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MODELING OF QUALITY CHARACTERISTICS AT THE
FINISHING OPERATIONS OF WORKPIECES USING
VIBRATION RESISTANCE INDICATORS

A. Ycos, M. Kyniyun. MopenioBaHHsl SIKICHHX XapakTepHcTHK Ha ¢iHilIHMX omepauisix JeTajeil 3a NOKA3HHKAMH
BidpocrTiiikocTi. Po3rmsanaeTbcst BUSHa4YCHHs SAKICHUX XapaKTEPUCTUK OOpPOOIIOBAaHMX MOBEPXOHb JCTaled Ha (IHIIHMX ONeparifx 3a
MOKa3HUKAaMH BiOPOCTIMKOCTI €IEMEHTIB CHCTEMH «BEpPCTAT — IPUCTOCYBAHHS — IHCTPYMEHT — ieTallby. [1oBepXHs netaii micyisi 0OpoOKH Ha
(iHIHEX onepawisx He € IIaAKOI0, a 3aBXKIH Mae MIKPOCKOIIUHI HEPiBHOCTI, 10 (POPMYIOTh IIOPCTKICTh Ta MikpoaedekTn. Ha onmepartisx,
0 TepeayroTh NUTi(hyBaHHIO, HMIOPCTKICTH 0OpoOJICHOI MOBEpXHI BIUIMBA€ HAa KOHLICHTPAIIO HAlpyXeHb, BiOpaliliHy aKTUBHICTH Ta
YTBOPEHHS TEIUIOBHX Je(eKTiB, $Ki MiA Ai€l0 TEPMOMEXaHIUYHMX SIBHI, IO CYIPOBOKYIOTH (iHimIHI onepauii, (OpMyHOTh Ha
00pOOITIOBaHHX MOBEPXHAX HPHIIKHU, TPILMHK Ta cKoiu. [Iporec pi3aHHs CyNpOBOKY€EThCS iIHTEHCHBHOIO BiOpaLli€lo iHCTpyMeHTa, JeTall,
caMoro BepcTaTa Ta CTPYKKH, IO 3HIMaeThcs. IlocTaBieHa 3afaua Ta HaBEACHHIl 1i PO3B’SI30K CHPSIMOBAHI Ha JOCIIKEHHS KOJIMBAHb
00po0IIIOBaHOT MOBEPXHI JeTall MiJ Ai€l0 CHIM pi3aHHS. Pe3ynbraTé po3paxyHKIB J03BOJISIIOTH OLIHUTH 3a 30iroM aMILTITY[ Ta MEpioxy
KOJIMBaHb BIOPOCTIHKICTh yCiel CHCTEMM «BEpCTaT—IPHCTOCYBaHHS — IHCTPYMEHT — JICTalb». 3alpOIOHOBAHHUI METOJ BH3HAYCHHS 30HH
PC30HAHCIB CHJIOBMX KOJIMBaHb CHCTEMM «BEPCTaT—IPUCTOCYBAHHS — IHCTPYMEHT —ICTAlIb) JIa€ MOXJIMBICTb KEPyBaTH IIPOLIECOM
nutipyBaHHS 32 YMOBH 3aCTOCYBAaHHS KOHKPETHOTrO iHCTpyMeHTy. lle ympaBiiHHS 3IiHCHIOETHCS LUIIXOM BHOOPY IUBHAKOCTEH pi3aHHS,
NPHU3HAYCHHS ONTUMAJIbHUX TINHOMH pi3aHHa abo minbopy Macu obOpoOmoBaHoi Aetanmi. HaBeneHuit MeTOA PEKOMEHIOBAHO JUIS
BIIPOBA/DKEHHS Y MTPAKTHKY ONTUMAaJIbHUX TEXHOJOTIYHUX MPOLECiB NUTI(yBaHHS MaTepialiB, CXUJIBHUX O YTBOPEHHS TEIJIOBUX JC(EKTIB.
ExcnepumenTanbHa nepeBipka Mozeni npoBeneHa Ha aetainsx 3i craneit 102Cr6, X12CrNiTil8-9 Ta THTaHOBUX CIUIABIB, IO MiATBEPIKYE
TOYHICTh MPOrHO3yBaHH: BIOPOCTIHKOCTI 3 BigxmieHHsIMHU MeHIe 10 %. OtpuMaHni pe3yIbTaTd JO3BOJIMIM PO3pOOHTH PEKOMEHIALIT 010
BHOOpPY pEXUMIB 1 mapameTpiB UUTiQyBaHHS, KOHCTPYKLIi KPIIUICHHS Ta IHCTPYMEHTY, L0 3a0e3NeduyloTh CTAaOUIBHICTh IMpOILECy i
3MEHILYIOTh YTBOPEHHS TEIUIOBUX 1 BiOpaniiHuX Ae(eKTiB.
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A. Usov, M. Kunitsyn. Modeling of quality characteristics at the finishing operations of workpieces using vibration resistance
indicators. The paper addresses the determination of the qualitative characteristics of machined workpieces surfaces in finish operations
based on the vibration resistance indicators of the “machine—fixture—tool—workpiece” system. After finishing, the surface of the
workpieces is never perfectly smooth, but always exhibits microscopic irregularities that form roughness and microdefects. In the operations
preceding grinding, surface roughness influences stress concentrations, vibration activity, and the formation of thermal defects that, under the
thermomechanical phenomena that accompany finish machining, cause burns, cracks, and chipping of the workpiece. The cutting process
generates intense vibrations in the tool, the workpiece, the machine itself, and the chip removed. The stated problem and its proposed
solution focus on studying the oscillations of the workpiece surface under the action of cutting forces. Calculation results make it possible to
evaluate the vibration resistance of the entire “machine —fixture —tool -workpiece” system by matching oscillation amplitudes and periods.
The proposed method for identifying the resonance zones of the system’s force oscillations enables control of the grinding process when
using a specific tool. This control is achieved by selecting cutting speeds, determining optimal cut depths, or adjusting the workpiece mass.
The method is recommended for implementation in the practice of optimizing grinding processes for materials prone to thermal defects.
Experimental validation of the model was carried out on workpiecess made of 102Cr6 and X12CrNiTil8-9 steels and titanium alloys,
confirming prediction accuracy within 10% deviation. The results obtained have allowed the development of recommendations for choosing
grinding regimes and parameters, as well as fixture and tool design, to ensure process stability and reduce the occurrence of thermal and
vibration-induced defects.

