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RELATIONSHIP BETWEEN PROCESSING TEMPERATURE
AND INTERRUPTION IN THE GRINDING PROCESS

Annotation. This article discusses issues related to the processing of grinding wheels with an
intermittent working surface and their influence on the grinding process. To solve this problem, it was
necessary to first identify the relationship between the discontinuity of the process and the shock load.
Next, determine the trajectory of movement of the forming point of the circle. A diagram of the
movement of the center of mass of the circle and the forces acting on it is constructed. Equations are
derived that determine these displacements. A system of equations describing the movement of the
spindle axis under the action of cutting forces and power imbalance of the wheel is presented. The
relationship between the frequency, amplitude of forced vibrations and displacements of the axis under
the action of a harmonic disturbing force has been established. Theoretical calculations are confirmed
by practical results. Based on the movement of the forming point of the circle, the parameters of the
profile of the machined surface are set. The influence of the discontinuity of the process on the grinding
temperature is considered.

Keywords. Intermittent grinding; vibrations during grinding; trajectory of movement; hit; surface
profile; grinding temperatures

One of the ways to improve the technical level and quality of products is to
improve existing technological processes, incl. and grinding.

It is known that the operational properties of machine parts depend not only
on the accuracy of their manufacture, but also on the high quality of surfaces
achieved in the final machining operations - grinding operations.

At the same time, one of the most common defects in these operations can be
burned surfaces and, as a result, a violation of the structure and physical and
mechanical properties of the surface layer. The solution to this problem is possible:

1) By reducing the grinding modes, and, consequently, the processing
efficiency.

2) The use of new technological methods of processing, in particular, an
abrasive tool with an intermittent working surface.

Discontinuous circles can be directly attributed to this type of tool design (a
description of the design and technological capabilities are given in numerous
works of Prof. A\V. Yakimov and his students, composite wheels, segment
grinding wheels.

However, the use of this type of abrasive tool is constrained by the presence
of tool vibrations (caused by the impact of the protrusion at the moment of contact
with the workpiece), the possibility of waviness and unsatisfactory roughness on
the work surface.

© V. Naddachyn, 2020

122



ISSN 2078-7405 Cutting & Tools in Technological System, 2020, Edition 93

For purposeful control of these parameters during intermittent grinding, it was
necessary to identify how waviness is formed on the treated surface, as well as to
determine the relationship of the formed waviness with the design of the
intermittent circle, its oscillations, processing modes and temperature dependences.

It is known that during grinding there are certain possibilities to control the
quality parameters of the processed surface. But for an effective solution to this
process, you need to know the reasons affecting these parameters.

The process of forming geometric parameters, in particular, roughness and
waviness on the processing surface.

Basically, the works deal with the formation of roughness [1, etc.].
Conditions conducive to the appearance of waviness are rarely considered [2, 3].

The choice of the optimal parameters of waviness and roughness is proposed
to be made based on the service purpose of the part and the corresponding
operating conditions of the friction pairs.

The relationship between the parameters of the shock load and the amplitude
of forced vibrations with the design of the grinding wheel.

As noted above, the oscillation parameters of the grinding wheel-spindle
system, its amplitude and frequency, are a consequence of the impact of the shock
load arising from grinding with intermittent wheels. The carried out experiments
also found that the repetition rate of shock pulses depends on the number of
protrusions and the speed of rotation of the circle. For example, for a circle with a
diameter of @250 mm and with a constant rotation speed n = 3000 rev/m, the
frequency of additional forced oscillations will be: f = 182 ... 546 Hz; (for circles
with 4 ... 12 lugs)).

This is clearly confirmed by the oscillograms of the shock load (Fig. 1). With
a change in the number of protrusions, the repetition time of shock pulses also
changes, and with a change in the design of the circle (intermittent or
compositional), the amplitude of the shock load changes.

The action of the shock load accordingly causes the grinding wheel to vibrate
with a certain amplitude and frequency. The magnitude of the vibration amplitude
is also influenced by the processing modes.

With an increase in the table speed, the relative speed of collision of the
cutting edge of the tool with the workpiece surface [4] increases, the impulse of the
force and the kinetic energy of the colliding bodies, depending on the speed (f. 1).
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At the same time, due to the closed nature of the "cutting process - EES"
system, the change in the Kinetic energy of impact (Eo), according to dependence
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Figure 1 — Changes in the repetition rate of the shock load and its amplitude
from the structure of the circle.
(1 - broken circle with 2 protrusions (at Vg = 0.17 m/s, t = 10 10 m, gain F, = 1 V/div,
Fy =2 V/div); 3 - circle with n = 8 pcs.; 5 - circle with n = 12 pcs.
(at Va = 0.3 m/s, t =50 10 m, gain F (Fy) = 5 V/div))

me? @

causes a change in the amplitude of oscillations (A) [4].

