i moYHicms 06POOKuU.

Beryn

CyuacHe MalIMHOOYIyBaHHS BiJ3HAYA€THCS MOUIMPCHHSIM BHKOPHCTAHHS
KPUXKAX HEMETaJeBUX MaTepiamiB (Pi3HUX BHIIB KEpPaMiKH B TOMY YHCII i
CKJIOKEpaMiKH — CHTaliB), O[O0 MalOTh MiABUIICHI (i3UKO-MEeXaHidHI
BJIACTHUBOCTI, a caMe: MIIHICTh, 3HOCOCTIHKICTh, TEIUIOCTIHKICTh, KOpPO3iiHY
CTIMKICTB, pamionpo30picTh i T. iH. Y TEXHOJOTIYHHUX MpoIrecax oOpoOIeHHS
nepeabadeHi 000B’s3KOBI onepariii nuTigpyBaHHs A7 3a0€3MeYeHHs MOTPiOHMX
BHUCOKHX 3HAY€Hb TOYHOCTI 1 SKOCTI TOBEPXOHb BHUPOOIB, SKi y 3HAYHIN
KIJTBKOCTI  BHMOAJKIB MaroTh CKiagHy ¢opmy. Ilpomecu uutidyBaHHs
3a0e3MeuyThCs AIMa3HUME KpyraMy B OCHOBHOMY Ha METaJIeBiil 3B'sI311i.

B po0oTi poO3mIsSHYTI MPOIECH BHUPOOHHUIITBA CKIIAAHO-IPO(UILHIX
000JIOHOK 3 KpHXKHX HemeraneBux marepianiB (KHM), ski 3acTocoBytoTh B
aBlakoCMIi4yHIA Ta pakeTHiN ramy3six. OCHOBHE iX NPHU3HAYEHHS - €JIEMEHTH
JITANbHUX anapaTiB, HANPHKIAJ, aHTEHHUX OOTIYHHUKIB pakeT i jitakiB [1].
Buxonsuu 3 yMOB ekcruryaTamii BUpOOiB, 1O HUX MpPEA'SBISIOTHCS ITiIBUIICHI
BUMOTH M0 3a0e3MeUeHHI0 MIIHOCTI NpH CKIAJHOMY TO€IHAHHI 3MIHHHX
CHJIOBHX 1 TETIJIOBUX BIUIMBIB, B arPECHBHUX CEPEJOBUILAX, @ TAKOXK HEOOXITHNX
MOKAa3HHUKIB aepOJWHAMIYHOCTI 1 paJionpo30pocTi BUPOOYy B 3aJaHOMY
niamasoni dactor. Jlis 1mbOro HEOoOXiHO BUTPUMAaTH BHUCOKI BHUMOTH JIO
TOBUIMHM CTIHKH JieTaii (He Outbiie + 0,1 MM), TOYHOCTI ITpOdisro, PiBHA
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IIOPCTKOCTI O0OpPOOIIEHNX IMOBEPXOHH (0N MKM) i BiZICYTHOCTI Ae(eKkTHOTro
mrapy. BcranoBmeno [2, 3, 4], mo BUKOHAaHHS HHX BUMOT IIOB’SI3aHO 3
JOTPUMAaHHIM YMOB MPOTIKaHHA YCiX CTaiil TEXHOJOTiYHOTO IIPOIECY — Bix
3aroTiBeIbHUX 10 (QiHIIHUX orepariif MexaHigHOi 00POOKH.

AHaJni3 nonepeaHix gocaigxenp i myoaikaniii

VY 3B’A3Ky 3 HEMOXJIUBICTIO Ha CHOTOJHI 3a0€3IEYNTH TOYHICTH (HOPMHU
BUpOOy 1 moTpiOHYy SKICTh TOBEpXHI Ha e€Tami OTPUMAaHHS 3aroTOBKU
(3mebinpIioro  BiNIEHTpOBE JIMTBO) BHPIO TMimmaeTbess OaraToeTamHii
MexaHi4HiH 00poOlli, MO cKiagy sKoi BXOJATH YOPHOBI 1 YMCTOBI omepaii
1T yBaHHS BHYTPILIHBOTO 1 30BHIIIHBOIO KOHTYpIB. [Ipu 11boMy BHAAIS€THCS
OCHOBHHH MPHUITYCK BETMUUHOIO /10 8-10 MM Ha CTOPOHY, KU € HEPIBHOMIPHUM
B3JIOBXK YChOro mpodimo zaerami. AiMasHo-aOpa3uBHa 00OpoOKa BeNETHCS
crocoboM rimOmHHOTO HUTIQyBaHHS (TimOmHA pizaHHs 0,5...1,5 MM), sxe
CYIIPOBOIKYETBCS KPUXKAM pPYyHHYBaHHA O0OpOOJIFOBaHOTO Marepiany i
(opMyBaHHSIM TOPYIIEHOTO OOPOOKOI0 MEPEeKTHOTO Imapy, MIOPCTKICTIO i
XBUILICTICTIO cpopMOBaHOi moBepxHi. TOYHICTH CTIHKH OOOJIOHKH II0 TOBIIHHI
TICIIS TOTIEPETHFOTO BUMIPY OTPUMAHUX PO3MIpIB JOCATAETHCS Ha OIEpaIlisx
«BHPI3KA» 1 JOBOJIKH aJIMA3HUMH OpYCKaMH, IO 3IiHCHIOIOTHCSA BPYUHY.

MexaHiuHa 00poOKa (hacOHHUX JeTallel TUIY aHTEHHHUX OOTIYHHUKIB paKkeT
3 KepaMi4HUX MaTepialliB, CyPOBODKYE PAJOM HeraTHBHUX (akTopis. Jo HUX
BIJTHOCSITBCS - BHCOKOMIIIHUI MaTepial 3aroTOBKH, HU3bKa YKOPCTKICTh CHCTEMH
BIII/I, cknagHa TpaekTopis pyXy IHCTpYMEHTa, a TaKOX IepeMiHHa riHOuHa
pi3aHHs, siKa Ma€ MICIIe i3-3a HEPIBHOMIPHOCTI PO3MOMALTY MPHUITYCKY B3IOBK
3arOTOBKH. Y CYKYITHOCTI II€ TPU3BOAMTH 1O CYTTEBOTO BIUIMBY Ha
e(eKTHBHICTE 00pOOKHM nuHaAMiuHOI criiikocTi TexHomoriunoi cuctemu (TC)
JIMa3HOTO NLTI(hyBaHHS, IO IOBEAEHO pe3ylIbTaTaMy 0araTboX JOCTIKEHb [4,
5, 6]. Ynm Bumie BiOpocridikicts TC, THM edekTuBHIIIE (3a mapaMeTpaMu
TOYHOCTI 1 AKOCTi) Oyze BimOyBaTHCsS OOpOOICHHS Mallo KOPCTKHUX JIeTalei 3
KHM. TakuM 9mHOM, /Ul BH3HAU€HHS OCHOBHHUX HAaNpsSMKIB 3a0€3Ie4eHHS
3aganux BuxigHux napamerpiB TII mexaniunoi o6pobku KHM HeoOXinHO
3HAaliTH 1 YCYHYTHM OCHOBHI IpuU4MHHM Jecrabimizanii sxopctkocti TC
untipyBaHHs 000JOHOK, cepell SIKMX 3HauHe Miclle 3aiiMae Maya >KOPCTKICTh
camoi 00poOIIOBaHOT 3arOTOBKH, 10 € aKTyaJIbHUM 3aBJaHHSAM.

Merto10 po6oTH € BU3HAYCHHS UUIAXIB MiIBUILEHHS BidpocTiiikocti TC
nutihyBaHHS 32 PaXyHOK YJIOCKOHAJIECHHS TEXHOJIOTIi 3arOTiBEILHUX OIeparlii,
mo 3abe3neyye HaOJNMKEHHS PO3MIpiB 1 reoMeTpii 3aroTOBKM (OCHOBHOTO
€JIEMEHTY CUCTEMH) JI0 IIUX K€ MapaMeTpiB 00poOIIoOBaHOT AeTali.

OcHOBHA YaCTHHA

B ymoBax BupoOHHMUTBa MexaHiuHa o0poOka obomonoxk 3 KHM
peali3yeTbcsi Ha MOJEPHI30BaHMX TOKAapHHUX BepcTarax 13 arperaTtHoro
TG yBaJbHOIO TOJOBKOIO 1 CHCTEMOIO MHPSMOTo KOIIOBaHHA. TeXHOJoris
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00pobOku mependadae po3niTbHE, 3a ABI YCTAHOBKH, IUTIpYBAaHHS aTMa3HHM
IHCTPYMEHTOM BHYTPIIIHBO] 1 30BHIITHBOT IIOBEPXOHB 0O0IOHKH, 3 TIOAAJBIIO0
«BHPI3KOI0» 1 TOBOAKOIO MPOQiIF0 1 CTIHKK JeTami 1Mo ii JOBXKHWHI 1 epeTHHY,
BHU3HAUYCHUX U1 KOHKpeTHoro BupoOy. i omepamii peani3yroTeCs BpyYHY
aIMa3HUMH OpYCKaMH.

JwHaMi4HUH aHaIi3 CHCTEMH IOKa3aB, IO OCHOBHI BiOpaIliiiHi BIUINBA B
Hif CTBOPIOIOTH: 3MIHHA JKOPCTKICTH MIJICUCTEMH «IINUHICIBHUNA BY30J1
BepcTaTta - IIPUCTOCYBaHHS - 3aroTOBKa», a TaKoX OWTTS, OrpaHKa,
HepiBHOMIpHMIA 3HOC muTihyBampbHOrO Kpyra. OkpeMo HEOOXiTHO BHALTUTH
3aroTOBKY — CKJIaHO-TIPO]ITIbHY 000JIOHKY, PO3MIPH SIKOT MOXKYTb JIOCSTATH I10
nmiametpy 350 MM i mo momxkuHi 10 1000 MM. ToBIIMHA CTiHKHM 3arOTOBKU B
mpolieci MeXaHiyHOi 0OpOoOKH 3MIHIOETBCA Bim 20 MM g0 6 — 7 MM Ticis
OCTAaTOYHHX OIlepaliil anmMazHoro nutipysanss. [lapameTpy 3aroTOBKH 3a1a10Th
il TMHAMIYHY MOBEAIHKY, SKa IPUTaAMaHHa OCOOJIMBO TOHKOCTIHHIM 000JI0OHKAM
— BHUpobOaM Majol >xopcTKocTi. Byno BcTaHOBIEHO, m0 Ha (OPMYBaHHI
reoMeTpii TOBEpXHi 1 fAKICTh NMOBEPXHEBOTO INApy BIUIMBAIOTh HACTYITHI
taxropu [2, 3, 7, 8]: izmko-MexaHiIUHI BIACTHBOCTI MaTepialy, cCXeMa pi3aHHS,
s*opctkicts exeMerTiB TC Ta ix BiOparii, CTaH MOBEPXHi NUTiQYyBaIEHOTO KPYTa,
pexumMu nutidpyBanss (puc. 1).

Ll\'n. mpanns eaementis TC

TAI 200x10x3x76 Al <
Z3157250-4- M2-01 i .

3Minna BEIHYHIA IIOMHHN KOHTAKT

1K i 3aroroBkn B3108B&K OCi 07

Pucynok 1 — Cxema 30BHIIIHBOTO LTI yBaHHSI 000JIOHKA Y BUPOOHUYIHX YMOBAX 3
TMO3HaYeHHAM (DaKkTOPiB, SKi BIUTMBAIOTH HA ITapaMeTpH 0O0poOieHHs [7]

B nporieci gociimkeHs Oyau yIOCKOHANIEH] TXOAH 00 3a0e3meueHHs
BUCOKOI sikocTi BupoOiB i3 KHM mpu oOrpyHTyBaHHI palioHaIbHUX YMOB iX
00pOOKH: HAIEKHOTO BEPCTATHOTO 00JIaTHAHHS, CXEM 1 PEKUMIB IITiQyBaHHS,
XapaKTepUCTHK I1HCTPYMEHTIB, SKi [JalOTh MOXJIUBICTH KOMIUIEKCHOTO

71



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

TEXHOJIOTIYHOTO KepyBaHHA TOYHICTIO OOpPOOKH 1 medekTHiCTIo cpopMoBaHOT
TIOBEPXHI 32 paXyHOK 3MiHH PiBHS CHJIOBOTO BIUIMBY Ha Hei ITpH pi3aHHI.

BcranoBieno, mo mpu nuTipyBaHHI BENIUKOTA0APUTHHUX TTOPOKHHCTUX
neraineit — o6ox0HOK i3 KHM, BHHIKAIOTh KOMMBaHHS JBOX BHIIB: BUMYIIIEHI i
aBTOKOJIMBaHHA. [[pndnHM MOSIBM BUMYIIEHUX KOJIMBAHb 1€ 30BHIMIHI 30ypeHHS
cucremu BIIIJI, BukmmkaHi qucOanmaHcoM eJIEeMEHTIB BepcTaTry, 0OpoOmoBaHOl
3arOTOBKH, IHCTPYMEHTY, & TAaKOX HEJJOCTaTHHOIO )KOPCTKICTIO IPHCTOCYBaHb, B
TOMY YHCIIi CHCTEMH KOMIpiB, IO 3a0e3MeuyroTh MEpeMillleHHs alMa3HOl
1T yBagbHOI TOJOBKH TO30BX 3arOTOBKH 3TiHO 3 mpodineM aeTani (IuBs.
puc. 1). ABrokonuBaHHsA — 1€ BiOpamii, IO BHUKIMKaHI caM030yKECHHSIM
KOJIMBaHb YCEPEJMHI caMOi CHCTEMH pi3aHHS 1 BiIOMBAIOTBCS Ha SKOCTI
MOBEPXHEBOT0 MIapy AeTalli BHACTIIOK 3MIHH YMOB KOHTAKTYy ajIMa3HUX 3€pPEH
IHCTPYMEHTY, 3 IOBEPXHEI0, 110 (POPMYETHCA.

B mporeci mociimkens po3pobieHa y3aradbHEHa MaTeMaTHIHA MOJIEITb
(hopMyBaHHS MOXHUOKH MPOQUTIO A Yac MexaHIYHOI 0OpPOOKH TOHKOCTiHHOL
CKIaaHONPOdiIbHOT 000sI0HKH [2, 9], sika 103BOJIsE MPOaHANi3yBaTh (HakTopH,
0 BU3HAYAIOTh II0 MOXWOKY. Jlo Ha3BaHHWX (haKTOpiB MOXKHA BiTHECTH
3MIHHOCTI CHJI Pi3aHHS 1 MOMEHTIB 32 BETMYMHOIO 1 HAIIPSMKOM, SKi MOB'sI3aHi
HE TUIbKU 3 HEPIBHOMIPHUM NPHITYCKOM 1 3MIHHUMH KOPCTKOCTSMH 3arOTOBKU
I MPHUCTOCYBaHHS TO JOBXKHUHI, ajie 1 31 CKIamHOW (POpPMOI 00poOIFOBaHOT
JleTalli, a TaKoX 3 BJIACTHBOCTSIMHM MaTepiaiy 3aroToBku. Lle mpusBomuth 110
NPUCKOPEHOT0 3HOCY IHCTPYMEHTY, a, OTXKe, J0 3MIiHH HOro mapamerpiB i
napamMeTpiB 00JacTi KOHTAKTy Kpyra i 3arOTOBKH, a TAKOX JO3BOJISE BUSBUTH
CrocoOM 3MEHIIICHHS 1X BIUIMBY HA TOYHICTh BHPOOY, SIKUH (HOPMY€ETHCSL.

Po3risisHeMO MOXIIMBOCTI HIBEIIOBaHHSI HETaTHBHOTO BIUIMBY 3arOTOBKH
AK MaJI0 OPCTKOTro ckiajgHonpogineHoro enemeHtry TC Ha TOYHICTH
(hopMyBaHHS 3aJaHOTO TIPOQLITEO TeTali. 3aBJaHHS MOYKHA BBAYKATH BUPIIIICHUM
y TIOBHOMY 00CsI31, SIKIIO MPOQLIb 3aTOTOBKH 0y/1¢ MAKCHMAIBHO HAOIMKSHUM
no mpodimro 1 mapaMerpaM TOTOBOi JeTaii 0e3 BTpaTH HEH 3aJaHuX
eKCIUTyaTalllfHuX XapakTepucTHK. [Ipy 1bOMY BHIUIMMO TPH MOXKJIMBI
HaIpsMK{ BUPILIEHHS TPOOIEMH.

1. VYmockoHalieHHS ICHYIOYOi TEXHOJIOTIi OTPUMAaHHS 3aroTOBKU 3a
PaxyHOK 3MIHM TEXHOJIOTTYHHUX XapaKTEPUCTUK 0OpPOOIFOBAHOIO MaTepiaiy.

B ocHOBY aHa1i3y 3MiHM T€OMETPUYHUX XapaKTEPUCTHK IIOBEPXOHB JeTalll
MOKJIaIEMO BiTOMHH (DaKT Mpo Te, M0 MOXUOKH Mpodiaro BUPOOY 3'IBISIOTHCS
Ha IOYaTKOBUX CTaJisiX BUPOOHMUOTO MpOLECY 1 KOMIIOITHCS Bijg onepanii 10
orepanii. IcHyloua TeXHOJIOTisI OTPMMaHHS  3aroTOBOK rabapuUTHHX
MOPOXKHUCTHX BUPOOIB He 3a0e3nedye 1X JOCTaTHbOI TOYHOCTI, OCOOJIMBO MpH
(opmyBanHi cTiHkM BupoOy. [Ipu BineHTpoBOMY (OpMyBaHHI 3arOTOBKH, SIKE
€ OCHOBHMUM IIpM HaWOUIBII BHKOPUCTAHOMY MaTepiayi Uil aHTEHHUX
o0TiuHUKIB, a came cutary AC-418, BUHHKAIOTh 3HAYHI BiIXWICHHS i
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TEOMETPUYHUX PO3MIpIiB Bi pO3MIpiB TOTOBOrO BHPOOY i HEpiBHOMIPHOCTI
TOBIIUHM CTiHKH B pagialbHOMY 1 MO3IOBXHBOMY HANpSMKAax, €IINCHICTh Y
norepedHoMy nepepiszi. [lpu icHyrouiif TexHOJOTiI OCHOBHI (aKkTOpH, IIO
BIUIMBAOTh HA TOYHICTH )OPMH 3aTOTOBKH — I1€ AKICTH i POPMYIOUi BIaCTHBOCTI
CKJIoMaTepiaiy, HeCTaOlIbHICTh KUTBKOCTI CKIIOMACH IS 3aJTUBKH OJHIET AeTai
IPY TIEPEeXOJli BiJ 3aTOTOBKH IO 3arOTOBKH; YacToTa oOepTaHHS (GopMH st
JMTTS; TeMIeparypa GOpMylO4oro KOMIUIEKTY; Yac BUTPUMKH BindopMoBaHOT
ckioMacu y (GopMi AJIsl JIUTTS; MOYaTKOBUH MOMEHT 00epTaHHsS (OPMYIOUOTO
komiutekty [8]. BennuuHa BimxuieHb Biji PIBHOMIPHOCTI CTiHKH 3arOTOBKH
y310BXK 1i yTBOpIorouoi mepemiHHa i Moxke nocsrat 14 mm (puc. 2). Sk
HACJIiJIOK, BHHUKA€ HEPIBHOMIPHICTh NPUIYCKY Ha MEXaHI4Hy OOpOOKy IO
BHYTPIIIHBOMY KOHTYPY IO BiTHOIIEHHIO JJO TOTOBOTO (BHIUICHO ITYHKTHPOM)
nponuripoBaHoro BupoOy. HepiBHOMIPHICTE TOBIIMHU CTIHKH 3arOTOBKH
MOB’s13aHa 3 (Pi3UKO-MEXaHIYHUMH BIACTHBOCTSAMH 00pOOIIOBAaHOTO MaTepiary
1 0COOIMBOCTSAMH TEXHOJIOTIi (hopMyBaHHS.

35..40 MM 30...32 MM

16..22 MM

Pucynok 2 — CxeMa BigXuyieHHs MPOQ1isIto 3ar0TOBKH Bil MPOQ1isIF0 TOTOBOTO BUPOOY

Hactymna wMexaniuHa 00poOka Takoi 3aroTOBKH CYHPOBOJUKYETHCS
MOXHOKaMHU TOYHOCTI OTPUMAHHS 337aHOTO KOHTYpY neraii. [IpnunHoro nporo
SIBUIIA € MOCTIAHI KOJMBAHHS CHJI Pi3aHHsI, SKi IPU3BOAATH 10 3MIHU BEIUUUHU
BIJDKMMaHHS IHCTPYMEHTY BiJI 3arOTOBKH TP MEPEMILIEHH] Y3/I0BXK ii KOHTYpY,
3pocTaHHs BiOpalii y cHCTeMi, XBUIISICTOCTI HOBEPXHI BUPOOY, 110 POPMYETHCS.
[pu midyBaHHI 3ar0TOBOK 3 HEPIBHOMIPHHAM MPHUITYCKOM HEOOXi/THE TMOCTiHE
KOPEKTYBaHHS IIApaMETPiB PeKUMY 00pOOKH, Harepe 1 3a Bece, TIMOMHY Pi3aHHS,
IO TPHU3BOAMTH 10 30iIBIIEHHS KIJBKOCTI MPOXOAiB 1 9acy unIidyBaHHS,
MiBUIICHAX 3HOCY aJIMa3HOTO IHCTPYMEHTY 1 JedeKTHOCTI 00pobieHol
MOBEpXHi, OCOOJMBO B 30HAaX Bpi3aHHSA IHCTPYMEHTYy, IIOB'I3aHOTO 3
HEeoOXiHICTIO 3MiHM TIMOMHU nuTipyBaHHS OO 3aBeplleHHS mpoxoxy. Kpim
TOTO, 3 MOMNEPEIHHOTO TEXHOJIOTIYHOTO IepexoJy Ha HACTYIHHUH mepexin
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KOTHIOETHCSI TOXHOKa (POPMH 3arOTOBKH 3 TIEBHOIO CTYIIEHIO YTOYHCHHS B
panianbHOMY i ITO3/I0BXHFOMY HAaIIpSIMKAaX.

Takum guHOM, TIpE 0OpOOI HEBPIBHOBA)KEHOI 3aTOTOBKH 3'SBIIETHCA
YMHHUK 3MIHHOI MacHd, SKWH BIUIMBAa€E HA TIPYXKHI IEPEMIMICHHS, a TaKOX
BHUKJINKA€ KOJMBAaHHSA B TEXHOJIOTiUHIA cuctemi [2, 3]. BimmoBimHo 0
MOCTTOBHOCTI TIPOIIECY YTBOPEHHS IMOXHOKM O0OpOOKH YHMHHUKH, SIKi JifOTH B
TEXHOJIOTIUHIH CHCTeMI 1 SKi BUKJIHNKaHI MOXMOKaMH BCTAHOBICHHS 3arOTOBKH,
CTaTUYHOTO Ta JAWHAMIYHOTO HAaJaIITyBaHHS TEXHOJOTIYHOI CHUCTEMH,
MOPOJIKYIOTH BiIXWJICHHS IApaMeTPiB BITHOCHOTO pyXy 00poOitoBaHoi reTani
1 pi3aJbHOTO IHCTPYMEHTY [8], 1110 HEraTMBHO BIUIMBAIOTh HAa TOYHICTH 1 SIKICTh
c(OpPMOBaHHX ITOBEPXOHb.

Benuki BigXuileHHs TOBIIMHU CTiHKM 3aroTOBKM Bif I po3MmipiB y
TOTOBOMY BHpPOOY, IO BHHHKAIOTH IPH BIAIEHTPOBOMY (OpMYBaHHI, I
VHUKHEHHS Opaky mOTpeOyIOTh 3aBHIICHHA TEOMETPUYHHX 1 00'€eMHHX
HapaMeTpiB 3aroTOBKM Ta, SIK HACHINOK, TMPU3BOAATH 1O BEIMKHUX BHUTPAT
ckiomMacu 1 30impmieHHS 00’eMmy MexaHigHOI 00poOku. IIpoBeneHi
eKCTIepUMEHTAIbHI JTOCIDKEHHS TTOKa3allH, 10 3a3Ha4eHNX HEIOJIKiB MOXHA
YHUKHYTH, SKIIO BHKOPHCTOBYBAaTH MJIsI CKJIOBAapiHHA CHPOBHHY, SKiH
npuTaMaHHl piBHOMIipHI ¢opMmyBanbHi BiactuBocti. Ile, Tak 3BaHa,
curanokepamika KC-418, ska Binpizuserscs Bin AC-418 cnocobamu
MIATOTOBKM CHPOBUHM 1 (OpPMyBaHHS TNpH 30€pekeHH eKCILTyaTalliifiHuX
xapakrepuctuk curany AC-418.

Po3pobiiena texHonorisi BupoOHuITBa 3aroToBoK (IlatenTn Ykpainum Ne
66132, Ne 66133) OGazyerbcs Ha 100% BUKOpPUCTAaHHI CHTANIOBUX BiIXOIIB
nUIIXoM  iX  meperuiaBki.  OcoOmuBOCTI  (Di3MKO-XIMIYHHX 1 MEXaHIYHHX
BJIACTHBOCTEH TaKOi CHPOBMHHM 3a0€3MEUyI0Th OTPUMAHHS CKJIOMACH 3 MEHIIIOO
B'S3KICTIO 1 OULIBIIOI OJHOPIAHICTIO CKJIAmy, IO JO03BOJISIE BUTOTOBUTH
3aroTOBKY MPAKTHYHO pPIBHOI TOBIIMHH Y3[OBXK TBIpHOI (HEPIBHOMIPHICTH
CTIHKH cKJafae Bif 3 1o 5 MM npu 8 — 14 MM y 6a30BOMY BapiaHTi). 3a paxyHOK
I[bOT'0 ICTOTHO 301IBLIYETHCS IPOIYKTUBHICTH MEXaHIYHOT 0OPOOKH OOTIYHHKIB
1 MIZBHIIYETHCS 1X SAKICTh — 3MEHINYETHCS TOBIIMHA AS()EKTHOrO mapy BUPOOy
3 350 ngo 300 MKM i, SK HAacJIiOK, 30UIbLIYETHCS HOrO MILHICTH TNIPH
He3MminHeHoMy cradi matepiany KC-418 BimnocHo 10 cutany AC-418 B 1,5-2
pasu.

2. YIOCKOHANeHHA TIPOLECiB MeXaHIi4HOI O0OpoOKH KepaMidHHX
CKJIQJHOTIPO(UIbHUX OOOJIOHOK 3a paxyHOK BHMKODHCTaHHS Cy4YacHOTO
o0nagHaHHS Ha OCHOBI Bepctatis 3 UIIK.

Sk BUIHO 3 HaBEACHUX BHUIIE JAHUX, TOYHICTH OOPOOKH KepaMidyHHX
000JIOHOK (Ha MPUKIAAI AaHTEHHWX OOTIYHHMKIB) ajiMa3HUM HLTIQyBaHHSIM Ha
TOKAapHUX BEpCTaTax 3 CHCTEMaMU CHJIOBOTO KOIIIOBAHHS JIOCHUTH HH3bKa, a
caMa KoIliloBaJIbHa cucTeMa (IMB. puc. 1) yepe3 BeIMKi KyTH KOMIIOBaHHS HE
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JO3BOJISIE OCTAaTOYHO HA NUX OMEparisxX IOBHICTIO peamizyBaTH 0OpoOKy
nepeMiHHOT KpuBOi Mpo(iTio, 0 MPU3BOAUTH N0 NMPU3HAYEHHS TOJATKOBHX
PYYIHHX omepariiii 1y 0OpoOKHM oKkpeMuX Horo mingHok. KpiMm mporo, TOUHICTh
JIOBEJICHHS PO iTI0 CTIHKM OOTIYHHNKA HAIPSAMY 3aJICKUTh Bin KBamidikamii Ta
CYMJIIHHOCTI TpAIfOI0Y0r0, TOOTO BiA JIOACBKOTO (AaKTOpy, i SKOTO B
0araTboX BHITAJIKAX HETAaTHBHO IIO3HAYAETHCA HA SKOCTI MPOAYKINI, IO
BUITycKaeThesl.  Omepanii  KOHTpOJIIO reoMeTpii  BHpPOOYy TakoX He
ABTOMATH30BaHI 1 Ha IPOMIDKHHX CTaisIX TEXHOJIOTIYHOTO IPOIIECY 3aTPaTHI 3a
4acoM TOMY, L0 BOHH BKJIIOYAIOTh OIEpalii oOMipy, pO3MITKH 1 BU3HAueHHS
MbKoIepamiHHIX NpUITycKiB. Bee 11e Mpu3BOIUTE 110 3pOCTaHHS TPYIOMICTKOCTI,
3HW)KEHHIO TOYHOCTI IpoLiecy MeXaHi4HOi 0OpOOKH 1 10 TOMIHYIOYOTO BIUIHBY
Ha pe3yJbTaTH Cy0'€eKTUBHOTO (aKTopy.

Ha nanoMy uyaci BUKOpHCTaHHS iCHYIOUHMX TEXHOJOTTYHHX KOMIUIEKCIB Ha
0a3i Bepcrarie 3 UIIK MoxyTe y 3HauHil Mipi MiIBUIIUTH €()EKTUBHICTH
00po6ku cknagHonpodinpaux BupobiB i3 KHM [10]. Bymo 3ampomnonoBano
3MIHUTH TIPUHIUI OOpOOKH OOOJIOHOK 33 PaXxyHOK BHKOPHCTaHHS CY4acHHX
BepctatHux cucteM 3 YIIK, ski 103BONSAIOTH BiAMOBHTHCS BiA NPHUHIHITY
BUKOPHUCTAHHS KOIIPiB s YOPMOYTBOPEHHS BHPOOY i MiABHUIIUTH KOPCTKICTh
cucremu. [Ipu bOMY MOKJIMBO BUKOPUCTATH TEXHOJIOTTYHI 3aCO0M 3MEHIICHHS
KOJINBaHb, BIOpaIliif, MUHAMIYHMX HABAHTAXKCHb y TEXHOJOTIYHIN cHcTeMI.
OcraHHE N03BOJISIE BMEHIIMTH 3YCUIIJISI Pi3aHHsI, HAIIPaBJIeHI HA TOBEPXOHb, 1110
(dopmyeThes, cTabiIi3yBaTH JUHAMIKY TIPOLECY 1 Yyepe3 11e 3MEHIIUTH MIINOUHY
1 TIOKPAIIUTH CTPYKTYPY HOPYILIEHOTO 00POOKOIO 1Iapy.

ABTOMATH3aIlisI TPOIECIB MEXaHIYHOI OOpOOKH i KOHTPOJIO [eTalei
ckragHoro mnpodimo 3 KHM mo3utuBHO Bimi®’eTbess Ha iX 3aranbHid
TPYAOMICTKOCTI 1 TO3BOJUTH IOBHICTIO BiIIMOBHTHICS BiJ omeparmiii py4HOl
JOPOOKH 1 KOHTpOIO c(hopMOBaHOTO MpoQiIF0 BHPOOIB, SKi B yMOBax
BUPOOHHMIITBA 3aHMaIOTh 3HAYHY YaCTHHY TE€XHOJIOTIYHOTO TPOLIECY 1 3aJIeXaTh
BiJ KBauTi(hiKaIlii BEepCTaTHUKA.

3. YiockoHaNICHHS MPUHIUIIB OTPUMAHHS 3ar0OTOBOK CKJIaJHOI (OpMH 3
KepaMiuHUX MarepialliB 32 PaxyHOK BUKOPHUCTaHHs cydacHuX 3 D-texHosoriii
APYKY.

[puknagoM MOAIOHMX TEXHOJOTIH, 32 SKMMH MaiOyTHE, € CEIICKTHBHE
nazepHe cmikanus (Selective Laser Sintering, SLS) [11], mo € meromom
aJIMTHBHOTO BUPOOHHIITBA 1 BUKOPUCTOBYETHCS JUIsi CTBOPEHHSI BUCOKOTOUYHUX
BUPOOIB NPaKTUYHO HEOOMEXKEHOi I'€OMETPUYHOi CKIagHocTi. TexHomoris
0a3yeThcs Ha MOCHIJJOBHOMY CITIKaHHI IIapiB MOMEPEJHBO PO3irpitoro maixe
JI0 TEeMITepaTypH IUIABJICHHS MTOPOIIKOBOTO Marepiaiy 3a JOIOMOTOI0 Jiazepa
BHCOKOI ITOTY>KHOCTI, SIKWii 3a0e31euye CIiKaHHs YaCTHHOK ITOPOIIKOIO1iOHOTO
Mmarepiany (miamerp dactuHOk 50-100 MKM) Ui oTpuMaHHS HEOOXiTHOTO
KOHTYpY mapy. OTpUMaHi 3a TaKOIO TEXHOJIOTIEIO 3ar0TOBKHU ITOTPEOYIOTH JIHIIIE
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¢inimHEOI MexaHIYHOI O0OpOOKH, HANPHKIAL, MOJIPOBKH, I 3a0e3NeUeHHS
3amaHoi mopcTkocti BupoOy. Bukopucranus 3D-gpyky meromom SLS mo3Bosste
BUPOOIIATH CKIIA/IHI IETaJli CHIIOBHX YCTAaHOBOK, aBiaOyIyBaHHSA, KOCMOHABTHKH,
TOIIO.

Texnomnorii 3D-mpyky kepamiuHMX BHPOOIB BKe 3HAWIIIM peasbHE
BUKOPUCTaHHS B YKpaiHi 1 peami3yloThCS 3a JOMOMOTOI0 YHIKaIbHOTO
BUCOKOUIBHAKICHOTO 3D-mipuHTEpa, IKUH CTBOPEHHUH YKPaiHCHKHM CTapTarnoM
Kwambo — ozmecbkoro Gpabprkoro, Ha sKiil P BUKOPUCTAHHI HOBOI TEXHOJOTIT
crpymeneBoro 3D-apyky kepamidHUMH mopouikamu [12] cTBOPIOIOTH Bifpasy
TOTOBI 00 €KTH CKJIQJHOI (POPMHU 3 TOUHICTIO APYKY 110 20 MKM. Bukopucranus
TexHoJorii 3D-npyKky T03BOJUTH JOKOPIHHUM YHHOM 3MIiHUTH TEXHOJOTIUHUI
MpoLeC BUTOTOBJICHHS KEPaMiuHUX JeTaieil THIy OOOJOHOK y MOpIBHSHHI 3
ICHYIOUMMH TIpollecaMH iX BHPOOHHWIITBA, a caMe, BHUKIIOUWTH Ty HU3KY
CKJIIaTHUX 1 MaJIOMPOAYKTUBHUX OMepalliii — BiJl 3aroTiBeIbHHUX IO OIepariit
MeXaHI9HOT 00pOOKH.

BucHoBknu

BukopucroByroun po3pobieHy y3araabHEHy MOAeNb (HOpMyBaHHS
MOXUOKH TMPOo(dLTI0 TPH arMa3HOMYy NUTiIQYBaHHI TOHKOCTIHHHX JeTaieit
obononkoBoi (opmu i3 KHM 3paiiicHeno anainiz (akTopiB, sKi BH3HAuYaloTh
NOXMOKH ITPU MEXaHI4Hii 00poO1i 1 BUSBICHO CIIOCOOM 3MEHILEHHS X BIUIUBY
Ha TOYHICTH 1 SIKICTh C()OPMOBAHUX MOBEPXOHb. [lepin 3a Bce - 116 YNHHUKHU
HEpIBHOMIPHOCTI TNPHITYCKYy, SIKHHA YTBOPIOETBCS Ha CTaiuil OTpUMaHHs
3aroTOBKH, 1 Oro KormiroBaHHs Ha MPodijas 00pOOIIOBAHOT HA BUKOPUCTAHOMY
oONagHaHHI JeTaii, a TaKOK 3MIHHUX ITO JIOBXXHHI KOPCTKOCTEW 3arOTOBKH i
MPUCTOCYBAHHS.

[lepcriekTHBa MaHOTO JOCIIUKEHHS MOJISTae€ B MOXKIMBOCTI IiJIBUICHHS
e(eKTHBHOCTI Ta piBHS aBTOMAaTH3aIlil 00poOKH BHPOOIB - 000IOHOK CKIIATHOT
POCTOPOBOi (OPMHU IUIIXOM: BJIOCKOHAIEHHS TEXHOJIOTII 3aroTiBeIbHUX
orepariii; po3poOKH NPOTPECHBHUX CXEM NDTiI(pyBaHHS INPH BUKOPUCTAHHI
BepcrariB 3 YIIK; BukopucraHHs cydacHuUX TexHonoriii 3D-npyky mams
OTpPUMaHHS BiJ[pa3y TOTOBUX O0’€KTiB CKIaAHOI (OPMH, MIHYIOYH HHU3KY
CKJIQJIHUX 1 MaJIONPOJYKTHBHUX ONEpailid, II0 BXOIATh OO CTPYKTYpH
TEXHOJIOTIYHUX MPOLIECIB TIF0YUX BUPOOHHIITB.
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L. Kalafatova, Pokrovs'k, Ukraine

PERSPECTIVES FOR IMPROVING THE EFFICIENCY OF
MACHINING OF COMPLEX PROFILES PRODUCTS FROM

BRITTLE NON_METALLIC MATERIALS

Abstract. There are certain requirements to the quality of profile-composite thin-walled shells used
in aerospace engineering. All the necessary characteristics of the items (such as thickness of shells,
profile accuracy and surface quality) can be provided using the method of diamond grinding.
Therefore, the researches, related to establishing an analytical connection between the phenomena
arising during tooling of such wares and errors of their form and geometry, are relevant. The
purpose of these research is to determine the direction of increasing the vibration-resistance of the
grinding system by improving the workpiece production technology, which ensures the
approximation of the size and geometry of the workpiece (the main element of the grinding system)
to the same parameters of the workpiece. The performed researches allowed to develop a generalized
mathematical model of formation of total error of the profile of a thin-walled pyroceram shell
considering factors influencing the level of vibrations of elements of the grinding technological
system and the accuracy of treatment. The model considers the unevenness of the allowance, which
occurs at the stage of obtaining the workpiece, as well as the variable stiffness of the workpiece and
the machine tool. Priority directions of increasing the stiffness of the elements of the technological
system are established. Among them of the leading importance are the construction of the workpiece,
the drawbacks of the workpiece production technology and the features of machine systems using.
For the solution of the problem, we proposed: improving the existing workpiece production
technology; transition to machining on CNC machines; the possibility of using 3D printing
technology in the production of precise complicated parts from ceramics.

Keywords: technical ceramics; thin-walled shell; diamond grinding; dynamics of process;
workpiece production technologies; quality and precision of machining.
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3ABE3NEYEHHS HAIIHHOCTI EKCILTTY ATAIIIT
TEXHOJIOI'TYHOI CUCTEMHU BAKKUX BEPCTATIB

AHoTauist. B pobomi eupiwena 3adaua nioSuweHHs HAOIHOCMI eKCnIyamayii mexHon02iuHoi

Ilpeocmasnena cucmema nokasHuKie HAOIIHOCMI npoyecy eKCHIyamayii mexHon02iuHoi cucmemu
8AJICKO20 MOKAPHO20 6epCmamy, sKA CKIA0AEMbC 3 @epcmamy, Oemani, IHCmpymenmy i
sepcmamuuxa. Ilokasnukom HadiliHOCMI cucmemu 3anponoHOBAHO BUKOPUCTNOBYSamU KoediyieHm
20MmoGHOCI, AKUL BKTIOYAE XAPAKMEPUCUKY K [THMEHCUBHOCMI 6I0MO8 cucmemu, max i
inmeHcugHicms 8i0HO61eHH s iT npayezoamuocmi. Cmamuunuil aHaniz pobomu cucmemu 003601U8
BUABUMU CIMPYKMYPY YACY IT MEXHONIO2IUHOL pO6OmuU, WiNbHICIb PO3NOOLIY YACY NPOCMOi8 cucmemu,
08 A3aHUX 3 00CHY208Y8aAHHAM IHCmpymenmy. Po3pobaeno mamemamuuni mooeni koegiyicnma
20mogHoCmi 015t 080X cmpamezitl eKCnIyamayii mexHoN02i4HOI cucmemu 8a*CKO20 MOKAPHO20
gepcmama: He3anedcHo20 00CIY208YBaHHS CUCIEMU BePCMATNHUKAMY | CRITLHO20 0OCTY208Y8ANHS
KITbKOMA  8epcmamuuxamu. 3acmocy8anHs po3poOReHUX MamemMamuiHux mooenell 003801€
nidibpamu HeobXiOHy cmpamezito 00CIY208Y8aHHA cucmemu 01 3a0e3neyeHHsi NesHO20 Di6Hs
HaoitiHocmi i1 ekcniyamayii.

KiouoBi ciioBa: 3abesneuenHs HAOIUHOCMI, MEXHONOSIUHA CUCMEMA; PI3ANIbHULL IHCMPYMeHMm,
8aDICKI epcmamu.

Beryn. ITocranoBka npo6aemn.

JocmikeHHss 0coOnIMBOCTeH eKCILTyaralii iHCTPYMEHTY Ha Ba)KKHX
BEpCTAaTax I0Ka3ajo, o Hapsly 3 NiBUILIEHUMH CEepeIHIMH HaBaHTAKECHHIMU
Ha pi3aJbHUIl IHCTPYMEHT, NOB'SI3aHUMH 31 3HAUHMMH MEPETHHAMHM 3pi3y, PU
MeXaHIYHi 00poOIll CHOCTEpIiraeThCsl TAKOXK BEJIHMKA KiJIBKICTh (aKTOpiB, 1110
00ypIOIOTh, TOB'I3aHUX 3 PO3CIIOBaHHAM MapaMeTpiB  eKcruryaramii i
BJIACTUBOCTEH IHCTPYMEHTIB. Y 3B'S3Ky 3 MM OJHUM 3 HaWBaKIUBIIINX
KpPHUTEPiiB SKOCTI MpOIeCy eKCIuTyartarii € foro HamiiHicTh. OCKUIBKH caMm
IpolLec eKCIUTyaTallii € CKJIaJHOI0 CHCTEMOIO, IO BKIIIOYAE OE3JIY MifcucTeMm,
10 BUKOHYIOTH Pi3HI (QYHKIIT 1010 3a0e3MmeYeHHs palioHaIbHOT eKCILTyaTalii
IHCTPYMEHTY, IUIsl OI[IHKK HOTO HAIIHHOCTI B Lilf pOOOTi 3aCTOCOBYETHCS PSiA
pi3HUX MOKa3HUKIB (puc. 1). Pi3anbHuil iHCTPYMEHT € HEeBiT'€MHOI YaCTHHOIO
(HalOIMBII BPa3TMBUM EJIEMEHTOM) TEXHOJOTIYHOI cucteMu. IIpm 1mpomy
BEpPCTaTHWKAM 3 METOI0 BH3HAYCHHS OINTHMAJIbHOTO pIBHSA HAIIHHOCTI
TEXHOJIOTIYHOi cHcTeMH - KoedimieHta ii roroBHocTi. IlpumitHATO BBa)kaTh
piBeHP HAIIHHOCTI TEXHOJIOTIYHOI CHUCTEMH 1 Tporecy i oOCIyroByBaHHS
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MTOKa3HIKOM HaJiHHOCTI MpPOIeCy eKCIUTyaTarii iHcTpyMeHTy. TpanumifHnMu
nokasHukamu [1, 2, 3], € mokasauku Oe3pigmMoBHOCTI P (7), T Ta iHmm, sKi
XapaKTepU3yIOTh HAIIMHICTh Pi3aJIbHOTO Jie3a B 3B'SI3Ky 3 Horo BimMoBoro. [Ipu
Iepexoi BiJ HamailHWX IHCTPYMEHTIB 10 30ipHHX BHHHUKIA HEOOXITHICTH iX
PO3TIALY 3 TOYKU 30pY HAMIMHOCTI 30ipHUX PI3LiB SIK CHCTEMH eIeMeHTiB [4].
AJe He BUpIIIeHa 3a/1a4a 3aCTOCYBaHH: YHIBEPCAIHHOTO IMOKa3HUKA HAAIHHOCTI
TEXHOJIOTIYHOT CHCTEMH .

IETeHCHEHICTE

TIpomec TexsomOrUHA mingion ki Pigenp Tlepiox
00CTyTOEYBaHHEA CHCTEMA Bi.mome;n, 0 HamiHHOCTI | CTifiKOCTi
Thizcyaosmt
ST=TK
Vrpaeaisaa Beperar </'® Cepemsiii
BEPCTaTOM \ T
= / f b T'aes-izcor -
Voopka H e KB
CIPYAKH ! /v®/’ Y Iy
A Iz zanamol
3 idozipmicTIO
3MiHa Ta Jetam <\.® Trg
KOHTPOJIb
i @
i Y
1
sy 1o !
CTpaterii 3MiHH ! a— ,@
3miHa A 1 o S @
IHCTpYMEHTY IrCTpYMeHT N
— T PR (D
3atouxa, pe- /
MOHT HCTPYM. @ L] @
3abesmedericTs Beperamihk \‘a
IHCTpYMEHTOM PpIBEHE Harpy3KH Ha
A A BEPCTajHHKA

cTpaTerii 00CTyTOBYBaHHEA
Pucynok 1 — IToka3HMKM HaIiHHOCTI MPOIIECY eKCITyaTallil TEXHOJIOTYHOT CHCTeMH

[Toka3HMKOM HAmIHHOCTI Takoro pisms BIEpIIE 3alpPONOHOBAHO
BUKOPHCTOBYBAaTH KOE(QIi€EHT TOTOBHOCTI 30ipHOTO IHCTPYMEHTY, SIKHH
BKIIIOYae B ceOe¢ HE TUIbKH IHTCHCUBHICTH BIJIMOB E€JEMEHTIB pi3li, a i
IHTEHCUBHICTh BIiJJHOBIIEHHS IX Mpare3gaTHOCTi, TOOTO € KOMIUIEKCHUM
MOKAa3HUKOM, 3aCTOCYBAaHHS SIKOTO JIO3BOJISIE  YIPABIATH  HAIiHHICTIO
IHCTPYMEHTY 3a JOMOMOTOI0 K TEXHOJOTIYHHX, TaK 1 KOHCTPYKTOPCHKHX
(hakTopis.
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MeTtoauka 0CaiIKeHb.