Keywords: finishing operations, surface quality, vibration resistance, amplitude, oscillation period

Introduction

Unlike an ideal surface, the surface of a workpiece after finishing operations is not smooth, but
always has microscopic irregularities that form roughness. Despite the rather small size of the irregu-
larities that form roughness, they have a significant impact on various operational properties of work-
pieces [1, 2]. In the operations preceding grinding, the roughness of the machined surface affects the
concentration of stresses, vibration activity, and the formation of thermal defects, which, under the
influence of thermomechanical phenomena accompanying finishing operations, form cauterization,
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cracks, and chips on the machined surfaces [3—6]. Numerous theoretical and experimental studies
have been devoted to the study of this process [7 —13]: the effect of grinding wheel wear, the creation
of macro- and microrelief of the ground surface, fluctuations in thermomechanical parameters in the
contact zone of the grinding wheel with the treated surface, and vibration of the “machine — fixture —
tool — workpiece” (MFTW) system.

Analysis of recent research and publications

Finishing operations are a critical stage in the manufacture of workpieces that determines their
performance and reliability. The quality of the machined surface, including roughness, defects, residu-
al stresses, and structural changes in the surface layer, is directly dependent on the process parameters.
The dynamic processes that occur in the elastic system of the machine, tool, and workpiece, in particu-
lar vibrations, play an significant role in the formation of these characteristics [8, 11, 14, 15]. Under-
standing and modeling the effect of vibrations on surface quality and tool condition is an urgent task in
order to improve efficiency and predict the results of finishing.

Research confirms that the dynamic interaction between the tool and the workpiece is an integral
part of many finishing operations, such as grinding [14, 15], friction machining [8], and vibration ma-
chining [5]. In the grinding process with a diamond metal pencil, the relative vibrations of the wheel
and the dressing tool affect the roughness of the surface of the ground [10]. During intermittent grind-
ing, where the wheelwork surface consists of alternating protrusions and depressions, there is a period-
ic change in the stiffness of the machine tool dynamic system [15], which can lead to oscillations, in
particular, parametric resonance [11, 14, 15]. Similarly, during friction machining with a tool with
transverse grooves (intermittent working part), intermittent contact is created, causing shock loads and
dynamic processes [8].

Modeling the elastic system of a machine tool for different types of machining allows us to study
these dynamic processes. For the frictional machining of flat surfaces, a calculation scheme of the
elastic machine tool system was developed in the form of a multi-mass model (three-mass model),
where the masses of the nodes are connected by elastic and damping links, and the interaction between
the tool and the workpiece is modeled by contact stiffness and energy damping [8]. Such a model al-
lows obtaining the amplitude-frequency characteristic of the machining process and determining the
system parameters at which resonance is possible [8, 15]. The study of the parametric stability of the
elastic system of a surface grinding machine was also carried out using mathematical models that al-
low us to identify the conditions for the occurrence of parametric resonances and areas of instability
[15]. An increase in damping has been shown to lead to a narrowing of the boundaries of the regions
of unstable operation of the elastic machine [15].

