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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:

plp.0)= "8 (11K Lk, sin(ng)-cos(10)].

£ - radius-vector

length, @ and O -
zenith and azimuthal angles
accordingly;

kt - relative factor of

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

diamond grain Z
(Fig. 2);
k A - relative

amplitude factor of coating
Figure 1— A diamond grain model with metallic ~ thickness variation;

init.a.g.

relief thick coating N - quantity of
surface peaks in axial
section.

Using relief thick metallic coatings on diamond grains allows to
considerably extend the cutting life of the tool. The reason for this improvement
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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
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.

— — -
Zaver.g.w g N Sl
/ \ =
E=li5]
=[]
o|o
£
tal di Zini \ &S
Initial diamond init.a.g. e
grain
N
- 3| ‘
- —
N 7 g x
= = C:Sv v
Wheel bond

Figure 2 — The role of diamond grains coatings (Zinit.a.g. -initial averade grain;

Zaver.g.w.c. -average grain with coating; &t . -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 Zcoat_ zz'zinit. it can equal

X~ Zinit./za i.e. it can 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

5
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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
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
(8criticall < 8critica|2 ) gaver. < gcriticall’ gcriticaIZ —> min , Fig. 2).

With the coated grain being bigger than the initial one

(Zcoat. = Zinit. + 2't, 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 (Zcoat. R Zstand. ), 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 Ny & Nging - 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 = Zinit_ / 2).

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.

100/80 80/63 | 50/40 | 40/28 | 28/20

zzstand.

Coated grains 7
coat.

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

grains Mstand. with the granularity Zinit_ can be calculated by the formula:
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2
2
init.max " Zinit.min =M . Zinit.max . Zini'(Amin ((
Zz - stand. Z Z )
. stand.max stand.min

stand.max stand.min

z

M M

imit. = stand. © Z

Similarly the concentration of the coated grains in the wheel can be

designated as Caver. , and the initial grains without any coating can be designated

as Cimit. In this case, given that Zcoat_ = Zinit. +2-1 an equation can result on

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:

z

C . init. max

coat. — “imit. Z +2t Z

z

init.min

¢ +2-t )

init.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 ﬁ/mz 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
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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.

0
= \
=150
c \\\
£100 ™
§ % \\Q\
(&)
NS
S g 65 4 3 2 1

0 5 10 15 20 2!
Coating thickness t, mcm
1-Z=60/40; 2-Z=40/28; 3-Z=28/20; 4-Z=20/14; 5-2=14/10;
a)

140
o— /
2120 1
T 60 -~ 2__— ]
— — —
£ 40 S
€ 20—
o

15 20 25 30 35 40 45 5l

Average grain size Zaver, mcm
1-t=5mcm; 2-t=8,5mecm 3 -t =12 mcm;
b)
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Figure 3 — Dependences C = ft, Z.) for coated grains

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
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

9
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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
200-7-a%2-(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; XM —the

average size of grain, mm.

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.

2600

2200

C=50% (micropowder)

1800

-

I

o

o
|

C=25% (micropowder)

p|ece/mm2

1000

@

o

=]
|

C=100% (grine

Number of grains n

n

o

o
|

| |
14/10 20/14 28/20 40/28
Granylarlty of the Whe‘el (mlcropowder)‘ Z, mcm
I 1 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 =259 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

coat.

10
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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
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.

b)

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

11
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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
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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A. T'pabuenko, I. [Tmxos, B. Jlo6pockoxk,
B. ®enmoporuy, €. OctpoBepx, XapkiB. Ykpaina

OCOBJIMBOCTI BUKOPUCTAHHSA MIKPOITIOPOLIKIB AJIMA3Y
B KPYT'AX HA METAJIEBIH 3B'SA3111

AHoTauist. Poszensnymi OesiKi numawnHs, nog'si3ami 3 MONCIUGICHIIO NIOBUWEHHS eheKmuUeHOCi
npoyecy (hopmoymeopenHs 1e306uUx iHCMpPYMeHmie 3 NOJIKPUCIALIYHUX HAOMBEPOUX MAmepianie
anmasnum  wiigpyeannsim. Jocniodcents OCMAHHIX POKI6 NOKA3AMM, WO pe3epé NiOGUWeHHs!
eexmusHocmi  poOpMOYmMeopeHHs 1e308UX HCMPYMEHMIE 3 NOMKPUCIMATIYHUX HAOMEEPOUX
mamepianie (ITHTM) nescums 6 061acmi GUKOPUCMAHHSL KPY2i6 HA OCHOBL MIKPONOPOWKI6 aiMA3)y.
Bcemanoeneno, wo o00mum i3 winAxie  niosuujeHHs —eekmusHOCmi  BUKOPUCMAHHA  3epeH
MIKPONOPOWIKIE aimMasy 6 Kpy2ax € HAHeCeHHs HA HUX MOBCHMOUAPOSUX MEmaneeux noKpummis.
Cmocosno 0o ymos 006pobru ITHTM cmpymonpogioHumu Kpy2amu HA OCHOSI MIKPONOPOWIKIE
anmasy ocobnusuil iHmepec npeoCcmasiAmMs NOKPUMMS, MOBUUHA SKUX MOJce O00CAamu
NONOBUHU PO3MIDY 3epHA. Bukopucmanna na animasnux 3epHax penbeHUX MOBCMOWAPOSUX
Memanegux NOKpummis 00360.5¢ icmomuo niosuwumu ix pisxcyuuii pecype. Lle noscuioemvcs 3
00HO020 OOKY DiNbll MiYHUM 3UEHNEHHAM MAMEPIany NOKPUMMSL 3 NOGEPXHEIO AIMA3Y 6 NOPIGHANHI 3
KOMNOHEHMAamMu 36 A3Ku, a 3 IHUWO20 ICMOMHUM 30LTbUWEHHAM NOBEPXHI KOHMAKMY NOKPUMOZ20 3epHA
31 36'3K010 Kpyea. Buxopucmanns memooonocii 3D moodenioganus HanpyceHo-0egpopmosanozo
CMAamny armMasoHoCHO20 Wapy Kpyea npu Cnikauii 003801UI0 6CMAHOBUMU, WO MIYHICHb Memanesol
i KepamiuHOI 36'A30K NOBUHMHI Y32002CYBAMUCS 3 MIYHICIIIO AIMASHUX 3€PeH, WO 3 HelO CNIKAIOMbCsl
a KOHYeHmpayis i 3epHUCmiCms OCMAHHIX ICMOMHbO 6NIUBAIOMb HA YILNICHICMb 3epeH 6 wapi, wo
cnikaemvcs. Buxopucmanns, nanpukiao, ammasuux Kpyzie 3 Konyenmpayicto aimasie nonao 40%
icmomuo yCKIAOHIOE OMPUMAHHA AIMA30HOCHO20 WAPY, XaApaKmepucmuka akozo eionosioana 6
PO3paxyHKogii. Bcmanosneno, uwjo HaseHicmy HA AIMA3HOMY 3epPHI PebEPHO20 MOBCMOUAPOEO20
NOKpUmMms npu Mux dce yMo6ax MepMOCUNI08020 HABAHMANCEHH CUCMEMU ICIMOMHO 3MEHULYE
BENUYUHY HANPYHCEHb HA KOPOOHI «3€PHO-36'SI3KAY, WO MOMCHA NOSACHUMU 3HAYHUM 30L1bIUEHHAM
NnogepxHi KOMMAKMY NOKPUmMozo 3epHa 3i 36's3ko010 kpyea. Excnepumenmansvui 0ocniodcenis
niomeepounu akm iCmomHo20 3HUICEHHS NUMOMOI 6UMPAMU 3epPeH MIKPONOPOWIKIE aiMasy 3
MOBCMOWAPOSUMU PETLEDHUMU MEMANESUMU NOKPUMIMAMU, 3HAYEHHS AKO20 HAOIUNCAEMbCI 00
PIBHsL KpY2i8 HA OCHOGI Wi(hNopowKie aimasy.
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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.

16
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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].

17
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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:

XF - space of signs of the shape of the contours of wear zones, defects and

CP microdefects;
XS XS XE L XE - informative features of the shape of the contours of

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

T
A, - working area of the flank surface of the worn cutter (the main object
of control in conditions of fine and fine turning);
T T T T
QIF[AZ ], QZF[A2 ],QSF[A2 ],...,QE[AZ I cutting state classes;

k —CP classes quantity;
X2, X2, x5 ..., x» - vector signs of CP states, obtained at time points of

control T]_’Tl’T]_""'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);
T
Kn“ e L;F - traces of concentrated wear are present on the flank surface
and reach the forming section of the cutting edge - |7_(failure state - loss of
surface quality);

1 ! . - .
h? , [y ] - respectively the current and limit value of the radial wear of
the tool,

T T
hy® <[y, ] - radial wear value does not exceed the allowable;

T T
Pri=  Pr"= - grooves respectively on the main and auxiliary flank
surfaces of the CP;

T T
h,l‘f ,hp"f(max) - respectively, the current and marginal heights.

T T
Prztg " | Pr# ¢ L - onthe cutting part of the tool (7 ) there are no

grooves.
18
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g T
N7 . built-up edge on the tools face surface ( L, ).

In fig. 2 the dynamics of the CP state are represented by five consecutive
states.: ClLT —C5LT .

They are conventionally denoted by black circles - the tops of the state
vectors x=, xf2,x=,...,x{ ), which belong to the three classes of CP states:
orli] orla] oFlx].

This corresponds to the set of relations (1):

T T T T T T L 3
o corlil of cofll; o corlilicy carlil ¢ el ()

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

.
Class QZF [A2 ] traces of concentrated wear appeared on the CP, but they
do not reach the forming section of the cutting edge; processing can continue.

.
Class Qg [+ ] 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

. U L
consecutive states. : C; —C; .
Formula (2) indicate the CT failure states:

L L
hPr > thr(mx) (2)
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):
NY eL®. @3)
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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)
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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)

T T T T
Each of the reviewed (ClL ,C2L ,C3L ,...,C5L ) 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.

Fr
CL’ Y1L KLR1-2345
i ™ \\
- £
’/\\
H\ (o)
n ) 7 S
v l N
Qf’ \‘\) (// QFI‘ )
=) - WL
= ) o
Fr Fr Fr Fr Fr — >
Q, 0, v uQ, U YL
2

Figure 5 — Formation of a decision tree for the 1-st stage
of the CT state recognition
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@
o oF LT UOp

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 (KLE,., KLF, ., KLE,™,,, KLES, ) — linear.

1-23451 3451 3-4571
The presented results allow us to proceed to the conclusions.

QLT VO

Qr
Q. u”

QF QF

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 3ABE3IEYEHH S
AHAJII3Y JMHAMIKHA CTAHIB PI3IIIB

Auotauiss. Cman pixcyyoi yacmunu IHCMpPYMeHmy 6 3HAuHill MIpi 6u3Hayac sKiCmb 00poOKu
pisannam. Hozo xapaxmepuzye KoMIIEKC NapamMempie i, 6 nepuLy uepay, 2eoMempuyni napamempu
pivicyyuol uacmunu. B npoyeci 06pobku 6iodyeacmucs it 3noc. Lle npuzeooums 00 3HAUHUX 3MIH
napamempie HACIIOOK NOSGU 30H 3HOCY HA NEPEOHIll i 3aOHIL NOBEPXHIX, 3CY6I8 PI3ANbHUX KDOMOK
i 3Min ix ¢hopmu. Biocymmuicme KOHMpOIO 3a pi3aibHUMU THCMPYMEHMAMU Rpu3eoounts. 00
NOCMYNOBUX YU pANmMOBUX ix 8i0MO08; PYUHYBAHHIO IHCMPYMEHMIE MA MONCIUBOCH] SUHUKHEHHS
agapiti eepcmamy. Cyuachni Memanopizanvbhi eepcmamu npayioioms 3a 00MedNCeHOI0 yUacmio
onepamopa, wjo 06yMO6I0€ HeOOXIOHICb CIMBOPEHHA ABMOMAMU30EAHUX CUCTHEM MOHIMOPUHEY
HA36AHUX 3MIH 2e0MeMPULHUX NapamMempis ma 0iacHOCMY8AHHA CMAHI8 IHcmpymenmis. Basciugoro
YacmuHoIO Ybo20 NPoyecy € po3pooKA HOBUX MEMOOi8 KOHMPOIO IHCIMPYMEHMIS, ujo 3a6e3neyyionb
opmysanHs HabOPi6 IHPOPMAMUBHUX NAPAMemPIB, SIKI 8i00OPANCAIOMb IX CINAH, MAMEMAMUYHOZ0
ma  iHpopmayitinozo 3abe3nevenns, CMEOPEHHs RPOSPAMHUX KOMNIEKCi8 Klacugikayii —
PO3NI3HAGANHS CMAHIE THCmMpYyMenmie ma ix 6i0mos. Y cmammi 6uKiadeno nioxio 00 no6yoosu
depes piwiens | npocmopis 03HAK, Wo 8i00OPANCAOMb OUHAMIKY CIMAHIE PINCYUUX THCIMPYMEHMI6
(na npuknaoi pisyig). Ilokasani enemenmu 108020 Nioxo00y 00 Gi006PAdCEHHS OUHAMIKU CMAHIE
PI3ANIbHO20 THCMPYMEHNTY 6 NPOCmOpax 2e0OMempuiyHuUX O3HAK 30H 3HOCY, 6I0MO8 I DYIUHY8aHb
pidcyuoi yacmunu. Hagedeni npukiaou nobyoosu diacHocmuunux oepee piuers (kracugikayii), wo
81000pasicaions NOCAI006HICMb "OUXOMOMIUH020" PO3NI3HABAHHS KOJICHO20 3 CIAHIE IHCIMPYMEHMY.
Ompumani pesynomamu 3'16/1AmbCsi OCHOB0I0 Ot NOOYO08U ABMOMAMUYHUX KIACUDIKAMOPI6
CMamis pidcyyoi yacmuny pizyie ma iHWux iHCmpymenmie.

KuaiouoBi ciioBa: 3noc piscyuoi uacmunu incmpymenmy, 0iaeHOCMYGAHHsL CMANIE;, 2e0MemputHi
03HaKU; Npocmip 03HaK, depesa pituenv.
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BJIMAHUE NIEPUOJA ABTOE(OJIEBAHI/IFI HA ®OPMUPOBAHUE
MMPOPNJIA OBPABOTAHHOU ITOBEPXHOCTH ITPU KOHIIEBOM
OUJINHAPUYECKOM ®PE3EPOBAHUUN

AHHOTAUUSA. B cmamve nokazaro, ymo wiae 60IHUCMOCMU 00pabomanHol NO8EPXHOCIU 3A8UCUI
oM wiaza OTHUCTNOCTU HA NOBEPXHOCIU Pe3aHUsl, KOMOPULILL 8 CB0I0 0Uepeddb, 3A8UCUM O NEPUOOd
agmoxonebanull u ckopocmu pe3anus. J[na GbINOIHEHUs UCCIe008AHUL UCTIOIL30BATU MEMOOUKY
npoeedeHUst IKCHEePUMEHMO8 HA CMeHOe, KOHCMPYKYUs KOMOpO20 NO360Jsem 3anucbléams
ocyunnospammvl Koaebanus 0emanu 8 npoyecce Qpe3eposanus, pazoeisims ux Ha gpasmenmol u
uzyuamov  6UAHUE NOTYYEHHLIX NAPAMEMPO8 OCYUNIOSPAMM HA NAPAMempvl  Kavecmsa
00pabomannoll  nogepxHOCmuU. Aeémopamu npueedeHvl pe3yIbmamvl UCCIeO08AHUN  GIUAHUA
nepuooa asmoxoniebanull Ha BeIUYUHY Wa2a B0IHUCMOCIY HA nogepxHocmu pesanus. Tloxazano,
umo ¢ yeeruvenuem 4acmomuvl 6pAWeHUsl WNUHOEN HA NOBEPXHOCINU Pe3aHus YMeHbUIAemcs
KOIUYECME0 60JIH, HO YEeIUHUBAeNCsl UX OCHO8AHUE U wiaz Mexcoy Humu. [Jis cpe3anus 0CHOBAHUS
mpebyemcst  OONblee  KOMUYECMBO Pe308 UHCIMPYMEHMOM, NOIMOMY HA  00pabomaHHou
NOBEPXHOCIU C YBeTUUEeHUEM YACMOMbL PAWEHUS YEeTUYUBACHICS a2 80IHUCMOCMY. Yeeauuenue
nooauu npueOOUM K YeIUYeHUI0 MOJUUHbL CEeUEHUs CPe3aemMo20 CNOos, YMEHbUIEHUIO Nepuooa
agmMoKoIeOaHUL U WA2a GOTHUCTNOCTNU HA NOBepXHOCIU pe3anus. [loosmomy ¢ yeenuuenuem nooayu
VMeHblaemes wae GOIHUCMOCU Ha o0bpabomannoll nosepxwocmu. Ilomyuenvl ypasHeHus
peepeccuu mexncoy WaAzoM BOJHUCMOCHU HA NOBEPXHOCIU DPe3anus. U Ha 06pabomanHou
nogepxnocmu. Ilokazano, umo c ysemuueHuem nepuooa c60600HbIX KOMeOaHuil Oemanu npu
pezeposanuu yseruuusaemes nepuod agmoxonebanuil. Iloryuennvie pesyromanmvl mMo2ym Ovims
UCNONIL306aHbL OISl NPOCHO3UPOBAHUS NAPAMEMPO8 Kavecmea 00pabomaHHou NO8epXHOCMU 6
3a8ucuUMocmu - Om  OUHAMUYECKUX YCAO06ULl NpU  6CMPEYHOM KOHYEBOM  YUTUHOPUYECKOM
(peseposaruu.

KiloueBble ciioBa: ¢hpeseposanue;  agmokonedanus;  nPOGUIOSPAMMA;  OCYUTIOSPAMMA;
AMARAUMYOa, Waz BOTHUCHIOCHIU.

BBenenne. Brusiaue aBTOKONIEOaHMIA, XapaKTePU3YIOMNUXCS aMIDIATY IO
W TepHoAOM, Ha KadecTBO 00pabOTaHHONH IOBEPXHOCTH, CTOMKOCTH
WHCTPYMEHTA, IPOM3BOAHUTEIBHOCTE pPAacCMaTpPHBAeTCS B paboTaX MHOTHX
HCCIICAIOBATENCH, M3y4YarolUX TOYHOCTh OOpa0OTKH HA METALIOPEKYIIHX
cTaHkax. HawOojbplliee BHUMaHUC MPHU 3TOM YACHSCTCS HM3YYCHUIO BIUSHHS
aAMIUTUTYABI aBTOKOJicOaHui [1—6], ¢ yBelnMYCHHEM KOTOPOW YBEIUYHMBACTCS
W3HOC MHCTpyMeHTa. JlJig ee CHMKEHUs], KaK MPaBWJIO, YMEHBIIAIOT CKOPOCTh
pe3aHus, 4TO BIUSET HA MPOU3BOJIUTEIBHOCTh. CUUTAETCS, YTO MPUEMIIEMOI
JUTSL aMIUTATY TRl MOJKET OBITh BenmnunHa 10 0,020 MM, IpH KOTOPOii 00ier4aercst
MPOIECC CTPYKKOOOPa30BaHMs W TOBBINIACTCA CTOWKOCTh MHCTpyMenTa [1].
Ilepuon aBTOKOJNEOAHWI, HE3aBUCHMO OT W3MCHEHHS

© C. [aon, E. Kosznosa, A. I'epmawes, M. Kyuyzypos, 2019
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BEJIMUMHBI aMIUTUTY/bI, IPH 00pabOTKe MPAaKTHUECKH OJJMHAKOB M €ro poib B
o0pa3oBaHNK 00paOOTaHHON ITOBEPXHOCTH OCTAETCS MaJIOHCCIIEIOBAHHOM.
Omnako B pabortax [7, 8] mOKa3aHO, YTO TPH BCTPEYHOM KOHIICBOM
OWIHHIPUYECKOM (Dpe3epoBaHMM, B TPETbEHl CKOPOCTHOH 30HE, MEPHOA
aBTOKOJIEOaHUH OMpeAeNseT 1Iar BOJHACTOCTH Ha MTOBEPXHOCTH pe3aHHs. JT1a
BOJIHACTOCTb, IPH CPE3aHNH IIPUIYCKa, (OPMHUPYET NEPEMEHHYIO TOJIHHY €r0
CEUEHHs], YTO BIMSET Ha AEMI(UPYIONIIYIO CIIOCOOHOCTh YIPYTOH CHCTEMBI
«MHCTPYMEHT — [Je€Tajllb» M BEIMYMHY OTKJIOHEHMS [E€PBOl  BOJHBI
aBTOKOJIe0aHUI OT moJyoxkeHus ympyroro pasHoBecus (ITYP). Bmamguwsl,
BbIpE3aeMble NPU ITOM, (OPMHUPYIOT BOJHHCTHII mnpoduinb obpaboraHHON
noBepxHOCTH. OtueHUTh (HOPMY TOBEPXHOCTH PE3aHUS HE MPEICTABISCTCS
BO3MOJXKHBIM, MOTOMY YTO OHa Cpe3aeTcs KaKIbIM MOCICAYIONUM 3yOoM
nHCcTpyMeHTa. OfHAaKo, W3-3a MMEIOMIEHCS HICHTHYHOCTH MEXIy (opMoit
TpaeKTOpuHM KoJeOaHus AeTany NpH (pPe3epoBaHMM M COOTBETCTBYIOIIECH
MOBEPXHOCTBIO pe3aHus [7], AN ee HCCIeNOBaHHS MOXKHO HCIIOJIb30BaTh
OCIIMJUIOTPaMMBI, TOJIYYEHHbIE NpH JSKCIEepMeHTax. VIHbIMH cloBaMu, IO
OCIIMJUIOTpaMMe KoJeOaHui AeTanu HpH (pe3epoBaHUM MOXHO CYAHTH 00
M3MEHEHHSAX Ha TIOBEPXHOCTSX pe3aHust. biarogaps Tomy, 4T0 OCIHIUIOrpaMMBI
U MpoHIOrpaMMBbl 3alKCHIBAIOTCS B LU(GPOBOM BHUJE, 110 HUM BO3MOXKHO
oIpezieieHre TeOMETPUYECKUX ITapaMeTPOB BOJIHUCTOCTH, KaK Ha TIOBEPXHOCTH
pe3aHusi, TaK 1 Ha 00pabOTaHHOMN MOBEPXHOCTH.

H3noxenne ocHOBHOTO MaTepuasa. B jganHHOW paboTe omMcaHbl
UCCIIEZIOBaHUS BIMSHMS TEpHO/a aBTOKOJIEO0aHUH Ha oOpasoBaHMe TPOGUII
00paboTaHHOW MOBEPXHOCTH JETANIN IPH BCTPEUYHOM KOHIIEBOM (hpe3epOBaAHUN
[0 OCIMJUIOTpaMMaM KoJIeOaTeIbHOTO JBIKEHUs jaetand [8] u mpoduiism
00paboTaHHOI MOBEPXHOCTH, IMOTyYEHHBIM ITociie 00pabOTKH.

HccnenoBanus MpOBOAMINCH KakK ¢ 00pa3namMy, UMEIOLINMHU OJJMHAKOBOE
3Ha4YeHHEe YacTOThl cBoOomHBIX Konebanuii (UCK), HO 00pabOTaHHBIX TpH
pa3HBIX peXXnMax, Tak U 0Opasnamu, umeromumu pazasie YCK u o6paboTaHHbIe
MIPY OJMHAKOBBIX PEKHMaX. JTO TO3BOJHT ONPEACIUTh B3aUMOCBS3b MEXKIY
4acTOTaMH CBOOOJHBIX KOJICOAaHWH [eTan ©  aBTOKOJNICOAHWH  TIpH
(dpe3zepoBaHUM ISl NPOrHO3MPOBAHUSI TOYHOCTH OOpaOOTKM Ha OCHOBAaHWH
n3BecTHbIX UCK.

YacTtoTsl  BpamleHus LINUHJAENS, IPU  KOTOPHIX  NPOBOAMIOCH
(dpe3epoBanue, BEIOUPATINCH TAKUM 00pa3omM, 4To0bl 00pabOTKa MPOXOaUIa B
TPeTbel CKOPOCTHOW 30HE, T. €. BBINOJIHSUIOCH OINpECISIONee COOTHOLIEHHE
[8]:

1< e 7, (1)

TCK
rac tpeg — BpEMs pe3aHusl, C;
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Tex — IepuoA CBOOOAHBIX KosleOaHuil netanu.

Bpewmst pezanust paccyuThIBAIIOCH IO ()OpMYJIaM, IPUBEACHHBIM B [8], mst
CIIETYIOLIHX YCIOBUIA:

1. UacTpymeHT — oiHO3y0as1, psiMo3y0as, crienuaibHas ppesa 50 MM ¢
peryiaupyeMbIM nosioxeHueM 3yoa [8], marepuan pexxyiueit vactu BKS; yacrtora
¢B00OOHBIX KoneOanuii fex = 833 I

2. PexxuMbl pezaHusi:

- mojada Ha 3y0 S; = 0,1 mMm;

- oceBast IiIyOMHa pe3anus a, = 3,4 Mwm;

- panuanpHas r1yOuHa pe3anus a. = 0,5 Mmu;

B Tabun. 1 mpuBeneHbl 3HaYEHHS TPUHSATHIX YaCTOT BPAILCHHS IITHHACIIS.

Tabmuma 1 — YacToTsl BpalmeHns IIHHAETA B TPEThE CKOPOCTHOM 30HBI

Nuin, 00/MUH

180 | 224 | 280 35 | 450 | 560

@pe3epoBaHre BBIIOJNHSUIOCH Ha BEPTUKAIBHO-(PE3EPHOM  CTaHKE
FWD-32J). Marepuan o6pasioB — Crams 3xkn ['OCT 380-2005. O6pa3is
3aKPEIUISIIMCH B YIIPYTOM DJIEMEHTE C XapaKTePHUCTHKAMU:

- Be1IeT L = 80 mm;

- mmpuna b = 60 mm;

- ToamuHa h = 6 MM;

- yactora cBOOOAHbIX Konebanuil fox = 325 .

Iocne ¢pesepoBanHus ¢ TOMOIIBIO CIIEUAIBLHOTO ycTpoiicTBa [9], Obun
3amucanbl  mpodmiIorpaMMbl  00paboTaHHBIX — TOBepxHOcTed  (puc. 1),
OTIpe/IeICHBI CPEIHIE 3HAYCHUS 1IArOB M BHICOT BOJHUCTOCTH, MOKA3aHHbIC B
Tabm. 2.

[TonyueHHBIE pe3yabTaThl COTIIACOBBIBAIOTCS C pe3ysbTaTaMu padoTsl [7],
NOKa3bIBAIOIIEH, YTO C YBENMYEHHWEM YacTOThl BpAIUCHUS LINMHAHIEIS
YBEJIMYHMBAIOTCS LIar M BBICOTA BOJIHUCTOCTH OOpaOOTAaHHOW MOBEPXHOCTH.
OnHako, HOBBIE JIaHHBIE TOBOPST O TOM, YTO Ha IOBEPXHOCTSAX 0Opa3loB,
MOJYYEHHBIX Tocye (pe3epoBaHus C YaCTOTaMHU BpalleHHs MINHUHAENI N =
450 06/MuH w BbImEe (puc. 1), BOJHUCTOCTH MPOSBIIAECTCSA cliabee, 4eM TpH
(pesepoBaHnn Ha Ooyiee HU3KHX dYacToTax. [Ipm 3TOM Ha 00pabOTaHHOM
MMOBEPXHOCTH Tmocje (pe3epoBaHUss C YACTOTOW BpAIICHHS INIHHICIS
N = 560 00/MIH BOTHHCTOCTH OTCYTCTBYET, HO OCTACTCS TOTPEIIHOCTH (POPMBI
B BHJIE OTKJIOHEHUSI OT IPSIMOJIMHEHHOCTH — A_.
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n = 180 o6/mun

N

E

n =224 06/muu

n =280 06/mMuu

=
n =355 06/Mun
5
n =450 o6/Mun
"
Sw
n =560 06/Muu
¥ A-
A
e sl R R ST SN e o
A

Pucynok 1 — [Tpodunorpammsl 06pabOTaHHBIX IOBEPXHOCTEH MMOCIIE BCTPEYHOTO
IVJTHHAPAYECKOTO (h)pe3epoBaHUS C Pa3HBIMH YaCTOTAMH BPAIICHHUS IIITHHEIIS
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Tabmura 2 — CpeaHue 3HAYCHUS Iara © BBICOTHI BOJHHUCTOCTH OOPabOTaHHBIX
MMOBEPXHOCTEHl MOCIE BCTPEYHOTO KOHIIEBOrO (hpe3epoBaHMS MPU Pa3HBIX YaCTOTaX
BpAILICHHUS IITHHICTIS

Yacrora BpalieHus [lar BoaHUCTOCTH BrIcoTa BOJIHUCTOCTH
NIMAHIEINS Nun, 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 3HAYCHHsI IEPHOIOB aBTOKOJICOAHUH NPH
(dpe3epoBaHUM C pa3HBIMH YacTOTaMH BpAILICHUS INMHHAEIS, KOTOpBIE
MOKAa3bIBAIOT, YTO KaKOW—JINO0 3aKOHOMEPHOCTH U3MEHEHHUS IIPU 3TOM HeT.

Tabmuma 3 — CpenHue 3HaUYEHHMS NTEpHOIa aBTOKOIeOaHmit

Hlactora Bpamenus 180 224 | 280 | 355 450 | 560
HITHHACIS, N, 00/MUH

Ilepuon aBTOKONICOAHMIA,
Tk, MC

2,16 2,6 2,54 | 247 2,62 | 2,34

brin3kue 3HaUSHNUS IEPUOIOB aBTOKOICOaHHIT TOBOPST O TOM, YTO CHCTEMa
C OJIMHAKOBBIMU YIPYTHMH CBOMCTBaMH HE3aBHCHUMO OT YaCTOTHI BpAILICHHS
IIMAHAETS Tpu (Qpe3epoBaHNU KONeOIeTCs ¢ OAWHAKOBOM dacToTod. OmHAKO
clieqyeT OTMETUTb, YTO HPH 3TOM C YBEIMYEHHEM YacTOTHl BpallCHHS
LIMMHACNS yMEHBINACTCS BpPEMs PE3aHUs, a JUIMHA OBEPXHOCTH pe3aHHs
OCTaeTcss OAMHAKOBOW, MOTOMY Ha HEH pa3MelaeTcsi MEHbIIEee KOJIWYECTBO
BOJHH (pHC. 2).

OTO 3HAYUT, 4YTO TPU OJMHAKOBOM IIEpPHOAE aBTOKOJEOaHU C
YBEJIMYCHUEM YacTOThl BpAIEHMs IINMHAENS IIar BOJHHCTOCTH Ha
TIOBEPXHOCTH pe3aHus — Sx yBennuuBaeTcs. Ero BeJIMUMHY MOXKHO paccuuTaTh
o Gopmyie:

TC'D@é -n

60 @

SAK =Ta -

rne Dy, — nnametp ¢pess, Mm;
N — YacToTa BpaICHUs MINUHJENs, 00/MHH.
T4k — mepuoA aBTOKONEeOaHUH.

29



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

n = 180 o6/mun

n =450 06/Mmuu
rti.

n! 23

Aol &

Pucynok 2 — ®ororpadun moBepxHoCTEl pe3anus nocie Gppe3epoBaHus ¢ pa3InIHbIMI
Y4aCTOTAMM BPALLECHHS LLITTHHACIS

B Tabn. 4 mnpexacraBneHsl, paccuuTaHHble 1o ¢opmyne (2), maru
BOJIHUCTOCTH Ha IMOBEPXHOCTH PE3aHUsL.

Tabmuma 4 — PaccuuTaHHBIE IIarW BOJIHHCTOCTH Ha IOBEPXHOCTSX PE3aHMsS IIOCie
(pe3epoBaHust C pa3HBIMH YaCTOTAMH BPAILEHUS MITHHAEISA

Hacrora ppaiteHus 180 | 224 | 280 | 355 | 450 | 560
MIIUHAEIS N, 00/MUH
IIlar BonaKMCTOCTH SAK, MM 1,18 1,63 2,01 2,42 3,15 | 3,64

Ha ocHoBanuuM naHHBIX Tabi. 4 MOCTPOEH rpaduk 3aBUCUMOCTH, pHC. 3.
KoaddummeHT xoppensannu Mexxay 9acTOTOH BpalleHus IMIMHHASTI — N U
[IaroM BOJHHUCTOCTH Ha MOBEPXHOCTH pe3aHusi— Syx paseH 0,98. YpaBHeHwe,

OIIMCBhIBAOIICC UX B3AUMOCBA3b, MMCCT BU/:

Spc =7-107%.n%—-8.107°-n? +0,0347-n—2,9329 (3)
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Pucynok 3 — I'paduik 3aBHCUMOCTH I1ara BOJIHHCTOCTH
Ha IIOBEPXHOCTHU Pe3aHus — Sk OT YaCTOThI BPAILCHUS IITUHAENIST — N

Ha puc. 4 nokasa rpaduk 3aBUCHMOCTH MEX/y IIIaroM BOJHHCTOCTH Ha
MMOBEPXHOCTH pe3aHusi — Syx M Ha 00pabOTaHHOW TOBEPXHOCTH — Sw.
Koadpdrmmenr xoppensiuuy MexTy d3TUMH mHapamerpamu paBeH 0,93.
YpaBHEeHHUE, ONKCHIBAIOIIEE X B3AUMOCBSI3b, UMEET BH/I:

S,, =—0,7725-S3, +5,3933-S2 —9.5574-S 5 +7,1285 ()

5 W
MM

] — e a e D O =]

05 1 1,5 2 25 3 35Sag.MM

PucyHok 4 — I'padvik 3aBUCHMOCTH MEXK/TY IIAraMH BOJHHCTOCTH HA MOBEPXHOCTAX
pe3anus — S4x ¥ 00pabOTaHHBIX TOBEPXHOCTAX — Sw

Ilpn yBenwyeHWM Imara BOJHUCTOCTH Ha IIOBEPXHOCTH PE3aHUS
YBEIMYHNBACTCS IIMPUHA OCHOBAaHWS BOJHBI M U1 €€ Cpe3aHusi TpeOyercs
Oo0JIbIIIee KOJIMYECTBO PE30B MHCTPYMEHTOM. DTUM OOBSICHSETCS TO, YTO IPH
YBEJIMYCHUH YaCTOTHI BPAILCHUS IIMUH/EIS YBEIUYUBACTCS IIar BOJIHUCTOCTH
Ha oOpaboranHol moBepxHOCTH. OJHAKO, CIEXyeT OTMETUTh, 4YTO IpH
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(pe3epoBaHMM € YacTOTaMU ONH3KUMH K YETBEPTOH CKOPOCTHOH 30HE
konebannii (N = 560 00/MHH), mIar BOJHUCTOCTH OOJbBINE, YeM JITHHA
MTOBEPXHOCTH pe3anusl. [103ToMy, HET MepHOANTHOCTH €€ CPEe3aHUs i OOIBIIOTO
repernaia B MOJI0KEHUH BRIPE3aHHBIX BIAIUH Ha 00pab0TaHHON MMOBEPXHOCTH.
B pe3ynpTaTte 3TOr0 yMeHbIIASTCS MOTPEIIHOCTE €€ (DOPMBL.

VcxomHBIMU IaHHBIMH [UIS OTIPENCIICHUs MEePHONa aBTOKOJICOaHUH mpu
(pe3epoBaHUM C Pa3HBIMU M0Jja4aMuy OBbUIH:

1. UHcTpyMeHT — 0j1HO3yOast, mpsiMo3y0asi, crieruanbHast dpesa &30 mm,
marepuan pexyueid yact BK8; yactora cBobomubix konebanuii fox = 833 ',

2. PexuMsl pe3aHus:

- 4yacTOTa BpAIICHUS MIIUH/ENS N = 35500/MuH;

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

- oceBast TIIyOMHa pe3anus a, = 3,4 MMm;

- pamuaneHas TryOuHa pe3anus a. = 0,5 Mmu;

- HaIpaBJICHUE TTOJIa4YH — BCTPEUHOE;

- pe3aHne CBOOOIHOE.

Ope3epHBId CcTaHOK, 0OpadaThIBacMBI MaTepuanx Te e, YTO WU B
npeabirynmx uccienosanusnx, YCK obpasua fex = 390 T,

B tabn. 5 nmpuBeneHs! pe3ynbTaThl H3MEPEHHs IIEPHOAa aBTOKOJIeOaH i —
T4k 10 ocumUIOrpaMMam, 11ara BOJIHUCTOCTH Ha 00pabOTaHHOW MOBEPXHOCTH —
Sw mo mpoduiorpaMmaM ¥ IIard BOJHHCTOCTH Ha IIOBEPXHOCTH pe3aHMs,
paccunTanHble 1o Gpopmyie (2).

JlanHble Taby1. 5 TOKa3bIBAIOT, YTO ITPU YBEIWYECHHH NOJAYH YMEHBIIAOTCS
Y [IEPUOJ aBTOKOJIEOaHUl, ¥ IIar BOJHUCTOCTH, KaK Ha MTOBEPXHOCTSX Pe3aHMs,
TaK ¥ Ha 00pabOTaHHOW TOBEPXHOCTH.

Tabmuma 5 — Ilepuoabl aBTOKONEOAHWH, IIarHM BOJHHCTOCTH Ha OO0pabOTaHHOM
MOBEPXHOCTU M IOBEPXHOCTHU Pe3aHus P (Ppe3epoBaHKU C Pa3HBIMHU IO1a4aMK

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

Ilepuon aBrokonebanmii T4k, MC 2,22 1,83 1,59 1,38 1,23

[lar BonHUCTOCTH HA 0OpaboTaHHOI 1,03 152 1,07 0,94 0,81
TTOBEPXHOCTH Sw, MM

[llar BOJIHUCTOCTH Ha OBEPXHOCTH 203 17 139 128 | 114
pe3aHus Six, MM

Ha puc.5, 6 noka3ansl rpadMKu 3aBHCUMOCTEH, MOCTPOCHHBIC 10 TAHHBIM
Tabim. 5.
VYpaBHEHHE perpeccur Mexay S x M S; uMeeT BHJ (KOPPEeISLHOHHAS
3aBucumocts — 0,87):
Spk =5,0407-S2 —4,7639-S, +2,1924 (5)
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Pucynok 5 — I'pavik 3aBUCMMOCTH I11ara BOJHUCTOCTH Ha MOBEPXHOCTH PE3AHUS
— Sk 0T nojgauu — S;

Sw, k

MM

2.5

0 0.5 1 1,5 2 2.5 SAr. MM
Pucynok 6 — I'paduk 3aBHCMMOCTH MEK/Ty IIaraMy BOJIHUCTOCTH Ha TIOBEPXHOCTSIX
pe3anus — S4x ¥ 00pabOTaHHBIX TOBEPXHOCTAX — Sw

YPaBHCHI/IC perpeccuun, OIMMCBHIBAIOMICS BJIIMAHUE MIara BOJHHUCTOCTH Ha

MOBEPXHOCTH DPE3aHHUs Ha IIar BOJHHCTOCTH OOpaOOTaHHON ITOBEPXHOCTH,
HMEET BHI:

S,, =01245.S2, +0,8973-S, —0,3949 (6)

BnusHue momadm Ha Tepuoj] aBTOKOJIICOAHWH CBSI3aHO C HW3MEHEHHEM
TOJIIIMHBI CEYECHUS CPe3aeMoro cios. [Ipu yBennueHn mojaun yBeaIndnBaeTcs
TOJNIIMHA CEYEHMs CpEe3aeMOro CJosi, JKECTKOCTh YNPYrod CHCTEMBI
«UHCTPYMEHT-ZICTAIIbY, YMEHBIIAETCS TIEpUOA aBTOKOJICOaHUH,
COOTBETCTBEHHO, U Il BOJIHUCTOCTH Ha MOBEPXHOCTH pe3aHus. [ cpesanns
BBICTYIIOB Ha HEH MpH JBMXCHUH IMOJaud TPeOyeTcs MEHbIIee KOJIMYEeCTBO
pe30B, MO3TOMY YMEHBLIAETCS M IIar BOJHUCTOCTH Ha 00paboTaHHOMN
MIOBEPXHOCTHU.
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BiusHre  HMCXOMHOrO  COCTOSIHUSL  00pasioB  Ha  (opMHpOBaHUE
00paboTaHHOM TOBEPXHOCTH HCCIEAOBATIOCH MIPU MX OJUHAKOBOI KECTKOCTH,
HO pa3Hoil Macce. [Ipu 3TOM pa3HBIMU OBLIH YaCTOTHI CBOOOAHBIX KOJCOaHMUIA.

dpe3epoBaHUe BBIMOIHIOCH C YaCTOTOM BpalICHHS UIMUHACIS N =
280 00/MUH IpH OCTAEHBIX UCXOTHBIX TaHHBIX, KaK U B IEPBOM HCCIICIOBAHUH.
YacToTbl cBOOOAHBIX Kosebanuit 00pa3uoB — fex = 325 T'u, 390 ' 1 455 T,

Pesynbrathl, moONlydeHHBIC TOCIE  OOpab0OTKHM  OCHWLIOIpAaMM |
npodunorpamm, 3anucansl B Tad1. 6.

Io nanueiM Ta01. 6 Ha puc. 7, 8 MOCTPOCHBI rpad)UKU 3aBHCUMOCTEHA.

Tabauia 6 — Illar BOTHUCTOCTH Ha TIOBEPXHOCTH Pe3aHus U 00pabOTaHHO MOBEPXHOCTH
npu ppeseposanun 06pasuos ¢ pasaeiMu YCK

[lar BonHUCTOCTH
YacroTa cBOOOJHBIX Ilepuon [ar BonHUCTOCTH o
9 N Ha 00paboTaHHOU
KoJIeOaHui/Iepruoy; | aBTOKOJIeOaHUH Ha MMOBEPXHOCTH HOBEPXHOCTH S
fer/Tek, Tiy/me T4k, MC pe3anus Six, MM P . W
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 4
3
2 —
1
0 0.5 1 1.5 2 2.5 3 3,5 Ty MC

Pucynoxk 7 — I'paduk 3aBUCHMOCTH MEXAY NEpUOJOM CBOOOIHBIX Konebauuit — Tcx u
NepruoaoM aBTokosebanuit — T4k

JlanHble Tabn. 6 MOKa3bIBAIOT, YTO uYeM OOJblIe IMEpUOZ CBOOOJHBIX
KoJIcOaHUH J1eTaiy, TeM OOJibIlie epUO]] aBTOKoJIeOaHuit mpu (hpe3epoBaHUU.
TaK)Ke, KaK W B BbIINIC MPEACTABJICHHLIX HCCIICIOBAHUAX, IMPOCMATPUBACTCIA
npsiMasi  KOPPEJSLHOHHAS 3aBUCHMOCTh MEXKIy IIaraMd BOJHHCTOCTH Ha
HOBEPXHOCTH pe3aHus U 00pabOTaHHOW MOBEPXHOCTH.
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PucyHok 8 — ['paduk 3aBHCHMOCTH MEXK/LY IIATAMU BOJIHUCTOCTH HA IIOBEPXHOCTSX
pe3anust — S4x 1 00pabOTaHHBIX OBEPXHOCTX — Sw

BrIBOJBI.