CraTHCTHYHI TOCTIKCHHS BIACTHBOCTEH OOCIYTOBYBAaHHS 3 TOUKH 30Py
AKOCTI TpoIlecy eKcIDTyaTamii TOKa3ali, IIO0 TIPOCTOi, TOB'I3aHi 3
00CITyTOBYBaHHIM Pi3aIbHOTO IHCTPYMEHTY, Pi3KO 3pOCTAIOTh ISl BEPCTATIB, y
SKUX pi3LeTpUMad 3HaXOAUTHCS Ha MaillaH4MKy, PO3TallOBAHOMY Ha IEBHIi
BrucoTi. KpiM TOrO 301BIIyeTHCS Maca IHCTPYMEHTIB IJIi BEPCTATIB BEIHKHUX
TUIOPO3MipiB. 30LNBIIEHHS PO3MIPIB  JieTali CTBOPIOE  IICHUXOJIOTIYHY
Halpy)XeHICTb JUIi BEpPCTaTHUKA 1 3HIKYE IHTEHCHBHICTH IIPOLECIB
BiJTHOBJICHHS TPAIIC3/IaTHOTO CTaHy CUCTeMH. Y PoOOTi [5] 3 i€l ToukH 30py
3aIpOIIOHOBAHO BUKOPUCTOBYBATH IIOKa3HUK HAIIPYXXEHOCTI Ipalli BEpCTaTHUKA
SIK O/IMH 13 KPUTEPiiB ONTUMI3aLlil PeXKUMIB Pi3aHHs Ul BAXKKHX BepcTaTiB. AJie
i JOCTiKCHHS TMepeHIIn B 007acTh TICHXOJOrii 1 MOTHBAIl mparli
BEPCTATHUKA 1 MaJo CTOCYBAIIKCS TEXHIYHOI CTOPOHH IPOLIECY SKCIUTyaTarlii
IHCTPYMEHTY.

Ha puc. 2 1oKa3aHHl NPHKIAA BaXKOTO TOKAPHOTO Bepcrara,
00CITyrOByBaHHS SKOTO HEOOXiTHO MIPOBOAUTH 3 MaliIaHYMKA, 1110 3HAXOIUTHCS
HA TIEBHIN BUCOTI.

Pucynok 2 — Baxxuit Tokapuuit Bepcrar 3 UIIK
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VY tabnumi | npencTaBieHi pe3yabTaTH CTATUCTHYHOTO aHANIZY CTPYKTYPH
yacy (pyHKIIIOHYBaHHS CHCTEMH TPH 0OpoOIi AeTanell Ha BaKKUX TOKAPHHUX
BepcTaTax Pi3HUX THUIIOPO3MIpiB (XapaKTEepUCTHKOIO THUIIOPO3MIpPYy BepcTaTa €
HaNOLTBIINIA TiaMeTp HaJl CTaHWHOIO 06po6iroBaHoi netami De).

Tabmumt 1 — CtpykTypa 4acy poOOTH BaXKKHX TOKapHUX BEPCTATIB

IIpnuuna crany cucremn Tunopo3mip Bepcrary D,
MM

1250 [ 2500 | 4000
Jonst yacy pobotu cucteMu

3MiHa 1 KOHTPOJIb JIeTall 0,15 0,10 0,16
KepyBanns Bepcrarom 0,03 0,03 0,03
Irmi npocroii 0,13 0,07 0,04

TIpocrii, mnoBs3ani 3  obcmyroByBanusm | 0,08 0,06 0,19
pi3anpHOTO IHCTPYMEHTA
Pizanusa 0,61 0,74 0,68

Ha wactky mpocToiB, mOB'SI3aHMX 3 OOCIYrOBYBaHHAM pi3aJbHOTO
IHCTPYMEHTY, TOBOAMUTHCA 8 - 9% BCHOTO Hacy (yHKIIOHYBaHHS CHCTEMH 1 25 -
27% w4acy, B SKOMY CHCTeMa 3HaXOIUTHCS B Hempane3gaTrHomy crani. Yac
MPOCTOIB, MOB'I3aHUX 3 0OCIYTOBYBAaHHSM Pi3aJIbHOTO IHCTPYMEHTY, BKIIIOYAE
Yac 3aMiHH, 3aTOYYBaHHSI, PEMOHTY, HAJIar0/PKEHHS 11033 BEPCTaTy IHCTPYMEHTY,
Yac XOMIHHS BepCTaTHHKa (HaJaa4Mka) B IHCTPYMEHTAIbHY KOMODY.
CraTUCTUYHI JOCIIIKEHHS TIOKa3yIOTh, 1[0 PO3IIOIiNI CyMapHOI'o 4acy MPOCTOiB
CHUCTEMH, MOB'SI3aHUX 3 OOCIIYrOBYBAaHHSM pIi3ajbHOTO I1HCTPYMEHTY (4acy
BITHOBJICHHS ~ TpAle3JaTHOCTI  CHCTEMH), mo  He CyIepeynTh
eKCroHeHIlanpHoMy 3akoHy G(t) = 1 — e™) a wac BiIMOB pi3aibHOTO
inctpymenty F(t) = 1 — €™, me p i A - iHTEHCHBHICTH BiIHOBJICHHS i BiIMOB
iHcTpyMeHTy. Ha puc. 3 mokazanuii mpukiaz po3roiry 9acy IpoCTO0 CHCTEMH,
TMOB'SI3aHMX 3 00CIYTOBYBAaHHSAM IHCTPYMEHTA.

= 0,06

0,05 N\
0,04 N

0.03
0.02
0.01

0
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Pucynok 3 — IlinpHICTS po3nOALTy 9acy MpOcoiB TEXHOIOTIYHOT CHCTEMH,
MOB'A3aHNUX 3 pi3aNbHIM iHCTPYMEHTOM
Merta po6OTH — MiJIBUINECHHS HAIHOCTI eKCITyartallii TeXHOJOT14HOI
CHCTEMH Ba)KKMX BEPCTATiB LUIIXOM BH3HAYCHHSApALIOHANBHOI cTparerii ii
00CITyroByBaHHSI.
Po3podka maTemaTH4HMX Mojeei

PosrnsiHEMO pi3Hi cTpaTerii 00CIyroByBaHHS CHCTEMH, KA CKIIaaeThCS 13
3pa3KiB iHCTPYMEHTY BepCTaTHHKA 3 I MpamiBHUKIB. Ha Ba)kkoMy TOKapHOMY
BEpCTaTi 4acToO MPAIOIOTh ABa CYMOPTH B PEKHAMAaxX SIK MOCIIZOBHOTO, TakK i
mapaie’IbHOTO 3'€THAHHS 3 TOYKH 30py HamiiiHOCTi. Bepcrar obOcmyroBye mBa
BEepPCTaTHHKA, pOOOTa SIKUX MOXe OYTH SIK B pPEXHMI HE3AICKHOTO
00CIIyroByBaHHsI, KOJIM KOKEH 3 HUX 3aKPIIJICHHUH 32 POOOTOI0 OKPEMOTO BHIY
IHCTpYMEHTA, TaK i B peXKHUMI CIUJIbHOrO 00ciyroByBaHHs. [lependadaerscest, mo
cucTeMa MOXe Tepe0dyBaTd B OJHOMY 3 TPhOX MOXIIMBHX CTaHiB B IEBHHN
MoMmeHT uacy t. IlozHaummo: 0 — craH cUCTeMH, B SIKii BCl IHCTPYMEHTH
npare3artHi; 1 — craH CHCTEMH, KOJIM OZIMH IHCTPYMEHT BUIIPaBJICHHH, a IPYTUi
BIZIHOBIIIOETBCS; 2 — CTaH BiJHOBJICHHS BCIX IHCTpyMeHTiB. TakuMm 4YHHOM
(yHKIIsI TOTOBHOCTI CUCTEMH € HMOBIPHICTB 3HaX0keHHs B cTaHi 0, Po(t) . Jaui
BBaXKaTHMeMO, 110 Po(t) 3anexxuth Bin uncia BepcTaTHUKIB. B nmpoMy BUmamky
cucrema Oyne repedyBaTu B ctadi 0 TuM OinbIre, 9uM OibIe 1. 3aCTOCOBYIOUH
MapKOBCBKMH TIIXiX OIIHKK HAIIIHOCTI 1 CHCTEMH 3alliIIeMO MAaTPHIIIO
Hepexoy 3 OJHOTO CTaHy CHUCTEMH B IHINY UL BHIAIKIB I = N = 2 mpH
He3aJIe)KHOMY 00CITyrOByBaHHSI CHCTEMHU:

1-22 2 0
P.= u 1—(/1+,u) A
0 2u 1-2u

Cuctema, niepeOyBarouy B CTaHi 2 B MOMEHT 4Yacy i, MOXXe MOBEPHYTHUCS Y
crau 1 3at, t + dt, skimo Oyap-skuil 3 iIHCTPYMEHTIB BiMHOBICHUI (3aMiHEHMI)
3a 1eit yac. IMOBIpHICTH Takoi MOIT TOPIBHIOE:

20t (1— pdt) = 2 dt +0(dt).

MosxHa OTpHMAaTH pIBHAHHS Ui CTAlOr0 PeXuMy (s BEIHKOTO
MPOMIXKY "9acy pobodoi 3minm). [Ipu TpuBamniit excruryararmii qois yacy, KOnu
cuctema Oyne mepeOyBaTH B KO)KHOMY CTaHi, HE 3aJIe)KUTh Bij ii OYaTKOBOTO
CTaHy.

3BiZcH, B MexXi 3Ha4YeHHs KokHOI #moBipHocTi Pi(f) Oyne moctiiiHuM,
limPi(t) = Pj, mo mae MOXIUBICTh BiAHAWTH PIlICHHS AJS CTAIOTO PEXUMY
NpHUpiBHIOBaHHA NOBUTbHUX HymMO liMR(t) = 0, i BUKOPHCTOBYBAaTH YMOBH, IO
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nepeOyBaHHI CHCTEMH B KOKHOMY 3 MOXJIMBHX CTaHIB — TOAil B3a€MHO
BUKJIIOUHI, Po + P1 + P2 =1..
Toni MokHa 3anMCaTH HACTYIHY CHCTEMY alreOpaiTHUX PiBHSIHb:

2AP, +uP, =0,
2AP —(A+ )P +2uP, =0,

AR =241P, =0,
P+P+P, =1

Bupinryro 1i piBHSIHHS ITiICTAHOBKOIO, OTPUMYEMO BHUPa3 JJIsl BU3HAYCHHS
Koe(il[ieHTa TOTOBHOCTI CUCTEMH ITpH i1 He3aJeXHOMY 00CIyroByBaHHI ABOMa
BEPCTaTHUKAMHU:

K, =y2/(ﬂ,+y)2.

OnHak BepCTATHUKH IPANIOIOTh HE3aJEXKHO OAWH BiJ OJHOTO TUIBKH 3a
OHOYACHOI BIIMOBM IHCTPYMEHTIB, 3aKpIIUICHUX B JBOX CYIOpTax.
[Ipunyctumo, mo oOCIyroByBaHHS OJHOTO BEpCTaTa JBOMa CTAaHOYHHKOM
MPOBOAUTHCS 3 IHTEHCHBHICTIO 1,5 W 1 110, SIKIIO /1Ba BEPCTATHUKA 0OCIYTOBYE
OJIVIH CYTIOPT, & IHCTPYMEHT, 3aKpiIUIEHUH y IpyrOMY CyTIOPTi, BUXOIUTS 3 JIaxy,
TO APYrMi BEPCTATHUK HErailHO IEPEMHKAETHCS Ha 0OCIYrOBYBaHHS JPYTOro
iHcTpymeHTy. Toai mpu CIiIBHOMY OOCIYyroByBaHHS CHCTEMH MAaTpHIIS
nepexoiiB P HabyBae BUTISY:

1-24 22 0
P.=15u 1-(A+154) 2
0 2u 1-2u

[Ipu  1mpOMY  KOEQIIIEHT TOTOBHOCTI  JOPIBHIOE  HWMOBIpHOCTI
Ipale3]aTHOTO CTaHy:
2
K, =P, =——* .
3u +4ul+24

c

VY tabnuui 2 i OpiBHSHHS HaBeJeHI KOeQilli€HTH TOTOBHOCTI CUCTEMH
B TPHOX BUMQIKaX OOCIYyTOBYBaHHS iIHCTPYMEHTY OJIHUM 1 JBOMA BEPCTATHUKAM.
Mo>kHa TTIOMITHTH, II0 IPH CHITFHOMY OOCIYTOBYBaHHS CHCTEMH JBOMa
BEPCTATHUKAMH KOE(]IIIEHT TOTOBHOCTI CHUCTEMHU 3HAYHO IMiBUIIYETHCS B
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MOPIBHAHHI 3 HE3aJeKHUM OOCITyTOBYBAaHHSM, SKa Majla BiIPi3HAETHCS Bix
BUIAJIKY POOOTH OJTHOTO BEpPCTaTHHKA.

Tabmumt 2 — IlopiBHSAHHA NOKa3HMKIB HAIIHOCTI NPH PI3HUX CTPATerisx 3MiHM
incrpymenty (A= 0,05 munl, u=1,01 mun?)

KoediuieHnt CymapHuit
Croci6 o6cimyroByBaHHS TOTOBHOCTI npocriii 3a 10000 xB.
CHCTEMH po6oTH cHCTEMH, XB.
OJ1H BepCTaTHUK 0,9050 946
A. Hezanexne 0,9070 928
00CITyroByBaHHs
JlBa BepcTaTHHKA B Crinbne
- 0,9360 639
00CITyrOByBaHHS

VY 3arajJpbHOMY BUNAaJIKYy, KOIM € N pi3abHUX IHCTPYMEHTIB 1 I
BEPCTaTHUKIB, WMOBIPHICTh MEPEXOIB 3aJCKUTh BIJ YKCIA BiJMOBICHUX
iHCcTpyMeHTiB, KoTpi mosHaummo uepes k (K = 0,1,2,....,n). MmoBipricts
3HAXO/KCHHS CHCTEMH B JICIKOMY CTaHi Oyje 3ajexatd Bimx yMoB K < r, kK =r
a60 K > r, uist IKMX OTPUMaHO BUPA3H BU3HAYCHHs HMOBIPHOCTI Mpane31aTHOro
CTaHy CHCTEMHU:

k—
L nl . < n! N

A
ae p=—.
y2i

BucHoBkn.

MaremarnuHa Monens (1) Moxe OyTH BUKOpHCTaHa JUIS CTATUCTUYHOTO
MOJICTIIOBaHHsI ~ OOCIYyroBYBaHHS ~ TEXHOJOIIYHOI  CHCTEMH.  3HAIO4H
IHTEHCUBHOCTI BIJMOB 1 BIJIHOBJICHHS MPAaIE3aTHOCTI CHUCTEMH, MOXKHA
miniopatu HEoOXigHY cTpaTerito 0OCIyroByBaHHS /sl OTPUMAaHHS 3aIaHOTO
piBHS HazifHOCTI. MOXIMBE BHpILIEHHS 1 3BOPOTHBOI 3ajadi IpU 3aJaHOMY
KoeimieHTI TOTOBHOCTI CHCTEMH B pI3HHX MO€THAHHAX A 1 W, SKi
XapaKTepU3yIOTh 1HTEHCHBHOCTI BiIMOB 1 BiJHOBJICHHS Tpale3/aTHOCTI
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IHCTpYMEHTY, SIKi peami3yloThCS Ha CTalii BHOOpY iHCTpyMeHTy. OCKUTBKH
HaifyacTimie B BUPOOHMYNX YMOBaX Ba)KKi TOKApHI BEPCTaTH 0OCIYTOBYIOTHCS
JIBOMa BEpCTaTHUKAMH (OCHOBHUM 1 MiPYYHHUM), B I[bOMY BUMAIKy HaHOLIbII
e(eKTHBHUM 3 TOYKH 30py HAIIMHOCTI € CHiIbHE O0CIyroBYBaHHS TEXHIUHOL
CHUCTeMH. 3aMiHa pi3aJbHOTO IHCTPYMEHTY Ha BaXKKMX BepcTaTax —
TPYAOMICTKHIA 1 BIAMOBINANHHUN WpOIEC, MOB'A3aHUN 3 BEIUKOID MAacOI0
iHCTpyMeHTY (iHoAi oHaJ 25 KijlorpaM) 1 BUCOTOIO CyNOPT Ha MallIaHYNKy, Ha
AKy Ut BepcTaTiB ¢ De > 2500 MM HeoOXimHO mimHIMATHCS O cXo1ax. B 33Ky
3 ouM HaOyBae OUTBIIOTO 3HAYCHHA NPABWIBHUI BHOIp cTpaTerii 3aMiHK
IHCTpYMEHTy, SKHH 3a0e3rnedyye NpH HaWMEHIIMX BHUTpaTaX MaKCHUMallbHHN
piBEHb HaIIHHOCTI.
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RELIABILITY ASSURANCE TECHNOLOGICAL SYSTEMS
EXPLOITATION OF HEAVY LATHE

Abstract. The paper solves the problem of increasing the reliability of operation of the technological
system of heavy machines by determining a rational strategy for its maintenance. The analysis of the
literature showed that there are various indices of reliability, durability, maintainability, which
partially characterize reliability, to assess the reliability of the technological system. To determine
them, you must have a large number of statistical studies. But there is a need to develop universal
mathematical dependencies to predict a specific maintenance strategy for the technical system of
heavy machines. Research methods include static data collection of heavy machine tools, the
reliability of which is determined mainly by machine downtime associated with the failure of cutting
tools, which are the weakest element of the technological system. Mathematical processing of
statistics results allows to determine the density distribution of system failures, as well as the
intensity of failures and system recovery. A feature of the recovery of heavy machines is the location
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of their caliper on a high platform, which makes it difficult to replace the tool, whose weight reaches
25 kg. The paper presents a system of indicators of the reliability of the process of operation of the
technological system of a heavy lathe, which consists of machine parts, tools and machine operator.
Statistical analysis of the system allowed to identify the structure of the time of its technological work,
the density of distribution of the system downtime associated with the maintenance of the tool. The
maintenance of the technological system of a heavy machine is carried out by 2 machine operators
(the main and the assistant). The paper considers two strategies of machine maintenance -
independent and common. The criterion for choosing a rational strategy is the level of reliability of
the system. A universal indicator of the reliability of the technological system is proposed to use the
system availability ratio. It is assumed that the system can be in one of three possible states at a
certain point in time: the system health state, the state when only one tool is operational, the state in
which all tools are restored. The system availability function is the probability of being in a working
system state. Using the Markov approach to assessing the reliability of the system, a matrix of
transitions from one state of the system to another is written, which allows us to obtain algebraic
equations, solving which we obtain mathematical models for determining the availability factor for
various maintenance strategies of the technological system. Mathematical models of availability
factor have been developed for two strategies for operating a heavy lathe technological system:
independent maintenance of the system by machine operators and general maintenance by several
machine operators. With the joint maintenance of a technological system by two machine operators,
the level of reliability of the system is significantly increased compared with independent
maintenance. For the general case with a certain number of cutting tools and a certain amount of
machine operators, a mathematical expression was obtained for calculating the availability factor,
which determines the probability of a healthy state of the system. The use of the developed
mathematical models makes it possible to select the necessary system maintenance strategy to ensure
a certain level of reliability of its operation. The developed mathematical models are used for
statistical modeling of the maintenance of the technological system of a heavy lathe, whose downtime
has a greater cost. Knowing the failure rate and system recovery, you can choose the necessary
service strategy to obtain a desired level of reliability. Possible solution of the inverse problem for
a given system availability in various combinations of A and u, which characterize the intensity of
failures and recovery of the tool, which are implemented at the stage of tool selection. Since most
often in production conditions heavy lathes are serviced by two machine operators, in this case the
most effective from the point of view of reliability is the joint maintenance of the technical system.
Keywords: reliability assurance, technological system, exploitation of heavy lathe, machine tool,
heavy lathe.
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INVESTIGATION OF SURFACE ROUGHNESS ON FACE MILLED
PARTS WITH ROUND INSERT IN PLANES PARALLEL TO THE
FEED AT VARIOUS CUTTING SPEEDS

Abstract: In this paper, the roughness of the surface produced by symmetrical face milling is
examined. During the research work, the effect of the use of a round milling insert on the surface
topography was studied at different cutting speeds. 2D and 3D surface roughness measurements
were carried out in three measurement planes parallel to the feed direction, one of them being the
plane of symmetry and the other two planes being at the same distance from it, in both sides. From
the analysis of results, it was found that surface roughness decreases significantly for cutting speed
values over 100 m/min and then its variation is minimal. Furthermore, higher values of surface
roughness are observed in the symmetric plane than the other parallel planes and almost in every
case, surface roughness was found to be larger on the entry side plane than the exit side plane.
Keywords: face milling; symmetrical milling; round insert; surface roughness.

1 INTRODUCTION

Surface quality is crucial for mechanical components, as it is one of the
indicators of surface integrity and has a direct effect on product life and properties,
such as corrosion resistance [1]. Although high surface quality at the last stages of
the production of parts can be obtained by abrasive processes, such as grinding or
polishing, it is important to achieve a sufficient surface quality from the early stages
of manufacturing, e.g. by turning or milling. Especially in the case of milling, where
the application of face milling technique is needed for the rendering of flat surfaces
with enough dimensional accuracy, flatness and low surface roughness.

Regarding surface roughness during face milling, several works have been
already reported in the relevant literature. Experimental studies have shown that
surface roughness decreases at high cutting speed values [2-5], possibly due to more
stable conditions and it was observed that machining performance is improved at
intermediate and high cutting speeds [4, 5]. Lower cutting speed values are also
related to built-up edge creation and chip fracture, which leads to deterioration of
surface quality, something that is not observed for higher cutting speeds [2, 4].
Furthermore, an increase of feed rate, axial and radial depth of cut also lead to
deterioration of surface quality [2, 4, 5].

Apart from the purely experimental investigations, various researchers have
proposed predictive models for surface roughness during face milling. Felhd et al.
[6] presented a detailed methodology for the prediction of surface roughness in face
milling with different types of cutting inserts, such as polygonal, round
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and triangular. In their model, they modeled in detail the insert geometrical features
and taking into account technological parameters of the process they were able to
calculate the insert trajectory relative to the workpiece and finally, the topography of
the milled surface. By comparing the results with experimental ones, they achieved
sufficient accuracy regarding the prediction of R, and R:. Baek et al. [7] developed a
theoretical model for surface roughness during face milling including runout errors
in order to optimize the feedrate. The simulated surface profile for a number of
revolutions of the milling head was employed in an optimization process for the
selection of optimum feed rate. They found that the correlation between surface
roughness and feed rate was highly non-linear and confirmed the accuracy of their
model in comparison with experimental results. Mufioz-Escalona and Maropoulos
[8] proposed a methodology for surface roughness prediction in face milling,
focusing mainly on insert geometry. Comparison with experimental results proved
the adequacy of the model, not only for the prediction of 2D roughness indicators
but also for the 2D roughness profile. Zhenyu et al. [9] proposed a surface roughness
predictive model including both static and dynamic characteristics of the process.
More specifically, their model consisted of two parts: the static part took into account
geometrical characteristics of the cutting inserts and runout, whereas the dynamic
part took into consideration the displacements induced by forced and self-excited
vibration of the cutting insert. The final model was superior to the models neglecting
the dynamic behavior of the cutting insert, as the predicted 2D roughness profile was
closer to the experimental 2D roughness profile. Wang et al. [10] developed a
mathematical model to predict surface roughness in face milling with triangular
inserts with round corner. This model included three different equations for different
feed rate values and after it was compared to the experimental results, it was found
that it was more accurate than other existing mathematical models. Pimenov et al.
[11] compared various artificial intelligence methods, such as random forest,
multilayer perceptron, regression trees and radial-basis functions for the prediction
of surface roughness by monitoring tool wear. After the analysis of their results, they
pointed out that the random forest and regression tree methods were not only more
accurate than the others, but were able to provide important information about the
relations between input and output variable as well as their critical values, which
should be checked in order to prevent undesirable results.

Although most researchers focus on the correlation of process parameters and
surface roughness, only a few have conducted studies on the effect of milling strategy
such as symmetric or asymmetric milling on the surface quality during face milling.
Comparing symmetric and asymmetric machining strategy, Bagci and Aykut [12]
deduced that roughness was lower during symmetric face milling. Furthermore, Cui
and Zhao [13] compared up, down and symmetric milling and showed that up
milling was the most preferable milling strategy up to a certain cutting speed value
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after which symmetric milling was more preferable. Moreover, Varga and Kundrak
[14] found that surface roughness in symmetric milling decreases as the distance
from the middle plane increases and the decrease is larger for larger feed rate values.

In the present work, an experimental study is conducted to determine the
effect of cutting speed on surface roughness during face milling. In contrast to the
majority of previous works, 2D and 3D surface roughness parameters are
calculated not only in a specific position or plane but in three different parallel
planes on the feed direction in order to analyze the variation of surface roughness
with the distance from the symmetric plane.

2 EXPERIMENTAL CONDITIONS

In the present paper, experimental tests are carried out regarding face
milling of steel workpieces, with a single cutting insert at various cutting speeds.
The milling experiments were performed in a Perfect Jet MCV-M8 CNC vertical
machining center. During machining, a face milling head was used with only one
round coated carbide insert of RCKT1204MO-PM type mounted on it. The
milling head had a nominal diameter (D) of 68 mm and the insert had a rake
angle (yo) of 0° and relief angle (a,) of 7°.

Table 1 — Cutting data for the experiments

No. ae ap fz Ve
[mm] [mm] [mm/rev] [m/min]
100
200
58 0.8 0.4 300
400
500

OB W[IN|F-

The workpieces used for the experiments are made of a normalized C45,
1.0503 grade carbon steel. The material has a hardness of HB207 and a tensile
strength of Rm = 580 MPa [15]. The cutting length is 50 mm and the width of cut is
58 mm on the milled surfaces of the samples. During the experimental work the
cutting speed v was varied in the range of 100 to 500 m/min, whereas the other
process parameters, such as the depth of cut and the feed per tooth had constant
values, which are a, = 0.8 mm and f, = 0.4 mm, respectively. These details can be
found in Table 1. The surfaces were produced with symmetrical setting of face
milling under dry machining conditions.
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Figure 1 — Positions of the surface roughness measurements on the workpiece surface

50

2D and 3D roughness measurements were performed on an AltiSurf 520
three-dimensional surface roughness measuring device and a confocal chromatic
sensor was used for the measurements. After the measurements, evaluation of
the results and calculation of 2D and 3D roughness parameters was conducted
using AltiMap Premium software. During the measurements, the roughness was
examined in three planes parallel to the direction of the feed; one on the middle
plane and two planes at equal distance (20 mm) from that and towards different
sides; these planes will be denoted afterwards as entry and exit side plane,
respectively. The measurements were carried out twice in each plane with a 20
mm separation, as specified in Figure 1. The lengths of 2D measurements were
4 mm, in accordance with ISO 4288:1998 and areas of 2.5 x 2.5 mm for 3D
evaluations were recorded, which are illustrated with lines and squares in Figure
1, among the workpiece movement and milling head rotation directions.

3 RESULTS OF EXPERIMENTS

After the experimental work was carried out, all machined samples were
measured thrice, the results were then processed by the aforementioned software
and finally surface roughness parameters were computed. The average results of
the measurements, regarding 2D and 3D surface roughness parameters (namely
Ra Rz, Saand S;) are summarized in Table 2 and 3 for all cutting speeds and for
the three parallel planes. Furthermore, the roughness profile curves for v = 100,
300 and 500 m/min are presented in Figure 2, and the recorded topography of
machined surface for the same conditions are shown in Figure 3.

Table 2 — 2D Surface roughness values for each case
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Ve Ra [pm] Rz [pum]

[m/min] Entry | Symm Exit Entry | Symm Exit
100 3.789 3.367 2.509 19.596 | 16.181 14.026
200 0.807 0.949 0.750 4.626 4,731 4.467
300 0.805 0.942 0.784 4.981 4.692 4.503
400 0.800 0.940 0.768 4.477 | 4.505 4.294
500 0.758 1.030 0.761 4.691 5.306 4.320

Table 3 — 3D Surface roughness values for each case

Ve Sa [um] Sz [pm]

[m/min]  |Entry Symm | Exit Entry Symm Exit
100 4.127 3.781 | 3.741 26.734 29.170 25.626
200 0.885 0.999 | 0.828 4.523 4.907 4.431
300 0.876 1.027 | 0.850 4.679 4.770 4.221
400 0.854 1.011 | 0.855 4.358 4.505 4.148
500 0.758 1.030 | 0.761 4.691 5.306 4.320

4 DISCUSSIONS
In case of milling, the topography of the surface is formed with a rotating

tool, so it will be different compared to e.g. turning, due to other relative
movements of the tool and the workpiece. If the axis of the face milling tool
moves on the symmetry plane of the machined surface, the cutting insert is
performing up-milling in the first half of the chip removal process, and then the
milling process is changed to down-milling for the second half. For that reason,
the measurements were carried out in the middle plane and in two parallel planes
on two opposite sides. Generally, it can be stated that the roughness values
obtained from the surface created by the round shaped insert first decrease
suddenly and then remain practically unchanged with an increase of the cutting
speed. This can be further proved by the 2D surface roughness profiles depicted
in Figure 2, as the variety of roughness profiles is minimal between cases at 300
m/min and 500 m/min cutting speeds in comparison to the variation of roughness
profiles between cases at 100 m/min and 300 m/min.

> 100 m/min 300 m/min 500 m/min
24
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Figure 2 — 2D roughness profile curves of milled surfaces

Comparing the roughness values of surfaces machined with the smallest
and largest cutting speeds, it can be concluded that increasing the cutting speed
in the studied range reduces the surface roughness values. In the symmetry plane,
the R, decreases by 69.4%, the R, by 67.2%, the S, by 71.8%, the S; by 82.9%.
On the exit side, the rate of decrease is almost the same as that observed in the
middle plane. On the entry side, however, there is a greater change; the
percentage change is 80% for R, 76.1% for R;, 79.9% for S, and 83.9% for S,.
This greater change is due to the fact that the highest measured values are
observed in the entry side in almost every case at the lowest speed of 200 m/min,
while in the case of cutting speed of 200 m/min and above, the maximum values
of the observed roughness occurs for most cases in the symmetric plane, as it
was observed also in the relevant literature [14].

Since the variation of roughness is not monotonic with the increase of cutting
speed, it is advisable to conduct the analysis separately for the speed of 100 m/min
and speeds in the range of 200 to 500 m/min. The significant difference in surface
quality between cases at 100 m/min and the other cases is further stressed by
observing the 3D surface roughness profiles of Figure 3. In the case of cutting speeds
over 100 m/min, more straight and smooth micro-grooves are observed on the milled
surfaces, whereas more irregular ones occur in the case of 100 m/min. So, although
the general shape and direction of the grooves on the same measurement plane are
similar for the various setups (circular patterns for the entry and exit sides and an
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almost straight, vertical line for the symmetric plane), the increase of cutting speed
leads to more stable conditions for milling, and consequently to better surface quality.

100 m/min 300 m/min 500 m/min

RY

pm

EXIT

SYMMET

ENTRY

Figure 3 — Surface topography images of milled surfaces

Compared to the actual roughness values in the middle plane, the deviations
of the measured values on the entry and exit sides are shown in Figures 4 and 5.
In these figures, it can be seen that at a speed of 100 m/min, higher roughness
was measured on the entry side, except for S,, and apart from the small
differences, surface roughness is smaller in the entry and exit sides for the other
cases. Moreover, the deviations at 200, 300, 400 m/min are relatively smaller
than those at the lowest and the largest cutting speeds. In most cases, the charts
show the highest ratios at 500 m/min, so it means that the greatest inhomogeneity
of the surface is generated with the highest examined cutting speed.

The roughness values on the entry and exit sides show observable
differences. On the plane of the entry side, the roughness values of both 2D and
3D parameters for all cutting speeds are nearly the same or greater than the
respective values of roughness values on the exit side plane. Moreover, by
increasing the cutting speed, the respective values of roughness on the entry and
exit side planes are getting closer together. The largest differences between
surface roughness values at the entry and exit side planes are always obtained at
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a cutting speed value of 100 m/min, where the ratio of surface roughness
parameters is 151% for R,, 110.3% for R;, 139.7% % for S, and 104.3% for S,.
For larger cutting speeds, the ratio of surface roughness values between entry
and exit side is significantly lower. The minimal differences can be observed at
500 m/min for almost every parameter.

2D
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IRz Enty [[T]Rz Exit
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Figure 4 — Percentage changes of 2D surface roughness parameters between
the symmetric, entry and exit side planes
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Figure 5 — Percentage changes of 3D surface roughness parameters between the
symmetric, entry and exit side planes
5 CONCLUSIONS
In the present work, face milling experiments with a single round insert
were conducted on steel workpieces at various cutting speed values in order to
determine the correlation of cutting speed and surface roughness. The variation
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of surface roughness with the cutting speed was investigated not only in a single
area of the workpiece, but on three planes parallel to the feed direction. From the
analysis of the results, several useful conclusions were drawn.

Surface roughness values were found to decrease considerably between
cases of 100 m/min and 200 m/min cutting speed and then the variation of
surface roughness was almost minimal. Thus, it becomes obvious that, from the
studied cutting speed values, a 200 m/min or more is recommended for obtaining
good surface roughness. The highest decrease of surface roughness values was
observed on the entry side plane and the highest values of surface roughness
occur mostly on the symmetric plane. When surface roughness values between
entry and exit side planes are compared, better surface quality is obtained in the
exit side, where down-milling occurs, almost in every case. Finally, in the point
of view of surface homogeneity, the cutting speed of 300 m/min gave the best
result.
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JOCJIIPKEHHS IIOPCTKOCTI ITIOBEPXHI IICJISA TOPIEBOI'O
®PE3ZEPYBAHHA KPYIJIOIO PIXKYYOIO IVTACTHHOIO
B IVIOINHAX, ITAPAJIEJIBHUX HATIPAMKY HOJAYI

AHoTauisn. YV yiti cmammi po32ns0aemvcs WOPCMKICMb NOBEPXHI, 00EPIHCYBAHOT ULISAXOM
CUMEmpUUHO20 Mopyegoeo (hpesepysanns. B x00i Oocnionuyvkux pobim eusuascs 6niug
BUKOPUCMANHSL KpY2nol hpe3eproi niacmunu Ha monospaghiio nogepxui npu PiHUX WEUOKOCAX
pizanns. 2D i 3D uMIproO8aHHs WOPCMKOCMI NOBEPXHI NPOBOOUNUCS 8 MPbOX NIOWUHAX BUMIDY,
napanenbHux HanpAMKY nooadi, npU4oMy 0OHA 3 HUX NPeOCMAasnAna co60i0 NIOWUHY cumMempii, a
081 [HWI - Ha 0OHAKOGIl 6i0cmani 6i0 Hel, 3 060X cmopin. B Oamiii pobomi excnepumenmu no
hpesepysannio 3 0OOHIEI KPYanolo NIACMUHOI NPOBOOUNUCA HA CINANESUX 3A20MOEKAX NPU PI3HUX
SHAYEHHAX WBUOKOCMI PI3anHs, W00 GUIHAYUMU KOPEAAYII0 WeUOKOCI pi3anuts i WOPCmKocmi
nogepxui. Ax npasuno, Mod’CHa KOHCMAMYBAMuU, Uj0 3HAUEHHS WOPCKOCTE, OMPUMANT HA NOBEPXHI,
Wo CMEOPIOEMbC BCMABKOI0 KPYenoi (opmu, Cnouamxy panmogo 3MeHULyIomvcs, d Nomim
3AMUWIATOMBCA RPAKMUYHO He3MIHHUMU 3 3011bUWEHHAM WEUOKOCI pisanhs. 3 ananizy pesyibmamis
oynu 3pobneni Kinbka 6ucHoskie. byno euseneno, wo 3uavenHs wopcmkocmi NOBEPXHI 3HAUHO
3MEeHUYIOmbCsl Midic eunaoxkamu weuoxkocmi pisanns 100 m / x6 i 200 m / x6, i nomim 3mina
wopcmrocni nogepxui 6yno matidice Minimanohum. Taxum yuHom, cmac 04esUOHUM, WO 3 GUEYEHUX
3HAueHb weuoKocmi pizants pexomenoyemocsi 200 m/xeé abo 6invuie O OMPUMAHHI XOPOULOT
wopcmrocni noeepxui. Haiibinvuie 3menuenis 3Ha4ens WopCcmkocmi nOGePXHi CNOCmepiedanocs Ha
nAOWUHI 8XIOHOI CMOpPOHU, a HAUOLTbLWI 3HAYEHHA WOPCMKOCI NOBEPXHI CROCMEPieaiomvcs 6
0CHOGHOMY Ha cumempuyHil naowuni. Konu nopisniolomscs 3HauenHs Wopcmkocmi nogepxui Misc
nrowunamu 60Ky 6xody i euxoody, Kpawy AKiCmb No8epxXHi 00CA2AEMbC HA CIMOPOHI UX00Y, e
8100ysacmucsl (hpesepysanns, maiidice 8 KodcHomy eunaoxy. Hapewmi, 3 mouxu 3opy oonopionocmi
nogepxnui weuokicmo pizanns 300 m / x¢ dana naukpawuil pezynromam. Kpim moeo, 6inow ucoki
3HAYEHHS. WOPCMKOCMI NOBEPXHI CNOCMEPIcaomovCs 6 CUMemPUYHIL NIOWUHI, HIXC 6 THUUX
napaneibHux naoujuHax.

KualouoBi cioBa: mopyese @pesepysanns; cumempuune @pesepyéanns,; Kpyeaa NiaCmunad;
UWIOPCMKICHb NOBEPXHI.
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COMPARATIVE ANALYSIS OF CBN CUTTING INSERTS
WITH DIFFERENT EDGE GEOMETRIES

Annotation. In this paper the experimental results of newly developed cutting inserts with special
geometry and position for machining of hardened surfaces are summarized. The design of the tool
holder and cutting insert allows the increase of the applied feed values in hard turning. Experiments
are carried out at increased feed in bore turning procedure and the results are compared with the
nowadays used conventional turning technology.

Keywords: machining of hardened surfaces; cutting material grade; cutting edge geometry;
roughness; cutting forces; modeling.

1. INTRODUCTION

The expected functions of mechanical engineering products (like long
lifetime and high reliability) and the rising quality demands for goods requires
the application of more accurate machining procedures with higher productivity.
From these, great emphasis is placed especially on finish machining, since this
operation is essential for the realization of the prescribed quality standard of the
finished manufactured part. One way to increase the lifetime is the production
of hardened surfaces with proper heat treatment and machining with a suitable
finishing procedure. As a result, the parts can be loaded more and can be used
longer.

Abrasive (mainly grinding) procedures have been used for a long time for
the machining of hardened surfaces, as the chosen accuracy could be achieved
efficiently only with grinding technology. For the precision finish machining of
parts with mainly hardened surfaces, nowadays many kinds of defined-edged
cutting tools are available in terms of cutting material grade and cutting edge
geometry [1,2]. The production of parts with hardened surfaces can be done
properly on machine tools developed for hard turning with the expected accuracy
for precision finishing (<IT5) [3,4]. The increasingly diverse appearance of
superhard cutting materials and their rapid spread support the application of them,
while increasingly strict environmental standards force the machine industry to
apply procedures with defined-edged cutting tools instead of (or in addition to)
the abrasive operations, where possible [1,4]

Though grinding it is known to produce good surface quality, a much
higher material removal rate (MRR) can be achieved with hard turning [5,6],
while a properly chosen cutting insert can produce the same or better surface
roughness.

© J. Kundrdk, 1. Sztankovics, M. Gévai, 2019
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A further advantage is that numerous operations can be done by hard turning
with one setup and cutting tool. Example cases can be the machining of shaped
parts and surface groups composed of multiple, differently oriented surfaces
[7.8].

It was assumed — based on the nearly 4-5 times higher material removal
performance of hard turning — that the grinding procedure can be excluded [7].
However, after the analysis of suitability for functional requirements of the built-
in parts, it turned out that the produced topography (periodical) by hard turning
is not appropriate for numerous applications, for example surfaces displacing on
each other, sealing surfaces, etc. [5,9]. Therefore, combined procedures have
appeared, where the essence is to machine the surface with the two procedures —
turning and grinding — in one machine tool (earlier two separate machine were
needed). In this way the advantages of the two procedure can be maintained
while the disadvantageous attributes can be reduced. If we work on one machine
tool with one clamping, we can acquire significant economic benefits [3].

In this study combined finish machining is realized in one operation:
roughing by hard turning and finishing by grinding. Our aim is to increase the
efficiency of the final operation in such a way that the MRR is increased in the
roughing by the usage of a novel cutting tool, which allows the application of
higher secondary motion, and by the application of increased feed rates.

To achieve the acceptable quality in hard turning with the application of a
novel cutting tool, one of the most important requirements must be taken into
consideration: the proper rigidity of the machining mechanical system, mainly
due to the high passive force [4]. Low deflection in the mechanical system is a
preliminary condition to meet the required accuracy. Therefore, in this paper we
study the increase rate of the cutting forces and the achievable geometric
accuracy with the application of a new cutting insert.

2. EXPERIMENTAL CONDITIONS

Bore machining of gears is studied in the cutting experiments based on the
boundary conditions of our industrial partner. After the heat treatment (case
hardening), the finishing of the hard surface is done in one clamping but in two
steps. The first step was carried out by rough hard turning, which is followed by
the finish procedure, grinding. The aim is to exchange the roughing insert used
so far by the introduction of the new eight-edged octagon insert.

In our study we applied two CBN cutting inserts (Table 1) during the rough
hard turning. The standard tool used up to now (CNGA 120412, rhombic shape
with 80° nose angle) is marked in our study as “Insert A”, while the novel cutting
tool [10] is marked as “Insert B”. The edges of Insert B are curved, so the sides
of the octagon consist of circle sections.

Table 1 — The studied cutting inserts
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Insert A Insert B

The main property of Insert B is the 0° major cutting edge angle in the
surface-generating point; however, the octagon insert is inclined by 45° in the
cutting edge plane, which is the inclination angle of the tool (As). The rake angle
(y) is 14°, while the nose radius (r¢) of the cutting insert is 28 mm due to the
curved edge. The bore turning was done on an EMAG VSC 400 DS type hard
turning machine tool.

In our study the bore (38 mm length and 88 mm diameter) on a gear is
machined. The workpiece material is 17CrNi6-6 with 62-64 HRC hardness.

Among the cutting parameters the depth of cut is constant 0.12 mm in all
setups for both inserts. 175 m/min cutting speed and 0.24 mm feed are applied
for Insert A, while nine pairs of values are determined within the cutting speed-
feed rate range recommended by the insert manufacturer for Insert B (Figure 1).

- 250

2 200 ® 4 ® 9 ® 5

7.2 150 ®7 e 1 ® 3

&< 100 °2 ®6 ®3

£E5 50

o 0 0.4 0.8 1.2 1.6

Feed [mm/wp.rev. |

Figure 1 — Demonstration of the setups during the experiments
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The cylindrical and roundness errors are measured during the experiments.
The required measurements in the specified points are done by a Taylor Hobson
Talyrond 365 measurement device. FEM simulations are made with ThirdWave
AdvantEdge 7.5 software for the analysis of the cutting force alteration. In this
study, the cutting force components are studied for both inserts.

3. EXPERIMENTAL RESULTS

After the cutting experiments were carried out with the studied process
parameters, the mentioned accuracy parameters (cylindricity and roundness)
were measured. The FEM simulations were carried out with the same values for
the analysis of the cutting forces. Lastly, we determined the machining times.

3.1. Cylindricity and Roundness errors

The accuracy errors were measured on all workpieces. For the cylindrical
error we made measurements on 100 planes with 0.3 mm increment, and the
following parameters were analysed [11]:

- CYLp: the peak maximum material departure from the fitted reference

- CYLv: the valley maximum departure from the reference cylinder into
the material of the workpiece

- CYLLt: the separation of two cylinders coaxial with the axis of the
reference cylinder that just enclose the data

- CYLtt: the maximum absolute difference in diameters of the taper error

- Total run-out: the difference in the radial distances from the datum axis
between the furthest and nearest point

- Coaxiality (Coax): the displacement between the reference cylinder axis
and the datum axis.

- Cone angle: reflects the taper angle in the component

In Figure 2 some resulting diagrams are presented from the cylindricity
measurements. The values for the 10 different setups are shown in Table 2.

Table 2 — The measured cylindricity parameters

CYLp [CYLv | CYLt | CYLtt | Total Run-Out | Coax | Cone angle
Insert | No. o
[um] | [pm] | [um] | [um] [um] [um] [°]
A 1 |1412 | 591 | 20.03 | 12.05 20.03 5.34 0.01
1 |19.36 | 17.97 | 37.33 | 18.93 37.33 15.92| 0.0263
2 [ 1471 9.90 | 24.62 | 1549 24.62 10.01| 0.0213
3 |84.66 | 37.26 | 121.91 | 19.99 121.91 69.04 | 0.0183
B 4 |4981|10.77 | 60.58 | 12.82 60.58 21.88| 0.0116
5 | 5892 | 43.73 | 102.65 | 17.36 102.65 67.47 | 0.0324
6 |17.18 | 10.41 | 27.59 | 19.60 27.59 11.48| 0.0301
7 11041 | 6.14 | 16.55 | 19.10 16.55 3.33 0.0277
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8 | 44.93|16.17 | 61.10 | 27.33 61.10 27.45| 0.0816
9 | 2353 |11.87 | 3540 | 29.28 35.40 15.15| 0.0638

Insert A Insert B

Figure 2 — Cylindricity of the bores for the rhombic (A) and octagon (B) inserts

Measurements are made at the two ends and at the middle plane of the
analysed range and these values are averaged for the determination of the
roundness parameters. The following parameters are evaluated [11]:

- RONp: maximum material departure from the fitted reference

- RONv: maximum departure from the reference circle into the material

- RONt: the separation of two circles concentric with the centre of the
reference circle that just enclose the data

- DFTC: Departure From True Circularity, the max. radial departure in the
profile

- Slope (Max/Mean): absolute value of dr/de (r: radial departure; @: angle
variable) at each profile points (max. and mean values are analysed)

Examples of the characteristic measurement diagrams are presented in
Figure 3, while the measurement results are shown in Table 3.