Therefore, it is necessary to determine the magnitude of the vibration
amplitude caused by the shock load, as well as the trajectory of the displacement of
the center of the circle and the "forming point".

It is known that the trajectory of the grinding wheel is a complex closed
cycloidal or quasi-cycloidal curve.

First, consider the trajectory of the axis of the grinding wheel in the presence
of imbalance. Then, the imbalance of the spindle assembly can be represented in
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the form of: structural imbalance (q_',‘_) (for example, a violation of the symmetry of

the location of the projections and depressions of the circle); technological (g_)
(associated with a certain tolerance in the manufacture of elements of the spindle
assembly, assembly inaccuracy, etc.); operational (q_a) (associated with a change in

the size of the grinding wheel during processing and a shift in its center of mass
due to the uneven density of its material). That is, representing as the main vector

of unbalanced forces (Q) (3).
Q=7q,+7q, +7, 3)

These imbalances will cause low-frequency oscillations (let's call them the
carrier (fundamental) frequency) of the "grinding wheel - spindle” system, the
amplitude of which depends on the value of the displacement of the center of mass
of the grinding wheel Aq = f(E), (that is, its imbalance), and vibration frequency -
from the angular speed of rotation of the spindle @ = f (n). When additional
counterbalancing forces are introduced into the system, opposite in sign, the main
vector of unbalanced forces can be reduced to the minimum permissible, in terms
of technological capabilities. That is, by balancing the grinding wheel or the
spindle unit as a whole.

§=—§g—»min

Taking into account additional forced vibrations, associated with the specific
features of grinding with these wheels, we will compose a differential equation of
motion of the center of mass of the wheel and the relative rotations of the spindle
axis about the center of mass.

Let's make a number of assumptions:

1). When recording an oscillogram during grinding, oscillations are clearly
visible associated with the presence of cutting forces and imbalance of the wheel,
the frequency of which corresponds to the spindle rotation speed, with the
superposition of a higher order harmonic on the fundamental component, caused
by the action of impact forces Fy, the frequency of which corresponds to the
frequency of change of these forces (the number of protrusions on the circle) (Fig.
2,3).

That is, system vibrations will occur due to imbalance of the grinding wheel
and impact forces caused by the intermittent cutting process.

2). There is no damping in an elastic technological system.

3). Studies carried out on a surface grinding machine (type 3G71) showed
that the rigidity of the magnetic table, and, consequently, of the part installed on it,
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is approximately 2 orders of magnitude higher than the rigidity of the spindle
supports. That is, it is assumed that the part has absolute rigidity and table
vibrations can be ignored.

4). The spindle of the machine, together with the grinding wheel, is
considered rigid, mounted on flexible supports, since the bending stiffness of the
spindle significantly exceeds the stiffness of the supports.

5). The spindle axis is aligned with the geometric center of the circle.

Let's find the equation of motion of the circle, taking into account its
imbalance.

Figure 3 — Oscillograms of vibration displacements (a) sweep
(circle with 4 protrusions); (b) with 12 projections

Let yi1, Yo, 71, 2o represent small displacements of the spindle axis in the
supports during vibrations in the radial and tangential directions (on the 1st and
2nd supports, respectively) (Fig. 4).
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We find the displacement of the center C of the grinding wheel mass through
the movement of the spindle in the supports (Fig. 5) (in the vertical and horizontal
planes).

Figure 4 — Diagram of the radial movement y.. of the center of mass
of the grinding wheel depending on the movement of the spindle axis in the supports

Figure 5 — Scheme of the acting forces of an unbalanced cantilever spindle
with a grinding wheel

Iﬁp+xq Iﬁp+xq
Vo =V, Ty =2,
Yex1 — M1 cK
I Xy

where x, — is the point of intersection of the beam axis with the horizontal line
under equilibrium conditions.

Let's designate Cq1, Ce2, C.1, Co2 stiffness of supports. Bearing reactions in the
Y and Z directions caused by small displacements yi, Y2, z1, z2, Will be Ce1-y1,

127



ISSN 2078-7405 Cutting & Tools in Technological System, 2020, Edition 93

Co2'Y2, Ca71, C2'Z2. The disturbing factors for an ordinary circle, taking into
account its imbalance, will be the cutting force Py, and the unbalanced centrifugal
force Pys. (fig. 5).

The equation that determines the displacement of the center of mass in
projections on the Y and Z axes has the form (4)

P
E-jim—l— Cor "V, —Coa" ¥V, + Ppes " Sind + P = Py g - sin wy,t;

— B +Cyzy —Cy 2y + Ppes cosd = Pyg - COS W t,
g

(4)

where P —is the force of gravity.