1. UccnenoBanus nokasajiy, 4To Ha IIar BOJIHUCTOCTH Ha 00pabOTaHHOM
TMOBEPXHOCTU BJIMACT MIAar BOJHUCTOCTH Ha MOBCPXHOCTU PE3aHUs, KOTOprﬁ
3aBUCHT OT NIEPHO/1a aBTOKOJICOAHUIH U CKOPOCTH PE3aHHsI.

2. YBenuueHHe 4acTOThl BPALCHUS MIMUHCIS MPUBOJNUT K YBEITHYECHHIO
11ara BOJIHUCTOCTH Ha MOBEPXHOCTH pe3anus. Ha Heil 00pa3yercsi MeHbIIe BOJIH
OT aBTOKOJEOaHWil, HO HX OCHOBaHME YBeNWYMBaeTcs. Tak Kak Mpu
(bpe3epoBaHUK BOJHUCTHIE YIACTKH IIOBEPXHOCTH PE3aHUSI BIIUSIFOT HA TOJIIHUHY
CCUCHHUSI CPE3aeMOr0 CJIOS U HA BEJIMYMHBI XaPAKTEPUCTHUK KOIeOATEIbHOIO
JBIDKCHUSI, TO, B pe3yjbTare, Ha 0Opa0OTAHHON MOBEPXHOCTH BBIPE3AIOTCS
BIAUHBL, GOPMHPYIOLIME €€ BOJHUCTHIA MPOQUIb, C [IArOM, 3aBUCSIIMM OT
I1ara BOJJHUCTOCTH Ha IMOBEPXHOCTHU pe3anusi. Ero yBenmueHue ¢ yBeaIndeHUEM
YacTOTHl BpalleHHs LINMUHIENs TpeOyeT Al cpe3aHust OOJbIlee YUCIO PEe30B
UHCTpyMeHTOM. [loaToMy yBenMuMBaeTCs 1Iar BOJIHUCTOCTH Ha 00paboTaHHON
TIOBEPXHOCTH.

ITpu yacrore N = 560 06/MUH BeNWYMHA [Iara BOJIHUCTOCTH OOJbLIE, YeM
JUIMHA MOBEPXHOCTH pe3aHus. [103ToMy HET NEepHOJUYHOCTH €ro Cpe3aHus H
0OJBIIIOTO TIepemnaaa B TIOJOKEHUH BBIPE3aHHBIX BIAIUH HAa 00paboTaHHON
MMOBEPXHOCTH, B Ppe3yJbTaTe 3TOTO0 BOJHUCTOCTh HA HEU BBIPOKAACTCS H
YMEHBIIAETCS OTPELTHOCT €€ (OPMBI.

3.Tlpu  yBenmMYEHWH TIOJAYM  YBEIMYMBACTCS  TONIIMHA  CEUYCHUS
cpe3aemoro ciost. [TpoHCXOMUT yBETHYCHHE JKECTKOCTH YIPYroil CHCTEMbI
«MHCTPYMEHT-ZIETallby, yMEHbIIAETCSI MEepPHOJ aBTOKOJCOAaHMH M  Imar
BOJIHACTOCTM HA TIIOBEPXHOCTU pe3aHus. VIHCTpyMEHT JenaeT MeHblIee
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KOJIMYECTBO PE30B LIS CPE3aHus BHICTYIIOB Ha HEH, II03TOMY Ha 00paboTaHHON
TTOBEPXHOCTH YMCHBIIACTCS IIIaT BOIHUCTOCTH.

4. C yBenmueHWEeM TIepHola CBOOOMHBIX KOJCOAHWH METald IEePHOJ
aBTOKOJICOaHUH IpH (Ppe3epOBaHUN TaKKE YBEITMINBACTCS.
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C. Oansg, O. Kosnosa, A. I'epmares,
M. Kyuyrypos, 3amopixoks, YKkpaiHa

BIIJINB ITEPIOJY ABTOKOJIMBAHb HA ®OPMYBAHHSA
MPO®LITIO OGPOBJEHOI IOBEPXHI IIPU
KIHIIEBOMY HUWJITHAPUYHOMY ®PE3EPYBAHHI

AHoTauis. ¥ cmammi nokasano, wo Kpox Xeuascmocmi 06pobaeHoi nogepxui 3anedicums 8io Kpoxy
XBUJIACMOCHI HA NOBEPXHI PI3aHHA, AKULL 8 CE0I0 Yepey, 3aaedCuns 8i0 nepiody aemoKoIUBaAHb I
weuokocmi  pisanns. Jna 6UKOHAHHA OOCHIOMNCeHb SUKOPUCMOBYBANU MemOOUKy Npo8edeHHs
excnepumMenmis na cmenol, KOHCMPYKYis AK020 00360AE 3aNUCY8AMU OCYUTOSPAMU KOIUBAHD
Odemani 6 npoyeci @pesepysanns, po3oinamu ix na @pasmenmu i GuEUAMU GNIUE OMPUMAHUX
napamempie 0OCyunozpam Ha napamempu akocmi o6pobnenoi nosepxmi. Asmopamu HagedeHo
pesyabmami 00CiONCeHb 6NAUBY Nepiody ABMOKOIUBAHb HA BENUHUHY KPOKY XGUIACMOCHI HA
nosepxui pizanus. Tloxkasano, wjo 3i 30LIbWEHHAM YACMOMU 00ePMAHHS WNUHOENs HA NOBEPXHI
DI3AHHA 3MEHUWYEMbCA KITbKICMb X6Ulb, alle 30iMbUyembcs ix ocHo8a i KpOK Midc Humu. J{is
3PI3aHHS OCHOBU NOMPIOHA OLNLUUA KITKICMb PI3I8 IHCMPYMEHMOM, MOMY HA 00pOOIeHill NOBePXHI
30 30inbUIeHHAM Yacmomu 00epmants 30iTbulyemvcs KpoK xeunsacmocmi. 30invuients nooavi
npu3eooums 00 30iTbUIEHHS MOSWUHU NEPEeMUHy 3pI3aHo20 Wapy, 3MeHWeHHs nepiody
ABMOKONUBAHL | KPOKY XGUIACMOCMI HA nogepxHi pisanus. Tomy 3i 30inbuieHHAM nooayi
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SMEHULYEMbCS KPOK XGUIACMOCMI HA 00pobneHiil nosepxui. Ompumano pisHsHHs pezpecii midic
KPOKOM XBUNACMOCMI HA No8epxHi pizanHa i Ha o06pobneniii nosepxwi. Ilokasano, wjo npu
(pesepysanni 30 30iIbUWEHHAM Nepiody GLILHUX KOAUBAHL Oemani 30LIbUYEMbCS  Nepioo
agmoxonusansb. Ompumani pe3yibmamu  MoxiCyms Oymu  SUKOPUCMAHI  OlsL  NPOSHO3Y6AHHS
napamempig AKocni 06poOIeHOI NOBEPXHI 8 3ANeHCHOCHI 8i0 OUHAMIYHUX Y MO8 NPU 3YCMPIYHOMY
KIHYeBOMY YUNTHOPUYHOMY (Dpe3epyEaHHi.

Kuarouosi ciioBa: ¢pesepysanna,; agmoxorusanus; npoginoepama, ocyunozpama, amniimyod, Kpox
XBUNACMOCTI.

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, AWIM
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 AWJM 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 AWJIM 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 AWJM 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 AWJIM 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

39



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

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.

3 = 2 Traverse
» Direction
Traverse

%Direction

)
144

Lagrangian assembly

Ld
(=

CEL assembly

E'x

7 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
S00E0s gy g Huw N nl. 1§
400 m/s 620 m/s 810 m/s
CEL Lagrangian CEL Lagrangian CEL Lagrangian

B Width (m) m Depth (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)

CEL Lagrangian Lagrangian CEL Lagrangian

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
AWM 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
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material removal after the impact of abrasive particles occurred from the initial
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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JNOCJIIKEHHS BACTOCOBHOCTI PIBHSIHHSI EMJIEPA -
JIATPAHKA ITPU MOJEJIOBAHHI ABPA3UBHOI
BOJOCTPYMEHEBOI OBPOBKH

AHorauis. Hempaouyitini npoyecu 00poOKu po3210aiomvcsi K HAOIHI  AlbMepHAmusu
3A2ANbHONPULHAMUM ~ MPAOUYITIHUM ~ CNOCObAmM  0OPOOKU  8AICKOOOPOONIOBAHUX ~Mamepiais.
3okpema, ons yiei memu euciona abpasusHa eodocmpymenesa oopooka (AWJIM), ockinexku yum
MEMoOoM MOJCHA O0OPOOIAMU WIUPOKUL CHEKMDP MAmepianie 3a20moseKu i He GUKIUKAMU 30H
mepmiuno2o eénausy. /s eugueHHs ssuwy, wjo 6iobysaromecs nio wac AWJIM, ciio nposodumu
yucenvbHe MOOeno8anHs nopsio 3 excnepumenmamu. OCKinbKu npoyecu o6poOKu nos'sazaui 3i
sHaunor nazpancesumu (CEL) xinyesumu eremenmamu (FE) eussunucs 3HauHo Oiibul moyHUMU
ons yiei degpopmayicto mamepiany, MoOeni 3 CNOLYUEHUMU elIepO8O- Memu 8 NOPIGHAHHI 3 YUCO
nazpamxcescbkumu mooenamu. OOHAK 04eBUOHA 8IOMIHHICMb NOJAAE 8 MOMY, WO XO4ad 00UO8I
MOoOeli npasuibHO nepedbauaoms 30iIbUeHHs 2AUOUHU PI3AHHA NpU 30LIbUWEHHI UWBUOKOCMI
abpasusHUX YacmuHoK, nepeddavera 2nubuna pizaunus 6 cepedosuwyi CEL 3nHauno Hudicue, HidC 6
azpandcescokit. MoocIusum nosiCHeHHAM Yb02o Pe3yIbmanty Modce Oymu me, wo, OCKilbKU 6
dopmymosanni CEL e modice Oymu 3a3HAYEHO BUOAICHHS eleMeHmd, MeXaHizM KpUxKoi eposii,
AKUU  NPUCYMHIL 6 eKCNePpUMEHMAIbHUX podomax, He Modce OYmu HANEHCHUM HYUHOM
npedcmasnenutl  Mooemosanni. Taxum 4unoM, pe3yibmyroui po3mipu 30Hu pizants 01 mooeni CEL
00YMOBIEHI MINIbKU NIACMUYHOK ePO3IEI0, 0CODIUB0 uepe3 niacmudny degopmayiro. V pasi mooeni
Jlaepanoica, enubuna pizannsa 6 6y0b-aKoMy UNAOKY 3HAUHO Oiibule, i 30HA PI3AHHA MAE XApaKmepHi
cniou epo3ii, GUKIUKAHT 8UOANIEHUMU eleMeHmAMU, [ NOOAIbULY epo3ilo HOBUX nogepxous. IIpome, 6
pasi modeni CEL, 30aembcs, wjo mamepian 3a20mo6Ku CMucKaemvcs miloKu yepe3 yoapu 4YacmuHox,
i depopmayis 3a20MO6KU 3HAYHO MeHWA | Oilbil OOHOPIOHA, NPU YbOMY ROYAMKOBUL Kpamep
POWUPIOEMBCSL 8 HANPSIMKY 2TUOUHU PI3AHHS [ NONEPEUHO20 HANPSMKY. | 3 MAUdice CUMEMPUUHUM
nojem HanpysiceHb, wjo Po3eUSAIOMbCs OANeKO 6i0 OCHOBHOI 30HuU pizanns.Takum yunom, 8 Ybomy
docnidoicenni 3pobaeHo cnpoby nopisusmu nepedbaueri pesynomamu mooenei CEL i uucmo
naepandicescorkux 6 pasi AWJIM i euznauumu, uu modice Oymu 3acmocosanuii yeti Memoo OJis npoyecy
uu  Hi. Buxopucmogyiomecs 6unaoku MOOeNOBAHHS, 3ACHOBAHI HA  eKCNEPUMEHMANbHUX
pe3ynemamax, i npooOUmMvbCs 002080peHHs NPOSHO306AHUX PO3MIPIE 30HU PI3aHHA, NOTIG
Hanpyoicens i memnepamypu.

KatouoBi cioBa: ciopoabpasusna obpobra;, memoo Kinyesux enemenmis; pisuanns Eiinepa-
Jlazpanica; enubuna pizanns, KOMROUYISL, epo3is MAmepiany, HanpylCeHHs.
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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 67,320 104 3-10*
Average 91,800 8:10° 2-10
Fine 210,120 4-10° 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

vsad Direction

W

Y

Q'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
AWJIM 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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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=0.8 ms

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 AWJM
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.
e 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 JI. dimomynoc, Hikomaoc E. Kapkaioc,
Amnrenoc I1. Mapkomynoc, Adinm, I'peris

JOCILIKEHHA 3AJE2KHOCTI TIPOI'HO30BAHUX PO3MIPIB
30HU PIBAHHA BIJI ITAPAMETPIB CITKA
IIPU ABPA3BUBHINA BOJOCTPYMEHEBIN OBPOBIII

AHoTauisi. A6pasusna eodocmpymenesa 06podKa — ye HeMpaouyitinuil npoyec GUOANCHHs
Mamepiany, AKuil Kpawe eUKOpucmosysamu 0 pi3anis 8alcKoodOpoOI0sanux mamepianie yepes
11020 30amHocmi 6UOANAMU Mamepian 6e3 GUKOPUCMANHS THCMpPYMeHmy [ 6e3 Cmeopents 301
mepmiuHoeo eénaugy. ExcnepumeHmanbHo, MOHIMOPUHZ A6UW, WO 8i00Y8AIOMbCS 6 30HI PI3aHHA,
dyoice YMpPYOHeHUll uepe3 PIZHOMAHIMHI NPUYUHU, MAKI SAK SUCOKA WEUOKICMb YACMUHOK |
nepewkoou uepe3z nomik 600u. Takum uunom, imimayiunui nioXio, 3ACHOGAHUl HA
EeKCNepUMEHMANbHUX OAHUX, € HAUKpAwum 051 mozo, wob noschumu yi asuwa. Y oauiii pobomi
npedcmaegiena MpuUMIpHA KiHYeO-eNeMEHMHA MEPMOMEXAHIYHA MOO0elb 3 PeanicmuyHum
NOOAHHAM NONIOHCEHHS OUCKDEMHUX AOPA3USHUX YACTUHOK [ OOCTIONCEHa 3ANedHCHICb PO3MIpI6
30HU pi3aHHA 6i0 posmipy cimku.  Ilicnia MOOento8anHs pe3yibmamu NopieHIIOMbCA 3
EeKCNePUMEHMATLHUMU  Pe3YTbMAmami, npoGOOUMbCsl OOCHIONCEHHA He3ANeHCHOCHI  CImKU I,
Hapewimi, pOONAMbCS  GUCHOBKU NPO  ONMUMANbHULL  pO3MIp  cimKu [ 0062080pPI0IOMbCs
xapaxmepucmuku npoyecy, ki cnocmepizaiomuvcs. Mooentosanns npoeoounocs 0iisk mpoox pisHux
3HAYEeHb MUCKY 2I0pOoadPAUBHO2O0 CIPYMEHIO 3 MPbOMA PI3HUMU CIMKaMu, [ Nicis ybo2o Oyau
3pO06NIeHi BUCHOBKU WO, ICHYE ABHULL 6NIUE POSMIPY elleMeHmYy CIMKU HA NPOZHO308AHI PO3MIPU 30HU
pisanns. Lo cmocyemvces enubunu pizanns, pisHuys migic suesimu pisHoi winenocmi 6yna 6inbu
0UeBUOHOI 0151 8UNAOKIE 31 weUOKicmio yacmunok 4001 620 m / ¢, i 8 KOACHOMY BUNAOKY AUOUHA
pisanns Oyna euwe ons Oitbut Opibnux suei. Lo cmocyemvces 008xicunu | wupuHu 06pi3KuU,
MIHIMANbHI 3MIHU cnocmepieanucs npu piznux posmipax enemenmis cimxu. Kpim moeo, posmip
cimiu 6e3n0cepeonbo 6NAUHYE HA MAKCUMATLHY MeMRepamypy 3a20mo6Ku, NPUHOMY NPOSHO306aHA
memnepamypa Oyra euwje 0ns 6inow OpibHux cimox. Hapewmi, 3anpononosana modenv Oyia
30amna  nepedbauumu  eKCNepUMEHMANbHO  CHOCMEpPeXtCY8aHi  meHOeHyii  abpasusHoi
sodocmpymeneeoi o6pooxu (AWIM) i, makum uunom, i1 MmodcHa esaxcamu HAOIHOW OJis
MatioymHix 0oCaiONHCeHb.

KurouoBi ciioBa: ciopoabpasuena obpodxa; Hecmanoapmua 06pooKa; memoo KiHyesux enemenmis.
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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. Gldtten ist eine effiziente Fertigungstechnik
fiir Finishbearbeitung der Oberflichen metallischer Bauteile. Mit Einsatz des Glittens 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 Glittens erleichtert Prozessoptimierung, ermoglicht 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 erhéhen. 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 Qualitidt der Bauteile. Sie bestimmen die
VerschleiBBbestiandigkeit und die Dauerfestigkeit der Bauteile. Glétten 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 fithrt zur Qualitédtserh6hung der Bauteile.
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Modellierung des Glittens 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 Oberfldchensicht
des zu bearbeitenden Bauteils durch das Werkzeug plastisch deformiert wird.
Dafir verwendet man Werkzeuge mit dem Diamanteinsatz. Die
Diamantoberfliche des Werkzeugs ist wahrend des Prozesses an die
Bauteiloberflache angepresst und gleitet an ihr. Dabei entstehen die plastischen
Deformationen in der Oberfldchenschicht des Bauteils und das fiihrt zu solchen
Vorteilen:

o  Verminderung der Oberflichenrauheit
e  Erhdhung der Oberflachenhirte

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 Werkzeugkornern, was ihre Eigenschaften
verschlechtert. Durch Diamantglétten ist es moglich die Oberfldchenrauheit um
90% zu vermindern [1-5]. Die plastischen Deformationen im Prozess fiihren 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 Glattens [7]. Das alles
fihrt zu Erhohung der Funktionalitit der Oberfliche, eine hohere
VerschleiB3bestindigkeit und Dauerfestigkeit der Bauteile [8].

Wihrend des Gléttens 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 Qualitét zu gewéhrleisten.

Im Bereich der analytischen Modellierung des Glattwalzens wurden schon
manche Forschungen durchgefiihrt. Einige Modelle basieren auf den
theoretischen Kenntnissen iiber 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 Oberflachenrauheit 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 Oberflachen erforscht. Auf Basis der Theorie von Kontaktdruck
wurde ein analytisches Modell fiir Vorhersage der Oberfldchenrauheit 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
Durchginge 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 fiihrt zur Erhohung der Kosteneffizienz und der
Umweltvertraglichkeit. 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 gewéhlte
Optimierungsparameter muss eindeutig sein, das heif3it, dass jedem bestimmten
Satz der Prozessparameter nur ein Wert des Optimierungsparameters
entsprechen muss. In der durchgefiihrten Forschung wurden die Spannungen in
der  Oberflachenschicht des  Bauteils im  Kontaktbereich  als
Optimierungsparameter Y gewahlt. Spannungen im Kontaktbereich bewirken in
der  Oberflaichenschicht  plastische  Deformationen, die fiir 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 enthélt eine Konstante b und die Koeffizienten b;, bjj, 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 gewahlten Input-Parameter mit drei gewédhlten 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 | pm | 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

Fiir die Bestimmung des Konstantes und der Koeffizienten sollen die
Experimente mit verschiedenen Sitzen der Input-Parameter durchgefiihrt

62



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

werden. In dem Kklassischen monofaktoriellen Experiment wird jeder Faktor
(Input-Parameter) einzeln variiert, wahrend 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
ermdglichen. Die Input-Parameter fiir die Experimente sind in der Tab. 2
gegeben.

Tabelle 2 — Die kodierten Input-Parameter fiir die Experimente

Exp. Nr. | X1 X2 X3 Xs | 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 Gléttens
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 Diamantgléttens einsetzbar. Das entwickelte 2D-FEM-Modell
des Diamantgléttens 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 Elementgrof3e
fiir das Werkzeug ist 10 pm und fir das Werkstiick — 4 pm. Mit solchen
Meshparametern kann das Werkzeug prézis dargestellt werden. Die kleinen
Meshelementen fiihren zur Erhdhung der Simulationsgenauigkeit und genaueren
Ergebnissen. Dafiir wurde auch eine dynamische Meshverfeinerung bis zum 2,5
pum eingesetzt. Das heiflt, dass im Bereich der hdchsten plastischen
Deformationen die Meshelementen sich fiir eine hohere Simulationsqualitit
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
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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, + 594X,X,  (33)
—6,56X,X; — 67,69X, X, + 4,31X,X; — 1,31X,X,
+16,94X;X, — 0,61X? — 4,61X% + 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
N
1000 S 1000 - 1200
=
g = 800 - 1000
800 <SS =
XN
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 Oberflachenschicht des Bauteils

Abb.3 zeigt auch den Einfluss vom Radius der Werkzeugspitze auf die
Spannungen in der Oberflachenschicht. Mit der Steigung des E-Moduls erhdht
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 groferem
Spitzenradius einsetzen, weil so die Oberfliche mit kleineren Rauheitswerten
entsteht. Fiir die Werkstoffe mit h6herem E-Modul kann man die Werkzeuge mit
kleinerem Spitzenradius effizient nutzen, weil sie um 31% hdhere Spannungen
und hohere plastische Deformationen in der Oberflachenschicht 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 Okonomischen Griinden
moglichst hoch eingestellt sein, aber es gibt immer die Begrenzungsfaktoren. Im
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Fall von Diamantglétten ist das die Hitzebestindigkeit der Diamantspitze. Bei den
Geschwindigkeiten hoher als 200 m/min erhoht 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 Oberflédchenschicht 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 S| 670 - 680
76
O 660 - 670
60
dp, pm

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 Bauteiloberfliche hat. Deshalb ist bei der
Einstellung der Zustellung wichtig, dass sie die vollstédndige plastische
Deformation der Unebenheiten gewihrleistet. Um eine hohe Oberflédchengiite
und optimale Druckeigenspannungen in der Oberflachenschicht des Bauteils zu
gewihrleisten, soll die Werkzeugspitze einige pm 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
Diamantglittens 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
Umweltvertrdglichkeit. Mit solcher VVorgehensweise 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 ermoglicht 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 hdohen 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'JIAI’KYBAHHS
3 BUKOPUCTAHHAM METOAY KIHIIEBUX EJIEMEHTIB

Awortanis. [Ipedcmaenena mnaykoga cmamms —OXORMOE  IHGOpMAYilo  wooo po3pooKu
Mamemamuynoi Mooeni npoyecy 6uenaddicysanus. Buenadocyeanus € egpekmusnum npoyecom
Qiniwnoi 0o6pobru eupobie 3 memany. Buxopucmanns yb020 6upoOHUUO2O npoyeccy 0ac 3mo2y
3HAYHO NOMTNUUMU YUCHONY NOBEPXHI, NOKPAWUMU 61ACIUBOCI NOBEPXHI | NOBEPXHEEO20 WIADY,
a maxodc nioguwumu SKicme 00pobnI0eanoco upoby. Mamemamuuna Mooens npoyecy
8ULTIAONCYBAHHA OYNIA CMBOPEHA 3 3ACMOCYBAHHAM Memooy KiHyesux eremenmis. /lnsa ybozo 6yio
suKopucmano cneyianizosane npozpamue 3abecneuenns “AdvanteEdge ” ¢hipmu Third Wave Systems.
3acmocysanns iMimayiiiHo20 MOOeNO8AHHI MemOOOM KiHYesUx eleMeHmis 0de MONCIUBICIMb
SMEHWUMU KIIbKICMb PeanbHUX eKCnepumenmis O po3pobKu Mooeni ma Ompumamu OaHHi npo
napamempu npoyccy, wjo 6adcKo abo 63a2ani HeMOJICIUBO SUMIPAMU NIO YAC eKCHnepUMEeHNIy.
Pospobnena mamemamuuna mooens npoyecy 8u2na0NCy8anHs NoLe2uLy€e ONMmumMizayiio npoyecy ma
00360119€ 3MEHWUMU  KITbKICIb DeaibHUX eKCHepUMeHmie, o npuzeooums 00 NONINUEHH:
EKOHOMIYHOI eqheKmugHoCmi ma eKoN02IYHOCHII.

Kao4oBi ciioBa: anmasue 6uenaoiicy8anHsa; Memoo KiHYesux ejieMenmis; 4omupu@axmopuil
excnepumenm, MamemMamuyHa Mooeb npoyeccy; Keaopamuuie pieHANHNS pecpecii; HanpyHCceHH .

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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HEPCIHEKTUBU NIJIBUIIEHHA EOEKTUBHOCTI OBPOBKH
CKJIAJHOIMIPOPIJIBHUX BUPOBIB 13 KPUXKHUX
HEMETAJIEBUX MATEPIAJIIB

Anomayin. Busnaueni winsixu niosuwjennsi egpexmuenocmi winighyeanms eupobie — 06010HOK
CKIAOHOI hopmu 3 Kepamiku i cumanig, wo nog’szami i3 3abe3neueHHaM BIOpOCMItiKocmi
MexXHON02IUHOT cucmemu 0OpodKu. J{isi KOHKPEMHUX YMO8 3a805KU SUKOPUCIIAHHIO PO3POONEHOT
V3a2anbHeHOI MameMamuynoi Mooeni (popmyeants noXubKu npogino npu mexamiunit 06pooyi
B8CMAHOBIIEHT  NPIOPUMEMHI  HANPAMKU  NIOBUWEHHS JHCOPCMKOCMI  eleMeHmi8 MEeXHON02IYHOT
cucmemu, ceped AKUX NPOGIOHEe 3HAYEHHS MAIOMb KOHCMPYKYIA 3420MOGKU, HeOOMIKU MeXHON02ii
3a20misenvHUX onepayiti i 0coOIUBOCMI BUKOPUCMAHUX BEPCAMHUX cucmeM. [[na eupiuieHHs
3a80aHHs 3aNPONOHOBAHO YOOCKOHANEHHS ICHYI0UOT MEeXHON02IT OMPUMAHHSA 3A20MOBKU,; Nepexio Ha
00poky 060on0HOK Ha sepcmamax x HIIK; moocaugicmo suxopucmarnis mexnonozii 3D-0pyky npu
BUPOBHUYMBE MOYHUX CKIAOHONPOQDITbHUX Oemanell 3 KepamiKil.

Kniouosi cnoea: mexuiuna xepamixka, MOHKOCMIHHI 000JOHKU, AIMA3He WIQY8aHHS, OUHAMIKA
npoyecy; Xapakxmepucmuxuy i cnocoou ompumMants 3a20moeKu;, AKICne i mouHicms 06POOKU.

Beryn

CyuacHe MamMHOOYAYBaHHS BiJI3HAYAETHCS NOIMIMPEHHSIM BUKOPHCTaHHS
KpUXKHX HEMETaJIeBUX MaTepiaiiB (pi3HMX BHIIB KepaMiKd B TOMY YHCIHI i
CKJIOKEpaMiKH — CHTaNiB), M0 MalOTh MiABUIICHI (i3WKO-MEXaHiqHI
BJIACTHUBOCTI, a caMe: MIIHICTh, 3HOCOCTIHKICTh, TEIUIOCTIHKICTh, KOpO3iiHY
CTIMKICTB, pamionpo30picTh i T. iH. Y TEXHOIOTIYHHUX Iporecax oOpoOIeHHS
rependavdeHi 000B’A3KO0BI omnepartii nuTipyBaHHS A 3a0e3MeueHHs MOTPiIOHNX
BUCOKHX 3HAa4€Hb TOYHOCTI 1 SKOCTI TOBEPXOHb BHUPOOIB, SKi y 3HAYHIN
KITBKOCTI  BHIAJKIB MaroTh cKiIagHy ¢opmy. [lpomecn mnuridpyBaHHS
3a0€3Meuyr0ThCs aIMa3HUMHU KPyraMi B OCHOBHOMY Ha MeTaJIeBii 3B'sI311.

B poboTi po3misHYTI MPOIECH BUPOOHHUITBA CKIATHO-NPODITBHUX
000JIOHOK 3 KpHXKHX HemeraneBux MmarepianiB (KHM), siki 3acTocoByroTh B
aBlakOCMIiYHIA Ta pakeTHid ramy3six. OCHOBHE iX NPHU3HAYEHHS - EIEMEHTH
JTANbHUX anapaTiB, HANpPHKIaJ, aHTEHHUX OOTIYHUKIB paker i jitakiB [1].
Buxonsun 3 yMOB ekciryaTamii BUpoOiB, O HUX HpeA'SBISIOTHCS ITiIBHUIICHI
BUMOTH IO 3a0e3MeueHHI0 MIIHOCTI NpH CKJIAAHOMY NO€IHAHHI 3MiHHUX
CHJIOBHX 1 TETIJIOBUX BIUIMBIB, B arPECHBHUX CEPEIOBHUIAX,  TAKOXK HEOOXITHNUX
MMOKA3HUKIB aepoAWHAMIYHOCTI 1 pamiompo30pocTi BHPOOY B 3aJaHOMY
nmiama3oHi wactoT. [ IOTO HEOOXiTHO BHUTPHUMATH BHCOKI BHMOTH JI0
TOBIIUHHM CTiHKH fetani (He Oimpme + 0,1 MM), TodHOCTI Tpodiso, piBHIL
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IIOPCTKOCTI OOpOOIEHNX TMOBEPXOHB (IO MKM) i BiICYTHOCTI Je(EeKTHOTO
wapy. Bcranosneno [2, 3, 4], w0 BUKOHaHHS LUX BUMOT IOB’SI3aHO 3
JOTPUMaHHSIM YMOB TMPOTIKaHHS YCiX CTamiifi TEXHOJOTIYHOTO IPOIECY — BiX
3aroTiBebHUX J0 (QiHIIIHUX Omepalliii MeXaHigHOi 00pPOOKH.

AHaJi3 nonepeaHix JocaixKeHb i myOJikauin

VY 3B’A3Ky 3 HEMOXIIMUBICTIO Ha CHOTOJHI 3a0€3IEYNTH TOYHICTH (POpMH
BUpOOY 1 moOTpiOHY SKICTh IOBEpXHI Ha erTami OTPUMAHHS 3aroTOBKH
(31e0LIBIIOr0  BIAIIGHTPOBE JIMTBO) BHPIO migmaeThcst OaraTtoeTamHii
MexaHi4Hii 00poOli, N0 cKiIaxy sSKoi BXOJSATH YOPHOBI 1 YMCTOBI omepauii
1T yBaHHS BHYTPIIIHBOTO 1 30BHILIHBOIO KOHTYpIB. [Ipy 11boMy BupanseTbes
OCHOBHHH MPUITYCK BETMYHHOIO 10 8-10 MM Ha CTOPOHY, SIKUH € HEPIBHOMIPHUM
B3JIOBX YChoro mnpodimo paerami. AjMaszHo-aOpasuBHa 00poOKa BeIEThCS
crnocoboM rimOmHHOTO mUTiQyBaHHS (TmOmHA pizanas 0,5...1,5 MM), sxe
CYIIPOBOJUKYETBCSA KPUXKHM pyHHYBaHHSA OOpOONIIOBAaHOTO Marepiany i
(opMyBaHHSM TOPYIICHOTO OOPOOKOK Je(eKTHOro Mmapy, MIOPCTKICTIO i
XBUILICTICTIO cpopMoBaHOi OoBepxHi. TOUHICTH CTIHKH OOOJIOHKH MO TOBIIWHI
TICNIS TTOTIEPETHROTO BUMIPY OTPUMAaHHX PO3MIpIB TOCATAETHCS HA OTEPAIIisTX
«BHPI3KA» 1 JOBOJIKH aIMA3HUMHE OpyCKaMH, IO 3AiHCHIOIOTECS BPYIHY.

MexaHniuHa 00poOKa (hacOHHUX JeTallel TUIy aHTEHHUX OOTIYHHKIB paKeT
3 KepaMi4HUX MarepialliB, CyIIPOBOJDKYE PSJIOM HEraTUBHUX (akTopis. Jlo HUX
BiJTHOCSITBCS - BHCOKOMIIIHUI MaTepiall 3aroTOBKH, HU3bKa )KOPCTKICTh CHCTEMHU
BIIIJI, cknamHa TpaekTopis pyXy IHCTpyMEHTa, a TaKOXK IepeMiHHa INIHOWHA
pi3aHHs, KA Ma€ MICIe i3-32 HEPIBHOMIPHOCTI PO3MOITY MPUIYCKY B3IOBK
3arOTOBKH. Y CYKYITHOCTI 1€ TPHU3BOAWMTH OO CYTTEBOTO BIUIMBY Ha
e(eKTHBHICTE 00pOoOKHM IWHaMigHOI cTiiikocTi TexHodorigHoi cuctemu (TC)
aIMa3HOTO IITiIQYBaHHS, IO JOBEICHO Pe3yIbTaTaMu 0araTboX MOCIIIKEHbD [4,
5, 6]. Ynm Bumie BiOpocrifikicte TC, TiM edekTuBHimE (32 mapameTpaMu
TOYHOCTI 1 AKOCTi) Oyzne BimOyBaTHcs 0OpOOJICHHS Mallo KOPCTKHUX NETajel 3
KHM. Takum 49uHOM, A BU3HAYCHHS OCHOBHHX HAIPSIMKIB 3a0e3MeueHHS
3aganux BuxigHux napamerpiB TIT mexaniuHoi oOpookun KHM nHeoOximHO
3HAliTH 1 YCYHYTHM OCHOBHI IpuW4MHHM Jecrabimizamii sxopctkocti TC
nutiyBaHHST 0DOJIOHOK, Cepes SIKMX 3HayHe Miclie 3aiiMae Maja >KOPCTKICTh
camoi 00po0ITI0BaHOT 3aIr0TOBKH, 1110 € aKTyaJIbHUM 3aBIaHHSM.

Meto10 po6oTH € BU3HAYEHHS LUIIXIB MiJBUIIEHHS BiOpocTiiikocti TC
nuTiyBaHHS 32 PaXyHOK yIOCKOHAJICHHS TEXHOJIOTIT 3aroTiBEIbHHUX OMEpPallii,
mo 3abesrmedye HaOMIKEHHS pPO3MIpiB 1 reoMeTpii 3aroToBKH (OCHOBHOTO
eJIEMEHTY CHCTEMH) [I0 ITUX JKe apaMeTpiB 0OpoOIoBaHOI JeTai.

OcHOBHA YacTHHA

B ymoBax BumpoOHHMITBa MexaHiYHa o00poOka ob6omoHok 3 KHM
pearizyeTbCsi Ha MOJEPHI30BAaHMX TOKAPHUX BepCTaTax i3 arperaTHoro
nuTihyBaSBFHOIO TOJIOBKOIO 1 CHCTEMOIO IPSIMOTO KOIIOBaHHA. TeXHOJOTis
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00poOKku mependadae po3niUTbHE, 32 ABI YCTAHOBKH, NUTIPYBAHHS alMa3HUM
IHCTPYMEHTOM BHYTPIIIHBO] 1 30BHINTHBOI IOBEPXOHH 000IOHKH, 3 TI0OAATBIIO0
«BHPI3KOI0» 1 TOBOAKOI MPOQII0 1 CTIHKU AeTaii Mo ii TOBXKHHI i IepeTHHY,
BU3HAUYCHHX JUII KOHKpeTHoro BHpoOy. Lli omepauii peamizyroTbcs Bpy4HY
aIMa3HUMH OpYCKaMH.

JluHaMiYHH{ aHANI3 CHCTEMH ITOKa3aB, 0 OCHOBHI BiOpaIliiiHi BIUIMBH B
Hif CTBOPIOIOTH: 3MIHHA JKOPCTKICTh MIJCHUCTEMH «IINUHJIECIBHUNA BY30J1
BepcTaTta - IPUCTOCYBaHHS - 3aroTOBKa», a TAaKOX OWTTS, OrpaHka,
HepiBHOMIpHHU 3HOC HuTiyBambHOro Kpyra. OkpeMo HEOOXiTHO BUALIHTU
3aroTOBKY — CKJIaAHO-TIPO(]IJIbHY 000JIOHKY, PO3MIPH SKOT MOXKYTb JIOCSITATH I10
niamerpy 350 mwm i mo momxkuHi 10 1000 Mm. ToBIIMHA CTIHKHM 3arOTOBKH B
mpolieci MEeXaHiyHOi 0O0poOKM 3MiHIOETHCA Bim 20 MM g0 6 — 7 MM Ticis
OCTaTOYHHX OIlepaliil anMaszHoro nuripyBaHHs. [lapameTpy 3aroTOBKHY 331a10Th
11 AMHAMIYHY TIOBEIHKY, SIKa IIPUTaMaHHa OCOOIMBO TOHKOCTIHHUM 00OJIOHKaM
— BHUpobOaM Majol >XOpcTKocTi. Byno BcTaHOBIEHO, 0 Ha (OPMYBaHHS
reoMeTpii TOBEpXHI 1 SKICTh TOBEPXHEBOTO INApy BIUTMBAIOTH HACTYIHI
taxropu [2, 3, 7, 8]: dhizmko-MexaHiIUHI BIACTUBOCTI MaTepiaiy, cCXeMa pi3aHHS,
s*opctkicts eneMenTiB TC Ta ix BiOparii, CTaH MOBepXHi MUTipyBaIbHOTO KpyTa,
pexxumu nutidpysaHss (puc. 1).

\_Ku.mnamm eaementin TC

IAT 200x10x3x76 Al

— 315/250-4- M2-01
3Minua BeIHYHHA ILIOWHHE KOHTAKT
LK i 3aroroBKu B310BA 0¢i 07,

nsl

Twiniima wop-
crxiers TC

Pucynok 1 — Cxema 30BHIIIHBOTO HITIQyBaHHS 000JOHKH Y BUPOOHUYNX YMOBAX 3
Mo3Ha4YeHHAM (akKTOpiB, sIKi BIUIMBAIOTH Ha IapamMeTpu o6pobieHHs [7]

B mporieci gociimkeHb Oyau yIOCKOHAICHI IMiIX0AU [IOA0 3a0C3CUCHHS
BUCOKOI skocTi BupoOiB i3 KHM mpu oOrpyHTyBaHHI pamioHaJbHUX yMOB X
00pOOKY: HAJIC)KHOTO BEPCTATHOTO O0JIaHAHHS, CXEM 1 PeXXKUMIB IUTiI(yBaHH,
XapaKTepUCTHK IHCTPYMEHTIB, SKi JalOTh MOXIIUBICTh KOMIUIEKCHOTO
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TEXHOJIOTIYHOTO KepyBaHHA TOYHICTIO OOPOOKH 1 Me(eKTHICTIO chopMOBaHOT
MTOBEPXHI 32 paXyHOK 3MiHH PiBHS CHJIOBOTO BIUTHBY Ha HEl IIPH pi3aHHI.

BcranoBieno, mo mpu mHuTipyBaHHI BENUKOTA0APUTHUX ITOPOKHUCTUX
neraneit — 00o010HOK 13 KHM, BHHHKAIOTh KOMTUBaHHS JBOX BHIIB: BUMYIIICHI i
ABTOKOJIMBAHHS. [IpUYMHN NOSBY BUMYLIICHHX KOJMBAHb 11€ 30BHIIIHI 30ypeHHS
cuctremu BIIIJI, BukmukaHi qucOanaHcoM eJIeMEHTIB BepcTaTy, oOpoOoBaHOl
3arOTOBKH, IHCTPYMEHTY, & TAaKOX HEJJOCTaTHBOIO )KOPCTKICTIO IIPUCTOCYBaHb, B
TOMY YHCIIi CHCTEMH KOMIpiB, 10 3a0e3MevyloTh NEepeMillieHHs alMa3HOI
1nTiyBanbHOT TOJOBKH TO30BXK 3arOTOBKH 3TiHO 3 mpodinem jgerani (auB.
puc. 1). ABrokonuBaHHs — L€ BIOpamii, IO BUKIMKaHI CaM030y/PKESHHSIM
KOJIMBaHb YCEPEJMHI caMOi CHUCTEMH pi3aHHS 1 BIJIOMBAIOTBCS HA SKOCTI
MOBEPXHEBOT'0 MIapy AETalli BHACTIJOK 3MIHM YMOB KOHTAKTYy alIMa3HUX 3€pPEH
IHCTPYMEHTY, 3 IOBEPXHEI0, M0 (HOPMYETHCS.

B mpoueci nocnimkeHb po3pobiieHa y3arajlbHeHa MaTeMaTHYHa MOZCNb
(hopMyBaHHS MOXHOKH MPOQiTIO0 T Yac MeXaHidHOI 0OpPOOKH TOHKOCTiHHOL
cknaaHonpodinbHOT 0600HKH [2, 9], sika 103BOJISIE TPOaHANI3yBaTH (BaKTOPH,
O[O0 BH3HAYAIOTh M0 TMOXWOKYy. Jlo Ha3BaHMX (DaKTOpiB MOXXKHA BiTHECTH
3MIHHOCTI CHJI Pi3aHHS i MOMEHTIB 3a BETMYMWHOIO 1 HAIIPSIMKOM, SIKi MTOB'sI3aHi
HE TUIbKU 3 HEPIBHOMIPHUM INPHUITYCKOM i 3MIHHUMH YKOPCTKOCTSIMH 3arOTOBKH
I MPHUCTOCYBaHHS TO JOBXHHI, aje 1 31 CKIagHOK (GOpMOK 00poOIIFOBaHOT
JieTalli, a TaKoX 3 BJIACTMBOCTSIMHM MaTepiaiy 3arotoBku. Lle mpu3Bomuts 10
NPUCKOPEHOT0 3HOCY IHCTPYMEHTY, a, OTXe, JO0 3MiHM HOro mapamerpiB i
napaMeTpiB 00J1acTi KOHTaKTy Kpyra i 3arOTOBKH, a TaK0X J03BOJISIE BUSIBUTH
CHO0COOM 3MEHIIICHHS 1X BIUIMBY HA TOYHICTH BHPOOY, SIKHH (HOPMY€ETHCS.