Table 3 — The measured roundness values

Insert | No. RONp | RONv | RONt | DFTC | Max Slope | Mean Slope
[um] [um] [um] [um] [um/°] [um/°]
A 1 4.24 3.01 7.25 5.10 1.20 0.27
1 6.01 6.83 12.84 7.41 4.19 0.98
2 4.12 3.33 7.45 4.30 0.97 0.23
B 3 | 3014 11.66 41.80 30.58 9.35 2.02
4 8.05 6.19 14.24 7.90 1.60 0.28
5 9.26 9.24 18.50 9.04 1.90 0.60
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6 5.45 4,92 10.38 4.28 1.05 0.37
7 2.78 1.71 4.49 2.60 0.47 0.16
8 9.62 11.50 21.12 11.03 541 1.10
9 4.86 6.22 11.09 3.48 0.55 0.31
Insert A Insert B
Scale Sunvdiv. . 99» ) @ [£5543 Scale 10um/div. . gev . @ r\g
180°). - <0 180°). -~ «0
v ’4/// v v 4 N

Reference Point - 4 Reference Point 4
R 0.00um R 0.00um
Theta 0.0° “« > Theta 0.0¢ < >

Current Point S~ = > Difference Current Point S~ i Difference
1.07um 2700 delta R 1.07um R 0.25um 270 delta R 0.25um
Theta 45.0° delta Theta 45.0° Theta 45.0¢ delta Theta 45.0°

Figure 3 — Roundness of the bores for the rhombic (A) and octagon (B) inserts

3.2. Alteration of the cutting forces

The cutting force analysis was carried out by Finite Element Method
simulations with ThirdWave AdvantEdge 7.5 software. Resulting values of the
following parameters are evaluated, summarized and shown in Table 4: main
cutting force (Fc), passive force (Fp), feed directional force (Fy), required power
(Po), cutting torque (M) and cutting temperature (T).

Table 4 — FEM results for Insert A and B

e No Ve f Fx Fy Fz Pc M T

[m/min] | [mm] | [N] [N] | IN] | W] |[Nm]| [C°]

A 1 150 0.24 | -265.2 | -89.1 | 38.3 | 649.3 | 114 | 784.9
1 150 0.8 |-1073.3|-290.4 | 967.4 | 2615.4 | 46.0 | 862.6

2 100 04 | -673.3 | -238.3 | 589.0 | 1075.5| 28.4 | 836.4

B 3 100 1.2 | -1509.6 | -394.0 | 1324.2 | 2433.6 | 64.2 | 826.9
4 200 04 | -629.7 | -199.2 | 554.0 | 2016.4 | 26.6 | 816.7

5 200 1.2 |-1525.2|-369.3 | 1355.8 | 4939.6 | 65.2 | 960.9

6 100 0.8 |-1058.1|-313.6 | 948.1 | 17458 | 46.1 | 770.6
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7 150 0.4 | -618.6 |-208.0 | 560.3 | 1524.7 | 26.8 | 759.2
150 1.2 |-1488.8 | -383.1 | 1337.2 | 3691.8 | 65.0 | 876.6
200 0.8 |-1057.5|-288.7 | 952.4 | 3490.2 | 46.1 | 878.2

4. DISCUSSION

Compared to the conventional Insert A (Figure 4), the machining time for
the new cutting tool decreased almost always (except for one value) with the
chosen parameter pairs of the adjusted process parameters (where we increased
the feed by 1.6-5 times and the cutting speed is varied in the range of 100-200
m/min). Therefore, from the point of view of productivity, the resulting values
are more favourable than the current values in 8 of the 9 cases based on the time
spent on machining. The rate of decline is more than 80% compared to the
current machining time at the highest feed and cutting speed.

The following conclusions can be drawn after the analysis of the
cylindricity and roundness errors. Practically, unfavourable values are measured
in every case on the surfaces machined by the octagon insert. This phenomenon
can be explained by the simulated cutting force values. In Table 4 the cutting
forces are much higher for Insert B compared to the simulated force values for
the rhombic Insert A. The increase of the cutting force components does not
cause a problem up to a specified value, since we are analysing the rough
machining. Until the allowance for the finish grinding is large enough to remove
the accuracy errors from the previous procedure, then the prescribed accuracy
parameters can be held. However, if the resultant accuracy error from the cutting
force increase reaches a limit, the grinding allowance must be increased. In this
case the machining time for grinding also increases, thus the calculated gain in
time in Figure 4 decreases, or even turns into a loss.
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e 15>
0.4 12.2
. 0000
g
=
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[
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| H 100
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I -0

200

Figure 4a — The machining times for Insert B
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Figure 4b — The comparison of machining times of Insert B and Insert A

Our evaluation is shown in Figure 5. Overall, we determine, that Setup 2
(+) should be avoided, because it increases the machining time in all
circumstances. The grinding allowance must be increased for Setups 3, 4, 5, 8
and 9 (X). The removal of this added material increases the finish time, therefore
these setups are not advised. Setups 1, 6 and 7 (O) can be used to replace the
standard turning insert, since the accuracy error is lower than the material to be

removed in grinding (0.05 mm).

L 250

2 200 X 4 X9 X5
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< 100 +-2 06 X 3
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Figure 5 — Recommended parameter-pairs
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5. SUMMARY

Accuracy analysis is carried out on surfaces machined by a novel cutting
tool, which allows the adjustment of high feed rates. The effect of the cutting
data was analyzed on the cylindricity and roundness of the machined surface.
The basis of our comparative study was the achievable quality of parts machined
with standard cutting tools and parameters in typical industrial environment. Due
to the high chosen feed, cutting force alteration was also studied to analyse the
rigidity of the mechanical system on the machine tool, which was carried out by
Finite Element Method analysis. The chosen parameter pairs were assessed for
their suitability to replace the conventional technology. Further analyses are
necessary to evaluate the application field of the novel cutting insert and the
fulfilment of the quality requirements.
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Anom Kyranpak, [mrBan [llTaHKoBiY,
Maprina ['eBaii, Mimikosblii, YropiiuHa

MOPIBHAJIbHUI AHAJI3 PIKYYUX IIJIACTAH CBN
3 PIBHUMU TEOMETPISIMHU PI3AJIbHOI KPAMKA

AHoTaniss. YV Oawuiii pobomi ysacanvHeni pe3yibmamu eKCnepuUMEeHmAnbHux po3po6OK HOGUX
PIdCYUUX NAACMUH 31 CReYiaNbHOW 2eoMempier I NO3UYIOHYBAHHAM 05l 0OPOOKU 3a2apMOBAHUX
nosepxous. KoHcmpykyis Oepoicagku THCmpymMenmy i piocyyoi nAacmuHu 00360J5€ 30L1buumu
3HAYEHHS 3ACMOCO8Y8aHOl nooaui npu YuUcmosomy mouinni. Excnepumenmu npoeoosmucs npu
30InbUWeEnill nodayi 8 npoyeci MoKapHoi 0OpobKu, | pe3yibmamu NOPIGHIOIOMbCS 3 BICUBAHOIO 6
Oanuil Yyac 36UHAiiHOI0 MEXHON0ZIEI0 MOKApHOI 06pobKu. Hessascatouu Ha me, wo waig)y8anhs, ax
8i0oMo, 3abe3neuye Xopouly SIKICmb NO8epxXHi, Habazamo Oinbul 8UCOKA WBUOKICHb BUOANEHHS
Mamepiany Modice Oymu 00CASHYMA NP JHCOPCMKOMY MOUIHHI, 8 MO YAC AK NPASUTLHO 00paHA 3a
gopmoro pidcyua nracmuna modgice 8upodAMU MAaKy dic abo Kpawjy wopcmkicms nogepxui. e
OO0HIEI0 NEpesazoro € me, Wo YUCIeHHI Onepayii MoACYymb 6ymu 6UKOHAHT ULIAXOM MOHKO20 MOYIHH
OOHUM DIHCYUUM THCMPYMEHMOM i 3 OOHIEI YCmMaHO8KU. Y 0anomy 0ocniodcenHi 6y 3acmocosani
06l piscyui naacmunu CBN nio uac uoproeoi obpodku. Cmandapmuuil iHcmpymeHm, AKuil
BUKOPUCMOBYEMBCSL 00 CUX nip (pombiuna gopma 3 kymom npu eepuwiuni 80°), i Hosuil pidxcyyuil
iHCmMpyMeHm, 60CbMUpaHHOL PopMU, 6 AKOMY KYMU 3A0Kpy2ieHi, MOMY CIOPOHU 60CbMUKYMHUKA
HIOU craadaromscs 3 Kpyenux cekyiu. ITicns nposedents: eKcnepumMenmis no pisantio i3 3a0aHUMU
napamempamu npoyecy Oyaiu SUMIPSAHI Napamempu moYyHOCMi (YUITHOPUYHICIb MA OKPY2IiCHb).
Mooeniosanns 0 ananizy cui pisaHHs NPOBOOUNOCS 3 MUMU JIC 3HAYEHHAMU. Y NOPIGHAHHI 3i
36UYATIHOI0 6CMABKOIO YAC 0OPOOKU HOBUM PIJICYHUM IHCIPYMEHIMOM 3MEHULY8ABCS MATIdICE 360U
(3a BUHAMKOM 00HO20 3HAYEHHS) 3 BUOPAHUMU NAPAMU CKOPULOBAHUX napamempis npoyecy (0e
30inbwuny nooawy ¢ 1,6-5 paszie i weudkicmo pizanns eéapiiosanacs é oianazomi 100-200 m/xs).
Omoice, 3 mouKu 30py NPOOYKMUGHOCII, OMPUMANT 3HAYEHH € DLW CRPUAIMAUGUMU, HIJIC NOMOYHI
3Havenns 6 8 3 9 sunaoxis.

Kuro4osi ciioBa: 06pobka 3aeapmosanux noeepxos, pixcyui naACMuH, MOYIHHA, WOPCMKICMb,
cunu pizanus; MoOeno8anHs.

106



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

YK 621.921.34 doi: 10.20998/2078-7405.2019.91.11
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YIYUIIEHUE ®U3NKO-MEXAHUYECKHNX XAPAKTEPUCTHUK
CUHTETHYECKHUX AJIMA30B, CUHTE3UPOBAHHBIX
B PABHBIX POCTOBBIX CUCTEMAX,
JUIS TIOBBIINEHUSA SOPEKTUBHOCTH AJIMA3HOI'O
KAMHEOBPABATBIBAIOIIEI'O U ITPABAIIEI'O HMHCTPYMEHTA

AuHotamusi. Ha agpgexmusnocmv  pabomvr  armasznozo  kamueobpabamvigaowe2o  u
NpeyusUoOHHO20 Npasaujec0 UHCMPYMeHma OYeHb O0nbuioe GIUAHUE OKA3bIBAIOM  PU3UKO-
MeXaHuuecKue ceolucmed WaUGnoOpoutKo8 CUHMEeMU4ecKo20 aimasd, NPUMeHAeMbIX npu OCHACMKe
npasswux poauxos. Ceoucmea WIIUGNOPOWIKOE aAIMA3a, 6 C6010 0uepedb, 00YCIABIUBAIOMCS
mexHono2usMU Ccunmesa, obozawenus, odpabomku, Kiaccugurkayuu no pasmepam u @opme,
COpMUPOBKI, YMO CROCOOCMEYENt NOLYYEHUIO NOPOWKOS C 3A0AHHbIMU CBoticmeamu. B pesyromame
COBEPUIEHCMBOBAHUS  NpoYecca  CUHMe3a PSAOOM  eOVIYUX 3apYyOedCHbIX DUPM  NOTyHeHbl
CUHmemuyecKue aimassl ¢ 04eHb BbICOKOU NPOYHOCbIO, U3 KOMOPLIX MO2YM OblMb U320MOBNEeHb
gvicokonpounvle nopoutku aimasa mapok AC200—-AC400. Hccredosanus npogoounu Ha aimazax
seprucmocmu 400/315 paznvix mapox, cunmesuposannvix 6 cucmemax: Ni-Mn-C, Fe-Ni-C, Fe-Co-
C. B pesyrtemame 6bINOIHEHHbIX UCCIEO06AHUN NOKA3AHO, YMO  QUIUKO-MeXAHUuecKue
Xapakmepucmuky — QIMA3HLIX — WIUGNOPOWKOE — (NPOYHOCMb U MePMOCHOUKOCHIb),
CUHMe3UPOBanHbIX 6 pasmvlx pocmoswvlx cucmemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, ¢ 6onvuwum
cooepaicanuem 6HympuUKpUCMAIIUYECKUX npumecell u exuovenuil (boree 2 pas) no cpasHeHuro c
aimMazamu ¢ MeHbUUM cooepicanuem - cHudxcaiomes om 3 00 5 pas. [ns nogviuleHus
appexmusnocmu pazoenenus WIUGNOPOWKOS CUHMEMUUECKO20 AAMA3d, CUHIME3UPOBAHHBIX C
npumereHuem heppocniasos, paspaboman cnocod pasodeieHuss armazos no O0eeKmHocmu ux
noeepxuocmi, nymem u3oupamenbHo20 HaHeCeHUs INEKMPONPOBOOHLIX MOHKOOUCTIEPCHBIX YACHUY
u 3a cuem cun adzesuu 3aKpenieHus. Ux HA NOBEPXHOCMU 3epeH NOpOwKa (01 ycuieHus
ecmecmeeHHbIX DNEKMPUYeCKUX C60UCMs), HmMo NO360/Aem pazoensimb 3epHd  aimasd 6
NeKmpuyeckom none Ha 5—7 paxyul, pasnuvarouuecs mexcoy cobou no NnpOYHOCHIHbIM
Xapakmepucmuxkam, U YIyYWUMb — CEIeKMUBHOCMb UX — pa30eieHus No  NPOYHOCHHBIM
xapaxkmepucmukam. Hcnonv3osaniue 6 uHCMpyMeHme QIMAHbIX ULIUGHOPOUIKOE C BbICOKOU
00HOPOOHOCMBIO  NO  NPOYHOCMU — NO3GOAUM  NOGLICUMb  IPGEKMUGHOCb — AIMAZHO20
KamMHeobpabamui8aiowe2o u npasse2o UHCMpyMeHma.

KaroueBnle clnoBa: cunmemuveckue aimasHble WIUGNOPOWKU, KaMHeoOpabamuvleaowull u
npassuuLl UHCMpPYMeHn ; PusuUKo-Mexanuyeckue XapaKmepucmuri'; 00HOPOOHOCb NO NPOYHOCIU,
cooeparcanue GHYMpUKPUCIAITUYECKUX npuMecell.

B npombinmieHHOCTH Bce OoJiblliee paclpoCTpaHeHHE IMpHOOpeTaeT
MHTEHCHUBHO Pa3BUBAIOIIECECs MPELM3NOHHOE NTyOUHHOE Bpe3Hoe HITndoBaHue,
obecrieunBaroniee BBICOKONPOM3BOIUTEIBHYI0 M KadeCTBEHHYIO 00PabOTKY
JeTajgei CIoXHOW (OpMBI, B TOM YHCIE H3 TPYAHOOOpaOaThIBaEMBIX
MaTtepuajoB. B kamHeoOpaboTke OOJIbIIIOE 3HAYCHHE HMEET NpPHUMEHEHHE
QJIMa3HOT0 KaMHe0OpadaTHIBAIOIIET0 HHCTPYMEHTA.

© B.Jlagpunenxo, I Hnonuyxas, H.3aiiyesa, B.Cmoxeéuna, A.Maxcumenxo, B.Cxkpaoun, 2019
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Ha >¢dextuBHOCTS pabOTHl alIMa3HOTO HWHCTPYMEHTA OYEHB OOIBIIOE
BIMSHUE OKa3bIBAIOT (DU3MKO-MEXaHHMUECKHE CBOWCTBA MHIIM(IOPOIIKOB
CHHTETHYECKOTO anMasa. Ha COBpeMEHHOM 3Tame pa3BHTHE MPOTPECCHBHBIX
TEXHOJIOTHH 00pabOTKM IeTaledl MallMH C HCIOJIB30BAHHEM COBPEMEHHOTO
QJIMa3HOTO WHCTPYMEHTa TpeOyeT NPHMEHEHHs B HHUX IIOPOIIKOB ajMas3a
BBICOKOTO Ka4€CTBa C BEICOKOI OJJHOPOJHOCTBIO IO ITOKA3aTENIIM IPOYHOCTHBIX
XapaKTepUCTHUK M TeoMeTpudyeckux pasmepoB 3epeH [l]. CaoiicTBa
HITH(IOPOIIKOB alMasa, B CBOI0 O4epe.lb, 00YCIaBIMBAIOTCS TEXHOJIOTHUSIMH
CUHTe3a, oborameHus, o0paboTku, Kiaccupukauu mo pasmepam u Qopme,
COPTHUPOBKH, 4YTO CIOCOOCTBYET MOJYYEHHIO TIOPOLIKOB C 33JaHHBIMU
cBoiicTBamMH. Pa3Mepsl KpHUCTaJIOB anMasa, KOJUYECTBO B HUX IIpUMecei U
BKJIIOYEHUI, MPOUYHOCTHBIE XapaKTEPUCTHUKU BO MHOTOM 3aBHUCAT OT CKOPOCTH
pocTa KpuctanioB. B pabodem mpocTpaHCTBE anmapaTroB BBICOKOTO IABICHUS
HEBO3MOXXHO OOECIHEUYHTh OJMHAKOBBIC YCIOBHS I YBEIWYEHHS pa3MepoOB
BCEX KPHUCTAIJIOB H3-32 HEOJHOPOJHOCTH TEMIEpaTypbl M AABICHHS, YTO
NPUBOANT K OOpa30BaHMIO KPUCTAIIOB C Pa3sHBIMU (PU3MKO-MEXaHHYECKUMHU
CBOWCTBaMH.

Jnst N3roTOBJICHNST KAMHEOOPaOaThIBAIOIINX M IPABSIIIINX HHCTPYMEHTOB
UCIIONB3YIOTCS  OOBIYHO TIOPOIIKM TPHUPOJAHBIX  ajJMa30B  ITOBBIILICHHOW
MPOYHOCTH U 3€PHUCTOCTH. ITO 00YCIIOBIECHO HEOOXOIUMOCTBIO 00ECTICUSHHUS
[IPABSIIEMY UHCTPYMEHTY MaKCUMAaJIbHO BO3MOYKHOM CTOMKOCTU. B pe3ynbTaTe
COBEpLICHCTBOBAaHMs Tpollecca CHHTE3a PSIOM BEAYIINX 3apyOesKHbIX (Gupm
MOJY4eHbl CHHTETHUECKHUE aJIMa3bl C 0U€Hb BHICOKOH ITPOYHOCTHIO, U3 KOTOPBIX
MOTYT OBITh H3TOTOBIICHBI BEICOKOIIPOYHBIE ITOPOIITKH anMasa Mapok 10 AC300.

IMosToMy menbio maHHOM paboTel OBLIO  HMccleqoBaHHWE (DU3UKO-
MEXaHHUYECKUX CBOMCTB BBICOKOMPOUHBIX (ACS50-AC300) ummmdropomkoB
CHHTETHYECKUX aJMa30B MPUMEHSIEMBIX JUIsSt OCHAaCTKH
KaMHe0OpaOaThIBAIOLIETO U MPABSIIET0 HHCTPYMEHTA.

UccrenoBanmst mpoBomminch Ha anmaszax 3epHucroctu  400/315
Pa3IMYHBIX MapOK, CHHTE3UPOBaHHBIX B cucTeMax Ni-Mn-C, Fe-Ni-C, Fe-Co-C.
AJMa3HbIe TUTH(IIOPOIITKH OICHUBAIN 10 36PHOBOMY COCTaBY, IPOYHOCTH (P),
k03¢ ¢unuenty dopmsl (Ki), nedekTHOCTH MOBEpXHOCTH anMmaszoB (Kj); ams
U3MEPEHHS 3JEKTPOYU3NIECKUX XapaKTepUCTHK: YAETBHOTO
JNIEKTPOCONPOTHBICHHS (p), YICIBHOW MAarHUTHOH BOCHPUHUMYUBOCTH (%)
WCTIONB30BAINCh METOAUKH, pazpaboTannbie B UCM um. B.M. bakyurst.

OJeMEeHTHBII COoCTaB MPUMEce M BKIIOYCHHH B MITH(IIOPOIIKAX anMasa
OINIPEAEISIIM IyTeM PEHTTeHO(IYOPECHEHTHOTO HWHTErPabHOTO aHalih3a C
UCIIOJIB30BAaHUEM  PACTPOBOrO  JJIEKTPOHHOro Mukpockoma BS-340 wu
9HEProJMCIEPCHOTO aHalINW3aTopa PEHTIeHOBCKUX crekTpoB Link-860, a
SJIEMEHTHBIM COCTaB MpHMeced — C MOMOIIBIO YCOBEPIIEHCTBOBAHHOMN
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mporpaMMbl KomdecTBeHHoro aHanmm3a ZAF-4FLS, paspabortannoit dupmoit
«Link», BenmnkoOpuranus.

TepMOCTOMKOCTh NUTH(IIOPOIIKOB aIMa3a OIEHUBANIHN 110 K03 durtmenty
TepMocTabmibHOCTH (K7c), PaBHBIA OTHOIICHHIO CTAaTHYECKOH MPOYHOCTH
aJIMa3HOTO TOPOIIKa Mocie TepMooOpaboTku (Pr) K MOKa3aTeNto MPOYHOCTH
OpPH CTaTHYECKOM CXKATHH 3€pPeH NUIAQIIOPOITKa K TepMooOpaboTku (P;).
KoadpunmeHnt TepMOCTaOMIBHOCTH SIBISIETCS XapaKTEPHCTHKON aliMa3HBIX
MOPOILKOB, CHHTE3UPOBAHHBIX B Pa3HBIX POCTOBBIX CHCTEMaX, HO3BOJISFOLIHIA
OLICHNMBATh CIIOCOOHOCTH MOPOILKA COXPAHSATH IPOYHOCTH MOCIIE HAarpeBa.

Koappunuent opnopomHocTH 10 MpOoUHOCTU (Koounp.) ONPENEICHHOMN
3€PHUCTOCTH U MapKH ONpPEACIBIIM 10 CyMMapHOMY COJEPXKAaHHUIO 3€peH,
paspymiaromas Harpy3ka KOTOPBIX HaXxOJIUTCS B MHTEpBalax IMPOYHOCTH IS
HOMMHaJIbHOU Mapku B cooTBeTcTBUM ¢ ICTY 3292.

KospduumeHT o0gHOPOAHOCTH 1O JHHEHHBIM pasmepam  (Koouap.)
OTIPEZIETICHHOI 36PHUCTOCTH OLCHUBAIHM 10 CyMMapHOMY COZIEPKaHUIO 3epeH
CO CPeIHHUM JIMHEHHBIM pa3MepoM B mpode [2].

3a nUHEWHBIH pa3Mep 3epHa anMasa p IpUHUMAeTCs moxycyMma JutHsI (1)
u ummpunbl (b) npoexiun 3epua: p = (1 +b) / 2.

Jlnst OLICHKH MapaMeTpoB Hpolecca pa3aeseHns aIMa30B B MArHUTHBIX U
QJICKTPHUUICCKUX MOJIAX UCIIOJIB30BaIN U3BECTHBIC METObI O6OFaIlIeHI/I$I.

s 00paboOTKU pe3yNbTaTOB HCCICIOBAHUN MPUMEHEHBI COBPEMCHHBIC
MCTObI MaTEMaTHYCCKOM CTaTUCTHKH.

B cBsi3n ¢ HEOOXOIMMOCTHIO MPOBEICHUSI MCCIIETOBAHUI pa3paboTaHb
HOBBIC MCTOJJHUKH IJIsA aHAJINTUYECKOM OLCHKH OJJHOPOAHOCTH MO IMMPOYHOCTU U
pa3Mepam HUTUQIIOPOIIKOB anMasa.

AHanuTHuYecKas OIEHKA BBITIOJHIETCS C HCIIOJIb30BAHHEM ITPOTOKOJIOB
ucnbITaHui Ha P 1 u3Mepennii | u b npoeximu 3epen anmasa. [1o 3TUM TaHHBIM
ornpezensercs MoiHas (QyHKOus paclpeaeieHus mo (U3HYECKUM CBOMCTBAM
kauectBa & (P i p). IlonydeHHble TaHHBIC SBISIFOTCS MacCHBOM 3epeH ¢ &,
KOTOpBIE HM3MEHAIOTCA OT Cmin M0 ¢max. 3aT€M BECH MACCHB IMOTYYEHHBIX
MoKa3aTesiell XapakTepUCTUK KaueCcTBa pa3OMBatoT Ha psit uHTEPBAIOB (& — &i+1),
COOTBETCTBYIOIIMX MapKe TMOpOIIKa 10 HOPMAaTHBHBIM JOKYMEHTaM;

OmpezensieTcsl Conepanne 3epeH ( ) ), OTHOCSIMXCS 10 ¢ 10 yKa3aHHbIX
HWHTEPBAJIOB; PACCUUTHIBACTCA KYMYJIATUBHOC COJCPKAHUC 3€PEH B MOPOIMIKE

CBEpXY BHU3 (Z Vi \L ) ¥ CHU3Y BBEpX (z 7i 1) ¥ KyMyJISTHBHBIE CBOMCTBA &

3epeH B MOPOIIKE MO PACTYLIEMY 3HAUCHHIO (Ei J ) ¥ HUCXOJIAIIEeH (Ei T ).
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Pucynok 1 — DnexTpoHHBIE TaGIUIIEI aHATN3a TOPOIIKA aJIMa3a MO IIPOYHOCTH MapKH
AC125 3epraucroctr 400/315: a — comepxaHue 3epeH anMasa ¢ pa3HOH IPOYHOCTHIO B
po0e MopoliIKa, § — COCTaB MOPOLIKA aIMa3a 110 IPOYHOCTH, 6 — rpaduueckoe
HpEJCTaBICHHE PACIIPE/ICTICHNS 3€PEeH MTOPOLIKA MO TPOYHOCTH
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Ha ocHoBanum BBIOpaHHBIX NPHUHIMIIOB pa3paboTaHa KOMIBIOTEPHAs
mporpaMMa pacdeTa IrokasaTelniel mpouHocTtr (P) u pasmepa (p). Ilporpamma
M03BOJISIET MOTYYUTh HH(POPMAIIHIO O cpeaHel P 1 p, 0 cOCTaBe M OTHOPOIHOCTH
MOpoIIKa Mo P M p, a TaKkKe MO3BOJSIET NMPOTHO3MPOBATH KOJIMYECTBEHHBIC
Pe3yJIbTaThI pa3eICHNUS 3€PEH MTOPOIIKOB anMasa. Mcronbp3yemsle B IporpaMme
ITOPUTMBI OOECIICUYMBAIOT AHAIN3 BO3MOXKHOCTU Pa3AEiCHHUs IOPOIIKa Ha
¢dpakimu o P u p.

Ananmuz numndmnopornka anmaza Mapku AC125 3epaucroctu 400/315 no
(P) (puc. 1) moka3piBaeT, YTO MOPOIIOK COACPXKUT 3€pHA ajMasza, KOTOpPbIC
pacopenensitorcss nmo Mapkam oT AC32 go AC250, cpeaHes3BeuleHHast
IPOYHOCTh 3TOr0 mopomka P,,=210,46 H, oaHOPOTHOCTH MO MPOUYHOCTH
cocraisieT 32 %.

IIpn IIPOBEJICHUHU HCCIIeI0BaHUI (U3UKO-MEXaHNIECKUX
XapaKTePUCTUK NUTH(PIOPONIKOB aliMa3a, CAHTE3UPOBAHHBIX B IPUCYTCTBUHI
pa3HBIX CIIJIAaBOB-PACTBOPHUTENIEH, OBIIO TNPOBEACHO H3YydeHHE (QU3ZHUKO-
MEXaHWYECKHX XapaKTEPUCTUK IIIU(IOPOIIKOB anMasa 3CpPHHCTOCTH
400/315 pa3HbBIX MapoK, CHHTE3HpOBaHHBIX B cucTteMax Ni-Mn-C, Fe-Co-C
1 Fe-Ni-C, koTopble UMEIOT pa3JIMYHbIe IPOYHOCTHBIC XaPAKTEPUCTUKH H
pa3Hoe cojJiep>KaHUe BKIIOUYECHUM.

Tabmuma 1 — CBolicTBa ajMa3HbIX IUTU(IIOPOIIKOB 3epHUCTOCTH 400/3 15 pa3zHBIX Mapok,
cuHTe3upoBaHHbIX B cucreme Ni-Mn-C

HaumMeHnoBanue Mapxku o JICTY 3292
XapaKTCPUCTHKU AC125 | AC100 | AC80 | AC65 | AC50

VYnenbHas  Mar"HuTHas
BOCHPHUMYHUBOCTh, ¥, X108, 1,8 3,48 8,0 105 | 1572
M3/KT
[IpouHOCTB NPU KOMHATHOM
Temneparype, P, H
[IpouHocTh nOCIIE TEPMUUECKOI
obpabotku, Pro, H

218,5 161,0 | 130,0 | 1100 | 79,5

192,3 1320 | 923 | 715 | 350

Kospuument 88 82 71 65 44
TepmocTabuibHoCTH, K7, %

Kareropust repmocTabunbHOCTH BT BT CT CT HT
KoaddurmeHT 0gHOPOAHOCTH 110 69 61 65 58 54
npouHoctH, Komx. nip., %

Koaddumment nedexraoctu 0,13 0,19 0,44 0,62 1,23
noBepxHoctH, Ka, %

CopaepxaHue BKIIOUYCHUH, 1,108 - 2,109 — 3,017
B, atom. %
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B mmdnoponikax anMasa pasHbIX CUCTEM ONPEACIAIN IPOTHOCTHBIE
XapaKTepUCTUKH: TI0KA3aTENb IPOYHOCTH IIPH CTaTHIeCKOM cxxatuu (P) mo
u 1mocie TepMmuuecko oOpaborkm mpum  1100°C, xosdpdumment
TepMmocTabmnbHOCTH (K7c), KOO9P(PUIHEHT OTHOPOAHOCTH MO NMPOYHOCTH
(Koonnp.), @ TAaKKe M3MEPSUIA UX YACIbHYI0 MarHUTHYIO BOCIPUUMYHBOCTD
(), smeMenTHBII cocTaB U oOlIee CoAepKaHHE BHYTPUKPHUCTAIITHYCCKUX
npuMecei U BKIoueHu ().

XapaKTepuCTHKN anMa3HeIX nomdmopomkoB mapok AC125-ACS50,
cuHTe3upoBaHHbBIX B cucTeMe Ni-Mn—C, mpencrasnenst B Tabune 1.

W3 tabmumel 1 criemyeT, 4TO MPOYHOCTH NUTU(IIOPOLIKOB ajiMa3a MapoK
AC125-AC50 ycTOWYINBO CHIDKAIOTCS OT COACPKAHMS B HUX BKIItoUeHHH. [1pu
YBEJIMUEHUH cojiepkaHus BkitodeHuit ¢ 1,108 no 3,017 atom. % npoyHOCTh IpU
KOMHATHOU TeMrepaType cHuxaercs ot 218,5 no 79,5 H, a mocne tepmudeckoit
obpadotkun — ot 192,3 no 35,0 H. Dra e TeHACHIUSA COXpaHACTCS W UIA
ko3 duinerTa TepMmoctTadbuiIbHOCTH anMasoB (Krc) cHikaeTes ot 88 mo 44 %.
Ilo K7c ycraHOBIEHa KaTeropus TEPMOCTAOMIBHOCTH JUIS alMa3oB Mapok:
ACI125 u AC100 Beicokas (BT), AC80 u AC65 — cpennss (CT) u ms AC50 —
am3kas (HT). KosddunueHT 0MHOPOAHOCTH MUTH(PTIOPOIIKOB CHHTETHUECKUX
anMasoB U3MeHsercs oT 69 no 54 %. YienbHas MarHUTHas BOCIPUUMYHBOCTD
aJMa30B C POCTOM COJEpKaHUs BKII0UeHUH yBeauuupaetcs ¢ 1,8x10°8, m3/kr no
15,2x10%, M%/kr. JledeKTHOCTh NOBEPXHOCTH LLIU(IOPOLIKOB PA3HBIX MAapOK
1o ko3 uIMeHTy NOBEPXHOCTHOI akTHBHOCTH M3MeHsiercst ot 0,13 o 1,23 %.

XapaKkTepUCTHKN anMa3HeIx HuudmopomkoB mapok ACI60-ACS0,
CHUHTE3WpOBaHHKBIX B cucteMe Fe-Co-C, npeacrasieHs! B Tabmuie 2.

W3 tabauupl 2 clienyeT, 4To MPOYHOCTh ajIMa3HbIX NUIU(IIOPOLIKOB MapOK
AC160—-ACS50 cHmxaercs OT coJiepKaHus B HUX BKIroueHuil. [lpu yBennuennu
cojepxanus BkaroueHui ¢ 0,481 no 2,012 atrom. % NpodHOCTH IpU KOMHATHOM
TeMmreparype cHmkaercs ot 258,5 no 86,9 H, a mocie Tepmudeckoit 00paboTKu
— ot 235,2 mo 44,3,9 H. Koadpdumuent tepmoctabuinpHocTH anmaszoB (Krc)
cHkaercs oT 91 10 51 %. [1o Krc ycTaHOBIIEHA KATETOPHSI TEPMOCTa0OMIIBHOCTH
st amMazoB Mapok: AC125 u AC100 Beicokas (BT), AC80 u AC65 — cpenHss
(CT) m gma AC50 — wnmkas (HT). Koaddumumentr ogHOpoaHOCTH
NUTH(IIOPOIIKOB CHHTETHYECKHX aiMa30B u3MeHsercs oT 79 mo 36 %.
VYaenbHas MarHuTHasE BOCIPHUMMYMBOCTH ajMa30B C POCTOM COJAEPKAHUS
BKJIOUeHUH yBenmumBaercs ¢ 22,3x10% no 249,6x10® m¥/kr. JlepexrnocTs
MOBEPXHOCTH  NUIM(IIOPOIIKOB  Pa3HBIX MapoK 10 KO3 UIHEHTY
MOBEPXHOCTHOM akTUBHOCTH u3MeHsieTcs ot 0,15 1o 2,41 %.
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Tabmma 2 — CBolicTBa aTMa3HbIX IUTH(IIOPONIKOB 3epHICTOCTH 400/3 15 pa3sHBIX Mapok,
CHHTE3UpOBaHHBIX B cucteme Fe-Co-C

HaumenoBanue Mapxu o ICTY 3292
XapaKTCPUCTHKH AC160 | ACI125 | AC100 | AC80 | AC65 | AC50
VY aenbHas MarHUTHas
BOCIIPUUMYHUBOCTB, ¥ X 1()'8, 22,3 39,5 92,4 129,6 175,1 249,6
M3/kr
Tpourocts MpH KOMHATHOH 2585 | 230,0 | 1540 | 1409 | 1269 | 869
Temneparype, P, H
[IpouHocTs nOCIIE TEpMUUECKOI 2352 1863 1124 859 647 | 443
o0pabotku, Pro, H ! ! ' ! ! !
Koapdumment
TEePMOCTAOMIIBHOCTH, 91 81 73 61 54 51
Krc, %
Kareropust TepMocTaOHIBHOCTH BT BT CT CT CT HT
KoaddurmenT ogHOpOIHOCTH 79 70 64 42 38 36
0 POYHOCTH, Koon. np, Yo
Kospuunent nepexrnocri 015 | 024 | 098 | 141 | 175 | 241
MOBEPXHOCTH, Ka, %0 ’ ! ' ! ’ '
Conepiarie piTiOUCHIH, 0481 | - | 0637 | 0912 |1,745]2,012
p, atom. %

XapakTepuCTUKN alMa3HBIX HUTHPIOPOmKoB Mapok AC250, AC200 u
AC160, cunresupoBannbix B cucteme Fe—Ni—C, npezcraBnens! B Tabiuie 3.

Tabnuua 3 — CBolicTBa ajMa3HbIX IUTU(IIOPOIIKOB 3epHUCTOCTH 400/315 pasHBIX Mapok,
CHHTE3UpOBaHHbIX B cucteme Fe-Ni-C

Mapxku o ICTY 3292 u TY
Hanmenosanue VY 28.4-05417344-2003
XAPAKTEPHETHII AC250 | AC200 | ACI160
VY nenbHas . MarHHuTHast 3.2 10,2 24,7
BOCIIPUUMYHUBOCTB, ¥ X10°, M°/KT
ITpoyHOCTH NpH KOMHATHOM Temmeparype, P, H 414,2 358,0 305,5
IIpounocTs MOCTE TEpMHUYECKOH 00paboTKH, Pro,
H 393,55 304,3 220,0
Koaddumment repmocrabunsrocTH, Kre, % 0,95 0,85 0,72
Kareropus TepMOCTaOUIBHOCTH BT BT CT
KoathduimeHT 01HOpOIHOCTH MO TPOYHOCTH, 76 64 48
Koon. npy %
Koaddumuent nedexrnoctn noBepxaoctu, Kq, % 0,05 0,12 0,23
COZ[ep)K&ZHI/Ie BKIJIIOUCHHUH, 0,331 0,439 0,617
p, atom. %
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W3 tabanist 3 cremyeT, 9To MPOYHOCTh alIMa3HBIX IITH(IOPOIIKOB MAPOK
AC250-AC160 cHmkaeTcss OT coaepKaHHS B HHAX BKIOYeHWHA. llpum
yBEJIMYEHUH cofieprkanus Bkiatouenuii ¢ 0,331 1o 0,617 atoM. % npodHOCTh IpU
KOMHATHOW Temmeparype cHuxkaerca oT 414,2 nmo 305,5 H, a mocne
TepMudeckoii oOpabotkm — ot 393,5 mo 220,0 H. Kosddumument
TepMocTabmibHOCTH anMaszoB (Krc) cHmwkaercs ot 95 mo 72 %. Mo Kre
YCTAaHOBJICHa KaTEropusi TePMOCTAOMIBHOCTH Ui anMa3oB Mapok: AC250 u
AC200 Beicokas (BT), AC160 — cpenuss (CT). Koadpdrmment ogaopogaocTH
NUTHQIIOPOIIKOB CHHTETHYECKHX alMa3oB u3MeHsercs or 76 no 48 %.
VYaenbHas MarHuTHasE BOCIPHUMMYHBOCTH ajMa30B C POCTOM COJAEPIKAHUS
BKJIIOUEHUH yBenuumbaercs ¢ 3,2x108 no 24,7x108 m¥kr. JledexrHocTh
MOBEPXHOCTH  IIIM(MIOPOIIKOB  Pa3HBIX MapoK M0  KOIGHUIUECHTY
MOBEPXHOCTHOM akTHBHOCTH M3MeHsieTcs oT 0,05 1o 0,23 %.

V3meHeHne mNpOYHOCTH UUIM(GIOPOIIKOB CHHTETHYECKOTO — anMmasa
3eprucroctd 400/315 mpuM KOMHATHOH TeMmmepaType, CHHTC3UPOBAHHBIX B
Pa3HBIX POCTOBBIX CHCTEMax, OT COAEPKaHUS B HUX BHYTPUKPUCTALIMYECKUX
npuMecel U BKIIIoUeHHH rpaduuecky oKa3aHo Ha puc. 2.

Kak BugHO w®3 puc. 2 XapakTepUCTHKH NPOYHOCTH  AJIMa30B,
cuHTe3npoBaHHbIX B cucteMax Ni-Mn-C, Fe-Co-C u Fe-Ni-C kak UCXOIHBIX,
TaK M TMOCJe BBICOKOTEMIIEpATypHBIX 00pabOTOK, C yBEJIMYEHHEM B HHUX
BHYTPUKPUCTAIIIMYECKUX TPUMECEel M BKIIIOYEHHH, 0COOEHHO METAINTMYECKUX
(6omee 2 pa3) cHmkaercs OT 3 10 5 pa3. BEICOKOIIPOYHOCTHBIE TEPMOCTONKIE
HUTA(IIOPOIIKH CHHTETUYHOTO anMasa, CHHTe3upoBanHbie B cucteme Fe-Ni-C,
COJIep)KaT MEHbIllee KOJMYECTBO BHYTPHUKPUCTAUIMYECKUX IpHUMEced H
BKJIFOUEHUH, ¥ UMEIOT BBICOKYIO IPOYHOCTH U TEPMOCTOHKOCTb.

Anamu3  gaHHBIX TaOmmn  1-3  mokasan, dYro  IUTA(IIOPOIIKH
CHHTETHYECKOT0 aiMa3a Pa3HbIX MapOK, CHHTE3UPOBAHHBIE B Pa3HBIX POCTOBBIX
cucremax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, ornuuarorcs mexmy coboit mo
MarHUTHBIM cBoiicTBaM. lllmudmopomku, BeipamenHsie B cucteme Fe-Co-C ¢
NPUMEHEHHEM B Ka4eCTBe pacTBOpUTEIs yriepoza Gpeppociuiasa B Buze Fe-Co,
obyasatoT Ooyee BBHICOKUMH MAarHUTHBIMH XapaKTePUCTHKaMH (yIeIbHOM
MarHUTHOH BOCHpUMMYHUBOCTBIO ¥ x10%, M¥/kr). Jlns usydeHus u3MeHeHUs
MarHUTHBIX CBOMCTB T (IIOPOIIKOB CHUHTETHYECKOTO anMmasa,
cuHTe3upoBanHbIX B cucrteMax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, B nopomikax
OTIpeIeIIsIH 3JIEMEHTHBIH cocTaB u obmee coJiepKaHne
BHYTPHUKPUCTAJUINIECKUX ITPUMEceil U BKIIoUeHuH (Tabnma 4).
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Pucynok 2 — V3MeHeHne XapaKTepUCTUK pouHocTH (a — P u 6 — Krc)
NUT(IIOPONIKOB CHHTETUYIHOTO anMasa 3epauctoctd 400/315,
CHHTE3UpOBaHHbIX B cucteMax Ni-Mn-C, Fe-Co-C u Fe-Ni-C,

OT COZIep)KaHUs B HUX BHYTPUKPUCTAIUINUECKUX IPHMeceil U BKIFOUCHUI
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Tabmmia 4 — DneMeHTHBIH COCTaB BHYTPUKPUCTAIUIMYECKUX IIPUMeECeH M BKIIOYCHHH B
ot nopornkax anmasa sepaucroctd 400/315 pasubix poctosbix cuctem: Ni-Mn-C, Fe-
Co-C u Fe-Ni-C

DIeMEHTHBIH COCTaB, Macc % Obuiee
Mapxka . . . COHEP)K&HP.'.E
Si Ca Ti Cr Fe Co Ni Mn Cu Zn BKJIIOYEHHIH,
macc.%
Ni-Mn-C
ACI125 0,040 | 0,003 | 0,003 0,014 0 0,006 | 0,541 | 0,471 | 0,021 | 0,009 1,108
AC80 0,046 | 0,005 | 0,006 0,018 0,017 | 0,011 1,136 | 0,865 | 0,024 | 0,010 2,138
AC50 0,051 | 0,007 | 0,009 | 0,0020 | 0,037 | 0,017 1,390 1,00 0,031 | 0,014 3,017
Fe-Co-C
AC160 - 0,002 - 0,012 0,254 [ 0,195 [ 0,011 - 0,005 [ 0,002 0,481
AC100 - 0,005 | 0,006 0,054 0,297 [ 0,239 [ 0,028 - 0,006 | 0,002 0,637
AC80 0,010 | 0,013 | 0,016 0,084 0,398 [ 0,341 | 0,039 — 0,008 | 0,003 0,912
AC65 0,011 | 0,015 | 0,029 0,123 0,683 [ 0,785 | 0,084 - 0,010 | 0,005 1,745
AC50 0,011 | 0,019 | 0,035 0,311 0,736 | 0,825 [ 0,107 - 0,011 | 0,007 2,062
Fe-Ni-C
AC250 - 0,015 - — 0,161 | 0,016 | 0,114 | 0,003 | 0,022 — 0,331
AC200 - 0,026 - - 0,212 | 0,031 | 0,124 | 0,007 | 0,039 — 0,439
AC160 - 0,040 | 0,016 0,060 0,222 | 0,058 | 0,139 | 0,010 | 0,058 — 0,617

Kak cnemyer u3 tabmuupl 4, nUM@IOpPOMIKA CHHTETHYECKOTO anMmasa
3epuucroctd  400/315 pasHBIX MapoOK OTIMYAOTCA MEXKIy Cco00i 1o
3JIEMEHTHOMY COCTaBY U IO OOIIEMY COAEPKAaHHIO BHYTPHUKPUCTAJUIMIECKUX
npuMeceid W BKIIOYEHHil. B mpoliecce  m3yueHHs — NUTH(IIOPOIIKOB
CHHTETHYECKOro  ammasa  3epHuHcroctd  400/315  pasHBIX  Mapok,
CHHTE3MPOBAaHHBIX B PA3HBIX POCTOBBIX CHCTEMaX, ONPENENISUIN MarHUTHYIO
BOCHPUMMYHMBOCTh KaXJIOTO HCCIEAyEMOro TIIOpOIIKAa, a C MOMOIMIBIO
PEHTTEHO(IIyOPECICHTHOTO aHaJlM3a 3JEMEHTHBIA COCTaB BKIIOUCHHH W
npuMmeceil. CymmMa BceX OOHAapY)KEHHBIX 3JEMEHTOB COOTBETCTBYET 00LIEMY
COJICPXKAHUIO BKIIIOYCHHH, a CyMMa 3JIeMEHTOB CIIIaBa-pacTBOPUTENS AaeT
BO3MOYKHOCTH OIIEHUTH UX COJIEpKaHKE B IIOPOIIKE arMasa.