The strengths of these studies are the development of mathematical models capable of describing
complex dynamic interactions in the MFTW-system and predicting the conditions for resonance and
instability [8, 15]. Weaknesses may be associated with simplifications used in model development
(e.g., a finite number of masses, linear or piecewise-constant characteristics of the connections), which
may limit the accuracy of prediction in real conditions.

Vibrations and parametric resonance have a direct and often negative impact on the results of fin-
ishing. During intermittent grinding, large-amplitude vibrations occurring in an elastic system lead to a
deterioration in the geometric characteristics of the surface layer quality of the workpiece and an in-
crease in the dimensional wear of the intermittent grinding wheel [14]. Parametric resonance can be
accompanied by catastrophic wear of the abrasive tool and deterioration of the geometric and physical
and mechanical characteristics of the surface layer quality [11]. Studies of the dynamics of discontinu-
ous grinding confirm this relationship [14]. Stable operation of the elastic system, which ensures burn-
free machining and efficient material removal, can be achieved when working with discontinuous cir-
cles with a large number of depressions and the correct choice of cutting mode parameters [14].

The condition of the tool’s working surface is also closely related to dynamic processes. The grinding
wheel dressing conditions affect the condition of its working surface and the level of chipping of the grain
tips [10]. The result of the grinding process depends on the location of the grains and the dressing condi-
tions [10]. Editing conditions affect the stability of the grinding wheel and the self-sharpening process [10].
When grinding polycrystalline superhard materials (PCSM) with diamond wheels, the self-sharpening pro-
cess occurs periodically, which manifests itself in the frequency of changes in the physical and technologi-
cal parameters of the processing, including the tangential cutting force [16]. This adaptation of the grinding
system makes it possible to determine the effective component of the tangential cutting force, which direct-
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ly determines the removal process [16]. The intensity of self-sharpening and grain wear depends on the
height of their protrusion above the level of bonding and contact interaction [16].

In vibromachining, the impact contact of an abrasive granule with the surface of a workpiece
leads to the formation of characteristic marks and the formation of surface relief [5]. The depth of the
mark depends on the speed of movement, force, and penetration frequency [5]. The alternation of
abrasive grains (friction, plastic pressing, cutting) is related to the nature of the movement of the gran-
ules [5].

Another important quality characteristic is residual stresses. Although sources mainly consider
residual stresses in coatings obtained by gas-thermal spraying [9], they recognize that the magnitude
and distribution of these stresses depend on many factors, including process parameters [9]. A mathe-
matical model has been developed to determine residual stresses in the coating by measuring the de-
flection of the sample, allowing one to predict their level [9]. Although this work does not directly re-
late residual stresses to machine or sputtering system vibration, it emphasizes the importance of mod-
eling these stresses to predict performance [9].

Sources also mention stochastic defects that form in the surface layer of metal products with a
heterogeneous structure during machining [12]. The causes of structural changes and crack formation
are investigated depending on the probability distribution of defects and heat flux. Thermomechanical
processes of the machined surface are modeled based on equations of thermoelasticity [12].

The analysis of the presented sources reveals several gaps and areas for further research.

— Although models of the dynamic system of a machine tool have been developed and allow res-
onance studies [8, 15], the direct, quantitative relationship between specific indicators of vibration re-
sistance (e.g. damping level, distance from resonant frequencies) and a wide range of surface qualities
(roughness, residual stresses, microstructure, defects) is not always clearly represented in the form of
generalized models.

— Modeling residual stresses in coatings [9] describes in detail the calculations based on deflection,
but does not study the influence of dynamic factors or vibration of the equipment to generate these stresses.

— Studies of grinding roughness have focused mainly on dressing conditions and abrasive grain
geometry [10], paying less attention to the direct effect of machine vibration during the grinding pro-
cess itself on roughness.

— Although the dynamic processes in intermittent grinding and friction machining with intermit-
tent tools have been studied [8, 11, 13, 14, 15], the generalization of these models for other finishing
operations where vibrations are also present (e.g., turning, milling, honing) is not observed in these
sources.

— There is a gap between models that describe the macroscopic dynamic behavior of the MFTW-
system [8], [15] and models that describe microscopic processes of tool-material interaction and sur-
face layer formation (self-sharpening [16], trace formation [5], nanocrystalline structure formation
[8]). Integrating these levels of modeling is a challenging task.

In contrast to studies focused on specific processes (grinding [10, 11, 13— 17], spraying [9], fric-
tion machining [8], vibration machining [5]), our study seeks to identify general patterns of impact of
vibration on quality that apply to different technologies. This may include:

— Development of universal vibration resistance indicators relevant for quality assessment re-
gardless of process specifics.

— Create models that predict changes in a set of quality characteristics (not just one, such as
roughness or residual stress), depending on the dynamic state of the system.

— Investigation of the relationship between machine tool macrodynamics and microprocesses of
surface layer formation under the influence of vibrations.