Po3rnsiHeMO MOKJIMBOCTI HiBEJIIOBaHHS HETATUBHOTO BIUIMBY 3arOTOBKH
AK MajJl0 JKOPCTKOTO CKiIagHompodimsHOro enementy TC Ha TOYHICTB
(hopMyBaHHS 3aJaHOTO PO QiITEO eTali. 3aBJaHHS MOXKHA BBAYKATH BHPIIICHUM
y TIOBHOMY 00cs131, SIKIIO MPOQiTb 3aTOTOBKH OyJie MAKCHMAIbHO HAOIIKEHIM
mo mpodimro i mapaMerpaM TOTOBOI JeTani 0e3 BTpaTH HE 3adaHuX
eKCIUTyaTallifHUX XapakTepUCTHK. [Ipy 1bOMY BHIUIUMO TPU MOXKIUBI
HaIpsMK{ BUPILICHHS MTPOOIEMH.

1. YnaockoHajeHHs ICHYIOYOi TEXHOJIOTII OTpPHUMaHHS 3aroTOBKH 3a
paxyHOK 3MiHHM TEXHOJIOTTYHHX XapaKTEPUCTUK 0OpPOOIIOBAHOTO MaTepiaiy.

B ocHOBY aHai3y 3MiHM T€OMETPUYHUX XapaKTEPUCTHK IIOBEPXOHB JeTall
MOKJIaZIeMO BiJJOMHI (akT Mpo Te, 10 MOXUOKK Npodiio BUpoOy 3'SIBISIOTHCS
HA MTOYATKOBHX CTaJlisAX BUPOOHUYOTO MPOIIECY i KOMIIOIOTHCS Bifl omeparii 10
omepamnii. IcHyroua TeXHOJOTIS OTpPUMaHHA 3arOTOBOK TabapHTHUX
MTOPOKHUCTUX BUPOOIB HE 3a0e3medye iX MOCTaTHBOI TOYHOCTI, 0COOIMBO TIPH
(opmyBanHi ctinku BupoOy. [Ipu BiameHTpoBOMY (hOpMyBaHHI 3aTOTOBKH, SIKE
€ OCHOBHMM TIpH HaWOINBII BHKOPHCTAaHOMY MaTepiami Ui aHTCHHUX
oOTiuHMKiB, a came cutamry AC-418, BUHHKAOTH 3HAYHI BiOXWICHHS Ii
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TEOMETPUYHUX PO3MIpPIB BiJl PO3MIpiB TOTOBOrO BHUPOOY i HEPIBHOMIPHOCTI
TOBIIUHH CTiHKH B palialbHOMY 1 MO3IOBXHBOMY HAaIPSIMKax, CIINCHICTh Y
moriepedyHoMy Tiepepisi. [Ipwm icHyrowiil TexHONOTII OCHOBHI (akTOpH, IO
BIUIMBAIOTH HAa TOYHICTH (POPMH 3aTOTOBKH — II€ SIKiCTB 1 ()OpMYIOUi BIaCTHBOCTI
CKJIoMaTepiary, HeCTaOUIbHICTh KUTBKOCTI CKIIOMACH JJIS 3aJIMBKHU OJHIET AeTai
IPU Hepexoli BiJ 3aroTOBKH O 3aroTOBKH; YacToTa oOepTaHHA (opmu I
JIMTTS; TeMIeparypa GopMyl4oro KOMIUIEKTY; 4ac BUTPUMKH Bi(OpMOBaHOT
ckioMacu y (GopMi AJIsl JIUTTS; NOYaTKOBUH MOMEHT 00epTaHHs (OPMYyIOUYOTo
komiutekty [8]. Benuuuna BimxuiieHb BiJi PIBHOMIPHOCTI CTiHKHM 3arOTOBKH
y310BK 11 yTBOprotouoi mepemiHHa i Moxxe jocsirath 14 mm (puc. 2). Sk
HACJIiJIOK, BUHUKA€ HEPIBHOMIPHICTh NPUIYCKY Ha MEXaHiuHy OOpOOKy IO
BHYTPIIIHBOMY KOHTYPY IO BiJHOIIEHHIO JIO TOTOBOTO (BHIUICHO ITYHKTHPOM)
nponuripoBaHoro BHpoOy. HepiBHOMIPHICTh TOBIIMHH CTiHKH 3arOTOBKH
OB ’s13aHa 3 (i3UKO-MEXaHIYHUMH BIIACTUBOCTSMHU OOPOOIIOBAaHOTO MaTepiary
1 0COOIMBOCTAMH TEXHOJOTIi (hopMyBaHHS.

35...40 MM 30...32 MM

16...22 MM

Pucynok 2 — Cxema BiIXuiIeHHs IPodLTI0 3ar0TOBKH BiJ IPOQIII0 TOTOBOTO BUPOOY

Hactynna wexanigHa o00poOKka Takoi 3aroTOBKH CYIPOBOIKYETHCS
MOXUOKaMH TOYHOCTI OTPUMaHHS 33/IaHOTO KOHTYpY jAetaii. [IpyanHOof0 boT0
SIBHIIA € MTOCTIHHI KOJIMBAHHS CHJI Pi3aHHs, sSIKi IPU3BOAATH 10 3MiHU BEITUUUHHU
BIJDKMMaHHS IHCTPYMEHTY BiJl 3arOTOBKH IIPHU NEPEMIILIEHH] y3/10BXK ii KOHTYpY,
3pocTaHHs BIOpaliil y CHCTEMI, XBUIISICTOCTI IOBEPXHI BUPOOY, 1110 POPMYETHCSI.
[Tpu nutidpyBaHHi 3aroTOBOK 3 HEPIBHOMIPHUM MPUITYCKOM HEOOXiIHE OCTilHE
KOpPEKTYBaHHS [apaMeTPiB PeKUMY 00pOOKH, HaTIepe T 3a Bce, IIIMOUHM Pi3aHHs,
IO TPU3BOAUTH JIO0 30UIBIIEHHS KUTBKOCTI MPOXOMAIB 1 yacy mnuripyBaHHS,
MIBUIIEHUX 3HOCY aJMa3HOTO IHCTPYMEHTY i nedeKTHOCTi o0pobieHoi
MMOBEpXHi, OCOONMBO B 30HAX BpPi3aHHA IHCTPYMEHTY, IIOB'SI3aHOTO 3
HEOOXIiTHICTIO 3MiHM TTTHOWHU NUDTiIQYBaHHS 0 3aBepIIeHHS mpoxoxy. Kpim
TOTO, 3 MOINEPEAHbOTO TEXHOJIOTIYHOIO Iepexojy Ha HACTYHNHUH Nepexin
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KOIIIOEThCS MOXHOKAa (OPMH 3arOTOBKM 3 IIEBHOK CTYICHIO YTOYHCHHS B
pagiarbHOMY i MO3OBXHBOMY HAIPSMKaX.

TakuMm guHOM, TIpE 00pOOI HEBPIBHOBA)XKEHOI 3aTOTOBKH 3'SBIIETHCS
YMHHUK 3MiHHOI MacH, SKWH BIUIMBA€ Ha TPYXKHI NEPEeMIlICHHS, a TaKOX
BHUKJIMKA€ KOJMBAaHHSA B TEXHOJIOTiUHIK cuctemi [2, 3]. BimmoBimHo m0
MTOCTIITOBHOCTI TPOIIECY YTBOPEHHS MOXHOKH OOpOOKHM YMHHUKH, SIKi JIFOTH B
TEXHOJIOTIUHIH CHCTEMI 1 SKi BUKIHKaHI TOXHOKAMH BCTAHOBJIEHHS 3arOTOBKH,
CTaTUYHOTO Ta JIMHAMIYHOI'O HAJAIITyBaHHS TEXHOJIOTIYHOI CHCTEMH,
HOPOJIKYIOTH BiIXWJICHHSI IapaMeTpiB BIAHOCHOTO PyXy 0Opo0itoBaHoi neraii
1 pi3aJbpHOrO iHCTpYMEHTY [8], 1110 HEraTHBHO BIUIMBAIOTh HAa TOYHICTb 1 SIKICTh
c(hOpMOBaHUX TIOBEPXOHb.

Benuki BigXWiIeHHsS TOBLIMHM CTIHKM 3aroTOBKM BiA 11 po3MipiB y
TOTOBOMY BHpPOOY, IO BHHHUKAIOTH IPH BIALEHTPOBOMY (OPMYBaHHI, IS
VHUKHEHHS Opaky MOTpeOyIOTh 3aBHIICHHS TEOMETPUYHHX 1 00'eMHHX
napaMeTpiB 3aroTOBKM Ta, SK HACHIOK, HPHU3BONATH OO BEIUKHX BHTpAT
ckiomMacu 1 30impmieHHS 00’eMy MexaHiuHOI 00poOkm. IIpoBenewi
SKCIIEPUMEHTAJIbHI JOCIIDKSHHS ITOKa3aJlH, 0 3a3HAYCHHX HEMOJIKIB MOXKHA
YHUKHYTH, SKIOIO BHUKOPUCTOBYBaTH Uil CKJIOBapiHHSA CHPOBHHY, SKii
npuTaMaHHl piBHOMIpHI ¢opMmyBanbHi BiactuBocti. Ile, Tak 3BaHa,
curanokepamika KC-418, ska Bigpizuserscs Bin AC-418 cmnocobamu
HITOTOBKM CHPOBUHM 1 (OpPMyBaHHS INIpH 30€peKeHHI eKCITyaTalliiHuX
xapakrepuctuk curaimy AC-418.

Po3pobiiena TexHonorisi BupoOHHITBa 3aroToBoK (ITarenTn Ykpainu Ne
66132, Ne 66133) 6azyerbcs Ha 100% BHKOPHCTaHHI CHTAIOBHX BiJXOIiB
ouIIxoM ix meperuiaBkd. OcoOymBocTi  (Pi3MKO-XIMIYHMX 1 MEXaHIgHHX
BJIACTHBOCTEH TaKol CHPOBHHH 3a0€311euyI0Th OTPHMAaHHS CKJIOMACH 3 MEHIIOO
B'S3KICTIO 1 OUTBIIOI0 OJHOPIAHICTIO CKJIagy, IIO JO3BOJISIE BUTOTOBUTH
3aroTOBKY NPAKTUYHO pPIiBHOI TOBIIMHH Y3[OBXK TBIpHOi (HEPiBHOMIpHICTH
CTIHKH cKiafae Big 3 10 5 MM npu 8 — 14 MM y 6a30BoMYy BapiaHTi). 3a paxyHOK
IIbOTO ICTOTHO 301JIBLIYETHCS MPOIYKTUBHICTh MEXaHIYHOT 0OpOOKH OOTIYHUKIB
1 MIJBUIYETHCS 1X SAKICTh — 3MEHINYETHCS TOBIIMHA AS()EKTHOTO mapy BUPOOY
3 350 go 300 MKM 1, SK HacJilOK, 30UIbIIYETHCS HOrO MILHICTh TIPH
He3MinHeHoMy cTaHi Matepiany KC-418 BizHocHO 1o curany AC-418 B 1,5-2
pasm.

2. VYjockoHaJeHHS IpoLeciB MexaHIYHOI O0OpoOKM KepaMidHHX
CKIaTHONPOUIEHUX OOOJNIOHOK 32 paxyHOK BHKOPHUCTAHHS CYYacHOTO
o0iagHaHHS Ha OcHOBI Bepcratis 3 UIIK.

Sx BUAHO 3 HaBEACHWX BHUIIE ITAHWUX, TOYHICTH OOPOOKH KepaMidHHX
000JIOHOK (Ha TIPHKIAAI aHTEHHHX OOTIYHWKIB) alMa3HUM HUTiIQyBaHHAM Ha
TOKapHHX BepcTaTrax 3 CHCTEMaMU CHJIOBOTO KOIIIOBaHHA JOCUTH HHU3bKA, a
cama KoTifoBaibHa cucTema (AuB. puc. 1) depes BelWKi KyTH KOIIOBaHHS HE
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JO3BOJISIE OCTATOYHO HA [UX OMNepallisxX IOBHICTIO pealizyBaTH OOpOOKy
MepeMiHHOT KPUBOi MPOQiio, MO MPU3BOAUTE OO NMPU3HAYEHHS NOJATKOBHX
PYYHHX Olepariiii ams o0poOKu okpeMux ioro ninstHok. KpiM mporo, TOUHICT
JIOBEJICHHS TPO(IITI0 CTIHKM OOTIYHHNKA HAIPSMY 3aJICKUTh Bif KBamidikamii Ta
CYMJIIHHOCTI TpAIfOI0Y0r0, TOOTO BiX JIONCBKOTO (pakTopy, His SIKOTO B
0araTbOX BUIIQJKAX HETATHBHO MO3HAYAETHCS Ha SKOCTI NPOXYKWIl, IO
BUITycKaeTbesi.  Omeparii  KOHTpOJIIO — reoMerpii  BHpPOOy Takox  He
ABTOMATH30BaHI 1 Ha MPOMIDKHHX CTaisIX TEXHOJIOTIYHOTO MPOIIECY 3aTPaTHI 3a
4acoM TOMY, L0 BOHH BKJIIOYAIOTh ONepaiii oOMipy, pO3MITKH i BU3HAYEHHS
MbKoIepaniiH1X NpHUITycKiB. Bee 11e pu3BoIUTh 710 3pOCTaHHs TPYIOMICTKOCTI,
3HM)KEHHIO TOYHOCTI IPOLieCy MEXaHI4HOi 00pOOKH 1 10 IOMIHYIOYOTrO BILIUBY
Ha pe3yJbTaTH Cy0'eKTUBHOTO (haKTopy.

Ha naHomy yaci BAKOPHCTAaHHS iCHYIOUHX TEXHOJIOTIYHHX KOMIUICKCIB Ha
6a3i BepcrariB 3 UIIK MoxyTe y 3HauHil Mipi HiIBUIUTH e()EKTUBHICTH
00po6ku cknagHonpodineHux BupobiB i3 KHM [10]. Byno 3ampomoHoBaHO
3MIHHTH TPHHIMI OOPOOKHM OOOJIOHOK 332 PaXyHOK BHKOPHCTaHHS Cy4acHHX
BepcratHUX cucteM 3 UIIK, siki O3BOJNAIOTH BIAMOBUTHUCS BiJ HPUHIHITY
BUKOPHUCTAHHS KOIIIPiB 11 (HOPMOYTBOPEHHS BHPOOY i MiIBHIIIATH KOPCTKICT
cucremu. [Ipy 1bOMY MOXKITUBO BUKOPUCTATH TEXHOJOT1UHI 3aCO0M 3MEHILICHHS
KOJINBaHb, BIOpalliif, MUHAMIYHMX HABAHTAXXCHb Yy TEXHOJIOTIYHIA CHCTEMI.
OcraHHE J03BOJISIE 3MEHIINTH 3yCUILISL Pi3aHHsI, HalPaBJICH] Ha TOBEPXOHb, 1110
(dopmyeTbes, cTabiTi3yBaTH AMHAMIKY TIPOLECY 1 Yyepe3 Iie 3MEHIINTH MINOUHY
1 IOKPAIUTH CTPYKTYPY MOPYIICHOT0 0OpOOKOIO mapy.

ABTOMATH3aIlisI TPOIECiB MEXaHIYHOI OOpOOKH 1 KOHTPOIIO [eTajei
ckragHoro mpodimo 3 KHM mo3utmBHO Bimi®’eThcss Ha iX 3araipHii
TPYAOMICTKOCTI 1 TO3BOJUTH ITOBHICTIO BiIMOBHTHCS Bif omepamii py4HOl
JIOpPOOKH 1 KOHTpPONO c(hOpMOBaHOTO Mpodimo BHPOOIB, AKi B yMOBax
BHPOOHHMIITBA 3afIMalOTh 3HAYHY YACTHHY TEXHOJIOTIYHOTO TPOLIECY 1 3aJekKaTh
Bix KBami(ikamii BepcTaTHHKA.

3. YaockoHaeHHs IPUHIMIIB OTPUMAaHHS 3arOTOBOK CKJIQJHOI (JOpPMH 3
KepaMiuHUX MaTepiasiB 3a PaxyHOK BUKOPHUCTaHHs cydacHuX 3D-texHoiorii
ApYKY.

[Mpuknagom moaiOHMX TEXHOJIOTIH, 3a SIKMMH MailOyTHE, € CeJICKTHBHE
nazepHe cmikanus (Selective Laser Sintering, SLS) [11], mo e meromom
A/INTHBHOTO BUPOOHMIITBA 1 BUKOPUCTOBYETHCS VISl CTBOPEHHS BUCOKOTOYHHUX
BUPOOIB TPAKTUYHO HEOOMEXKEHOi TEeOMETpPHYHOI CcKiamHocTi. TexHomoris
0a3yeTbcs Ha TOCIIJOBHOMY CIIIKaHHI IIapiB IMOMEPEIHBO PO3IrpiToro Maibke
JI0 TeMIIepaTypH IUIABJICHHS ITOPOIIKOBOI0 Marepialy 3a IONOMOIOI0 Jaszepa
BHCOKOI MTOTY>KHOCTI, SIKHH 3a0e3medye CcrikaHHI YaCTHHOK TIOPOIIKONOiOHOTO
Matepiany (miamerp wactuHOK 50-100 MKM) mns OTpHMaHHS HEOOXiTHOTO
KOHTYpY Irapy. OTpuMaHi 3a TaKOIO TEXHOJIOTI€I0 3ar0TOBKH MOTPEOYIOTH JIUIIE
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¢inimHEOI MeXaHIYHOT OOpOOKH, HANPHKIAN, MOJIPOBKH, Ui 3a0e3MCUCHHS
3amaHoi mopcTkocTi BupoOy. Bukopucranus 3D-apyky metogom SLS mo3Bossie
BHPOOIIATH CKJIa/IHI I€Tall CHIOBUX yCTaHOBOK, aBia0yayBaHHS, KOCMOHABTHKH,
TOIIO.

Texuomnorii 3D-mpyky kepamidHHX BHPOOIB BKE B3HAWIDIM pealbHE
BUKOPHUCTaHHA B YKpaiHi 1 peami3yloThCs 3a OIMOMOTOI0 YHIKAIbHOTO
BUCOKOUIBHAKICHOTO 3D-mpuHTEpa, KU CTBOPEHHH YKPaiHCHKHM CTapTaroM
Kwambo — ozmechkoro pabprkoro, Ha sKiil MU BUKOPUCTAHHI HOBOI TEXHOJIOTIT
crpymeneBoro 3D-apyky kepamidHHME mOpoiikamu [12] cTBOPIOOTH Bimpa3sy
rOTOBi 00 €KTH CKJIa/IHOT ()OPMHU 3 TOUHICTIO APYKY 10 20 MKM. Bukopucranus
TexHoJori# 3D-npyKy 103BOJUTH JOKOPIHHUM YHHOM 3MIHUTH TEXHOJOTTUHUI
MpoLEC BUTOTOBJICHHSI KEpaMiuHHUX JeTaJieil THITy OOOJIOHOK y TOPIBHSHHI 3
ICHYIOUMMH TIpollecaMH X BHPOOHHWIITBA, a CaMe, BHUKIIOUUTH Iy HU3KY
CKJIIaJHUX 1 MaJIOTIPOAYKTUBHUX OMeEpalliii — BiJ 3aroTiBeIbHHUX IO OMepariit
MeXaHI9HOT 0OpOOKH.

BucHosknu

BukopucroByroun po3poOieHy y3araibHEHy Mojenb (HOpMyBaHHS
MOXUOKH TPOo(ULII0 TPH arMa3HOMy NUTiIQyBaHHI TOHKOCTIHHHX JeTanei
obononkoBoi (opmu 13 KHM 3pilicHeHo anaini3 (akTopiB, siKi BU3HAYarOTh
NOXMOKH ITPU MEXaHi4Hii 00poO1i 1 BUSBIEHO CIIOCOOM 3MEHILIEHHS 1X BILUIUBY
Ha TOYHICTH 1 SIKICTh C(POPMOBAHHMX MOBEPXOHb. [lepur 3a Bce - 116 YMHHUKH
HEpIBHOMIPHOCTI TNPHITYCKY, SIKMH YTBOPIOETBCSI Ha CTaiil OTpPUMAaHHS
3aroTOBKH, 1 HOT0 KOMiOBaHHs Ha Mpodias 00poOIIOBaHOI HA BUKOPUCTAHOMY
oOJiasiHaHHI AeTali, a TaKoXX 3MIHHHX TI0 JIOBXKHMHI )KOPCTKOCTEH 3arOTOBKH i
MPUCTOCYBAHHS.

IlepcriekTHBa AAHOTO AOCII/DKEHHS MOJIATa€ B MOXKIMBOCTI MiIBUILCHHS
e(eKTHBHOCTI Ta piBHS aBTOMaTH3aIlii 00poOKH BHPOOIB - 000IOHOK CKIIATHOT
pocTopoBoi (OpPMH TUIAXOM: BIOCKOHAJIECHHS TEXHOJIOTI] 3aroTiBeIbHUX
orepaniif; po3poOKH TPOTPECHBHUX CXEeM NUTIQYBaHHS TMpPH BUKOPHCTaHHI
BepctariB 3 UIIK; BukopucraHHs cy4dacHUX TexHosoriii 3D-npyky mis
OTpPUMaHHS BiJpa3y TOTOBHX O0’€KTiB CKJIAAHOI (OPMH, MIHYIOUH HH3KY
CKJIQJIHUX 1 MaJIONPOJYKTHBHUX ONEpalid, II0 BXOIATH JO CTPYKTYpH
TEXHOJIOTIYHUX MPOLECIB III0YNX 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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Kpamatopcrk, Ykpaina

3ABE3NEYEHHSA HAJIIMHOCTI EKCILTY ATAIII
TEXHOJIOTTYHOI CAICTEMM BAKKHX BEPCTATIB

AHoTauiss. B pobomi eupiwena 3aoaua niosuweHHs HAOIIHOCMI eKCnayamayii mexHon02iyHoi
cucmemu 8aANCKUX BEPCAMIE ULIAXOM BUZHAYEHHS PAYIOHANbHOI cmpame?ii ii 06ciy208y8aHHs,
Ipedcmasnena cucmema NOKA3HUKIE HAOIHOCMI Npoyecy eKchayamayii mexHoI02IMHOI cucmemu
8AICKO20 MOKAPHO20 6epCMAmy, SKA CKIAOAEMbCs 3 eepcmamy, Oemani, IHCmpymeHmy i
sepcmamuuxa. Ilokaznuxom HadiliHocmi cucmemu 3anponoHOBAHO BUKOPUCTNOBYBAMU KoepiyieHm
20MOGHOCMII, AKUU 6KIIOUAE XAPAKMEPUCTUKY AK THMEHCUBHOCMI 6I0MO6 cucmemu, max i
iHmeHcugnicms 8i0Ho61eHH A iT npayezoamnocmi. Cmamuunuil aHanis pobomu cucmemu 003601U8
BUABUMU CIMPYKMYPY HACY IT MEXHOIOLIUHOL po6Omu, WiNbHICHb POZNOOLLY YACY NPOCMOIE CUCmeMU,
o8 A3aHUX 3 00CHY208Y8aAHHAM IHCmpymenmy. Po3pobaeno mamemamuuni moodeni koegiyienma
20mosHoCcmi 011 080X cmpameziti eKCnayamayii mexHoN02IUHOI CUCeMU B8AHCKO20 MOKAPHO20
gepcmama: He3anedcHo20 00CIY208YBaAHHS CUCTEMU BePCMIAMHUKAMU | CRITLHO20 00CTY208Y8ANHS
KiTbKoMa  8epcmamuuxamu. 3acmocy8ants po3poOeHux MamemMamuynux mooenel 0036011€
nidibpamu HeobXiony cmpameciio 00CIY208Y8anHs cucmemu 01l 3a0e3nedentss Ne6HO20 PIGHs
HaoitiHocmi i1 ekcnayamayii.

KaiouoBi cinoBa: sabesneuenns HaditiHoCmi; MeXHOIO2IYHA CUCHEMA; DI3aNbHULl THCHMPYMEH,
8adICKI gepcmamil.

Beryn. ITocranoBka npoéJiemn.

JocnimkeHHsT 0COOJIMBOCTEH eKCIUTyaTalil 1HCTPYMEHTY Ha BaXKHX
BepcTaTax MoKasajo, Mo HApPsAy 3 MiJBUICHUMHU CEPEIHIMU HABAHTAKCHHIMU
Ha pi3aJbHUI IHCTPYMEHT, NOB'SI3aHUMHU 31 3HAUHUMH NEPETHHAMH 3pi3y, NpU
MeXaHI4Hili 00poOLi crocTepiraeThesl TaKOXK BEJIHMKa KiJIBbKICTh (DaKTopiB, IO
00ypIOIOTh, TOB'I3aHUX 3 PO3CIIOBaHHAM IapaMeTpiB eKcIuryaTtamii 1
BJIACTUBOCTEH IHCTPYMEHTIB. Y 3B'I3Ky 3 HUM OJHHAM 3 HAaWBaXITUBIIIAX
KpHUTEpIiB SKOCTI IMporecy eKcIuTyaTamii € Horo HamiifHicTh. OCKITBKH caMm
TpoIiec eKCIUTyaTallil € CKJIaJHOI0 CHCTEMOIO, III0 BKIIIOYAE OE3IY MiJICUCTEM,
10 BUKOHYIOTH Pi3HI QYHKIIT 1010 3a0€3IeUeHHs palioOHaIbHOT eKCIUTyaTarlil
IHCTPYMEHTY, IS OI[IHKH HOTO HaIiHHOCTI B ILiif poOOTi 3aCTOCOBYETHCS P
pi3HUX moKa3HUKIB (puc. 1). Pi3anpHUI iHCTPYMEHT € HEBiT'€MHOIO YaCTHHOIO
(HaliOinpII Bpa3NMBUM €JIEMEHTOM) TEXHOJIOTiuHOI cucrtemu. [Ipu mpomy
BEpCTaTHHKaM 3 METOI0 BH3HAYEHHS ONTHMAaJbHOTO pIBHSA HaIilHOCTI
TEXHOJIOTIYHOI cucTeMH - KoediumieHta ii rotoBHocTi. [IpumitHATO BBa)kaTH
piBeHb HAJIHHOCTI TEXHOJOTIYHOI CHCTEMH 1 mpolecy ii 00cIyroByBaHHS
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IMOKa3HIKOM HaJiHHOCTI MPOIECy eKCIUTyaTalii iHCTpyMeHTy. TpaluiiifHuMu
mokasaukamu [1, 2, 3], € mokasuuku Oe3pimmoBHOCTI P (7), T Ta iHmi, sKi
XapaKTepu3yTh HaIiiHICTh pi3ajbHOrO Je3a B 3B'A3KY 3 Horo BinmoBoro. [1pu
Tepexoi BiJ HamaiHWX IHCTPYMEHTIB N0 30ipHHX BHHHKIA HEOOXITHICTH iX
PO3TIALY 3 TOUKH 30py HAIIIHOCTI 30ipHUX pi3LiB SIK CHCTEMHU eJIeMEHTIB [4].
AJle He BUpIlICHA 33/1a4a 3aCTOCYBaHH: YHIBEPCaJbHOTO IOKa3HUKA HAAiHHOCTI
TEXHOJIOTIYHOT CHCTEMH .

IETeHCHEHICTE

TIpomec TexsomoriuEa mingion ki Pigennp Tlepiox
0OCTYTOEVEAHER CHCTEMA Bi.:mos:xe;m i HaJiHHOCTI CTIHKOCTI
THzcyamoemt
ST=TK
VrpaeminEA Beperar </'® Copemsiii
BEpCTaToOM \ T
= + b T'aes-eizcor -
Voopka : e Ko
CTPYAKH ! /v@’ - Iy
L Is sanzmoi
= ivozipmicTIO
3MiHa T2 Hetams | @/ Try
KOHTPOJIB
i @
| Y
1
s o !
CTpaterii 3MiEH , _.—@
3umiHa . ° J @
iHCTPYMEHTY IHCTpYMEHT o
— = kR b
3aTouKa, pe- /
MOHT IHCTPYM. @ Ha O
3abeznedeHICT Beperanx \.B
1HCTPYMEHTOM PiBeHB Harpy3KH Ha
AL A BepCTafHHKA

CTparterii 0OCTYTOBYBaHHA
Pucynok 1 — [Toka3HUKH HAIHHOCTI MPOIIECy eKCILTyaTallil TEXHOJIOTIYHOT CHCTEMHU

[Toxa3sHWKOM HAAIHHOCTI TAaKOrO PI3I BIEpIIE 3alPONOHOBAHO
BHKOPHCTOBYBaTH KO€(Iili€HT TOTOBHOCTI 30ipHOTO iHCTPYMEHTY, SIKHAN
BKIIIOYa€ B ce0e HE TUTBKW IHTCHCHBHICTH BiMOB €IIEMEHTIB pi3ls, a i
IHTCHCUBHICTD BIJHOBJICHHS IX TIpare3aTHOCTI, TOOTO € KOMIUICKCHUM
MMOKAa3HUKOM, 3aCTOCYBaHHsS SIKOTO JIO3BOJISIE  YIPABIATH  HAJIHHICTIO
IHCTPYMEHTY 3a JOMOMOTOK SIK TEXHOJOTIYHHX, TaK 1 KOHCTPYKTOPCHKHX
(axropis.
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MeTtoauka q0caisKeHb.

CTaTHCTHYHI TOCTIDKCHHS BIACTHBOCTEH 0OCITyTrOBYBaHHS 3 TOYKH 30PY
SKOCTI TIpOlleCy eKCIUTyaTallii [oKa3ajid, IO IPOCTOi, TIOB'S3aHi 3
00CITyTOBYBaHHIM Pi3aIEHOTO IHCTPYMEHTY, Pi3KO 3pOCTAIOTh IJIs BEPCTATIB, y
SKAX Pi3LETpUMay 3HAXOAMUTHCS Ha MalIaHYMKy, PO3TAIIOBAHOMY Ha INEBHIN
BrucoTi. KpimM Toro 301LMBOIyEThCS Maca iIHCTPYMEHTIB JJISI BEPCTATiB BEIUKHAX
TUIOPO3MipiB. 30UNBIIEHHS PO3MIPIB  JeTalli CTBOPIOE  IICHXOJIOTIYHY
HalpyXeHIiCThb Ui BEpPCTaTHUKA 1 3HWXKYE IHTEHCHBHICTh IPOIECIB
BiJTHOBJICHHS TPAIIe3/IaTHOrO CTaHy CUCTeMHU. Y poOoTi [5] 3 1iel Touku 30py
3aIpOIIOHOBAHO BUKOPHCTOBYBATH IIOKa3HHUK HAIPYKEHOCTI Ipalli BEpCTaTHUKA
SIK O/INH 13 KPUTEPiiB ONTHMI3allil peXKUMIB Pi3aHHS IS BaXKKHX BepcTaTiB. AJie
i JOCTIKCHHS TMepeliin B 007acTh IICHXOJOTii 1 MOTHBAINI mparri
BEPCTATHUKA 1 MaJO0 CTOCYBAJHCS TEXHIYHOI CTOPOHH IMPOLECY EKCIUTyaTarii
IHCTPYMEHTY.

Ha puc. 2 mnokasaHuil mNpuKIaZ BaKKOTO TOKApHOTO BepcTara,
00CITyroByBaHHS SIKOTO HEOOXITHO MMPOBOAUTH 3 MalllaHYMKA, 10 3HAXOIUTHCS
Ha MeBHIH BUCOTI.

Pucynok 2 — Baxxuii TokapHuii Bepcrar 3 UIIK
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VY Tabauui 1 mpeacTaBliieHi pe3ybTaTH CTATUCTUYHOTO aHATi3Y CTPYKTYpH
yacy (pyHKIIOHYBaHHS CHCTEMH IpH 0OpoOIi JeTanell Ha Ba)XKUX TOKAPHHUX
BepcTaTax Pi3HUX TUIOPO3MIpPIiB (XapaKTEpUCTHKOI TUIOPO3MIpYy BepcTarta €
HaOIIBIIU# AiaMeTp HaJl CTAaHUHO 00pobIroBanoi Aetani D).

Ta6muist 1 — CTpykTypa yacy poOOTH BaXXKKHX TOKAPHHUX BEPCTATIB

IIpnunna crany cucremn Tunopo3mip Bepcrary D,
MM

1250 [ 2500 | 4000
Jons gacy poboTu cucreMu

3MiHa i KOHTPOJIb JICTaJl 0,15 0,10 0,16
KepyBanHs BepcTaToM 0,03 0,03 0,03
Iami npocroii 0,13 0,07 0,04

Tpocrii, mnoBs3ani 3  obcmyroByBanusm | 0,08 0,06 0,19
Ppi3aJbpHOTO iHCTPYMEHTA
Pizanusa 0,61 0,74 0,68

Ha wactky mnpocToiB, mMOB'SI3aHMX 3 OOCIYrOBYBaHHSM pi3albHOTO
IHCTPYMEHTY, TOBOANTHCA 8 - 9% BChOTO Hacy (hYHKIIOHYBaHHS CUCTEMH 1 25 -
27% w4acy, B SKOMY CHCTeMa 3HaXOJIUThCS B Hempaue3gaTtHomy crani. Yac
NPOCTOIB, MOB'I3aHUX 3 OOCIYTOBYBAaHHSM Pi3aJIbHOTO IHCTPYMEHTY, BKIIIOUAE
Yac 3aMiHH, 3aTOUyBaHHs, PEMOHTY, HAJIar0JUKEHHS 11033 BEpCTaTy iIHCTPYMEHTY,
Yac XOJIHHS BepCTaTHHKAa (HaIaJA4MKa) B IHCTPYMEHTAIBHY KOMODY.
CraTuCTHYHI JOCIIKEHHS TIOKa3yI0Th, 110 PO3IOJIiJI CyMapHOTO 4acy MPOCTOiB
CHUCTEMH, TMOB'SI3aHUX 3 OOCIIYTOBYBAaHHSM pi3aJlbHOTO I1HCTPYMEHTY (4acy
BiTHOBJICHHS Mpare3JaTHOCTI CUCTEMH), 1110 HE CyTIepeYnTh
eKCIoHeHIansHoMy 3akoHy G(f) = 1 — e™ a wac BiAMOB pi3albHOTO
inctpymenty F(t) = 1 — e™, me pw i A - iHTEHCUBHICTb BiJHOBJICHHS i BifMOB
incTpymenTy. Ha puc. 3 moka3aHwuii mpuKIiIaj po3noIiry 4acy IPOCTOI0 CHCTEMH,
MTOB'SI3aHUX 3 0OCITYTOBYBAHHSAM IHCTPYMEHTA.

= 0,06

0,05 AN
0,04 N
0,03
0,02
0,01

0
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Pucynok 3 — llinbHICTE po3n0OALTY Yacy MPOCOiB TEXHOJIOTIYHOT CHCTEMH,
TOB'A3aHUX 3 Pi3aJbHUM IHCTPYMEHTOM
Meta po6oTH — MiIBHIICHHS HAIIHHOCTI eKcIuTyaTtalii TeXHOJOTi4HOI
00CITyTOBYBaHHS.
Po3podka maTemaTuuHuX Mojeei

PosrnsHEMO pi3Hi cTpaTerii 00CIyroByBaHHS CHCTEMH, KA CKIIAIAETHC i3
3pa3KiB IHCTPYMEHTY BEpCTaTHHKaA 3 I IpauiBHUKIB. Ha BaxkoMy TOKapHOMY
BEpCTaTi 4acTo NPALOIOTh JBA CYIOPTH B PEXUMaX SK ITOCTIIOBHOIO, TaK i
rmapajenbHOTo 3'€THaHHS 3 TOYKU 30py HamiiHOCTI. Bepcrar obcmyroBye mBa
BEpPCTaTHWKA, pOOOTa SIKUX MOXE OYyTH SIK B pPEKHMI HE3aJIe)KHOTO
00CIIyroByBaHHsI, KOJH KOKEH 3 HUX 3aKpIIUICHHH 32 POOOTOI0 OKPEMOTO BUAY
IHCTpYMEHTa, TaK i B peXXnMI CIJIbHOTO 00ciyroByBanHsl. [lepenbauaernces, mo
cucTeMa MOXKe Iepe0dyBaTd B OJHOMY 3 TPhOX MOJIIMBHX CTaHIB B TIEBHHH
MoMeHT uacy t. [lozHaummo: 0 — craH cucTeMHu, B sIKii BCi IHCTpYMEHTH
npare3aarHi; 1 — craH cuCTeMH, KOJIM OIMH IHCTPYMEHT BUNIPABIICHHH, a PYTHiA
BIJIHOBJIIOETBCS; 2 — CTaH BiJHOBJICHHS BCIX IHCTpyMeHTiB. Takum YHHOM
(yHKIIsI TOTOBHOCTI CHCTEMU € IMOBIPHICTB 3HaX0pkeHHs B cTaHi 0, Po(t) . Jami
BBaXKaTHMeMo, 110 Po(t) 3anexxuts Bix uncia BepcTaTHUKIB. B nbOMy BHIIanKy
cucrema Oyne nepedyBaTu B ctadi 0 TUM Oinblire, 9uM Oinbiie 1. 3aCTOCOBYIOUH
MapKOBCHKHAH MiAXiA OIIHKK HATIHHOCTI 1 CHCTEMH 3alMIIeMO MAaTPHINO
Mepexony 3 OJHOIO CTaHy CHCTEMH B IHINY Uil BHNAAKIB ' = N = 2 mpwH
He3aJIe)KHOMY 00CITyroByBaHHS CHCTEMHU:

1-22 24 0
P.= wu 1—(/1+,u) A
0 2u 1-2u

Cucrema, mepeOyBarodr B CTaHi 2 B MOMEHT 4acy t, MOXe MOBEpHYTHCSA Y
cran 1 3at, t + dt, skmo Oyas-skuit 3 IHCTPYMEHTIB BiTHOBICHWI (3aMiHEHMIT)
3a e yac. IMOBipHICTH Takoi Mofii TOPiBHIOE:

2udt (1- pdt) = 2dt +0(dt).

MoskHa OTpHMAaTH pIBHSHHS Ui CTaJOro pexXuMmy (IS BEIHKOTO
NPOMIXKKY 4acy pobouoi 3minm). [Ipu TpuBamiii ekcruryaTanii 10Jis 4acy, KOJu
cucreMa Oyze nepeOyBaTH B KOKHOMY CTaHi, HE 3aJI€XKHTh Bij 1i TOYaTKOBOTO
CTaHy.

3Bizick, B Mexi 3HaYeHHs KOKHOI ¥mosipHOCTi Pi(t) Gyme mocriitanm,
limPi(t) = P, mo mae MOXJIUBICTh BiIHAWTH PIllICHHs IS CTAOTO PEKAMY
MpUPiBHIOBaHHS MOBUTRHKUX Hyr0 liIMR(t) = 0, i BUKOpHCTOBYBATH YMOBH, 110
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nepeOyBaHHs. CHCTEMH B KOXKHOMY 3 MOXIIMBHX CTaHiB — MHOMil B3a€MHO
BUKIIIOYHI, Po+ P1 + P, =1, .
To/i MOXHa 3aMUCaTH HACTYITHY CUCTEMY anreOpaidHuX piBHSIHb:

2P, + 1P =0,
24P, —(A+ )P +2uP, =0,

AP —2uP, =0,
P, +P+P, =1

Bupimyro 1i piBHSHHS i ICTAHOBKOK, OTPHUMYEMO BHpPa3 JUIsl BU3HAYCHHS
KoediIieHTa TOTOBHOCTI CHCTEMH TIPH 11 He3aJIe)KHOMY 0OCIyTOBYBaHHI IBOMa
BEpPCTAaTHUKAMH:

K, =121 (A+u).

OnHak BEepCTATHUKH MPALIOIOTH HE3aJE)KHO OAWH BiJ OJHOTO TUIBKH 3a
OIHOYACHOI BIIMOBM IHCTPYMEHTIB, 3aKpiIUIEHMX B IBOX CYIOPTax.
[punycTumMo, 1mo oOCIyroByBaHHS OIHOIO BepcTara JIBOMa CTaHOYHHKOM
MIPOBOIUTHCA 3 IHTEHCUBHICTIO 1,5 [L 1 110, SKIIO 1Ba BEpCTaTHHUKA OOCIYTOBYE
OIIMH CYTIOPT, & iIHCTPYMEHT, 3aKPIIUICHAH y IPYTOMY CYIIOPTi, BUXOAUTH 3 Ty,
TO APYIWi BEPCTAaTHUK HEraifHO MEPEMHKAETHCS Ha O0OCIYrOBYBaHHS JPYroro
iHcTpymeHTy. Toxai mpu cHiIbHOMY OOCIYyrOoByBaHHS CHCTEMH MAaTpHILS
nepexo/iiB P HaOyBa€ BUMIISY:

1-24 24 0
P.=15u 1-(A+154) 4
0 2u 1-2u

[Ipu 1mpOMY  KOe]iIiEHT TOTOBHOCTI  JOPIBHIOE  HMOBIPHOCTI
Mpare31aTHOro CTaHy:
2
K, =P =—F5—" .
3u’ +4ul+24

VY Tabmuuni 2 U1 NOpIBHSHHA HaBeleHi KoeilieHTH TOTOBHOCTI CHCTEMH
B TPHOX BUITJKaX 00CIyrOByBaHHS IHCTPYMEHTY OJHUM 1 IBOMa BEPCTaTHUKAM.
MoykHa TTOMITHTH, IO TPH CHITFHOMY OOCIYTOBYBAaHHS CHCTEMH IBOMa
BEpPCTAaTHUKaMH KOe(ili€eHT TOTOBHOCTI CHCTEMH 3HAYHO IIiJBHIIYETHCS B
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MOpIBHSHHI 3 HE3aJC)KHUM OOCITyrOBYBaHHSM, sSKa Malla BiAPI3HAETBCSA Bif
BHUIIAKy POOOTH OJHOTO BEpCTaTHHKA.