ITo pa3paboranHO#l panee MeToauke [3] Mpow3BeneH pacuyeT MarHUTHOM
BOCIIPUMMYHMBOCTH TNpHUMeceil W BKIIOYEHHH (Yen) B  HCCIETYyEeMBIX
g nopoinkax 3epauctoctu 400/315, CMHTE3UPOBAHHBIX B Pa3HBIX POCTOBBIX
cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C ¢ y4eroMm CyIIecTBYIOUIHX
3aBUCUMOCTEH:

ﬂA + Bern =100%
Xucx -100=;(A -,BA + Yexcn * Bewn » T-€-
Xucx ’100:)(14 'ﬂA +Zem(loo_ﬂA)

luax'loo_ZA'ﬁA
X = — )
6Kl 100 'BA
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r1e f4 1 Pow. — COIEpKaHUE B CHHTETHYECKOM aMa3e OECIpUMECHOTO anMasa
(B4) ¥ BKIFOUEHHIT B HEM (S0 );
Xucxs Y4> Xorr. — MATHUTHAST BOCIIPHIMYHBOCTD CHHTETHYECKOTO amMasa (Yucx),
GecnpumecHoro anMasa (y4 = —0,62x108, M%/kr) u Bxmouenuil.

Ta6mz1ua 5 — OU3UKO-MEXaHUIECKUE XapaKTEPUCTUKU aJIMa30B, CHHTEC3UPOBAHHLIC
B pasHbIX POCTOBBIX CUCTEMAX

YV nenmpHas MarHATHAs Copep:kaHue npumecen u
BOCIIPUUMYHUBOCTD, BKJIFOUCHUI
Mapxka 2, <1078, M¥/kr Hp(;;{’HI_(I)CTL CILIaBa- obiee,
pacTBOpHUTENS ace. %
Kex Ko macc. % | %
Ni-Mn-C
ACI125 1,8 238,5 218,5 1,012 91,3 1,108
ACS80 8,0 430,2 130,0 2,001 93,6 2,138
AC50 15,2 661,3 79,5 2,390 79,2 3,017
Fe-Co-C
ACI160 22,3 5104 258,5 0,449 93,3 0,481
AC100 92,4 17354 154,0 0,536 84,1 0,637
ACS80 129,6 17620 140,9 0,739 81,0 0,912
AC65 175,1 11869 126,9 1,468 84,1 1,745
AC50 249,6 16029 86,9 1,561 75,7 2,062
Fe-Ni-C
AC250 3,2 1388 414,2 0,275 83,0 0,331
AC200 10,2 3220 358,0 0,336 76,5 0,439
AC160 24,7 7913 305,5 0,361 58,5 0,617

BbINOTHEHHBIE U3MEPEHUS Yucx M OIMPEICIICHHS 3JEMEHTHOrO COCTaBa
npuMecei M BKIIOYCHUH (fa) TMO3BOJNSIOT PACCUUTaTh MArHUTHYIO
BOCTIPUMMYHBOCTG BKJIFOYCHHUH (Yow). V3 aHanM3a 3JIEMEHTHOTO CcoOcCTaBa
npuMecel W BKIIIOUEHHUI B ajiMa3e ObLIO PACCUUTAHO COAEPKAHHME DIEMEHTOB
cruiaBa-pactBopurenss. Cymmbl aiementoB Ni w1 Mn ans umiudnopoikos
anmasa, cuHreaupoBanHbix B cucteme Ni-Mn-C, Fe u Co B cucreme Fe-Co-C,
Fe u Ni B cucreme Fe-Ni-C. Bce nony4eHHble JaHHbIe TPUBEICHBI B TabnuIe 5.

W3 tabnui 4 ¥ 5 BUIAHO, YTO anMa3bl, CHHTE3UpoBaHHbIe B cuctemax Ni-
Mn-C, Fe-Co-C u Fe-Ni-C, pasnuuarorcs Mexay co0Oil 1Mo COAEpKaHUFO
BHYTPHKPUCTAJUIMICCKAX MPUMECEH U BKIIOYCHHM, a TAK)KE TI0 MATHUTHBIM H
MPOYHOCTHBIM XapaKTePUCTUKaM. [IpyU 3TOM BJIEMEHTHI CIIJIaBa-pacTBOPUTEIIS
npeodyiaflaloT U COCTaBiIAOT OT 93,6 o 58,5 % ot ofmero kommyecTBa
HMCIOIUXCS TPUMEcEl W BKJIIOUCHHH B IOPOINKAX ajgMas3a 3THX CHCTEM.
HImupnopomiky anmasa, cuHTe3npoBanubie B cuctemax Fe-Co-C u Fe-Ni-C ¢
npuMeHeHneM (GeppocCIIaBoB Il PACTBOPEHHUS YIIIEPO/a, 3a CUET BBICOKHX
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3HAUYEHUH yJIENbHON MAarHUTHOM BOCIIPHUMYHBOCTH BHYTPUKPHUCTALIMYECKHX
MPUMECEH U BKITFOUCHHH Y4xr., COAEPIKAMNXCS B KPUCTAIUIAX alMa30B, 00J1alaloT
BBICOKHMH MarHUTHBIMH CBOICTBaMH.
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Pucynok 3 — 3aBHCHMOCTD yAENbHOH MarHUTHON BOCIIPUAMYMBOCTH HITH(IOPOIIKOB
CHHTETHYECKOTo anMmasa 3epHucToctr 400/315, cHHTE3MPOBaHHBIX B CHCTEMAaX
Ni-Mn-C, Fe—Co—C u Fe—Ni—C ot coaepxaHus B HUX BHYTPHKPUCTAUIHYCCKHX
npuMecel U BKIIOUCHUH

Kpucrannsl anma3oB BCeX CHCTEM, COAEPXKAIIME MEHBINEE KOINYECTBO
BHYTPUKPUCTAIIIMIECKUX MPUMECEH M BKIIOYCHWH, oOsamatoT OoipmIeh
npouHocteio. Ha pumc. 3 rpaduyeckn moka3aHo W3MEHEHHME YIEIbHOM
MarHMTHOM BOCIPUUMYHMBOCTH LUTU(IIOPOIIKOB CHHTETHYECKOTO anMasa,
cuntesupoBanHbix B cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C ot comepxanus B
HUX BHYTPUKPUCTAJUINYECKUX IPUMECEN U BKIIOUCHUM.

B pesynbrare uccnenoBaHuil GU3NKO-MEXaHUYECKUX CBOWCTB ajMa3HBIX
NUTHQIIOPOIIKOB,  CHHTE3MPOBAaHHBIX €  MpHUMEHseM  (DeppOCILIaBOB,
YCTaHOBIIEHO  4YTO  (DU3UKO-MEXaHUUYECKHE  XapaKTePUCTUKU  ajiMa3oB
(IPOYHOCTD ¥ TEPMOCTONKOCTD), CHHTE3UPOBAHHBIX B POCTOBBIX cucremMax Fe-
Co-C u Fe-Ni-C, kak uCX0/{HbIE TAK U MOCJIE BBICOKOTEMIIEPATYPHOM 00paboTKH
B MHEPTHOW cpene mpu TeMreparype He 6onee 1100°C, ¢ yBenmuueHHEM B HUX
BHYTPUKPUCTAIIIMIECKUX TPUMECEeH M BKIIIOYEHHH, 0COOCHHO METAINTHIECKUX
Goutee 2 pa3 CHIKAIOTCA OT 3 110 5 pas.

Jdnst  ynydimieHHss TPOYHOCTHBIX — XapaKTEPUCTUK ¥ TTOBBIMICHUS
OIHOPOJHOCTH IO OTHM XapaKTepUCTHKaM HEOOXOAWMO MPOBOJUTH
CIIEIUANIbHBIE COPTUPOBKY IMITU(PIOPOIIKOB anmasa [4, 5].

Jns  moBbmmeHuss  3()(EKTUBHOCTH  pasfefeHus  IUIA(IOPOIIKOB
CHHTETHYECKOTO anMasa, CHHTE3UPOBAHHBIX C NMPHMEHEHHEM (eppOCIUIaBOB,
OBUT  yCOBEpUIEHCTBOBAaH CHOCOO  aAre3MOHHO-MAarHUTHOH  COPTHPOBKHU
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alIMa3HbIX [uTHdrnopomkoB. B mpemtoxkeHHOM cmocobe TpexrycMOTpeHa
00paboTka MOBEPXHOCTH 3€PEH NUTU(IOPOIIKOB anMasa ITyTeM HAaHECCHHS
3JIEKTPOIIPOBOAAIINX TOHKOJUCIEPCHBIX YaCTHII U aAT€3HOHHOTO 3aKPETICHHS
MX Ha TIOBEPXHOCTH 3€PEH anMasa Ml CO3MaHHs TNPHOOPETCHHBIX
JNEKTPUUECKUX CBOWHCTB M YCJIOBHH IPOBEICHUS IPOIECCa Ppa3meiIeHHsS
MOpOIIKAa B JJIEKTPHUECKOM Tmoje. HaHeceHHe  3IEKTPONPOBOJISIINX
TOHKOJIMCIIEPCHBIX YacTHll pazmepoM He Oosee 1000 HM Ha MOBEPXHOCTH 3epeH
anMasa OCyILIECTBIsIeTCA IPU KOHLEHTPAIMK 3TUX YacTull He MeHee 5% [6, 7].
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Pucynok 4 — IIpounocts (P) numpnoponkos anmasa 3epaucroctu 400/315,
CHHTEe3UpOBaHHbIX B cucTeMax Fe-Co-C u Fe-Ni-C
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Pucynok 5 — Koapdumuent tepmoctadbunsHoctH (K7¢) anmasos 3epaucroctu 400/315,
cuHTe3upoBaHHbIX B cucremax Fe-Co-C u Fe-Ni-C

B pesynbTare paznenenus o 1e(EeKTHOCTH MOBEPXHOCTH NUTH(IIOPOIITKOB
anmasa 3epaucTocTd 400/315, cHHTE3MPOBAHHBIX B Pa3HBIX POCTOBBIX CHCTEMAX
Fe-Co-C u Fe-Ni-C, mosydeHsI OPOIIKH KpaitHue Gppakiuii KoTopsix (1-if u 6-
if) pa3nu4aroTcss MeXxay coboii mo mpounoctu ot 3,0 mo 1,4 paza.

[osyueHHble TIOCIE COPTHPOBKH IIOPOLIKM OTJIMYAIOTCS  BBICOKOM
TEPMOCTOMKOCTBIO M OJJHOPOJTHOCTBIO 110 IPOYHOCTH (pHC. 4 u 5).
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TepMOCTOMKOCTh NUTH(TOPOIIKOB ajJMa30B CHIDKACTCS OT TEPBOU K
mecToi (pakuii COPTHPOBKH IO JEePEKTHOCTH MOBEPXHOCTH NUTH(ITOPOIITKOB
a;Ma3oB, CHHTE3MpoBaHHBIX B cuctemax Fe-Co-C u Fe-Ni-C. Ilpu stom
TEPMOCTOMKOCTh anmMa3oB cuctemMbl Fe-Ni-C Bbime.
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Pucynox 6 — OQHOPOAHOCTE IT0 TPOYHOCTH IUTH(IIOPONIKOB CHHTETHYECKOTO aMas3a
sepuucroctu 400/315, cunresupoBanHbIX B cucremax: a4 — Fe-Co-C u 6 — Fe-Ni-C

B pesynbrare pazaenenus 1o Ae(heKTHOCTH OBEPXHOCTH HUTU(IIOPOLIKOB

anmasa 3eparctoctd 400/315, CHHTE3MPOBAHHBIX B Pa3HBIX POCTOBBIX CHCTEMAaX
Fe-Co-C u Fe-Ni-C mony4ens! mopoiku kpaitane Gpakimn KoTopsix (1-s u 6-

120



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

) pasIm4yarTcs MeXOy coboi mo mpouHoctH oT 1,4 mo 3,0 pas, mo
TepMocToiikoctu ot 1,3 1o 1,7 paza.

Ha pucynke 6 mokazaHa OJHOPOZHOCTb IO NMPOYHOCTH HUIH(IOPOIIKOB
anmmasa 3epuuctoctu 400/315, cunresupoBannsix B cuctemax Fe-Co-C u Fe-Ni-
C.

Kak crenyer u3 puc. 6 mo ko3 duitnerTy oTHOPOIHOCTH IO IPOYHOCTH
HITA(IOPOIIKY aIMa30B OTJIMYAIOTCS IO CPABHEHHIO C HCXOJHBIMU NOPOILIKAMHU
cucremsr: Fe-Ni-C — 4,2-3,0 pa3a, Fe-Co-C — 3,5-2,4 paza.

Ha puc. 7 (a, 6, 6 1 2) mpeaCcTaBIEHBI THCTOIPAMMBI paCIIpe/IeICHUs 3epeH
ayMasa Mo MPOYHOCTH B Pa3HBIX (PAKIHIX COPTUPOBKH, CHHTE3HPOBAHHBIX B
cucteme Fe-Ni-C: a —ucxonusiii; 6 - No 1; 6 - Noe 3; 2 - Ne 6.

Ha puc. 7a mokazana rucrorpaMma paclpesielieHHsi 3epeH aimasza II0
MPOYHOCTH MCcXOqHOTO nutudropomka Mapkin AC200. 13 pucyHKka BHIHO, 9TO
3epHa allMa3a PacIpeeIiNCh O MPOYHOCTH, COOTBETCTBYIOIIEH MapKaM OT
AC300 o AC65.

IMocne pasmenenus 3epHa anMasa B mpoxykre Nel pacmpenenwnmuch 1o
Mmapkam oT AC125 mo AC300 (puc. 76), B mpoaykre Ne3 ot AC125 no AC250
(puc. 76) u B ipoaykte Ne 6 ot AC65 1o AC200 (puc. 72).

Jdnst  moBbimieHns:  3(GEKTHBHOCTH — pa3feseHus  HUTH(IOPOIIKOB
CHHTETHYECKOTO ajMa3a, CHHTE3UPOBAaHHBIX C IPHUMEHEHHEM (eppoCILIaBoOB,
BIIEPBBIC pa3paboTaH Ccroco0 pas3/eieHUs anMa30B MO JIC(EKTHOCTH UX
MOBEPXHOCTH, IyTeM H30UpaATENbHOrO HAHECEHUS  DIIEKTPOIPOBOJIHBIX
TOHKOJVMCIIEPCHBIX YaCTHI[ W 3a CYET CHJI QAre3UH 3aKpeIUIeHUs HX Ha
MIOBEPXHOCTH 3€PEH IMOPOIIKa (JUIl YCHJICHHUS €CTECTBEHHBIX JIEKTPHYECKUX
CBOHCTB), UTO IO3BOJISICT PA3JENATh 3€PHA ajIMa3a B 3JIEKTPUUYECKOM II0JIe Ha
HECKOJIbKO (pakiuMii W yIyYIINTh CEJNEKTHBHOCTh WX pasJeleHust II0
MPOYHOCTHBIM XapaKTEPUCTUKAM.

TakuM 00pa3oM, BBHINOJHEHHBIE HCCIEJOBAaHMS IOKa3aJd BO3MOXHOCTh
3G QEeKTUBHON  COPTHPOBKM MO  Je(PEeKTHOCTH  TOBEPXHOCTH  3€peH
HUTM(IOPOIIKOB aliMa3a, CHHTE3UPOBAHHBIX C NPUMEHEHHEM (eppOCILIaBOB.
YcraHOBIEHO, YTO (HU3MKO-MEXaHMYECKHUE XapaKTEPUCTUKU  alIMa3HBIX
TG IOPOIIKOB (TIPOYHOCTH U TEPMOCTOWKOCTD), CHHTE3UPOBAHHBIX B Pa3HbIX
poctoBbix cucremax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, kax HCXOIHBIX, TaK U MOCIIE
BBICOKOTEMIIEPATYPHOU 00paboTky, c yYBEIHMYCHUEM B HHUX
BHYTPUKPUCTAIIIMYECKUX MPUMECEH U BKIIIOYCHHU, 0COOCHHO METaIIMYEeCKHX,
Goutee 2 pa3, cHIKArOTCS OT 3 10 5 pas. Mcnonb3oBaHne B HHCTPYMEHTE TaKHX
HaIpaBJIeHHO YIYYIICHHBIX aJMa3HBIX HUIM(QIOPOIIKOB MO3BOJIUT IMOBLICUTH
3G QEeKTUBHOCT,  QJIMa3HOTO  KaMHEOOpaOaThIBAIOIIETO M IIPAaBSILETO
MHCTPYMEHTA.
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2
Pucynok 7 — Pacnipenienerue 3epeH ainMasa o MpOYHOCTH B Pa3HbIX
(bpakuusx copTupoBku 3epHUCTOCTH 400/315, CHHTE3UPOBAHHBIX
B cucreMe Fe-Ni-C: a — ucxonnsiii; 6 - No 1; 6 - Ne 3; 2 - Ne 6.
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B. JIaBpunenko, I'. Impanmeka, 1. 3aiinesa, B. CmokBiHa,
A. Makcumenko, B. Ckps6in, KuiB, Vipaina

IMOJIIITIIIEHHSA ®I3UKO-MEXAHIYHUX XAPAKTEPUCTHK
CUHTETUYHUX AJIMA3IB, CHUHTE3OBAHUX
B PI3BHUX POCTOBHUX CUCTEMAX,
JJIS MIABUINEHHSA E@OEKTUBHOCTI AJIMA3HOI'O
KAMEHEOBPOBHOI'O I IPABJIAYO0TI'O IHCTPYMEHTY

Anorauis. Ha epexkmugnicms pobomu aimazno2o Kameneo6pooHo20 i npeyusiitHo2o Npasiaiozo
iHcmpymenmy — GenuKull  6NAUE  MAIOMb  (DIBUKO-MEXAHIYHI — 6IACMUBOCTT  WAINOPOUIKIG
CUHMEMUYHO20 AIMA3y, WO 3ACMOCOEYIOMbCs NPU OCHAWEHHT NPAGIAYUX poaukie. Bracmueocmi
wnipnopowikie anmasy, 6 ceolo uepey, 00YMOBNIOMbCA MeXHON0ZiAMU CUHmMe3y, 36azaqenHs,
00pobKu, Knacugixayii 3a posmipamu i opmolo, copmyeants, Wo CNpuse OmpuManiio NOPOUIKI@
i3 3a0anumu eracmusocmamiu. B pesynomami 600ckonanenHs npoyecy cunmesy HU3KOI0 npoGioHUX
3apyOidiCHUX QipM OMPpUMAH] CUHMEMUYNI AAMa3u 3 0yJice GUCOKOIO0 MIYHICMIO, 3 AKUX MOJICYMb
oymu sucomoseneni gucoxomiyni nopowku aimasa mapox AC200-AC400. [ocniorcenns npogoounu
Ha aimasax seprucmocmi 400/315 pisnux mapox, cunmesosanux ¢ cucmemax: Ni-Mn-C, Fe-Ni-C,
Fe-Co-C. B pesynomami  6ukoHauux  OOCHIOJCeHb — NOKA3GHO, WO  (DIBUKO-MEXAHIUHI
Xapaxkmepucmuky aamasHux wiighpnopowixie (MiyHicms i mepmMoCcmiiKicmy), CUHME306aHUX  DIZHUX
pocmosux cucmemax Ni-Mn-C, Fe-Co-C i Fe-Ni-C, 3 genuxum emicmom 8HympiuiHbOKpUCmMaiiuHux
QoMiwoK I ekoueHs (binvute 2 pasie) 6 NOPIGHAHHI 3 AIMAZAMU 3 MEHUUM BMICTOM 3HUNCYIOMbCS
610 3 00 5 pasis. [{na niosuwjenns echekmugnocmi po3nooiny winigpnopouKie CURMEemuyHo20 aimasy,
CUHME3068aHUX 13 3ACMOCY8AHHAM (PePOCNIasie, po3podaeHull Cnocié posnodiny aimasié no
Oeghexkmmnocmi ix nOGepxHi, WNAXOM 8UOOPUO20 HAHECEHHs eNIeKMPONPOGIOHUX MOHKOOUCHEPCHUX
YACMUNOK | 30 PAXYHOK CUNl a02e3ii 3aKpinienHs ix Ha NOGEpXHi 3epen NopowiKy (01 NoCunenHs
NPUPOOHUX eNeKMPUYHUX 6IACIIUBOCTEL), WO DO3B0AE PO3OLIAMU 3ePHA ANMA3Y 6 eNEeKMPULHOMY
nozi Ha 5-7 ¢hpaxyiil, wo po3pisHAIOMbCA MidC 0000 NO MIYHOCHI, | NOXINUWUMU CENeKMUBHICMb IX
po3nodiny 3a miynicmio. Buxopucmanns @ iHCmpyMeHmi aiMasHux wiiipnopowie 3 6ucokoio
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0OHOPIOHICMIO 30 MIYHICMIO 00380UMb NIOBUWUMU eDEKMUBHICb AIMAZHO20 KAMEHeoOpOOHO20
1 npasisvo20 iHCmMpymMenmy.

KurouoBi ciioBa: cunmemuuni armasni winigpnopowiku, kKameneoOpooHull i npaeisa4uLl incmpymenm,
izuxo-mexaniuni XapaKkmepucmuxiu, 00HOpIOHiCMb 3a MiyHicmio, emicm
BHYMPIUHbOKPUCATTYHUX OOMIULOK.

V. Lavrinenko, G. II'nitskaya, I. Zaitseva, V. Smokvyna,
A. Maksimenko, V. Skryabin, Kyiv, Ukraine

IMPROVEMENT OF PHYSICAL AND MECHANICAL
CHARACTERISTICS OF SYNTHETIC DIAMONDS SYNTHESIZED
IN DIFFERENT GROWTH SYSTEMS TO IMPROVE
THE EFFICIENCY OF THE DIAMOND STONETREATMENT
AND DRESSING TOOLS

Abstract. The hysicomechanical properties grinding powders the synthetic diamond used at
equipment tool very big influence is rendered on an overall performance diamond stonetreatment
and the precision ruling tool. Properties grinding powders diamond, in turn, are caused by
technologies of synthesis, enrichment, processing, classification in the sizes and the form, sorting
that promotes reception of powders with the set properties. As a result of perfection of process of
synthesis by a number of conducting foreign firms can be made are received. Synthetic diamonds
with very high durability of which high-strength powders of diamond of marks AC200—-AC400.
Researches carried out on diamonds of grit sizes 400/315 different marks synthesized in systems: Ni-
Mn-C, Fe-Ni-C, Fe-Co-C. As a result of the executed researches it is shown, that hysicomechanical
characteristics diamond grinding powders (strength and thermostability), synthesized in different
pocmossix systems Ni-Mn-C, Fe-Co-C and Fe-Ni-C, with the big contents of intracrystal impurity
and inclusions (it is more twice ) in comparison with diamonds with the smaller contents — are
reduced from 3 up to 5 times. For increase of efficiency of division grinding powders the synthetic
diamond, the ferroalloys synthesized with application, it is developed a way of division of diamonds
on deficiency of their surface, by selective drawing electrowire very fine disperse powder particles
and due to forces of adhesion of their fastening on a surface of grains of a powder (for amplification
of natural electric properties), that allows to divide a grain of diamond in an electric field on 5-7
fractions differing among themselves on strength characteristics and to improve selectivity of their
division on strength characteristics. Use in the tool diamond grinding powders with high uniformity
on durability will allow to raise efficiency diamond stonetreatment and the ruling tool.

Keywords: synthetic diamond grinding powders; stonetreatment and the ruling tool;
physicomechanical characteristics; uniformity on strength; the contents of intracrystal impurity.
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Tamas Makkai, Janos Kundrak, Miskolc, Hungary,
Nikolaos E. Karkalos, Angelos P. Markopoulos, Athens, Greece

FACE MILLING WITH A ROUND INSERT AT VARIOUS
CUTTING SPEEDS AND FEED RATES

Abstract: Face milling is frequently used for the rendering of flat surfaces with a high degree of
precision. With this machining process, high material removal rate is possible to be attained but
management of cutting forces values is also desirable, in order to avoid excessive power
consumption, tool wear or vibrations. This can be achieved by selecting the process parameters
within an appropriate range for each case. In the present study, an experimental investigation is
conducted with a view to determine the effect of two important process parameters, namely cutting
speed and feed on the cutting forces and the specific cutting forces during face milling, in cases
where a round insert is used.

Keywords: face milling; cutting speed; feed rate; round insert; cutting forces; specific cutting forces.

1. INTRODUCTION

Face milling is among the most important machining operations and one of
the most popular as well, due to its high degree of versatility, emerging from the
capabilities of using a large variety of cutting inserts at different process
conditions. During face milling, parts with flat surfaces perpendicular to the
milling head axis are machined, with a view to remove a desired amount of bulk
material or improve surface quality and dimensional accuracy. Thus, it is
preferred to be employed in a large variety of industrial applications in the
automotive and aerospace industries. In order to maintain the integrity of
machined surfaces, it is desirable to control the cutting forces so as not to exceed
the limits which lead to low levels of damage, lower energy consumption, higher
tool life and fewer vibrations. In order to be able to control the process outcome
for given process parameters, it is preferable to conduct experimental and
numerical studies [1, 2].

In the previous research works, the influence of process conditions such as
feed rate, cutting speed and chip cross-section shape on cutting forces were
investigated [3, 4] and it was shown that the feed rate plays a more important
role in cases with the use of common rectangular inserts. Thus, in the present
study, the influence of these parameters in cases of face milling with the use of
a round insert will be investigated. In the relevant literature, there were reported
various cases where round cutting inserts are employed both in turning and
milling processes. Regarding milling, it is reported that round

© T. Makkai, J. Kundrdk, N.E. Karkalos, A.P. Markopoulos, 2019
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cutting inserts have several peculiarities due to their shape, e.g. the entering
angle is a function of the axial depth of cut [5], they can spread the force and
heat distributions more evenly, reducing the cutting edge wear and increasing
surface quality. Furthermore, it is observed that the chip thickness distribution
along the cutting edge, varies along this edge [6]. For milling with a round cutter
it is stated that the depth of cut should be less than 2/3 or the insert radius in
order to avoid vibrations [7] and that the cutting edge angle varies with the axial
depth of cut [8].

Antonialli et al. [5] conducted experiments with a view to reduce vibrations
during face milling of a titanium alloy by using tools with low entering angles.
More specifically, they employed cutters with square and round inserts. Their
findings indicated that for the round insert, higher frequencies were detected
when analyzing the cutting force signal due to the specific shape of the chip,
which has a comma-like shape in the rake face of the tool. This shape was
associated with severe friction between the tool and workpiece, as in this case, a
part of the chip has always a thickness equal to zero regardless of the
instantaneous angle of the feed direction leading to vibrations, and shorter tool
life. Euan et al. [9] developed an analytical model for the modeling of both static
and dynamic cutting forces during milling, with round geometry inserts, in order
to determine the optimum process parameters. They stated that previous
analytical models did not account for the dynamic part of the forces. Their
findings showed that the model was accurate enough for the study of face-
milling with round inserts. Ghorbani and Moetakef-Imani [6] developed also a
mechanistic model of cutting forces for cases of face milling with round inserts,
for which improved models need to be used due to the complex geometry. In
their model, calculation of specific cutting force coefficients was performed with
the aid of Non-dominated Sorting Genetic Algorithm Il (NSGA 1) and artificial
neural networks. This methodology was proven successful in capturing the
variation of specific cutting force coefficients under various process conditions.

Gurdal et al. [8] compared the performance of various types of milling
inserts for cases of rough milling. They found that the round insert exhibited
relatively lower rate of deterioration, uniform flank wear, but stronger tempering
effect. It was also shown that it was less sensitive to process parameters variation
than the other inserts and it was suggested that high axial depths should be
preferred in order to be competitive to the high-feed insert. This cutting insert
was preferred for use in several special milling cutters. For example, Baro et al.
[10] presented a model of cutting forces during face milling with a self-propelled
milling cutter with round inserts. They stated that round inserts are common in
rotary tools. The diameter of the round insert is similar to the tool nose radius of
a stationary insert although usually the diameter of round inserts is very large
compared to the tool nose radius. Furthermore, in their investigation of the
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appropriate orientation of a torus milling cutter, Gilles et al. [7] used round
inserts, as they stated that this type of cutting insert has significant advantages
over the other insert types.

Tapoglou and Antoniadis [11] presented a comprehensive model based on
CAD and analytical models in order to predict surface topography and cutting
forces during face milling with various milling strategies and insert types, among
them round inserts. Denkena et al. [12] presented models for hard milling with
modified cutting inserts with special undercut geometry in order to assess their
influence on hard milling outcome. Qing Zhang et al. [13] performed FEM
simulations for hard milling of AISI H13 steel with a round cutting insert. In
their work, only the cutting edge was modeled and they were able to predict
cutting forces and temperature for various cases with considerable accuracy. In
their work, Felh6 and Kundrak [14] compared the performance of octagonal and
circular cutting inserts and found that the circular cutting insert produced
significantly lower surface roughness during face milling for the same cases.

In the present paper, the effect of two main process parameters, hamely
feed rate and cutting speed on the cutting forces and specific cutting forces
during face milling with round inserts will be investigated in order to be able to
choose the suitable values of these process parameters which can lead to the
achievement of adequate material removal rate without excessive deterioration
of workpiece integrity and tool life.

2. METHODOLOGY

In the present work, face milling experiments with a milling head with a
single round cutting insert (Figure 1) were performed in a Perfect Jet MCV-M8
vertical machining centre. The milling head was a Sandvik CoroMill R200-
068Q27-12L face milling head with a diameter (Ds) of 68 mm while the cutting
insert was a Sandvik Coromant RCKT1204MO-PM FC4230 coated carbide
insert.

The face milling experiments were conducted on normalized C45 (1.0503)
carbon steel workpieces with hardness of HB180, cutting width 58 mm and
cutting length 50 mm. The experiments were conducted in two series; in the first
one, the depth of cut and cutting speed were kept constant at 0.8 mm and 200
m/min respectively and the feed per tooth was varied in the range of 0.1-0.8
mm/tooth, namely 0.1, 0.2, 0.3, 0.4, 0.8 mm/tooth whereas in the second series
of experiments, the depth of cut and feed per tooth values were kept constant at
0.8 mm and 0.4 mm/tooth respectively and the cutting speed was varied in the
range of 100-500 m/min, namely 100, 200, 300, 400 and 500 m/min. All
experiments were conducted under dry machining conditions. During the
experiments, the three components of cutting force were recorded using a Kistler
9257A dynamometer and the measured signals were amplified by using three
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Kistler 5011A charge amplifiers for signals corresponding to each component of
the cutting force. Finally, the amplified signals were processed through a
CompactDAQ-9171 data collector with 4 channels and recorded in a laptop
using specialized measurement software, prepared by Labview programming
language. It is to be noted that cutting forces are measured in a coordinate system
(xyz) defined on the workpiece rather than the cutting tool.

Figure 1 — The applied milling head with one round insert

3. RESULTS AND DISCUSSION

After the completion of experiments, the evolution of cutting forces during
the experiments is analyzed in order to determine the influence and relative
importance of feed rate and cutting speed regarding cutting forces and special
cutting forces. In every case, the maximum cutting forces are used in the figures
and the calculations.

Regarding the results from the first set of experiments, it can be seen at first
from Figure 2, that, increasing feed rate results clearly to an increase of every
component of cutting force, as anticipated due to the increase of the engagement
between cutting tool and workpiece.
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Figure 2 — Variation of cutting force components at different
feed rate values (ap=0.8 mm, vc=200 m/min)

It is noteworthy that cutting forces values are considerably higher in all
cases in the z-axis, especially at low feed rate values, followed by the Fy and Fx
values. However, the influence of feed rate is not the same for each cutting force
component; as can be seen from Figure 2, the highest increase between cases
with the lowest and highest feed rate values is observed for the y-axis component
of cutting forces and the lowest one for the z-axis component of cutting forces.
More specifically, the maximum cutting force between cases with the highest
and lowest value of feed rate, for an 8-fold increase of its value, in the x-axis
was increased by almost 3 times, in the y-axis it was increased by almost 3.5
times and in the z-axis almost 2 times. Regarding the results from the second set
of experiments, it can be clearly seen that an increase of cutting speed results in
a decrease of Fyx and Fy components of cutting force whereas it results in an
increase of F, component of cutting force. The observed trend for Fx and Fy
cutting forces in Figure 3 can be attributed to increased cutting temperature,
which causes softening of the workpiece material.

As in the case of varying feed rate, F, values are larger in each case,
followed by Fy and Fx values. However, with varying cutting speed values, it
was found that Fy values are influenced to greater extend whereas Fy values are
considerably less affected and F, values are inversely affected, as it was
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aforementioned. More specifically, a 5-fold increase of cutting speed values
results in a decrease of Fx of 1.4 times and a decrease of Fy of 1.12 times, whereas
F. is increased by 1.16 times. Consequently, it can be deduced that feed rate has
a more important effect on cutting force results, as for an 8-fold increase
compared to a 5-fold for cutting speed, it resulted in a relatively higher change
of cutting force component values.

Ovc=100 m/min

Bvc=200 m/min

Ovc=300 m/min

Bvc=400 m/min

Bvc=500 m/min

0 200 400 600 800 1000 1200 1400
Force (N)

Figure 3 — Variation of cutting force components at different cutting
speed values (ap=0.8 mm, f,=0.4 mm/tooth)

Furthermore, the specific cutting force components were also calculated in
each case and subsequently analyzed. It is to note that specific cutting forces are
calculated as the ratio of cutting force components to the chip cross-section value.
In the case of cutting speed values, the chip cross-section value does not change
so the trends of specific cutting force components are exactly the same with the
respective cutting force components, as can be seen in Figure 4.

However, in the case of feed rate variation, the chip cross-section value
changes as well. Thus, in this case a decreasing trend of all specific cutting force
components with an increase of feed rate is attested, as it is also depicted in
Figure 5.
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Figure 4 — Variation of specific cutting forces at different cutting
speed values (ap=0.8 mm, f;=0.4 mm/tooth)
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Figure 5 — Variation of specific cutting forces at different
feed rate values (ap=0.8 mm, vc=200 m/min)

4. CONCLUSIONS

In the present study, experimental work on face milling under various
cutting speed and feed rate values was carried out, using a milling head with a
single round milling insert. After the analysis of the experimental results
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regarding cutting forces and specific cutting forces, various conclusions can be
drawn:

In the first set of experiments, with a variable cutting speed, an increase of
cutting speed caused a decrease of cutting force components due to higher
cutting temperature and softening of the material workpiece, whereas in the
second set of experiments, with variable feed rate, an increase in feed rate caused
a clear increase of cutting force values as a more intense engagement of the
cutting tool and the workpiece occurs. These results are in accordance with the
relevant literature, ensuring the validity of the experiments. Moreover, it was
shown that the larger forces are obtained in z-axis in both sets of experiments
but increase of feed rate affects mostly the Fy, component whereas increase of
cutting speed affects most the F, component. Analysis of specific cutting forces
revealed trends in accordance with the cutting forces results in the case of
variable cutting speed, whereas the increase of feed rate had an adverse effect on
specific cutting forces due to the increase of chip cross-section.

The increase of feed rate was shown to lead to larger variation of the cutting
forces than the increase of cutting speed; thus, it can be concluded that regulation
of cutting forces can be more effectively conducted in terms of feed rate change
rather than cutting speed in order to achieve lower power consumption as well
as lower workpiece damage and longer tool life.
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TOPLEBE ®PE3EPYBAHHSA KPYI'JIOIO IIJIACTUHOIO
IIPHU PI3BHUX NIBUAKOCTAX PI3BAHHSA 1 HOJAYI

AHoTanis. Topyese @hpesepysants 4acmo 6UKOPUCOBYEMbCA O OMPUMAHHS NIOCKUX NOBEPXOHb
3 BUCOKUM CIMYNeHeM MOYHOCHI. 3a 00NOMO2010 Yb020 NPoYecy 0OPOOKU MOICHA DOCANIU BUCOKOT
WEUOKOCmI  BUOGNCHHA Mamepiany, aie MaKodc Oadcamo Mamu MONCIUSICIb YNPAGIiHHS
SHAYEHHAMU CUN PI3AHHSA, W00 YHUKHYMU HAOMIPHOZ0 CNONCUBAHHS eHep2ii, 3HOCY IHCmpyMeHmy
abo sibpayiti. Lle mooice Gymu 00CAHYMO WISXOM 8UOOPY nApaMempie npoyecy y i0n08IOHOMY
0ianasoHi 0N KOHCHO20 8UNAOKY. V yboMy 00CNiOHNCEeHHI eKChnepuMenm npoeooumvcs 3 Memoio
BUSHAYEHHS 6NIIUBY OBOX BANCIUBUX NAPAMEMPI8 NPOYECy, a came WUOKOCHI Pi3ants | nooayi Ha
cunu pizanus i nUMOMI Cunu pi3anHs Ni0 uac mopyesozo ¢hpesepysants, y Gunaokax, Koau
BUKOPUCMOBYEMbCA 00HA Kpyeaa naacmuna. ITiciia ananisy excnepumMeHmanbHux pe3yibmamie, uo
CMOCYIOMbCS CUT PI3AHHSA [ RUMOMUX CUTL PI3AHHS, MONCHA 3p0OUMU PI3HI BUCHOBKU. Y nepuill cepii
eKCNepUMeHImie 3i 3MIHHOI WGUOKICMIO pi3anis, 30inbuenHs WEUOKOCI PIi3aHHs GUKIUKATO
3MeHWeHHs KOMIOHEHMIE CUTU PI3AHHS Yepe3 il BUCOKI meMnepamypu Pi3anHs i po3m sSKUEHHs
3a20moeKu mamepiany, mooi K y Opyeiil cepii eKcnepumeHmia 3i 3MIHHOIO WBUOKICIIO NoOayi,
30InbWenHA WEUOKOCMI NO0ayl GUKTUKANO SIGHE 30LTbUeHHs 3HAYEHb CUNU PI3aHHA npu Oinviu
IHMeHCUBHOMY 3a4enienHti pidcyyo2o iHcmpymenmy i 3acomosku. L{i pesynomamu y32004Cyr0mscs 3
8I0N0GIOHOI0 NiMmepamyporo, wjo 3abesneyvye 00CMOBIPHICHb eKCnepumMermie. Ananiz numomux cun
pizanns 6uABUE MeHOeHYii 8IONOBIOHO 0 Pe3VIbIMYIOUUX CUNl PI3aHHS 8 Pa3i 3MIHHOL WEUOKOCI
pizanns, mooi Ak 30LnbUWenHs WEUOKOCTI NoO0ayi 3p0OUN0 HeCRPUSMAUGULL GNAUG HA NUMOMI CUTU
pisanHs uepe3 30iNbUleHHs NONepeuHo2o nepepizy cmpyxcku. Byro nokasano, wo 36inbuwenns
WEUOKOCIT NOOAaUi npu3600Ums 00 OiTLUIOT 3MIHU CUTL PI3AHHS, HIJIC 30ITbUEHHS WEUOKOCMI DI3AHHSL.
Takum yuHOM, MOJCHA 3DOOUMU SUCHOBOK, WO pe2yNIOSaHHs CUN PI3anHs Modce Oymu Oinbuu
eekmusHO nposedeHo 3 MOUKU 30pY 3MIHU WEUOKOCHI nodayi, a He WeUOKOCMI Pi3aHHs, 015
00csizHeH S OIbIU HUZLKO20 eHEP2OCNONCUBANHS, ( TAKOIC MEHUO020 NOWKOONCEHHS. 3A20MO6KU |
30LMbUWEHH MEPMINY CAYHCOU THCMPYMEHMmY.

KurouoBi ciioBa: mopyese ¢pesepysanns, weuoKicms pi3auHs, WEUOKICMb nooaui; Kpyend
NAACMURA, CUU DISAHHA, NUMOMI CUU DI3AHHA.
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EVALUATION OF CHIP MORPHOLOGY
WHEN DRILLING TITANIUM ALLOY

Abstract: Chip formation within a hole making processes plays an important role in selection of
proper machining parameters. Understanding of this phenomenon is also important in relation to
wear behaviour or machined surface integrity parameters like roughness, residual stresses and many
others. Proposed study aims to compare different shapes and forms of chips produced when drilling
titanium alloy Ti-6Al-4V with solid carbide tool by various cutting conditions. The effect of cutting
edge radius and side clearance angle on chip formation process was also considered within this
work. Experimental data has confirmed strong relationship between drilling parameters and
evaluated variable.

Keywords: drilling experiments; tungsten carbide; titanium alloy; types of chips; chip morphology;
machining parameters.

1. INTRODUCTION

Chip evacuation from machined hole still represents one of the fundamental
difficulties of the drilling process. A better understanding of chip formation while
machining titanium and its alloys enables the identification of optimal machining
conditions contributing to higher productivity, increased component quality and
lower production costs from the perspective of extended tool life [1]. Constricted
space in the drill flutes causes chip accumulation especially when machining ductile
materials such as titanium. Such a material tends to generate continuous helical chips
[2]. The major disadvantage of the helical chip formation is degradation of the
finished surface by scratches generated when chips are transported away from the
cutting zone. According to Sharif and Rahim [3] straight carbide (uncoated WC-Co)
remains the best tool in turning, milling, drilling when compared to coated carbide
tools. The tool material and its geometry as well as process parameters during high-
throughput drilling of Ti-6Al-4V were extensively investigated by Li et at. [4]. They
concluded that higher cutting speed resulting to higher productivity was achieved
using commercially available WC-Co spiral point drill in comparison to
conventional HSS twist drill. However, there is a lack of research articles in the field
of hole making titanium alloy aimed to study effect of tool geometry (clearance
angle) and micro geometry (cutting edge radius) on resulting chip morphology. Mikd
et al. [7] in their research paper optimized finishing process within twist drill
production to ensure desired cutting edge radius for given tool. Durakbasa and
Bas [15] evaluated relationship between
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nanometrological parameters of the high precision cutting tools and surface
roughness after machining.

Slodki et al. [9] investigated chip form during orthogonal machining of
titanium and steel alloys with respect to cutting parameters and cutting fluid
conditions. Other difficulties related to machinability of titanium and its alloys were
summarized by NesluSan and Czéan [10].

Li et al. [4], Rahim et al. [5], Zhang et al. [8] and Kim et al. [6] investigated
that the same chip morphology, a continuous chip with three regions of initial spiral
cone followed by the steady-state spiral cone and folded long ribbon chip, could be
seen in all Ti drilling tests, as shown Figure 1 and Figure 2. Zhang et al. [8] and Kim
- Ramulu [6] concluded that the characteristic of the chip formation in twist drilling
of titanium based alloy is different from other metals categorized the Ti chips into
three types: continuous chip, continuous chip with built-up edge, and discontinuous
chip. The distinctive features of Ti chip can be described as serrated, shear-localized,
discontinuous, cyclic and segmented.

I mm
—

Figure 1 — Chip morphology of Ti-6Al-4V at vc = 18.3 m/min and f = 0.051 mm: &) whole
chip, b) initial spiral cone, c) steady-state spiral cone, d) transition between spiral cone and
folded long ribbon, and €) steady-state folded long ribbon [4]

Li et al. [4] mentioned that after drilling, the Ti chip could be entangled around
two flutes of the drill and bent by the tool holder. This is called chip entanglement,
which is due to the difficulty for smooth chip ejection. An example of the chip
generated by WC/Co Spiral drill at 18.3 m/min cutting speed and 0.051 mm/rev feed
in dry drilling is shown in Figure 1 a). The close-up view of the initial spiral cone,
generated at the start of drilling from the beginning of contact to whole diameter
penetrate into the work piece, is illustrated in Figure 1 b). After this step, the steady-
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state spiral cone chip morphology, as shown in Figure 1 c¢), was generated. Due to
the increased resistance to eject the chip, the spiral cone was changed to folded ribbon
chip morphology. Close-up view of the chip transition region and the folded ribbon
chip are shown in Figures 1 d) and e), respectively. Under the same MRR (156
mm?3/s), the best drill life and surface finish results were achieved at 91 m/min
peripheral cutting speed and 0,102 mm/rev feed using the WC—Co spiral point drill.

Rahim et al. [5] studied that the most of the chips were discontinuous based
from the significant formed of saw tooth. In general, the formation of saw tooth in
machining titanium alloys is due to the instability of thermoplastic at primary shear
zone. In this experiment, periodic chips formation was obvious probably due to the
selected cutting speeds which fall within the high speed range.

0,05 mm

f=

v, =50 m/mm Ve = 50 m/min Ve = 60 m/min Vv, = 70 m/min
a) b) c) d)

Figure 2 — Chip shape and saw tooth chip formation of Ti-6Al-4V:
a) chip shape vc =50 m/min, b) SEM sample vc = 50 m/min,
¢) SEM sample vc = 60 m/min, d) SEM sample vc = 70 m/min [5]

Fig. 2 shows the long folded wavy type chips and long curly type chips were
produced at feed f = 0.05 mm and they were slightly longer than at feed f= 0.1 mm.
In contrast, short folded wavy type chips were produced for feed f = 0.1 mm. The
average chip segmentation ratio tends to decrease with increase in cutting speed from
50 m/min to 70 m/min

Based on this literature review proposed study focuses on research related to
the evaluation of chip morphology with regard to cutting conditions (feed, cutting
speed) and tool geometry parameters in drilling titanium alloy Ti-6Al-4V with solid
carbide twist drill. Furthermore, graphical matrix with various types of morphologies
was created for easier identification of undesirable chip form with respect to studied
variables.

2. EXPERIMENTAL CONDITIONS
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The drilling experiments were conducted on a 3 axis Mazak Nexus 410 A-II
vertical machining centre with maximum spindle revolution 12 000 rpm.. The
machine tool has maximum spindle motor output 11 kW. It is equipped with
Mazatrol Matrix Nexus controller. The machining experiments were carried out
using Agip Aquamet 4 HS — BAF cutting fluid supplied with high pressure to
enhance the capability of chip evacuation from cutting zone The cutting data used
for the experiments are contained in Table 1.

Uncoated straight tungsten carbide WC/Co twist drills with diameter of 8.2 mm
with various geometries were employed to perform experimental testing. Due to
superior wear resistance and thermal stability is tungsten carbide still preferable
choice in machining titanium or nickel based alloys. Cutting tools were supplied by
ProTech Service Company. To ensure cutting edge sharpness, a new twist drill has
been used for each test within experimental work. The workpiece material used in
the all experiments was a forged bar of an alpha — beta titanium alloy Ti-6Al-4V with
diameter of 300 mm and thickness of 31.5 mm.