To fully determine the movement of the spindle axis, it is necessary to
compose differential equations describing the rotations of the spindle axis x;
relative to the fixed axes X and Z. According to the law of change in the angular
momentum, the time derivative of the total angular momentum of a moving system
about a fixed axis is equal to the moment of forces about the same axis. As a result
of elastic deformations, the axis of rotation x; makes small angles a and $ with the
fixed coordinate planes XY and XZ. The angles of rotation of the spindle axis in
the vertical and horizontal planes through the movement of the spindle in the
supports will be

-, Za—I4

=T g =R ()

The components of the angular momentum about the axes xi, yi, z1 are
determined

L.rlz_f'wﬁp: L}'lz_fl'ﬁ: LzJ.:IJ. 'ch

where I — is the moment of inertia of the grinding wheel relative to the x; axis;

1; — moment of inertia of the grinding wheel relative to the axes oy: and oz.
We find the angular momentum relative to the fixed axes X and Z by
designing the moments L,4; L.4; L,y on these axes.

Ly =Ly + Ly o=—I"B—1 wg x;
LZ=L21+L11'1€ =_Il'&_f'wﬁp'ﬁ'

Based on the law of changing the amount of motion, the moments of external
forces are defined as (6)
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d d

_Ll,r: MZ L‘,-
dt dt ©)

Taking into account (5) and (6) the differential equations describing the
rotations of the spindle axis can be written

Ml,r:

Mz"‘cal'3’1'IHP_CBZ'3’2'(I+‘T’Kp)=03

: O
My —Coy 2y by + Crp 2 - (14 L) = 0

The system of differential equations describing the movement of the spindle
axis of the grinding wheel in space under the action of cutting forces and
imbalance of the wheel has the form (8):

P [ .Eﬂp+xuL . .
5' v, - . + Co1 ¥, —Coa ¥V, + Pp " SINE+ P = Py sinwgt;
I

P { Iﬁp+xq
— |2 ——— | +Cr 2y —Cra~Zy + Ppe;-€0s8 = P COS Wt

g Xy
i, — i -1,
I - ZI l+f'wﬂp' I +Cal'3}l';‘ﬂp_caz'3}g'[I+Exp)=0:
Z)— 2y y, =y
L= +bwm-ll2—qfq¢m+qf@-0+%)=a ©

The system of equations (8) is compiled for the power imbalance of the
circle, at which the vibration amplitude is 2 ... 3 times greater than the vibration
amplitude caused by momentary imbalance.

In the presence of gyroscopic moments, vibrations in the YOX and ZOX
planes are interconnected, that is, plane vibrations of the shaft are impossible and
represent "direct” precession with an angular velocity equal to the spindle rotation
speed.

A particular solution of the system of differential equations (8), which are
oscillations of a spindle with a circle under the action of cutting forces and the
presence of an imbalance, has the form (9)

yl=ym—|—Bl-sincqut; y?=y20+32-sinwﬂpt;

Zy = Z1p + Ay - COsSwt; Zy = Zyp+ Ay COSwt, 9)

KEp
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where y, v, . Z1q, 259 — are the displacements of the points of the spindle axis

lying in the plane of the supports caused by the action of the cutting forces Ppes
and the gravity force of the circle P (Fig. 6).

Ay, 4,, By, B, — vibration amplitudes of the grinding headstock supports
(horizontal and vertical).

Yoa. ] 1}0 Ym

Figure 6 — Surface described by the spindle axis in space under the influence
of imbalances of the grinding wheel

After transforming equations (9) and substituting in (8), taking into account
the representation of the cutting force Ppes in the form of a permanently acting
force changing according to a sinusoidal law, and the force of gravity P as a
uniformly distributed mass over the entire volume of the circle, we find the
determinants of the A system, and on the first support AA4;, and AB,;. And after
excluding the parameter t from equation (9), we obtain the canonical equations of
ellipses (10) with the origin at the points O1 (y ,, z1) and Oz (¥,, Z20),

respectively.
2

(}}l - }}m)d (zl - zlo)z -1

]

B A
10
, , (10)
(J'}g - }}20) (Zz - ZZD) -1
B: A )

Consequently, under the action of unbalanced forces, as a result of the
addition of gyroscopic vibrations in the vertical and horizontal directions, the end
of the spindle axis describes an elliptical trajectory.
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As studies have shown, on the main component of wheel vibrations (Fig.3a)
associated with its imbalance, another harmonic of a higher order is superimposed,
arising under the action of a disturbing force F, (i.e. shock load), associated with
the specific conditions of processing these circles (Fig. 7).