Tabmuust 2 — TlopiBHAHHSA IOKAa3HWKIB HaIIMHOCTI NpHM PI3HUX CTpaTeriix 3MiHH
incrpymenty (A= 0,05 munl, u=1,01 mun?)

KoedimienT CymapHuit
Croci6 00ciyroByBaHHS TOTOBHOCTI npocriit 3a 10000 xB.
CHCTEMH pOoGOTH CHCTEMH, XB.
OnMH BepCTaTHUK 0,9050 946
A. H JKH
OGCH;?"?)J;;Ba:I:Hﬂ 0,9070 928
[lBa BepcTaTHHKA B Crinene
- 0,9360 639
00CITyrOByBaHHS

VY 3araJpbHOMYy BUNAAKYy, KOJM € N pi3aJbHUX IHCTPYMEHTIB 1 I
BEPCTAaTHUKIB, WMOBIPHICTh MEPEXOIB 3aJCKUTh BIiJ YHUCIA BIIMOBJICHHX
iHCcTpyMeHTiB, KoTpi mo3Haummo uepes Kk (K = 0,1,2,....,n). HmoBipuicts
3HAXO/KECHHSI CHCTEMH B JISIKOMY CTaHi Oy/e 3anexatd Bix ymoB K < r, k=
a60 K > r, 1uist SIKMX OTPUMAaHO BUPA3H BU3HAYCHHS HMOBIPHOCTI Ipalie31aTHoro
CTaHy CHCTEMHU:

r-1 n! . n n! pk—r
K :P: r_ , 1
T Emek” T & m-m? (1)
A
e p=—.
u
BucnoBku.

MaremarnyHa Moaenb (1) Moxke OyTH BUKOpUCTaHa JUIs CTaTHCTHYHOTO
MOJEIOBaHHS ~ OOCIYrOBYBaHHS ~ TEXHOJIOIIYHOI ~ CHCTEMH.  3HAIOYH
IHTEHCHBHOCTI BIZMOB 1 BIJIHOBJEHHs TIpale3JaTHOCTI CHUCTEMH, MOXKHa
miniopatu HEoOXiqHY CTpaTerito OOCIyroBYBaHHS JUIS OTPHMAHHS 3aaHOTO
piBHA HaxiifHOCTI. MOXUIMBE BHPIMICHHS 1 3BOPOTHBOI 3a/adi MPH 3aTaHOMY
KoeQiIieHTI TOTOBHOCTI CHCTEMH B pI3HHX TMOEJHAHHAX A 1 W, SKi
XapaKTePU3yIOTh IHTCHCUBHOCTI BiIMOB 1 BIiHOBICHHS MpaIe3IaTHOCTI
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IHCTPYMEHTY, SIKi peaii3yloThCS Ha CTamil BHOOpY iHCTpyMeHTY. OCKiTbKH
HalfuacTime B BUPOOHHYHX yMOBaX BaKKi TOKAapHI BEPCTAaTH OOCITyTOBYIOTHCS
JIBOMa BEpCTaTHUKAMH (OCHOBHHM 1 MiPYyYHHUM), B IIbOMY BUMAAKY HaiOLIbII
e(eKTHBHUM 3 TOYKH 30py HAIIMHOCTI € CIiIbHE 00CITyroBYBaHHS TEXHIYHOI
cucTeMu. 3aMiHa pi3aIBHOTO IHCTPYMEHTY Ha BaXKKHX BEpCTaTax —
TPYAOMICTKHIA 1 BIAMOBINANBHWN TpOIEC, TOB'SI3aHUH 3 BEIUKOI MAacOI0
iHCTpyMeHTY (iHO/i MoHa ] 25 Kijlorpam) 1 BUCOTOIO CYNOPT Ha MalIaHuMKy, Ha
AKy Ut BepetaTiB ¢ De > 2500 MM HeoOximHO mimHIMaTHCS Mo cxoax. B 3B's13ky
3 ouM HaOyBae OUTBIIOTO 3HAYEHHS NPaBWIBHUI BHOIp cTparterii 3aMiHU
IHCTpYMEHTY, KM 3a0e3rnedye NpH HaWMEHIIMX BUTpaTax MaKCHMallbHHN
piBEHBb HaIIHHOCTI.
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koHCTpyKkuii sk cuctem / Il Knumenko // CyuacHi indopmariiini TexHonorii, 3acobu
aBTOMAaTH3allii Ta enekrponpuBon: Marepianu Beeykpaincbkoi kondepenuii 19-21 ksitus, 2018.-
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Kramatorsk, Ukraine

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. Felhé 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 RCKT1204MO0-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

QB W|IN| -

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

‘71.

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 [pm]

[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 4626 | 4.731 4.467
300 0.805 0.942 0.784 4981 | 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 [um]

[m/min]  |Entry Symm | Exit Entry Symm Exit
100 4127 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
o
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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 Ra, 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 100 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 200 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

SYMMET EXIT

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 Ry, 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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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.

ACKNOWLEDGEMENTS

The authors greatly appreciate the support of the National Research,
Development and Innovation Office — NKFIH (No. of Agreement: K 116876).

The described study was carried out as part of the EFOP-3.6.1-16-00011
“Younger and Renewing University — Innovative Knowledge City — institutional
development of the University of Miskolc aiming at intelligent specialization”
project implemented in the framework of the program Szechenyi 2020. Both
grants are gratefully acknowledged.

References: 1. Alharthi, N.H., Bingol, S., Abbas, A.T., Ragab, A.E., El-Danaf, E.A., Alharbi, H.F.:
Optimizing cutting conditions and prediction of surface roughness in face milling of AZ61 using
regression analysis and artificial neural network, Advances in Materials Science and Engineering,
7560468. (2017). 2. Subramanian, A.V.M., Nachimuthu, M.D.G, Cinnasamy, V.: Assessment of
cutting force and surface roughness in LM6/SiC, using response surface methodology, Journal of
Applied Research and Technology 15, pp. 283-296. (2017). 3. Ghoreishi, R., Roohi, A.H.,
Ghadikolaei, A.D.: Analysis of the influence of cutting parameters on surface roughness and cutting
forces in high speed face milling of Al/SiC MMC, Materials Research Express 5(8), 086521. (2018).
4. Pathak, B.N., Sahoo, K.L., Mishra, M.: Effect of Machining Parameters on Cutting forces and
surface roughness in Al-(1-2) Fe-1V-1Si Alloys, Materials and Manufacturing Processes 28(4), pp.
463-469. (2013). 5. Hernandez-Gonzalez, L.W., Perez-Rodriguez, R., Quesada-Estrada, A.M.,
Dumitrescu, L.: Effects of cutting parameters on surface roughness and hardness in milling of AISI
304 steel, Dyna 85(205), pp. 57-63. (2018). 6. Felhd, C., Karpuschewski, B., Kundrdk, J.: Surface
roughness modelling in face milling, Procedia CIRP 31, pp. 136-141. (2015). 7. Baek, D.K., Ko, T.J.,
Kim, H.S.: Optimization of feedrate in a face milling operation using a surface roughness model,
International Journal of Machine Tools and Manufacture 41(3), pp. 451-462. (2001). 8. Mufioz-
Escalona, P., Maropoulos, P.G.: A geometrical model for surface roughness prediction when face
milling Al 7075-T7351 with square insert tools, Journal of Manufacturing Systems 36, pp. 216-223.
(2015). 9. Zhenyu, S., Luning, L., Zhangiang, L.: Influence of dynamic effects on surface roughness
for face milling process, International Journal of Advanced Manufacturing Technology 80 (9-12),
pp. 1823-1831. (2015). 10. Wang,R., Wang, B., Barber, G.C., Gu, J., Schall, J.D.: Models for

96



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

prediction of surface roughness in a face milling process using triangular inserts, Lubricants 7(1), 9.
(2019). 11. Pimenov, D.Yu., Bustillo, A., Mikolajczyk, T.: Artificial intelligence for automatic
prediction of required surface roughness by monitoring wear on face mill teeth, Journal of Intelligent
Manufacturing 29(5), pp. 1045-1061. (2018). 12. Bagci, E., Aykut, S.: Influence of symmetric and
asymmetric machining strategies on surface roughness in face milling process of cobalt-based
superalloy, Jounral of the Balkan Tribological Association 19(1), pp. 23-26. (2013). 13. Cui, X,
Zhao, J.: Cutting performance of coated carbide tools in high-speed face milling of AISI H13
hardened steel, International Journal of Advanced Manufacturing Technology 71 (9-12), pp. 1811-
1824. (2014). 14. Varga, G. Kundrdk, J.: Effect of technological parameters on surface
characteristics in face milling, Solid State Phenomena 261, pp. 285-292. (2017). 15. European Steel
and Alloy Grades/Numbers, C45,
http://www.steelnumber.com/en/steel composition eu.php?name id=15/
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JOCJILIZKEHHS ITOPCTKOCTI HOBEPXHI ITICJISI TOPIEBOI'O
®PEZEPYBAHHA KPYIJIOIO PIXKYYOIO IIVNIACTHHOIO
B IVIOIHAX, ITAPAJIEJIbBHUX HAITPAMKY IHOJAYI

AHoTauis. YV yiti cmammi po32ns0aemobCs  WOPCMKICMb NOBEPXHI, 00ePAHCYBAHOT WIAXOM
CUMEmpUYHO20 Mopyeoeo @pesepysanns. B xo00i oOocnionuyvkux pobim eusuascs enuug
BUKOpUCMANHSL KpYenol (hpe3epnoi niacmunu na monozpaghiio noeepxui npu pisHUX wWeUOKOCmsX
pizanns. 2D i 3D 6uMipro8anHs WOpCmMKOCMI NOBEPXHI NPOBOOUNUCS 8 MPLOX NIOWUHAX BUMIDY,
napanerbHux HanpAMKY nooadi, npU4oMy 0OHA 3 HUX NPeOCMAasisAna cob0w NIOWUHY cumempii, a
06 iHwii - Ha 0OHAKoSIU eidcmani 6i0 Hei, 3 06ox cmopin. B oaniii pobomi excnepumenmu no
peszepysannio 3 0OHI€IO KPy2nol0 NIACHUHOIO NPOBOOUNUCS HA CMANEGUX 3A20MOBKAX NPU PIZHUX
BHAYEHHSX WGUOKOCNI PI3aHHs, W00 SUHAYUMU KOPENYito WEUOKOCMI PI3AHHS | UWOPCMKOCMI
nogepxui. Ak npasuno, ModcHa KOHCMamy6amu, ujo 3HA4eHHs WOPCMKOCMI, OMPUMANL Ha NOGEPXHI,
Wo CMeopIoEMbC BCMABKOI KpY2iloi (opmu, Cnouamxy panmogo 3MEHULYIomvCsa, a NOmim
3ANUUAIOMBCS NPAKMUYHO HE3MIHHUMU 3 30116UeHHAM WEUOKOCMI DI3aHHs. 3 aHani3y pe3yibmamis
Oynu 3pobneni Kinbka 6ucHoekis. Byno euseneno, wjo 3mnauenHs wopcmKocmi noeepxui 3HaA4HO
SMEHWYIOmbest Midic gunaoxkamu weuokocmi pizanus 100 m / x6 i 200 m / x6, i nomim 3miHa
wopcmrocni nogepxui 6yn0 maiidice minimanshum. Taxum yunom, cmae 04eUOHUM, WO 3 BUBUEHUX
3HAueHb weuokocmi pisanms pekomenoyemocsi 200 m/xeé abo 6invuie Onisi OMPUMAHHS XOPOULOT
wopcmxocmi nosepxui. Haiibinvuie 3meHuents 3HaueHs wopcmkocmi NO8epXHi Cnocmepieanocs na
NIOWUHI 8XIOHOI CMOPOHU, a HAUOINbWI 3HAYEHHA WOPCIMKOCMI NOGEPXHI Cnocmepieaiomvcs 6
OCHOBHOMY Ha cuMempuyHil niowuni. Konu nopieniolomocs 3Ha4en s WopcmKocmi nogepxi Midic
NIOWUHAMU OOKY 8X00Y | 8UX00Y, Kpawyy sKiCMb NOBEPXHI 00CA2AEMbCS HA CMOPOHI 8UXO00Y, Oe
8i00y8aEMbCS (hpesepysants, Matidice 8 KONCHOMY sunadky. Hapewmi, 3 mouxu 30py oOHopionocmi
nogepxnui weuokicmo pizanns 300 m / x6 dana naiikpawuii pesynomam. Kpim moeo, 6invws 6ucoxi
3HAYEHHS] WOPCMKOCMI NOBEPXHI CROCMEPI2alombCsl 8 CUMEMPUYHIN NAOWUHI, HIJC 8 [HUUX
napaneibHux naoUuUHax.

KurodoBi cioBa: mopyese ppesepysanns; cumempuyne Qpesepysanns; Kpyeia NIACMUHA;
WOPCMKICMb 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, I. 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
g 200 ®4 ®9 ®5

7.5 150 ® 7 o1 ® 38

25 100 [ ) ®6 ®3

5E 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

- CYLt: 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] | [um] | [pm] | [um] [um] [um] [°1
A 1 |1412 | 591 | 20.03 | 12.05 20.03 5.34 0.01
1 (1936|1797 | 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 |49.81 | 10.77 | 60.58 | 12.82 60.58 21.88| 0.0116
5 |58.92 | 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 2745| 0.0816
9 | 2353 | 11.87 | 35.40 | 29.28 35.40 15.15| 0.0638

Insert A

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
[pm] [pm] [pm] [pm] [pm/°] [pm/°]
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 30.14 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 2.78 171 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 _
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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 (Fr), required power
(P¢), cutting torque (M) and cutting temperature (T).

Table 4 — FEM results for Insert A and B

nsert] No | Ve f Fx Fy F. P [ M [T
[m/min] |[mm] | [N] | [N] | [N] | [W] |[Nm] | [C°]

Al 1 150 | 0.24 [ -265.2 | -89.1 | 38.3 | 649.3 [ 11.4 | 784.9
1 150 | 0.8 [-1073.3[-290.4 | 967.4 | 2615.4 | 46.0 | 862.6

2 100 | 0.4 [ -673.3 [-238.3 | 589.0 [ 1075.5 | 28.4 |836.4

s |3 100 | 1.2 [-1509.6 |-394.0 [ 1324.2 | 2433.6 | 64.2 | 826.9
4 | 200 | 0.4 |-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
8 150 1.2 |-1488.8 | -383.1 | 1337.2 | 3691.8 | 65.0 | 876.6
9 200 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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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
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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).

250
T 200 X 4 X 9 X 5
2.8 150 o7 o1 X 8
%“g 100 + 2 06 X 3
S50
O 0 0.4 0.8 1.2 L6

Feed [mm/wp.rev.]

Figure 5 — Recommended parameter-pairs
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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Snom Kynnpax, [mrBan IlItankoBiy,
Maprina ['eBait, Mimkombsi, YropmuHa

MOPIBHAJIbHUM AHAJI3 PIXKYUYUX IMJIACTHUH CBN
3 PIBHUMU TEOMETPISIMHU PI3AJILHOI KPAKN

AHoTaNiA. Y Oauiti pobomi ys3acanvHeni pesyibmamu eKCNEPUMEHMANbHUX PO3POOOK HOBUX
PIdCYUUX NAACMUH 31 CReYiaNbHON 2e0MEempIElo | NO3UYIOHY8AHHAM Ok 0OPOOKU 3a2apmMOBAHUX
nogepxonv. Koncmpyryia Oepoicagku incmpymenmy i pisicydol niacmunu 00360J5€ 36LnbuUMU
3HAYEeHHs 3ACMOCO8Y6AHOI NOOaui npu 4ucmosomy mouinHi. Excnepumenmu npoeoosamvcs npu
30InbUWeENIll N00ayl 8 npoyeci MOKAPHOI 06poOKU, I pe3yrbmamu NOPIGHIOIOMbCSL 3 BICUBAHOIO 6
OaHull Yac 36uyaiiHOI0 MexHoNo2iel mokapHoi obpobxu. Hessadcarouu na me, wo winigyyeanns, ax
8i00MO, 3a0e3neuye Xopouly SIKICmb NO8epXHi, Habazamo Oiibul BUCOKA WBUOKICHb BUOAIEHHS
Mamepiany modice 6ymu 00CASHYMA NPU JICOPCMKOMY MOUIHHI, 8 O YaAC AK NPABUTLHO 00PAHA 3a
Gopmoro pixcyua nnacmuna modxce eupodiamu maxy xe abo Kpawy wopcmxicms nogepxui. Lle
00HICIO nepesazolo € me, w0 YUCIeHHI onepayii MoOJNCymy 6ymu GUKOHANT WIISXOM MOHKO20 MOYIHHS
OOHUM DIHCYUUM THCMPYMEHMOM i 3 OOHIET yemanosKu. Y 0anomy 0ocnioxcenni 6yau 3acmocoeani
o6t pisicyui naacmunu CBN nio uac uopro6oi 00pobku. Cmanoapmuuil iHcmpymeHm, sKuil
BUKOPUCMOBYEMBCSL 00 cux nip (pombiuna gopma 3 kymom npu eepuuni 80°), i Houll pixcyquil
iHCmMpyMeHm, 60CbMUPaHHOL POpMU, 8 AKOMY KyMil 3A0KPY2ileHl, MOMY CIMOPOHU B0CbMUKYIMHUKA
HIOU cKIadaiomsces 3 Kpyenux cexyii. Ilicns npogedenis ekcnepumenmis no pi3anHio i3 3a0aHUMU
napamempamu npoyecy Oyau UMIpSHI napamempu moYHocmi (YuniHOpUYHICMb Ma OKpy2Ricmby).
Mooentosannsa Ons ananisy cun pisanus NPoBOOUNOCA 3 MUMU HC SHAYEHHAMU. Y nopienanni 3i

107



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

36UYAIHOIO BCMABKOIO Yac 00POOKU HOBUM PIJICYUUM THCIPYMEHMOM 3MEHULYBABCA MAUDICE 3A6HCOU
(3a BUHAMKOM 0OHO20 3HAYEHHs) 3 BUOPAHUMU NAPAMU CKOPULOBAHUX napamempig npoyecy (Oe
s0inbwuny nodavy 6 1,6-5 pasie i weuokicmo pisanus eapirosanacs 6 oianaszoui 100-200 m/xs).
Omoice, 3 MoOuKU 30py NPOOYKMUBHOCI, OMPUMAHT SHAYEHHSL € OLIbUWL CRPUAMIUSUMU, HIJIC NOMOYHI
3HauenHs 6 8 3 9 sunaoxis.

Kuaro4oBi cioBa: 06pobka 3a2apmosanux NOBepxXoHs, pidicydi NAACMUHY, MOYIHHA, WOPCMKICIb,
Cun pisanus,; MOOENIOBAHHS.
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B. JlaBpunenko, I'. Unpaunkas, U. 3aiiuesa., B. CMmokBuHa,
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YIAYUYIIEHUE ®U3UKO-MEXAHUYECKHUX XAPAKTEPUCTHUK
CUHTETHYECKHUX AJIMA30B, CHHTE3UPOBAHHBIX
B PA3HBIX POCTOBBIX CUCTEMAX,
JJIA ITIOBBIINEHUA 9O PEKTUBHOCTHU AJIMA3HOI'O
KAMHEOBPABATBIBAIOINEI'O U ITPABSIIEI'O MHCTPYMEHTA

AuHoTamusi. Ha aggexmusnocmv  pabomer  armasnoco — kamneobpabamwvigaiowezo u
NpeyusUoOHHO20 NpagaAujec0 UHCMPYMeHma OyYeHb O00buloe GlUAHUE OKA3bIBAIOM  (DU3UKO-
MeXaHuuecKue ceolucmea WiunopoulKos CUHMemu4ecKo20 aimasd, NPUMeHAeMbIX npu OCHACMKE
npasswux poauxos. Ceolicmea WAUGNOPOWIKOE armasa, 6 C6o oyepeds, 00YCIAEIUBAIOMC
mexHoNo2UAMU CuHmesa, obozawjeHus, odpabomku, Kiaccugukayuu no pasmepam u @opme,
COpMUPOBKLU, YMO CROCOOCMEYENt NOTYHEHUIO NOPOUWKOS C 3A0AHHBIMU CBOICMBaMU. B pesyrbmame
COBEPUIEHCMBOBAHUSL  NpOYecca CUHmMe3a PAOOM  8eOVWUX —3apyOedCcHbIX  (Gupm  noryueHsl
CUHmemuyecKue anmassl ¢ 04eHb BbICOKOU NPOYHOCbIO, U3 KOMOPLIX MO2YM OblMb U320MOBIEHbl
gvicokonpounvle nopoutku aimasa mapok AC200—-AC400. Hccredosanus npogoounu Ha aimaszax
sepruucmocmu 400/315 pasuvix mapox, cunmesuposannvix ¢ cucmemax: Ni-Mn-C, Fe-Ni-C, Fe-Co-
C. B pesyntomame 6bINOTHEHHbIX UCCIEO06AHUN NOKA3GAHO, HMO  PUIUKO-MeXaHUuecKue
Xapakmepucmuku — AIMA3HLIX — WIUGNOPOWKOE — (MpouHOCMb U MepMOCHOUKOCHIb),
CUHME3UPOBAHHBIX 6 pasHblx pocmosslx cucmemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, ¢ 6onbuum
cooepoicanuem 6HymMpUKPUCIANIUYECKUX npumecell u eKkuodeHull (bonee 2 pas) no cpasHenuio ¢
anmazamu ¢ MeHvuwuM codepxcanueM - cHuxcaromes om 3 00 5 pas. [na noeviuenus
appexmusnocmu pazdenenus WAUGNOPOWKOS CUHMEMUUECKO20 AIMA3d, CUHME3UPOBAHHBIX C
npumenenuem heppocnnagos, paspaboman cnocob pasoeieHus aimMazos no OepexmHocmu ux
noeepxHocmu, nymem u3OUpamenbHo20 HAHeCeHUs INeKMpPONpPOEOOHBIX MOHKOOUCNEPCHBIX YACHUY
u 3a cuem cun aodeesuu 3aKpenieHusi ux HA NOBEPXHOCHU 3epeH NOpowKa (Ons ycuneHus
ecmecmeenHblX  9NIeKMPUYECKUX —CE0UCME), UMO N036015Aem  paz0ensimb 3epHd  aiMasd 6
eKMpuYecKkoM noie Ha 5—7 gpakyull, paziudalowuecs mexncoy cobou no NPOYHOCHHBIM
Xapakmepucmuxkam, U YIyYWUMb — CeIeKMUBHOCMb UX  pa30elieHus No  NPOYHOCHIHbIM
xapaxmepucmuxam. Hcnonv3osanue 6 uHCmMpyMeHme aiMA3HbIX UWIUGNOPOWKOS ¢ BbICOKOU
00HOPOOHOCINBIO MO NPOYHOCMU — NO3BOIUM  NOGbICUML  PPEKMUBHOCHL  ATMAZHO20
KamMHeobpabamul8aiowezo u npasswe2o UHCMpPyMeHma.

KaioueBble cj10Ba: cunmemuyeckue aimasHvle WIUGNOpowKU;, KamHeoOpabamuviéarowui u
npassuuLl UHCMpyMenn; Pusuko-mexanuyeckue Xapakmepucmuxu; 00HOPOOHOCHIb NO NPOYHOCIU;
cooepacanue GHYMpUKPUCIMAIUYECKUX NpUMecell.

B npombimieHHOCTH Bce Oonblliee pacpoCTpaHeHHE INpHOOpeTaeT
UHTEHCHBHO pa3BHUBAIolIeecs IPELU3MOHHOE NIyOUHHOE Bpe3HOe NIIH(OBaHUE,
o0ecreunBaroIiee BHICOKOIPOU3BOAUTEIBHYIO U KaueCTBEHHYIO 00paboTKy
Jgeraneil cnoxHoW QopMBl, B TOM 4YHCIE U3 TpyIHOOOpabaThHIBaEMBIX
MmarepuanoB. B kamHeoOpaboTke OOJbLIOE 3HAYEHHE HMEET IPUMEHEHHE
aIMa3HOTO KaMHeoOpabaTHIBAIOIIETO HHCTPYMEHTA.

© B.Jlaspunenxo, I Hnvnuyxasn, H.3aiiyesa, B.Cmoxeuna, A.Maxcumenko, B.Cxkpaoun, 2019
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Ha s¢dextuBHOCTS paboTHl amMa3HOTO HHCTPYMEHTa OYEHB OOIBIIOE
BIMSHHE OKa3blBAlOT (DM3MKO-MEXAHWYECKHE CBOMCTBA MNIIM(IIOPOIIKOB
CHHTETHYECKOTO anMasa. Ha cCOBpeMEHHOM J3Tame pa3BHTHE MPOTPECCHBHBIX
TEXHOJIOTHH 00pabOTKH IeTaneil MalliH C HCIOJIb30BAHHEM COBPEMEHHOTO
QIMa3HOTO WHCTPYMEHTa TpeOyeT NPHMEHEHHWS B HHUX IIOPOIIKOB aiMasa
BBICOKOT'O KaueCTBa C BEICOKOH OJJHOPOJHOCTBIO MO ITOKA3aTEINIM IPOTHOCTHBIX
XapaKTepUCTHUK M TeoMeTpudeckux pasmepoB 3epeH [l1]. CaoiicTBa
HNUTHQIIOPOIIKOB ajMa3a, B CBOK OuYepe/lb, O0YCIABIMBAIOTCS TEXHOJOTHUSIMU
CUHTe3a, oborameHus, 00paboTkU, KiaccupHUKaIMu Mo pasMepaMm u (dopme,
COPTUPOBKH, 4YTO CHOCOOCTBYET NOJYYSHHIO IIOPOLIKOB C 3aJlaHHBIMHU
cBoiicTBamu. Pa3zMepsl KpucTamioB ajiMasza, KOJMYECTBO B HUX NpHUMECEH U
BKJIFOYEHUH1, IPOYHOCTHBIE XapaKTEPUCTUKK BO MHOTOM 3aBHCST OT CKOPOCTH
pocta KpuctayioB. B paGodem mpocTpaHCTBE anmapaToB BHICOKOTO JABICHHS
HEBO3MOXHO OOECIICYUTh OAWHAKOBBIC YCIOBHUS AJISI yBEIWUYCHUS pPa3MEpOB
BCEX KPHUCTAJUIOB H3-32 HEOJHOPOJHOCTH TEMIIEPATypbl M JABICHHSA, UYTO
MIPUBOJUT K OOpa30BaHHUIO KPHUCTAIUIOB C pPa3sHBIMU (HH3MKO-MEXaHHUECKHMHU
CBOICTBaMH.

Jnst M3roTOBIICHNST KAMHEOOPaOaThIBAIOIINX U MPABSIIUX HHCTPYMEHTOB
UCIIONB3YIOTCS  OOBIYHO IIOPOLIKM TPHUPOJIHBIX  ajJMa30B  ITOBBIIICHHOM
MNPOYHOCTH ¥ 3€PHUCTOCTH. DTO 00YCIIOBICHO HEOOXOMMOCTBIO 00ECIIeYeHUS
IIPABSILEMY UHCTPYMEHTY MaKCUMAaJIbHO BO3MOXHOMU CTOMKOCTU. B pe3ynbrare
COBEpIICHCTBOBAaHMS TpOllEcca CHHTE3a PSIIOM BEAYIIUX 3apyOe:HbIX (pupm
MOJTy4eHbl CHHTETHYECKHE aliMa3bl C O4€Hb BEICOKOH ITPOYHOCTHIO, U3 KOTOPBIX
MOTYT OBITh H3TOTOBJICHBI BEICOKOIIPOYHBIE IIOPOIIKH ajMa3a Mapok 1o AC300.

ITosToMy menbio maHHOM paboTel OBUIO  HccIeOBaHHME (U3MKO-
MEXaHWYeCKHX CBOHCTB BBICOKOMPOUHBIX (ACS50-AC300) mumudropomkos
CHHTETHYECKUX aJMa30B TIPUMEHSAEMBIX TSt OCHACTKH
KaMHE0O0pabaTHIBAOMIETO U MPABAIIET0 HHCTPYMEHTA.

UccrenoBanust mpoBomminck Ha anMaszax 3epHuctoctd  400/315
Pa3IMYHBIX MAapOK, CHHTE3UPOBaHHAIX B cucteMax Ni-Mn-C, Fe-Ni-C, Fe-Co-C.
AJMa3HbIe HUTH(IOPOIIKH OL[CHUBAIHU [0 36PHOBOMY COCTaBY, IPodHOCTH (P),
koo dunmenty dopmsr (Ki), nedexkTHOCTH MOBEpXHOCTH anMaszoB (Ky); st
HU3MEpEeHNUs 9NEKTPOYUINIECKUX XapaKTepUCTHUK: YJIEIBHOTO
SIIEKTPOCOTIPOTHBICHUS (p), VIACTbHON MAarHHTHOM BOCIIPUUMYHBOCTH ()
UCIIOJIb30BAJINCHh METOJINKH, pazpadoranubie B ICM um. B.M. Baxyus.

DJIEMEHTHBIN COCTaB MPUMECEH W BKIFOUCHHI B NUIM(IOPOIIKAX aamasa
ONIPEACIANMN IIyTEM PEHTTCHO(IYOPECHEHTHOTO HWHTErPalbHOTO aHaIH3a C
WCTIOJB30BaHUEM PACTPOBOTO  DIIEKTPOHHOTO MHKpockoma BS-340 wu
SHEPrOANCIEPCHOTO aHaJN3aTopa PEHTTeHOBCKHX cIekTpoB Link-860, a
3JEMEHTHBIM COCTaB IpHUMeEced — C IOMOILBI0 YCOBEPLIEHCTBOBAHHOM
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mporpamMMbl KoJirdecTBeHHOro aHanmm3a ZAF-4FLS, paszpaboranHoit ¢upmoit
«Link», BenmukoOpuraHus.

TepmocToHKOCTh NITH(IOPOIIKOB aTMa3a OLEHUBAIN MO KO3 (UINCHTY
TepMocTabmnbHOCTH (K7c), PaBHBII OTHOIICHMIO CTATHYECKOH IPOYHOCTH
QJIMa3HOTO TOPOIIKa HOcse TepMooOpaboTku (Pr) K MOKa3aTeNo MPOYHOCTH
MPUA CTATHYECKOM CHKATHH 3epeH NUMQIopomKa K TepMoodpadoTku (Pj).
KoadduimeHT TepMOCTaOMIBHOCTH SBJSICTCS XapaKTCPUCTUKON alIMa3HBIX
MOPOILIKOB, CHHTE3UPOBAaHHBIX B Pa3HbIX POCTOBBIX CHCTEMaX, HO3BOJIFOLIMN
OLICHNMBATh CIIOCOOHOCTH MOPOILKA COXPAHSTh IPOYHOCTH MOCIIE HArpeBa.

Koapouuuent oxnopopnHocty 1mo mpodHOCTU (Koouwnp) ONpPENETICHHOM
3€PHUCTOCTH W MapKH ONPEACISUIM 110 CyMMapHOMY COJEpPXKaHHIO 3€peH,
paspymiaromas Harpy3ka KOTOPBIX HaXOJIUTCS B MHTEpBalax MPOYHOCTH IS
HOMUHaJIbHOM Mapku B cootBeTcTBUM ¢ JICTY 3292,

KospduuueHT OOHOPOAHOCTH MO JHHEWHBIM pasMepaM  (Koousp.)
OIIPEIETICHHOI 3ePHHUCTOCTH OILICHUBAIH 110 CYyMMapHOMY COJEPKaHHIO 3€pPEeH
CO CPEIHHUM JIMHEHHBIM pa3MepoM B Tipobe [2].

3a nUHEHHBIN pa3Mep 3epHa anMasa p IPUHUMAETCs moycymma JunHsI (1)
u mupunsl (b) npoekiun 3epHa: p = (I + b) / 2.

JAst OLIeHKH MapaMeTpoB Mpolecca pa3aeleHus aIMa30B B MArHUTHBIX U
INEKTPUUECKHX TMOJISIX UCIIOJIb30BAIM U3BECTHBIE METO/IbI 0OOTAILCHNSI.

Jnst 0OpaboTKH pe3ysIbTaTOB HCCIENOBAaHMN INPUMEHEHBI COBPEMEHHBIC
METOJIbl MATEMaTHYECKOH CTATHCTHKH.

B cBsi3n ¢ HEOOXOIMMOCTBIO NPOBEAEHUS HCCIIENOBAHUHA pa3paboTaHbI
HOBBIE METOJMKH JUISl aHATUTHYECKOW OLIEHKH OJIHOPOJHOCTH IO IMTPOYHOCTH U
pa3MepaM IUIH(IOPOLIKOB anMasa.

AHanuTHuyecKas OICHKA BBIMOJHIETCS C HCIIOIb30BAHHEM IPOTOKOJIOB
ucmeITanuil Ha P v n3mepennii | u b mpoekimu 3epen amvasa. I1o 9TiM TaHHBIM
oTpeAeseTcs MOoNHas (PYHKOUS paclpeAeieHus Mo (U3HIECKUM CBOWCTBAM
kauectBa & (P i p). [NomydeHHsle QaHHBIC SBISIIOTCS MAacCHBOM 3epeH ¢ &,
KOTOPBIE HM3MEHSIOTCS OT Cmin O Cmax. 3aT€M BECh MAaCCHB IOJIYYCHHBIX
nokasatesieil XapaKTepUCTHK KauecTBa pa30UBAIOT Ha Psil HHTEPBAJIOB (& — &i+1),
COOTBETCTBYIOIIMX MapKe TMOpOIIKa 110 HOPMAaTUBHBIM JIOKYMEHTaM;

OmpeJessieTcs cojepxkanne 3epeH () ), OTHOCAIMXCS MO ¢ 10 yKa3aHHbBIX
WHTEPBAJIOB; PACCUUTHIBACTCS KYMYJISTUBHOE COJACPIKAHUE 3€PEH B MOPOIIKE

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

3epeH B OPOIIIKE 0 PacTyIIeMy 3HAUYCHHIO (Ei »L) 1 HACXOAAIICH (Ei T ).
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Pucynok 1 — DnexTpoHHbIe TaONHIBI aHANTK3a MTOPOIIKA aJIMa3a 110 MPOYHOCTH MapKU
AC125 3epuucroctu 400/315: a — copeprxanue 3epeH anmasa ¢ pa3Hoil IPOYHOCTHIO B
npo0e MopoIIKa, § — COCTaB MOPOIIKA aJIMa3a 110 IPOYHOCTH, 6 — Ipaduueckoe
IIpeJICTaBIICHUE PACTIPESNICHHS 3ePEH IIOPOLIKA 110 IIPOYHOCTH
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Ha ocHoBanum BBIOpaHHBIX TNPHHIMIIOB pa3paboTaHa KOMITBIOTEPHAs
IporpamMma pacdera Irokaszarenei nmpouHoctu (P) u pasmepa (p). IIporpamma
TI03BOJISIET MOIYYNTh HH(POPMALHIO O cpeHel P 1 p, 0 COCTaBe U OJHOPOJHOCTH
nopomka mo P u p, a Takke IMO3BOJIAET IPOTHO3MPOBATh KOJIMYECTBEHHBIC
Pe3yJIbTaThI pa3AeNeHNUs 36PeH MMOPOILIKOB anMasa. Mcroap3yemble B mporpamme
QITOPUTMBI OOECIIEUYMBAIOT AHAIN3 BO3MOKHOCTH Ppa3feiCHHs IMOPOINKa Ha
¢bpakimu o P u p.

Awnanmuz numdrnoporka anmaza mapku AC125 3eprucroctu 400/315 o
(P) (puc. 1) mokassiBaer, 4TO MOPOIIOK COAEPKHUT 3€PHA aiMasza, KOTOPBIE
pacopenensitorcst mo Mapkam oT AC32 mo AC250, cpeaHeB3BelIeHHAS
IPOYHOCTh 3TOr0 mopomka P.,,=210,46 H, omHOPOJHOCTH MO NPOYHOCTH
cocrasisieT 32 %.

IIpn MIPOBEJICHUHT HCCIeI0BaHUI (hU3UKO-MEXaHNIECKNX
XapaKTEPUCTUK NUTH(IIOPONIKOB aIMa3a, CHHTE3UPOBAHHBIX B IIPUCYTCTBHH
pa3HBIX CIIJIAaBOB-PACTBOPHUTENEH, OBIIO NPOBEACHO H3YyUeHHE (QHUIHUKO-
MEXaHMYECKHX XapaKTEePHCTHK MNUIN(IOPOIMIKOB ajaMa3a 3€pPHHCTOCTH
400/315 pa3HBIX MapoK, CHHTE3UpOBaHHHIX B cucteMax Ni-Mn-C, Fe-Co-C
u Fe-Ni-C, koTopble UMEIOT pa3iIW4HbIC POYHOCTHBIC XapaKTEPUCTUKU U
pa3Hoe cojiepxKaHue BKIOUEHUI.

Tabmuma 1 — ColicTBa aiMa3HbIX nuHdoponkos 3eparcTocTH 400/315 pa3sHbIX Mapok,
cuHTe3upoBaHHbIX B cucteme Ni-Mn-C

HauMeHnoBanme Mapxu no JICTY 3292
XapaKTCPUCTHKH AC125 | AC100 | AC80 | AC65 | AC50

VYnienpHass  MarHuTHas
BOCIIPUMMYMBOCTh, y, X108, | 18 3,48 80 | 105 | 152
m3/Kkr
[IpouHOCTB IPU KOMHATHOM
Temneparype, P, H
[IpounocTh nOCHIE TEPMUUECKOM
o6pabotku, Pro, H

218,5 161,0 | 130,0 | 110,0 | 795

192,3 132,0 92,3 715 35,0

Koopuument 88 82 | 71 | 65 | 44
TepMocrabmibHOCTH, K1e, %

KaTteropust TepMOCTaOHIEHOCTH BT BT CT CT HT
Koa¢duirieHT 01HOPOIHOCTH 11O 69 61 65 58 54
npounoctH, Koxn. mp., %

Koaddurment nedexraoctu 0,13 0,19 0,44 0,62 1,23
noBepxHocty, Ka, %

ConepxaHue BKIIOUYEHUH, 1,108 - 2,109 - 3,017
B, atom. %

113



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

B mmmdnoponikax anMasa pasHbIX CUCTEM ONPEAEISIN IPOYHOCTHBIE
XapaKTEPUCTUKH: TI0KA3aTeNb IIPOYHOCTH IPH CTATHIECKOM cxxaTuu (P) 1o
u Tmociue TepmMuyeckod obpabotkm mpu  1100°C, xosddummeHt
tepmocTabminbHOCTH (K7¢), KO3QOUIUEHT OTHOPOJHOCTH MO MPOYHOCTH
(Koonnp.), @ TaKIKe M3MEPSUIN UX YACIbHYI0 MarHUTHYIO BOCIPUUMYUBOCTB
(), smeMeHTHBII cocTaB U o0lIee CopepKaHHEe BHYTPUKPHUCTATITHYCCKUX
npuMecei u BKiIroueHui (ff).

XapaKTepuCTHKN anMa3HbeIX nomdropomkos Mapok AC125-AC50,
cuHTe3upoBaHHbIX B cucTeMe Ni-Mn—C, npencrasnens B Tabumie 1.

W3 tabmunel 1 criemyeT, 4TO MPOYHOCTH NUTM(IIOPOIIKOB alMa3a Mapok
AC125-AC50 ycTOWYIBO CHIDKAIOTCS OT COICPKaHMA B HUX BKIItoYeHHH. [Ipu
yBEJIMUEHUH cofiep>kaHus BkitodeHuit ¢ 1,108 no 3,017 atom. % npodHOCTh pH
KOMHATHOM TeMriepaType cHuxkaercs ot 218,5 no 79,5 H, a mocne tepmuueckoit
obpadotkun — ot 192,3 no 35,0 H. Dra xe TeHACHIUSA COXpaHACTCA U JUIA
ko3 duinenta TepmoctadbunbHOCTH anMasoB (Krc) cHikaetes ot 88 mo 44 %.
IMo Kyc ycraHOBiieHa KaTeropusi TEpMOCTaOMJIBHOCTH AJISL alMa3oB Mapok:
ACI125 u AC100 Beicokas (BT), AC80 u AC65 — cpennsas (CT) u mss AC50 —
mu3kas (HT). Kosddumument onHOpoqHOCTH TUTH(TIOPOIIKOB CHHTETHIECKUX
anMasoB u3MeHsercs oT 69 1o 54 %. YaenbHas MarHUTHasE BOCIPHUMYHUBOCTD
aJMa30B C POCTOM COJIEpKaHUs BKIIIoUeHuH yBennuupaetcs ¢ 1,8x1078, m3/kr no
15,2x108, M%/xkr. JledekTHOCTh NOBEPXHOCTH HLIU(GIOPOLIKOB Pa3HBIX MapoK
1o ko3 durreHTy NoBEpXHOCTHOM akTHBHOCTH M3MeHsiercs ot 0,13 o 1,23 %.

XapakTepucTHKH aiMa3HbIX HumgnopomkoB Mapok AC160-ACS0,
CHHTE3UpOBaHHKBIX B cucteMe Fe-Co-C, mpencraBieHs! B Tadmuie 2.