Table 1 — Taguchi orthogonal array L16 for drilling experiments

Exp Ve f a Exp Ve f a

No | [m/min] | [mm/rev] [°] No [m/min] | [mm/rev] [°]
1 25 0.05 7 9 60 0.05 15
2 25 0.1 7 10 60 0.1 15
3 25 0.15 15 11 60 0.15 7
4 25 0.2 15 12 60 0.2 7
5 40 0.05 7 13 90 0.05 15
6 40 0.1 7 14 90 0.1 15
7 40 0.15 15 15 90 0.15
8 40 0.2 15 16 90 0.2

Chemical compositions and mechanical properties of the work piece material
are summarized in Tab. 2 and 3.

Table 2 — Nominal chemical composition of the Ti-6Al-4V alloy

Elements Ti Al Vv Fe (0] N

Ti6AI4V (%) Bal. 6.01 3.87 0.18 0.14 0.006

Table 3 — Mechanical properties of the test sample
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str;rr?;ftlnlf?m Yield strength gfle;?il::lilt]; Hardness Elongation at
0,
(MPa) Re (MPa) (GPa) (HRc) fracture A5 (%)
900 830 114 36 14

A series of cuts at various combinations of cutting speeds of 25, 40, 60 and 90
m/min, feed rates of 0.05, 0.1, 0.15 and 0.2 mm/rev, clearance angles of 7°and 15°
as well as cutting edge radii of 20 and 30 um (Figure 3) to show their effect on chip
formation process.

It is well known that the cutting tool edge geometry significantly influences
many fundamental aspects such as cutting forces, chip formation, cutting
temperature, tool wear, tool life and other characteristics like surface roughness and
surface damage [11].

Chigping surtace. 4 Chipping surface

8 Y;
'
o I Clearance surface

e e

Chipping surface

Chipping surface

Figure 3 — Representative cutting tool geometries used in experiments
a) 20um b) 30pm cutting edge radius, respectively

Wyen and Wegener [12] evaluated the effect of cutting edge radius on selected
variables in orthogonal machining of titanium alloy. They stated that a large cutting
edge radius causes a large deformation of material in front of cutting edge radius as
well as more energy is needed for the plus of deformation. Taguchi orthogonal array
(OA) L16 was used to conduct experiments. According to Kivak et al. [13], Taguchi
method compared to traditional experimental designs makes use of a special design
of OA to examine the quality characteristics through a minimal number of
experiments.

3. RESULTS AND DISCUSSION
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Different types of chips obtained from drilling tests were collected and are
shown in Figure 4 after each cut with a new tool. Green line in Figure show
acceptable chip form red line show undesired chip morphology in drilling.
According to form and morphology of resulting chips can be stated that chip
formation in process of hole making plays an important role in evaluating and
proper selection of cutting conditions (v, f) that have significant impact on their
formation as well as for chip evacuation from cutting zone. The adhesion of the
titanium during machining generates an increase in friction between the chip and
the tool rake face, resulting in a thicker chip. This could also explain the increase
in tool wear and also possibly the increase in cutting force. Hence, chip
formation processes are significantly affected by the conditions of the tool.
According to Li et al. [4] the balance of cutting speed and feed is essential to
achieve long drill life and good hole surface roughness in high throughput
drilling Ti-6Al-4V titanium alloy with fine-grained WC-Co tool material
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Figure 4 — Various types of chip morphology from drilling tests

Spiral cone shape represents favourable chip morphology in drilling
titanium. Such a morphology was observed when drilling with lower cutting
speed (vc = 25 m/min) and all feed rates used (f = 0.05, 0.1, 0.15, 0.2 mm) as
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well as with v¢ = 40 m/min and f = 0.15, 0.2 mm, stage 1 and 2, respectively as
shown in Figure 5.

On the other side, when machining with higher cutting speeds (v. = 60 and
90 m/min) become chip ejection from the drilled hole more difficult and chip
morphology has changed from spiral cone to folded ribbon shape. When
machining with higher cutting speeds v. = 60 and 90 m/min and all feed rates
employed becomes chip transfer from cutting zone more complicated and
difficult.

STAGE 1 STAGE 2 STAGE 3 STAGE 4 STAGE 5

W) ey 55N g | i
e

Figure 5 — Different stages of chip evaluation

In stage number 3 and 4, the steady spiral cone has changed to the so called
folded ribbon chip morphology, which is undesired chip shape in drilling
operation and causes problems with its evacuation. On the other hand, in
machining with inappropriately selected cutting parameters (higher than tool
manufacturer’s recommendation) and insufficient cooling, phenomenon of
adhered chip in the area of tool-chip interface can occurs.

Figure 6 — Welded chip on cutting tool - experiment No 15
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Armendia et al. [14] in their work concluded based on previous research
that adhesion is a typical feature in titanium machining because of both the high
temperatures generated and its chemical reactivity with most of the tool materials.
Adhered work piece material results to severe deformation and increases
resistance to eject the chip from hole machined, see Figure 6. Chip morphology
in Stage 5 (welded chip) is absolutely unacceptable for drilling due to
unpredictable process behaviour.

4. CONCLUSIONS

Chip morphologies examined from drilling titanium alloy Ti-6Al-4V with
W(C/Co uncoated carbide tool have proven strong relationship with cutting condition
employed as expected. Furthermore, phenomenon of adhered chip and severe tool
wear occurs when machining with higher cutting parameters mainly cutting speed
(Ve =60 and 90 m/min). Cone spiral chip has change to folded ribbon shape in cutting
speed higher than 40 m/min. Influence of feed rate is less significant when compared
to influence of the cutting speed. This can be explained by increasing temperature
which tends to adhere work piece material to cutting tool a thus worsens chip
evacuation from cutting zone. Effect of cutting edge radius and clearance angle on
deformation process is also considered within this article, but within macro scale
observation no significant effect of tool geometry on chip formation was found.
Muicro scale research including SEM represents excellent topic for the future work.
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Lmeaixo MankoBa, Mapek Bpaben,
JlanmicmaB Kannapad, Kommrine, CrioBakist

OIITHKA MOP®OJIOI'Ti CTPYKKH
ITPU CBEPJJIIHHI TUTAHOBHUX CIIJIABIB

AHoTanin. opmyeanHs CMpPydiCcKU 6 NPOYeCax 8U0MOGIEHHs OMEOPIE 2PA€ BAICIUBY POTb Y BUOODI
npasunbHUx napamempie 06po6xu. PosyminHa ybo2o (heHoMena MaKoHc BaHCIUBO NO BIOHOUICHHIO
00 nosedinku 3Hocy abo napamempis YiLICHOCMI 00pPOOIEAHOI NOBEPXHI, K WOPCMKICMb,
3aMUWK08I Hanpyau i bazamo iHwux. IIpononosane 00CHiONCeH s HAYiNeHe HA NOPIGHAHHS PIZHUX
Gopm i pozmipie cmpysicku nio uac ceeponinus mumarogozo cnaagy Ti-6Al-4V meepdocniasnumu
ceeponamu @ pizHUX YMOGAX pizanus. Bnaue padiycy 3a0KkpyenenHs pizanvHol Kpauku i 3a0Hb020
Kyma Ha npoyec CMpyjICKOYMBOPEHHs MAKodic OYI0 PO3IAHYMO 68 pamKkax Oawoi pobomu.
Excnepumenmanvhi 0ani niomeepoxcyloms miCHULl 83A€MO38'I30K MIdC PEHCUMAMU CEePONIHHA |
napamempami, wo oyinwmscs. Excnepumenmu nposoounucs 3 8UKOPUCMAHHAM CRIPATGHUX
ceepoell 3 80bPPAMO-KODATLMOBO20 MEepPA020 Cniagy, 6e3 nokpumms, diamempom 8,2 Mm i 3
Pi3HOI0 2eomempi€to. [N BUKNIOUEHHS 8NIUEY 3HOCY, SUKOPUCHIOBYBANUCS KOXCHO20 PA3Y HOBI
cgepona. Mopghonozis cmpysicku, docrioxcena nio yac ceeponinns mumanogozo cniagy Ti-6Al-4V
meepoocnaagnum incmpymenmom 6e3 noxpumms WC/ Co, dosena, sik i ouixy8anocs, michuil 38'a30x
i3 icHylouumu ymosamu pisauus. Kpim moeo, asuwe npuiunaunms Cmpyxcku i CuibHO20 3HOCY
iHCmMpyMeHnty 8UHUKAe npu obpobyi 3 Ginbwl BUCOKUMU NAPAMEMPAMU Di3AHHSA, 6 OCHOBHOMY 3i
weuoxicmio pizanns (Ve = 60 i 90 m / xg). Koniuna cnipanvna cmpysicka mae popmy ckradvacmoi
cmpiuku npu weuoxocmi pizanua oinowe 40 m / x6. Bniaue weuoxkocmi nooaui menus icmomuuil 8
NOPIGHAHHI 3 BNIUBOM WBUOKOCI PI3aHHSA. L]e MOJ#CHA NOACHUMU NIOBUWEHHAM MeMnepanypu, npu
SKI Mamepian 3d20mO6KU NPUTUNAE 00 PIJCYH020 THCMPYMEHMY, Wo NOZIPULYE GUOANEHHs
cmpyaicKu i3 301U pizanis. Bniue padiycy pixcyyoi kpatiku i 3a0Hb020 Kyma Ha npoyec deghopmayii
MaKodc po3ensioaemvcs 8 yill cmammi, aie npu CROCMmepedxcenHi 6 Mmakpomacumadi He 6yno
BUAGIIEHO ~ CYMMEBO20  GNIUGY — 2eoMempii  IHCmpyMenmy HA — (DOPMYSAHHA — CHIPYIICKU.
Mixpomacwmabni  docniodcenns, exmodaiouu SEM, npeocmasnarome 6iOMiHHY memy O
MatibymHvoi pobomu.

Kuarodosi cinoBa: excnepumenmu 3 ceepOninns; KapOio eonbgpamy; mumanosuil cniae, munu
CMPYIHCKU; MOPPONR02IsH CMPYIHCKU; napamempu 06pooKu.

142



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

V]IK 62-408.4 doi: 10.20998/2078-7405.2019.91.14
Balazs Miko, Gabriella Farkas, Istvan Bodonyi, Budapest, Hungary

INVESTIGATION OF POINTS SAMPLING STRATEGIES
IN CASE OF FLATNESS

Abstract: The use of geometric tolerances has increasing importance in the industry, but the correct
application of it needs deeper understanding. Several aspects should be considered like the work of
the product, material properties, manufacturing and measuring circumstances, and the regulations
of concerning standards. The article presents the measuring and evaluation problems through the
example of flatness. The effect of different point sampling strategies is investigated: twelve methods
are compared in case of eight test surfaces, and a modification method is suggested.

Keywords: Geometric tolerances, Flatness; Point sampling strategy; Coordinate measuring;
Minimum zone method;

INTRODUCTION

In case of machine design one of the most important aspects is the accuracy
of the parts and the assembly. The accuracy has different aspects, from micro
level to macro level. The required accuracy comes from the working
requirements of the product, but the manufacturing and measuring circumstances
have to be considered too.

The different types of tolerances show the allowed errors. Considering the
errors, the most often used tolerances are the dimensional tolerance, the surface
roughness, the shape, position and orientation tolerances (geometric tolerances).
The standards define the marking of tolerances on the drawings, the general
tolerance values and other definitions (1, 2). The determination of specific values
is a serious and important phase of the design process.

The geometric tolerances have increasing importance in machine design,
manufacturing and measuring. As Plowucha (3) says, the designer and
metrology engineers need deep knowledge on geometric product specification
(GPS). The GPS system of a design documentation should consider the
functional and manufacturing requirements (4). The manufacturing
specifications must be derived from functional specifications for each machining
phase (5). The vectorial analyses of degree of freedom of the geometric tolerance
zone supports the interpretation of the requirements. The geometric error of a
geometric feature can describe the real state of it with higher accuracy, so
Moroni and Petro (6) think as a key element of Industry 4.0 concept. The origin
of an error, based 5M model (7), can be the man, the machine, the material, the
method and the measurement. In the current article, the focus is on the
measurement.

© B. Miké, G. Farkas, |. Bodonyi, 2019
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In case of geometric tolerances, the error can generally be measured by
coordinate measuring machines (CMM). During the coordinate measurement,
coordinate values of points on the surfaces are recorded and based on them
mathematical algorithms calculate the errors. Therefor the accuracy of the CMM,
the mathematical algorithms, and the point sampling method has effect on the
accuracy of the result.

Based on measured points the form and position tolerances can be
evaluated, but several mathematical methods and their implementations can be
used. Beside the white-box methods, black-box methods can be used too, like
genetic algorithm or different search algorithms (8, 9). The most often used
white-box methods are the following:

e Least square (LS) method, when the regression geometry is defined
based on points by minimizing the distance of the points from the regression
geometry.

e Minimum zone (MZ) method, when the position and orientation of the
two parallel investigation elements is optimized by minimizing the distance
between the two objects.

¢ Envelope method (EM), when a cover geometric feature is located to 3
points, and every other points there are under (or inside) the feature. The distance
of the farthest point is the geometric error. During the evaluation, a cover
geometric element has to be found where this distance is the smallest.

In the current article the effect of the measurement is analysed through the
example of flatness deviation. The flatness is defined as the distance between
two parallel planes (Figure 1), which cover the real surface (1). Beside the
mathematical evaluation methods, there are several parameters, which have
effect on the calculated flatness error. Jalid et al (10) investigates the size of the
sample surface and the number of measured points. The number of measured
points increases the calculated flatness error. Lakota and G6rog (11) presents the
effect of number of points in case of multi-point methods, which match with the
results of Jalid et al. Furthermore, in case of continuous scanning method, the
scanning path has effect on the calculated flatness error.

7] 0,08 P

Figure 1 — Marking end definition of the flatness
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The effect of the point sampling strategies was investigated through
machined surfaces. The aim of the research is (a) investigating the effect of the
point sampling methods on the calculated value of the flatness error, (b)
identifying a correction coefficient, which can compensate this effect, and (c)
selecting the most effective point sampling strategy.

Method and equipment

The flatness error, based on the standard (1) can be calculated several ways.
In this research the minimum zone method was used. During the minimum zone
(MZ) method, the orientation of two parallel planes has to be defined, which
cover the measured point cloud with the minimum distance. This distance must
be compared with the tolerance.

If one point of the investigation plane is P, = [0; 0; 0] and the normal
vector is N = [Nx; Ny; N;] the distance of any point, which is described by P; =
[Pix; Piy; Pil, is

_ Nx'(Pox_Pix)+Ny'(P0y_Piy)+Nz'(Poz_Piz) (1)
/1v,%+1v§+1vz2

The flatness error of a point cloud is:

D;

FL = D max — Dimin )

The orientation of the investigation plane can be determined by iteration
algorithm by changing of the normal vector and minimizing the calculated
flatness error. In the current research the MS Excel Solver was used.

The investigated test parts were made of 42CrMo4 (1.7225) pre-hardened
steel; the size is 175x155 mm. 8 test surfaces were analysed (Sf#1 - Sf#8), which
were machined by different machining methods and cutting parameters. The
Table 1 shows some details of the machining processes. Milling, turning and
grinding technology were applied.

Four surfaces were machined by face milling. Sf#1 was machined by face
milling on a conventional milling machine, but Sf#2, Sf#5 and Sf#6 were
machined on CNC machining centre. Two planes (Sf#3, Sf#4) were machined by
face turning with a conventional turning machine, so the cutting speed was
changed continuously. The Sf#7 and Sf#8 were grinded by a conventional surface
grinding machine without spark-out and with spark-out.

The surface roughness was measured by Mahr-Perten GD120 contact
measuring instrument. The Ra and Rz parameters were measured in 16 (4x4)
region, 3 times, in two perpendicular directions in order to investigate the
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importance of the machining and measuring directions. The surface roughness
is characterized by the average value and the standard deviation.

Table 1 — Manufacturing data of test surfaces

st#1 | sf#2 | Stu3 [Sfua| S5 | Sfie | si7 | Stus
Method Face milling Fac_:e Face milling Grinding
turning
Surface grinding
. Radial feed | Zig- .1 |without| .
Strategy Zig-Zag outside-in Zagg Spiral spark wm:)ls;?ark
out
. UF- [MAZAK MAZAK Jotes
Machine 231 |Aa10-11| F400-1000 1 azio.iy SPD-30B
Type Conv.| CNC Conv. CNC Conv.
D. [mm] 80 50 - 63 350
z 7 4 1 6 -
Ve [m/min] 60 (100) 180 26 m/s
n [1/min] 240 | 382 190 910 1440
f; 2 [mm] 0.046 0.6 |0.2 0.09 -
vi [mm/min] 78 [ 70 | 115 |40 490 -
ap [mm] 1 0.5 1 0.02
ae [mm] 40 | 25 - 315 40

The measured point cloud was measured by Mitutoyo Crysta-Plus 544
coordinate measuring machine. 1020 points were recorded with 5x5 mm grid.
The reference values of the flatness error were determined by same, previous
mentioned iteration process based on 1020 points.

During the investigation, a limited set of points were selected based on 12
different point sampling strategies (PSS) (Figure 2). The red dots show the
positions of the selected points. During the creation of point sampling strategies,
one of the constrain was the maximum number of points, because of the limited
time of CMM work. The first 10 strategies show regularity, the last two are
random selection of points.

13 points in the corners, mid points and diagonals,
17 points in the corners, mid points and diagonals,
17 points on the diagonals,

15 points in the corner of defined regions,

15 points in the corner of defined regions,

20 points in the centre of regions,

20 points in the centre of regions,

16 points around a circle,
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9. 20 points around 4 circles and centre points,
10. 16 points around 2 circles,

11. 16 random points,

12. 20 random points.

l-‘ =] 1.‘ | - 2

Figure 2 — Investigated point sampling strategies

Results

The look of the surfaces is very different because of the cutting
technologies. This inhomogeneity appears in the values of surface roughness
parameters, the standard deviation can be very large (Table 2), because the
measured value of the surface roughness can be very different in perpendicular
directions.
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Table 2 — Surface roughness and reference flatness values

Ra Rz AZmax FLret
Surface [wm] ORa [um] GRz [mm] [mm]
#1 2,97 0,89 14,75 4,50 0,043 0,034
#2 1,18 0,28 6,58 1,36 0,018 0,013
#3 3,16 0,76 14,42 3,12 0,045 0,045
#4 2,33 0,95 12,33 5,21 0,057 0,057
#5 0,54 0,19 2,68 0,91 0,016 0,013
#6 0,54 0,17 2,52 0,76 0,021 0,021
#7 0,60 0,36 4,19 2,57 0,011 0,010
#8 0,13 0,06 1,00 0,48 0,006 0,005

The Figure 3 shows the average values of Ra and the relative values of the
standard normal deviation. Based on the chart, three groups can be identified. In
the first group the surface roughness is high, but the relative deviation is
moderated. They are the conventional milling and turning methods. In the second
group there are CNC milled parts, where the surface roughness is better, but the
relative deviation there is in a similar range as in first group. The third group
(grinding) shows smaller Ra, but the relative standard deviation is the highest.

Ra

0,70

0,60 <)

.

0,50 ) @ Sf#1
- 2 Y R W Sf#2
'm 040 | == =s LXK A SF#3
o (N2 sl \ | B A
by \ % = »

& 0,30 R X Sf#4
o \ \
S Il . \\ N - ”/:h : /v X Sf#5

0,20 ~ SFHG

0,10 + Sf#7

- Sf#8

0,00

0,00 1,00 2,00 3,00 4,00
Ra [um]

Figure 3 — Ra surface roughness and the relative standard deviation
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The surface roughness and the flatness error have just a general relationship
(Figure 4), the three previous group can’t be recognised, only the first, the second
and the third are mixed. The surface roughness and the flatness move parallel:
the better surface roughness means smaller flatness error.

Ra vs. Flatness

0,06
X
0,05 ® SfH1
E 0,04 A W sfi2
E Py A SFH3
2 0,03
e X Sf#4
® &
= 0,02 X SFH5
0,01 )i | © SfH6
-
0,00 +SfH7
0,00 1,00 2,00 3,00 4,00 =SfH8
Ra [um]

Figure 4 — Surface roughness and the flatness

waws 200
2000200
1595200
=109019%

Figure 5 — Macro topography of the test surfaces #1-#4
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47 48

Figure 6 — Macro topography of the test surfaces #5-#8

The reference values of the flatness error based on 1020 points are shown
in Table 2. The point clouds over the measuring grid show special macro
topography, which characterise the machining method (Figure 5, Figure 6). In
case of milling (Sf#1; Sf#2; Sf#5; Sf#6) the stripes of tool path can be recognised,
and the side regions are higher. The face turning shows concentric pattern (Sf#3;
Sf#4) with deeper centre. At grinding (Sf#7; Sf#8) a clear pattern is not visible.

The AZmax means the maximum difference in Z coordinates value, so the
distance between the deepest valley and the highest peak in Z direction.
Generally, it is larger, than the flatness error, because of the degree of freedom
of the investigation plane. It can be equal with the flatness error, if the best
orientation of the investigation plan is equal with the theoretical surface. The
AZmax Can never be larger than flatness. At face turning (Sf#3; Sf#4) the two
values are equal, because of the concentric pattern. The difference is larger if the
orientation error increases and the topography is not symmetric, like in case of
milling.

The differences in macro topography can be characterised by flatness error.
In case of different point sampling strategies, a limited set of points substitute
the whole surface. The limited set of points decrease information about the
surface, but ensures shorter measuring time. The measuring time of 1020 points
was 45 minutes.
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FL - Test Part#1

FL - Test Part #2
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Figure 7 — Flatness errors in case of 8 surfaces and 12 points sampling strategies

The Figure 7 shows the flatness error in case of 8 surfaces and 12 points
sampling strategies. The horizontal lines indicate the reference values of the
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flatness. In case of different PSS, the flatness can be very different, but the
difference depends on the machining strategy and the surface nature. For
example, in case of turning, the PSS#8 shows very low values, because there are
no points at the deepest central region. But when the topography looks more
equable, the results show smaller deviations. The calculated flatness error is
always smaller than the reference values.

Discussion

In order to adjust the measured flatness value (FLc) to the reference value
(FLrer), a modification coefficient (CrL) can be introduced:

FL= CFL' FLC (3)

The correction coefficients (Cr.) were defined as the quotient of reference
value (FLre) and the calculated value (FLc) of the flatness error.

FL
Cpp, = FZf (4)

If the coefficients are calculated, 12 different PSS related values are given
(Figure 8), and considering the 8 test surfaces, standard deviation can be
calculated. The coefficient shows the scale of the modification, and the standard
deviation shows, how general this modification is in case of PSS. The result is
better, if the standard deviation is smaller. The smallest standard deviation
(Table 3) there are at PSS#12 (20 random points) and PSS#5 (15 points in the
corner of defined regions).

Table 3 — Values of modification coefficients and standard deviations
PSS 1 2 3 4 5 6 7 8 9 10 | 11 12

Cr [195(196(|2,22|1,93|1,73|2,08|2,16|3,21(3,01|2,55|2,16| 2,05
ocr. | 0,660,61)0,98|0,68|0,40|0,48(0,45|2,86|1,26|0,81|0,51| 0,33
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Modification coefficient (C_FL)
7,00
6,00
5,00

= 4,00 T

-
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Figure 8 — Values and standard deviation of modification coefficients

The Figure 9 shows the result of the estimations at 8 test parts, the dashed
line shows the ideal state. The PSS#5 and the PSS#12 show a good result; the
estimated values are close to the reference values. But the points of PSS#8, which
has the largest standard deviation, are far from the dashed line, they have large
error.

Estimated flatness
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Figure 9 — Estimated values of flatness
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Let’s compare the accuracy of the estimation by modification coefficients.
The accuracy can be described by standard deviation of differences between the
reference value and the estimated value of flatness. Based on these values
(Figure 10), the result is same like at the preliminary conjecture: the PSS#5 and
the PSS#12 is the best strategy.

Standard deviation of differences
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Figure 10 — Standard deviation of differences of estimated data
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Figure 11 — Results of PSS#12 random points method
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The investigated point sampling strategies are regular; expect of PSS#11
and PSS#12, which works with randomly selected points. Therefore, no matter
how good results the PSS#12 shows, if another 20 points are selected randomly,
the values are changed, so the randomly selected points methods are not reliable.
As the Figure 11 shows, the original coefficient based estimation is not so good
(PSS#12.2*), like estimation with recalculated value (PSS#12.2). A new set of
points gives new coefficient (2,25) and standard deviation (0,57). Both values
are higher, than the original, and the accuracy of the estimation looks better. So
if the selected points are changed the previous coefficient is not appropriate.
Therefore in case of random point methods, more parameters should be
considered in order to define the modification coefficient.

Summary

The tolerance design is an important and complex problem, because of the
diverse set of requirements and circumstances. Lot of factors have effect on the
type and value of the tolerances. In the current article the effect of point sampling
was investigated in case of coordinate measuring of flatness error. 12 different
point sampling strategies were study on 8 different machined surfaces.

On the basis of the results above, it was found that the surface roughness
and the flatness move parallel. The surface roughness in different measuring
directions can be very different; the relative standard deviation is specified by
machining technology. The point sampling strategy influences the result of
evaluation of flatness. The standard deviation of the ratio of calculated and the
reference values shows the most appropriate strategy. This ratio can be used to
modify the measured flatness in order to estimate the real flatness error. 20
random points and the 15 points in the corners of regions ensured the best result,
but the random method has poor repeatability.

The presented method can be extended to more machining technologies,
and the modification coefficient can be specified. The size of the plane surface
can be another important factor for the evaluation of flatness, so it should be
considered during the further research.
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JIOCJIJKEHHSA CTPATEI'T TOYKOBOI BUBIPKH
IPH OOIHIOI NJIOIIINMHHOCTI

AHoTauis. BukopucmaHnHs 2eomMempuuHux OONYCKi8 6 NPOMUCIO80CHi HAbysae 6ce OinNbUIOZO
3HAYeHHs, ale 0N NPABUIbHO20 IX 3ACMOCY8AHHA NOMPIOHO Oinvuwt enuboke pozyminus. Cuid
6paxosysamu KilbKa acnekmis, maxkux sk poboma npooykmy, 61acmugocmi Mamepiaiy, yMosu
BUPOOHUYMBA | BUMIPIOBAHHA, 4 MAKOMNC NPABUId, WO CMOCYyIomscsa cmanoapmie. Y cmammi
npeocmasgieHi npooiemu BUMIPIOGAHH MA OYIHKU HA NPUKIAL NAOWUHHOCMI. J]0CTioncyembes
8NIUG PISHUX cmpamezill MOYKO0BOI BUOIPKU: NOPIBHIOIOMbCA 08AHAOYAMb Memooi6 6 pasi 80CbMU
B8UNPOOYBANLHUX NOBEPXOHb, | NPONOHYEMbCA Memoo moougpikayii. Ilomunka niaowunHocmi,
3acHo8aHA HA CcManoapmi, Modce Oymu po3paxoéana Oekitbkoma cnocobamu. Y yvomy
docniddicenni OY8 BUKOPUCMAHULE MemOoO MIHIMANbHOI 30nu. Ilpu euKopucmawui memooy
MiHiManvHol 30Hu (MZ) HeoOXiono eusnayumu OpicHmayilo 080X RNAPANENbHUX NJIOWUH, SKI
OXONTIOIONb XMAPY SUMIPSIHUX MOYOK 3 MIHIMAIbHOW gi0cmannio. L[ éidcmans nosurna 6ymu
sicmaegnena 3 donyckom. JJocrioxcysani unpobyeanvhi oemani Oyau 6ucomosneHi 3 NonepeoHbo
3aeapmosganoi cmani. bynu npoananizosani 8 eunpoOysanvHux nogepxos, sKi Oyau 00pobreHi
pisnumu  memodamu 06pobku i napamempamu pizauns. byau 3acmocoeani mexmonocii
(peszepysanns, mouinns i wnigpyeanna. Bumipana xmapa mouox 6yna 3000yma 3a 00ROMO2010
KoopOouHamro-eumiprosanvroi mawunu Mitutoyo Crysta-Plus 544. 1020 movok Oyau 3anucaui 3
cimixoio 5x5 mm. Konwmponvni 3nauennsi nOMuaku niowjuHHOCmi Oyau Gu3HayeHi imepayitinum
memooom. Ha niocmasi pesynomamis, naseoenux y cmammi, OY10 GUAGIEHO, WO WOPCMKICHb
no6epxHi i NIOWUHHICMb pyxaromecs napanenvro. Lllopemkicms noeepxui 6 pisHux HanpsaMKax
sumiploganns modce Oymu Oyoice piznolo. Bionocme cmanoapmme 6iOXUNEHMA SU3HAYAEMbCA
mexnoaozicio 06podxu. Cmpamezis mouko6oi subGIpKU GNAUBAE HA PE3YTbIMAM OYIHKU NIOWUHHOCII.
Ilpedcmasnenuii Mmemoo modce 6ymu nowiuperuil Ha O6inbWLY KilbKicmb MexHon02ii 00pobKu, a
makooic modice Oymu gxkazanutl koegiyicnm moougpixayii. Posmip nnockoi nosepxmi modice 6ymu we
OOHUM  6ADICIUBUM (AKMOPOM OISl OYIHKU NAOWUHHOCII, MOMY U020 CNI0 8paxosysamu npu
NOOANBUUX OOCTIONHCEHHSIX.

KarouoBi cioBa: ceomempuuni  0onycku; NIOWUHHICMb, cmpamezisi MOYK0Goi  GUOIpKuU;
KOOpOUHamHme GUMIPIOBAHHS, MEeMOO MIHIMATLHOT 30HU.
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LEAD TIME REDUCTION IN MANUFACTURING
PROCESS OF TOOTHED PARTS

Abstract: In manufacturing automotive industrial components, the reduction of machining time and
operation spare time detected in the cutting operations can be realized by the modification of
technological parameters. However, reduction in the total component manufacturing lead time can
be realized to a great extent by re-organization of the production process to eliminate unnecessary
waiting periods (e.g. storage, in-process storage, etc.). In our study the total lead times of two
different types of components were analyzed by mapping the process in a detailed way. The rate of
waiting time within the lead time was analyzed; the theoretical and the measured lead times were
compared and the effect of operation sequence on lead time was analyzed. Using these calculations
and also measurements the problematic operations were identified and suggestions for process
improvement were made.

Keywords: operation time; manufacturing process; total lead time; analysis of the production
process; standardization process.

1. INTRODUCTION

One constant and cardinal issue of manufacturing is the continuous increase
of productivity. The reasons behind this tendency are the continuous increase in
consumption, the decrease in costs and competition among companies [1].

In all cases one significant issue is how much time is required to carry out
order-based production, or the time needed for a single specified component
manufacturing task. However, the question can be reversed: how much time
consumed unnecessarily can be eliminated from a manufacturing process, i.e. is
there unnecessary storage, material handling or waiting before starting the
subsequent operation? These are called waste times [2, 3]. In Lean-focused
manufacturing, which is currently typical in the automotive industry, each
activity that creates no added value for the customers is called waste [4, 5]. In
one of our former studies, analyses for the lead time of hard machining gears
were carried out [6] in which the aim was the optimization of operation times.

Here, the analysis of the machining process of two components was
performed. The process is a matured one and its operations are carried out with
the latest manufacturing equipment and machine tools by perfectly-equipped
workers. A lot size is between 60 and 300 components. In such cases 1 or 2
minutes per piece or even a one-second decrease in time consumption can make
a difference [7].

© V. Molndr, I. Deszpoth, J. Kundrdk, 2019
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Time consumption is one of the most important parameters of the
manufacturing process. In this paper the component manufacturing lead time is
analyzed. This parameter is influenced by many factors. However, it is essential
because there is a strong relationship between it and the expenses, and hence the
first cost of the product. When improving the manufacturing process one goal is
the reduction of lead time [8].

One of the most significant components of production lead time is the
operation time. Its value tends to gradually decrease. If merely the machining of
case hardened components of a transmission system is analyzed, a remarkable
change can be observed. Over the years the number of hardened surfaces and the
tools and procedures (grinding, hard turning, joint procedure) applied for
machining them have been modified. As a result of these changes the lead times
have decreased remarkably. The aim of our study is to analyze if there are
possibilities for further reduction of lead time from a process organization point
of view after these significant developments.

Both the theoretical and actual (measured) values of lead time were
determined and compared. Based on the rates of these values the operations in
which the greatest differences were found were selected and possibilities for
decreasing this ratio were determined.

The general definition of lead time is the period between receipt of the raw
materials and the sale of the finished goods [4, 9, 10]. In practice the following
three lead time categories are the most frequent: component manufacturing,
production and total lead time (Fig. 1). Hereinafter only the manufacturing lead
time is analyzed.

Manufacturing lead time is the period between the first manufacturing
activity connected to a given order and the beginning of the sales process
(finished goods storage is not included in this period). The start point of
production lead time is the start of technical preparation. The start point of total
lead time is the same and the end point is the end of sales operations.

There is a fourth category: series lead time. Within the manufacturing lead
time it refers to one series (a given lot size, identical components). The series
lead time is the period in which a production item (lot, series) is finished in a
technological phase [12]. Manufacturing a product starts with the machining of
the elementary items (components) and then these are connected to each other
(assembly). A transmission system is built up from components and/or
subassembly units. Joining these elements to get a functional, saleable product
takes place in the assembly process. In this paper the lead time of manufacturing
process is analyzed by mapping it for two different components.
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I
Production Lead Time

Total Lead Time

Figure 1 — Structure of the types of lead time [12]

Manufacturing of the analyzed components is characterized by mixed
operation sequence (Fig. 2). In this case calculation of lead time (T.;) is the

following [13]:
Toe=top+ =D () 6= ) 1) ®

where top is the sum of operation times necessary to finish a component; n is the
lot size; t, is a high operation time between two lower; t; is a low operation time
between two higher.

This formula can be used for calculating the theoretical lead time of the
production of the analyzed components.

Lotsize:n
Operationtimes: t;t,; ... [h/pcs]

2nd ________
2
S t3>t,
§ 3rd ............
=3 t, t<ts
o 4th ........................
t ts=t
o 5 > 5T
T Working
Lt time

Figure 2 — Calculation of lead time in case of mixed operation sequences [13]
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2. METHODS
The analyzed components are parts of two transmission systems (a
countershaft and a gear wheel). In the analyzed series the number of
countershafts is 60 and the number of gears is 216. The current values of the
operation times were available in the SAP ERP system used in the plant where
the components are produced. Theywere used for determining the lead time.
Conditions and limitations of the study:
e No possibilities were looked for to decrease operation times of
machining by technology improvement.
e The reasons for waiting were not analyzed (e.g. machining another
component or series on the subsequent workstation).
¢ In the hardening operation other components are being hardened at the
same time. When determining the operation time, the specific time of
the analyzed component was not calculated (hardening time divided by
the number of components); rather, the current operation time was
considered.
e Operation times were not defined by the theoretical (calculated) values,
hence no comparison of calculated and measured values was carried
out.

3. RESULTS AND DISCUSSION

In Table 1 and 2 the operations of the components are summarized in order
of occurrence. In Figs. 3 and 4 the sums of operation times of the components
machined in one series are demonstrated (series operation time).

Table 1 — Operations and main activities in manufacturing the countershaft

Sign | Description Sign Description

1 Preparation 9 Media removal

2 Gear cutting 10 Washing

3 Deburring 11 Straightening

4 Tooth cutting 12 Cylindrical grinding
5 Tooth chamfering, deburring | 13 Tooth grinding

6 Washing 14 Washing

7 Case hardening 15 Quality check

8 Shot peening 16 Final check

In case of the countershaft the operation time of cylindrical grinding can be
considered as an outlier. In case of the gear a significant outlier is the operation
time value of the 3 operation (washing) and the 9" (case hardening). The reason
for these was that not the operation times (of the whole lot) were recorded in the
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system but rather another time that included extra waiting. This can be
considered as incorrect data recording.

Table 2 — Operations and main activities in manufacturing the gear wheel

Sign | Description Sign Description
1 Preparation 9 Case hardening
2 Tooth milling, chamfering 10 Shot peening
3 Washing 11 Media removal
4 Final check 12 Hard turning
5 Preparation 13 Tooth grinding
6 Washing 14 Washing
7 Laser welding 15 In-process quality check
8 In-process quality check 16 Final check
1
2
3
4
5
_, 6
S 5
B 9
2 10
©n 12224
12
13 2033
14 1797
15 2201
16 2143

0 1440 2880

4320 5760 7200 8640 10080 11520 12960
Sequence operationtime, T o, c [Min]

Figure 3 — Series operation times for the countershaft series

Using the technological documentation available at the plant, the
theoretical operation times of the series (Topt) Were analyzed and then were
compared to the values (Top,c) obtained from the SAP ERP system. The rates of
these values are summarized in Tables 3 and 4 for each operation.
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Sequence operationtime, t;_p ¢ [Min]
Figure 4 — Series operation times for the gear series
Table 3 — Rates of current and theoretical series operation times — countershaft
S| « |28 2|8|8] 2|88 o | &
S| £ |S|8| € |S|8| € |5 £ |3
[ = < 5] = < [ =3 o] 5] = <
S| &£ |a|o| & |a|ld| &£ |a|léd| & |a
1 100 | |5 089 | |9 1.00 | % |13 | 3.53 v
2 |31 | v |6 |29 |v [10 |090 | & |14 |5276 | X
3 1761 | X |7 1039 | X | 11 | 0.76 Y | 15 | 64.74 X
4 2.57 v |8 3.43 v |12 | 3154 | X | 16 | 119.06 | X

Legend: 5 - favorable (0-1.2); v' - realistic (1.21-4); X - unfavorable (>4.1)

The times for deburring, case hardening, grinding, washing after tooth
grinding and the two last quality check operations are considered unfavorable
compared to the theoretical values (10-120-fold values) for the shaft.

In the case of the gear wheel the washing, the final check, the case

hardening and the shot peening operations are unfavorable based on the
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calculated indicator. Process activities besides machining operations were also
analyzed.

Table 4 — Rates of current and theoretical series operation times — gear wheel

S . | &5 . | &5 | &5 . | S
® = S| B = S| B = S| 8 = g
e} = = e} \‘C-’L = e} \‘cdz = I} \E =
S| £ |a|é&| & |lalé&| & |al|ol| & |a
1 [100 | * |5 |100 | * |9 |3096 | x |13 | 207 |V
2 [131 |v |6 [300 |v |10 |571 | x |14 | 860 | X
3 | 8467 | X |7 |100 |* |11 |256 |v |15 |158 | v
4 | 560 | X |8 |28 |v |12 |102 | * |16 | 188 |V

Legend: 5% - favorable (0-1.2); v - realistic (1.21-4); X - unfavorable (>4.1)

The thread diagrams of the activities of the production are demonstrated in
Figs.5 and 6 for the two components. A thread diagram highlights which
activities of the process can be considered as value-creating and which not. The
points of the intermittent line in the first column (machining and other main
operations) indicate the value-creating operations and the remaining points are
for the non-value-creating activities such as logistics, quality checks or waiting.
The quality check and the logistics operations cannot be eliminated; however,
their durations or their frequency can be reduced by process reorganization.
Waiting is a phase that should be eliminated.

The rate of value-creating activities (16) is 0.36 within the number of all
activities for both the shaft and the gear. Rates of waiting times were also
analyzed within the lead time and are summarized in Table 5. It can be seen that
the rate of waiting in the case of the countershaft is 17% and in the case of the
gear it is almost 80%. Both values can be considered as high. Beyond this, the
total value of waiting (Ty) itself is quite high: 61 hours of waiting in the

production process of 60 shafts.

The production process was also analyzed based on the operation sequence.
The production of the shaft and the gear is characterized by the mixed operation
sequence. This includes parallel operations too, which means that the lead time

is shortened.
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# Sign Description # Sign Description
AlB[c|p|E|F AlB|c|D|E|F

1 |e] Preparation (1) 23 |_te | Waiting

2 ~pe| [Storage 24 | Media removal(9)

3 | | [conveyance 25( [ P Material handling

4 :h Waiting 26 <: Bore washing (10)

5 |« Gear cutting (2) 27| [ ™ Material handling

6 :> Material handling 28 P | Waiting

7 <' Deburring (3) 29 [ Straightening (11)

8 [ D Material handling 30 | | [Conveyance

9 <' Gear cutting (4) 31 ) Wiaiting

10 \\\ Material handling 32 Storage

11 | pe| Waiting 33 Conwveyance

12 |eg] Chamfering, debur. (5) 34 [« Cyl. grinding (12)

13 Conweyance 35 \> Material handling

14| Washing (6) 36| Tooth grinding (13)

15 Conweyance 37| [ Material handling

16 Storage 38| Washing (14)

17 L | |Conweyance 39| | Material handling

18 | Waiting 40 Quality check (15)

19 <f Hardening (7) 41 Material handling

20 :> Material handling 42 4\ Final check (16)

21| Shot peening (8) 43 Conveyance

22 Mo Conwveyance 44 Storage

Legend: A — Machining and other main operations; B — Quality check;
C — Material handling; D — Conveyance; E — Storage; F - Waiting

Figure 5 — Thread diagram - countershaft

Table 5 — Rate of waiting time within lead time

Shaft Gear
Waiting time, Tw [h] 61 165
Lead time, Trc [h] 367 209
Tw/Tec [%] 16.75 78.81
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# Sign Description # Sign Description
AlB|c|p|E B[c[p|E

1 Preparation (1) 23 Waiting

2 TN [storage 24 Lef"| | conveyance

3 | Waiting 25 [« | Hardening (9)

4 I~ Material handling 26 be Conweyance

5 c( T. mill., chamf. (2) 27 Shot peening (10)

6 | | |Conveyance 28] [ D Material handling

7 |« Waiting (3) 29|’ Media removal (11)

8 Do Conwveyance 30 \\\ Conwveyance

9 <, Final check (4) 31 Waiting

10] [ ™ | [conveyance 32 [e Hard turn, grind. (12)

11 : Waiting 33 M Conwveyance

12 [« Preparation (5) 34 o] Waiting

13[ [ [ T [storage 35 | Tooth grinding (13)

14 Conveyance 36 | Conveyance

15 | Waiting 37 e Waiting

16 [« Washing (6) 38 [« Washing (14)

17 Conweyance 39 Do Conveyance

18 |« Laser welding (7) 40 d Quality check (15)

19 » Conwveyance 41 Material handling

20| [ Quality check (8) |42 Final check (16)

21 N Conweyance 43 A Conveyance

22 Storage 44 Storage

Legend: A — Machining and other main operations; B — Quality check;
C — Material handling; D — Conveyance; E — Storage; F - Waiting

Figure 6 — Thread diagram — gear wheel

The criteria of good operation sequence is [13]: Ty <<XETw

If the criterion is met, the time efficiency is considered to be good.

The comparison for the two components is included in Table 6. For the
countershaft the time efficiency is good but in case of the gear wheel it is not.

Table 6 — Comparison of summarized operation times (total machining process) and lead
times of the components

Part Tic[h] top[h] Time efficiency
Shaft (60) 367< 431 favorable
Gear (216) 209> 114 unfavorable
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Both the comparison of lead and operation times and comparison of lead
and waiting times indicates that the production process of the gear is less
efficient than that of the countershaft. At the same time the rate of waiting time
within the lead time is relatively high in the case of the countershaft.

4. RECOMMENDATIONS FOR PROCESS IMPROVEMENT

There is a need for a more thorough analysis of the revealed problems of
the processes in order to reduce or eliminate them. Based on the current analysis
the following tasks can be designated:

o Rates of waiting times within the lead times are relatively high
(countershaft production: 16.75%, gear production: 78.81%). The reasons for
these waiting times have to be identified and analyzed. Then process
improvement steps have to be designated.

e Based on the differences between the current manufacturing lead
time and the summarized operation time, the production of the countershaft can
be considered favorable, while the production of the gear wheel can be
considered unfavorable in the plant practice. In the latter case the reasons are the
long waiting times and the relatively long operation times (compared to the
planned ones). This (for the gear) partly confirms the statement made in the
previous point.

o The rates of current and theoretical series operation times are
different in some cases: the measured values of 6 operations (or main activities)
in the countershaft production and 5 in the gear wheel production can be
considered as unfavorable compared to the theoretical values. Based on these
results, an in-depth analysis of the unfavorable operations is suggested. The
reasons for the differences have to be discovered and organizational steps have
to be taken to eliminate them.

e The rate of current and series operation times for the countershaft in
operations is 65 times higher than calculated theoretical values, and at the final
quality check is 65-120 times higher. The efficiency of these activities has to be
studied and process improvement steps have to be introduced.

o Series operation time rates are unfavorable for the washing activity
in several cases (5 activities). Analysis and process improvement are also needed
in these activities.

In the analyzed process the following methods are suggested. These fit the
practice of the plant: cause-effect analysis (e.g. failure tree, 5SW1H), Pareto
analysis, and value analysis. The improvement consists mainly of organization
methods and rationalization steps.

Most of the washing operations are not efficient. The reason for that is the
lack of capacity and the overload of resources. Increasing the capacities and
reorganization would lead to improvement of washing activities.
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On the basis of our estimations the waiting time can be reduced by 25% for
the shaft and 40% for the gear.

4. SUMMARY

The production process of two typical components (a shaft and a gear
wheel) were studied. Our aim was the analysis of the lead time components.
Steps for improving the production process, are suggested to help in the
reduction of lead time. In case of the analyszed components the rates of waiting
time within the processes were relatively high, which resulted not from
technological problems but from organizational shortcomings. The lean
production organization system and toolset is applied in the analyzed plant, so
we endeavored to build these into our analyses and consider them in
recommendations. The next step in both the research and the process
rationalization in the plant is the designation of process phases whose
improvement is urgent (this can be established after ranking the problems). Next,
improvement steps have to be determined and process standardization can be
recommended. Analysis of the production process of other similar components
may result in a clearer overview about process efficiency. At the same time,
results revealed that there are periods in the production process which could be
eliminated not by technological improvements but by process organization
solutions.