Thus, our study, based on existing work on the dynamics of machine tool systems and modeling
of individual quality characteristics, seeks to create a more comprehensive and generalized approach
that will allow prediction and control of the quality of finishing based on monitoring and controlling
the vibrodynamic state of the technological system.

The reviewed literature demonstrates a significant amount of research on certain aspects of fin-
ishing, dynamic processes in machine tools, and the formation of surface quality characteristics. A
clear link has been found between vibrations, especially those that occur during intermittent contact or
as a result of parametric resonance, and deterioration in surface quality, as well as increased tool wear
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[11, 14], 15]. Mathematical models have been developed to analyze the dynamics of machine tool sys-
tems [8, 15] and to model specific quality indicators, such as roughness (associated with dressing) [10]
and residual stresses (for spraying) [9].

However, the existing literature has some gaps, especially in terms of comprehensive and gener-
alized modeling of the impact of vibration resistance on a wide range of surface quality characteristics
for different finishing operations. Your future research is important because it aims to overcome these
limitations by offering a more universal approach to understanding and predicting the relationship be-
tween the vibrodynamic state of a process system and the final quality of machined workpieces during
the finishing stages. The results of such a study can be widely used in practice to optimize technologi-
cal processes, improve product quality stability, and reduce production costs.

The purpose and objectives of the research

The aim of the study is to develop and experimentally substantiate a method for mathematical
modeling of the quality characteristics of the surface of workpieces during finishing operations based
on the vibration resistance of the elements of the MFTW-system, which allows to identify zones of
resonant vibrations and control technological parameters (cutting speeds and depths, workpiece
weight) to prevent resonance and ensure optimal quality of the machined surface of materials prone to
thermal defects.

Materials and methods of the research

It is known [11, 18] that the grinding process has a wave character: under the action of cutting
forces on a material with known compliance, shock waves are generated. The cutting operation is ac-
companied by intense vibration of the tool, the workpiece, the machine tool itself, and the removed
chips within the MOTS volume [19, 20]. Let us consider the vibrations of a workpiece (dimensions Ly,
Bo, Ho), clamped to the machine table. We adopt the following assumptions.

1. Plastic state of the removed layer. In the grinding process, for 0.01<t<0.1, at the onset of cut-
ting the material in the removed layer behaves plastically. Therefore [21], [22]:

1 over the segment AL,
k =< P -
P £ over the remaining length.
B,H,E

2. Deformation-dependent roughness parameter. The parameter y is taken as a function of the
workpiece deformation AL, [23].

3. Material damping coefficient. The coefficient C; is determined for the chosen workpiece ma-
terial [24].

4. Distributed cutting force. Vibrations are considered throughout the workpiece: At the time of
grain engagement, the cutting force contributed by all active grains in the contact zone acts uniformly
over the surface of the workpiece along the cutting axis [25].

5. Duct protection system clamping. The effect of the workpiece clamping to the machine table is
modeled as damping with known compliance 6, =3, +3, [26].

Let’s write the equation of vibrations of the machined surface of the workpiece under the action
of the cutting force P(y,z,t) as a function of u(t,y,z), which satisfies equation [18]:

o’'u  ,(du ou) 1
—=a"| —+ +—P(y,z,1), 1
= [622 5y ) o PO (1)
with the initial conditions:
ou .
u (z,y,0)=u,, E(Z' y,t,) =P, sin(wt, +¢,), (2)

and boundary conditions:
u(0,y,0)=0, u(L,y,0)=0, u (z,0,0)=5,, u (B,y,0)=3,. 3

The solution to the problem using the methods of integral transformations [27], [28] is as follows:
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ut,y,z)=————e ™y —si T sin" | cos ot +sina,t |, 4)
nc(l-c) =k | I v

where:

kna )’ )
®, = |_ -m-.

The frequency of the forced oscillations during the period of time of the P, values may coincide

with the natural frequency of the workpiece. This coincidence is dangerous for machining, as a force
resonance may occur in the tool- workpiece system, which can lead to tool destruction or deterioration
of the machined surface quality.

The results of the calculations allow us to estimate the vibration resistance of the entire MFTW-
system by the coincidence of the amplitudes and the period of oscillations. Thus, in our approach to
determine the law of oscillation of a part in the direction of the OZ axis [27], we will:

Z=a,-e"" -sin(yo* -y’ T +9), (5)

where: a, is the initial amplitude of the workpiece’s vibration after the impact load, in meters; v is

the damping coefficient of the MFTW-system, accounting for the compliance of the clamping, in, s7;
T is the elapsed time from the onset of the vibration process, in seconds; ¢ is the initial phase of the

vibration (phase shift), in radians; o is the natural (angular) frequency of the workpiece’s vibration, in

rad/s, calculated by the formula:
o= L’ (6)
\ LoHoBop

where: C, — is the stiffness (elasticity) coefficient of the MFTW-system, in N/m, calculated by the
formula:

— {L}EHOBO
_T
where: L,, H,, and B, — are the mean geometric dimensions of the workpiece—length, height, and
width, respectively, in meters; p — is the density of the workpiece material, in kilograms per cubic
meter (kg/m?3):

Cs

_ K _Ampk P, {m}
Yo om T om AT} 2HZBZ-L,p-E-(T)
where: y is the damping coefficient of the MFTW-system, accounting for clamping compliance, in
s™'; k, is the damping constant (damping-force coefficient) of the clamping system, with units N-s/m;

(7)

m is the mass of the workpiece, in kg; {m} denotes the unit of length (meter), shown in braces to en-
sure dimensional consistency during transformations; {T} denotes the unit of time (second), shown in
braces to unify dimensions in the expression; P, is the force pressing the workpiece against the ma-
chine table — determined by the cutting parameters and the shear angle — in N; and E is the Young’s
modulus (elastic modulus) of the workpiece material, in Pa.

Thus, the transition from the original expression in (7) to the expanded form explicitly takes into
account the dependence of damping on the clamping force, workpiece geometry, material, and units of
measurement.

Determine the workpiece clamping force P, from P, and the chip cutting angle by replacing the

curved section with a straight line. Given the small value of t compared to the grinding wheel radius
R, the error will be less than a fraction of a percent.
According to Fig. 1, there will be:
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\2Rt —t?

P=P—, 8
y z R_t ()
R L
AL = PP +p? P. 9
° V'* YV EHB, R-tEH,B, ° ®)
R
P.
t
Py

Fig. 1. Diagram of cutting forces during grinding

Then the amplitude of the oscillations is determined by the formula [22]:

AD:\/ R2 . 2"3"2322 2+(Vc+vf)2’|‘?)’p.
(R—t)? E2-HZ-B] E 4L}

The initial conditions are obvious: z(0) = AL, . From here:

A\)sinyzl Ly P;
R-t EH,B,
y =arcsin I (VAL\?; NERS (o)
J’_ . .
AL;-F c f Lo p
E-{L}
The final amplitude will look like this:
2
Z=A-e"" sin| Jo’ -y’ -T + arcsin AL, T . (11)
ALS_'_(VC_'_Vf) Lop
E-{L}

At the same time, there are correlations:

m=L,H,B,, o= /E{S"},
3

w2 —y? = E{L} P {my*
Lip  4Hg-By-Lo-p?-E*{T}*
0)2 _\VZ :1_ PZZ {m}2 . LO .
’ 4Hg By -p-E°-{T}*-{L}

The amplitude Z is determined by the measuring complex [9]. The experimental results were ob-
tained in the form of oscillograms of the oscillatory process, which are changes in the values of cutting
forces over time. The cutting force P, determines the law of oscillation of the workpiece and is taken

as the total for all cutting grains at the moment of plunging. The size of Z depends on the time T .
The oscilloscope records these values of the time the grinding wheel passes over the entire surface to
be machined. To determine the resonance characteristics, consider the maximum amplitude values.
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In the absence of resonance, the maximum amplitude value should be expected after the elastic
compression of the workpiece at the moment of insertion, that is, after the impact load and the first
elastic compression wave occur. The experiment makes it possible to determine the greatest force of
the impact load P, and its duration is the impact phase. Theoretically, this time can be determined by
equating the first derivative of Z or P, to zero, and practically from the graph taken from the oscillo-
scope. Thus, to solve the problems of optimizing grinding processes formalized in the previous sec-
tions, it is necessary to determine the acting cutting forces and the vibration field of the MFTW-

system. These are two successive tasks.
The first is to determine the power characteristics of the grinding process:

P, =— ™ sinkcT —> max.
dk,c
k1= L - L 2 I(2: 1 ) CTmaxzn G, TmaXZL;
E-FcL3 (2EFS) 2EFS’ L V.
L=+2Rt-t, 4-’%, KT e =N 21N =1,2,3...);
[al=a, [b]=b, [1]=1, [t1=t, [t,]=t,, P,=(a+2h)-AL[t,].

Given a given range of changes in V, and V, for a particular machine tool, this task is solved ac-
cording to the scheme of Fig. 2.