W3 tabnuupl 2 ciietyeT, 4To MPOYHOCTD aIMa3HbIX UIM(IIOPOLIKOB MapOK
AC160-ACS50 cHmxaeTcs OT coJiepakaHus B HUX BKIroueHuil. [lpu yBenuduenun
cozepskanus BimodeHni ¢ 0,481 o 2,012 atom. % mpo4HOCTH IPH KOMHATHOH
TemIeparype cHmxaercs oT 258,5 o 86,9 H, a mocite Tepmmaeckoit 00paboTKu
— ot 235,2 mo 44,3,9 H. Koadoumuent tepmoctadbunbHocTH anmaszoB (Krc)
camxaetcs ot 91 1o 51 %. 1o K7c yctaHOBIIEHa KaTerOpHsl TEPMOCTA0MIBHOCTH
qutst anmmazoB Mapok: AC125 u AC100 Beicokas (BT), AC80 u AC65 — cpennsist
(CT) mu pmna AC50 — mmskas (HT). Koadpduument oxHOpomHOCTH
HIM(IOPOIIKOB CHHTETUUECKMX aiMa3oB u3MeHsiercss or 79 1o 36 %.
VYnaenbHas MarHuUTHasE BOCIPHMMYMBOCTH ajMa30B C POCTOM COJAEPKAHHS
BKJIIOYeHHH yBenauuupaerca ¢ 22,3x10% no 249,6x10% m%/xkr. JledextHOCTH
MOBEPXHOCTH  HIIM(MIOPOIIKOB  Pa3HBIX MapoK MO  KOI(PQUIHUEHTY
MTOBEPXHOCTHOW aKTHBHOCTH M3MeHsiercs ot 0,15 mo 2,41 %.
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Tab6nmma 2 — ColicTBa aiMa3HbIX HuHdIoponkoB 3epHUcTOCTH 400/3 15 pa3sHbIX Mapok,
CHHTE3UPOBaHHBIX B cucteme Fe-Co-C

HanmMeHoBaHHe Mapxu o ICTY 3292
XapaKTePUCTUKI ACI160 | AC125 | AC100 | AC80 |AC65|AC50
VY nenbHas MarHuTHas
BOCIIPUUMYHUBOCTB, ;t/><10'8l 22,3 39,5 92,4 129,6 175,1 249,6

MS/KT

[IpouHOoCTh pU KOMHATHOM
Temneparype, P, H

[IpouHocTh nOCIIE TEPMUUECKOI
o0pabotku, Pro, H

258,5 | 230,0 | 154,0 | 1409 |126,9 | 86,9

2352 | 186,3 | 112,4 859 | 64,7 | 443

Koapdumment

TEPMOCTaOMILHOCTH, 91 81 73 61 54 51
Krc, %

Kareropust TepMOCTaOHIBHOCTH BT BT CT CT CT HT

Koa¢dumment ogaopoaHoCTH
10 POYHOCTH, Koon. np, Y0
Koa¢pdurment nedexraoctu
MOBEPXHOCTH, Ku, %0
CopeprkaHne BKIIOUCHHH,

p, atom. %

79 70 64 42 38 36

0,15 0,24 0,98 1,41 1,75 | 2,41

0,481 - 0,637 | 0,912 |1,745| 2,012

XapaKTepHUCTHKN anMa3HbIX mumdropomkoB Mapok AC250, AC200 u
AC160, cunre3upoBanubix B cucteme Fe—Ni—C, npeictaBnenst B Tabmuie 3.

Tabmmma 3 — ColicTBa aiMa3HbIX nuHQIOponkoB 3epHrcTOCTH 400/315 pasHbIX MapokK,
CHHTE3UpOBaHHbIX B cucteMme Fe-Ni-C

Mapxku no ICTY 3292 u TY
Hanmenosanue Vv 28.4-05417344-2003
XApAKTEpHCTII AC250 | AC200 | AC160
YnensHas . MarHHATHas 32 102 24,7
BOCIPUUMYHMBOCTD, ¥ X107, M°/kr
IIpouHocTs Npu KOMHATHOM TeMneparype, P, H 4142 358,0 305,5
ng‘IHOCTL rocne TepMuueckoit 06padotku, Pro, 3935 304,3 2200
Koaddumment repmocradbunsroctu, Krc, % 0,95 0,85 0,72
Kateropust TepMocTaOHIEHOCTH BT BT CT
KoadduueHT 01HOPOIHOCTH 110 IPOYHOCTH, 76 64 48
Kn()H. npy %
Koadduument gepexkrHocti moBepxHocT, Ka, % 0,05 0,12 0,23
Coz[epma:]HHe BKJIFOUCHHH, 0,331 0,439 0,617
p, atom. %
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W3 tabnnist 3 cieyer, 4To MPOYHOCTh aIMa3HBIX IUTH(IIOPOIIKOB MapOK
AC250-AC160 cHumxkaerca OT coaepKaHUs B HHUX BkmoueHud. [lpu
yBEJIM4EHUH cofieprkanus BkitodeHuii ¢ 0,331 o 0,617 atoMm. % npodHOCTh IpU
KOMHATHOW Temmepatrype cHuxkaercas oT 414,2 nmo 305,5 H, a mocne
TepMudeckoil obpabotkm — ot 393,5 mo 220,0 H. Kosddumuent
TepMocTabmibHOCTH anMazoB (K7c) cHmxkaercs ot 95 mo 72 %. Ilo Krc
YCTaHOBJICHA KATErOpHUs TEPMOCTAOMIBLHOCTH Ui anMa3oB Mapok: AC250 u
AC200 Bricokas (BT), AC160 — cpennsist (CT). Koadduuument ogroponHOCTH
IUTMGTIOPOIIKOB CHHTETHYECKUX alMa3oB M3MeHseTcss oT 76 mo 48 %.
VYjenbHas MarHuTHas BOCIPHMMYMBOCTH ajMa3OB C POCTOM COJEPKaHHS
BKIIOUeHHH yBemmuupaercs ¢ 3,2x108 mo 24,7x10%® m%/kr. JledexTHOCTDH
MOBEPXHOCTH  LUIU(IOPOIIKOB  pa3HBIX Mapok 1o  KO3(hHUIHUEHTY
MOBEPXHOCTHOU akTHBHOCTH M3MeHseTcs oT 0,05 1o 0,23 %.

V3meHeHne MPOYHOCTH IUIMGIOPOIIKOB CHHTETHYECKOTO — aiMasa
3eprucroctd 400/315 mpu KOMHATHOH TeMmImeparype, CHHTE3UPOBAHHBIX B
Pa3HBIX POCTOBBIX CHCTEMax, OT COAEPKaHUS B HUX BHYTPUKPUCTAIIIMYECKUX
npuMecel U BKIIIOUeHHUH rpadMuecky IoKa3aHo Ha puc. 2.

Kak BugHO w3 puc. 2 XapakTEpUCTUKU IPOYHOCTH  ajIMa3oB,
cunTe3upoBaHHbIX B cucTeMax Ni-Mn-C, Fe-Co-C u Fe-Ni-C kak MCXOIHBIX,
TaK ¥ TOCJe BBICOKOTEMIIEPAaTypHBIX 00pabOTOK, C YBEIMUCHHEM B HHUX
BHYTPUKPUCTAIIINYECKUX TPUMECEH U BKIIIOYEHHH, 0COOCHHO METAJUTMYECKUX
(6omee 2 pa3) cHmxkaercs oT 3 10 5 pa3. BEICOKOIIPOYHOCTHBIE TEPMOCTOMKHE
UUTH(IOPOIIKH CHHTETHYHOTO anMasa, cuHTe3npoBanubie B cucteme Fe-Ni-C,
COJZIep’KaT MeEHbIlee KOJMYECTBO BHYTPHKPUCTAUIMYECKUX IpUMEced W
BKJIFOUECHUI], ¥ HMEIOT BBICOKYIO IPOYHOCTh ¥ TEPMOCTONKOCTD.

Anamm3  gaHHBIX Tabmum  1-3  mokasan, dYro  IUTH(TIOPOIIKH
CHHTETHUYECKOT0 aJIMa3a Pa3HbIX MapOK, CHHTE3UPOBAHHBIE B Pa3HBIX POCTOBBIX
cuctremax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, ornmuyarorcst Mexay coboi 1o
MarHuTHBIM cBoiicTBaM. IIInudnopomku, Beipamennsie B cucteme Fe-Co-C ¢
IIPUMEHEHNEM B Ka4eCcTBE PacTBOPUTENS yriiepoaa ¢peppociuiasa B Buae Fe-Co,
obsiazatoT Oonee BBICOKMMU MAarHUTHBIMH XapaKTepUCTHKaMH (yAeIbHOU
MarHuTHOH BocnpuuMuuBocThi0 y x10%, m3/kr). Jlns usydenus usmeHeHus

MarHuTHBIX ~ CBOMCTB  HUIH(IOPOIIKOB  CHHTETHYECKOrO  aiuMasa,
cunTesupoBanubix B cuctemMax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, B mopormikax
OMpe eI SIIEMEHTHBIN cocraB u ofruee coJepKaHue

BHYTPUKPUCTAIIIMYECKUX TIPUMEceil 1 BKIIoYeHn (Tadmuna 4).
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PucyHok 2 — V3MeHeHHe XapaKTEepUCTUK MPOYHOCTH (@ — P v 6 — K1c)
HITA(IIOPOIIKOB CHHTETHYHOTO anmasa 3epaucroct 400/315,
CHHTE3UpOBaHHBIX B cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C,

OT COJIep)KaHUS B HUX BHYTPUKPUCTAIUIMYECKUX TIPUMECeH 1 BKITIOYEHHI
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Tabnuma 4 — DNeMEHTHBIH COCTaB BHYTPUKPUCTAIUIMYECKUX NTPUMecel 1 BKITIOUEHHH B
numdnoponikax aamasa 3epaucroctu 400/315 pasusix poctoBbix cucrem: Ni-Mn-C, Fe-
Co-C u Fe-Ni-C

DIIeMEHTHBII cocTaB, Macc % O6mee
Mapxka . . . cozepxanme
Si Ca Ti Cr Fe Co Ni Mn Cu Zn BKJIIOYCHHUIA,
macc.%
Ni-Mn-C
ACI125 0,040 | 0,003 | 0,003 0,014 0 0,006 | 0541 | 0471 | 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 cnenyer mn3 tabmuipl 4, nM@IOPOIIKH CHHTETHYECKOTO aiMasa
sepuucroctd  400/315 pasHeIX MapoOK OTJIMYAOTCA MEXKIY Cco0Oi 1o
9JIEMEHTHOMY COCTaBY W MO OOILIEMY COAEPKAHUIO BHYTPUKPUCTAIIIMYECKUX
npuMeceid W BKIOYeHWil. B mporecce u3ydeHuss  nUTA(IIOPOIIKOB
CHHTETHYECKOro  ammasza  3epHucTtoctd  400/315  pasHBIX  Mapok,
CHHTE3MPOBAHHBIX B PA3HBIX POCTOBBIX CHCTEMaX, OMPEICISUTM MarHUTHYIO
BOCIIPUUMYHMBOCTE  KaXAOTO HCCIEAYEMOTO IIOPOIIKAa, a C IOMOIIBIO
PEHTTEHO(IIyOPECLICHTHOTO aHallM3a 3JIEMEHTHBIM COCTaB BKIIOUCHHH W
npumeceif. Cymma Bcex OOHAPY)KEHHBIX 3JIEMEHTOB COOTBETCTBYET OOLIEMY
COJICPKAHUIO BKIIIOYEHUH, a CyMMa 3JEeMEHTOB CIUIaBa-pacTBOPUTENS AaeT
BO3MOXHOCTb OLIEHUTh UX COJEpXKAHUE B MOPOIIKE arMasa.

Ilo pa3paboranHOil paHee MeToAMKe [3] MPOM3BEACH pacdyeT MarHUTHOM
BOCHPUMMYHMBOCTH TNpHUMeced ¥  BKIIOYEHHH (Yew) B HCCIEAYEMBIX
g nopoinkax sepauctoctu 400/315, cHHTE3UPOBAaHHBIX B Pa3HBIX POCTOBBIX
cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C ¢ yderoM cCymecTByIOIINX
3aBHCUMOCTEM:

B4+ Baey =100%
Huex 100 =2 - B4+ Xexn * Pewcn » T-€-
Xucx '100:ZA ’IBA +ng(100_ﬂA)

p B Zucx'lOO_ZA'ﬁA
6Kl 100_'8/1 '
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rie f4 ¥ Pou. — COOCPIKaHHE B CHHTETHYCCKOM aliMa3e OeCIPHUMECHOT0 aMasa
(B4) u BxirOUeHUH B HEM (Bor);

Xucxs X4» Xoxr. — MATHUTHASI BOCIIPUMMYUBOCTh CHHTETHYECKOTO anmMasa (Yucy),
GecnpumecHoro anMasa (y4 = —0,62x1078, M%/kr) u BrimoueHuii.

Ta6J'H/H_[a 5 — OU3UKO-MEXaHUICCKUE XapaKTECPUCTUKU aJIMa30B, CHHTE3UPOBAHHBIC
B Pa3HbIX POCTOBLIX CUCTEMAX

VnenbpHas MarHATHAas CopepxaHue npumeceit u
BOCIIPUUMYHUBOCTb, BKJIFOUCHUI
Mapxka 7, <1078, M¥/xr Hp(;tH}(I)CTL CILIaBa- obiee,
pacTBOpHTEIS wace. %
e Horc 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
ACS50 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
ACS50 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

BrinosiHeHHBIE HU3MEPCHUA Yycx U ONPEACIICHUA 3JIEMCHTHOI'O COCTaBa
npuMeced M BKIIOYEHHH (fqw) TIO3BOJIIIOT — paccYMTaTh MarHUTHYIO
BOCHPUMMYHMBOCTh BKIIOUCHHH (Yo ). V3 aHaiM3a 3JIEMEHTHOIO COCTaBa
npUMecel U BKIIOUEHHH B anMase ObLIO PacCUMTaHO COAEPIKaHUE DIIEMEHTOB
crraBa-pactoputens. Cymmer smemenroB Ni m Mn i nummgmopomkos
anMasa, cuaresupoBanHbix B cucreme Ni-Mn-C, Fe u Co B cucreme Fe-Co-C,
Fe u Ni B cucreme Fe-Ni-C. Bce nonmyuenHbie JaHHBIE TIPUBEICHBI B TAOIHIIE 5.

W3 tabnui 4 ¥ 5 BUAHO, YTO ajMasbl, CHHTE3UpPOBaHHBIE B cucreMax Ni-
Mn-C, Fe-Co-C u Fe-Ni-C, pasnuuarorcs Mexay co0oil mo coaepKaHHio
BHYTPHUKPUCTAJUTMYECKUX MPUMEcEeH W BKIIOYECHHH, a TaK)Ke 110 MarHUTHBIM H
MPOYHOCTHBIM XapaKTepPHCTHKaM. [Ipy 3TOM 3JEeMEHTHI CIIaBa-pacTBOPUTENS
npeo0IagaroT M cocTaBisaoT oT 93,6 mo 58,5 % or o0miero koixmyecTBa
UMEIOIINXCSl MpUMecedl M BKJIIOYEHHI B IOPOIIKAaX aiMas3a 3THX CHCTEM.
HInupnopomiku anmasa, cuHTe3upoBanubie B cuctemax Fe-Co-C u Fe-Ni-C ¢
NpUMeHeHneM (DeppocCIlIaBoOB Ul PACTBOPEHUS YIJIEpOsa, 32 CUET BBICOKUX
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3HAYCHHI yZ[eJ'IBHOﬁ MarHUTHOM BOCHPUUMYUBOCTU BHYTPUKPUCTAITIIMYCCKUX
HpHMCCCﬁ W BKJIIOYCHHUH Xexn., COACPIKAIIUXCS B KPUCTAJJIAX aJIMa30B, O6J'Ia£[aIOT
BBICOKMMH MarHUTHBIMH CBOMCTBaMH.

g 300,00 1 @ Ni-Mn-C
= ‘*’E 250’00 i B Fe-Co-C
g ag A Fe-Ni-C
£ < 200,00
= X
o _:"

g 5 150,00 - -
g8
g £ 100,00 4 n
)
= =
% £ 50,00 1
5 £
g 0,00 -
= 0,000 1,000 2,000 3,000

Copep:kaHie BHyTPHKPHCTAIITHIECKAX
npuMeceii U BKJIIOYeHHIi, aTOM. %o

Pucynok 3 — 3aBHCHMOCTD yAENbHOH MarHUTHON BOCHPHUMYHBOCTH NITH(IIOPOIIKOB
CHHTETHYECKOTro anmasa 3epHuctoctd 400/315, cHHTe3upOBaHHBIX B CHCTEMaxX
Ni-Mn-C, Fe—Co—C u Fe—Ni—C ot conep:xaHus B HUX BHYTPUKPHCTAUTHYECKHX
npuMecell U BKIIOYEHUH

KpucTanmsl anmMa30B BCEX CHCTEM, COAEpPXKAIINE MEHBIIEE KOJIMYECTBO
BHYTPUKPUCTAJUIMIECKUX NpUMeceld W BKIIOYCHHH, 00IamaroT Oomibpmei
npouHocTtelo. Ha puc. 3 rpadudeckn mMOKa3aHO W3MEHEHHE YISIbHOH
MarHMTHOM BOCHPUUMYHMBOCTH HUTH(IIOPOIIKOB CHHTETHYECKOIO ajMasa,
cunTe3upoBanHbix B cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C ot comepskanus B
HUX BHYTPUKPUCTAJLINYECKUX IPUMECEN U BKIOYCHUM.

B pesynbrate nccnenoBaHuil (U3MKO-MEXaHMYECKUX CBOMCTB alIMa3HBIX
HUTA(QIOPOIIKOB,  CHHTE3MPOBAaHHBIX €  IpUMEHseM  (heppocIuiaBoB,
YCTaHOBIICHO  4YTO  (DU3MKO-MEXaHHYECKHE  XapaKTepUCTUKH  ajMa3oB
(TIpOYHOCTH M TEPMOCTOHKOCTD), CHHTE3UPOBAHHBIX B POCTOBBIX CHCTeMax Fe-
Co-C u Fe-Ni-C, xak HCXOHBIE TaK U TIOCIIE BBICOKOTEMIIEPATYPHOM 06paboTKH
B MHEPTHOW cpene mpu TeMreparype He 6onee 1100°C, ¢ yBenmueHHeM B HUX
BHYTPUKPUCTAIIIMIECKUX TPUMECEH W BKIIIOUYEHHH, 0COOCHHO METAUTMIECKUX
Ooree 2 pa3 cHIDKAIOTCS OT 3 110 5 pas.

JUin  ynydmeHWs  TpPOYHOCTHBIX — XapaKTEPUCTUK W TTOBBIMICHHS
OJHOPOJHOCTH IO OTUM XapaKTEpPUCTUKaM HEOOXOAMMO  IPOBOJHUTH
CrelaIbHble COPTHPOBKHM IUTU(IIOPOIIKOB ainmMasa [4, 5].

Jus moBbimeHuss  3(QGEKTHBHOCTH — pa3felieHus  OUIM(IOPOIIKOB
CHHTETHYECKOTO ajMa3a, CHHTE3MPOBAHHBIX C NPHMEHEHHEM (eppoCILIaBOB,
ObUT  yCOBEpIIEGHCTBOBAH CHOCOO0  aAr€3MOHHO-MAarHMTHOH  COPTHUPOBKH
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aIMa3HbIX NUIM(IIOPOIIKOB. B  mpemiokeHHOM crocobe mpeaycMOoTpeHa
00paboTKa IOBEPXHOCTH 3€peH ILTU(IOPOMKOB ajiMasa MyTeM HaHECECHHs
JIEKTPONPOBOISIINX TOHKOAUCIICPCHBIX YaCTHI M alr¢3HOHHOT0 3aKPeIUICHHS
UX Ha TOBEPXHOCTH 3€peH anMasa Uil CO3JaHHsd HPHOOPETEHHBIX
JJIEKTPUYCCKUX CBOWCTB W YCIOBUH MNpPOBEICHHs Ipolecca pasleleHHs
MOpOIIKa B  DJCKTPUYECKOM rmoje. HaHeceHHne 3IEKTPONPOBOIALINX
TOHKOAMCIEPCHBIX YacTull pasmepoM He 6oiee 1000 HM Ha TOBEPXHOCTH 3epEeH
anMasa OCyILIEeCTBIISIeTCS PU KOHILEHTPAIUK 3TUX YacTHUIl He MeHee 5% [6, 7].
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Pucynok 4 — Ilpounocts (P) num¢nopomkos anmasa sepaucroctu 400/315,
CHHTE3MpOBaHHbIX B cucremax Fe-Co-C u Fe-Ni-C
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Pucynok 5 — Koagpunuent tepmocradbunsnocti (Krc) anmasos 3epaucroctu 400/315,
CHHTEe3MpOBaHHbIX B cucteMax Fe-Co-C u Fe-Ni-C

B pesynbrare pazaenenus o Ae()eKTHOCTH ITOBEPXHOCTH HUTH(IIOPOIIKOB
anvasa 3epHucTocTd 400/315, cHHTE3MPOBAaHHBIX B Pa3HBIX POCTOBBIX CHCTEMAaX
Fe-Co-C u Fe-Ni-C, momyueHs! IOpOIIKH KpaitHue Gppakiunit KoTopsix (1-i u 6-
it) pa3nuyaroTcs Mexay coboil mo nmpounoctu ot 3,0 g0 1,4 pasza.

[TonxyueHHple TOCIE COPTHPOBKM IOPOLIKH OTJIMYAIOTCS BBICOKOM
TEPMOCTOMKOCTBIO U OTHOPOJAHOCTHIO IO MPOYHOCTH (pHC. 4 1 5).
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TepMOCTOMKOCTh NUIH(IOPOIIKOB adMa30B CHIDKACTCS OT IIePBOH K
mecToi (pakIuii COPTHPOBKH IO JEPEKTHOCTH MOBEPXHOCTH NUTA(DITOPOITKOB
anMa3oB, CHHTe3MpoBaHHBIX B cuctemax Fe-Co-C u Fe-Ni-C. Ilpu stom
TEPMOCTOMKOCTH anmMa3oB cucTeMbl Fe-Ni-C Boire.
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o
Pucynok 6 — OZHOPOIHOCTH IO MPOYHOCTH HUTH(HIIOPOIIKOB CHHTETHIECKOTO anMasa
sepuucrocta 400/315, cuHTe3MpoBaHHBIX B cucteMax: a — Fe-Co-C u 6 — Fe-Ni-C

B pesynbTare pazneneHus mo 1e)eKTHOCTH IIOBEPXHOCTH NUTA(DTOPOIITKOB

anmasa 3epauctoctu 400/315, cHHTE3MPOBAaHHBIX B pa3HbIX POCTOBBIX CHCTEMaX
Fe-Co-C u Fe-Ni-C nony4ens! mopoiku kpaitaue Gpakiuu KoTopbix (1-1 u 6-
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) pasIHyarTcs MeEXOy coboir mo mpouHoct oT 1,4 mo 3,0 pa3, mo
TepMocToiikoctu ot 1,3 1o 1,7 paza.

Ha pucynke 6 moka3zaHa 0JHOPOIHOCTb IO NMPOYHOCTH HUIH(IIOPOIIKOB
anmasa 3epuucroctu 400/315, cunre3upoBanubix B cucremax Fe-Co-C u Fe-Ni-
C.

Kaxk cnenyer u3 puc. 6 no ko3 HunmueHTy oJHOPOJHOCTH 0 TIPOYHOCTH
T IOPOIIKH aJIMa30B OTJIMYAIOTCS 110 CPABHEHHIO C UCXOJHBIMHU HOPOIIKAMHU
cucremsr: Fe-Ni-C — 4,2-3,0 pasa, Fe-Co-C — 3,5-2,4 paza.

Ha puc. 7 (a, 6, 6 u &) npeacTaBiieHbl THCTOIPaMMBbI paciipeaesIeHust 3epeH
ayMasa Mo IMPOYHOCTH B Pa3HBIX (PaKLHIX COPTUPOBKH, CHHTE3UPOBAHHBIX B
cucteme Fe-Ni-C: a — ucxonusiii; 6 - No 1; 6 - Ne 3; 2 - Ne 6.

Ha puc. 7a mokazana rucrorpaMma paclpesiesieHHsi 3epeH aimasa I10
MIPOYHOCTH MUCXOmHOTO nutudmopomka Mmapka AC200. 3 pucyHka BHIHO, 9TO
3epHa alMa3a PacIpeeliIiNCh 0 IMPOYHOCTH, COOTBETCTBYIOIICH MapkaM OT
AC300 o AC65.

ITocne pasmenenus 3epHa anMasa B mpoxykre Nel pacmpenenwiuch 1o
mapkam oT AC125 no AC300 (puc. 76), B mpoxykre Ne3 ot AC125 mo AC250
(puc. 76) u B poaykte Ne 6 ot AC65 no AC200 (puc. 72).

Just moBbimeHuss  3(QGEKTHBHOCTH — pa3felieHus  HUIM(IOPOLIKOB
CHHTETHUYECKOTO ajMa3a, CHHTE3UPOBAHHBIX C IPHMEHEHUEM (eppoCILIaBOB,
BIICPBBIC pa3paboTaH Ccrmoco0 pa3/eieHus anMa3oB IO JMSPEKTHOCTH HX
MOBEPXHOCTH, IyTeM H30MpATENbHOTO HAHECEHUs]  DJIEKTPOIPOBOIHBIX
TOHKOJVMCIIEPCHBIX YaCTHI[ W 3a CYET CHJ aAre3WH 3aKpeluleHHs WX Ha
TIOBEPXHOCTH 3€PEH IOpoUIKa (Ul YyCHJICHUS €CTECTBEHHBIX AIIEKTPHUECKUX
CBOWCTB), 4TO ITO3BOJISICT PA3JEIsATh 3€PHA alMasa B JIEKTPUYECKOM II0JIC Ha
HECKOJIbKO (pakouidi M yIy4IIUTh CEJIEKTHBHOCTh HX pPa3JeNeHus Mo
MIPOYHOCTHBIM XapaKTEPUCTHKAM.

TakuM 00pa3oM, BBHIOJHEHHBIE HCCIEIOBAaHMS IOKa3aldl BO3MOXKHOCTb
3¢ (GexKTHBHONH  COPTHPOBKM 1O  Ae(PEKTHOCTH  TOBEPXHOCTH  3€peH
HITH(IOPOIIKOB anMa3a, CHHTE3UPOBAHHBIX C IMPUMEHEHHEM (eppOCILIaBOB.
VYcraHoBIEHO, 4YTO (HU3MKO-MEXaHWYECKHUE XapaKTEPUCTUKU  aJIMa3HBIX
IUTQIOPOIIKOB (IPOYHOCTh M TEPMOCTOWKOCTh), CHHTE3UPOBAHHBIX B Pa3HBIX
poctoBsix cuctemax Ni-Mn-C, Fe-Co-C u Fe-Ni-C, kak HCXO/IHBIX, TAK U MOCIIE
BBICOKOTEMIIEpPaTypHOU 00paboTkHy, c yBEIMYEHUEM B HUX
BHYTPUKPUCTAIIIMYECKUX NPUMECEH U BKIIOYECHUH, 0COOEHHO METAIIINYECKUX,
Oonee 2 pa3, CHIKAOTCA OT 3 10 5 pa3. Mcnonp3oBaHne B MHCTPYMEHTE TaKUX
HalpaBJIEHHO YIyYIICHHBIX AJIMa3HBIX HIIH(IIOPOMIKOB MO3BOJUT MOBBICHTH
3¢ (GeKTHBHOCTh  alIMa3HOTO  KaMHEOOpaOaTHIBAIOIIETO W TPABSIIETO
HMHCTPYMEHTA.
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Pucynok 7 — Pacnipenenenue 3epeH aimasa 1o IPOYHOCTH B PA3HBIX
¢dpaxunsax coprupoBku 3epaucroctu 400/315, cHHTE3NPOBAHHBIX
B cucreme Fe-Ni-C: a — ucxomnsrii; 6 - No 1; 6 - Ne 3; 2 - Ne 6.
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B. JlaBpunenko, I'. ImpauEKA, [. 3aiiniea, B. CMmokBiHa,
A. Makcumenko, B. Ckpsa6in, KuiB, Ykpaina

HNOJIITITEHHSA ®I3UKO-MEXAHIYHUX XAPAKTEPUCTHUK
CUHTETUYHUX AJIMA3IB, CHUHTE3OBAHUX
B PI3BHUX POCTOBHUX CUCTEMAX,
JJIA IIIABUINEHHA EOEKTUBHOCTI AJIMA3ZHOT'O
KAMEHEOBPOBHOTI'O I TIPABJIAYOI'O IHCTPYMEHTY

AHoTanis. Ha epexmusnicms pobomu anmasno2o kameneobpobHo2o i npeyusiiHo20 npasiaiozo
IHCMpYMeHmy — GeluKuil  6NIUE MAOMb  (DIBUKO-MEXAHIYHI  GIACMUBOCMI  WLIPNOPOWIKIE
CUHMEMUYHO20 AIMA3Y, WO 3ACMOCOGYIONbC NPU OCHAWEHHT NPAGIA4UX ponuKie. Bracmueocmi
wnipnopowikie anmasy, € ceolo uepzy, 0OYMOBNIOIOMbCS MEXHONOIAMU CUHME3y, 30a2aueHHs,
00pobKu, Kracugikayii 3a posmipamu i Gopmoro, COPMYBAHHS, WO CAPUSLE OMPUMAHHIO NOPOWIKIE
i3 3a0anumu enacmusocmamu. B pezynomami é0ockonanenns npoyecy cunmesy HU3Ko0 npoGioHux
3apyOINCHUX QIpM OMPUMAHT CUHMEMUYHT AIMA3U 3 OYJiCe GUCOKOIO MIYHICNIIO, 3 SKUX MOJNCYMb
oymu sucomoseneHi gucoxomiyni nopowku ammasa mapox AC200-AC400. [ocnioacenns npogoounu
na armazax zeprucmocmi 400/315 pisnux mapox, cunmesoganux ¢ cucmemax: Ni-Mn-C, Fe-Ni-C,
Fe-Co-C. B pesynemami  6ukonamux OOCHiOJCeHb — NOKA3AHO, WO  (DIBUKO-MEXAHIUHI
XApaKmepucmuKu aImMasHux waipnopowikis (MiyHicms i mepmocmitikicms), CUHME308AHUX 8 DISHUX
pocmosux cucmemax Ni-Mn-C, Fe-Co-C i Fe-Ni-C, 3 eeauxum emicmom 6HympiutHbOKpUCMAaniuHux
OoMmiwoK i ekouens (binvute 2 pasie) 6 NOPIGHAHHI 3 AIMA3AMU 3 MEHWUUM BMICIOM ZHUNCYIOMbCS
6i0 3 00 5 pasie. /[ nidsuuyerHs eghekmusHoCmi po3nooiLy WaipnopouiKie CUHMemuyHO20 aimasy,
CUHME308aHUX 13 3ACMOCYBAHHAM (DEPOCnasis, po3pobieHuti cnocié po3noodity aimasieé no
Oehekmnocmi ix nOBEPXHI, WIAXOM 8UOOPHO20 HAHECEHHs eNeKMPONPOBIOHUX MOHKOOUCNEPCHUX
YACMUHOK | 30 PAXYHOK CUNl a02e3ii 3aKpinieHHs ix Ha NOBepXHi 3epeH NOpowiKy (0N NOCUNEHHS
NPUPOOHUX eNeKMPUYHUX 6IACMUBOCTElL), WO 00380IAE PO3OLIAMU 3ePHA AIMA3Y 8 eNeKMPUYHOMY
noxi Ha 5-7 gppaxyitl, wjo pospizHAIOMbCsL MidIC cOO010 NO MIYHOCII, | NOTINWUMU CETEKMUGHICTb IX
PO3nooiny 3a miyHicmio. Buxopucmanus 6 iHcmpymeHmi aimMasHux wiiipnopowikie 3 6uUcoko
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0OHOPIOHICMIO 30 MIYHICMIO 00380UMb NIOSUWUMU ePEeKMUBHICMb AIMAZHO20 KAMEHEOOPOOHO20
i npasnsvo2o iHcmpymeHmy.

KJi1104oBi ci10Ba: cunmemuyni aimasHi witighnopowku, KameneoopoOoHULL i npasisyuli IHCmMpyMeHm,
pizuxo-mexaniuni Xapakmepucmuxu, 0OHOPIOHICMb 3a MiyHicmio, emicm
BHYMPIUWHbOKPUCTNATIYHUX 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-A4C400.
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 11 (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, namely
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 RCKT1204MO0-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 F, 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 Fx 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 Fx 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 Fy 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

Fz | ]

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.

132



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

Ovc=100 m/min

Bvc=200 m/min
Ovc=300 m/min
Evc=400 m/min

@vc=500 m/min

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Specific force (N/mm?)

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 ®PE3EPYBAHHA KPYI'JIOIO INTACTUHOIO
IIPHU PI3BHUX IBUAKOCTAX PI3BAHHA 1 HOJAYI

AHoranis. Topyese gpesepysanhs 4acmo 6UKOPUCOBYEMbCA Ot OMPUMAHHS NIOCKUX NOBEPXOHb
3 BUCOKUM CIMYNeHeM MOYHOCHI. 3a 00NOMO2010 Ybo2o Npoyecy 06POOKU MOICHA DOCAZIU BUCOKOT
WeUOKocmi  BUOGIEHHS Mamepiary, aie MaKodc Oaxcamo Mamu MONCIUBICIb YNPAGIiHHA
SHAYEHHAMU CUN PI3AHHS, W00 YHUKHYMU HAOMIPHO20 CHOMCUBAHHA eHepeii, 3HOCY IHCmpyMeHmy
abo sibpayiti. Lle moodice Gymu 00CAHYMO WISIXOM 8UOOPY napamempie npoyecy y i0N08IOHOMY
0ianasoni O KOHCHO20 6UNAOKY. Y YbOMY OOCHIOHCEHHI eKCnepUMEHIM NPO8OOUMbCs 3 Mmoo
BUSHAYEHHS 6NIIUBY OBOX BANCTUBUX NAPAMEMPIE NPOYeCy, a came WEUOKOCMI pisants i nodavi Ha
Cunu pi3aHHs i RUMOMI CulU PIi3aHHs Ni0 4dAc MOpYeeo2o pe3epy8ants, y BUNAOKAX, KOIU
BUKOPUCMOBYEMbCA 00HA Kpyana naacmuna. I1icis ananisy exchepumenmansbhux pe3yibmamis, uo
CMOCYIOMbCsL CUL PI3AHHSL | NUMOMUX CUTL PI3ANHSL, MOJCHA 3p06umu pisni 6ucHogku. Y nepwiil cepii
eKCNepUMEeHmMi6 3i 3MIHHOW WGUOKICMIO DI3AHHS, 30iIbWEHH WBUOKOCMI PI3AHHSA BUKIUKAIO
3MeHUeH I KOMRNOHEHMI8 CUNU PI3aHHs uepe3 OibUL BUCOKI meMnepamypu pi3anHts i pO3m SIKUEHHS.
3a20moeku mamepiany, mooi ik y Opyeiil cepii eKcnepumeHmie 3i 3MIHHOIO WBUOKICIIO Nooaul,
301IbUWEHHST WBUOKOCHT NOOAYl BUKIUKALO 5IGHe 30LNbUEHHS 3HAYEeHb CUIU DI3aHHA npu Oiibul
IHMEHCUBHOMY 3aUenIeHHE Pidicyuo2o iHcmpymenmy i 3a2omoeku. Lli pesynsmamu y32000icyiomvcsi 3
8i0n06IOHOI0 imepamypoio, wo 3abesneuye 00CMOBIPHICMb eKcnepumenmis. Ananiz numomux cuu
pi3anns 6uA6ue meHoenyii 8i0N0GIOHO 00 Pe3yNbMYIOUUXx CUl pi3amnHs 6 pasi 3MIHHOT WeUoKocmi
pizanns, mooi AK 30i1bUeHHs WEUOKOCMT NO0AYi 3p00UN0 HECHPUAMAUGUL 6NIUE HA NUMOMI CUIU
pisanna uepes 30inbuienHs NOnNepeuHozo nepepisy cmpyxcku. byro nokasano, wo 36inbwenns
WBUOKOCME NOOAYT NPU3B0OUMb 00 DILULOT 3MIHU CUIL PI3AHHS, HIJNC 3011bUWEHHS WUOKOCTI PI3AHHS.
Taxum uunom, ModiCHa 3poOUMU BUCHOBOK, WO Pe2YNIO8AHHA CUNl Pi3anHs Modice Oymu Oinbud
epekmusHo npogedeno 3 MOUKU 30pY 3MIHU WEUOKOCMI Nooayi, a He weuoKocmi pizanus, s
00cAZHeHHSA OIbIU HUZLKO20 eHEP2OCNOICUBAHHSA, 4 MAKOIC MEHUO020 NOWKOOICEHHS 3a20MO6KU. |
301LIbUEHHS] MEPMIHY CYIHCOU THCMPYMEHMY.

KurodoBi cioBa: mopyese ¢hpesepysanna; wieuokicmos pisanus; weUOKicms nooaui; Kpyana
NAACMUHA,; CUTU PI3AHHA, NUMOMI CUTIU PI3AHHA.
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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 Czén [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
ELL

Figure 1 — Chip morphology of Ti-6Al-4V at vc = 18.3 m/min and f = 0.051 mm: a) 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?/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.

0,10 mm

f

0,05 mm

f

i

' ———

v, = 50 m/min Ve = 50 m/min Ve = 60 m/min Ve = 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

138



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

The drilling experiments were conducted on a 3 axis Mazak Nexus 410 A-ll
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
4 25 0.2 15 12 60 0.2
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;err?;tsrlmlf?m Yield strength 2{'&?;'#; 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].

DA J Chipping surface

e
.
o l Clearance surface

e e

Chipping surface

Chipping surface

Figure 3 — Representative cutting tool geometries used in experiments
a) 20um b) 30um 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

Experiment 1 Experiment 2 Experiment 3 Experiment 4

=25 [m/min]
Ni

Ve

Experiment 5 Experiment 6 Experiment 7 Experiment 8

1 N '
|
! 2mm 8 2mm | om |

Experiment 10 Experiment 11 Experiment 12

40 [m/min]

Ve =

Experiment 9

60 [m/min]

V=

Experiment 13

90 [m/min]

2mm

£=0,1 [mm] f=0,15 [mm] ' £=0,2 [mm]

Ve

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

N ) 550 B ) i 3
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.
Micro scale research including SEM represents excellent topic for the future work.
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JlanmicnaB Kannpad, Komrine, CroBakist

OIITHKA MOP®OJIOI'Ti CTPYKKH
ITPU CBEPJAJIIHHI TUTAHOBUX CIIJIABIB

AwnoTtanist. Qopmyeants cmpysucKu 6 npoyecax BUSOMOBIEHH I OMBOPIE SPAE BANCTUGY POIb Y 6UOODT
NPasUIbHUX nApamempie 0opooxu. Po3yMinHs Yb02o peHoMena makolc 6axiCIUBO NO GiOHOUIECHHIO
00 nosedinku 3Hocy abo napamempié YiLiCHOCMI 00pPOONIIOBAHOT NOBEPXHI, K WOPCMKICMb,
3anUWK08I Hanpyau i bazamo iHwux. IIpononosane 00CHiOdiCeH s HaYiieHe HA NOPIGHAHHS PI3HUX
Ghopm i pozmipie cmpysicku nio uac ceeponinns mumanosozo cnaagy Ti-6Al-4V meepdocniasnumu
ceeponamu 8 pizHUX YMOBAX pizanus. Bnause padiycy 3aoxkpyenenHs pizanvHol Kpauku i 3a0Hb020
KYma HA npoyec CMpYICKOYMEOPEHHS MAKodiC OY10 pO32NAHYMO 6 pAMKAX Oanoi pobomu.
Excnepumenmanvii 0ani niomeepoxicyioms micHull 63A€MO36'130K MIJIC PENCUMAMU CEEPONIHHS §
napamempami, wo oyinwomecs. Excnepumenmu npoeoounucs 3 GUKOPUCMAHHAM CHIPATbHUX
ceepoell 3 B0bPPAMO-KOOATLMOBO20 MEepA020 Chiasgy, 6e3 nokpumms, diavempom 8,2 Mm i 3
pisHolo eeomempicio. [[Isi GUKTIOUEHHSI GNIUBY 3HOCY, GUKOPUCHOBYBATUCS KOICHO2O pA3y HOGI
cgepona. Mopeghonozis cmpydicku, docrioxcena nio yac ceeponinns mumanogozo cniasy Ti-6Al-4V
meepoocniagHum incmpymenmom 6e3 nokpumms WC/ Co, 0ogena, s i O4iKy8anocs, micHull 36's130k
i3 icuylouumu ymoeamu pisamnmsi. Kpim moeo, seuuje Npuiunamts CMmMpyjicKu i CUTbHO2O 3HOCY
iHCMpyMeHmy GUHUKAE npu 0Opobyi 3 OLNbWL GUCOKUMU NAPAMEMPAMU PI3AHHS, 8 OCHOGHOMY 3i
weuoxicmio pizanus (Ve = 60 i 90 m / x8). Koniuna cnipanvha cmpysicka mae gpopmy cknadyacmoi
cmpiuku npu wieuoxkocmi pizanns 6invute 40 m / x6. Bnaue wieuokocmi nodaui menw icmomunuii 8
NOPIGHAHHI 3 6NIUGOM WEUOKOCHIL pi3antsl. Lle Modicha nosicHumu nioguujeHHsIM meMnepanypu, npu
AKIU mamepian 3a20mosKU NPUIURAE 00 PIdCYyH020 [HCMPYMEHMY, WO NO2IPUWYE BUOAICHHS
cmpydicKu i3 301U pizanis. Bnaue padiycy pigcyyoi kpaiiku i 3a0Hb020 Kyma Ha npoyec deghopmayii
MAKOJC PO32NAOAECMbCA 6 Yl cmammi, ane npu CnocmepedceHti 6 Makpomacuimabi ne 6yno
BUABNEHO — CYMMEBO20  GNAUGY — 2€OMEmpIi  [HCMPYMeHmy HA  (QOPMYSAHH — CIPYICKU.
Mixpomacwmabni  docnioocenns, exmouaiouu SEM, npedcmasnsioms  iominny memy O
Mmaiubymmuwvoi pobomu.

Ku04oBi ciioBa: excnepumenmu 3 c8epONinHA, KapOio 60ibpamy; mumanosuil cniag, munu
CmpYdICcKU; MOPGHONIO2is CIMPYACKU,; napamempu 06pooKu.
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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 Gorog (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] I

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)‘l'Ny'(Poy_Piy)‘l'Nz'(POz_Piz) (1)
/N,ZC+N32,+NZZ

The flatness error of a point cloud is:

D;

FL = D;i max — Dimin 2

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, S#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 | st#3 [Sfud| S5 | Sfie | 7 | Stus
Method Face milling Face Face milling Grinding
turning
Surface grinding
. Radial feed | Zig- . _r|without| .
Strategy Zig-Zag outside-in ng Spiral spark with spark
out out
. UF- [MAZAK MAZAK Jotes
Machine 231 | Ad10-11| F400-20001 410,y SPD-30B
Type Conv.| CNC Conv. CNC Conv.
Dc [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; f, [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
2 [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.