This study introduced a method that can serve as a best practice for the
plant to eliminate waste. In summary, it can be stated that the sensitivity of the
method is acceptable because the method explores waste using a complex
approach and is capable of making waste in the production process more visible.
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Bixtop Monsrap, limtBan esnot, Anom Kynnpak,
Mimkonbl, Yropiuaa

SHUXKEHHSA YACY MTPOLHECY BUT'OTOBJIEHHA
3YBYACTUX YACTHH

AHoTauist. /Ipu 6ucomosienti agmomModiIbHUX KOMNOHEHMIE 3MEHUEHHS. Yacy 00pOOKU I GLIbHO2O
yacy, Wo BUABIAEMbCA 6 ONepayisx pI3aHHs, Modce Oymu peanizoeaHo ULIAXOM 3MIHU
mexHonoziunux napamempis. Ilpome, ckopoueHHA 3a2albHO20 Yacy BUPOOHUYMEA KOMNOHEHMIE
Modice Oymu 00CAHYMO 6 3HAYHIN MIPT WIAXOM PeopeaHizayii 6upoOHU1020 npoyecy Ons YCYHeHH
HenompiOHUX nepiodie o4iky8aHHs (Hanpuxiaod, 36epieanns, soepizcanus 6 npoyeci i m.o.). Y ypomy
00CHIONHCEHHI 3a2aNbHULl YAC BUKOHAHHA 060X DI3HUX MUNIE@ KOMNOHEHmi8 Oyiu NpOoaHani306aHi
WASAXOM QOKIAOHO20 KapmyeanHs npoyecy. Cucmema agmomoobiibHOi mpancmicii CKiadaemocs 3
Komnonenmie abo ckradanvHux oouHuys. OO0'€OnanHa yux enemenmis O  OMPUMAHHA
dynryionanvHo2o mosapHo2o npooykmy 6i00yeacmucs 6 npoyeci ckiadanns. Y yiu cmammi yac
BUKOHAHHA BUPODHUYO20 NpOYecy aHANIZYEMbCA WIIAXOM 3ICMAGNeHHA 16020 05 080X PIHUX
KOMNOHeHMi8. AHANI308aHI KOMNOHEHMU € YACMUHAMU OBOX CUCTEM MPAHCMICIT (npomidicHull éan
i wecmepns). I[lomouni 3navenns uyacy pobomu 6yau odocmynui 6 cucmemi SAP ERP,
BUKOPUCIMOBYBAHOT HA 3600, O€ BUPOOAAIOMbC KOMROHEHMU | OYIU GUKOPUCAHT OISl GUIHAYEHHS
uacy 6UKOHAHHs 3amoenents. Teopemuunuil i UMIPAHUIL YAC BUKOHAHHS 3AMOBIEHHS NOPIGHIOBABCS
i aHanizyeascs 05 6UAGIEHHs 6NIUGY NOCIIO0BHOCMI ONepayill Ha Yac BUKOHAHHS 3AMOGIeHHs. 3a
00NOMO2010 YuX PO3PAXYHKIG, A MAKOIC SUMIDIOBAHb OV uasneni npobremui onepayii i eneceni
nponosuyii wo0o noninuwieHHs npoyecy. Y pasi aHanizo8amux KOMNOHEHMI8 NOKASHUKU 4acy
OuiKyBaHHA BCEPeOUHI npoyecié YU BIOHOCHO BUCOKUMU, WO NOACHIOBANIOCS MEXHONOZIYHUMU
npobaemamu, a opeauizayiinumu neooaikamu. Hacmynuum kpokom sk y 0ocniodcennsax, max i 6
payionanizayii npoyecy Ha 3a800i € BUSHaA4eHHs ¢haz npoyecy, NONINUIEHHS IKUX € HeBIOKIAOHUM (e
MOJNCHA BCMAHOBUMU NICNA PAHXCUPY6anHs npobaem). ITlomim Heo6XiOHO GusHayumu emanu
noninuienns i pekomendysamu cmanoapmusayiio npoyecy. Ananiz npoyecy 6upoOHUYmMea iHuux
AHANOZIMHUX KOMNOHEHMIE MoJice Oamu Oibut YimKe YAeIeHHs NPO eheKmusHicms npoyecy.
Ku1104oBi ci10Ba: 3ymenwenns uacy oopooxu,; eupooHuyuil npoyec, nociioogricms onepayiil; ananiz
npoyecy 6upobHUYmMea,; cmanoapmusayis npoyecy.
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CHEIUPIKA BAKOPUCTAHHS TBEPJOCIIIABHUX
PI3AJIBHUX IIVIACTUH 3 HOKPUTTSAM ITPHU
YOPHOBIM TA HAINIBYMCTOBI TOKAPHII OBPOBIII
JETAJIEMA BA’)KKOI'O MAIIMHOBY 1YBAHHS

AHoOTaWisA. Y cmammi na ocHo8i pe3yibmamie 00CiONCeHb Y3a2aibHe i cneyudiuni ocooausocmi
YOPHOBOI MA HANIGYUCMOBOI MOKAPHOI 0OPOOKU Oemaell 8aiCKO20 MAWUHOOYOY8AHHS Pi3ysIMU
3 MBEPOOCHAAGHUMU PI3ATLHUMU NAACUHAMU 3 NoKpummsam. OOTPYHMoBano eubIp Mapox meepoux
CNIasié 3 NOKpUmMmsAM, HauOiNbWl NepCneKMUSHUX Oisl GUKOPUCMAHHA NPU HOPHOSIH ma
Haniguucmosiii MoKapHiti 00podyi cmanesux demainetl Ha 6adCKUX 6epCmMamax.

Ku104oBi ci1oBa: demai 6ajicko2o MawuHo0y0y8anHts, YoOpHO8a MOKAPHA 0OPOOKA, HANIGUUCMOBA
mokapHa 06pobKa, meepOOCNIA6HA pI3ANbHA NIACMUHA, NOKPUMMS, 3HOUWLY8AHHSA, NOJAMKA,
BUKPULLYBAHHS, NPAYE30AMHICTb, NPOOYKMUGHICIb 06POOKU, eHEp2oedeKmusHicmb.

Beryn. IloctanoBka npo0JiemMu.

Baxke MammHOOyIyBaHHS € OCHOBOIO MAIIMHOOYIIBHOTO KOMIUIEKCY
VYkpaian. TexHiYHWH piBeHP Ta €(EKTUBHICTh TEXHOJOTIYHUX IIPOLECIB
HIANPUEMCTB Ba)KKOIO MAIIMHOOYNYBaHHS 3HA4YHOIO MipOI BH3HAYAIOTh
3arajJbHUil PIBEHb INPOMHCIOBOTO PO3BHUTKY JA€piKaBH. TOX MiJBHIICHHS
e(peKTUBHOCTI TEXHOJIOTIYHHX MPOIIECIB BAYKKOTO MAIIMHOOY1yBaHHs, 30KpeMa
OpOIECiB  MEXaHIYHOI OO0poOKM JeTaneil, € 1 Hagaal 3aJHIIaTHMEThCS
aKTyaJIbHOIO ~ HAyKOBO-TIPAaKTHYHOI  33jadyel0o. BaXJIMBUM  YHHHHUKOM
3a0e3meueHHsT BUCOKOT e(peKTUBHOCTI MEXaHIYHOI 0OpOOKH [eTaieil BasKKOTO
MaIIMHOOYAYBaHHS € IIMPOKE BIPOBAPKEHHS Ta paliOHAIbHE BHKOPHUCTaHHS
CY4acHOTO BHCOKOIIPOJYKTUBHOTO Ta HaJIiHHOTO pI3albHOTO IHCTPYMEHTY,
30KpeMa, 31 3HOCOCTIHKUM HOKPHTTSIM.

3HauHy YacTKy JieTanedl Ba)KKOTO0 MAlIMHOOYTyBaHHS CKJIaJIat0Th JeTalli-
Tida 00epTaHHs (BAJKH IIPOKATHUX CTAHIB 3 BEJIMKAM J[iaMeTPOM OOUYKH, POTOpHU
EHEepPreTHYHUX YCTaHOBOK, KOpaOesbHI rpeOHI Banu Tomio). Y CTPYKTYpi
3arajJbHOi TPYIOMICTKOCTI OOpOOKM TakKMX JeTajledl IepeBakae ToKapHa
00po0Ka Ha BaXXKUX BepcTaTax, IPUYOMY OCHOBHI BUTPATH 4acy MpPUIAIa0Th
Ha BHCOKOEHEPTOMICTKI MPOIECH YOPHOBOTO Ta HAIIBYMCTOBOTO TOWiHHS, IO
XapaKTepU3yIOThCS BAXKUMH YMOBaMHU POOOTH IHCTPYMEHTY i, BIAMOBiAHO, —
HEBUCOKMMH TOKa3HMKaMHU Horo mpare3garHocTi. Tomy BcebiuHe BUBUEHHS
npobiieMn e(eKTUBHOI YOPHOBOi Ta HaIliBYMCTOBOi TOKAapHOI 00poOKH
JeTajieil Ba)XKKOr0 MAIIMHOOYAYBaHHS  CY4acHHM

© €. Muponenxo, B. Kaniniuenxo, B. Xopowaiino, /1. I'yzenxo, 2019
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TBEPAOCIIIIABHUM IHCTPYMEHTOM 3 IIOKPUTTSM Ma€ BaroMe MpakTUIHE 3HAYCHHS.

AHaJi3 focaizkeHb Ta myoaikaniii 3 mpo0iaemMu, 10 PO3TIAIAETHCS.

3aranpHI TEOPETWYHI BiJOMOCTI TPO BIUIUB 3HOCOCTIHKOTO IMOKPUTTS
Ha XapaKTEpUCTHKH TIPOIECY pi3aHHSA Ta MPale3laTHICTh IHCTPYMEHTY IIpH
pi3HUX Iporecax MexaHiuHOi 0OpoOKHU mpeacTaBieHi y poboTax [1—4]. Pazom 3
TUM, BUKOPHCTAaHHS TBEPIOCIUIAaBHOTO IHCTPYMEHTY 3 TIOKPUTTSIM IPH YOPHOBIH
Ta HaIlIBYMCTOBIN TOKapHil 00poOLi AeTanel BaKKOro MalllMHOOYIyBaHHS Ma€e
CBOIO BIlacHy crenudiky, sKy HEOoOXiHO BpaxoOBYBaTH MpHU IpU3HAYCHHI
pauioHaNbHUX YMOB OOpOOKM Ha BaXKKMX TOKapHHMX BepcTarax. Okpemi
pe3yibTaTh  JOCTIJUKEHb Mpale3aTHOCTI pI3LiB 3  TBEPAOCIUIABHHUMH
pi3IbHUMHM IUIACTUHAMH 3 IOKPUTTSM IIPU YOPHOBIH Ta HamiBYMCTOBIH
TOKapHili 00poOIi [meTanmeil BaKKOTO MAIIMHOOYIYBAaHHS HaBEIOCHI Y
norepeHix podorax [5-9] cmiBaBTOpiB HaHOI cTarTi. 30Kpema, y poboTax [5—
7] HaBe#eHI Ta MpoaHai30BaHI pe3yJbTaTH CKCIIEPUMEHTAIBHUX JOCIHIIKECHb
YOPHOBOI TOKapHOi OOpOOKH JeTaliedl Ba)KKOTO MAalIMHOOYAYBAaHHS DPi3IsSIMH,
OCHAILICHUMH  CIICIiaTbHUMN 0araTOrpaHHUMH pi3ajJbHUMH IUIACTHHAMH
3 TBeproro cmaBy 3 mokpurtsiM GC 4025 supobHmurBa dipmu «Sandvik
Coromant». Y poOori [8] HaBemeHi pe3ynbTaTd BUPOOHMYMX CTIHKICHUX
BUNPOOYBaHb PI3WIB 3 TBEPAOCIUIABHHUMHU  Di3aJbHUMH  IUIACTHHAMHU
3 MOKPUTTSIM MPOBIJHUX CBITOBUX (ipM-BUPOOHUKIB TPH HAIiBYUCTOBIM
TOKapHii 00poOLi BaJIKiB MPOKATHUX CTaHIB y Jiama3oHi JiaMeTpiB OOYKH
0 521...1300 MM. VY poboti [9] mpeAcTaBiICHO CTHCIHIA aHali3 OCHOBHUX
pe3yIbTaTiB CTIHKICHUX BUIPOOYBaHb PI3IiB 3 pi3aIbHUMH TUIACTHHAMH (HOPMHU
SCMT 380932 3 TBepAMX CIUIaBiB 3 MOKPUTTAM pi3HHX BHUPOOHUKIB TpHU
YOPHOBIH TOKapHii 00poOIi 00YOK MPOKATHUX BAJKIB y Miama3oHi JiaMeTpiB
6ouku @ 1120...1590 mm. Pe3ynpTati BUNpOOYBaHb TO3BOJSIOTH BU3HAUUTH
MEPCICKTHBHI TSI BUKOPUCTAHHS y OCTIKYBAaHUX 00JacTIX 00pOoOKH MapKu
TBEPAMX CIUIABIB 3 HOKPHUTTSIM.

Orasig HeBUPilIEHUX YACTHH MPO0JIeMH.

HaBenenuit y poborax [5-9] dakrtuunuii Mmatepian MiATBEPIKYE
MOXIIMBICTh ~BHUKOPHCTaHHS pI3IIB 3 TBEPIOCIVIABHUMH  Pi3aJbHUMHU
IUIACTUHAMH 3 MOKPUTTAM pi3HUX (PipM-BUPOOHMKIB B pealbHUX BHPOOHHUYMX
YMOBaX YOpPHOBOI Ta HAIiBYMCTOBOI TOKAapHOI OOPOOKHM jmeTaneil BajkKKOTO
MamurHOOyayBaHHS. PazoM 3 TuM, 0OrpyHTOBaHMH BHOIp KOHKPETHOI MapKu
TBEPAOTO CIUIaBY 3 NOKPHUTTSIM Ta NPU3HAYCHHS PaLliOHAIILHUX YMOB 0OpOOKH
Mae 06a3yBaTHCh HAa BUBYCHHI Ta IMOJJAJIBIIOMY BpaxyBaHHI crienn(iky TOKapHOT
00poOKM Ha BaKKMX BepcraTax 1 (aKTOpiB BIUIMBY MOKPHUTTS Ta HOro
XapaKTepUCTHK  HA  Mpales3jaTHICTh  pi3WiB,  IMPOAYKTUBHICTE  Ta
eHeproe(eKTUBHICT 0OPOOKH.
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Meta po6oTH — Ha OCHOBI aHaJIi3y pe3yIbTaTiB BHPOOHHUIIX BUIIPOOYBAHb
pi3miB 3 TBEPHOCIUIABHUMHU pi3ajJbHAMH IDIACTHUHAMH 31 3HOCOCTIHKHAM
MOKPUTTAM TIPOBINHUX CBITOBUX (ipM-BHPOOHHMKIB TIPH YOPHOBii Ta
HAITIBYNCTOBIN TOKapHii o00poOmi [meTanmeil BaXKOTO MAITMHOOYAYyBaHHS
y3araJbHATH CTIeU(iTHI 0COOIMBOCTI TOCIIIKYBaHHX MPOIECciB 00pOOKH, IO
CHpAaBISIIOTH  BIUIMB  HA MPANe3NaTHICT  Pi3MiB, MPOAYKTHBHICTH  Ta
eHeproe(eKTUBHICTH 00pOOKH, Ta OOIPYHTYBATH BHOIp MapoK TBEPAMX CILJIaBiB
3 TOKPUTTSM, NEPCIEKTHBHUX JJIsi BUKOPUCTAHHS Yy 3a3HAUYCHHUX YMOBAX
00pOOKH.

OcHoBHa YacTHHA

Jns BUKOHAaHHS TMOCTaBiIeHOI MeTH OyiaM JOKJIaJHO IpOaHalli3oBaHi
pesynpraté mpoBeneHnx Ha 0asi [IpAT «HKM3» (M. KpamaTtopcbk)
BUPOOHMYHMX BUIPOOYBaHb 30ipHHUX PI3IB 3 TBEPAOCILIABHUMH DPi3aIbHUMH
TUTACTHHAMH 31 3HOCOCTIMKAM TOKPHUTTSIM MPOBIAHAX CBITOBUX BHPOOHUKIB B
YMOBaxX YOpPHOBO{ Ta HANIBYMCTOBOi TOKapHOI OOpOOKM BaJKiB MPOKATHUX
CTaHIB 3 BEJHKHM JiaMeTpOM OOYKH, B TOMY YHCI TOCTIIKCHb, PaHIIIC
MpeICTaBICHNX y myOmikamisax [5—9] criBaBTopiB JaHOI pOOOTH.

Banku mpokaTHUX CTaHIB 3 BEJIMKMMHU JiaMeTpaMu OOYKHM HaJekaTh
JI0 XapakTepHUX  JeTajedl  BaXKOro  MamuHOOyayBaHHs.  [Ipukianu
XapaKTEepUCTUK JAESKUX BAJIKIB MpPOKATHUX CTaHiB BHpoOHUnTBa [IpAT
«HKM3» 3 Benukumu aiamerpamu 0o4ku (3a naHumu podotu [10]) HaBeneHi y
Tabmuni 1.

Tabmuust 1 — XapakTepuCTHKH JAESKMX BAJIKIB IPOKATHUX CTaHiB BHPOOHMIITBA
TIIpAT «HKM3» (M. KpamaTopcrk) (3a marumMu pobotu [10])

T'abapurHi po3mipu | Maca Marepian | TsepaicTb Tounicts | IllopcTkicTh
BaJIKIB BaJIKiB, BaJIKIB OOYKH BaJIKiB TTOBEPXHI
(miametp 60UKH X T Ta IUHOK
JOBXXMHA OOYKH X
TOBXKMHA JeTalli), MM
1600x2700%6700 |12-60 Crans 50, Bouku burrs Bin
1500x2500%6300 50XH, Ta MUHOK 00YKH Ra 3,2 MkM
1400%2000x5500 60XH, |moHB 320; | Ta mmitox 10
1200x1200%5000 75X2M®, 0ouKH Bix 0,02 MM | Ra 0,4 MKkM
1100x1500x4800 75XM®, |[Big HSD 60 | 1o 0,005 mm
90X®, |mo HSD 85;
70X3rHM®| mmitok
Ta iH. Big HSD 30
1o HSD 55

3a pesynpTaTaMH aHaIi3y BHUPOOHWUYOI TexHoyorii y pobOoti [8] Oymm
BUAUJICH] HACTYITHI 0COONIHUBOCTI TOKapHO1 00pOOKH OOYOK CTaNeBHUX MPOKATHUX
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BQJIKIB 3 BEJIMKHMH JiaMEeTpaMu OOYKH, IO CHPABJISIOTh HETATUBHHUIN BIUIMB
Ha TIPane3IaTHICTh Pi3MiB, MPOAYKTUBHICT Ta eHEProe(peKTUBHICTE 0OPOOKH
Ta 3HAYHOIO MIpOI0 € XapaKTepHUMH 1 JJIS1 TOKapHOI 0OpOOKH iHIMMX aeTaeit
Ba)KKOT'O MAIIMHOOYAyBaHHS:

— BeJIMKI 3HaYCHHA Ta HEPIBHOMIpHUI XapaKTep IPUIYCKy Ha 00poOKy,
10 00YMOBIIIOE BHCOKI CHJIOBI HABAaHTa)KEHHS Y 30HI Pi3aHHS;

— TEXHOJOTi4Hi  mpobjeMu, OOYMOBJIEHI  HEBHCOKMM  piBHEM
00po0IoBaHOCTI 0araTb0X 3 BHKOPHCTOBYBAaHUX Yy SIKOCTI MaTepiaily Bajka
cranei;

— 3Ha4yHa JOBXWHA OOYKHM Bajika, NMpH SKiH TPHUBAIICTb OOTOYYBaHHS
MUTIHAPUYHOT OOUKH HA MPOXiJ MOXKE 3HAYHO MEPEBUIIIYBATH MEPioJT CTIHKOCTI
Ppi3ajbHOT TUIACTHHU, MO YCKIIAJHIOE a00 YHEMOXJIMBIOE 00pOOKY 0OYKH 3a
OIIMH TIPOXia 0e3 3aMiHU IIACTHHI;

— BEJIWKI 3HAYEHHS IOTYXKHOCTI €JIEKTPOJBHI'YHA NPHUBOJA TOJIOBHOTO
PyXy BepcTata, 10 3yMOBIIIOIOTh BUCOKHUII piBEHb a0COIIOTHHX BUTPAT (BTPAT)
eHeprii Mpy 3aJJaHOMY 3HaUCHHI MUTOMUX BUTpAT (BTpPAT);

— BeJIHKI BTPATH ENEKTPOCHEPTii Ipu poOOTi eNeKTPOABUTYHA TIPUBOIA
TOJIOBHOTO pYyXy BepcTaTa Ha XOJIOCTOMY XOJl IiJ 4Yac 3aMiHM pi3ajbHOL
IUIACTUHH (Pi31IeBOro OJIOKY) BHACIIAOK BiIMOBH.

KoMruiekcHe minBUILEHHS €()EKTUBHOCTI YOPHOBOI Ta HAaIiBUYHUCTOBOT
TOKapHOi OOpOOKM [eTajneif BaXKOro MalIMHOOYIYBaHHS MOXe OyTH
3a0e3neueHe Npu palioHAILHOMY BHUKOPHCTaHHI Cy4acHOTO TBEPIOCILIABHOTO
pi3ayIbHOTO 1HCTPYMEHTY 3 TIOKPUTTSIM, SIKMM 3HAXOJWTh BCE UIMPIIC
BUKOPUCTAHHS Y 3a3HA4EHUX oOmacTsx oOpoOku [8, 9]. IIpm mpomy mupoxe
BIPOBAKEHHS TBEPAOCIUIABHOTO IHCTPYMEHTY 3 ITOKPHUTTSIM IPH YOPHOBIH Ta
HAITiIBYUCTOBIN TOKapHid 00poOIi JeTanell BaKKOTO MAIIMHOOYIyBaHHS Mae
0a3yBaTHCh Ha y3arallbHCHHI CHENU(IYHAX OCOONUBOCTEH i€l 0OpoOKH, 1m0
BIUTMBAIOTH HA MPAIe3IaTHICTh Pi3IiB, IPOIYKTHBHICT Ta CHEPTOCPEKTHBHICTh
00pOOKH.

YopHoBa Ta HamiBYMCTOBa TOKapHa 0OpoOka jeTaieldl BaKKOTrO
MAaIMHOOYIyBaHHS MAOTh CBOT BiIMiHHI prick. HeBHUCOKI MOKa3HUKH CTIHKOCTI
TBEPAOCIUIABHUX IUIACTMH NPU YOPHOBIH TOKapHii 0OpoOIl Ha BaXKHX
BEpCTaTax 3yMOBJICHI pe3ylbTaTaMM CKJIaAHOI NIl MEXaHIYHMX Ta TEIUIOBUX
HaBaHTAXXEHb 3HAYHMX BeNM4YMH [5, 7]. BimMoBH pi3LiB CHPUYHHSIOTHCS
3HOLIYBAHHSAM Pi3HUX BUIIB (aOpa3uBHNM, aare3iitHuM, audy3iiiHIM), KPIXKAM
pyHHYBaHHSIM pi3aJIbHOI IUTACTHHH (IIOJAMKH, CKOJIIOBAHHS, BUKPUIYBaHHS),
IUIACTUYHHUM /1e(OPMYBaHHSIM pi3aibHOI KPOMKH [S], IpU HbOMY clieln(i9HOI0
0cOOJIMBICTIO YOPHOBOT'O TOUIHHS Ha BAXKKUX BEPCTATax € YK€ 3HAYHA TNTOMA
YacTKa KPUXKOTo (BUKPHUINYBAaHHS, CKOJIOBAHHS, MOJAMKH) Ta IUIACTHYHOTO
pyHHYBaHHSI y 3arajbHiii CTPYKTypi BIZMOB IHCTPYMEHTY, IO BHUKJIMKaHa
3HaYHUM CHJIOBUM HaBaHTAXXCHHSM Pi3allbHOT IUIACTHHH Ta 3yMOBIIIOE HEBUCOKI
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MOKAa3HUKH HAAIHHOCTI pi3WiB 1 BiATaK HEJOCTATHIO €(EKTHUBHICTH IXHBOTO
BUKOPUCTAHHS Ha CydacHOMY BepcratHOoMy oOmanuanHi 3 UIIK. Tomy Habip
(hYHKIIOHATTPHUX XapaKTCPUCTUK IIOKPHUTTS [UIS TBEPAOCIUIABHOI pizajbHOT
IUIACTUHH, TPANIOI0doi y TAKMX CKJIAJHUX YMOBaX, Ma€ HE TIiJIbKH
3a0e3neuyBaTy e(heKTUBHHUM OIIip IpoliecaM 3HONTYBAaHHS pOOOUYNX IMOBEPXOHB
pi3agbHOI TUIACTHHH, alle ¥ CTPUMYBaTH PO3BUTOK SIBUIL, IO CHPUYHHSIOTH
KPHXKE Ta IUIACTUYHE PYHHYBaHHS IJIACTHHHU.

3a pesynpTaTaMH aHalli3y BHIICTICPEPaXOBaHUX JITEPaTypHHUX IKeped,
y sKOCTi (DaKTOpiB, LIO CHPABISAIOTH HETaTHMBHUH BIUIMB Ha Ipale3/laTHICTH
Ppi3LiB, NPOJYKTHBHICTh Ta €HEproe(eKTHBHICTH OOpPOOKM NPH YOPHOBOMY
TOYIHHI CTaJIeBUX JieTalleil Ha Ba)KKUX BEpCTaTax, MOKYTh OyTH BKa3aHi:

— TeMIepaTypHi KOJMBaHHS, [IO CHPUYMHEHI  HEPIBHOMIPHUM
XapaKTepoOM TIPHUITYCKy Ta 3YMOBIIOIOTH NOSBY Yy pi3albHIA IUIACTHHI
MIKPOTPILMH, TEPHCHANKYIIPHUX A0 Pi3aJIbHOT KPOMKH, HACIIAKOM YOTO €
BUKDHUIIYBAaHHS YaCTHHOK TBEpPAOTO CIUIABY HAa pi3aJbHIM KpoMIi Ta
IHTeHCU(IKaIlis 3HOMIYBaHHS IUTACTHHHA 1O 33 IHii TOBEPXHi;

— TUlacTW4Ha Jedopmalis pi3adbHOi KPOMKHA BHACHIIOK CHUTBHOL il
BHUCOKHX TEMIIEpaTyp Ta KOHTAKTHUX HAaBaHTa)X€Hb NPH 3HAYHHX BEIMUMHAX
nozaad;

— BTpara MIHOCTI pi3ajJbHOI KPOMKM BHACIIJIOK IHTEHCHBHOTO
JIYHKOYTBOPCHHS Ha MEPE/HIi MOBEPXHI pi3albHOI IMJIACTUHM IiJ BIUIUBOM
BUCOKHUX TEMIIEpaTyp NpH pi3aHHi;

— 1osiBa OOPO3EH 3HOCY HA TOJIOBHIN Ta TOMOMIDKHIN 3aHIX MOBEPXHIX
pi3ayibHOI TUIACTWHM, 3YMOBJIEHa YTBOPEHHSM OKCHAHUX IUIBOK IIPH
temneparypax ® =1100...1300 °C;

— MiJBHIICHHS IMOBIPHOCTI KPUXKOTO pyWHYBaHHs (B HepIly 4epry —
MOJIAMOK) pi3aJIbHUX [UIACTUH BHACIIIOK Jii epepaxoBaHKX MPOIIECIB;

— 3HWKEHHS MOKAa3HHWKIB HAMIHHOCTI PI3I[B BHACIHIOK ITiIBUIICHHS
NUTOMOI YacTKM KPHUXKHX PYHHYBaHb pi3albHUX IUIACTHH SIK PaNTOBHUX Ta
HEYCYBHHX BIJIMOB y 3araibHifl CTPYKTYpi BIIMOB Pi3IiB, IO YCKJIAIHIOE
eKCILTyaTaIliio pi3liB Ha Cy4acHOMY BepcTaTHOMY oOmagnanHi 3 UIIK;

— HEOOXIJHICTh MPU3HAYCHHS PEKUMIB TOKapHOT 00pOOKH 3 3aHMKEHUM
piBHEM HIBHIKOCTI pi3aHHA 3 METOK 3amo0iraHHA 3HAYHUM TeMIepaTypam
Ha KOHTaKTHUX TOBEPXHSX Pi3aJIbHUX IUIACTHH, 1[0 HE JI03BOJISIE 3a0€3MEUNTH
OaxxaHy TPOJYKTHBHICTb OOpOOKM Ta CIIy>KUTh JIOJAaTKOBUM YHHHHUKOM
301IBIICHHS TUTOMOI YaCTKU MOJAMOK Pi3ajIbHUX IUIACTHH y CTPYKTYPi BiIMOB
Ta 3pocTaHHs KoedilieHTa Bapiarii cTiHKOCTi pi3IiB;

— BHCOKa EHEPrOMICTKICTh OOpOOKH, 3yMOBJIEHAa BHCOKHM CHIIOBUM
HaBaHTAXXCHHAM Y 30HI Pi3aHHS;

— 3HA4YHI BTPATH Yacy Ha 3aMiHy pi3aJIbHOI INTaCTHHH (Pi3IeBOro OIOKY),
1110 3yMOBJICHI HEBHCOKOIO CTIMKICTIO Ta BIiJHOCHO BHCOKHM BiJICOTKOM
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panTOBHX BiMOB PI3IiB i BilTaK COPUYHHSIOTH 3HAYHI BTPATH €ICKTPOCHEPTil
IpH poOOTI ENIEKTPOABUIYHA IPUBOAA TOJOBHOTO PYXy BEpCTaTa Ha XOJIOCTOMY
XO0JI.

[Ipu HamiBUMCTOBIH TOKapHil 00poOmi cTajeBHX AeTaneld Ha BaKKUX
BepcTaTax, Ha BiIMIHY BiJ YOpHOBOi OOpOOKH, Y CTPYKTypi BiIMOB pi3IiB
OTHO3HAYHO JOMIHY€ 3HOC pi3aibHOI IUIACTHHH IO 3aTHIM TOBEPXHi, MPOTE
BiJ3HaUe€Ha BHUCOKA IHTEHCHUBHICTh 3HOLIYBAaHHS IUIACTHH HE J03BOJISE
HerepepuBHy OOpOOKY IMIIHAPUYHUX ITOBEPXOHb 3HAYHOI MPOTSHKHOCTI
0e3 3aMiHM pi3ajbHOI IUIACTHHU YM PI3LEBOro ONOKy. YMHHUKHM HEraTHBHOTO
BIUIUBY Ha NMPOAYKTHBHICTH Ta €HEProe()eKTUBHICTh HAIIBYMCTOBOI TOKAPHOI
00pOoOKM Ha Ba)KKMX BEpCTaTax 3aJHMIIAIOTHCS TOTOKHUMH 3 BiIIOBIIHUMH
YUHHUKaMH Ui YOpHOBOi 00poOku. OKpeMo Big3HAYMMO, MIO pealibHi
BUPOOHWYi YMOBH YacTO CIIOHYKAIOTh IH)KEHEPIB-TEXHOJIOTIB 0 BUKOPUCTAHHS
y TPaKTUIl TOKapHOI OOpOOKH [eTanell BaKKOrO MAaIIMHOOYIYBaHHS TAaKHX
MapoK TBEPAUMX CIUIABIB, IO BiIPI3HAIOTHCA IIUPOKOI0 YHIBEPCANBHICTIO Ta
MOXYTh OyTH e(eKTHBHO BHUKOPHCTaHI SK Ui YOpPHOBOI, Tak i
JUTS HAITiBYUCTOBOT OOPOOKHL.

ABTopamu poOOTH OyITM POAHANI30BaHI Pe3yNIbTaTH MIPOBEACHNX Ha 0asi
[MpAT «HKM3» criiikicHuX BUNPOOYBaHb pi3IiB, OCHAIIEHUX pPi3aJbHUMH
wiactuHamu Gopmu SCMT 380932 (ronoBHuil KyT y 1uiani @ = 75°) 3 TBepaux
CIUIaBIB 3 TOKPUTTAM BHpoOHHUNTBA (ipM «Pramet», «Korloy», «Taegu Tecy,
«Canela», «Harditalia» Ta iH. IpW MO31OBKHHOMY HYOPHOBOMY OOTOYYBaHHI
00YOK  BaNKiB TMPOKATHUX  CTaHIB  y [Oiama3oHi  JiaMeTpiB  OOYKHU
0 1120...1590 mm, crucnmy indopmanito mpo sKi HaBedeHo y poboti [9].
Martepianu npoKkaTHUX BaJKiB — JieroBaHi crani 70X2M®, 75XM®, 75X2MO,
S50X3THM®, 70X3rHM®, 75X3'HM®, 100XHM®  (tBepmictsb
HB 220...260). Pexxumu pizanas (rmubuHa pizaHas t= 10...25 mM; mogada
S=1,5...1,8 MM/00; mmBuakicte pizaHHs V=40...50 M/xB) B miIOMY
BiJIMOBI TN MPUHHATHUM Ha BUPOOHMIITBI TEXHOJIOTTYHUM pEXKUMaM YOPHOBOI
TOKapHOi OOpOOKM BaJKiB INPOKAaTHUX CTaHIB Ta Y3rO/DKYBaJIUCh 3
pexoMeHaaIisaMu  (QipM-BUPOOHHMKIB TBEPJOCIUIABHUX IUIACTHH. Y SIKOCTI
HaWOUIbIIOT TPOOJIEMH 0OPOOKHM CIIiJl BiIZHAYUTH JIOMIHYIOUY MUTOMY YacTKy
KPHUXKOTO PYHHYBaHHS Yy 3arajibHiii CTPYKTYpi BiIMOB pi3aJIbHUX IUIACTHH LIS
nepeBakHoi OUIBIIOCTI BUIPOOYBaHMX MapoOK TBepAuX ciuiaBiB. Haiikpairy
Mpane3IaTHiCTh (Pi3HOBUJ BIIMOBH — 3HOC; MEPioJa CTIHKOCTI pizambHOL
IUIACTHHU — 10 45 XBWIMH T1pu ToviHHI cTanedl 75XM® ta 100XHM®, mo
3HAQYHO TIEPEBUIY€E IIOKA3HUKU CTIMKOCTI pIi3ajibHAX IUIACTHH  1HIIMX
BUNPOOYBaHNX MapoK TBEPJAUX CIUIABIB) NMPOJEMOHCTPYBaB TBEPIHMH CILIaB
6635 BupoOHMITBa (ipMu «Pramet» 3 MOKPUTTAM, HAHECEHUM MeTos oM MT-
CVD Ha (QyHKIIOHAJIBHO TpaJiEHTHOMY cCyOCTpaTi 3 BiJHOCHO BHCOKHM
BMicTOM KoOabTy [11].
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MimHa cTpyKTypa TOKPHUTTA, OTpuMaHoro wmerogom MT-CVD
(cepenHpoTEMIIEpaTypHE XIMIiYHE ITOKPHUTTS), BIOpPI3HAETHCS BIX CTPYKTYD,
OTPHMAaHUX TPATUIIIHHUMHI METOaMH, KPAIIol0 aAre3i€io 0 MOBEPXHi OCHOBH
TBEPJIOTO CIUIABY, BiICYTHICTIO BKIIOUEHBb KPUXKOI MPHUKOPAOHHOI (ha3u Ha MeXi
«OCHOBa TBEPJOTO CIUIaBY — 3HOCOCTIHKE MOKPHUTTS» Ta XapaKTEPH3YeEThCS
KpalluM ONOPOM JI0 SBHUI, IO CHPHUYHHSAIOTH ITOYATOK PO3BUTKY KPHUXKOTO
pyHHYBaHHS pi3aJibHOT ITACTHHY Y 30Hi, IO IPHJIATa€e A0 Pi3aibHOT KPOMKH.

Takoxk Oynu mnpoaHai30BaHI pe3yNbTaTH CTIMKICHUX BHIIPOOYBaHb
30ipHUX PIi3LIiB 3 TBEPAOCIUIABHIMH pi3anbHUMHU IacTuHaMu dipm «Sandvik
Coromanty», «Pramety, «Stellram», «Iscar», «Toshiba Tungaloy», «Mitsubishi»
IPY [T03/I0BXKHBOMY HAIliBYNCTOBOMY TOYIHHI NMPOKATHUX BaJKIiB Yy Jiamna3oHi
niametpiB 60oukn @ 521...1300 MM (Marepianu BankiB — jerosasi craini 90X®d
(HB 240), 65X2C3M (HB 240), 70X3T'HM® (HB 260...300)). BunpobyBaHus
npoBommuch Ha 0asi [IpAT «HKM3». Pismi ocHamryBamuch pi3anbHUMEU
miactuHaMu  popmu CNMG 190616  pisHux BuKOHaHb. /Jliama3oH
JIOCiKyBaHUX peskuMiB pizanas (f = 1,0-6,0 mm; S = 0,3-0,4 mm/00; v = 147—
164 M/XB) BINMOBiTaB MPUHHATAM Ha BUPOOHUIITBI peKMMaM HAIiBUUCTOBOL
00pOoOKHM TPOKAaTHUX BaJKiB 3aJaHOTO PO3MIPHOTO Jdialla30Hy 3 JISTOBAaHHUX
BAJIKOBHX CTallell. B yMOBax moOMiHyBaHHsI 3HOCY Y 3arajbHiil CTPYKTYypi BiAMOB
pi3aJIbHUX TUIACTUH BUIIPOOYBaHHS MPUIHMHSUIUCH IIPH IOCSATHEHHI Yyacy poOoTH
pi3us, o JOopiBHIOE 15 XBUJIMHAM (B TAKOMY BHIIQJIKy BHMIpIOBaBCS 3HOC
IUTACTHHY 110 3a/IHIH MOBEPXHI, [0 BIAMOBIIa€ PErIAMECHTOBAHOMY Yacy poOOTH
BUNPOOYBaHOTO pi3lsi), a0 X JOCTPOKOBO — IIPU JOCSATHEHHI KPUTHYHOTO
3HOCY pi3aJIbHOI IUTACTHHH, SKIIO BiH HACTAa€ MEHII HiX 3a 15 XBWIMH poOOTH
pisg. YV Tabmuigx 2, 3 mpeacTaBieHi JesKi 3 CHCTEMaTH30BaHUX Y poooTi 8]
JaHUX 3 pe3yJbTaTaMH BHIIPOOyBaHb. Mapka TBEpAOTo CIUIaBy BKa3zaHa
HaIPHKIHIl yMOBHOTO NO3HAYCHHS KOXKHOI TUIACTHHH.

HamiBuncToBa TOKapHa 00poOKa BalKiB 3 JOCHIIDKYBAaHHX CTallel y

Jiama3oHi BIJHOCHO BHCOKHX INBHIKOCTEH pizaHHs V = 147...164 M/xB 3
momauero S =0,3...0,4 ™MM/00 XapakTepH3yeTbCS IOBOJI BHCOKOIO
IHTEHCHBHICTIO 3HOIIYBaHHS PI3IiB, MO MOSICHIOETHCS, 30KpeMa, HEBUCOKUMU
MOKAa3HUKaMU OOPOOJIIOBAHOCTI CTajei. Y OUIBIIOCTI JOCTIHKYBAaHUX MapOK
TBEPAMX CIUIABIB 3 MOKPUTTSAM KPUTHUHHI 3HOC JIOCSATAETHCS MEHII Hixk 3a 15
XBWJIMH poOOTH pi3us (Tadn. 2, 3), 10 HE MOKHA BBaXKaTH 3a/0BUIBHUM
MOKAa3HUKOM CTiHKOCTI.
Tabnuit 2 — [Toka3HUKH CTIHKOCTI Pi3LiB 3 TBEPAOCIUIABHUMH Pi3aJbHUMH INIACTHHAMHI
PI3HUX BHPOOHHUKIB TIPH IMO3IOBXHHOMY HAIIBUUCTOBOMY TOYiHHI NMPOKATHOTO BallKa
& 1254 mm 3i crani 90X (HB 240) (pexxumu pizanns: t = 2,0-4,0 mm; S = 0,4 MM/00;
v = 150 m/xB) (3a mannmu [8])
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. Yac 3HoC
Pi3asnpHa niactuHa poboti pisanbHof
(bipma-BupodHHI) XB IUIACTUHHU, MM
CNMG 190616-QM GC4005 («Sandvik Coromanty) 15 0,25
CNMG 190616-PR GC4225 («Sandvik Coromant) 15 0,3
CNMG 190616E-M 6610 («Pramet») 15 0,34
CNMG 190616-4T NL25 («Stellramy) 14,45
CNMG 190616-TH T5020 («Toshiba Tungaloy») 13,85 .
- Kpurnunuii
CNMG 190616-PM GC4025 («Sandvik Coromanty) 13,63 aHOC
CNMG 190616-TH T9025 («Toshiba Tungaloy») 7,87
CNMG 190616E-M 6630 («Pramet») 7,63

Tabmuns 3 — [Toka3HUKH CTIMKOCTI Pi3IiB 3 TBEPAOCIUIABHIMH Pi3IbHAMU IIACTHHAME
PI3HUX BHPOOHHKIB MpPHU MO3AOBKHHOMY HAIIBYNCTOBOMY TOUiHHI MPOKATHOTO BajKa

& 521 mm 3i crami 65X2C3M (HB 240) (3a nanumu [8])

. Yac 3H0C
P13.am,Ha IUIACTHHA pobori, -
(qana_BHPOGHHK) XB IIaCTUHHU, MM
Pexumu pizansst: t = 1,0-6,0 mm; S = 0,3 Mmm/06; V = 164 m/xB
CNMG 190616-PM GC4015 («Sandvik Coromanty) 15 0,22
CNMG 190616E-M 6610 («Pramet») 115 )
CNMG 190616-4T NL25 («Stellramy) 10 Kpuriinii
CNMG 190616-2N NL25 («Stellram») 6,73 3Hoc
Pexwnmu pizanss: t = 3,0 mm; S = 0,4 MmM/006; v = 147 M/xB
CNMG 190616-PR GC4225 («Sandvik Coromant) 15 0,7
CNMG 190616-4T NL25 («Stellram») 1483 | )
CNMG 190616E-M 6630 («Pramet») 578 PHTITHAH
CNMG 190616-4T NL40 («Stellram») 35 3moc

Sk cBimyaTh qaHi TaOMUIN 2, IPH HAIMIBYMCTOBOMY TOUiHHI Baska & 1254
MM 31 crami 90X® Halkpamli MTOKa3HUKH Mpare3gaTHOCTI Mae pi3aibHa
miactiaa CNMG  190616-QM  GC4005 BupoOHHuTBa QipMu  «Sandvik
Coromanty, 3HOC SIKOi 32 MiACyMKaMu 15 XBHIHH poOOTH pisit ckias 0,25 mMm.
Jemo iHTeHCHBHINIE 3HOUIyBaimuch pizanbHa miacthHa CNMG 190616-PR
GC4225 Toro x BUpoOHMKA (3HOC 3a MiACyMKaMH 15 XBHIIMH poOOTH pi3us —
0,3 mM) Ta uractuaa CNMG 190616E-M 6610 BupoOHunTBa dipmu «Pramety
(BemmunHa 3HOCY 3a TigcyMKaMu 15 xBuimuH pobotu pisist — 0,34 mm). CrilikicHi
XapaKTepUCTHKH X Pi3abHUX IUIACTUH MOPIBHIHO 3 IHITMMH BUITPOOYBaHUMU
MapKaMHd TBEpAMX CIDIABIB MOXYTh OyTH BH3HAHI HaWKpamuMH JUIA
JIOCITI/KYBaHUX YMOB O0pOOKH.
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3rigHO 3 mMaHWUMH TaOnWIi 3, TPH HAIIBYMCTOBOMY TOYiHHI Basika
0 521 mm 3i crani 65X2C3M Halikpallli TOKa3HHUKH ITPale31aTHOCT] HOPiBHSIHO
3 IHIIMMH Pi3aJIbHAMH TUIACTHHAMH MIPOJAEMOHCTPYBAIIH:

— npu TodiHHI 3 pexkumamu pizasss: t = 1,0-6,0 mm; S = 0,3 MmM/00;
v =164 m/xB — pizanpHa twractura CNMG 190616-PM  GC4015 (3HOC
3a migcymkamu 15 xBumH pobotn piznst — 0,22 Mm);

— mpu TowiHHI 3 pexkmmamu pizasHsA: t = 3,0 mm; S = 0,4 MmM/00;
v=147m/xB — pizampHa mwiactuHa CNMG 190616-PR  GC4225 (3HOC
3a migcymMKamu 15 xBuinH po6otu pisis — 0,7 Mm).

I mociiypkyBaHi mpu TodiHHI crani 65X2C3M pisaibHI IIIaCTHHU
JOCSIIIM KPUTHYHOTO 3HOCY MEHII HiK 3a 15 XBWIMH poOoTh pi3ns; ixHI
CTIHKICHI XapaKTEpPUCTUKHU HE MOXKYTh OyTH BU3HAHI 3a/I0BIIbHUMH.

Pesynpratu BUnpoOyBaHs nokaszanu nepesary TBepaux crasiB GC pizHUX
Mapok Qipmu «Sandvik Coromant» Ta TBepAoro cmiaBy mMapku 6610 ¢ipmu
«Pramet» mepen TBepANMHU CILTaBaMH 1HITHX BUpOOHHUKIB («Stellramy, «Toshiba
Tungaloy», «Iscar», «Mitsubishi» Tom©EO) y IOCTIMIKYBaHHX YMOBax
HalliBYNCTOBOI TOKapHOi O0OpOOKM JeroBaHMX BalKoBUX craned. lle
MOSICHIOETBCSL KpalIUMHU XapaKTEPUCTUKAMH 3HOCOCTIMKOTO MOKPUTTS Ta B
IIIOMy KOMITO3HIIiI «OCHOBa TBEPJOTO CIUIABY — IOKPHUTTS», IO BU3HAYAIOTH
XapaKTEPUCTUKU  3HOCOCTIHKOCTI JUIsi  BIANOBIJHMX TBEPAMX  CIUIABIB.
[MopiBHAHHS BEeIMYUHM 3HOCY h, MO 3aaHi# MOBEpXHi pi3albHUX IUIACTUH 3
TBEpIUX CIuiaBiB Mapok 6610 ¢ipmu «Pramet», GC4225 ta GC4005 dipmu
«Sandvik Coromant» 3a mizcymkamu 15 XBWIMH poOOTH pi3Ud INpH
HamiBYUCTOBOMY TOUiHHI Banmka 1254 31 cram 90XD (HB 240)
Ha JIOCIII/DKYBaHUX PEKUMaX pi3aHHs MpeJcTaBlieHe Ha pucyHKy 1. Ha pucynky
2 HaBeJeHI IOKa3HUKM 4Yacy poOOTH pi3albHUX IUIACTHH 3 TBEPAMX CILIABIB
GC4225 («Sandvik Coromant») (mo h, = 0,7 mm), NL25 («Stellramy),
6610 («Pramet»),  NL40  («Stellram») (@0  KpUTHYHOrO  3HOCY)
NP HaiBYMCTOBOMY TO4iHHI Bayika & 521 MM 3i crani 65X2C3M (pexumu
pizansas: t = 3,0 mm, S =0,3 MM/00, vV = 164 M/XB), IO CBiT4aTh MPO Kpamry
3HOCOCTIHKICTE TBeporo crmaBy GC4225.