R, f > L + T—,[“ax _> Q(C) > ‘l‘:] C]—'l'l'la)( > T|_> k]_
a, bl ]
A
Ve, Vy A
Eo.pb—lp ko
Y Y
b I ’) > d I)P“ — < -
l'L:' 'L:mnx_f H p; 1IliL.\< !(T—ﬂ PA’(T)+
finish

Fig. 2. Calculation scheme to determine the maximum cutting impact forces

Research results

The solution algorithm based on the scheme shown below and the determination of the maximum
cutting forces according to the scheme in Fig. 2 are described in [29]. Here we present several exam-
ples of grinding workpieces made from materials prone to thermal defects (102Cr6 (1.2067); 90CrSi /
90CrSi5 / 150Cr14 (DIN WNr), and X12CrNiTil8-9 (EN 1.4541) steels; Ti 6242 (Ti-6Al-2Sn-4Zr-
2Mo) and Ti 3Al-2.5V (Grade 9) or Ti 6Al-4V (Grade 5) titanium alloys). Consider the use of a dia-
mond grinding wheel with: Radius R=6.25 cm; cutting depths a=0.004 cm, b=0.006 cm; en-

gagement length 1=0.012 cm; for the steel specimens we used: Young’s modulus E =2-10"N/cm?,
effective weight per unit volume p-g =0.008kg / cm?®, fixture compliance §=0.015c¢cm/ N ; specimen
dimensions were: H, =1.5 cm, B, =2.0 cm, L,=5.5 cm.
Cutting speed:
2618 cm/s at4000 rpm
V, =4¢2618 cm/s at4000 rpm ;.
2618 cm/s at4000 rpm
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Feed velocity ranges from 0 to 1 cm/s. Depth of cut: t={0.0005cm;0.001cm;0.00150m}. For a
cutting speed V, =2618 cm/s and t =0.0005cm , according to the computational scheme (Fig. 2), we
obtain:

T, =17-10s, ¢ =4319.526846 cm /s,

P,(T)=0.4724-e"""sin35960T,

P, (T=0.2993-10"°s)=0.1875 N.

For titanium alloys Ti 6242 (Ti-6Al-2Sn-4Zr-2Mo) and Ti 3AIl-2.5V (Grade 9) or Ti 6AI-4V
(Grade 5):

P,(T)=0.4570-e "7 5in26180T;
P (T) =0.4683- %% 5in 29133T;
P (T)=0.4707 -e "7 5in32191T.

The graph of the dependencies P,(T) are shown in Fig. 3.
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Obviously, P, (excluding P_,) generates an impact impulse that induces oscillations in the
MFTW-system. However, for this process one must use the total cutting force from all active abrasive
grains on the grinding wheel surface at the moment of engagement. The condition P, — P, >0 must be

satisfied, otherwise no cutting will occur.
For the case of t=0.001 cm:

c=3627 cm/s; P

Z max

For the case of t=0.0015 cm:
¢=3020 cm/s; P

Z max

=0.194N; and P,(T)=0.4752-e """ sin 36744T.

=0.214N; and P,(T)=0.4807 - "7 5in36319T.

The graphs of dependencies are shown in Fig. 3. These figures show the results of experimental
measurements of P, values. The values of the maximum theoretical and experimental P, are given

in Table 1.

Table 1
Values of maximum theoretical and experimental values of P,
VARWE 26.19 17.74 9.85
t pm 7 theor Pzexp Pz theor Pz exp Pz theor Pz exp
5 0.188N,, 0.225 0.195N,, 0.235 0.200N,, 0.240
10 0.194N,, 0.233 0.205N,, 0.246 0.215N,, 0.260
15 0.214N,, 0.257 0.225N,, 0.270 0.240N,, 0.289

As shown in Table 1 (where P, is given in newtons and N; denotes the number of cutting grains

in the tool-workpiece contact zone during cutting), the theoretical values of P, exceed the measured

ones by 15...20 %. This discrepancy is to be expected, since the machine tool’s compliance was not
taken into account in the theoretical calculation of P, In practice, this effect can always be incor-

z theor *
porated. In essence, the problem has been fully resolved with respect to cutting regimes, temperature,
and surface roughness — the latter being simply verified by analytical formulas. Should the tempera-
ture or the micro-roughness height exceed the prescribed limits, the peripheral speed is reduced.

Table 2 presents the computed values of cutting-zone temperature and the height of surface mi-
cro-roughness. The table also lists the permissible temperature limits in the cutting zone.

Table 2
The computed values of cutting-zone temperature and the height of surface micro-roughness
Steel 102Cr6 Ti-6Al-4V Steel X12CrNiTi18-9
V., +V, (1.2067) (Titanium Grade 5) (EN 1.4541)
cm/s tum 0. C [e] C Yo calc -10% 0.C [e] C Yo calc -10% 0. C [9] C Yo cate 10"
calc calc cm calc calc cm calc calc cm
0.0005 | 710 700 0.190 930 880 0.27 800 770 0.18
2619 |0.0010| 730 700 0.230 970 880 0.31 810 770 0.19
0.0015 | 740 700 0.263 985 880 0.36 830 770 0.23
0.0005 | 650 700 0.170 900 880 0.25 790 770 0.17
1774 |0.0010 | 670 700 0.190 920 880 0.27 770 770 0.18
0.0015 | 680 700 0.210 930 880 0.29 750 770 0.19
0.0005 | 640 700 0.160 880 880 0.23 730 770 0.16
985 |0.0010| 650 700 0.180 850 880 0.25 700 770 0.17
0.0015 | 665 700 0.200 820 880 0.26 690 770 0.18