1 EEEEE M= I " 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 [um] ORa [um] ORz [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 2
P
0,50 @ Sf#1
- o e W SfH#2
paLEN - | N
m 0,40 b \ X N A SfH#3
vy . \ \
% 0,30 Y \ * X sf#4
Il. - \ R A 4/5 X Sf#5S
0,20 e e Sf#6
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 &Sl
E 0,04 A WS
E Py A SFH3
2 0,03
o X SfH#4
g
£ 002 —@ K SFHS
0,01 )i | ® SFH6
0,00 + SfH#7
0,00 1,00 2,00 3,00 4,00  =SfH8
Ra [um]

Figure 4 — Surface roughness and the flatness
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Figure 5 — Macro topography of the test surfaces #1-#4
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47 4

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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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 (FL.) to the reference value
(FLrer), a modification coefficient (Cg) can be introduced:

FL= CFL' FLC (3)

The correction coefficients (Cg) were defined as the quotient of reference
value (FLe) 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

C [195(196(222|1,93|1,73|2,08|2,16(3,21|3,01|2,55|2,16| 2,05
ocr. 0,66 0,61)0,98|0,68|0,40|0,480,45(2,86|1,26|0,81|0,51| 0,33
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Modification coefficient (C_FL)
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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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£
£
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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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JOCJIIKEHHSA CTPATET'TI TOYKOBOI BUBIPKA
IIPU ONIHIOI MJIOIIMUHHOCTI

AHoTauis. BukopucmaHnHs 2eomMempudyHux OONYCKI6 6 NpOMUCIO80CMI Habysae 6ce Oinbuio2o
3HAYeHHs, ajle OIS NPABUIbHO20 IX 3ACMOCY8AHHs NOMPIOHO Oinbw 2nuboke pozyminus. Cuio
8paxogyeamu Kiibka acnekmis, maxux sxk poboma npooykmy, e1acmueocmi Mamepiany, yMOGU
8UPOGHUYMSEA | GUMIPIOBAHHS, 4 MAKOJIC NPAGULA, WO CMOCYIOMbCs cmanoapmis. Y cmammi
npeocmasgieni npodiemu BUMIPIOGAHH MA OYIHKU HA NPUKIadi naowgunnocmi. Jocuioxncyemopcs
6NIUG PIZHUX cmpame2itl MOYKO80I GUOIDKU: NOPIGHIOIOMbCS O8AHAOYSIMb MEMOOI8 8 Pa3i 60CLMU
BUNPOOYBATILHUX TNOBEPXOHL, | NPONOHYEMbC Memod Mmoougikayii. Ilomunka niowunHocmi,
3acHoeana Ha cmawoapmi, Mogice Oymu po3paxo8ana OeKinbkoma cnocodamu. Y yvomy
docniddcenni OY8 BUKOPUCMAHULE MemoO MIHIMANbHOT 30nu. Ilpu euxopucmanui memooy
minimanonoi 30nu (MZ) neobxiono eusnauumu opicHmayilo 060X NAPANENbHUX NIOWUH, SKI
OXONTIOIONb XMAPY BUMIPSHUX MOYOK 3 MIHIMAIbHOK iocmannio. L[ eidcmanb nosurna oymu
3icmaeiena 3 00nyckom. JJocniodcysari eunpoOysaivHi 0emani Oyau 6UeOMOBIEHi 3 NONePeOHbO
3aeapmoganoi cmani. Bynu npoananizoeani 8 eunpobyeanvHux noeepxomv, sKi 6yau o6pobreni
pisHUMU  memooamu 00pobku i napamempamu pizauns. Bymu  3acmocoeami  mexnonozii
(pesepysanns, mouinus i wighyeanus. Bumipsna xmapa mouok 6yra 3000yma 3a 00ROMO2O0I0
KOOpOUHamuo-eumipioganvhoi mawunu Mitutoyo Crysta-Plus 544. 1020 mouok 6yau 3anucami 3
cimkorw 5x5 mm. Konmponvui 3Hauenuss NOMUIKU NIOWUHHOCMI OYIU BUHAYEHI imepayitiHum
memodom. Ha niocmasi pesynomamis, nageOenux y cmammi, 6y10 GUSGILEHO, WO WOPCMKICMb
nosepxui i NIOWUHHICMb pyxalomvcs napanenvto. Lllopcmkicmes noepXHi 6 pisHUX HANPAMKAX
BUMIDIOBAHHSL MOdICce Oymu Oydce pisHOw. BioHocHe cmanOapmue 6IOXUNIEHHS GUIHAYAEMbCS
mexHoa02icio 06podxu. Cmpamezist mouKo80i GUOIPKU 6NAUBAE HA PE3YTbIMAN OYIHKU NIOUUHHOCT.
Ilpeocmasnenuii memoo modice Gymu nowupenuil Ha OinbuLy KiIbKicnmb mexnonoeit oopobku, a
maxooic modice Oymu exasanutl Koegiyicnm moouixayii. Pozmip niockoi nogepxmi moce 6ymu uje
OOHUM BAANCIUBUM DAKMOPOM O OYIHKU NIOWUHHOCHI, MOMY U020 CIi0 8paxogyeamu npu
NOOANLUIUX OOCTIONCEHHSIX.

KalouoBi caoBa: ceomempuuni  donycku; naowunmicmv, cmpameia mMoyKkoeoi  GubIpKu;
KOOPOUHAMHE BUMIPIOBAHHS, MEMOO MIHIMANLHOI 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.

160



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91
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LEAD TIME
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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 (Ty.;) is the

following [13]:
T =top+ (=D (D 6= 1) @

where top is the sum of operation times necessary to finish a component; n is the
lot size; ty 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

1St
ty<t, Operationtimes: t;;t,; ... [h/pcs]
d |-
2 Z
S t3>t,
‘§ 3rd b
=3 t,  t<t
o At e
ts=t.
o I 5 6=
T Working
Lt time

Figure 2 — Calculation of lead time in case of mixed operation sequences [13]

161



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

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

162



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

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
=7
o 8
8 9
8 10
Cu 12224
12
13 203
14 1797
15 2201
16 2143

0 1440 2880 4320 5760 7200 8640 10080 11520 12960
Sequence operationtime, T, o, . [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 (Top:) 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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Figure 4 — Series operation times for the gear series
Table 3 — Rates of current and theoretical series operation times — countershaft
5| : |&|s| 2 |2|8| ¢|8|8| ¢ |2
= 1) < = 5] < = 5] < = 5] ©
@) s @ | O s m | O s @ | O s i
1 100 | % |5 089 |~ |9 1.00 | % |13 | 3.53 v
2 315 | v |6 296 | 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: ¥« - 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 . | 8|5 . | S
® = S s = S s = S IS = S
@ = = @ = = ) = = @ = =
|l &£ |a|&8| £ |al|d8| & |a|&| & |a
1 100 |* |5 [1200 |* |9 |3096 | x |13 | 207 |+
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 |18 |V

Legend: ¢ - 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 (Tw) 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
Als[c|p|e|F AlB|c[p|E|F

1 | Preparation (1) 23 |_te | Waiting

2 | |Storage 24 [« Media removal(9)

3 L | |Conweyance 25 ‘> Material handling

4 :b 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 | [ Material handling 30 N | | conveyance

9 | Gear cutting (4) 31 | Waiting

10 \\\ Material handling 32 Storage

11 | pe| Waiting 33 Conveyance

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

13 po Conveyance 35 ‘> Material handling

14 (o Washing (6) 36 <: Tooth grinding (13)

15 Conweyance 37 ‘> Material handling

16 Storage 38 <: Washing (14)

17 \ | |Conweyance 39 [ ) Material handling

18 e | Waiting 40 Quality check (15)

19 |« Hardening (7) 41 Material handling

20 :> Material handling 42 L Final check (16)

21 <: Shot peening (8) 43 ) Conveyance

22 Mo Conweyance 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, Tic [h] 367 209
Tw/Tic [%] 16.75 78.81
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# " BSCIJI;E Description # " BSCIQE?E - Description

1 |« Preparation (1) 23 L»| Waiting

2 ™~ Storage 24 rd Conwveyance

3 | Waiting 25|« Hardening (9)

4 I~ Material handling 26 | Do Conveyance

5 | T. mill. chamf. (2) |27/« Shot peening (10)
6 be Conweyance 28 \> Material handling

7 | Wiaiting (3) 29 <, Media removal (11)
8 De Conweyance 30 \\\ Conwveyance

9 | [ Final check (4) 31 e[ Waiting

10 \\ Conwveyance 32 (&g Hard turn, grind. (12)
11 :» Waiting 33 N Conwveyance

12 (o] Preparation (5) 34 e[ Waiting

13] [ | T [storage 35 |« Tooth grinding (13)
14 Conwveyance 36 | Conwveyance

15 pN Waiting 37 b Waiting

16 | Washing (6) 38 [« Washing (14)

17 > Conveyance 39 Do Conwveyance

18 |« Laser welding (7) 40 é Quality check (15)
19 D Conwveyance 41 Material handling
20 <' Quality check (8) 42 Final check (16)

21 N Conweyance 43 h Conwveyance

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]: T <<ZTw

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 Tre[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.

e 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.

e 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, 5W1H), 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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Biktop Monsrap, limtBan e3not, Anom KyHrapak,
Mimkounbl, Yropuaa

SHUKEHHSA YACY TPOLHECY BUT'OTOBJIEHHSA
3YBYACTUX YACTHH

AHoTauist. [Ipu 6ucomosienti agmomodiIbHUX KOMNOHEHMIE 3MEHWEHHS Yacy 00pOOKU i 8iIbHO2O
yacy, Wo BUAGIAEMbCS 6 ONepayisx pisaHHs, Modce OYymMu peani3oeano WIIAXOM 3MiHU
mexHono2iuHUx napamempis. Ilpome, ckopoueHHA 3a2albHO20 YACy BUPOOHUYMEA KOMNOHEHMIE
Modice Oymu 00CAHYMO 6 3HAYHIN MIDT WIAXOM PeopeaHizayii 6upoOHU1020 npoyecy ONs YCYHeHHs.
HenompiOHUX nepiodie ouikyeanHs (HanpuKkiao, sdepicanns, 3depicannss 6 npoyeci i m.o.). Y ybomy
00CHIOCEHHI 3a2aNbHULL YAC GUKOHAHHS 080X DIHUX MUNIE KOMNOHEHMI8 OYIU NpoaHamizo8ai
WAAXOM QOKIAOH020 KapmyeauHs npoyecy. Cucmema agmomooOiibHOl MPaHCMIcii CKIa0aemvcs 3
Komnonenmie abo ck1adanbHux oounuyv. OO'cOnanns yux eremenmie 0Nl  OMPUMAHHS
@ynryionanvroeo mosapHo2o npooykmy 6i00yeacmvcs ¢ npoyeci ckradauns. Y yiti cmammi uac
BUKOHAHHA BUPOOHUYO20 NpOYecy aHANIZYEMbCA WIAXOM 3ICMAGNeHHA U020 0N 080X PI3HUX
KoMnoHenmie. Ananizo6ani KOMNOHEHMU € YACMUHAMU 080X CUCMEM MPAHCMICIT (NpOMIdCHUIL 64l
i wecmepns). [lomouni 3nauennsi uacy po6omu 6ymu oocmynui 6 cucmemi SAP ERP,
BUKOPUCIOBYBAHOT HA 3A600i, Oe UPOOIAMbCA KOMNOHEHMU | 6y GUKOPUCTAHT ONA BUSHAYEHHS
yacy eukoHanHs 3amosnenns. Teopemuunuil i GUMIPAHUL HAC BUKOHAHHS 3AMOGTICHHS NOPIEHIOBABCSL
i ananizyeascs 05 6UAGNEHHs BNAUBY NOCTIO0BHOCMI ONePayili Ha YAC BUKOHAHHS 3AMO6IeHH:. 3a
00NOMO2010 YUX PO3PAXYHKIE, 4 MAKOJIC BUMIPIOBAHD DY 8uUAGNeHT npodaemui onepayii i éHeceHi
nponosuyii wooo noninuienus npoyecy. Y pasi amanizogaHux KOMNOHEHMI8 NOKAZHUKU HACY
OuiKy8anHs 6cepeOuHi npoyecie Oyau GIOHOCHO SUCOKUMU, WO NOACHIOBANOCS MEXHON02IUHUMU
npobnremamu, a opeanizayiiHumu Heooxikamu. Hacmynnum Kpokom K y OOCHONCEHHSX, MAK i 8
payionanizayii npoyecy Ha 3a600i € GU3HAYEHHs (a3 npoyecy, NOJINUEHHS IKUX € HeGIOKIAOHUM (Ye
MOJNCHA 8CMAHOBUMU RNiCNs paudxcupysants npobrem). Ilomim neobXxiono eusnavumu emanu
noninuienHs i pekomeHdysamu cmanoapmusayio npoyecy. Ananiz npoyecy 6UpoOHUYMBA iHWUX
AHANOSTYHUX KOMNOHEHMI8 Modice 0amu DL YimKe YAGLeHHs NPO epeKmusHiCmy npoyecy.
KurouoBi ciioBa: smenwenns uacy obpooxu; eupooHuuuil npoyec; nocrioogrHicms onepayiil,; ananiz
npoyecy 6upobHUYMEa,; cmanoapmu3ayis npoyecy.
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CHEIMPIKA BAKOPUCTAHHSI TBEPJOCIIJIABHUX
PI3AJIBHUX IIJIACTUH 3 IOKPUTTAM ITPHU
YOPHOBIM TA HANIBYUCTOBIN TOKAPHINA OBPOBIII
JETAJIEA BA’)KKOI'O MAILIMHOBY IYBAHHS

AHoOTaNisA. Y cmammi na ocHogi pe3yibmamie 00CiOHCeHb Y3a2aibHeHl cneyupiuni ocooIusocmi
YOPHOBOI MA HANIYUCMOBOI MOKAPHOI 0OPOOKU demaneil 6aicKo20 MAUHOOYOY8aHHS Pi3ysMu
3 MBEPOOCHAAGHUMU PI3ATLHUMU naacmuHamu 3 nokpummsm. OOTpyHmMosano eudip Mapox meepoux
CnIasie 3 NOKpummsM, Haubinbwl NepcneKmMueHux Ol UKOPUCHAHHA NPU HOPHOSIU ma
Haniguucmosiil mokapHiti 06podyi cmanesux demaneti Ha 8ANCKUX 6ePCMAMAX.

KJI1040Bi cl10Ba: demaii 6asicko20 MawuHo0y0y8anHs, YOpHO8A MOKAPHA 0OPOOKA, HANIBYUCINOBA
mokapna 06pobKa, mMeepOOCHIAGHA PI3ANbHA NIACMUNA, NOKPUMMS, 3HOULY8AHHS, NOJIAMKA,
BUKPUULYBAHHSL, NPAYE30AMHICTb, NPOOYKMUGHICMb 00POOKU, eHepoedekmueHicmb.

Beryn. IloctanoBka npo6JieMu.

Baxkke MammHOOYQyBaHHS € OCHOBOIO MAIIMHOOYIiBHOTO KOMILIEKCY
Vkpaian. TexHiuHUH piBeHb Ta e(QEKTHBHICTh TEXHOJOTIYHHX IPOIECIB
HIANPUEMCTB Ba)KKOTO MAIIMHOOYTYBaHHS 3HAa4YHOIO MipOI0 BH3HAYAIOTh
3araJbHUI pIBEHb INPOMHCIOBOTO PO3BHUTKY JA€pXaBHU. TOX MiABHUIIECHHS
e(peKTUBHOCTI TEXHOJIOT'IYHHX MPOIIECIB BAYKKOTO MAIIMHOOYIyBaHHSI, 30KpeMa
OpoIeCiB  MEXaHIYHOI OOpOOKM JeTaneil, € 1 Hamaal 3aJuIIaTHUMEThCS
aKTyaJIbHOI0 ~ HAyKOBO-NIPAaKTHYHOIO  33jayelo. BaxiIMBUM  YMHHHKOM
3a0e3neueHHsT BUCOKOT e(peKTUBHOCTI MEXaHIdHOI 0OpOOKHM JeTaneid BayKKOTo
MaIIMHOOYJyBaHHS € IIUPOKE BIIPOBAKEHHS Ta pallioHaJIbHE BHKOPUCTAHHS
CYy4acHOTO BHCOKOIIPOAYKTUBHOTO Ta HAAIHHOTO pi3allbHOTO iHCTPYMEHTY,
30KpeMa, 31 3HOCOCTIHKUM TTIOKPHUTTSIM.

3HaYHy 9acTKy AeTaleil BaKKOTO MAITHHOOYIyBaHHS CKJIAJalOTh JeTali-
Tila 00epTaHHS (BaJKH IMPOKATHUX CTAHIB 3 BEJIMKUAM JiaMeTpOM OOUKH, pOTOpH
SHEepPreTUYHUX YCTaHOBOK, KOpaOeibHI TpeOHI BajaM TOWO). Y CTPYKTYpi
3arajJbpHOi TPYNOMICTKOCTI OOpOOKM TakMX JeTaledl IepeBakae ToKapHa
00po0Kka Ha Ba)XKUX BepcTaTax, IPUYOMY OCHOBHI BUTPATH 4Yacy NpPUIAIalOTh
Ha BUCOKOEHEPTOMICTKI MMPOIIECH YOPHOBOTO Ta HAINiBYMCTOBOIO TOYIHHS, LIO
XapaKTepU3yIOThCS BaKKMMH YMOBaMH POOOTH IHCTPYMEHTY i, BIANOBIAHO, —
HEBHCOKUMH IOKa3HMKaMM Horo mpane3gaTHocTi. Tomy BceOiuHe BUBUEHHS
mpobnemMu e(peKTHBHOI YOPHOBOI Ta HAIMIBYMCTOBOI TOKapHOI 00po0KHI
JeTaieil Ba)KKOTO MAIIMHOOYAYBaHHS  CYY9acHHM
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TBEPAOCIIJIAaBHUM iHCprMeHTOM 3 HOKPUTTAM Ma€ BaroMe nNpakKTU4HC 3HAUCHHSA.

AHaJii3 1ocaigxedb Ta nyoJaikauii 3 npod/aeMu, 0 PO3IIAIAETHCS .

3arapHI TEOPETHYHI BIiJOMOCTI TPO BIUIMB 3HOCOCTIHKOTO ITOKPUTTS
Ha XapaKTEPUCTUKH IIPOILECY pi3aHHA Ta Mpale3qaTHICTh IHCTPYMEHTY HpH
pi3HUX Tporecax MexaHiuHOi 00poOKH mpenacTaBieHi y podotax [1—4]. Pasom 3
THUM, BUKOPHCTAaHHS TBEPJIOCIIABHOTO IHCTPYMEHTY 3 TIOKPUTTSM IIPH YOPHOBIH
Ta HaIlIBYMCTOBIN TOKAapHili 00poO1Ii AeTajell BaKKOro MalllMHOOY/1yBaHHs Ma€e
CBOIO BilacHy crenudiky, sSKy HEOOXiJHO BpaxOBYBaTH NpH IpPU3HAYEHHI
pauioHaNIbHUX YMOB OOpOOKHM Ha BaXKMX TOKapHHMX Bepcrarax. Oxpemi
pe3yapTaTd  JOCHI[UKeHb  MpPAalEe3JaTHOCTI PI3IiB 3  TBEPAOCILIABHUMHU
pI3UIBPHUMHU IUIACTUHAMH 3 TIOKPUTTSM IIPW YOPHOBIH Ta HAIiBYMCTOBIH
TOKapHili 00poOIi [meTanmeil BaXKOTO MAIIMHOOYAYBaHHS HaBEICHI V
roriepeHix podorax [5-9] cmiBaBTOpiB HaHOI cTarTi. 30KpeMa, y podoTax [5—
7] HaBeneHI Ta MpoaHaJi30BaHi pe3ysbTaTH CKCIEPUMEHTAIBHHUX JOCIIKCHb
YOpPHOBOT TOKapHOI 0OpOOKM Jeranell Ba)KKOr0 MaIIMHOOYIYBaHHS Di3IIIMH,
OCHAICHUMH CIICI[iaJbHUMH ~0araTOrpaHHUMH  Pi3aIbHUMH  IUIACTUHAMHU
3 TBeproro cmaBy 3 mokputTsaM GC 4025 supoOHmuTBa ipmum «Sandvik
Coromant». Y poOori [8] HaBeneHi pe3ynbTaTh BUPOOHHWYMX CTIHKICHUX
BUNPOOYBaHb  PI3WIB 3  TBEPAOCIUIABHUMHU  DI3aJbHUMH  IUIACTHMHAMU
3 MOKPUTTSIM MPOBITHUX CBITOBUX (ipM-BUPOOHMKIB TPH HaIiBYMCTOBIN
TOKapHii 00poOLi BaJIKiB MPOKATHUX CTaHIB y Jiama3oHi AiaMeTpiB OOYKH
0 521...1300 MM. VY poboti [9] mpencTaBiIeHO CTHCIHIA aHai3 OCHOBHHUX
pe3yIbTaTiB CTIHKICHUX BHIIPOOYBaHb PI3IiB 3 pi3albHUMHU IUIACTHHAMH (HOPMHU
SCMT 380932 3 TBepAMX CIUIaBiB 3 MOKPUTTAM pi3HHX BHUPOOHWKIB MpH
YOPHOBIH TOKapHid 00poOIi 00YOK MPOKATHUX BAJIKIB y Miama3oHi IJiaMeTpiB
6oukn @ 1120...1590 MM. Pe3ynbTaTi BUTIPOOYBaHb JO3BOJSIOTH BU3HAYHTH
MIEPCIIEKTHBHI JJI1 BUKOPUCTAHHS Y TOCIIKYBaHUX 00IIacTIX 00poOKH MapKu
TBEPIHX CIUIABIB 3 HOKPUTTSIM.

Orusig HeBUPilIEHUX YACTHH MPOOIeMHU.

HaBenennit y pobGorax [5-9] ¢aktuuHui Matepiaq MiATBEPIKYE
MOJIJIMBICTh ~BHKODHCTaHHS pI3I[iB 3 TBEPAOCIUVIABHUMH  Pi3aJIbHUMH
IUIACTUHAMU 3 TIOKPUTTSM Pi3HUX (ipM-BHPOOHHKIB B peajbHUX BUPOOHHUMX
YMOBaX YOPHOBOI Ta HAIIBYKMCTOBOI TOKAapHOI OOPOOKH jeTanicii BakKKOro
MamuHOOyyBaHHS. Pazom 3 THM, oOIpyHTOBaHMH BHOIp KOHKPETHOI MapKu
TBEPAOTO CIUIABY 3 TOKPHUTTAM Ta MPU3HAYCHHS PaAIliOHAILHUX YMOB 00pOOKH
Mae 0a3yBaTHCh Ha BUBYCHHI Ta MOJAITBIIOMY BpaxyBaHHI cieliu(iKu TOKapHOT
00poOKM Ha BaXKHX BepcTaTax 1 (akTOpiB BIUIMBY TOKPHUTTA Ta WOTO
XapakTepUCTHK  HA  MPame3JaTHICTh  pi3liB,  TNPOAYKTUBHICTH  Ta
eHeproeeKTUBHICTH 0OPOOKH.
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Merta po6oTH — Ha OCHOBI aHAJTI3y pPe3yJIFTAaTiB BAPOOHIMIUX BUIIPOOYBaHb
pi3miB 3 TBEPHOCIUIABHUMHU pi3aJbHAMHU IDIACTUHAMH 31 3HOCOCTIHKUM
MOKPUTTSIM TPOBIAHUX CBITOBHX (pipM-BHPOOHHKIB TIpH YOPHOBIiH Ta
HAIIBYMACTOBIH TOKapHii o00poOmi merameli BaXKKOTO MAIIWHOOYAYBaHHSI
y3araJbHATH CIICIU(ITHI 0COOTMBOCTI TOCIIIKYBaHUX MPOIECiB 0OPOOKH, 110
CHpPAaBSIIOTE  BIUIMB  HA MPANE3NaTHICTh  PI3IiB, TNPONYKTHBHICTH Ta
eHeproe(eKTUBHICT 00pOOKH, Ta OOIPYHTYBATH BHOIp MapOK TBEPAUX CIIIABIB
3 TOKPHUTTSAM, HEPCIEKTHUBHUX JIJIsi BUKOPUCTAHHS Y 3a3HAYEHHX YMOBAxX
00poOKH.

OcHOBHaA YacTHHA

Jns BuUKOHaHHS MOCTaBiIeHOI MeTH OyiM JOKJIagHO MpoaHali30BaHi
pesynpraté mpoBereHnx Ha ©0asi [IpAT «HKM3» (M. KpamaTtopcbk)
BUPOOHHYMX BUMPOOYBaHb 30ipHUX PI3IiB 3 TBEPAOCILIABHUMHU Pi3aTbHUMH
IUTACTUHAMH 31 3HOCOCTIMKIM HOKPHUTTSAM IPOBITHUX CBITOBHX BHPOOHUKIB B
YMOBaX YOPHOBOI Ta HAIIBYUCTOBOI TOKApHOi OOpOOKHM BaNKiB IMPOKATHHX
CTaHIB 3 BENHKHM JdiaMeTpOM OOYKH, B TOMY YHCIi JOCITIIKEHBb, paHIIIe
MPeCTaBICHNX Y IMyOmikaisx [5-9] crniBaBTOpiB JaHOT pobOTH.

Bajku npokaTHHUX CTaHiB 3 BEIMKUMHM JliaMeTpaMH OOYKHM HajexaTh
JI0 XapakTepHUX  JeTajedl  BaXKoro  MamunHoOyayBaHHA.  Ilpukmamu
XapaKTEepUCTUK JAESKUX BAJIKIB MNPOKATHUX cTaHiB BHpoOHuuTBa I[IpAT
«HKM3» 3 Benukumu aiamerpamu 0o4ku (3a nanumu podotu [10]) HaBeneHi y
Tabnuni 1.

Tabmurst 1 — XapakTepUCTUKU JESKMX BaJKiB NPOKATHUX CTaHIB BHPOOHUIITBA
IIpAT «HKM3» (M. KpamaTopcrk) (3a narumu podotu [10])

T"abaputHi po3mipu | Maca Marepian | TBepuicTb Tounicte |IlopcTkicTh
BaJIKiB BAJIKiB, BaJIKiB 00uKH BAJIKiB MOBEPXHI
(miametp 609KH X T Ta MHUHOK
JIOB)KHMHA OOYKH X
TOBXKMHA JICTAJI), MM
1600x2700x6700 |12-60 Crais 50, Boukn Burrsa Bin
1500%2500%6300 50XH, Ta MIUHOK OoukH Ra 3,2 Mkm
1400x2000%5500 60XH, o HB 320; | Tta mmiiox o
1200x1200x5000 75X2MO, 0OYKH Bix 0,02 MM Ra 0,4 Mkm
1100x1500%x4800 75XM®, |Big HSD 60 | mo 0,005 MM
90X®, |mo HSD 85;
70X3rHM®| mmitok
Ta iH. Big HSD 30
o HSD 55

3a pesyiabTaTaMu aHajlily BUpOOHHMYOI TexHoOrii y poGoti [8] Oynm
BUJIUIEH] HACTYITHI OCOOJIMBOCTI TOKapHOT 00pOOKM OOUOK CTAaTEBUX MPOKATHUX
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BAJIKIB 3 BEJIMKHMH JiaMeTpaMH OOYKHM, IO CHPABIISIOTh HETATUBHUI BIUINB
HA TIpare31aTHICTh Pi3MiB, MPOAYKTUBHICTh Ta €HEPTOCPEKTUBHICTH 0OPOOKH
Ta 3HAYHOIO MIPOI0 € XapaKTepHUMH i JJIs TOKapHOI 00poOKHM iHIMX Aeraneit
Ba)KKOTO MaIIMHOOYTyBaHH:

— BeJIMKI 3HaYCHHS Ta HEPIBHOMIPHHUI XapakTep MpUITyCKy Ha 00poOKy,
10 00YMOBITIOE BICOKI CHJIOBI HABAaHTA)KCHHS Y 30HI Pi3aHHS;

— TEXHOJOTiYHi  mpoOjeMu, OOYMOBIIEHI  HEBHCOKHM  piBHEM
00po0IroBaHOCTI 0araThb0X 3 BHKOPHCTOBYBaHUX Yy SIKOCTI Marepiany Bajka
cTajieu;

— 3HayHa JOBXWMHA OOYKHM BajKa, NMPU SKIH TPUBAIICTh OOTOYYBaHHS
MUTIHAPHUYHOT OOUKH HA MPOXiJ MOXKE 3HAYHO MEPEBUIIYBATH IIEPio]] CTIHKOCTI
Ppi3ajbHOT TUIACTHHU, IO YCKIAJHIOE a00 YHEMOXJIMBIIOE 00pOOKY OOYKH 3a
OIIMH TIPOXia 06e3 3aMiHU IIaCTHHI,

— BEJHKI 3HAYEHHS IMOTYXKHOCTI €JEKTPOJBHIYHA TPHBOJA T'OJOBHOTO
PyXy BepcTara, 0 3yMOBIIOIOTh BUCOKHUIT piBEHb aOCOTIOTHUX BUTPAT (BTPAT)
eHeprii Mpy 3aJaHOMY 3HaYCHHI MUTOMHX BUTpPAT (BTPAT);

— BEJIMKI BTPATH ENEKTPOCHEPTii Ipu poOOTi eIeKTPOJBUTYHA TIPHUBOIA
TOJIOBHOTO pPYXy BepcTaTa Ha XOJOCTOMY XOMi MiJ dYac 3aMiHH pi3ajbHOI
IUIACTUHH (Pi311eBOro OJI0KY) BHACIIIOK BIIMOBH.

KomriekcHe mifBuIIeHHS €(QEKTUBHOCTI YOPHOBOI Ta HaIiBYMCTOBOI
TOKapHOi O00pOOKM JeTayieil BaXKKOrO MAIIMHOOYAYBaHHS MOXe OyTH
3a0e3nedeHe Ipy palioHAILHOMY BUKOPHCTaHHI Cy4acHOT'O TBEPJOCILIABHOTO
pI3IBHOTO IHCTPYMEHTY 3 HOKPHTTAM, SIKHH 3HaXOJUTh BCE MIMPIIE
BUKOPHUCTAHHS Y 3a3HaueHUX obmactax obpoOku [8, 9]. Ilpu mpoMy mmpoke
BIPOBAKEHHS TBEPAOCIUIABHOTO IHCTPYMEHTY 3 MOKPHUTTSAM IPH YOPHOBIH Ta
HAIIBYMACTOBI TOKapHiiH oOpoOmi Aeranell Ba)KKOTO MAIIMHOOYAYBaHHS Mae
0a3yBaTHCh Ha y3araJbHEHHI CIeNU(pIYHHX OCOOMMBOCTEH wi€l 0OpoOKH, IO
BIUIMBAIOTH Ha TIPAIle3aTHICTH Pi3LiB, MIPOAYKTHBHICTH Ta CHEPTOCPEKTHBHICTh
00poOKH.

YopHOoBa Ta HaIBYMCTOBAa TOKapHa oOpoOka Jeraneil Ba)KKOTO
MalIMHOOYAyBaHHS MalOTh CBOI BiiMiHHI prcH. HeBHUCOKI MOKa3HUKHU CTIHKOCTI
TBEpAOCIUIABHUX IJIACTHMH TIPH YOPHOBIH TOKapHiH 0O0poOLi Ha BaXXKHX
BEpCTaTax 3yMOBJICHI pe3yJbTaTaMU CKJIAJHOI Jil MEXaHIYHMX Ta TEIJIOBUX
HaBaHTa)KEHb 3HAYHMX BeluuuH [5, 7]. BiaMoBHM pi3UiB CHPUYUHSIOTHCS
3HOIIIYBaHHSM PIi3HUX BUIIB (a0pa3suBHUM, aare3iitHuM, 1udy3iiHIM), KPEXKAM
pyHHYBaHHIM pi3aJbHOI INIACTUHM (IIOJIAMKH, CKOJIIOBAHHS, BUKPHIIYBaHH),
IDTACTUYHUM Je(pOpPMYBaHHAM Pi3alIbHOT KPOMKH [S], IpH IIbOMY CTIEIH(iTHOIO
0COOJIHMBICTIO YOPHOBOTO TOUiHHS HA BAKKUX BEPCTATaX € IyKe 3HAYHA TUTOMA
YacTKa KPUXKOTO (BHUKPHIIYBAaHHS, CKOJIOBAHHS, MOJNAMKH) Ta IIACTHIHOTO
pyHHYBaHHS y 3arajpHill CTPYKTypi BiIMOB IHCTPYMEHTY, IO BHKJIMKaHA
3HAYHUM CHJIOBMM HaBaHTA)KCHHSM Pi3aIbHOI MITACTHHY Ta 3yMOBIIIOE€ HEBUCOKI
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MMOKA3HUKHM HATIMHOCTI PI3MiB 1 BiATaK HENOCTaTHIO e()EKTUBHICTH iXHBOTO
BUKOPHCTAHHS Ha CydacHOMY BepcTatHoMy oOnamHanHi 3 UIIK. Tomy Habip
(YHKI[IOHAJIBHAX XapaKTEPUCTUK MOKPHUTTS JUIA TBEPAOCIUIABHOI Pi3adbHOL
IUIACTHHY, TMpAIOI0Y0i y TaKMX CKJIAJHUX yMOBaX, MAa€ HE TUIbKH
3a0e3nedyBard epeKTUBHMI OIIip ITpomecaM 3HOUIYBAaHHSA POOOYNX HOBEPXOHb
pi3agbHOI IUIACTHHH, ajle ¥ CTPUMYBAaTH PO3BUTOK SIBUII, IO CHPUYUHSIOTH
KPHXKE Ta IUIACTUYHE PYHHYBaHHS IUTACTHHH.

3a pesynbTaTaMM aHali3y BHIIETIEPEPaXOBaHHUX JITEPATypHHUX KEped,
y sKocTi (DaKTOpiB, LIO CHPABISIOTH HETATHBHUH BIUIMB Ha Ipale3JaTHICTb
Ppi3LiB, NPOJYKTHBHICTh Ta €HEProe(eKTHBHICTb OOPOOKM IIPH YOPHOBOMY
TOUIHHI CTaJICBUX JCTAJICH Ha BaXKKUX BEPCTATaX, MOXKYTh OyTH BKa3aHi:

— TeMIepaTypHi KOJMBaHHS, 10 CHPUYMHEHI  HEPIBHOMIPHUM
XapaKTepoOM TIPHITYCKYy Ta 3YMOBIIOIOTh TOSBY Yy Ppi3aibHIi IUTacTHHI
MIKPOTPIIIUH, MEPIECHIUKYIIPHAX 10 Pi3albHOI KPOMKH, HACHIIIKOM 4YOTO €
BUKDUIYBaHHSA YaCTHHOK TBEPAOTO CIIABy Ha pi3ajbHIA KpoMIi Ta
IHTeHCH(IKaIlis 3HOIIYBAaHHS IUTACTHHHM 10 3aTHIH MMOBEPXHI;

— TlacTH4YHa Jedopmarlis pi3albHOI KPOMKH BHACIHIIOK CHIIBHOI il
BHCOKHMX TEMIIEpaTyp Ta KOHTaKTHUX HAaBaHTa)KCHb NPH 3HAYHMUX BEITHMIMHAX
nojay;

— BTpata MIOHOCTI pi3ajbHOI KPOMKH BHACHIJOK IHTEHCHBHOI'O
JYHKOYTBOPEHHSI Ha MeEpelHii MOBepXHI pi3ajbHOI IUIACTUHM IiJ| BIUIMBOM
BUCOKHUX TEMIIEpaTyp NpH pi3aHHi;

— TosBa OOPO3CH 3HOCY HA TOJIOBHIN Ta OTMOMIXKHIN 3aHIX MOBEPXHIX
pi3ambHOI IUIACTWHM, 3YMOBJIEHa YTBOPEHHSAM OKCHAHUX IUIBOK TIPH
Temneparypax ® =1100...1300 °C;

— MiJBHIIEHHS IMOBIPHOCTI KPUXKOIO pyHHYBaHHs (B IepIly 4epry —
M0JIaMOK) pi3aJIbHUX [UIACTUH BHACIIIJIOK Aii HepepaxoBaHMX IMPOLECIB;

— 3HWKCHHS TMOKA3HHKIB HAIIHHOCTI PpIi3I[iB BHACIHIJAOK ITi{BUIICHHSI
NUTOMOI YaCTKM KPHUXKHMX PYHHYBaHb pi3aJIbHUX IUIACTHH SK PaNTOBHX Ta
HEYCYBHHX BIIMOB y 3arajbHid CTPYKTYpi BiAMOB Ppi3IiB, IO YyCKIJIAJHIOE
eKCIUTyaTaIlifo pi3liB Ha CydacHOMY BepcTaTHOMY oOnagnanHi 3 UIIK;

— HEOOXiTHICTh MPU3HAYCHHS PEXKUMIB TOKAPHOI 0OPOOKH 3 3aHIKEHUM
piBHEM MIBHIOKOCTI Pi3aHHS 3 METOI0 3aloOiraHHsS 3HAYHUM TeMIlepaTypam
Ha KOHTAaKTHHUX MOBEPXHAX Pi3albHUX IUIACTHH, IO HE JO3BOJIAE 3a0€3MEUNTH
OakaHy TPOXYKTHBHICTH OOpPOOKHM Ta CIY)XHTh JOJATKOBHUM YHHHUKOM
30UIBIIEHHS] MTUTOMOT YaCTKH IIOJIaMOK Pi3aJIbHUX IUIACTUH Y CTPYKTYpi BiIMOB
Ta 3pocTaHHs KoedilieHTa Bapiamii cTiHKOCTI Pi3LiB;

— BHCOKa EHEProMICTKICTh OOpOOKH, 3yMOBJICHa BHUCOKHUM CHJIOBHM
HaBaHTAXXCHHSM Yy 30HI pi3aHHS;

— 3HaYHI BTPAaTH 4acy Ha 3aMiHy Pi3aJbHOI IJIACTHHY (Pi3LEBOTo OJIOKY),
[0 3yMOBJICHI HEBHCOKOIO CTiHKICTIO Ta BiZHOCHO BHCOKHM BiJICOTKOM
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panToOBHX BiMOB PI3IiB i BilTaK COPUYHHSIOTH 3HAYHI BTPATH €ICKTPOCHEPTil
IPH pOOOTI ENIEKTPOIBUTYHA TPUBOIA TOJIOBHOTO PYXY BEPCTaTa Ha XOJIOCTOMY
XOJI.

[Ipu HamiBUMCTOBIH TOKapHiN 00poOLi cTaneBHX AeTaleld Ha BaKKUX
BepcTaTax, Ha BiAMIHY BiJ YOpHOBOI OOpOOKH, y CTPYKTYpi BiMOB pi3LiB
OJJTHO3HAYHO JOMIiHY€ 3HOC pi3ajbHOI IUIACTHHH IO 3aHill MOBEpXHi, MpoTe
BiJI3HaUe€Ha BHUCOKA IHTEHCHBHICTh 3HOLIYBAaHHS IUIACTHH HE JI03BOJISE
HerepepuBHy O0OpOOKY IMJIIHAPUYHUX IOBEPXOHb 3HAYHOI IPOTSKHOCTI
0e3 3aMiHN pi3ajbHOI IJIACTHHU YU Pi3LeBOro OJIoKy. UMHHHMKM HEraTHBHOTO
BIUIUBY Ha NMPOAYKTHBHICTH Ta €HEProe()eKTUBHICTh HAIMIBUYUCTOBOI TOKApPHOI
00pOoOKM Ha Ba)KKMX BEpCTaTax 3ajHMIIAIOThCS TOTOKHHUMHU 3 BIiIIOBIAHUMHU
YHUHHUKAMHU U1 YOpPHOBOi 00poOku. OKpeMo BiI3HAYMMO, MO peallbHi
BHPOOHHUYI YMOBH 9acCTO CIIOHYKAIOTh IHKEHEPIB-TEXHOJIOTIB O BUKOPUCTAHHS
y MpPaKTHLl TOKapHOI 0OpoOKH JeTajeld Ba)KKOro MalIMHOOYIYBaHHS TaKHX
MapoK TBEpIUX CIUIABIB, IO BiAPI3HAIOTHCS IMHPOKOIO YHIBEPCAIBHICTIO Ta
MOXYTh OyTH e(QEeKTHBHO BHKOPHUCTaHI SK U1 YOPHOBOI, Tak i
JUTSL HAITiBYUCTOBOI OOPOOKH.

ABTopamu poOOTH OyITH IIPOaHANI30BaHI pe3yIbTaTH MPOBEACHUX Ha 0asi
[IpAT «HKM3» crilikicHnx BHIpOOYBaHb pIi3LiB, OCHAIIEHHX pi3aJIbHUMHU
wiactuHamu Gopmu SCMT 380932 (ronoBHuii KyT y ruiaHi ¢ = 75°) 3 TBepauX
CIUIaBIB 3 IOKPUTTAM BHpoOHUITBA (ipM «Pramet», «Korloy», «Taegu Tecy,
«Canelay, «Harditalia» Ta iH. IpH MO31IOBKHHOMY YOPHOBOMY OOTOYYBaHHI
00YOK  BaNKiB TNPOKATHUX  CTaHIB  y Jiama3oHi  JiaMeTpiB  OOYKH
@ 1120...1590 MM, ctuciy iHdOpMaIito Tpo fAKi HaBeneHo y poboTi [9].
Marepiaii mpoOKaTHUX BaJIKiB — JieroBadi ctaii 70X2M®, 75XM®, 75X2MO,
S50X3rHM®, 70X3IHM®, 75X3I'HM®, 100XHM®  (tBepmicTh
HB 220...260). Pexxumu pizanns (raubuna pizanas t = 10...25 mMm; nogada
S=1,5...1,8 MM/00; mmBHaKicTh pizanHas V=40...50 M/xB) B IIOMYy
BIAMTOBIJQIN IPUHHATAM Ha BUPOOHMIITBI TEXHOJIOTIYHAM pEXUMaM YOPHOBOT
ToKapHOi O00pOOKM BalKiB INPOKaTHUX CTaHIB Ta Y3rOJUKYBallCh 3
pexoMmeHaanisMu  GipM-BUPOOHMKIB TBEPJAOCIUIABHUX IIACTHH. Y SKOCTI
Hai61IbII0T IpOOIEeMH 0OPOOKH CIIi/l BII3BHAUNTH JIOMIHYIOUY ITUTOMY YacTKy
KPHUXKOTO PYHHYBaHHS y 3arajbHiil CTPYKTYpi BiIMOB pi3aJIbHUX IUIACTHH IS
NepeBaykHOT OUIBIIOCTI BUNPOOYBaHMX MapoK TBEpAMX CIUIaBiB. Halikpairy
mpane3JaTHICTh (PI3HOBHJ BIAMOBM — 3HOC;, MEPIOa CTIHKOCTI pi3ajabHOI
IJIAaCTHHA — 10 45 XBHJIWH TpH TO4iHHI ctaied 75XM® ta 100XHM®, mo
3HAYHO TMEPEBUIIYE TIOKa3HUKHA CTIHKOCTI pi3aibHUX IUIACTHH IHIIUX
BUNMPOOYBAaHMX MapoK TBEPAMX CIUIABIB) MPOJEMOHCTPYBAB TBEPIWH CIIAB
6635 BupoOHUIITBA (ipMu «Pramety» 3 HOKpUTTAM, HAaHECEHUM MeTomoM MT-
CVD Ha O}yHKLOIOHATBHO TpaIieHTHOMY CyOCTpaTi 3 BiJHOCHO BHCOKHM
BMicTOM KoOansTy [11].
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MimHa cTpykTypa TOKpPHUTTSA, OTpuMaHoro wmeromom MT-CVD
(cepemHpOTEMIIEpATYpHE XIMIYHE ITOKPUTTS), BIIPIHAETHCS B CTPYKTYD,
OTPHUMAaHUX TPAAUIIHHUMH METOJIaMH, KPAIOI0 aATe3i€r0 1O MOBEPXHI OCHOBU
TBEPAOTO CILIaBY, BiICYTHICTIO BKIIOYEHb KPUXKOT IPHUKOPJOHHOI a3y Ha MEXi
«OCHOBa TBEPJOr0 CIUIaBY — 3HOCOCTIHKE IMOKPHUTTS» Ta XapaKTEePU3YeThCs
KpamuM OIOPOM JI0 SIBHII, IO CHPUYMHSAIOTH IOYATOK PO3BUTKY KPHXKOTO
pyHHYBaHHS pi3ajibHOT IUTACTHHH Y 30Hi, 1[0 IPHUJISTaE 10 Pi3ajbHOI KPOMKH.