3amadi CTpUMYBaHHS [il MPOLECIB, IO CIPABILIIOTH CBifl HETaTHBHUMA
BIUIMB HA MPALE3AaTHICTh TBEPAOCIUIABHOTO IHCTPYMEHTY, MPOAYKTHBHICTBH
Ta CHeproe(PeKTUBHICTH YOPHOBOI Ta HAIIBYHCTOBOI TOKapHOI 0OOpOOKH
CTaJIeBUX JeTallel Ha BaXXKMX BepCTaTax, Haiikpamie BiINOBiTarOTH
OaraTomapoBi MOKPUTTS 3arajJbHOIO TOBIIMHOIO B 10 MKM, HaHECEH] Ha MIITHY
(baxaHo — rpaieHTHY) OCHOBY TBEPIOro CIuiaBy 3a gomnomororw CVD- (MT-
CVD-) TexHOJIOTii.
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CNMG 190616E- CNMG 190616-PR CNMG 190616-

M 6610 GC4225 QM GC4005
(«Pramet») («Sandvik («Sandvik
Coromant») Coromant»)

Pucynok 1 — I[Toka3Huku BeanuuHM 3HOCY N 110 3a/1Hii TOBEpXHi pi3aIbHUX TUIACTHH
3 TBepauX cruiaBiB 6610 («Pramety), GC4225 ta GC4005 («Sandvik Coromanty)
[pH HaMliBYUCTOBOMY TOUiHHI Baska & 1254 mm 3i crani 90X (HB 240)
(pexumu pizanss: t = 2,0-4,0 mm; S = 0,4 Mm/06; vV = 150 m/xB; yac pobotu — 15 xB)

T, xB

16

12 -

¥

il

y 1

‘NMG 1906160?«\&6:42&54 (P JdthetSYellram»

Pucynok 2 — Yac po6oTu pi3aipHuX MutacTHH 3 TBepaux cruaie GC4225 («Sandvik
Coromant) (10 3HOCY 10 3aHii moBepxHi hs= 0,7 mm), NL25 («Stellramy),
6610 («Pramet»), NL40 («Stellramy) (10 KpUTHYHOTO 3HOCY), TIPU HAITIBYNCTOBOMY
TouinHi Banka & 521 mm 3i cranmi 65X2C3M
(pexxumu pizanss: t=3,0 mm; S = 0,3 MM/06; vV = 164 M/xB)
Martepianu miapiB MOKPUTTS MOBUHHI MATH CIPHUSTINBE CITiBBIIHOIICHHS
XapaKTEePUCTHK TBEPAOCTI Ta IIACTHYHOCTI 1 HU3BKY Je(eKTHICTh. Taki
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MOKPHUTTS, KPiM 3araibHOI BUCOKOI 3HOCOCTIHKOCTI TBEPIOCIDIABHOI INIACTHHH,
3a0e3meuyroTh ii MiABHIEHUH OIip MIKpO- Ta MaKpOPYWHYBAaHHIO B yMOBax
aAre3iifHO-BTOMIIIOBAHICHUX IIPOIIECIB Ta TEPMOIUIACTHYHOTO HABAaHTAKCHHS
[7], mo 3abe3medye MakKCUMaTbHO MOXKIIMBY YHIBEpPCAJBHICTh INIACTHH Ta iXHE
e(eKTHBHE BUKOPUCTAHHS HA PI3HUX OMNEpaIlisix YOPHOBOI Ta HAIIBYHCTOBOI
TOKapHOi 00poOku. TakuMm BHMoOTraM, BIIIIOBiZae, 30KpeMa, rama TBEpPIHX
cmaBiB  GC rpyn BukopuctanHs PO05-P25 3a crammaprom SO 513
BupoOHHITBa (Qipmu «Sandvik Coromant» Ta TBepai criaBu Mapok 6610 Ta
6635 ¢ipmu «Pramet», 110 MPOJEMOHCTPYBAIHN 3a0BUIbHI pPE3yJbTaTu IPH
YOPHOBOMY Ta HalliBYMCTOBOMY TOYiHHI BaJIKiB MPOKATHHX CTaHIB Ha Ba)KKUX
Bepcrarax [5-9]. XapaKTepHUCTHKH [[X TBEPANX CIUIABIB y3araibHeHi y TaOmuii
4.

MinHa OCHOBa HaBEICHWX y TaOJHIl 4 TBEPAWX CIUIABIB 3a0e3medye
30aTHICTh Pi3abHOI IUTACTHHU JO ONOPY KPUXKOMY PYHHYBaHHIO HiJ €0
3HAYHMX CHJIOBHX HAaBaHTAXXCHb HA IUIACTUHY. 3HAYHa TOBIIMHA IOKPHUTTA
ciyrye (HakTopoM 3HI)KCHHS TEPMOMEXaHIYHOI HANPYKCHOCTI Y KOHTAKTHUX
30HaX TBEPAOro CIUIaBY, MO3BOJSIFOYM 3HHM3UTH IHTCHCHBHICTH IIPOLECIB
3HOIIYBAaHHS POOOYMX IIOBEPXOHB, IIACTUYHOT AedopMaltii pi3aiabHOT IITACTHHH,
a 3a PaxyHOK 3aTyXaHHS TEMIIEpaTypHHX KOJMBaHb — II€ W 3MEHIIUTH
IMOBIPHICTh BHKPHIIYBaHb Ha pi3ajibHiil kpomui [7]. TlepepaxoBani dakropu
3HW)KYIOTh IMOBIPHICTH TI0JIAMOK pPi3ajibHOI IUIACTUHM, 3MIHIOIOUU CTPYKTYPY
BIZIMOB pI3LIB NpPU YOPHOBI Ta HamiBYMCTOBIH OOpOOLI cTaneBHX jaeTajen
Ba)KKOTO MAIIMHOOYIyBaHHS y OIK 3MCHIICHHS MATOMOI YaCTKH PYHHYBaHHS
Ta 30UIBLICHHS MTUTOMOT YAaCTKH 3HOCY, 110 MO3UTHBHO BIUIMBAE HA TOKa3HUKH
HAIHHOCTI IHCTPYMEHTY TpPH pPOOOTI HAa aBTOMAaTH30BAaHOMY BEpPCTATHOMY
oOmanranHi 3 YIIK.

BucHoBkn.

VY crarti Ha OCHOBI pe3yJbTaTiB BHPOOHWYHMX JOCHIKCHb OYJIH
y3arajibHeHi crerudidHi 0coONIMBOCTI YOPHOBOI Ta HAMIBYMCTOBOI TOKAPHOI
00poOKM  cTajieBUX JieTalled BaXKOI'O MAalIMHOOYAyBaHHS pi3lsMUA 3
TBEPAOCIUIABHUMH Pi3allbHUMHU TUIACTUHAMH 3 MOKPHUTTSM, IO BIUIMBAIOTh Ha
npane3JaTHiCTh Pi3liB, MPOAYKTHBHICTh Ta €HEproe(eKTHBHICTb OOPOOKH.
OOrpyHTOBaHO BHOIp MapOK TBEPAUX CIUIABIB 3 TMOKPHUTTAM, HaWOUIBII
MEePCHEeKTUBHUX IS BUKOPUCTAaHHS IPH YOPHOBIH Ta HAIMIBUMCTOBIN TOKapHiit
00po0I1i BaNKiB NPOKATHUX CTaHIB 3 BEJIMKUM JiaMeTPOM OOYKHM Ha BAXKKHX
BepCTaTax.

Tabmuust 4 — Mapku TBepIuUX CIUIaBiB 3 MOKPHTTAM, PEKOMEHIOBaHi Jisi YOPHOBOL
Ta HaMiBYMCTOBOI TOKapHOI OOpOOKH CTaleBHX JeTajedl Ha BaXKKHUX BepcraTax
(3a manumu [5, 11, 12])
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Mapxka TBEpIOrO
CILIaBy,
(pekoMeH10BaHa 3aranbpHa XapakTepUCTHKA TBEPIOTO CIUIABY 3 HOKPHTTAM
rpyna
BHKOPHCTaHHS)
Teepai crmaBu BupoOHuITBa hipmu «Sandvik Coromanty
Tokpurrst TiCN-Al203-TiN 3araipHOI0 TOBIMHOW 18 MKM Ha
GC4005 TBEpAi OCHOBI 3 TOHKMUM Tpaji€cHTHHM IIapoM Ha mepudepii;
(PO5) MIBUINEHI MILHICTh, 3JAaTHICTh IO OMNOPY JyHKOYTBOPEHHIO Ha
TIepeIHIN MOBEPXHI Ta INTACTHYHIN JiehopMallii pi3aibHOT IIIACTHHI
GC4015 Hoxpurrst TiCN7A|203f.TiN 3arajibHOI0 TOBIIUHOIO 14 MKM Ha
(P15) TBEPAIH OCHOBI 3 IPali€HTHOI0 30HOIO; MiJBUILEHWA omip Aii
BHCOKHX TeMIeparyp 6e3 yIIKOIKEHHS pi3alIbHUX KPOMOK
Mokpurrss TiICN-Al203-TiN 3arajibHOO TOBIIMHOK 12 MKM Ha
TBepAi OCHOBI 3 MiIBHIIEHHM BMICTOM 3B’A3KM: TOBCTHH IIap
GC4025 Al203 nHanecenunii Ha map TiCN cepenHbOi TOBLIMHH: TOHKHIA
(P25) BepxHiii map TiN; migBUIIeHAa MIIHICTh pi3albHOI KPOMKH,
MOXKJIMBICTh BUKOPHUCTAHHS SIK JUIsl Oe3MepepBHOTO TOYIHHS, TaK i
JUIs1 0OpOOKH 3 yIapOM IIpH 3HOMI BEJIMKHX 00’ €MiB METaTy
IMokpurtss TICN-AlO3-TIN Ha BHCOKOMILHIH OCHOBI 3
GC4035 l‘pa,E[iCHTH(.)fO 30HOIO; BUCOKA MILIHICTb Ta CTIHKICTh 0 HJ'IaCTI/I‘{H.O;l'
(P35) Aeopmalii; BHCOKA MNPANE3JATHICTE HPH BHCOKONPOIAYKTHBHIi
00po0ui cTaneif y BAXKUX yMOBax (TepepuBYacTe pizaHHs, BEUKI
MUTOMI 3HOMH)
GC4225 ITokpurts 3Ha‘IHO'1'. TOBIIMHMA Ha MIIHIA TpaJi€eHTHIA OCHOBI;
(P25) BHCOKa MPALE3/IaTHICTh MOKPATTA B yMOBaX 5K MEPEPUBIACTOrO,
TaK i HellepepUBHOIO TOYiHHS CTai
Teepai crtaBu BUpoOHUITBA hipMu «Pramety
ToBcTe MOKpHUTTs 3 HeciBHUM ImapoM Al2O3, nanecenum MT-CVD-
6610 MeTOoA0M; (YHKIIOHATBHO TPAJi€HTHHHA CyOCTpaT 3 BiZHOCHO
(P10-P25) HU3BKMM  BMICTOM  KOOQJIbTy; MOJMJIMBICTH  €(EKTHBHOTO
BUKOPHCTAHHSI IIPH BiJHOCHO BUCOKHX IIBHAKOCTSX pi3aHHS
Touke nokputts, HaHecene MT-CVD-MeTon0M Ha HYHKITIOHATEHO
TpalicHTHOMY CyOCTpaTi 3 BiIHOCHO BHCOKHM BMICTOM KOOAIIBTY;
6635 MOXKJIMBICTh BUKOPUCTaHHS IPH 00poO1Li 3 cepeTHiMU Ta BETMKUMH
(P20-P40) MepeTHHAMH CTPYXXKH, Ha HHU3BKHX Ta CEpeIHIX MIBUAKOCTIX
pi3aHHs, B TOMY YHCIi Y HECIIPUATIMBUX yMOBaX Bpi3aHHS Ta MpU
TIePEepUBYACTOMY pi3aHHI
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E. Mironenko, V. Kalinichenko, V. Khoroshailo,
D. Guzenko, Kramatorsk, Ukraine

SPECIFICS OF USE OF COATED HARD-ALLOY CUTTING
PLATES IN ROUGHING AND SEMIFINISH TURNING
OF HEAVY MACHINERY PARTS

Abstract. In this article on the basis of research results specific features of roughing and semifinish
turning of heavy machinery parts by cutting tools with coated hard-alloy cutting plates are
generalized. The factors that have a negative impact on the durability of cutting tools, processing
performance and energy efficiency of processing at the roughing and semifinish turning of steel parts
on heavy lathes are listed. The results of production tests of cutting tools with coated hard-alloy
cutting plates of the world's leadina manufacturers at the rouahina and semifinish turnina of steel
mill rolls with large roll barrel diameters are analvzed. On the basis of production tests results of
cutting tools with cutting plates SCMT 380932 in coated hard allovs manufactured bv Pramet.
Korloy, Taeau Tec, Canela, Harditalia and other manufacturers at the longitudinal roughing of mill
roll barrels in diameter range from 1120 mm to 1590 mm the best performance characteristics were
demonstrated bv cuttina tools with cuttina plates of hard allov 6635 with MT-CVD coating
manufactured by Pramet. On the basis of production tests results of cutting tools with cutting plates
CNMG 190616 in coated hard alloys of different grades manufactured bv Sandvik Coromant,
Pramet. Stellram. Iscar. Toshiba Tunaalov. Mitsubishi at the lonaitudinal semifinish turning of mill
rolls of alloy steels in diameter range of barrel from 521 mm to 1300 mm the best performance
characteristics were demonstrated by cutting tools with cutting plates of hard allovs GC4005.
GC4015, GC4225 manufactured by Sandvik Coromant and hard alloy 6610 manufactured by
Pramet. The choice of grades of hard alloys with coating which are most prospected for use in
roughing and semifinish turning of steel parts on heavy lathes is ground. As recommended grades of
hard alloys from researched area of turning of heavy machinery parts are offered hard alloys
GC4005, GC4015, GC4025, GC4035, GC4225 manufactured by Sandvik Coromant and hard alloys
6610, 6635 manufactured by Pramet; the characteristics of these hard alloys, which determine the
effectiveness of their use in the researched area of turning are presented.

Keywords: heavy machinery parts, roughing, semifinish turning, hard alloy cutting plate, coating,
wear, breakage, spalling, functional performance, processing performance, energy efficiency.
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THE METHODOLOGY OF SHARPENING OF BLADE TOOLS MADE
OF SUPERHARD MATERIALS

Abstract. High durability of the blade tool from superhard materials (SHM), which have unique
physical and mechanical properties, creates the prerequisites for its effective use in automated
production. However, the widespread use of such tools is constrained by its relatively low reliability
during operation. This disadvantage is due to the imperfection of the processes of obtaining SHM:
the presence in it residual stresses, internal defects, which appear even after sharpening and thermo-
activated finishing. The processes of sharpening of tool blade from superhard materials and cutting
with this tool are characterized by high levels of contact pressures and temperatures in the treatment
area. Therefore, it seems inappropriate to choose sparing conditions for its sharpening and
refinement to ensure the defect of these processes. In connection with this, a new methodological
approach is proposed, which makes it possible to determine the cutting conditions and other
conditions for sharpening and finishing the SHM blade tool, in which material defects are revealed
even at the tool manufacturing stage. To this end, in the software packages COSMOS, ANSYS,
NOSTRAN, Third Wave AdvantEdge, thermo-force stress in the cutting edge of the tool simulated
under extreme conditions while its operation. This simulations are the initial data for solving the
inverse problem — finding conditions (speed, cross feed, normal pressure in the contact) and other
diamond grinding modes (physical and mechanical properties of the bond and diamond grains of
the wheel, grain size and concentration) according to the well-known stress-strain state cutter from
SHM in extreme conditions of its operation. The proposed methodology allows rejecting defective
cutters at the stage of their manufacture, thereby increasing the reliability of operation of blade tool
from superhard materials.

Keywords: blade tool from SHM; defects in the internal structure; sharpening and finishing; tool
reliability; extreme operating conditions; stress-strain state; diamond grain; grinding conditions.

Use of blade and abrasive tools from superhard materials (SHM) is
hampered by a number of objective reasons. For a blade, it is a relatively low
reliability of its operation and laboriousness of sharpening and regrinding, and
for an abrasive it is a low utilization rate of expensive diamond grains and, as a
result, a high cost of processing. Tools equipped with superhard materials,
providing high performance and quality of processing difficult-to-cut materials,
make it possible in some cases to replace the grinding operation with turning and
milling. The wide-range SHM blade tools produced today have high hardness
and wear resistance under conditions of elevated pressures and temperatures
occurring during processing of wvarious materials, however, they are
distinguished by a wide range of strength characteristics [1]. Therefore, the
productivity of machining with such tool is often limited by the fragile
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destruction of its cutting part in the form of flaking and chipping [2]. Flaking of
small particles of the cutting edge as an intra-contact type of destruction that
does not extend beyond the contact of the chip with the front surface is caused
by defects in the tool material and residual stresses in it. Chips, manifested in the
separation of a relatively large volume of the cutting part of the tool, occur when
the maximum loads and temperatures are exceeded. The cause of these failures
is in most cases the operation of the tool under conditions of significant
fluctuations of the loads due to changes in the thickness of cutting and allowance,
the random nature of the processes affecting the formation of contact zones, the
instability of the properties of the processed and tool materials. The last factor
for SHM is primarily due to defects in the internal structure associated with the
imperfection of the processes of their synthesis, surface defects and residual
stresses resulting from their manufacture or subsequent processing of the tool
and collectively manifested in reducing the strength of the cutting part. The
presence of these factors determines the failures in the operation of the cutting
tool of the SHM and reduces its reliability. Considering that, the advantages of
tools equipped with an SHM in terms of productivity and processing quality are
maximally realized in automated production conditions on numerically
controlled machines, processing centers, flexible production modules and
systems [3]. The requirements for their performance and reliability increase
especially due to the need to ensure trouble-free operation of expensive and high-
performance equipment.

Improving the technology of synthesis of superhard materials and solution
of material science problems associated with the creation of more durable,
thermal and wear-resistant SHM, partially solve this problem. However, its
solution cannot be considered outside the context of cutting conditions
(processing material, cutting conditions, tool geometry), which largely
determine the possibility of tool destruction. According to the data of [4], the
probability of destruction of cutting tools from SHM, even with finishing turning,
can reach 47%. In some cases, these tools are used for roughing (at depths of up
to 4 mm), the same tool can be used in both finishing and roughing operations,
ensuring the necessary productivity and quality of processing. Authors [4]
reasonably associate reliability with limiting stresses on the front and rear edges
of the cutter during cutting. Using probabilistic calculation methods, they take
into account the influence of only a force factor on the destruction of an SHM,
but do not consider the effect of temperature in the cutting zone. However,
temperature effects also have a significant effect on the cutting part of the tool
during the entire time of contact of the cutter with the part, and the formation of
microcracks on the surface of the SHM may be due to the action of one or several
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mechanisms of destruction. And if force loading is due to the presence and nature
of loads, conditions for cutting-in and exiting tool from the workpiece, the level
and ratio of the static and dynamic components of the cutting force, tool wear
dynamics over the durability period [5], then thermal is the anisotropy of the
thermophysical properties of SHM crystallites, significant difference in
coefficients of thermal expansion of diamond crystallites and catalyst metal
inclusions remaining in the SHM after synthesis.

Thus, under the influence of thermo-force loading during blade processing,
a non-uniform stress-strain state (SSS) of both processed and instrumental
materials arises, which can activate certain mechanisms of destruction of the
contacting surfaces. For example, for SHM, this can be the oxidation of inter-
and intracrystalline inclusions, the migration of a metal catalyst to the surface
[6], resulting in chipping of the cutting edges of the tool, the formation of a grid
of microcracks on the surface and macro-cracking of SHM. Therefore, during
sharpening, used sparing grinding conditions under which no similar micro- and
macro-changes would occur in the structure of the SHM. Visual inspection after
such sharpening and finishing does not guarantee the reliability of the tool, and
its failure and failure may occur when the tool is working, and the manufacturer
does not guarantee the operation of such a tool in more severe conditions of its
operation.

To reduce the operational failures of the SHM blade tool, a new
methodological approach is proposed, which makes it possible to ensure the
reliability of such a tool already at the stage of its sharpening and thermo-
activated finishing. For this purpose, it is advisable to carry out sharpening and
fine-tuning of the blade tool at thermal power loads close to the conditions of its
subsequent operation, i.e., characterized by the presence of high pressures and
temperatures in the grinding zone (when sharpened), the same as in the cutting
zone (at operation of the tool SHM). Thus, it is proposed to sharpen and bring
the SHM blade tools in such thermal-force conditions so that the defects obtained
during the synthesis of the SHM manifest themselves before the operation of the
tool, and the rejection would be carried out at the manufacturing stage.

The following algorithm is proposed for the implementation of this
approach, based on 3D modeling of the stress-strain state. At the first stage, for
cutting with the help of a package of applied programs using the finite-element
method, the limiting thermal stress in the cutting edge of the tool under extreme
conditions of its operation are calculated (Fig. 1).
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Figure 1 — Algorithm for determining the sharpening coditions of the SHM blade tool

The initial data for this can be the calculated values of the forces and
temperatures characterizing the conditions of processing of specific materials by
the SHM blade tool. The three-dimensional model of the blade tool can also be
loaded with cutting conditions on which this tool works in extreme conditions of
operation, with the physicomechanical properties of the tool and processing
materials. It is possible to determine three-dimensional operational stresses in
superhard tool material using application packages COSMOS, ANSYS,
NOSTRAN, designed for research calculations using the finite element method
[7-10], which (in a universal configuration) allow us to determine displacements,
strains and stresses at static and dynamic effects; determine stress-strain states:
physically and geometrically non-linear models, when deformable solids contact,
if there are cracks; stationary and non-stationary nonlinear thermal processes;
determine the sensitivity of the results of all types of analysis to changes in the
properties of system elements; implement multi-criteria optimization with
simultaneous use of different types of constraints and adaptive stress analysis.

Thermal 3D SSS with blade processing of various materials is even more
efficient to calculate by modeling the cutting process in the software package
"Third Wave AdvantEdge", specialized for blade processing. The initial data for
calculating stresses in this package are physicomechanical roperties of the
superhard tool and processing materials, as well as the corresponding specific
turning operation modes and geometrical parameters of the blade tool. At the
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same time, "Third Wave AdvantEdge" in the automated mode determines and
analyzes the dynamics of changes in the stress-strain state of the "cutter—part"
system for various conditions of its operation. An example of the calculation of
stresses and temperatures in the cutting zone of copper is shown in Figure 2.

SHM
cutter

Temperature (G)

Processed
material

AN RN T R N N N
0007 0008  0DOG  ODIO  GOI 0012

a) 6)

Figure 2 — 3D model of the process of blade processing and the results of the
calculation of stresses (a) and temperature in the cutting zone (b)

Thus obtained values of thermal stress in the cutting edge of the cutter
under extreme turning conditions are the source data for solving the inverse
problem — modeling the stress-strain state of the blade tool when it is sharpened
and found, based on it, modes and other conditions of grinding and heat activated
finishing. Thus, recommended conditions for sharpening and finishing blade
tools from different types of SHM can be obtained for specific conditions of
turning with this tool.

The use of COSMOS, ANSY'S, NOSTRAN packages for this allows us to
simulate the energy and strain density in three dimensions, using which, using
Griffiths theory, we can determine the possibility of formation and development
of microcracks on the surface and inside the SHM (Fig. 3). In the course of
solving the inverse problem, the grinding speed, lateral flow, normal pressure in
contact for specific physico-mechanical properties of grinding SHM, as well as
wheel characteristics (diamond grade, bond, grain size and concentration), which
provide thermal stress, are determined by the known level of operating thermal
stress. In the cutting edge, when it is sharpened, slightly higher than the thermal-
stresses during blade processing (Fig. 1). This will ensure the opening of defects
of the superhard cutter material during its sharpening: if it is not able to withstand
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such thermal stress, the cutter will be rejected at the stage of its manufacture, and
not during operation.

Bundle

Diamond
grain
B
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cutter

Figure 3 — The stress-strain state of the SHM during sharpening

Sharpening modes and other diamond grinding conditions obtained during
the solution of the inverse problem will ensure that thermo-force stresses
exceeding the operating stresses are present in the sharpened SHM and, thus, the
conditions of the sharpening and thermo-activated finishing at which the SHM
defects are detected are found at the tool manufacturing stage. This will make it
possible to make recommendations on the expediency of using a tool from one
or another superhard material on a particular turning operation.

The process of diamond grinding of superhard materials intended for blade
processing can also be analyzed by simulating a single diamond grain by micro-
cutting of various processed materials in the «Third Wave AdvantEdge» package.
Its use allows one to conduct model experiments on the study of microcutting of
various materials with diamond grains of various geometries in various loading
conditions. According to the well-known stress-strain state of SHM, arising in it
under extreme conditions of its operation in the blade tool, the software package
«Third Wave AdvantEdge» analyzes in dynamics its influence on the stress and
temperature fields in the diamond grain of the grinding wheel (Fig. 4).
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Figure 4 — Modeling the process of microcutting with a single diamond grain:
a) a finite-element model of microcutting with grain with a wear area;
b) the results of the calculation of stress fields; c) finite-element model of microcutting
sharp diamond grains; d) the results of the calculation of temperature fields

The subsequent computer processing of the results of the micro-cutting
process simulation allows us to determine the dynamics of changes in
temperatures and cutting forces (Fig. 5).
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Figure 5 — Dynamics of change of normal (FY)
and tangential (FX) microcutting forces

The obtained thermal characteristics are used to solve the inverse problem
— the grinding conditions for micro- and macro-destruction (self-sharpening) of
diamond grains are determined by the simulated stress-strain state, which ensure
the self-sharpening of the diamond grains of the grinding wheel and the opening
of polished SHM defects when grinding and finishnig namely: physical and
mechanical properties (grade) of bonds and diamond grains of a wheel, their
sizes (granularity), concentration and grinding modes (speed, cross feed, normal
pressure in the contact).

Thus, using modern application packages for the finite element method,
theoretically, using calculated data on blade processing without long, laborious
and expensive experiments, it is possible to determine the conditions for
sharpening a blade tool with SHM, depending on its subsequent operational
purpose. Combining a control operation with an “address” (for a specific use)
sharpening will reduce the failures of such a tool in the specific conditions of its
industrial use. The use of this approach allows us to exclude rapid tests and other
measures for diagnosing a blade tool before starting its operation and, in
combination with appropriate methods of control during the cutting process,
significantly improve the performance of an expensive tool from SHM. The
proposed methodology also allows us to expand the technological capabilities of
the use of blade tools, since it allow to find the area of effective application for
different quality SHMs.
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B. ®enoposuy, €. OctpoBepx, H. Ko3zakosa, Xapkis, Ykpaina

METOJAOJIOI'TA 3ATOYYBAHHS JIE3OBOI'O IHCTPYMEHTA
3 HAATBEPJINX MATEPIAJIIB

AHoTauis. Bucoka cmiiikicme 1306020 iHcmpymenma 3 Haomeepoux mamepianie (HTM), saxum
NPUMAMAHHI  VHIKATIbHI  (DI3UKO-MEXAHIYHI  GIACMUBOCMI, CMBOPIOE NepedyMosu Oist U020
eqhekmusH020 3aCMOCYBAHHSA 8 A8MOMAMU308AHOMY 6UpoOHUYMST. OOHAK, WUPOKOE 3ACMOCYBAHHS
MAKo2o iHCMpyMeHma CMmpumMyemvpcsi 8iIOHOCHO HEBeIUKOI HAOIUHICMIO 11020 NpU eKCnayamayii.
Leii nedonix 3ymosneno medockonanicmio npoyecie eupoonuymea HTM: naasmicmio y Hux
3AMUWKOBUX HANpYe, GHYMPIWHIX OeeKmis, AKI GUABTAIOMbCA HAGIMb NICAA 3AMOYYEAHHS Ul
mepmoakmugosano2o 0oeeonns. IIpoyec s3amouyeanis 1€308020 IHCMpyMeHmMA 3 HAOMBEEPOUX
mameianie i pi3anHa Yum iHCMPYMEHMOM Xapaxkmepusylomovcsa GUCOKUMU DIGHAMU KOHMAKMHUX
muckie i memnepamyp y 30ui 06po6oku. Tomy 8U0AEmMbCs HEKOPEKMHUM GUOTD WaOHUX YMOS 1020
3amouy8anHs il 006edeHHs 05 3a6e3neyenun bezoeghekmHocmi Oanux npoyecis. Y 36 ’a3ky iz yum
NPONOHYEMbCS HOBUL MEMOOOIOIYHUL NIOXIO, AKUL 00360IAE GUSHAYATNU PEdCUMU Tl THULT YMOBU
s3amoyysanns i 00sedenns incmpymenma 3 HTM, 3a akux oeghexmu mamepiana po3kpusarmucs wje
Ha cmaodii eueomoenenus incmpymenma. 3 micio Jc Memoio 8 naKemax NpUKIAOHUX npoepam
COSMOS, ANSYS, NOSTRAN, Third Wave AdvantEdge modentoombcsa mepmocunogi Hanpyau y
pidicyyomy KAuHi pizys, wo 6UHUKAIOMb 6 eKCMPeMAanbHux yMoeax 1io2o excniyamayii. Bonu dc €
BUXIOHUMU OAHUMU OISl PO36 SA3AHHA 360POMHBOI 3A0AYl — 3HAXOOHCEHHS PeHCUMIE (WUBUOKOCMI,
nooaui, HOPMANLHO2O0 MUCKY 6 KOHMAKmMi) U IHWUX YMO8 aIMA3HO20 wilighyeanus (qhizuro-
MEXAHIYHUX IACMUBOCMEN 36 SI3V6AHHA Ul AIMA3SHUX 3epeH Kpyed, iXHwboi 3epHucmocmi i
Konyenmpayuii) 3a 8idomum Hanpysiceno-oegopmosanum cmanom pisys 3 HTM 6 excmpemanvrux
yMo8ax 1020 exkchiyamayii. 3anponoHosana memooonozis 003601a€ 8i00paxkogyeamu 0e@exkmHi
pi3yi we Ha cmaodii ix GUSOMOGIEHHs, MUM CAMUM, NIOGUWY8AMU HAOIUHICb eKCHayamayii
J1€308020 IHCMPYMEHMA 3 HAOMEEPOUX mMamepianie

Kurouosi cioBa: nezosuil incmpymenm 3 HTM; depexmu 6Hympiunboi 6y008u, 3amo4yeaHHs i
0ogedenns; HAOHICMb  THCIMPYMEHMA,  eKCMPEeMAanbHi  YMOGU — eKCHayamayii; HanpysiceHo-
dehopmosanuii Cmam, aiMasHe 3ePHO; PeHCUMU WLNIPYBAHHSL.
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FEM INVESTIGATION OF CUTTING FORCE COMPONENTS
IN HIGH-FEED FACE MILLING

Abstract. Face milling is widely used cutting method for creating planar surfaces. The efficiency of
the machining process can be increased by removing the same undeformed chip cross section with
higher feed rates and less allowance. The article shows the effects of this changing a,/f, ratio on the
different cutting force components acting both on the workpiece and on the tool. The force values
were determined by FEM simulation, and then the results were validated by data obtained by cutting
experiments.

Keywords: Finite Element Analysis; High feed milling; Cutting force components.

1. INTRODUCTION

In today's rapidly changing market environment, and in the strict economic
situation, the large-scale development of the cutting industry is not only about
designing and developing new processes, machines, but is also about upgrading
current processes to increase their productivity and reliability. The different
cutting modes play an important role in this. The most important goal of
economical production is to achieve the minimum production time per
workpiece and the minimum cost of production while maintaining the required
surface accuracy. The purpose of finish machining is to produce the specified
criteria: shape and size accuracy and surface quality specified by the designer.
One important cutting process of today’s modern automation driven production
industry is face milling, where flat surfaces are machined with increasing
accuracy and productivity requirements. One possible method to achieve high
productivity and to decrease of the production costs is to decrease the needed
allowance for the machining and to utilize high feed rate values. Thus, the
material removal can be done faster and the with less material to be removed
(thus decreasing the waste as well). Furthermore, some previous researches have
suggested [1], that the cutting force components may decrease as well when high
feed rates are used among reduced depth of cut values, when the ratio of the
depth of cut (ap) and feed per tooth (f;) is less than one (ay/f,<1). This is a
relatively new approach of high-feed face milling, and the details are described
in [2].

Many researchers have dealt with the modelling of cutting forces in the
different cutting processes, and more specifically in the various milling
processes. Kim and Ehmann [3] has introduced a procedure for the simulation
of the static and dynamic cutting forces in face milling.

© C. Felhd, E. Rakonczai, 2019
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The static model is primarily based on the initial position errors of the
inserts and the eccentricity of the spindle. From the relative displacements of the
system, the dynamic cutting forces were derived and simulated based on the
double modulation principle. The simulated forces were subsequently compared
to measured forces as well. Li et al. [4] have presented a theoretical model for
forces in milling based on a predictive machining theory and the mechanics of
milling. Milling experiments were conducted ti verify the simulation system.
Palanisamy et al. [5] have introduced a dynamic cutting force model for end
milling to predict the tangential cutting force and the thrust force. Their model
was validated with experimental cutting force values during the machining of
AISI 1020 steel. Gyliené and Eidukynas [6] have developed a method for the
full (without geometry and kinematics simplifications) face milling simulation.
The method is based on Smooth Particles Hydrodynamics (SPH), which is the
effective numerical technique to solve problems of high deformation. The Finite
Element Method (FEM) technology, which is utilized here is a widely used
method to simulate the different cutting process characteristics. However, it
should be always noted, that the real process is very complex, and therefore most
simulation software can only predict the process parameters (e.g. forces,
temperatures, stresses, etc.) with less or more errors. It is always recommended
to support the obtained values with real experimental data, so this is the case in
the actual research as well. FEM was used in [7] to simulate the stresses and
forces for a newly developed milling tool design which have special shanks for
clamping the cutting inserts into the tool body [8].

In this article, we examine the effect of the changing of the ay/f; ratio on
the material removal characteristics in face milling; the main investigated
process parameters were the machining force components acting on the
workpiece (Fx, Fy, Fz) and those which are acting on the tool (Fc, Ff, Fp). These
force components are shown in Fig. 1.

Fz=Fp &

Fy
Fx f vi(wp)

Figure 1 — Cutting force components in face milling
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2. METHOD AND EQUIPMENT

The investigation can be divided into two main parts: finite element
modelling (FEM) simulations and laboratory experiments. The FEM simulations
were performed in the ThirdWave AdvantEdge FEM software, which is
specifically designed for the modelling of cutting processes. The laboratory tests
were done in the Perfect Jet MCV-MB8 vertical milling machine in the shop floor
of the Institute of Manufacturing Science, University of Miskolc. The whole
machining and force measurement system consist of the following components

(Fig 2):

- I
Machine '(6{_ @

Workpiece
Charge amplifiers ‘ :‘
Kistler 9257A
3-component
Computer and software dvnaniomeéter

Data acquisition device

Figure 2 — The machining and force measurement system for experimental tests

Machining system:

o Perfect Jet MCV-M8 vertical milling machine with Sinumerik 828D
controller;

e Cutting tool: Coromill R200-068Q27-12L  milling  head,
RCKT1204MO0-PM4230 cutting insert, only one insert was used during
the cutting (this process is so-called as fly-cutting);

e Workpiece: the material of the specimen is C45 unalloyed carbon steel.
The bounding dimensions of the workpiece are 97x50x50 mm, and it
has two holes in order to be able to fix it onto the dynamometer.

Force measurement system:

. a Kistler 9257A three-component dynamometer;

. 3 pcs Kistler 5011A charge amplifiers;

e a National Instruments CompactDAQ-9171 four channel data
acquisition device;
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e aportable notebook computer with the measurement program, which is
written in LabView.
The applied cutting data can be divided into two groups: constant
parameters and variable parameters. The constant parameters are shown in Table
1.

Table 1 — The applied constant parameters

Cutting speed: vc [m/min] 150
Spindle speed: n [rpm] 554
Cut width: ae [mm] 59

The variable parameters were mainly the depth of cut (DOC) and the feed
per tooth (FPT) values. Their values were carefully selected by taking two
boundary conditions into account:

o their values should be in the range which is recommended by the tool
manufacturer (which is 0.1 + 0.4 for FPT, and the apmax is 1.76 mm);

e the undeformed chip cross section A should be constant: A; = 0.8 mm?
for all cases.

Table 2 shows the applied ratios of the DOC and FPT, and the changing of
the corresponding feed rate values which were programmed in the machine.

Table 2 — The applied ap/f; values and their ratios

Sample/Run no. 1. 2. 3. 4. 5.
FPT, f- [mm/tooth] 0.1 0.18 0.26 0.32 0.4
DOC, ap [mm] 0.8 0.44 0.31 0.25 0.2
ap/fz ratio 8 2.47 1.18 0.78 0.5
Feed rate vi [mm/min] 554 99.72 144.04 177.28 | 221.6

The same geometrical and technological parameters were used for the
simulation part as for the cutting experiments. Of course, the perfect analogy
cannot be guaranteed, as there are many uncertainty factors in the system. A
good example for this is the exact edge geometry and the edge radius of the insert.
In most FEM simulations, usually the cutting edge is considered as a perfect
geometrical element, e.g. a line. However, in reality, it cannot be like that. The
same thing can be mentioned for the edge radius as well: generally it is not
communicated by manufacturers, so usually it should be measured somehow. In
our case, we have measured it with an Altisurf 520 surface roughness
measurement device by using a LK-G32 displacement sensor. This sensor has a
3000 um measuring range which is large enough to follow both the flank and

194



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

rake face of the insert. Moreover, it can tolerate the shape changes as the laser
beam traces the faces and the edge of the tool. Fig 3. shows the measurement
setup with the measured profile.

/N

$
S

Q.
Fla ke
nk /= 60.8806 ° \fac
edge angle e

Insert holder ;450

Figure 3 — Cutting edge radius measurement with LK-G32

3. RESULTS
At first, results of the FEM simulations are presented. The obtained force

components are summarized in Table 3. The table shows the maximum values
for the Fx and Fy force components, while for Fz, average values was
approximated from the force graph. Fig. 4. shows the obtained force component
graphs for Sample 3. The original graph was generated by the system, and the
force components can be read out by filtering out the noise from the data by
approximating them by a 10-order polynomial. The Fx curve has a special
characteristic: it starts to increase, and then it has a maximum point, and then it
starts to decrease, and it even enters to the negative domain. This is caused by
the rotation of the cutting tool: as the insert leaves the centreline of the milling
head, the main cutting force (Fc) is acting counter the ‘x’ direction. This is
normal for that type of machining. The Fy force component has a clear maximum
point, and that point is where the Fy = Fc. The Fz curve is nearly linear, so the
average value can be read.

The Fc, Ff and Fp force components were approximated by the following
considerations: Fc = Fymax, and this happens when the insert is in the centreline
of the milling head. In this moment, the Ff = Fx, as the Ff in that point is parallel
to the x axis. The Fp is nearly equal to the Fz average value. Of course, this is
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just a rough estimation, and it was assumed, that the Fc and Ff values are constant
during the cut.

Force X ()
Foree Y ()
Force-Z ()

Force-X (N)
Force- {N)
Force-Z (N}

so0

P

e

Force-X (N), Force-Y (N), Farce-Z (N}
Force-X (N), Force-Y (N}, Force-Z (N}

| L 1 L | = 1 1 L
001 002 0.03 0.04 0.05 a 00 002 003 0.04 005

Time (s) Time (s)

a) original b) filtered
Figure 4 — The original and the filtered simulated force components graph

Table 3 — Simulated force components

Run no. 1 2 3 4 5
Fxmax [N] 295 234.4 201 139.4 1495
Fymax [N] 342.5 300.8 268.9 228.5 238.8
Fz [N] 595 489 424.8 413.6 487.3
Fe [N] 342.5 300.8 268.9 228.5 238.8
Fr [N] 475 66.4 67.9 71 89.3
Fp [N] 595 489 424.8 413.6 487.3

The measured force components are summarized in Table 4. The
evaluation principle for the Fc, Ff and Fp force components was the same as it
was introduced above. The values are very close to the simulated ones.

Table 4 — Measured force components

Run no. 1 2 3 4 5
Fxmax [N] 292.5 231.2 200.81 196.4 185.5
Fymax [N] 342.1 302.4 272.07 268.5 263.6
Fz [N] 575.57 4725 429 418.25 397.17
Fc [N] 342.1 302.4 272.07 268.5 263.6
Fr [N] 49.6 71.2 71.26 72.1 78.1
Fp [N] 575.57 472.5 429 418.25 397.17
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4. DISCUSSION

Fig. 5 shows the character of changing of the different force components
acting on the workpiece (Fx, Fy and Fz). It can be stated from the graph, that all
of them are decreasing with the increasing of the feed per tooth and thus
decreasing the ay/f; ratio. Therefore, the decreasing of the ay/f; ratio has a positive
effect on the stability of the cutting process. However, it should be noted, that
the surface roughness is usually deteriorates with the feed increasing, so there
should be an optimal point for the actual cutting process [9]. Moreover, the
simulated Fz component has started to increase rapidly at ay/f, = 0.5. This shows,
that the ‘inverse’ domain, where this ratio is less than one is not steady, and
needs further investigation [10]. There is a slight increase for the simulated Fy
and Fx as well at this point, but this changing is not as fast as for Fz.
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Figure 5 — The character of changing of the Fx, Fy, Fz force components

Fig. 6 shows the simulated and measured values of the Fc, Ff and Fp force
components, as well as the theoretical Fc values (Fc(th)) which were calculated
by the well-known Kienzle-Victor model. It can be stated from the graph, that
the Fc and Fp components are decreasing for both simulation and measurement
until ap/fz =0.78, and after that most of them are increasing. The Ff force
component has slightly increased all over the investigated range.
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Figure 6 — The character of changing of the Fc, Ff and Fp force components

5. SUMMARY

It was presented in the paper, that by removing the same undeformed chip
cross-section by decreasing ay/f; ratio (by increasing the f, and decreasing the a,
simultaneously) may have positive impact on the force components in face
milling. The main cutting force Fc has shown a clear downward trend together
with the Fp component, and the feed force Ff has only slightly increased.
However, the Fz and Fp force components have minimum values, those started
to increase after ap/f, = 0.78, so there may be an optimum point for the process.
This domain may need further investigations.
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Yaba denxo, Dcrep Pakonuait, Mimkoisl, Yropiiuaa

FEM JOCJIIIKEHHSA KOMIIOHEHTIB CHUJIN PI3AHHSI ITPU
TOPIHEBOMY ®PE3ZEPYBAHHI 3 BEJIUKUMU ITIOJAYAMUAU

AuoTtauis. Topyese ¢hpezepysanns € WUPOKO GUKOPUCMOBYBAHUM MemOOOM PDI3aHHs OJis
CMBOPEHHsI NLOCKUX N08epXoHb. Ehexmuericmv npoyecy 00podku modice 6ymu 30i1bueHa Wisixom
BUOANIEHHS. MO20 JHC HEOeHOPMOBAHO20 NONEPEUHO20 Nepepisy CMPYHCKU 3 Oilbul UCOKUMU
WEUOKOCmAMY NOOayi | MEHWUMY NPUnyCKamu. Y cmammi ROKA3AHO 6NIUE YbO2O MIHAUE020
sionowenns ap | T, na pisni cknaoosi cumu pizamms, wo Oiloms AK HA 3020MOBKY, MAK i HA
incmpymenm. 3HauenHsa cunu Oynu 8usHaveHi 3a 00nomozoio mooentoganna FEM (memoo kinyesux
eneMenmis), a nomim pesyivmamu Oyau niomeepoxceni OaHUMU, OMPUMAHUMU 8 eKCNEPUMEHMAX
no pisaunio. Busueno xapakmep 3minu pisHux KoMnonenmie cuiu, wo oitoms na 3acomosky (Fy, Fy
i ). Mooicna koHcmanmyeamu, wo 6ci B0HU 3MEHULYIOMbCA 31 30i1bueHHAM noodadi Ha 3y0 i, omoice,
3i smenwennsm gionocunu ap | T, Taxum uurnom, smenwenns sionowenns ap | f, pooums nozumuenui
6naug nHa cmabinenicmv npoyecy pizanns. OOHAK CHIO 3A3HAYUMU, WO WOPCMKICMb NOBEPXHI
3a36uyail NOZIPULYEMbCs 31 30INbIEHHAM NOOAYl, MOMY NOBUHHA GYMU ONMUMATLHA MOYKA OISl
Gaxmuunozo npoyecy pisanns. Kpim mozo, smodenvosana komnonewma Fz nouana wiuoxo
spocmamu npu ap | f, = 0,5. Lle noxazye, wo «360pomnuiiy 0omen, oe ye Cni6giOHOUIEHHS MeHule
00uHuyi, He € ycmanewum i nompebye nooanbulo2o 6ueueHHs. B yiu mouyi makosc
cnocmepizacmucs Hegeluke 30inbuienHs 0 Mooenvosanux Fy i Fy, ane ys smina ne maxa weuoxa,
axk onsa Fy. Ocnoena cuna pisanns Fg nokasana uwimky meHOeHYilo 00 3HUMCEHHA DA30M 3
xomnonenmom Fy, a cuna nodaui Fy nuwe nesnauno 30invwunaca. Oonax cxnaoosi cunu F, i Fy
Maome MiHIMAbHI 3HAUEHHS, K noYuHaloms 36insuwyeamucs nicis ap | T, = 0,78, momy ye moorce
oymu onmumanvha mouxa 015 npoyecy. Lleit 0omen moouce 3axcadamu nOOATLUUX OOCTIONCEHD.
Ku11040Bi ¢cl10Ba: memoo Kinyesux enemenmis; (hpesepysants 3 8eIUKUMU NOOAYAMU, KOMROHEHMU
CUNU PI3AHHA.
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EXAMINATION OF THE CHANGE IN SURFACE ROUGHNESS OF
BURNISHED LOW ALLOYED ALUMINIUM EXTERNAL
CYLINDRICAL PIECES

Abstract. The life and reliability of machine components or elements are affected greatly by the
surface integrity. Machined surfaces by conventional processes such as turning and milling have
inherent irregularities and defects like tool marks and scratches that cause energy dissipation
(friction) and surface damage (wear). Ball burnishing has proved to be a highly effective mechanical
finishing process of industrial workpieces because of the excellent surface roughness and fatigue
performance that induces in treated components. This paper focuses on the examination of the
influence of different burnishing parameters, such as number of passes (i), feed rate (f) and
burnishing force (F). For plan and execute the experiments we use 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.
Keywords: surface roughness; polishing options; 3D roughness of the surface; polishing power.