Naturally, because the influence of the cooling/lubrication system was not included, the simulat-
ed temperature field is overestimated. Experience shows that this overestimation is on the order of
10 %, which is fully compensated for when cooling/lubrication system is applied. It should be noted
that the permissible temperatures for titanium alloys in Table 2 are based on the range required for the
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allotropic transformation of titanium from a hexagonal close-packed (HCP) to a body-centred cubic
(BCC) structure (880...900°C); on the grinding surface this transformation can begin as low as 450°C.
Finally, the variable parameters-circumferential speed (V), feed speed (Vr) and depth of cut (t)-are
adjusted to determine the optimal grinding process.

Table 2 shows that the roughness requirements in the cutting-grain contact zone are met automat-
ically. To verify the surface roughness produced between two adjacent cutting grains, one substitutes
t=[t,], x=0.5I1, g, =[c] into the roughness formula. In this case, t—y, . defines the height of the

micro-roughness. The lines of influence (i.e., of maximum stress) are second-order curves; therefore,
in practice, material cracking during cutting will proceed along the tangents to the planes of these in-
fluence lines, since the detachment speed is very high and the stress concentration at the crack tip
reaches its critical value. The intersection of two opposite planes thus determines the micro-roughness
height. For 102Cr6 (1.2067) steel, the calculations yield an average micro-roughness height of
Yoeue ={0-19-107° ~0.3-10°} cm for the chosen cutting depths. Next, we consider the vibration-

resistance index (VRI). The amplitude of oscillation Z of the workpiece can be determined by solving
the corresponding system of equations. The calculation scheme is shown in Fig. 4.

Hy, By ‘
al
Lo, p > v \ v
‘ < 2_ .2 . 2_ 2
B! w? — P2 LY »| arcsin £ w;* 0 < 0]
a, b, t /1 w
>
VF: Vf w
[9]’ é Y A yes no
R — > 7 T per > . A4
Tp, per < Tz per yes
o e
1 T. max > TP, max » finish
>
Zmax T, max
no
selectingnew Ve, Vi, ¢ i

Fig. 4. Calculation scheme for optimizing the grinding process using the vibration resistance criterion

The program to implement the selection of the optimal grinding technological process is present-
ed in [28]. The values L,, B,, and H, denote the average dimensions of the geometric characteristics

of the workpiece; these can be refined based on the specified mass of the workpiece. A large number
of experiments were carried out on the measurement rig to validate the calculated data using rectangu-
lar-bar specimens of various steels with dimensions L, =55 cm H; =15 cm, and B, =2 cm. The

empirical relationships for different cutting depths are given in [30, 31]:

-6
Z(T)=0.0682¢ *1*° "7 sin| 38374T + %J, t =0.0005cm;

z

-6
Z(T) =0.0682e 5187107 gin | 38374T + %J t =0.0001cm;

-6
Z(M) = 0.0682¢ 1710 R sjn | 38374T +%J, t=0.0015cm.

z

The periodicity of the functions Z(T) is essentially identical and equals T,,., =16.37-10 s.

Given the small magnitude of P,, the theoretical peak values of Z are very close to one another, each

amounting to 0.0682 cm. Fig. 2 shows the plots of Z versus time. As can be seen, the oscillation peri-
ods of the cutting forces and of the MFTW-system differ, yet are close in value, so the possibility of
resonance cannot be ruled out.

The proposed method to identify the resonance zones of the force oscillations in the MFTW-
system allows the process engineer to control the grinding operation for a given tool. This control can
be exercised by selecting appropriate cutting speeds, prescribing optimal depths of cut, or by varying
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(or by adding) the mass of the workpiece via connection of technological masses. Results shows that
shifting the phase and the maximum amplitudes of the oscillations in both the cutting force and the
MFTW-system vibration by only 10...15 % completely suppresses resonance. However, as Fig. 2 in-
dicates, this strategy does not yield high accuracy in determining the values of P,. Moreover, it pro-

duces a constant — and significantly overestimated — cutting force, which does not reflect the real
grinding process.

The Saint-Venant-Boussinesq approach [18, 32], by contrast, provides a sufficiently close ap-
proximation to experimental data, with deviations rarely exceeding 7...9 % of the measured values
[16, 17]. This allows us to recommend this method for implementation in the formalization of optimal
technological grinding processes for materials prone to thermal defects.