Takoxx Oynu mnpoaHai3oBaHI pe3yJbTaTH CTIMKICHUX BHIPOOYBaHb
30ipHUX PI3LIiB 3 TBEPAOCIUIABHUMH pi3albHUMU IiacTHHaMu dipm «Sandvik
Coromanty, «Pramety, «Stellram», «Iscar», «Toshiba Tungaloy», «Mitsubishi»
HPH [103/I0BXXKHBOMY HAIliBYNCTOBOMY TOYIHHI MPOKATHUX BAJIKIB Y Jiana3oHi
niametpiB 60ouku @ 521...1300 MM (Marepianu BaskiB — jeroBasi craini 90X o
(HB 240), 65X2C3M (HB 240), 70X3T'HM® (HB 260...300)). BunpobyBanHs
mpoBommnck Ha 0a3i [IpAT «HKM3». Pismi ocHammyBanuchk pizadbHEMHU
mwractuHamMu  popmu CNMG 190616  pisHux BuHKOHaHb. JliamazoH
JIocipKyBaHuX pexknMiB pizanas (t = 1,0-6,0 mm; S = 0,3-0,4 Mmm/006; v = 147—
164 M/XB) BINNOBigaB MPUHHATHM Ha BUPOOHHWIITBI peKMMaM HaITiBUUCTOBOL
00pOoOKH TPOKAaTHUX BaJKiB 3aJaHOTO PO3MIPHOTO Jiama3oHy 3 JIETOBAHHUX
BAJIKOBHX CTasieil. B yMOBax JOMiHyBaHHS 3HOCY y 3arajibHii CTPYKTYpi BiIMOB
pi3IbHUX TUIACTUH BUIPOOYBaHHS MPUIMHSUIMCH NP JIOCSTHEHH] Yacy poOoTH
pi3ig, 1o jgopiBHIOE 15 XBHIMHAM (B TAKOMY BHIIQJIKy BHMIpIOBAaBCS 3HOC
TUTACTHHU I10 3a/THIH MOBEPXHI, 10 BIAMOBIIAa€ PErIAMCHTOBAHOMY Yacy poOOTH
BUNPOOYBaHOrO pi3Ls), abo kK JOCTPOKOBO — MPH JOCATHEHHI KPUTHYHOTO
3HOCY pi3aIbHOI IUIACTHHH, SKIIO BiH HaCTa€ MEHII HiX 3a 15 XBUIMH poOOTH
pizng. YV Tabmuigx 2, 3 mpencTaBieHi esKi 3 CHCTEMaTH30BaHUX y pooOoTi [8]
JaHUX 3 pe3ysibTaTaMu BHIpoOyBaHb. Mapka TBEpAOro CIUIaBy BKa3aHa
HalPHKIHI YMOBHOTO MO3HAYEHHS KOXKHOI IUNTACTHHH.

HamiBuncToBa TOKapHa 00poOKa BalKiB 3 JOCHIIKYBAaHHUX CTalled y

niama3oHi BITHOCHO BHCOKHMX IIBHAKOCTeH pisanHa V = 147...164 m/xB 3
mogagero S =0,3...0,4 MM/00 XapakTepu3yeTbCS JOBOII BHCOKOIO
IHTEHCHBHICTIO 3HOIIYBaHHS PI3LiB, IO MOSCHIOETHCS, 30KpeMa, HEBUCOKUMHU
MOKa3HUKaMH OOpOOJIFOBAHOCTI CTaneil. Y OUIBIIOCTI OCTIIKYBAaHUX MapOK
TBEPAMX CIUIABIB 3 MOKPUTTAM KPUTUYHHH 3HOC JIOCSATAETHCS MEHII HiXk 3a 15
XBWIMH poOotu pisus (Tabm. 2, 3), 1[0 HE MOXXHA BBaXKaTH 3aJI0BUIBHUM
MOKa3HUKOM CTIMKOCTI.
Tabmmrt 2 — [Toka3HUKH CTIHKOCTI pi3IIiB 3 TBEPAOCIUIABHIMH Pi3aIbHUMHU INIaCTHHAMH
pi3HUX BHPOOHHUKIB TMPH IMO3I0BXHHOMY HAIIBYUCTOBOMY TOUIHHI MPOKATHOTO Baska
& 1254 mm 3i crani 90X (HB 240) (pexxumu pizanns: t = 2,0-4,0 mm; S = 0,4 MM/06;
v = 150 m/xB) (3a manumu [8])
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. Yac 3H0C
Pi3anpHa nnactrna poboti pisamssol
((bipma-BrpoGHIHI) XB IUIACTHHU, MM
CNMG 190616-QM GC4005 («Sandvik Coromant) 15 0,25
CNMG 190616-PR GC4225 («Sandvik Coromanty) 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 .
- Kpurnunnit
CNMG 190616-PM GC4025 («Sandvik Coromanty) 13,63 sH0C
CNMG 190616-TH T9025 («Toshiba Tungaloy») 7,87
CNMG 190616E-M 6630 («Pramety) 7,63

Tabmurrst 3 — IToka3HUKH CTIHKOCTI Pi3IiB 3 TBEPAOCIUIABHIMH Pi3albHUMHU IIIACTHHAMH
PI3HUX BHPOOHMKIB NPHU IMO3A0BKHHOMY HAIIBUMCTOBOMY TOUiHHI NMPOKATHOTO BalKa
521 mm 3i crani 65X2C3M (HB 240) (3a ganumu [8])

. Yac 3H0C
P13.anLHa IJIaCTUHA pobory, pisabHoi
(qana-BHpOGHHK) XB IJIaCTUHH, MM
Pexumn pizannst: 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 K .
CNMG 190616-4T NL25 («Stellramy) 10 PHTITTHIH
CNMG 190616-2N NL25 («Stellram») 6,73 sHoe
Pexxumu pizansst: t = 3,0 mm; S = 0,4 Mmm/06; v = 147 m/xB
CNMG 190616-PR GC4225 («Sandvik Coromanty) 15 0,7
CNMG 190616-4T NL25 («Stellramy) 14,83 K .
CNMG 190616E-M 6630 («Pramet») 5,78 PUTHAIETA
CNMG 190616-4T NL40 («Stcllram») 35 3noe

Sk cBiguaTh maHi TaONUII 2, IPU HAMIBYUCTOBOMY TOUIHHI Bayika & 1254
MM 31 ctami 90X® Halikpamni TOKa3HWKH Tpane3aTHOCTI Ma€ pi3ajibHa
miactura CNMG  190616-QM  GC4005 BupoOHunTBa ¢ipmu  «Sandvik
Coromanty, 3HOC sIKOi 3a micyMKamu 15 XBwinH poboTH pi3m ckias 0,25 MM.
Jemo iHTeHCHBHIIIE 3HOWIYBaNHMCh pi3anpHa mwactuHa CNMG 190616-PR
GC4225 Toro x BUpoOHHKA (3HOC 3a MiACYyMKaMH 15 XBHIHH pobOTH Pi3msd —
0,3 Mm) ta mactuaa CNMG 190616E-M 6610 BupoOHunTBa dipmu «Pramety
(BenmmumHa 3HOCY 3a migcymMKamu 15 xBuiuH podoTu pisist — 0,34 mm). CrilikicHi
XapaKTEePUCTUKH IIMX Pi3aJIbHUX ITACTHH HOPIBHSIHO 3 IHIIUMHU BUIIPOOYBaHUMH
MapkaMH TBEpPAUX CIUIaBIB MOXYTh OyTH BH3HaHI HaMKpamuMu Ui
JOCITIKYBAaHUX YMOB OOPOOKH.
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3rigHo 3 maHWUMH TaOnWIi 3, TPH HAMIBYACTOBOMY TOYIHHI BasKa
& 521 mm 3i crani 65X2C3M Haiikpallli MOKa3HUKH MPaIe3JaTHOCTI TIOPiBHIHO
3 IHIIMMH pi3aJbHUMU IUIACTHHAMH ITPOJEMOHCTPYBAIIH:

— 1pu TodiHHI 3 pexxumamu pizasssi: t = 1,0-6,0 mm; S = 0,3 MmM/00;
v =164 m/xB — pizanpHa TwractmHa CNMG 190616-PM  GC4015 (3HOC
3a miacymkamu 15 xBmwimH pobotn pizms — 0,22 Mm);

— Tpu TowiHHI 3 pexkmmamu pizaHHs: t = 3,0 mm; S = 0,4 MmM/00;
v=147m/x8 — pizameHa twiacthHa CNMG 190616-PR GC4225 (3HOC
3a migcyMKaMu 15 xBuimH podotu pisist — 0,7 Mm).

I mociiypkyBaHi npu TouiHHI crani 65X2C3M pi3ajibHI IIaCTHHU
JOCSIIIM KPUTHYHOTO 3HOCY MEHII HDK 3a 15 XBuiMH pobGotu pi3ugs; ixHi
CTIHKICHI XapaKTEpPUCTUKU HE MOXXYTh OYTH BU3HAHI 3a/I0BIIbHUMH.

Pesysnpratu BUnpoOyBaHs okasanu nepepary TBepaux ciiabis GC pisHUX
Mapok ¢ipmu «Sandvik Coromant» Ta TBepmoro ciuaBy Mapku 6610 ¢ipmu
«Pramet» mepen TBepINMHU CILTaBaMH iHITHX BUpoOHUKIB («Stellramy, «Toshiba
Tungaloy», «Iscar», «Mitsubishi» Tomo) Yy HOCHIKYBaHHX yMOBaX
HAIliBYUCTOBOI TOKAPHOI OOpPOOKM JIETOBaHMX BaJKOBHX cTajedl. Lle
MOSICHIOEThCSL KPAIMMHU XapaKTePUCTHKaMH 3HOCOCTIHKOTO IMOKPHTTS Ta B
LIJIOMY KOMIIO3HLIi «OCHOBA TBEPJOrO CIUIABY — HOKPHUTTS», IO BH3HAYAIOTh
XapaKTEpPUCTUKU  3HOCOCTIHKOCTI U  BIANOBIJHUX TBEPAMX CIUIABIB.
[opiBHsiHHSA BenuduHKM 3HOCY h, TO 3aaHiil MOBEpXHI pi3albHHUX IUIACTHH 3
TBEpAMX CIUIaBiB Mapok 6610 ¢ipmu «Pramet», GC4225 ta GC4005 dipmu
«Sandvik Coromant» 3amiacymxkamu 15 XBHIMH poOOTH pi3us IpH
HAMBYMCTOBOMY TO4iHHI Baska & 1254 3i crani 90XD (HB 240)
Ha JIOCII/DKYBaHUX PEKUMaX pi3aHHs MpeJicTaBlieHe Ha pucyHKy 1. Ha pucynky
2 HaBeJeHI MOKa3HWKU 4yacy poOOTH pI3aIbHUX IUIACTHH 3 TBEPAUX CILIABIB
GC4225 («Sandvik Coromant») (mo h, = 0,7 mm), NL25 («Stellramy),
6610 («Pramet»), NL40  («Stellram») (m0  KpuUTHYHOTO  3HOCY)
IPY HaiBYMCTOBOMY TO4iHHI Bayka & 521 mm 3i crani 65X2C3M (pexumu
pizages: t = 3,0 mm, S =0,3 MM/00, V= 164 M/XB), O CBig4aTh MPO Kpamry
3HOCOCTIHKICTh TBeporo ciaBy GC4225.

3amadi CTpUMYBaHHS [ii TPOIECIB, IO CIPaBIAIOTH CBilf HeraTUBHUIMA
BIUIMB Ha Mpale3[aTHICTh TBEPAOCIUIABHOTO IHCTPYMEHTY, HNPOLYKTHBHICTbH
Ta eHeproe(PeKTUBHICTh UYOPHOBOI Ta HAIIBUYHMCTOBOI TOKapHOi 0OpOOKH
CTaJleBUX JieTajed Ha BaXKHX BepcTarax, HalKpaile BiJlIOBIIAIOTh
OaraTomapoBi MOKPUTTS 3arajbHOI0 TOBIIMHOK Bij 10 MKM, HAHECEHI HA MIlIHY
(baxxaHo — rpajieHTHY) OCHOBY TBEPIOro CIuiaBy 3a gonomoro CVD- (MT-
CVD-) TexHOOT1.
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h3, mm

0,4

0,3 -

0,2 -

B
0 - T

CNMG 190616E- CNMG 190616-PR CNMG 190616-

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

Pucynok 1 — [Toka3HHKH BeTMunHA 3HOCY N 110 3a/1Hiil TIOBEPXHI Pi3abHHUX IIACTHH
3 TBepaux cruiaBiB 6610 («Pramet»), GC4225 ta GC4005 («Sandvik Coromanty)
MPH HAIIBYUCTOBOMY TOUiHHI Basika & 1254 mwm 3i crani 90X D (HB 240)
(pexumu pizanns: t = 2,0-4,0 mm; S = 0,4 Mm/00; v = 150 M/xB; yac pobotu — 15 xB)

T, X8

16

Zilll

'NMG 190616cPRVEE 10R5/|CSAREIET. SEFEAATHIAMESel ram >

Pucynok 2 — Yac po6oTH pizaibHUX macTuH 3 TBepaux cruasie GC4225 («Sandvik
Coromant) (1o 3HOCy 110 3aHii moBepxHi hs= 0,7 mm), NL25 («Stellramy),
6610 («Pramet»), NL40 («Stellramy) (10 KpUTHYHOTO 3HOCY), IPU HAITIBYHCTOBOMY
ToviHHI Basika & 521 mm 3i craii 65X2C3M
(pexumu pizanss: t= 3,0 mm; S = 0,3 MM/06; V = 164 m/xB)
Marepianu mapiB MOKPUTTS MOBUHHI MaTH CIIPUSATIIUBE CIiBBIAHOLICHHS
XapaKTEPUCTHK TBEPJOCTI Ta IUIACTUYHOCTI 1 HHU3BKY JedekTHicTh. Taki
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MOKPUTTS, KPiM 3arajibHOi BUCOKOT 3HOCOCTIHKOCTI TBEPAOCIUIABHOI IUIACTHHH,
3a0e3meuyroTh ii MiABUINICHUN OIip MIKpO- Ta MaKpOpPYHHYBAaHHIO B yMOBax
anre3iifHO-BTOMIIIOBaHICHUX MPOLECIB Ta TEPMOIUIACTHYHOIO HaBaHTAXKCHHS
[7], mo 3abe3nedyye MaKCHMAaNTbHO MOXKIIMBY YHIBEPCAIbHICT IUIACTHH Ta iXHE
eeKTHBHEe BHKOPHCTAHHS HA PI3HUX ONepamlisiX YOPHOBOI Ta HamiBYUCTOBOI
TOKapHOi 00poOku. TakuMm BHMoOTraMm, BIATIOBia€e, 30KpeMa, rama TBEPAUX
cmaBie  GC rpyn BukopuctanHs P05-P25 3a cranmaprom SO 513
BupoOHuITBa (ipmu «Sandvik Coromant» Ta TBepai criiaBu mMapok 6610 ta
6635 ¢ipmu «Pramet», 1110 NPOJEMOHCTPYBAIN 3aJI0BUIbHI PE3YNbTaTH IPU
YOPHOBOMY Ta HaliBYMCTOBOMY TOYiHHI BaJIKiB NPOKATHUX CTAaHIB Ha BaKKUX
BepcTarax [5-9]. XapakTepuCTHKH [IUX TBEPAUX CIUIABIB y3arajibHeHi y T
4.

MimHa ocHOBa HaBeneHHWX y Tabnwimi 4 TBepAWX CIUIaBiB 3abe3medye
30ATHICTD Pi3abHOI IUTACTUHU JO ONOPY KPUXKOMY PYHHYBaHHIO IiJ Ii€0
3HaYHMX CHJIOBHX HABaHTAXKCHb HA IUIACTUHY. 3HAYHA TOBIIMHA HOKPHUTTS
ciyrye (akTopoM 3HI)KSHHS TEPMOMEXaHIYHOI HANpy)KEHOCTI y KOHTaKTHHX
30HAaX TBEPAOro CIUIaBY, MO3BOJSIFOYM 3HHM3HWTH IHTCHCHBHICTH IIPOLIECiB
3HOIIYBaHHS POOOYHMX IIOBEPXOHB, INTACTUYHOI NedopMaltii pi3anbHOT IIacTHHH,
a 3a PaxyHOK 3aTyXaHHS TEMIEpaTypHHX KOJMBaHb — II€ W 3MEHLINTH
IMOBIPHICTh BHKpHIIYyBaHb Ha pi3aibHid kpomui [7]. IlepepaxoBani dakropu
3HW)KYIOTh IMOBIPHICTH II0JIAMOK Pi3aJIbHOI IUIACTHHH, 3MIHIOIOYH CTPYKTYPY
BiZIMOB pI3LIB NpPU YOPHOBIM Ta HamiBYMCTOBIHl 0OpOOLI cTaleBHX JeTajiel
B)XKOTO MAaIIMHOOYIyBaHHs y OiK 3MEHIIECHHS MHUTOMOI YaCTKH PYHHYBaHHS
Ta 301IBLICHHS TUTOMOT YAaCTKH 3HOCY, 110 MO3UTHBHO BIUIMBAE HA TOKA3HUKH
HAJIHHOCTI 1HCTPYMEHTY NpH pOOOTI HAa aBTOMATH30BAaHOMY BEPCTATHOMY
oOmaxransi 3 YIIK.

BucHoBkmu.

VY crarti Ha OCHOBI pe3yJibTaTiB BHPOOHWUYHMX JOCIHIHKCHb OYIH
y3arajgbHeHl crierdiyHi 0coOJIMBOCTI YOPHOBOI Ta HAMiBYMCTOBOI TOKApHOI
00poOKM cTajieBUX JieTallell BaXXKOrO MallMHOOYAyBaHHS pi3IsIMH 3
TBEPAOCIUIABHUMH Pi3albHUMHU IUIACTHHAMHM 3 MOKPHUTTSM, 10 BIUIMBAIOTh Ha
Mpane3aTHICTh Pi3LiB, HPOAYKTHBHICTb Ta €HEproe(eKkTHBHICTH OOpPOOKH.
OOrpyHTOoBaHO BHOIp MapoK TBEpAMX CIUIABIB 3 IOKPUTTSAM, HaHOLIbII
NEPCICKTUBHUX JJI1 BUKOPUCTAHHS TIPH YOPHOBIM Ta HAMIBYUCTOBIM TOKApHIi
00poOmi BajiKiB MPOKATHUX CTAHIB 3 BEIUKUM [iaMETPOM OOYKH Ha Ba)KKHX
BepCTaTax.

Tabmuus 4 — Mapku TBepUX CIUIaBiB 3 HOKPHTTSAM, PEKOMEHIOBaHi Ui YOPHOBOI
Ta HAIiBYUCTOBOT TOKAPHOI OOpPOOKM CTaleBHX JeTalied Ha BaXKUX BepcTarax
(3a manmmu [5, 11, 12])
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Mapxka TBEpHOTO

CILIaBY,
(pexomeHmoBaHa 3aranpHa XapaKTEPUCTHKA TBEPIOTO CILIABY 3 IIOKPHTTSIM
rpyna
BHKOPHCTaHHS)
Teepai ciiaBu BupoOHuITBa (hipmu «Sandvik Coromanty
Iokpurrst TiICN-Al203-TiN 3aragbHOI0 TOBLIIMHO 18 MKM Ha
GC4005 TBEpAiH OCHOBI 3 TOHKMM TpaJieHTHUM ImapoM Ha mepudepii;
(PO5) MiABHIEHI MIlHICTh, 3/aTHICTH JI0 OIOpPY JIYHKOYTBOPEHHIO Ha
TIepe/IHIN MOBEPXHI Ta MIACTHYHIN JiehopMallii pi3aTbHOI MIACTHHH
GC4015 Hoxpurrs TiCNfAleafTiN 3aralbHOI0 TOBIIHHOIO 1u4 MKM Ha
(P15) TBEP/IiH OCHOBi 3 TPATi€HTHOIO 30HOK; TiIBUINEHUH omip i
BHCOKHX TeMIIepaTyp 0e3 YIIKOMKEeHHs Pi3albHUX KPOMOK
Mokputrst TICN-Al2O3-TiN 3arajbHOI0 TOBIIMHOK 12 MKM Ha
TBEPIiii OCHOBI 3 MiIBUINEHHM BMICTOM 3B’SI3KH: TOBCTHH IIap
GC4025 Al203 nanecenuii Ha map TiCN cepemHbOi TOBIIMHH: TOHKHM
(P25) BepxHiii map TiN; migBuIIeHAa MIIHICTH Pi3aJbHOT KPOMKH;
MOXJIMBICTh BUKOPUCTAHHSI K JJIsl OE3MEPEPBHOTO TOYiHHS, TaK i
JUIs1 0OpOOKHM 3 yIapOM MPH 3HOMi BEIHKHX 00’ €MIB METaITy
Mokpurrss TICN-AlO3-TiN Ha BHCOKOMIIHIA OCHOBI 3
GC4035 rpaz[ieHTqu 30HOIO; BUCOKA MILIHICTb Ta CTIMKICTb /10 HJIaCTI/I‘{H.O;l.
(P35) nedopmariii; BUCOKa MNpare3iaTHICTh TPH BHUCOKOIPOIYKTHBHIN

00po01i craneil y BAXKUX yMOBax (TepepuBYacTe pizaHHS, BETHKI
MUTOMI 3ioMH)

GC4225 IMokpuTTss 3HAYHOI TOBHIMHM Ha Mil[HIH Tpaji€HTHIH OCHOBI;
BHCOKA IMPALE3/aTHICTh IIOKPUTTS B YMOBAX K HEPEpHBYACTOrO,

(P25) TaK i HEIEPEPUBHOTO TOYIHHS CTaII
Teepai crutaBu BUpoOHUITBA hipMu «Pramety»
Toscte nokputTs 3 HeciBHUM 1apoM Al2O3, nanecenum MT-CVD-
6610 MeToJ0M; (YHKI[IOHATIGHO Tpagi€eHTHHH CyOCTpar 3 BIIHOCHO
(P10-P25) HU3BKAM  BMICTOM  KOOQJIbTy; MOJMIIMBICTH  €(EKTHBHOTO
BUKOPHCTAHHsI IIPY BiTHOCHO BUCOKMX IIBUJIKOCTSIX Pi3aHHS
Touke nokpurtsi, Hanecene MT-CVD-MeTo10M Ha (GYHKITIOHATBHO
IpalicHTHOMY CyOCTpaTi 3 BiIHOCHO BHCOKHM BMIiCTOM KOOAIIBTY;
6635 MOKJIMBICTh BUKOPUCTAHHS IIPH 00pOoO1i 3 CepeIHiMU Ta BETMKUMHU
(P20-P40) MEepeTHHAMU CTPYXXKH, Ha HU3bKHX Ta CEPeIHIX MIBUAKOCTIX

pi3aHHs, B TOMY YHCJi Y HECIPHUATIMBUX YMOBaX BpPi3aHHS Ta MPH
MIEPEPUBYACTOMY 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.
Korlov. 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 by 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 various 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
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superhard tool and processing materials, as well as the corresponding specific
turning operation modes and geometrical parameters of the blade tool. At the
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 (C)

Processed
material

L L L I L L
0007 0008 0ROS 0RO OOT D012

a) b)

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, ANSYS, 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
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of the superhard cutter material during its sharpening: if it is not able to withstand
such thermal stress, the cutter will be rejected at the stage of its manufacture, and
not during operation.

.:/ Bundle

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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METOAOJIOI'ISA 3ATOYYBAHHS JIE3OBOT'O IHCTPYMEHTA
3 HAATBEPJIUX MATEPIAJIIB

AHoTauisi. Bucoka cmiiikicmb 1€306020 iHcmpymenma 3 naomeepoux mamepianie (HTM), sixum
NPUMAMAHHI  VHIKATIbHI  (DI3UKO-MEXAHIYHI  61ACMUBOCMI, CMBOPIOE Nepedymosu Oid U020
epexmusHo20 3aCMOCY8AHHA 8 ABMOMAMU308aHOMY 8UpoOHUYMEI. OOHAK, WUPOKOEe 3ACMOCY8AHHS
MAKo2o IHCMpyMeHma CMpUumMyemvbcs 8iOHOCHO HEe8eUKOI HAOIUHICMIO 11020 NpU eKcnayamayii.
Lleti HeOoNiK 3YMOGIEHO HedoCKoHanicmio npoyecie eupooHuymea HTM: nasgHicmio y Hux
3ANUUKOBUX HANpY2, SHYMPIWHIX OedeKmis, SAKI UABNAIMbCS HABIMb NICL 3AMOYYEAHHS Ul
mepmMoakmueosano2o 006eonns. Ilpoyec 3amouyéanis 1€308020 IHCMPYMEHMA 3 HAOMBEPOUX
mameianie i pi3aHHA Yyum ITHCMPYMEHMOM XapaxKmepusyromvCsi GUCOKUMU DIBHAMU KOHMAKMHUX
muckis i memnepamyp y 30ui 06po6oku. Tomy 6u0acmovcsi HEKOPEKMHUM UDID WAOHUX YMO8 1020
3amouyeanus i 006e0enHs 0is 3abe3neuenun besdeghekmuocmi danux npoyecie. Y 36 ’a3ky i3 yum
NPONOHYEMbCS HOBULL MEMOOOJO2IYHUL NIOXIO, AKUU O0360J5€ GUIHAUAMU PedCUMU Ul IHUW YMOBU
3amouysanus i 0osedenns incmpymenma 3 HTM, 3a axux oegpexmu mamepiana po3skpusaiomucs e
Ha cmaodii eueomosnenHs incmpymenma. 3 micio Jc Memoio 8 naKemax NPUKIAOHUX NPOSPam
COSMOS, ANSYS, NOSTRAN, Third Wave AdvantEdge modenorombcs mepmocunosi nanpyau y
pidcyvomy KIuHi pizys, wo SUHUKAIOMb 8 eKCIMPeMATbHUX YMOBax 11020 excnayamayii. Bonu o ¢
BUXIOHUMU OaHUMU 0I5 PO36 SA3AHHS 360POMHbOT 3A0ayl — 3HAXOOICEHHSI PENCUMIE (UBUOKOCTI,
nooaui, HOPMANLHO20 MUCKY 6 KOHMAKMI) U IHWUX YMO8 aIMazHoz2o wighysanns (gizuxo-
MEXAHIYHUX BIACMUBOCMEl 36 'SI3V8AHHA U QIMA3HUX 3epeH Kpyed, IXwboi 3epuucmocmi U
KOHYyenmpayuii) 3a 8i0omMum Hanpysiceno-oegopmosanum cmanom pizys 3 HTM 6 excmpemanvrux
YyMO8ax 1io2o excnayamayii. 3anpononoeana memooonocis 003605€ i00pakosyeamu Oedexmmi
pisyi we Ha cmaodii ix BUCOMOBNEHHS, MUM camum, nidguwyeamu HAOIHICMb eKchiyamayii
718306020 THCMPYMEHMA 3 HA0OMEEPOUX MAMepianie

Kuarouosi cnoBa: nesoguii incmpymenm 3 HTM; oepexmu enympiwnboi 6yoosu; 3amouyeanis i
008e0eHHs; HAOIIHICMb  THCIMPYMEHMA, eKCMPeMAanbHi  YMO8U — eKCniayamayii; Hanpysceno-
Oehopmosanuil Cman; anmasne 3epHO; PeHCUMU WTIQYEaAHHSL.
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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 ay/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 (ap/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
193



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

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 a/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.
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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-M8 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):

. P
Machine ) ’(E\_ @

‘ » (Il 03 I LA
21 O | -
' A

Workpiece
Charge amplifiers ' .‘
~—
Kistler 9257A
. 3-component
Computer and software dvnamometer

Data acquisition device

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

Machining system:

e 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/f; ratio 8 2.47 1.18 0.78 0.5
Feed rate vi [mm/min] 55.4 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
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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.
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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 Ffin 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 (N)
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Force-X (N)
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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] 295 234.4 201 139.4 149.5
Fymax [N] 3425 300.8 268.9 228.5 238.8
Fz [N] 595 489 424.8 413.6 487.3
Fc [N] 3425 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
Fe [N] 342.1 302.4 272.07 268.5 263.6
Ft [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 a,/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.

199



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

OcHOBHOM
2 |

OgHoBHOM
) i \
OgHosHoOM

(S 5 \k e /

Og_HOBHom - v ——]
v —

OgHOBHOIj | *r—— e — — —— — — o

O'CwHOBHOVI —

OgHOBHon

= . E— E— e - |
JgHoBHoOI

0.1(8) 0.18(2.47) 0.26(1.18) 0.32(0.78)  0.4(0.5)

in

S . fz, mm (ap/fz) .
—— Fp(sim) Fp(exp) —t— Ff(sim)
R - Ff(exp) Fc(sim) —8— Fc(exp)

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 ap/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 ay/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 Pakonuaii, Mimmkosnsli, Yropiiuaa

FEM JOCJ/IIIKEHHSA KOMIIOHEHTIB CHUJIN PI3AHHSI ITPHA
TOPLHEBOMY ®PE3ZEPYBAHHI 3 BEJIMKUMHU ITIOJJAYAMUA

Awuorauisi. Topyese ¢hpezepysanns € WUPOKO GUKOPUCMOBYBAHUM MeNOOOM PpI3aHHs OJis
CMBOpeHHs NIOCKUX Nogepxonb. Epexmusnicms npoyecy 06pobku modice 6ymu 36i1buieHa Wsxom
BUOANIEHHSL 020 JHC HEOePOPMOBAHO2O NONEPEUHO20 Nepepi3y CMPYJICKU 3 OLIbUL GUCOKUMU
WEUOKOCHAMU NOO0ayl | MEHWUMU NPUNYCKamu. Y cmammi noKa3ano 6niue ybo2o MIHAUBO20
sionowenns ap | T, na pisui cknaoosi cumu pizamna, wo Oilome AK HA 3020MOGKY, MAK i HA
iHcmpymenm. 3Hauenns cunu 6ynu eusHaueHi 3a 0onomozoio mooemosanns FEM (memoo xinyegux
enemenmia), a nomim pesyromamu Oyau niOmeepoXtceni OaGHUMU, OMPUMAHUMU 8 eKCHePUMEHINAX
no pizauuio. Busueno xapaxmep 3minu pisHux KoMnoHeHmie cuau, o oiroms Ha 3a2omosxy (Fx, Fy
i ). Mooxcna koncmanmyeamu, wjo 6ci B0HU 3MEHULYIOMbCA 3i 30i1bueHHAM nooadi Ha 3y0 i, omoxce,
3i smenwennam gionocunu ap | T, Taxum uurnom, smenwienns sionowenns ap | f, pooums nosumuenui
6naue Ha cmabinbHicmos npoyecy pizanns. OOHAK CIIO 3A3HAYUMU, WO WOPCMKICHb NOBEPXHI
3a36uuail NO2Ipuyemvcs 3i 30iIbUeHHAM n00ayi, Momy NOBUHHA OYMU ONMUMANLHA TMOYKA Ol
gakmuunozo npoyecy pizanns. Kpim moeo, 3modervosana komnowenma Fz nouana weuoko
spocmamu npu ap | f, = 0,5. Le nokazye, wo «360pommuuiiy 0omen, de ye Cnie8iOHOUEHHs MeHule
00uHUYi, He € YcmaneHum I Rnompedye nooamvuio2o euguenHs. B yiti mouyi maxooic
cnocmepizacmucs Hegenuke 30inbuients 0 mooenvosanux Fy i Fy, ane ys smina ne maxa weuoka,
ak ona F,. Ocnosna cuna pisanna Fo noxasana uimky meHOeHyilo 00 3HUJCEHHS pA30M 3
komnonenmom Fy, a cuna nooaui Fy nuwe nesnauno 30inowunaca. Oonax cknaoosi cunu Fy i Fy
Maiomb MiHIMATbHI 3HAYEHHS], AKI NOYUHAIOMb 30INbUWYBAMUC NICA Ay [, = 0,78, momy ye modce
b6ymu onmumanvra mouxa 01 npoyecy. Lleti 0omer modice 3axicadamu nooaIbUUX Q0CTIONHCEHD.
Ki1040Bi ci10Ba: memoo xinyesux eremenmis; gpezepyeans 3 6eIUKUMU ROOAYAMU; KOMNOHEHMU
Cunu pi3anHsl.
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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 (I, 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].

burnishing tool

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
203



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

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] | f[mmirev] | 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 Ratyrned (1)
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,

Rapumished 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.

1%
f [mm/rev] 1

i [0]

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 —4.208-103-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, [Jrona Bapra,
Mimkomnbl, Yropumaa

JOCJIKEHHSA 3MIHU IIOPCTKOCTI ITOBEPXHI
HUJITHIPUYHUX JETAJIEN 3 HU3bKOJIETOBAHOI'O
AJIIOMIHIIO ITPH ITOJIIPYBAHHI

Auotauisi. Tepmin cayocou i Hadilinicms KOMNOHEHMIE abo eleMenmie MauwuHu 8 3HAYNIl Mipi
sanexcums 6i0 yinicnocmi ix nogepxti. OOpobeHi 36UNAUHUMU NPOYECAMU NOBEPXHI, MAKUMU K
moKapHa obpobKa i pezepysanHs, Marmov 61ACmMusi HepiHOCmi i Oeghekmu, MAaki sk Ciiou
iHcmpymenmy i NOOpANUMU, AKI BUKIUKAIOMb PO3CIIOBAHHA eHepeii (mepms) i NouKoOMCeHHs
noeepxui  (3Hoc).  ITlonipyeanns — niowunHukogux  KyiboOK — 3apekomendyeano — cebe 5K
8UCOKOEPEeKMUBHUL NPOYeC MeXAHIYHOT 00POOKI NPOMUCIOBUX Oemarell Yepe3 4Y008y WOPCMKiCHb
NOGEPXHI | BMOMHUX XAPAKMEPUCTUK, WO BUHUKAIOMb 6 HACTIOOK 00pobKu Komnonenmamu. La
cmamms nPpUCeAYeHa GUEYEHHIO GNIUGY PI3HUX Napamempie Noipy8anHs, MAKUXx K KilbKiCmb
npoxodie (i), weuoxicms nodaui (f) i cuna nonipysanus (F). [Ina nianyeanHs i npoedenHs
excnepumenmie Oyi0 BUKOPUCTNOBAHO MemoO (HAKMOPHO20 NIAHYEAHHA eKCNepUMeHny, 3a
00NOMO20I0 K020 MOJNCHA JIe2KO cmeopiosamu emnipuuti gopmynu. [na yvozo excnepumenmy
subpanu  1e2KOCNIABHUL  aNIOMIHIESUIl  Mmamepian, —AKUN  WUPOKO — BUKOPUCHIOBYEMbCA 6
asmomoOinbHil, agiayiiiHili ma KOCMIuHIl 2any3sx, Oe 6ce Oinvuwie i Olibuie npemensil Ha
3aCMOCYBAHHs KONbOPOBUX Mamepianié uepe3 iX HU3bKOi winbHOCmi i XOpOWUX MeXaHidHux
enacmueocmeii. Onepayis 6UKOHY6ANAcs 30 O0ONOMO20I0 CPePUUHO20 NOJIKPUCMANTYHO20
anMA3HO20 IHCMPYMeHmy, 3axKpinieno2o 6 éepcmami 3 Y11V 3 pisnumu Hacmpoukamu 6 3a1eJ4cHOCHi
8I0 YM08 pakmopro2o exchepumenmy. Bumiprosanna wopcmkocmi nogepxui 60 8uKoHaHo 3a
donomozor umipiosanviozo obnaonanus Altisurf 520 3D 6 Incmumymi GupoOHUUUX HAYK.
Bumipaui pezynomamu oyinio8aaucs wiisxom NOPIGHAHHA 3a CNeyianbHOI0 POPMYL0I0 Kopenayii 0ns
BUBHAYEHHS ONMUMATLHO20 PIGHS KOMOIHAYIT PI3HUX napamempie 6 danomy inmepeani. Ha niocmagi
0anoi’ docniOHUYbKOT pOOOMU MOJICHA KOHCIMAMYBAMU, WO Ceped PO3TAHYMUX NAPAMEmPI6 6NIUG
NOMIPYIOUOT CUnU € HAUOLILW OOMIHVIOUUM, i, CX0dCe, ICHYE NIHIUHA 83AEMOOIsL 3 YUCIOM NPOXO0Ji8;
8IONOBIOHO 00 4020 NOMPIOHO 6 NPosecmuU NOOATLULY NEPEGIPKY i3 3ACMOCY8AHHAM OLNbUL HULKOT
cunu nonipyeauus (F).

Kuo4oBi cioBa: wopcmkicmos nogepxti; napamempu nonipyeauts,; 3D wopcmricmb nosepxHi;
cuna nonipyeanHs.

208



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

YK 621.9 doi: 10.20998/2078-7405.2019.91.20

Zbigniew Siemiatkowski, Miroslaw Rucki,
Dmitrij Morozow, Radom, Poland,
Robert Martynowski, Ostrowiec Swietokrzyski, Poland,
Alexander Shelkovoy, Yuriy Gutsalenko, Kharkiv, Ukraine

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
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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 pm, 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 Vmax = 50 m/s and Nmax =
473 rpm, respectively.

@ (b)

Figure 2 — The grinding wheel MOLEMAB B126-100639 S.630090 type:
(@) 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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After initial grinding of all the main journals, the fine grinding was
initiated.

The allowance for the fine grinding was ca. 0.3-0.4 mm on diameter.
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.

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.

Crankshaft fixed in
' MARPOSS -

form correction |

I Crankshaft positioned I

[ Initial grinding of the journals l

I Final grinding of the journals e

| 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:

Automatic system MARPOSS WHEEL BALANCING designed to
continually supervise the balance of the grinding disc while it is in motion.
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 LEO51 is 1 um/m or 0.2 second of arc. It
has 5 measuring scales providing resolutions from 250 um/m per division down
to 1 um/m per division. The data can be transferred to a PC through the serial
connections RS-232.

C

Figure 4 — The electronic level LEO51 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.

=

J

Figure 6 — The parallelism measurement:
(a) view from the top; (b) side view
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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),

e  diamond stylus tip of radius 5 pm,

e sampling length 0.25 mm, 0.8 mm, 2.5 mm,

e  displaying range from 0.01 pm to 100 pum,

e 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.

0.025 —une 0.04
- 002 — £ om
E 0015 November g .
E om g
g 0005 2 123 4 7 8 9 10 11
g 0 £ EU,OZ
E£-0005 11 2 3 4 516\ 9 1011 = ~June
= T -0.04
e -0.01 = —November
20015 5 006

-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,
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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
CK6 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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36irneB CeMeHTKOBCKil, Mupocnas Pynbkuii,
Jmutpo Mopozos, Payiom, [lonbmia,
Pob6ept MaprurOBChKHit, OcTpoBens-CBeHTOKIIICEKHM, [Tombia,
Omnexcanap Ilenkoswmit, FOpiit I'ynanenko, XapkiB, Ykpaina

BUBYEHHA TEOMETPII IJII®YBAJILHAX BEPCTATIB,
AKI BUKOPUCTOBYIOTHCA JIs1 ObPOBKH BEJIUKO-
TF'ABAPUTHHUX KOJIIHYACTHUX BAJIIB

AHoTaUis. Y cmammi posensioaromucs npoOieMu  YNpagniHHs NpoYecoMm WNiQYeanHs, wo
BUHUKAIOMb NPU BUPOOHUYMEI KOTIHYACMO20 8ana cYOH06020 Ousens. Koninuacmi eanu eenuxozo
po3mipy maioms 006ucuny 00 12 m i easicamv 0o 25 monn, ane 0onyck na ocmamoyne wiighyeanns
ons diamempa cmanosums 0,3-0,4 mm. s yboeo neobXiona dyoice gucoKa MOYHICMb MEXAHIUHUX
demaneil wnighyeanvno2o eepcmama. JoCHiONCeHHs. OO0 30CePeONCeHO HA  GUMIDI  MAKUX
napamempie, sik NIOWUHHICIb, TIHIHICMb, NAPANENbHICIb, OUMMSL | CRIGGICHICb GIONOGIOATLHUX
34 GUXIOHY MOYHICMb MEXAHIYHUX Yacmun uLnigyyeansrozo eepcmama. Poboma euxonana 3i
winigpysanvrum eepcmamom muny DB12500, ochawernum cucmemoro ynpasninus Sinumerik 840D,
a makodic cucmemamit GUMIDHOSAHHA Ma excyeHmpuuHoi obpobxu. Ha niocmasi ompumarnux
pesyavmamis 6ynu 3po6neni 0esKi pekomeHOayii no npoyedypi NepesipKu 3 Memolio 3a6e3neyeHHs
cmabinbHol skocmi 6UnycKy Koninuacmux eanis. LLnigpysansrum incmpymenmom 0ye uinipysanvruil
Kpye ouckosozo muny MOLEMAB B126-100639 S.630090. Bubip ximiuno inepmnoeo 0o
00pobosano2o mamepiany 3 emicmom gyzneyio i 800HOYAC 0COOIUBO MEepO020 AOPA3UEHO20
incmpymenmanvhozo mamepiany (c-BN), a makooic 3nauna npomsdicHicmbs pobouoi wacmuHu
wrigysanvHo2o kpyea no nepughepii (noHad 6 m), € anciusor nepeoymMosor 3aOe3neyeHHs
cmiukocmi  IHCMpYyMeHmy 6 YuKIi NPOOYKMUGHOI [ AKICHOI 3068HIWHbOI 00pOOKU 3a0aHUX
(DYHKYIOHANLHUX NOBEPXOHL PO3IAHYMUX 6eIUK02ADAPUMHUX KoniHuacmux eanie. Ilpunycku na
00pOOKY PO3NOOILIAIUCH MINHC NONEPEOHIM [ YUCMOBUM Nepexoo0amu WiQhyeanus 3 OesKum
30LIbUEHHAM (De3eP8YBaAHHAM 3A0e3NeUeHHs. MOYHOCE) OISl WAMYHHUX WULOK, 00poOKA SKUX
genacs Opyeum nianom. Mikpoceomempuyny AKicmb NOBEPXHI KOHMPONOBANU 34 OONOMO20I0
nopmamuenozo eumiprosaua wopcmxocmi nogepxui Surftest SJ-201P, wo 0o3eonuno yHuxHymu
0UeBUOHUX NpodeM SUMIPIOBAHHA NPOPINIO 8 3a0auax KOHMPONIO BenuKo2abapumuux demanei
cknaoHoi cmyninyacmoi gopmu, AKUMU € CYOHOSI Koninuami eanu. Ompumani napamempu
wopcmkocmi nicast winipysannsn (Ra<0,4 mxm) Oyau 6usHaHi 8a20MOK MIpOI0 3A008IIbHUMU, WO
00360IUNI0 NICISL YbO2O ePHEKMUBHO NOTIPYEAMU 00 HeOOXIOHO20 34 OCHOGHUMYU QYHKYIOHATLHUMU
nosepxusmu piensi Ra 0,3 mxm.