1. INTRODUCTION

Surface integrity of manufactured components plays vital role to avoid
friction losses, good corrosion resistant property and high fatigue life.
Mechanical machining of different parts it is possible to improve life time by
selecting the right process and/or the adequate technological data [1], [2].
Surface roughness can be reduced by turning [3] or milling [4], [5] more
efficiently but conventional machining processes cannot modify the properties
of the subsurface layer. On the other hand, ball burnishing is a mechanical
finishing treatment, performed on workpieces to enhance their mechanical
properties and improving their performance to highly demanding working
conditions [6-8]. Nevertheless, burnishing has a special characteristic that
differentiates it from the other mentioned processes, that is, residual compressive
stresses are induced in the workpiece surface through one or more passes of the
burnishing tool, thus enhancing the fatigue performance of the piece and
inhibiting the origin of cracks and notches on parts [7], [9].

© V. Ferencsik, G. Varga, 2019
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This work presents a comparing analysis of surface roughness focusing on
the determination of each process parameter (1, f, F) influence and the interest of
it full factorial experimental design method was used in our investigation [10],
[11] which is valid in between the minimum and maximum values of the above
mentioned parameters.

2. BURNISHING OF OUTER CYLINDRICAL SURFACES

Surface burnishing is a force controlled forming process, which is widely
applied on finishing rotationally symmetrical parts e.g. found in the automotive
and aeronautics industries.

A burnishing tool is pressed under a force onto the workpiece surface and
this pressure is generated by the ball exceeds the yield point of the softer piece
part surface at the contact area, resulting plastic deformation on the surface
structure [6], [12]. As seen in Fig. 1 a tangential sliding displacement of the tool
deforms the material of the component, which results the reduction of the
roughness, while an increase in compressive residual stress at the boundary layer
is achieved [12].

burnished surface turned surface

Figure 1 — Schematic illustration of burnishing process [12]
and the technological solution of it

Burnishing of outer cylindrical surfaces can be executed on conventional
universal lath or up-to-date CNC lath, the latter one was applied as Fig. 1 shows.

3. IMPLEMENTATION OF THE EXPERIMENT
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3.1. Material and parameters

For this experiment we have chosen lightly alloyed aluminium material as
automobile, aeronautics and astronautics industries more and more claims for
the application of non-ferrous materials due to its low density and good
mechanical properties [13].

The operation was performed with a spherical ( R = 3.5 mm)
polycrystalline diamond tool attached to OPTIMUM type OPTIturn S600 CNC
machine with different set-ups depending on the full factorial experimental
design method.

The following burnishing parameters were examined: number of tool
passes, feed rate and burnishing force, as it can be seen on Table 1 all of it have
a lower and a higher values according to the matrix experimental design,
containing the burnishing parameters in natural dimensions and their
transformed values.

Table 1 — The burnishing parameters

Adjusted parameters Transformed parameters
No: ifo] | flmmirev] | FIN] | X; | X, X,
1 1 0.001 10 -1 -1 -1
2 3 0.001 10 +1 -1 -1
3 1 0.005 10 -1 +1 -1
4 3 0.005 10 +1 +1 -1
5 1 0.001 20 -1 -1 +1
6 3 0.001 20 +1 -1 +1
7 1 0.005 20 -1 +1 +1
8 3 0.005 20 +1 +1 +1

3.2. Measuring of 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 chromatic confocal sensor at the Institute of Manufacturing Science. we
used the own software of the roughness measuring device (PhoeNix) to evaluate
the measurement values. The individual sections were measured three times,
rotated at 120 ° fixed in prism.

Figure 2 illustrates a state of measurement process.
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Figure 2 — Measurement process of 2D surface roughness

4. RESULTS

In our investigation we have created a dimensionless ratio to make the
changing of surface average roughness more obvious, which are shown in
formula (1) and (2):

_ Rapyrnished
PRa Raturned @)
p% = (pra — 1) - 100, )
where:
PRa Degradation ratio of surface roughness (Ra) parameter.

This is a dimensionless ratio, which textures the changes
occurring because of burnishing,

Ranumished  Surface roughness remain after burnishing,

Rawmes  Surface roughness remain after turning,

p% The percentage value of the improvement ratio.

The lowest the value of pra in the negative range, the greater is the

improvement.
The measured data and the calculated improvement ratios are summarized

in Table 3.
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Table 2 — Measured values and calculated improvement ratios

Ra[um]

No. Turned . Burnished pra [%]
1 1.1226 0.3457 -69.21
2 1.0118 1.8215 80.03
3 0.9947 0.3599 -63.82
4 0.9450 0.2516 -73.38
5 0.9213 1.2686 37.65
6 1.0622 2.2249 109.46
7 1.0679 0.5875 -44.99
8 1.0741 1.3817 28.64

Application of Factorial Experiment Design method empirical formula (3)
was created from the calculated values. Calculations and axonometric figure (Fig.
3) was prepared using ,,MathCAD 15.0” software.

F=10N F=20N

0.005
0.004

0.003
0.002 '
1'5/
f [mm/rev] 1

0.001
i[o]

Figure 3 — Changing of surface roughness
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Pra = —352.6875 + 153.263 - i + 6.328 - 10* - f + 18.766 - F —
—3.993-10%-i-f —5.879-i-F —4.208-10%- f - F +2.008-i- f - F (3)

5. SUMMARY AND DISCUSSIONS

The paper deals with the experimental analysis of sliding burnishing when
the material of the workpiece was low-alloyed aluminium. Experimental
parameters were the number of passes, feed rate and burnishing force. The aim
of the experiments was how these parameters have effect to the surface
roughness.

On the base of the present research work it can be stated:

Among the examined parameters the effect of burnishing force is the
most dominant and it is seems to be there is a linear interaction with the number
of passes; according to it we would like realize further examination with the
application of lower burnishing force (F)

The higher improvement was caused by the application of these
burnishing parameters:

i=3
f=0.005 mm/rev
F=10N
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BixTopist ®epenunk, Jroma Bapra,
Mimkomnbl, Yropumaa

JOCJIKEHHS 3MIHA IIOPCTKOCTI ITIOBEPXHI
HUJITHIPUYHUX JETAJIEN 3 HU3bKOJIETOBAHOI'O
AJIIOMIHIIO ITPU ITOJIIPYBAHHI

Anortauist. Tepmin cnyocou i HAOMIHICMb KOMNOHEHMI6 abo enemMeHmie MauuHu 6 3HAYHIl Mipi
sanedxcums 6i0 yinicHocmi ix nogepxti. OOpobeHi 36UNAUHUMU NPOYECAMU NOBEPXHI, MAKUMU AK
mokapHa 0bpobKa i (pezepysanHs, Marwms 61Acmusi HepiGHOCMI i deghexmu, Maki K Caiou
iHcmpymenmy i NOOpANUHU, AKI BUKTUKAIOMb PO3CIIOBAHHA eHep2ii (mepms) i NOWKOOXMCeHHs
nosepxui  (3Hoc).  Ilonipysannsa — niOWUNHUKOBUX — KYIbOK — 3aPEeKOMEHOY8ano  cebe Ak
8UCOKOEPEeKMUBHUL NPOYeC MEXAHIYHOT 00POOKU NPOMUCTOBUX Oemarell yepe3 4y008y WOpCmKicmb
NOGEPXHI | BMOMHUX XAPAKMEPUCTUK, WO BUHUKAIOMb 8 HACTIOOK 00poOKU KoMnoHenmamu. []a
cmamms nPUCEAYeHa GUSYEHHIO 6NAUGY PI3HUX Napamempie NONipySanHs, MAKux AK KilbKicmb
npoxodie (i), weudxicms nodaui (f) i cuna nonipysanns (F). [nsa nianyeanms i npogeOeHms
eKcnepuMenmie 6y10 BUKOPUCMOBAHO MenoO (aKmopHo20 NIAHYEAHHA eKChnepuMeHmy, 3d
00NOMO2010 K020 MOJICHA JIe2KO CMEopiogamuy emnipuuti gopmynu. A ybozo excnepumeHmy
subpanu  1€2KOCNIABHUL  AnIOMIHIESUIl  Mamepian, —AKUU  WUPOKO — 6UKOPUCHIOBYEMbCA 6
agmomobinbuill, agiayiuni ma Kocmiunili eanyssx, Oe 6ce Oinvuie 1 Oinbue npemensii Ha
3aCmMOCY8anHs KOAbOPOBUX Mamepianié uepe3 ix HU3bKOI wyinbHocmi i XOpOWUX MexaHidHux
enacmusocmeii. Onepayis 6UKOHY8ANACS 304 OONOMO20I0 CepuiHo20 NONIKPUCMATTUHOZO
aAIMA3HO20 IHCMPYMEHNY, 3aKpinaeno2o 6 éepcmami 3 Y11V 3 pisnumu HacmpouKamu 6 3a1eHCHOCHI
8i0 yM08 paxmopHozo excnepumenny. Bumipioganns wopcmxocmi nogepxui 6y10 6UKOHAHO 3a
donomozoro gumipioganvrozo obraonanns Altisurf 520 3D 6 Incmumymi 6upoOHuuux Hayx.
Bumipsani pe3ynomamu oyinio8anucs wiisAXom NOPiHANHA 3d CNeyiarbHoIo (PopMYn0Io Kopensyii O
BUBHAYEHHS ONMUMATLHORO PIBHS KOMOIHAYIT pisHux napamempie 8 danomy inmepsani. Ha niocmasi
0anoi’ docnioHuYbKoI pOOOMU MOICHA KOHCIMAMYBAMU, WO ceped PO3LAHYIMUX RAPAMempie 6niue
noxipyrouoi cunu € Haubinbuw OOMIHYIOUUM, i, CX0Jice, ICHYE NIHIUHA 63AEMOOIS 3 YUCIOM NPOX00I6;
8I0N0GIOHO 00 Y020 NOMPIOHO 6 NPogecmuU NOOAILULY NEPEBIPKY i3 3aCMOCY8AHHAM Ollbd HU3LKOT
cunu nonipyeanns (F).

Kurouosi cioBa: wopcmkicmes nogepxui; napamempu nonipyeanns; 3D wopcmkicmb noeepxui;
cuna nonipy8anis.
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STUDY OF THE GEOMETRY OF GRINDING MACHINES
USED FOR LARGE SCALE CRANKSHAFT MACHINING

Abstract. In the paper, grinding process control problems that occur during the marine diesel
engine crankshaft production are addressed. The large size crankshafts have a length of up to 12 m
and weigh up to 25 tons, but the final grinding allowance for the diameter is ca. 0.3-0.4 mm. To
achieve this, very high accuracy of the mechanical parts of the grinding machine is necessary. The
study focused on the measurement of parameters such as level, linearity, parallelism, runout and
coaxiality of the respective mechanical parts of the grinding machine. Based on the results, some
recommendations were made on the inspection procedure in order to ensure a consisted quality of
the produced crankshafts. The obtained roughness parameters after grinding were found highly
satisfactory, allowing effective polishing afterwards.

Keywords: crankshaft; grinding; roughness; runout; linearity; parallelism.

1. INTRODUCTION

The crankshaft is a crucial element of the marine engine, and special
standards prescribe how they must be projected, e.g. the one issued by PRS
Executive Board [1]. Its failure may threaten the life of the shipboard personnel
and passengers, so there is a need to continually improve the technology, quality
control, and the inspection of the machine tools’ performance. Nowadays, there
are three main technologies for large marine diesel engine crankshaft fabrication,
which produce assembled crankshafts, semi-built crankshafts and fully forged
ones [2]. The first two technologies have crankshaft parts that joined together
with the shrink-fitting method [3]. A critical step in the manufacture of forged
crankshafts is the grinding of its sidewalls by applying several strategies, e.g.
axial plunge grinding, axial face grinding, and multi-step axial face grinding [4].
The rising demands on quality also force the improvement of grinding
performance and are driving the development of machines for grinding [5].
Grinding parameters have direct impact on the integrity of machined surfaces
and their characteristics, such as residual stresses, surface roughness and
dimensional stability [6]. Improper grinding was reported to be a source of
misalignments in journals, high stress concentration, and high surface roughness
[7]. Shen et al. [8] examined the elastic  deformations of the large size
crankshafts generated by grinding

© Z. Siemiatkowski, M. Rucki, D. Morozow, R. Martynowski, A. Shelkovoy, Yu.Gutsalenko,, 2019
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process, while Torims et al. [9] analyzed the influence of grinding parameters on
the surface texture formation in the reparation process of marine diesel engine
crankshafts. Hashimoto et al. pointed out that the improvements aimed to
achieve fuel efficiency raise additional demands on the superfinishing of the
crankshafts [10]. Importance of the cooling conditions was analyzed by Maruda
et al. [11]. Tian et al. [12] proposed a portable power monitoring system for
grinding process.

The customer sets very high demands on the surface topography with
Ra < 0.3 um, which is almost impossible to obtain with the grinding technology.
Therefore, hand polishing is applied after grinding. Typically achievable Ra
parameters after grinding are between 0.5 and 1.4 pum, while after polishing it
lays between 0.1 and 0.3 pm [13]. However, hand polishing has very limited
impact on the surface, so the grinding process has to prepare the surface as
efficiently as possible. The study below is dedicated to the grinding process of
the crankshaft machining, as well as the inspection procedures aimed to control
the performance of the grinding machine.

2. MATERIALS AND METHODS

Grinding is one of the final machining processes of the crankshaft
fabrication. Main journals and cranks obtain the dimensions close to the upper
tolerance, so that the surface can be finished by hand (lapping and polishing
procedures). The examined grinding process was performed with a grinder
DB12500 type (Figure 1) equipped with the control system Sinumerik 840D,
measurement  system MARPOSS and eccentric machining system
PENDULUM.

@ (b)

Figure 1 — The grinding machine DB12500 type:
(a) overall view; (b) the crankshaft ready for being grinded
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The grinding tool was the disc-type grinding wheel MOLEMAB B126-
100639 S.630090 shown in the Figure 2. Its diameter was 62000 mm, and width
B = 140 mm, and it was covered with the cubic-form boron nitride (c-BN). The
use of large-diameter grinding wheels with abrasives of the highest hardness
(diamond, cubic boron nitride) in various tasks of precise shaping makes it
possible to carry out preliminary and final grinding of operationally responsible
external surfaces in one processing cycle, due to the increased durability of the
tool in the technologically correctly built cycle, for example, when grinding rolls
of rolling mills after surfacing with wear-resistant wire material [14]. The
maximal cutting velocity and rotational speed were Vma = 50 m/s and Nmax =
473 rpm, respectively.

@ (b)

Figure 2 — The grinding wheel MOLEMAB B126-100639 S.630090 type:
(a) overall view; (b) during the operation

Like in any machining technology, the final surface quality was dependent
on the geometry and performance of the “machine — tool — workpiece” system.
For any type of fabricated crankshaft, the grinding operations sequence has been
assumed to be the same, namely, the main journals were to be grinded first (main
axis of the crankshaft), so the final dimensions were achieved, and then the
crank-pins were grinded. In general, the grinding process can be described as
follows:

e  The grinding allowances of the diameter were ca. 1 mm, maximally up to
1.5 mm. It was more desirable to leave larger allowances on the crank-pins,
in order to avoid the increased uncertainty when the angle of the reference
crank-pin was measured.
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e  After initial grinding of all the main journals, the fine grinding was
initiated.

e  The allowance for the fine grinding was ca. 0.3-0.4 mm on diameter.

e  Supporting tailstocks are always put down under the grinded main journal.
After grinding, the journal is again supported, and the position of the
crankshaft is corrected on the base of flexometer indications.

e  High pressure washing of the grinding disc after each operation is
performed in order to prolong durability of the tool.

The above procedure is presented schematically in Figure 3. It is crucial that,
after the initial grinding of all the main journals, MAROPSS device
measurements are processed by and form corrections are performed, so that final
grinding commences only after the main axis accuracy is assured.

= ;:1 f |
f | | |
f C |

‘ DBI200 “ “ |

Crankshaft fixed in [ ‘.
[ MARPOSS - ‘
| Crankshaft positioned | [ form correction |

I Initial grinding of the journals I

l Final grinding of the journals [

| Initial grinding of the crank-pins |-

Final grinding of the crank-pins <

Figure 3 — Crankshaft grinding procedure

The grinding machine DB12500 is equipped with the measurement system
MARPOSS, which consists of three main units:
e  Automatic system MARPOSS WHEEL BALANCING designed to
continually supervise the balance of the grinding disc while it is in motion.
e  The main measurement system MARPOSS POST-PROCESS designed to
measure form deviations of the main journals and crank-pins. The unit has
three supporting points and the specially constructed arm, FENAR-L,
which enables the measurement of both main journals and crank-pins. The
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sensor collects 3600 points per rotation and is synchronized with the
control system SINUMERIK 840D. The measured values are averaged
down to 360 points using one of the delivered algorithms. These points are
the basis for the form compensation table correlated with the angle position
of the measured pivot. The form correction is performed using the
perpendicular support with defined virtual axis. Resolution of the device is

0.001 mm.

e  Thethird unitisa MARPOSS MONITORING equipped with the ultrasonic
microphones. It is designed to monitor the slot between grinding disc and
grinded material (the GAP function) in order to control the contact between
the tool and the ground material.

In order to maintain the consistent performance of the grinding machine, it
was checked regularly with additional devices. Figure 4 presents the electronic
level LEO51 type produced by MICROPLAN. It is equipped with a
digital/analog display, and its internal mechanism is submerged in an oil-bath
box. Achievable sensitivity of the level LE0O51 is 1 um/m or 0.2 second of arc. It
has 5 measuring scales providing resolutions from 250 pm/m per division down
to 1 pum/m per division. The data can be transferred to a PC through the serial
connections RS-232.

C

Figure 4 — The electronic level LE051 type
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Linearity of the bed with the fixed headstocks of the grinding machine was
inspected using the collimator device with a string and measuring magnifier,
presented in Figure 5.

Figure 5 — The linearity measurement of the bed:
(a) overall scheme; (b) measuring magnifier

Moreover, the parallelism of the bed with fixed headstocks and the support
was inspected. In the measurement, the electronic dial gauges (produced by
Kordt) were used, with a resolution of 0.001 mm. They were placed on the
grinding machine support and bed as illustrated in Figure 6.

Figure 6 — The parallelism measurement:
(a) view from the top; (b) side view

212



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

Similar electronic dial gauges were used in the measurement of the
grinding disc runout as well as of the fixed headstocks. In the latter case, both
radial and axial runout was measured. Additionally, the following parameters
were inspected:

e  parallelism between the axes of the disc cone during the headstock
movement,

e  distance between the vertical positions of the disc and headstock axes,

e runout of the disc cone,

e and the coaxiality of the fixed headstocks.

Since the roughness of the crankshaft surface is a very important parameter
obtained after grinding, it was also measured. On-machine and in-process
surface metrology is important for quality control in manufacturing of precision
surfaces [15].

According to the documentation, the main journals must have a very
smooth surface with Ra < 0.3 um, so the grinding prepares the surface leaving
only little deformation that can easily be removed during polishing. After
grinding, the Ra parameter was measured with the portable surface roughness
tester Surftest SJ-201P. It was chosen because of the obvious difficulty with
applying the stationary profilometer to a huge detail such as the crankshaft
18W46 type. The most important parameters of SJ-201P device are as follows:
e  measuring range 350 um (from -200 to +150 pm),
diamond stylus tip of radius 5 pum,
sampling length 0.25 mm, 0.8 mm, 2.5 mm,
displaying range from 0.01 pm to 100 um,
resolution is dependent on the measuring range, with the highest being 0.01
pm/10 pm,

e data output via RS-232 interface unit.

As such, this device was considered sufficient to inspect the roughness of

the crankshaft surface both after grinding and later, after hand polishing.

3. RESULTS AND DISCUSSION

The inspection of the abovementioned parameters was performed in June
and again 5 months later, in November. The results are presented and discussed
in the respective subsections below.

3.1. Level declinations

Figure 7 presents the results of level measurements obtained at different
measuring points along the bed with fixed headstocks, in June and in November.
The measurement was performed both in parallel and perpendicular directions.
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Figure 7 — Level check of the bed with fixed headstocks:
(a) parallel; (b) perpendicular

The general observation is that after 5 months, the level deteriorated, so its
regulation was needed to avoid the dimensional errors in the grinding process.
Moreover, it is seen that the dispersion of the results is larger in the parallel
direction (between 0 and 0.03 mm/m in June and between 0.03 and 0.16 mm/m
in November) than in the perpendicular measurement (between -0.005 and
0.005 mm/m in June and between 0.175 and 0.24 mm/m in November).
However, the dispersion of the respective results obtained both in the parallel
and perpendicular directions was smaller in June than in November. It was
concluded that the most instable level was the parallel direction, therefore it was
recommended to check it more frequently, with the measurement taken at a
minimum 3 points, to check for any trend.

Similarly, the bed level declination was checked along the z axis, both in
the parallel and perpendicular directions. Figure 8 shows the positioning of the
electronic level and the results of the measurement.

Again, the parallel direction displays a larger dispersion, particularly in the
June measurements. The November measurement results are biased towards the
negative values and are more dispersed than those of June. Thus, it can be
recommended that the z-axis level is checked and corrected more often, and the
measurement should be performed at all 13 measuring points.
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Figure 8 — Level check of the bed in the z axis:
(a) parallel; (b) perpendicular

3.2. Linearity and parallelism deviations

The measurement results for the linearity of the bed with fixed headstocks
are presented in Figure 9a. On the other hand, Figure 9b presents the results of
the parallelism measurement between the bed and the support. The
measurements were performed at 11 points distanced ca. 1 m apart, and each
point was given a subsequent number.

0.04

Dgugg —June B
- — <
E 0015 November g 0.02
E onm g
£ 0.005 it 12 3 4 7 8 9 1011
E 0 £ E0,0Z
é 0005 1 2 3 4 516\ 9 10 11 % = ~June
g -0.01 = 0.04 ~—November
2 -0.015 S 006

-0.02

-0.025 Measurement point -0.08 Measurement point

(a) (b)

Figure 9 — The measurement results for the bed with the fixed headstocks:
(a) linearity and (b) parallelism between the bed and the support

It should be noted that the linearity measurement in June revealed
deviations between -0.01 and 0.01 mm, while in November twice as larger,

215



ISSN 2078-7405. Pizanns ma incmpymenm ¢ mexnono2iunux cucmemax, 2019, sunyck 91

namely, between -0.02 and 0.02 mm. Nevertheless, the latter is still acceptable,
since the permissible non-linearity of the bed with the fixed headstocks is 0.02
mm per 1000 mm, but the obtained results indicated immediate need of
correction. It was also observed that the right part of the bed (points from 1 to 5)
tended to reveal positive values of non-linearity, while negative values dominate
in the left part.

In the case of parallelism deviations, the trend is clear and a correction of
the mutual position of the bed and support can easily be made.

3.3. Other results for the grinding machine
The results of other measurements are shown in Table 1.

Table 1 — Measurement results for various features of the grinding machine

Permissibl
Measured feature Measurement result ermissible
error
Grinding disc point A point B point C 0.02/300
perpendicularity [mm/mm] 0.01/400 | 0.015/300 | 0.02/600 '
Headstock S2 runout point A point B
0.025/300
[mm/mm] 0.025/350 0.01/300
Headstock S1 runout point A point B
.02
[mm/mm] 0.01/350 0.025/350 0.025/300
Disc cone coaxiality point A point B
0.03/300
[mm/mm] 0.007/300 0.02/300
Vertical position of the di
ertical position of the disc 0.25/920 0.4/1000
and headstock axes [mm/mm]
Disc cone runout [mm] point A point B 0.005
0.002 0.001 '
- point A point B
Headstocks coaxiality [mm] 0.01 0.02 0.02

The presented results proved the proper performance of the grinding
machine. In some cases, where the values approached the permissible error, it
indicated the need for calibration of the machinery. Since the quality control of
the produced crankshafts confirmed the final form and dimension tolerances
obtained, the inspection procedure of the grinding machine geometry was
deemed satisfactory with the addition of the improvement recommendations
discussed above.
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3.4. Roughness after grinding
The examples of the roughness measurement results after grinding are

shown in the Tables 2 and 3. Main journals were marked CG with subsequent
number, while crank pivots were marked CK with subsequent number.

The results are highly satisfactory, so that the final roughness below
Ra = 0.3 um is easily achievable through hand polishing.

Table 2 — Roughness measurement results [pum] for the main journals CG after grinding

Journal number Point 1 Point 2 Point 3 Point 4
CG1 0.36 0.40 0.33 0.31
CG2 0.32 0.36 0.41 0.35
CG3 0.28 0.32 0.39 0.34
CG4 0.31 0.36 0.33 0.32
CG5 0.31 0.36 0.39 0.33
CG6 0.28 0.38 0.29 0.35
CG7 0.36 0.40 0.41 0.40
CG8 0.32 0.36 0.40 0.38
CG9 0.28 0.38 0.35 0.30

CG10 0.41 0.35 0.32 0.43

Table 3 — Roughness measurement results [pum] for the crank pivots CK after grinding

Pivot number Point 1 Point 2 Point 3 Point 4
CK1 0.36 0.34 0.32 0.31
CK2 0.29 0.38 0.38 0.38
CK3 0.34 0.32 0.34 0.36
CK4 0.36 0.34 0.29 0.34
CK5 0.37 0.28 0.38 0.33
CK®6 0.39 0.27 0.28 0.30
CK7 0.37 0.39 0.34 0.28
CK8 0.25 0.34 0.41 0.40
CK9 0.31 0.45 0.38 0.34

4. CONCLUSIONS

The presented study aimed to evaluate the inspection procedure of the
grinding machine involved in the marine diesel engine crankshaft production
process. It was found that the most instable parameter was the level of the bed
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with fixed headstocks in the parallel direction. Based on this finding, it is
recommended to monitor the fixed heastocks’ bed level in shorter intervals, e.g.
every 3 months, not necessarily comprehensively, but with measurements taken
at a minimum of 3 points to check the trend. Additionally, it was recommended
that the z-axis level is checked and corrected at least every 3 months, and the
measurement should be performed at all 13 measuring points. Measured linearity
of the bed with the fixed headstocks revealed an immediate need for correction,
no such correction of the inspection procedure was considered necessary. Under
the above conditions, the roughness obtained after grinding was fond to be highly
satisfactory.
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306irneB CeMeHTKOBCKiM, Mupocnas Pynpkuii,
Jmutpo Mopo3zos, Panom, [lonpima,
Pob6ept MapruroBChKHit, OcTpoBenb-CBeHTOKIINCEKHA, [Tonbma,
Omexcannp Ilenxosuit, FOpiii I'ynanenko, Xapkis, Ykpaina

BUBYEHHA TEOMETPII IIIJTI®YBAJILHAX BEPCTATIB,
AKI BUKOPUCTOBYIOTHCA AJI1 ObPOBKHU BEJIUKO-
TF'ABAPUTHHUX KOJIIHYACTHUX BAJIIB

AHoTauis. Y cmammi posensoaiomecs npobnemu  YAPAGNiHHA NPOYEcoM WIQyeanHs, ujo
BUHUKAIOMb NPU BUPOOHUYMEI KOTIHYACMO20 6ana cYOH06020 Ousens. Koninuacmi eanu eenuxozo
PO3MIpY Maioms 008cuny 00 12 m i easicams 00 25 moHH, ane ONYCK HA OCMAmMouHe Wlighy6anHs
ons diamempa cmarnosums 0,3-0,4 ym. s yboeo neobxiona Oyoice GUCOKA MOYHICb MEXAHIYHUX
demaneil wnighyeanvHo2o eepcmama. J{ocuiodceHHss OYI0  30CepediCeHO HA  GUMIDI  MAKUX
napamempisg, K NIOWUHHICMY, TIHIIHICMb, NApanenbHicmy, 6UMMs i CniesiCHiCMb 8I0N0BIOATLHUX
30 GUXIOHY MOYHICMb MEXAHIYHUX YacmuH unigyeanrvinozo eéepcmama. Po6oma euxonana 3i
winigpysanvrum eepcmamom muny DB12500, ochawernum cucmemoro ynpasninus Sinumerik 840D,
a makodic cucmemami BUMIDIOBAHHA ma ekcyeHmpuyHoi obpobku. Ha nidcmasi ompumanux
pe3ynomamie 6yau 3pobaeHi 0esKi pekomeHOayii no npoyedypi nepesgipKu 3 Memor 3abe3neyeHus
CcmabinbHol sKocmi 6UNYCKy Koninuacmux eanie. LLnigpysanvrum incmpymenmom 6y uinipysanbruil
Kpye ouckosoco muny MOLEMAB B126-100639 S.630090. Bubip ximiuno inepmmnoco 0o
00pobosano2o mamepiany 3 emicmom gyzieyio i 600HOYAC 0COOIUBO MEepO020 AOPA3UBHO2O
incmpymenmanvnozo mamepiany (c-BN), a maxosc swauna npomsicnicms pobouoi yacmunu
winighysanvioeo Kkpyea no nepugepii (nonad 6 m), € 6axiciugoio nepedymosoro 3abesneuents
cmitkocmi  IHCMpyMeHmy 6 YuKli NpoOYKMUGHOI [ AKICHOI 308HIWHbOI 00pOOKU 3a0aHUX
DYHKYIOHATLHUX NOBEPXOHL PO3NAHYMUX GenuKoeabapumuux Koninuacmux eanis. Ilpunycku na
00pOOKY PO3NOOINATUCA MidIC NONEPeOHIM 1 HUCMOBUM Nepexo0amu Wnipysants 3 OesKuM
30I1bUeEHHAM (De3ep8YBaAHHAM 3a0e3neyeHHss MOYHOCMI) 0Nl WAMYHHUX WULOK, 00poOKa AKUX
senaca Opyeum nianom. Mikpoceomempuuny aKicmos noeepxmi KOHMPOMOBANU 34 OONOMO0I0
nopmamuenoco eumipiosaua wiopcmxocmi nogepxui Surfiest SJ-201P, wo 00360muno yHukmymu
0UeBUOHUX NPOONIeM GUMIPIOBANHS NPOQINIO 8 3A0auax KOHMPONIO GeIUKO2A0aApUmMHUX demaneil
cknaoHoi cmyninyacmoi gopmu, axumu € cyonoei xoxinvami eanu. Ompumani napamempu
wopcmxocmi nicas waigpysanna (Ra<0,4 mxm) 6ynu eusnani 6a20mMor0 Miporo 3a006iTbHUMU, WO
003601UN0 NICIA YbO2O eheKMUBHO NOXIPY8amu 00 HeoOXIOHO20 3a OCHOBHUMU (DYHKYIOHATbHUMU
nosepxusamu piss Ra 0,3 mxm.

KarouoBi cioBa: kozimuacmuil  6an; winipyeamms;  WOpPCMKICmb;  Oumms,;  JiHIUHICMb,
napanenbHicme.
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CJIOBO ITPO IOBLISIPA

Buoammui ocobucmocmi ghopmyromuvcs

He 30 00NOMO2010 KPACUBUX NPOMOS,

a 61acHoiIo npayero i i pe3yromamami.
A. Einwmetin

IIpodecop Kanbuenko Biradiii IBanoBuu
(00 85-piuus 3 Ona napooscenusn)

Biramiii IBanoBuu Kampuenko B 1961 poui micns 3akiHUCHHS
XapKiBCHKOTO MOJITEXHIYHOrO IHCTHTYTy OyB HampaBieHHH Ha poOOTy B
JocmimHo-KOHCTpYKTOpCchKe Ofopo muridyBampHux BepctariB (AKBIIB) npu
XapkiBcbkoMy BepcTaToOyaiBHOMY 3aBozi iM. C.B. Kociopa, ne mpamroBaB Ha
nocajgax IHXEHepa-KOHCTPYKTOpA, MPOBIJHOTO KOHCTPYKTOpa, HAdaIbHHUKA
CEKTOpa CHeliaJbHAX BEpPCTaTIB.

TamaHT KOHCTPYKTOpa Ta OpraHizaTtopa mposBHBcA y 1964 pori, xomm
HiMeuunna BiqMOBHIIACS TTOCTABIATH JEepiKaBi TPyOH BEIUKOTO IiaMeTpy, sSKi
NOTPiOHI OyNMM Uil TPAaHCHOPTYBaHHs ra3y, HaTH Ta BUIOTOBJICHHS PaKeT.
Came TOZi, KEpIBHHLTBOM Jiep)KaBW OyJ0 TNPHUHUHATO pIlIEHHS II0J0
HEOOXiTHOCTI BIPOJIOBX POKY CIIPOEKTYBAaTH, BUTOTOBHTH Ta BIIPOBAIUTU Y
BUPOOHMITBO HOBHI BEpCTAT AJIs IUTi(hyBaHHS BaJIKiB TPYOOBAJIbLIIBHIX CTAHIB.
Cepen 300 KOHCTPYKTOPIB, SIKi HAa TOW Yac npaioBaiu y 6ropo, Ha Bueniit pazi
Incturyty. 3 BepecHs 1964 poky OAHOTOJOCHO Oylio  3aTBEPIKEHO
kaununatypy Kampuenka B.I. Ha mocamy HpoOBIZHOTO KOHCTPYKTOpA, SIKMH
BIJITIOBiZIaB 32 PO3pOOKY HOBOTO BEpPCTATa, HOr0 TEXHIYHWUH pPIiBEHB, CTPOKHU
BUKOHAHHS TPOEKTY (3 MmicAii), KOHTPOJb SKOCTI BHTOTOBIICHHS JETalleH,
30ipKy, HAJIarO/DKCHHSA Ta 3[1a9y JepskaBHil komicii. B kinmi mumas 1965 poky
Kanpuenko B.I. 3maB mepkaBHiH Kowmicii BepcraT, Ae mnponurihyBaB 5
TpyOOBANBI[IBHUX BAJIKIB Pi3HOTO MPOQLIIO B 5-TH HANIiBABTOMATHYHHX IIHKIIAX
pobotu BepcTara. Uepes Micsiiib HOBHIA BEpPCTAT yCIIIIHO OYB BIIPOBa/PKEHHUI Ha
EnexrpoctanbchkoMy 3aBOJIi BaXKKOTO MamIMHOOY/yBaHHS, KN 3a0e3rneqnB
MI/IBUILIEHHS TOYHOCTI Ha /IBa KJIacu (KBAJIITETH), & TPOJAYKTUBHOCTI — B YOTUPH
pasu, 1110 MiATBEPIKSHO FOJIOBHUM IHXKEHEPOM B IICHTpasIbHiH razeti «IIpaBaa»
B ctarti «Bbicokas TOYHOCTH» Bin 18 sxoBTHsA 1965 poky: «Ha 3aBome um.
Kocnopa u3roroieH nepsblii B cTpane NUTU(OBAILHbIN CTAHOK U1t 00pa0OTKH
BAJIKOB TPYOO3JIEKTPOCBAPOUHBIX CTaHOB. CTAHOK, KOTOPHII K HaM ITOCTYITHII U3
XappKoBa — UpE3BBIUANHO CIIOKHOE COOpYXeHHE. MBI Ha HeM HIIH(YEM BaJIKH
quameTpoM 1,5 Merpa u BecoM 110 4-X TOHH M JJOCTHTaeéM BBICOKOH TOYHOCTH
00paboTKH. .. ».
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Iling gac po3poOkm HOBOrO BepcraTy Biramiii [BaHOBHY 3ampomoHyBaB
HOBHH CTOCiO 1 TeXHOJIOTiI0 NUIipyBaHHS pI3HOMAHITHUX MOBEPXOHb 3i
CXpEIICHNMH OCSIMH [NeTaneil i kpyra. [laHwii HampsMoK, y MOAaJIbIIOMY,
po3pobisarore Bimomi ¢ipmu Himewumnm “Junker”, “Metabo” ta “Waldrich
siegen”. IlizHime HUM Oyio po3pobneHo ramm BepcraTiB XII3-45M, XIII3-
47, X11I3-48, sxi Oynar BCTAHOBJICHI Ha TPYOOBAIBLIBHUX 1 JIMCTOBAIBIIIBHUX
3aBomax Ykpainu, CHJI, Bomrapii, €runry, Yini ta B iHmIMX JepkaBax.
Binburicte BepcTatiB IUX MOAENEH Ha MiANPUEMCTBAX AEP’KaBH OCBOIOBAIUCS
mia kepiBHUITBOM Bitanis [BaHOBHYA.

12 TpaBHs 1972 poxy B EkcrnepuMeHTaJbHOMY HAyKOBO JOCIHIJIHOMY
iHCTUTYTI MertanopizanbHux BepcrariB (Mocka) B.I. KampueHko 3axuctuB
KaHIUIATChKy aucepranito Ha Temy «MccnenoBanue ¢opmooOpazoBaHus
KPUBOJMHEHHBIX IIOBEPXHOCTEH TpPyOONpPOKATHBIX BAaJlKOB», HAyKOBUM
KEepiBHUKOM 5KO1 OYB TOJOBHUI KOHCTPYKTOp — akagemik JixymmH B.1. TTicims
3axUCTy naucepTamiiiHoi poOotw Birtamili IBaHOBHY TpamioBaB TOJOBOIO
JIepkaBHAX KoMiciii MiHicTepcTBa BepcTaToOymiBHOI MPOMUCIOBOCTI, SKi
OpUAMaNy Teprn JOCTiAHI 3pa3ku NUTiQyBalbHUX BEPCTATIB Ta HaJaBajH
JIO3BLI Ha iX cepiliHe BUPOOHHUIITBO.

Takox B.I.Kanpuenky Oysno 3ampomonHoBano akamemikom AH CPCP
Hixymnaum B. 1. 3alinsati mocaay 3aBigyrouoro BianinoM abpa3uBHOT 00poOKH
B rosioBHoMy iHcTuTyTi EHIMB, ane BiH 3ax0TiB 3anumuTics Ha YKpaiHi Ta
obupae mocaay foreHTa B YepHiriBcbkomy Qimian KuiBCbKoro momiTeXHIYHOTO
IHCTHTYTY, B IKOMY Tpaiftoe 3 1 Bepects 1973 poky, 1e uepes mBpOKy OTPUMYE
aTecTaT JOLICHTA SK MPOBITHUH CIIEIIaNIiCT TPOMHUCIOBOCTI.

VY 1994 pori B XapKiBChKOMY IOJITEXHIYHOMY YHIBEPCUTETI BiH YCITIIITHO
3aXHCTHB JOKTOPCHKY ANCEpTalliio 32 TeMoto «HaydHble ocHOBBI nuTH(OBaHMS
KPHUBOJIMHEIHBIX ITOBEPXHOCTEH C ympaBisieMOW opueHTalueidl abpa3uBHOTO
UHCTPYMEHTa.

Kpim memaroriuroi  poGortu, Biramiii IBaHOBHMY  opraHi3yBaB
KoncTpykTopchke O1OpO, B SKOMY BHKOHYBaIHCh SK TOCIIOTOBIpHI, Tak i
JIepKOI0/DKETHI  HAyKOBO-IOCTiAHI pobotu. Pobotu Kambuenka Bitamis
IBaHOBHYA OTpPUMYyBaJId BHCOKI OIIIHKM Ta JEpKaBHE (DiHAHCYBaHHSI.
VY 2014 poui MinictepcTBOM HajaBanoch (hiHaHCYBaHHS TiJIbKH Ha OJIHY TEMY i
foro otpumanga Tema, o Oyma mig kepiBHuITBOM Kanbuenka Biramis
IBanoBuua Ta 3aifHANa | Micme y KOHKypci HayKOBHX IIPOEKTIB MO CeKIil
«MammHoOy 1y BaHHS.

Cranom Ha BepeceHb 2015 poky [HpopmMarifiHO-aHATITHYHOIO CHCTEMOIO
Oyno onpaunpoBaHo 20000 myGmikaumii ykpaiHchkux aBTopiB 3 1100
nepioANYHNX BUIaHb YKpainu Ta 0yB ctBopeHuil peiituar TOIT 100 HaykoBLiB
3a KUIBKICTIO INTYBaHb, B skoMy KansueHnko Bitanmiii [BanoBuy 3aiiHsB 18 micie
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(ximpkicTh nuTyBaHb — 1273, h-inmexc (h — KinbKicTh cTaTeif HAyKOBIIA, Ha SIKi €
nocuiiaHHs B oHan h myGmikamisx) - 17).

IIpodecop Kampuenko Biramiii IBanoBmd monanm 30 pokiB mparrroe
3aBimyBadeM Kadempu «ABTOMOOUTFHOTO TPAaHCHOPTY Ta Taly3e€BOTO
MammHOOynyBauHs» y UHTY. ¥V 2008 p. Bigkpus Ha kadeapi HOBUH HaImpsM
miArOTOBKH  (PaxiBIiB «ABTOMOOUIBHUH TpaHCIIOPT» KpiM HAsBHOTO —
«lmkeHepHa MexaHiKa». 3a BaroMuii BHECOK B OTpHMaHHi Kadeaporwo Ta
yHiBepcuteToM [V piBHs akpeaurauii OyB HaropoJpkeHuid MiHicTepcTBOM
ocBiTH YKpaiHu 3HaKoM «BiaMiHHHMK ocBitH Ykpaium» (1999, 3a minroroky
CTYIICHTIB, SKI OTpHMagd Iepili Micls Yy BCEYKpaiHCBKMX KOHKypcax,
HaropopkeHuit rpamororo MOHY (2010 p). 21 nucronana 2012 poky Biraniro
IBaHOBHYY NPHUCBOEHO IMOYECHE 3BaHHS «3aciayXEHHH i HAYKH 1 TEXHIKH
Ykpainm».

Kanpuenko Bitamiii IBanoBuu € aBTOpoM 8 MOHOTrpadiit, oimeme 100
MATeHTIB Ta aBTOPCHKUX CBimonTB i moHanm 300 HaykoBux mpais. [Ipodecop
Kampuenko B.I. — romoBa CremiamizoBaHOi BYEHOI pagll 3 3aXUCTY
KaHIUOATCHKAX JicepTamnin B YepHiriBChbKOMY HaIllOHAJIEHOMY
TEXHOJIOTIYHOMY YHIBEpCHUTETI, WieH crenianizoBanux BueHUX pag HTY «KIID».
3a mepion poboTH Ha Kadenpi miJ WOro KEpiBHHUIITBOM OYJIO BUIYIICHO |
Jnoktopa Ta 11 kaHauaTiB TEXHIYHUX HayK. 32 0COOUCTHIT BHECOK Y BIAKPHUTTS
1 aKpeIMTalil0 HOBHX CIIEIiabHOCTEH, PO3IIUPEHHS HANpPsSMIiB JisUTbHOCTI
YHIBEPCUTETY, MIJBUILEHHS WHOrO PEHTHHIY Ta AaBTOPUTETY, a TaKOX 3a
MIIrOTOBKY HAayKOBUX KajpiB, pilmieHHAM BueHoi paau YepHiriBcbkoro
HAIliOHATFHOTO TEXHOJIOTIYHOTO YHIBEpCHUTETY BiJ
26.12.2018 p. Nel2 Kampuenko Bitaniii [BaHOBHY OyB HaropokeHuUit
mumiomoMm  [lowecHoro  mpocdecopa  UepHITiBCRKOTO — HAIiOHATHLHOTO
TEXHOJIOTIYHOTO YHIBEPCHTETY.

Ha wmixxnaponaomy HaykoBo-TexHigHOMY ceMiHapi «INTERPARTNERY,
MPUCBSYEHOMY BHCOKHMM TEXHOJIOTISIM B MallIMHOOY/yBaHHI, SIKMH IPOXOANB B
M. Anymta y 1994 poui, B pik 60-piuust Kanbuenka Biranisi IBaHoBHUa, KpiM
HayKOBLIB 3 YkpaiHu Oynu 3ampoineHi BueHi 3 BenukoOpuranii, Yropiunau,
Himeuuunwn, ['pemuii, Iuaii, ['pysii, [Tomsui, Pocii, Pymynii, Cep6ii i Uexii. B
NOPSJKY JIEHHOMY CeMiHapy OyJio 3aIlulaHOBaHO MO3JI0POBIICHHS FOBULIPIB —
BimomMux BueHux. ['onmoBa BAK Vkpainu 3 MamuHOOyAyBaHHS Ta TOJIOBA
eKCIepTHOI paaM CeKmii MamuHOOYIyBaHHS, MOKTOP TEXHIYHHX HAayK,
npodecop, Bigomuii BueHuit Baykos lOpili MukonaiioBuy, sikuii 100pe 3HaB
HOBI pPO3poOKM Ta J>KUTTEBMH WLIAX Bitamis IBaHoBMua, npu BpydeHHI
IOBiIeliHOTO 3HaKy ckasaB: «Kanpuenko Buranmii ViBaHoBMY — 3TO OYeHb
CKPOMHBIH, YMHBIH, TPYJOIMIOOUBEIN, IPEITaHHBIA HayKe YEIOBEK M M3BECTHBIN
cnenuanucT, u eciu 061 Bce «[PEBJIM» Tak kak OH, TO MBI OBI YK€ TaBHO OBLTH
B EBpomne».
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