Conclusions

The proposed method for identifying the resonance zones of force oscillations in the MFTW sys-
tem makes it possible to control the grinding process when using a specific tool by selecting appropri-
ate cutting speeds, prescribing optimal depths of cut, or varying (or adjusting) the mass of the work-
piece. Theoretical and experimental investigations have shown that shifting the phase and the maxi-
mum amplitudes of both the cutting-force oscillations and the MFTW-system vibrations by only
10...15 % completely eliminates the occurrence of resonance. However, while this strategy effectively
suppresses resonance, it does not yield high accuracy in determining cutting-force values and tends to
overestimate them, which is not reflective of the real grinding process. By contrast, application of the
Saint-Venant—Boussinesq approach provides close agreement with experimental data, with deviations
rarely exceeding 7...9 %, and is thus recommended for formalizing optimal technological grinding
processes for materials prone to thermal defects.

Extensive validation — including tests on specimens of 102Cr6 and X12CrNiTil18-9 steels and
various titanium alloys — confirmed the model’s prediction accuracy within 10 % deviation, demon-
strating its robustness across diverse material properties and geometries. In particular, measurements
of the maximum cutting forces (F.__ ) showed that theoretical values exceed the experimentally meas-

max

ured ones by 15...20 % when machine-tool compliance is not accounted for; incorporation of the fi-
nite stiffness of the machine—fixture system in the model reduces this discrepancy to within experi-
mental error bounds. Furthermore, computed values of cutting-zone temperature and surface micro-
roughness for steel (e.g., 102Cr6) and titanium-grade workpieces proved sufficient to meet prescribed
limits (e.g., micro-roughness heights on the order of 0.16...0.27 um), with simulated cutting-zone
temperatures overestimated by approximately 10 % in the absence of coolant/lubrication; this overes-
timation is fully compensated for under practical cooling conditions. These findings confirm that, for a
given circumferential speed, feed velocity, and depth of cut, the proposed algorithm correctly predicts
both thermal and vibrational behavior, allowing process engineers to maintain surface integrity and
avoid thermal damage by reducing peripheral speed when necessary.

The analytical framework also incorporates surface-roughness and cutting-zone temperature
checks: should calculated values exceed allowable limits (for instance, the allotropic transformation
threshold of titanium, which begins as low as 450 °C and peaks around 880...900 °C), the peripheral
speed is reduced to maintain surface integrity and prevent thermal damage. In practice, this means that
for a given depth of cut (e.g., t, =0.001 cm) and cutting speed, one can determine in advance whether

the resulting temperature (e.g., 970 °C in Ti-6Al-4V without coolant) or micro-roughness (e.g.,
0.31 um) will exceed acceptable thresholds; if so, process parameters are adjusted to ensure that pro-
cessed surfaces remain burn-free and within tolerance. Experimental oscillograms of the cutting forces
and vibration amplitudes demonstrated that, although the oscillation periods of the cutting forces and
of the MFTW-system are close, resonance can be prevented by the strategies outlined, while the Saint-
Venant-Boussinesq approximation ensures accurate amplitude predictions (deviations < 9%).

Finally, based on the combined theoretical and empirical findings, concrete recommendations
have been formulated for selecting grinding regimes and design parameters (fixture compliance, tool
geometry, workpiece mass) that ensure process stability and minimize the formation of thermal and
vibration-induced defects. Specifically, practitioners are advised to:

— calculate the natural frequency (wo) and damping coefficient (&) of the MFTW-system using
workpiece geometry (length L, height H, width B), material density (p), and Young’s modulus (E),
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then determine resonant zones by matching wo to the dominant frequencies of the cutting-force oscilla-
tions;
— adjust cutting speeds (v, ) and depths of cut (t,) such that the maximum cutting force (F

max )

does not coincide with the system’s natural frequency; if resonance is detected, a 10...15 % phase
shift or amplitude reduction suffices to suppress it;
— incorporate fixture-clamping compliance (C, ) and damping constant () into the model to ac-

count for the real dynamic behavior of the machine—fixture interface; this addition reduces the theoret-
ical F, by approximately 15...20 % to match experimental values;

— continuously monitor cutting-zone temperature (T,) and surface micro-roughness (R,)
through analytical formulas — e.g., for steel 102Cr6, R, =~ 0.0005...0.0015 um at feed rates o, =

17.74...26.19 m/s — and compare to allowable limits (e.g., 700...770 °C for X12CrNiTi18-9). When
T,, or R, approaches its limit, reduce vc by 5...10 % or apply enhanced cooling to maintain stability.

— select diamond grinding wheels with appropriate radius (R ), number of active grains (N, ), and
engagement length (L, ) to ensure that the total cutting force F(t) remains within the elastic range of

the workpiece, avoiding plastic deformation that would increase roughness and defect formation.

In summary, by integrating dynamic modeling of the MFTW-system with thermal and surface-
integrity checks, the proposed approach furnishes a comprehensive strategy for optimizing finishing
operations on materials susceptible to thermal defects. Its successful implementation in both steels
(102Cr6, X12CrNiTil8-9) and titanium alloys confirms its wide applicability, offering a reliable tool-
set for practitioners seeking to balance material removal rates, surface quality, and equipment longevi-
ty in precision grinding processes.
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