KuawuoBi caoBa: koainuacmuil  6an, WliQ)y8aHHS,  WOPCMKICMb,  Oumms,  JIHIUHICMb,
napanenvhicmo.
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3MIHA HAIIPYKEHb B HAJITBEPJIIIA KEPAMIIII
IIPU BIBPO-ABPA3UBHIN OBPOBIII

AHoTauis. Y cmammi posensHymuii éniue e6i06poadpasusHoi 06pobKu Ha 3MIHY 3AMUUKOBUX
Hanpycenb 6 Ha0meepoiil kepamiyi. [Ipusedeni i oyineHi OUPpakmospamu nOBePXoHb Nid PizHUMU
Kymamu 8i0obpadicenist 00 i nicis 6i6po-abpasusnoi 0opobxu. [lpusedena i oyinena 3anexncHicms
SeNUNUHU 3ATUUIKOBUX HANPYICEHb 8I0 YACY 00POOKU, POIPAXYHOK BEUUUH 3ATUUKOBUX HANPYICEHb
0o i nicna 8i6po-abpasueHoi 06pobKu. EKCHepUMEeHMAnbHO NOKA3AHO 3HUIICEHHS 3ATULUKOBUX
Hanpyscenb 8 HAOMBepOiil Kepamiyi 3anedxcHo 8i0 yacy obpodku. Haoawui pesynomamu cmiiikicHux
8UNPOOYBAHL THCMPYMEHMY | NOKA3AHA MONCIUBICIG NIOBUWEHHSA CMIUKOCMI 3d  PAXYHOK
VRPABNIHHA 3ATUUKOBUMU HANPYIICEHHAMU 8 THCIPYMEHMATLHOMY KOMNO3UMI.

KuaiouoBi ciioBa: ougpaxmospama; 3a1umiKosi Hanpyjicentst; MiyHicms KOHCMPYKYil; 6peeeiécoKi
Kymu; 8ibpayiiina o6pooKa.

Beryn

[Tponec kepyBaHHs BHYTPILIHIMU HAPY)KEHHSMHU OYB 13apa3 € aKTyaIbHOI0
HAyKOBO-TEXHIUYHOIO 3aJadero, THM Oifbllle, BHYTPINIHIX HAmpyXeHb B
pi3aTbHOMY IHCTPYMEHTI 3 HaATBepAol KepaMiku. PimreHHS maHOi mpobiemun
CTIpUSI€ TiIBHUIICHHIO MPOAYKTUBHOCTI, SIKOCTI OOpOOKH, CTIMKOCTI pi3aIbHOTO
iHCTpyMeHTy. OpHE TUTBKM TMABHINEHHS CTIHKOCTI IHCTPYMEHTY JIO3BOJISIE
E€KOHOMUTH pecypcHy 0a3y i ImiABHIIyBaTH KOHKYPEHTO3AAaTHICTh MPOIYKIIii.

[Tpobnemy kepyBaHHS HANPYXXEHUM CTAaHOM BHPINIyBajk 0arato BUEHHX.
[puknanom MoxyTh ciayxutu podorn bakynosa B.C. [1], sikuii 1aB owiHKY
CTPYKTYpHIH HEOJHOPIZHOCTI KepaMidHMX MarepiajiB, BUPOOJIECHUX B PI3HHX
KpaiHax, B pi3HuUii yac. B ioro po6oti OyB Bu3HAuUCHMI po3Mip 1 opma Tip, 110
3a0e3neuyroTh HAWOLTBIN MilHICHI XapakTepucTuku Kepamiky, Kysin B.B. [2],
mpansi  SIKOrO  TPHUCBSIMEHA  BCTAQHOBJICHHIO OCHOBHUX — 3aKOHOMIPHOCTEH
HaINpy>XEHOr0 CTaHy MDK IapaMd Ha Kepamili I Ji€r0 30cepekeHol i
posnoninenoi cuiny. Hum OyB BU3HAUCHNMI BIUTUB Pi3HUX CTPYKTYPHUX CKIIaJOBUX
KepaMiK{ Ha JIif0 CHJIOBUX HaBaHTaxeHs. | purop’es C.H. [3] HaBiB pesymbratu
KOMITJICKCHOTO BHBYEHHS HEOTHOPITHOCTI HANpY)XEHb B MTOBEPXHEBOMY IHapi
KepaMiku. ByB mociipkeHHH HampyXeHO-Ie()OPMOBAHUI CTaH MOBEPXHEBOTO
mapy KepaMiKd IMJ Ji€l0 pO3IOAUIEHOTO CHIIOBOTO HaBaHTAXKCHHS. BusaBieHa
BUCOKa HEOJHODIAHICT HANpyXeHb B CTPYKTYPHHX €JIEMEHTaX KepaMiKu.
BigmiueHa HEOOXiTHICTH OOJIKY HEOIHOPITHOCTI HANPYXKEHb MPH  OMHCI
MeXaHi3My 3HOIIYBaHHS 1 pPYyHHYBaHHS, a TaKOX IpH
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© B. Bypnaxkos, 2019
MIPOCKTYBaHHI BUPOOIB 3 i€ KepaMiKH IS 3aJaHUX YMOB CKCIITyaTaIlii.

[TuraHHs 3MIHM 3aJMIIKOBUX HANpPYXKEHb y HAITBEpHAid Kepamill BueHi
HaMarajucsl BUPIMIMTH PI3HUMH NUIIXaMH, HANpHUKIAJ, iX yIbTPa3ByKOBOIO
crabimizauiero [1], ane Takuii croci® BUSBUBCS HE IyXKe SIKICHUM BHACIIJOK
TOTO, IO YJIBTPa3BYK, MEPII 33 BCE, HEraTMBHO BIUIMBAE HA JIIOINHY.

lle oHMM HUISIXOM BUPIIICHHS TOCTABJICHOT TPOOJIEMH € TEPMOIMKIIIYHA
00pobka MarepianiB, aje 3MiHHI PEKHMH HArpiBy # OXOJOKCHHS IeTajel
HETaTUBHO BIUIMBAIOTh HA CTAH IIOBEPXHEBOTO APy BUPOOIB 3 KEPaMiKH, i BOHH
notpedyoTh nopaibiioi o6poOku. HeoOxinHo BU3HA4YMTH, 1O mHpobiema
KepyBaHHSIM HaNpYXEHHSAMH B KEpPaMiUYHHX BHPOOaxX BiAPI3HAETBCA Bif
HaIpy)KeHb Yy CTaJsIX Ta YaByHaX. Taky mpoOileMy MOTpiOHO BHUIIIATH SK
ocobmuBy. Ilpu BUXOAax 3 jajy pi3ajbHUX IHCTPYMEHTIB BHHUKAE CUTYallis,
NpU SIKI BHSBISIOTHCS BUHHUMH 3aJMIIKOBI HANpy>KeHHS, 1 BOHM MAaloTh
JOCUTh 3HAYHy BEINMUYMHY. TEXHOJIOTIYHI YMOBH BHIOTOBJICHHS JeTallei
CTBOPWJIM B HHMX 3HAa4yHI [IONEpPEe/HI HAlpyXeHHs, SKI 3a3Buuail He
BPaxoBYIOThCA [2].

BibpooOpobdka Texk € 3acoboM KepyBaHHSAM HampykeHHsM. CyTHICTh
croco0y BiOpPOOOPOOKH IONIATaE y TOMY, IO B JACTANSIX CTBOPIOIOTH 3MiHHI
nanpyxkenns 10-50 H/mm? 3a jomomoror MexaHiunux Bibpatopis. Ilpu
HAJaHHI 7O KepaMidHOTO 3pa3Ka HalpyXeHb, M0 MEPEOiTBIIYIOTE MEXY
MPYKHOCTI, Kepamika TUIaCTHIHO aehopMyeThca. 31 301MBIICHHAM CTYICHS
IUIACTUYHOI JledopMantii MiJBUILYEThCSI BHYTPIIIHS E€HEprisi B CKJIAJOBUX
KepaMiKH, CHOTBOPIOEThCS 11 KpUCTaliYHA CTPYKTYpa, 3MIHIOIOTHCS (i3HKO-
MeXaHI4HI BJACTHUBOCTI: KepaMika 3MIIHIOETBCS, 3HIDKYETBCS OMIp 0
PO3TpicKyBaHHs, 30UIBIIYETHCS MBUAKICTh AUQY3ii 1 (a30oBUX HEPETBOPEHB,
3HMKYETHCS IIUIBHICTD, 3'SBISIETHCS. aHI30TPOIIisI BIACTHBOCTEH, IO MOB'A3aHa
3 Kpamol OpIEHTAI€I0 KPUCTATITIB (TEKCTYpOIO), aje Bce Ie TOTpedye
JTIOJTATKOBUX TOCITIHKEHB [3].

Jist Toro, o6 BUBYUTH BIUIUB BiOpallii, a TAKOXK MOETHATH MPOIEC 3MIHU
3aNMIITKOBUX HATPY>KEHb Ta Mporiec 0OpoOKH 3pasKiB, i Oyia 3pobieHa cnpoda
00pobuTH HaATBEPAY KepaMiKy 3a JOTIOMOTOI0 BiOpo-adpa3uBHOTO cIOCO0Yy.

MeTo0 JITaHOTO JIOCHI/DKEHHST € BHMBYEHHS MOXKJIMBOCTI KEpyBaHHS
3aJMIIKOBUMHU HAIPY>KEHHSIMM B IUIACTHHAX 3 HAATBEpJOi Kepamiku 3a
JIOTIOMOTOI0 BiOpo-abpa3uBHOi 00poOku. Lle myke Ba)KIMBO y CBIiTi TOTO, IO
HaATBEpAi  MaTepiiM  CTalOTh BCE  OUTBII  BaXJIMBOIO  CKJIAJIOBOIO

223



ISSN 2078-7405. Pizannsa ma incmpymenm 6 mexnonoziunux cucmemax, 2019, eunyck 91

IHCTPYMEHTAIFHOrO BHUPOOHHLTBA, 1 3MCHIICHHS 3aJMIIKOBUX HAIPYXCHb
3MO’KE€ MIIBUIIATH CTIHKICTh Pi3ajJbHOTO iHCTPYMEHTY.

METOJUKA EKCIIEPUMEHTY

Iling yac ekcrmepuMEHTY OOpPOOJSUTHUCS 3pa3Ku LHHTIHAPUYIHOT GopMu 3
nosikpucragiuHoro Hajareepaoro matepiany (ITHTM) na ocHoBi kyOidHOTO
Hitpuay Oopy (KHB) «xommnozur 05 IT», (HK18-20 I'Tla) 3 Hposmipamu:
@ 7,0 MM, BucoTa 3,2 MM.

B sikocTi pobodoro cepemoBuINa BHKOPHCTOBYBAIACS CYCIICH31I Ha OCHOBI
mopomKy MoHOKOpyHAy 3epHuUCcTicTIO 10 DEITA F100 (o ACTY 12 3epuo —
150-125 mkm) B kistbkocTi 90% Bij 3aranbHOTO 00CATY, TOMTHUPOBAaHA IIOPOIIKOM
yabTpaguctiepcaoro anMasy (V/1A) B konuenrparii 10% Bix 3arambHOTO 00CATYy
abpa3uBy.

Cxema 11a00OpaToOpHOi yCTAaHOBKH IIpEJCTaBieHa Ha puc. 1. YcraHoBKa
3i0paHa Ha KpyrJioMy Kapkaci Ha NH'ATH NpYyXKHMHHUX omopax (2). Ha omopax
BCTaHOBJICHA poOoua kamepa (1), Wi UEHTPAIBLHOK YACTHHOK  SIKOT
po3TaiioBaHuit qucOanaHcHU MOTOp-BiOparTop (3).

Hocmimkennss npopomwiucs npu 10, 20 1 40 xBuiuHax 0OpPOOKH.
Awmrutityna Biopamii —SmM, yactora Biopamii — 25-30 ['u. 3a eTanoHHuit 3pa3ok
Oyra mpuitHATa KepaMidHa IUTaCTHHA Y BXi1THOMY CTaHi.

Pucynok 1 — Cxema nabopatopHoi BiOpo-aOpa3uBHOI yCTaHOBKU
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Jliis BU3HAYEHHS 3MiHHM BETMYUHY BHYTPIIIHIX HANIPYKCHB, TIOB'I3aHUX 13
CHJIOBHM Ta TEIJIOBUM BIUIMBAMH, OYJIH JOCIHIIKEHI KepamiuHi 3pa3ku 0e3
00poOKH Ta micast 00poOKH 3 pisHUME YacoBUMH Mekamu (micis 10, 20, 1 40
XBWJINH), BHUKOHYBAaBCS PEHTICHOCTPYKTYPHHH aHali3 i3 BHKOPHUCTAHHSIM
mudpakromerpa JJPOH-4-3.

Pe3ynpTaTH PEHTICHOCTPYKTYPHOTO aHaNi3y 00pOOIISIIHCS 3a TOTIOMOT 00
nporpamu Mathcad, po3paxoBani mapameTpu npejacTasieHi B Tadimmi 1.

Po3smip GiiokiB Bu3HauaBcs 3a Gopmysioro (1):

Dhki= 0,94-1/m1- cos(0(110)a), 1)

Je A — JOBXHMHA XBWII BUNPOMIHIOBaHHA A = (2-Akoy + Ako)/3; 6 — KyT
PO3CirOBaHHSI.
Bennuunna mikpoaedopmariii po3paxoBysanacs 3a (HOPMYIIO0:
% = ny/4- 1g0(220), @)
Je N — KoeilieHT, 1110 3aIeXNTh BiJ (OpMH 4aCTUHKH 1 OM3bKkuit 1o 1.
BenmunHa MikpoHanpyr BU3Havanacs 3a (opMyJIow:
on= E -E, (3)
a
ne E = 700-800 KIla — Momyss IpY»XHOCTI JOCTIIKYBAHOTO MaTepiaiy.

SIK BHIHO, BEJIMYMHA 3QJIMIIKOBHX HANPYXCHb APYTOro poay B 3pa3Kax
3MeHmyeTscst Big 697 Mlla npu HeoOpoOneHomy crani go 409 Mlla npu
COpPOKaxXBHIIMHHIM 00po011i. Bennurna 0J10KiB MO3aiKu BiJIIIOBITHO 3pOCTAE Bif
0,065 1o 0,7069 mxMm. Po3paxyHok mpoBoxuBcs i miHii (110) a i (220) a, mis
KyTiB 0, BiAMOBIiAHO Ok = 97%; Ok = 53%; Oxos = 63° Oy = 123°,

PospaxoBani 1aHi HaBeAeHi y TaOIHILI.

Tabmunst — Pe3ynbraT peHTT€HOCTPYKTYPHOTO aHAJI3Yy U1 BU3HAYCHHS pO3Mipy OJIOKIB
1 HaIIpy>KeHb APYTOro poay

Yac 06pobku 1, | Mikponedopmais, | Hanpyxenns o, Benuunna 6110KiB
XB. (Aala)-10* MIla mo3aiku D,Mkm
0 1,20 697 0,439
20 1,11 615 0,459
30 1,01 520 0,589
40 9,09 409 0,849

Jis BU3HAUeHHS BIUIMBY BiOPOOOPOOKM Ha CTIHKICTH I1HCTPYMEHTY
BHUKOPHCTaHI i3, OCHAIIEH] Pi3aJbHUMH IUIACTHHAMHU y BXIJJHOMY CTaHi Ta
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IDTACTUHAMH TicTs 0OpOOKH MPOTATOM pi3HOTO dYacy. [IpoBoAMIOCH TOUIHHS
3arotoBkH 3i cranu 45 (45-50 HRC).

PE3YJBTATHU JOCJILI’)KEHb

PesynbraTn excriepuMeHTIB TpadidHo BimoOpakeHO Ha AudpakxTorpamax,
Ha SKAX Y BUTIISAAL YiTKUX €KCTPEMYMiB TOKa3aHi IMKH, M0 00YMOBIIOIOTHCS
CIIOTBOPEHHSIM KPUCTAJIIYHOI PEIIITKH 332 PaxyHOK 3aJIMIIKOBUX HAaIlPyKEHb.
Hdudpakrorpamu, ki 3poOJeHi TMmMiJ PpI3HAMH TOABIMHAUMH  KyTaMu

BiJI3epKaICHHS I THX CaMUX 3pa3KiB 3 HAITBEPAOi KepaMiKH, MPpeCTaBIeHi
Ha pHc. 2.

0, rpa y
40 50 60 90 rpax 40 50 60 70 so 0, rpan

60
60

50
50

40
40

30
30
20
20

>
80 9% 100 120 130 140 9, rpau

Pucynok 2 — Jlndpaxrorpamu 3paskiB 3 kepamiku «koMnosut 051T»
(1 — 6e3 06pobKH; 2 — 06po6KOIO 20 XB.; 3 — 06po6KOI0 30 XB.; 4 — 06pobOKOIO 40 XB.):
npu KyTi Binnzepkanenns a — 53% 6 — 63% ¢ — 970 2 — 1240

Amnanizyoun qudpakTorpaMy MOBEPXHI Pi3ajbHUX IUIACTUH 3 HAATBEPAOT
KepaMik{, MOXXKHa 3pOOHMTH BHCHOBOK IIPO TE€, IO MAKCHMAaJbHMI MOKAa3HUK,
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SIKAI XapaKTepU3ye BEJIMYMHY 3ATHIIKOBHX HANpY)KEHb, 10 CIIOCTEPIraroThCs
Ha HeoOpoOIleHi# miacTuHi, y Mipy 30UIbIICHHS Yacy BiOpamiiiHOi 0OpoOKU
3HAYHO 3MEHIIYEThCS. [JEHTHYHA KapTHHA CIIOCTEPIraeThCs MpPU aHaNi3i
nudpakrorpam, BAKOHAHUX MTi]] PI3HUMU [TOJBIHHUMH KyTaMH BiJI3epKaICHHS.
Ha migcraBi oTprMaHuX pe3yiabTaTiB MOXKHA MOOYIyBaTH Tpadik 3aiexHOCTi
BEJIMYMHY 3QTUIIKOBUX HANPYXKEHb BiJ yacy 0OpoOKu.

XapakTtep audpakrorpam CBiIYMTH, 110, BHUKOPHCTOBYIOYHM BiOpO-
abpa3uBHY 00pOOKY, MOXXHa CYTTEBO 3MEHIINTH BHYTPIIIHI Hampy>KeHHS B
marepiai.

Ha puc. 3 moka3ani 3a;1e)XKHOCTI BETMYUHH 3aTUIIKOBUX HATPY>KEHb BiJ
gacy o0poOku. ['padiku OyxyBamucs 3 BUKOPHUCTaHHSAM JaHWX BHMipIOBaHb,
MPOBEACHUX IPH PI3HUX MONBIHHUX KyTax BimmsepkaiieHHs. Yac oOpoOkH i
MOYaTKOBE 3HAYCHHS BEIMYMHU HANIPY>KEHb OYIIH OJJTHAKOBUMH.

Bunukmi B MaTepialli 3aJIMIIKOBI HANpPYXKEHHS CYTTEBO 3MIiHIOIOTHCS
NPOTArOM 4Yacy oOOpOOKM — BeNMYHMHA 3aJHIIKOBHX HANpyXXEHb IiCTOTHO
3MIHIOETHCSI TPOTSICOM COPOKA XBHIIUH OOPOOKH.
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PucyHok 3 — 3aexHiCTh BEHYNHH 3aJIUIIKOBUX HAIPYyKEHb
B 3paskax kepamiku «kommo3ut 051T» Bix yacy o6poOkn
npu noABiiHOMY KyTi Bignzepkanenns: 1 — 97% 2 —53%; 3 — 123%; 4 — 63°

HezanexxHo Bim 3Ha4YeHHS MOABIHHOTO KyTa Bimm3epkajeHHS rpadiku
BUSIBUJIMCh 1IGHTUYHUMH, IO TOBOPUTH NPO T€, IO 3HIDKCHHS BETUYUHU
BHYTDILIHIX HalpyXeHb Mae ineHTHuHuid xapaktep. llomanbmia oOpoOka
KepaMivHHX 3pa3KiB Ma€ BIUIMB TiJIbKU Ha KUTBKICTh BUaneHoro MaTepiany. Lo
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CTOCYETBCSI 3QJIUINKOBUX HABAHTAXKEHb, TO 1X BEIMYMHA Mai)Ke He 3MIHUTHCS,
TOMY TOjanbiia X 00poOka MOXKEe BHKOPHCTOBYBATHCS JIHIIE Ui 3MiHY
po3Mipy 3pa3KiB, a He K 3aci0 penakcarlii HanpyXeHb.

3HWKEHHS PIBHSA 3aIMIIKOBHX HAaNpyKeHb B POOOYMX eJeMEHTax
pi3aNbHUX IHCTPYMEHTIB CIIPHUSIE i IBUIIECHHIO 1X CTIHKOCTI.

3 pUCYHKY BHUIHO, IO 301UTBIICHHS TEPMIHY CITY)KOHM iHCTpyMEHTa Maiike
yIBi4i 0OOYMOBIIOETBCSI 3HIDKEHHSIM 3aJIMIIKOBHX HANpYyXXeHb NPHOJIM3HO Ha
200 MIla.

OTtpuMaHi pe3yabTaTH MiATBEP/UKYIOTh HaBEJEHY BUIIE TilOTE3y Mpo Te,
o BiOpariiiHa 00poOka MOXKE CIYXXKHTH HE TUIBKH SIK METOJ OOpOOKHU
HAITBEPJOi KepaMiku, ane 1 sk 3aci0 3MCHINCHHS B Hi 3aJIUIIKOBUX
HABAHTAKEHb.
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Pucynok 4 — 3anexHicTh CTIHKOCTI pi3ajIbHOTO IHCTPYMEHTY
BiJl BEJIMYMHHU 3AIUIIKOBUX HANPYXXEHb B Pi3aJbHUX IIACTHHAX
3 KepaMmika «xkoMno3ut 051T»

BucnoBku

Bibpo-abpasuBHa o00poOka mnpotrsirom 40 XB. 3HMXKYE BEIHYUHY
BHYTPIIIHIX HABaHTAXKCHb B 3pa3kax 3 Kepamiku «kommo3uT 051T» 3 697 MIla
1o 409 MITa. Xapakrep 3HMKCHHS 3aTUINKOBUX HABAHTAXCHb OJTHAKOBUH MPH
po3TIsAAaHHI JH(paKTOTpaMm i pi3HUMH MOABIHHUMH KyTaMH BiII3epKaIcHHS,
IO CBiAYUTH TIPO CTaOUTbHICTH mporecy. [loganpma oOpoOka KepaMidHUX
3pasKkiB He NPHU3BOJAHWTH 0 3HAYHOTO CYTTEBOTO 3HIKCHHS 3AJHIIKOBUX
HaBaHTaXCHb— 00OpOOKa MPOBOIUTHCA IUINE I HEOOXIIHOTO BHIAICHHS
Marepiaiy.
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Takum dYnHOM, BiOpo-abpa3suBHa 00poOKa € TMEPCHEKTHBHUM 3ac000M
[IOJO0 KePYBAaHHS 3aJMIIKOBUMH HaBaHTAXCHHAMH y HAATBEPIii KepaMilli.

Iepenix Bukopuctanux mkepesa: 1. Baxynos, B.C. IIpo4HOCTE W CTPYKTypa KepaMUKH /
B.C. Bakynos, A.B. Bensikos / Oraeynopsl 1 Texundeckas kepamuka. — 1998. — Ne 3. — C. 11-15.
2. Ky3un, B.B. DbdexkTHBHOE NPUMEHEHHE BHICOKOIIOTHOM KEPAMMKH ISl K3TOTOBJICHHS PEXKYIIMX
u aedopmupyromux nactpymenToB / B.B. Ky3un // Hoeie orueynopsl. — 2010. — Ne 12. — C. 13—
19. 3. I'pucopwes, C.H. BiusiHue CUIIOBBIX HATPY30K Ha HAMPSDKEHHO-1eDOPMHUPOBAHHOE COCTOSIHIE
pexymux miactiuH u3 okcuanon kepamuku / C.H. I'puropses, B.B. Kysun, 1. bepton [u ap.] //
Bectank manmuoctpoenust. — 2012. — Ne 1. — C. 67-71.

V. Burlakov, Mariupol, Ukraine

CHANGE OF STRESS IN SUPER-SOLID CERAMIC
AT VIBRO-ABRASIVE PROCESSING

Annotation. Residual stress arises in a material during its heat treatment, transition from a liquid
to a solid state, during mechanical processing, welding, etc. Residual stresses are always present in
plastic, metal, and glass. The cause of the residual stresses is the heterogeneity of the deformed state
of the solid due to various changes in different places of its length or volume. In some cases, it
becomes necessary to reduce or completely relieve residual stresses in the product. For this, various
methods can be used with respect to the part having residual stresses. Scientists tried to solve the
question of changing the residual stresses in superhard ceramics in different ways. To determine the
change in the magnitude of the internal stresses associated with power and thermal effects, ceramic
samples were examined without treatment and after processing with different time limits, an X-ray
diffraction analysis was performed using a diffractometer DRON-4- 3. Due to the fact that the known
methods for removing residual stresses are not effective enough for parts made of superhard
ceramics, it is necessary to propose some new method of dealing with these phenomena. One of the
methods for relieving internal stresses of superhard ceramics is vibration processing. There are
various methods of vibration processing. For each specific case, you can choose a certain type of
processing, which will provide the necessary reduction of residual stresses and deformations. The
article considers the influence of vibration-abrasive processing on the change in residual stresses in
superhard ceramics. The diffractograms of surfaces at various angles of reflection are presented
and analyzed before and after vibro-abrasive treatment. The dependence of the value of the residual
stresses on the processing time, the calculation of the values of the residual stresses before and after
vibration processing are given and evaluated. Experimentally shown is a decrease in residual
stresses in superhard ceramics depending on the processing time. The results of resistance tests of
the tool are presented and the possibility of increasing resistance by controlling residual stresses in
the tool composite is shown.

Keywords: diffractogram; remaining tensions; durability of constructions; bragg angles;
oscillation treatment.
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Buoammui ocobucmocmi ghopmyromucs
He 3 00NOMO2010 KPACUBUX NPOMOS,

a enacHoio npayero i ii pe3yrbmamamus.
A. EiHwmetin

IIpodecop Kanbuenko Bitaniii IBanoBuu
(00 85-piuus 3 Ona Hapoorcenusn)

Biramiit IBanoBuuy Kampuenko B 1961 pomi micias 3aKiHYEHHS
XapKiBCHKOTO MOJITEXHIYHOrO IHCTUTYTY OYyB HampaBieHMH Ha poOOTy B
JocmimHo-KOHCTpYKTOpCchKe Ofopo mnuridyBanpanx BepctartiB (AKBIIB) mpu
XapkiBcbkoMy BepcTaToOyaiBHOMY 3aBogi iM. C.B. Kociopa, me mpamtoBaB Ha
rmocazfax IHKeHEepa-KOHCTPYKTOpa, IPOBIIHOTO KOHCTPYKTOpPA, HavdaIbHUKA
CEKTOpa CHeliaTbHAX BEpPCTaTIB.

TamaHT KOHCTPYKTOpa Ta OpraHizaTopa mposBHBCA y 1964 pori, Koim
HiMeuunna BiIMOBHMIIACS ITOCTABIATH ACp)KaBi TPyOH BEIMKOTO IiaMeTpy, sKi
NOTPiOHI OyNmM Uil TPAaHCHOPTYBaHHS ra3y, HaQTH Ta BHIOTOBIICHHS PakeT.
Came TOMi, KEpIBHHUIITBOM JIepXKaBH OyJ0 MPHUUHATO PIIICHHS MO0
HEOoOXiTHOCTI BIPOJIOBX POKY CIIPOEKTYBAaTH, BUTOTOBHTH Ta BIIPOBAIUTH Y
BUPOOHMITBO HOBHMI BEPCTAT AJIs IUTi(hYyBAHHS BAJIKiB TPYOOBAJIbLIIBHUX CTaHIB.
Cepen 300 koHCTPYKTOPIB, SIKi HA TOW Yac npautoBaiy y 0ropo, Ha Bueniit paxi
InctutyTy. 3 BepecHs 1964 poky ONHOTONOCHO OyJO  3aTBEpIKEHO
kaamunatypy Kampuenka B.I. Ha mocamy mpoBiZHOTO KOHCTPYKTOpa, SIKHI
BIZITIOBiZIaB 32 PO3pOOKY HOBOTO BEpCTaTa, HOTO TEXHIYHUH piBEHBb, CTPOKH
BUKOHAHHS TIPOEKTY (3 MicAmi), KOHTPOJIb SKOCTI BHTOTOBICHHS JETallei,
30ipKy, HaJIarO/KEHHS Ta 3[a9y JAepkaBHiil komicii. B kiami mumas 1965 poky
Kanpuenko B.I. 3maB mepkaBHilt Kowmicii BepcraT, ae mnponuripyBaB 5
TpyOOBaNBIIBHUX BAJIKIB Pi3HOTO NPO(DLIIO B 5-TH HANIBABTOMAaTHYHUX IIMKIIaX
pobotu Bepcrara. Uepes micsIb HOBHH BepcTar yCIIiHO OYB BIIPOBaPKEHUH Ha
EnexrpocTanbchkoMy 3aBOZI Ba)XXKOTO MalIMHOOYAYBaHHS, SIKWil 3a0e3rneunB
IiIBUILICHHS TOYHOCTI Ha /IBa KJIacu (KBAJIITETH), & IPOYKTUBHOCTI — B YOTHPH
pasw, 10 MiATBEPPKEHO TOJIOBHUM 1H)KEHEPOM B LIEHTpasbHil razeti «[IpaBaa»
B ctarTi «Bricokas ToyHOCTH» Bij 18 xoBTHA 1965 poky: «Ha 3aBome um.
Kocunopa n3rotoiieH niepBbIii B CTpaHe MITH(GOBATEHBIN CTAHOK TSI 00paOboTKH
BAJIKOB TPYOO3IIEKTPOCBAPOUHBIX cTaHOB. CTaHOK, KOTOPBII K HAM ITOCTYIIHII U3
XapbKoBa — YpEe3BEIYAIHO CIIOKHOE COOpYKeHre. MBI Ha HeM IUTH(yeM BaJIKu
auameTpoM 1,5 Merpa v BecoM 10 4-X TOHH U JJOCTUIaeM BBICOKOM TOUHOCTH
00paboTKH. .. ».

Ilig gac po3poOkm HOBOTO BepcraTy Bitamiii [BaHOBHY 3ampomnoHyBaB
HOBUH cmoci® 1 TexHoJorilo uuTiyBaHHS pPI3HOMAHITHUX HOBEPXOHb 3i
CXpeIIeHNMH OCsIMM JeTaneil 1 kpyra. [laHuil HanpsiMOK, y MOJajbIIOMY,
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po3pobisarore Bimomi ¢ipmu Himewumnn “Junker”, ‘“Metabo” ta “Waldrich
siegen”. Ili3Hime HUM OyJ0 po3pobieHo ramm BepcratiB XI3-45M, XIII3-
47, X11I3-48, sixi Oyiau BCTAaHOBJICHI Ha TPYOOBAJIBLIBHUX 1 JTUCTOBAIBI[IBHIUX
3aBomax Ykpaimm, CHJI, bomrapii, €runty, Yimi Ta B IiHMHX [OepKaBax.
Binpnricte BepcTaTiB X MoAeNei Ha MiINPHEMCTBAX AEP’KaBH OCBOIOBAIIHCS
i kepiBHUOTBOM Bitamist [BaHOBHYA.

12 TpaBHs 1972 poky B EkcrnepuMmeHTaJbHOMY HAyKOBO JOCIIIHOMY
iHCTUTYTI MertanopizanbHux BepcrariB (Mocksa) B.I. Kambuenko 3axuctus
KaHIUJIATChKy Jaucepranito Ha Temy «MccienoBanue QopmooOpazoBaHus
KPHUBOJIMHEHHBIX TOBEPXHOCTEH TpPyOONPOKATHBIX BAJIKOB», HAYKOBHM
KEPIBHUKOM $IKOi OyB TOJIOBHUI KOHCTpYKTOp — akajaemik JlikymuH B.1. ITicas
3aXHCTy JucepraliiHoi poOotu Biramiii [BaHOBMY TpamioBaB TOJOBOIO
IepKaBHAX KoMiciii MinicTepcTBa BepcTaToOyMiBHOI MPOMECIOBOCTI, SIKi
mpuiiMany TepHIi AOCHiTHI 3pa3Kd NDTQYyBaTbHUX BEpPCTATIB Ta HaIaBalll
JIO3BLI Ha iX cepiliHe BUPOOHUIITBO.

Takox B.I.Kanpuenky Oyno 3ampomonHoBaHo akamemikom AH CPCP
HixymanM B. 1. 3aifHsTH Iocamy 3aBigyrodoro BinmiioM abpa3uBHOI 00poOKH
B roioBHOMY iHcTUTYyTI EHIMB, ane BiH 3ax0TiB 3aimumuTHcs Ha YKpaiHi Ta
obupae nmocany forenrta B YepHiriscbkomy disiani KUIBCbKOro MoiTeXHIYHOTO
IHCTUTYTY, B sikoMy npaioe 3 1 BepecHs 1973 poky, Jie uepes MmiBpoKy OTpUMYe€
aTecTaT JIOLEeHTA K NPOBIJHUHN CHELiaIiCT MPOMHUCIIOBOCTI.

Y 1994 poui B XapKiBCbKOMY TOJIITEXHIYHOMY YHIBEPCUTETI BiH YCHIIITHO
3aXHMCTHB JOKTOPCHKY AMCEpTalliio 32 TeMolo «HayuHble ocHOBBI HUTH(OBaHUS
KPHBOJIMHEHHBIX TTOBEPXHOCTEH C YNpaBIIIEeMOW OpHEHTaruel abpa3sMBHOTO
HHCTPYMEHTa».

Kpim memaroriunoi  poGortm, Biramii IBaHOBHY  opraHi3yBaB
KoncTpykTopcrke 010po, B SKOMY BHKOHYBAIHCH SIK TOCIIOTOBIpHI, Tak i
IepxkOI0pKeTHI  HAayKoBO-IocHimHi poborn. PoGorm Kampuenka Biramis
IBaHOBMUYa oOTpUMyBalM BHUCOKI OIIHKH Ta JepkaBHe (iHaHCYBaHHS.
VY 2014 poui MinicTepcTBOM HafaBanoch (piHaHCYBaHHS TIIBKH Ha OIHY TEMY 1
Horo oTpumana Tema, mo Oyna mig kepiBHHUTBOM Kampuenka Biramis
IBaHoBHYa Ta 3aiiHsa | Micne y KOHKYypCI HayKOBHX HPOEKTIB IO CEKIii
«ManrmHoOyyBaHHS.

Cranom Ha Bepecenb 2015 poxy [HpopManiiiHO-aHaTITHYHOIO CUCTEMOIO
Oysno onpaupoBaHo 20000 nyOmikanid ykpaiHChbkuX aBTopiB 3 1100
MepioANIHUX BUAAHb YKpainu Ta 0yB ctBopenuit peiruar TOII 100 HaykoBIiB
3a KUTBKICTIO IIUTYBaHb, B sikoMy Kanpuenko Bitaniit IBanoswd 3aiiHsB 18 micie
(xinpkicTh nuTyBanb — 1273, h-inmexe (h — KinbKicTh cTaTeit HAyKOBIIS, Ha SIKi €
MOCHJIaHHS B TOHa h my6mikamisx) - 17).

Ipodecop Kampuenko Bitamiii IBamoBma monan 30 pokiB mparroe
3aBimyBaueM Kadenpu «ABTOMOOITFHOTO TPaHCHOPTY Ta Taly3e€BOTO
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MammHOOynyBaHH Y Y UHTY. V 2008 p. BimkpuB Ha Kadenpi HOBHH HAIpsM
MATOTOBKH (axiBIiB «ABTOMOOUTPHHI TpPAHCIOPT» KpiM HAsIBHOTO —
«lmkeHepHa MexaHika». 3a BaroMHii BHECOK B OTpHMaHHI Kadeaporo Ta
yHiBepcuteToM [V piBHA akpemuranii OyB HaropomxkeHnit MiHiCTepCTBOM
ocBiTH Ykpainu 3HakoM «BimMinHHK ocBitH Yipainm» (1999, 3a miarotoBky
CTYACHTIB, SKI OTpPHMalH TEpHI MiCIsi y BCEYKpPAiHCHKUX KOHKYpPCaX,
HaropopkeHuit rpamororo MOHY (2010 p). 21 aucronana 2012 poky Biraiiro
IBaHOBHYY NPHCBOEHO MOYECHE 3BAaHHS «3aciyXEHHU Jis4 HAYKH 1 TEXHIKH
Ykpainm».

Kanbuenko Bitaniii IpanoBuu € aBTopoM 8 monorpadiii, oimpire 100
MATEHTIB Ta aBTOPChKUX CBimONTB 1 moHan 300 HaykoBux mpais. [Ipodecop
Kanpuenko B.I. — romoBa CrerianizoBaHoi BYEHOI pagu 3 3aXUCTY
KaHINIATCHKIX JicepTamnin B UYepHiriBcbkoMYy HaIllOHATEHOMY
TEXHOJIOTIYHOMY VHIBEpCHUTETI, WIeH crenianizoBaHux BueHUX pag HTY «KIID».
3a mepion poboth Ha Kadenpi mig HOro KepiBHUITBOM Oyio BHUITyIIEHO 1
noktopa Ta 11 kaHAMaTiB TEXHIYHUX HAYK. 32 OCOOMCTUI BHECOK Y BITKPUTTS
1 aKpeIuTaIlif0 HOBUX CIICHiaNbHOCTEH, pPO3MMPEHHS HANPSMIB IiSUTBHOCTI
YHIBEPCHUTETY, IMiJBUIICHHS HOTO PEHTHHTY Ta aBTOPUTETY, a TaKOX 3a
HIIrOTOBKY HAayKOBUX KaJpiB, pileHHsM Buenoi pamu YepHiriBcbkoro
HalliOHAJIILHOTO TEXHOJIOTIYHOTO YHIBEPCUTETY Bif
26.12.2018 p. Nel2 Kanpuyenko Biraniii IBaHOBHY OyB HaropoxeHHi
muiomoMm  [loyecHoro  mpodecopa  UepHITiBCBKOro — HaI[lOHAJIBHOTO
TEXHOJIOTIYHOTO YHIBEPCHUTETY.

Ha mixxnaponnomy HaykoBo-texHigHOMY ceminapi «INTERPARTNERY,
MIPUCBSUCHOMY BHCOKHM TEXHOJIOTISIM B MalllMHOOYAyBaHHI, SIKMH IPOXOANB B
M. Anmymra y 1994 pori, B pik 60-pigust Kanpuenka Bitamis IBanoBm4a, kpim
HAYKOBIIIB 3 YKpaiHu OyJn 3amporieHi BYeHi 3 BenmkoOpuranii, Yropuan,
Himewuwnnn, [pemii, [anii, ['py3ii, [Tomemi, Pocii, Pymymnii, Cep6ii i Yexii. B
TOPSAAKY AEHHOMY ceMiHapy OyJo 3aIllaHOBAaHO MO3IOPOBICHHS IOBIILIPIB —
Bitomux BueHux. ['omoBa BAK VYkpainum 3 MammHOOyayBaHHS Ta TOJIOBa
eKCIIepPTHOI pagu CeKlii MaIIMHOOYJyBaHHS, JOKTOp TEXHIYHHX HayK,
npodecop, Binomuii BueHuit Buykos IOpiii MukonaiioBuu, sikuil 100pe 3HaB
HOBI PO3pPOOKM Ta JKUTTEBMH HUIIX Birtanmist IBaHOBMuYa, mpu BpydeHHI
I0BUIeliHOTO 3HaKy ckazaB: «Kanpuenko Buranmmii ViBaHoBMY — 3TO OYeHb
CKPOMHBIHN, YMHBIH, TPYIOJFOOUBEIH, IPeJaHHBIN HAYKE YCIIOBEK M U3BECTHBIH
cnenuanuct, u eciu 061 Bce «[PEBJIN» Tak kKak OH, TO MBI OBI YK€ JaBHO OBLITH
B EBponiey.
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