Representing the disturbing force F, in the form of two components F,, and
F.;, expanding them in a Fourier series and considering certain harmonics, then

F., = B -sinw;t;
F..=A-sinwt,
where A and B are the amplitude values of the forces F,; and F

By

Figure 7 — Oscillograms of the shock load arising in the process of grinding
(z1 — is the time of passage of the protrusion, 72 — is the time of passage of the groove)

Equations of motion of the center of a circle under the action of a shock load
in the YOZ plane
i+ w?y =B -sinw,t; (11)
Z+w'z=A sinwt.

Making the appropriate transformations, we find the displacement of the axis
under the action of a harmonic disturbing force F,

. B
¥y =—F—— sinwt;
w* — wy
A
Z =—F—— sinwt.
w? — w (12)
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That is, under the action of a harmonic disturbing force, the spindle axis
relative to the ellipsoidal curve will also perform harmonic sinusoidal oscillations.

Thus, based on the principle of superposition when grinding with intermittent
wheels, the center of mass of the wheel will describe in the section plane YOZ,
perpendicular to the spindle axis, a complex closed curve described by expression
(13) which determines the position of the center of mass of the wheel at a given

time t, relative to the fixed coordinates O'Y and O'Z.
Y =B sinwyt, + U, - sinwgt, - sin wgtc;} 13
Z =A, coswgt, + U, -sinwgt, - coswyt,, (13)

where 4. and B, — are the amplitudes of horizontal and vertical (respectively)
oscillations associated with the imbalance of the circle;

U, and U, — are the amplitudes of forced radial and tangential oscillations
associated with the action of the forced disturbing force;

wy, and w, — are the frequencies of the fundamental and high-frequency
components of forced oscillations (respectively).

That is, a system of equations (13) was obtained, which determines the
coordinates of the movement of the grinding wheel axis, taking into account the
amplitude and frequency of its oscillations under the action of the emerging forces
in the section plane perpendicular to the spindle axis, along which the trajectory of
the wheel center movement was calculated (Fig. 8).

Figure 8 — Estimated trajectory of movement of the center
of the circle in the plane (YOZ), for one revolution, with different
processing modes (the circle is intermittent with 12 projections)
1) at Vo =0.05 m/s, t = 10 106 m; 2) at Vo = 0.03 m/s, t =50 10 m
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The figure shows that under the influence of the above factors, the center of
the circle describes a rather complex trajectory. Moving along the ellipsoidal curve
(a), it also performs sinusoidal displacements relative to this curve. With an
increase in processing modes, the amplitude of sinusoidal displacements increases.
The theoretically calculated trajectory is similar to the trajectory of displacement
obtained experimentally (Fig. 9, 10).
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Figure 9 — Oscillograms of vibration displacements of the circle center.
a) displacement during idle rotation as a result of imbalance;
b) vibration displacement when working in a circle with 10 projections;
c) part of a circle with 10 projections

During idle rotation (Fig. 9a), as a result of imbalance, the center of the circle
makes ellipse-like movements. In the process of grinding, under the action of the
protrusions of the circle, its center moving along a closed trajectory,
simultaneously makes additional sinus-like movements relative to this trajectory
(Fig. 9b, c).

Therefore, knowing the movement of the center of mass of the circle, we can
proceed to the consideration of the formation of the profile of the treated surface.

Formation of a profile on the treated surface when grinding with intermittent
wheels.

The shaping point of the circle, copying the movement of the center along the
path 1', would also sequentially occupy positions 1', 2', 3', 4', etc., moving along
the path 2'. But since the grinding wheel is a volumetric body with a radius R, then
the profile formed on the surface of the part will be the envelope of a family of arcs
formed by the forming point of the periphery of the circle (with radius R,,) and
having the form (Fig. 11)
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Figure 10 — The trajectory described by the center of the circle at idle rotation (),
while grinding (b) by a wheel with 4 protrusions

Figure 11 — Scheme of surface profile (waviness) formation

The relationship between the profile formed on the processed surface with the
dynamic and kinematic parameters of the working tool can be represented as [3]

th = Yozu(?.()un. + YU?M6.KUII.1 (14)

where Yo.us.0u. = fi(Xous) — CUrve parameters associated with the dynamics of the
process;
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Yoeus.un. = Fo(Xam) — the parameters of the curve associated with the kinematics of
the formation of irregularities, depending on the geometric parameters of the circle
(the number and length of protrusions and depressions).

The coordinates of the profile of the wavy surface during flat grinding with
the periphery of the circle are determined by (f. 15),

R-y

JOR G

R-x
=¥

Y —_,
v (@)? +(G)? (15)
where R — is the radius of the circle;
X and ¥ — are the coordinates of the center of the circle.

Substituting equations (13), taking into account the longitudinal displacement
(Vo) of the part relative to the circle in (15) and making some simplifications, we
obtain the parameters of the dynamic component of the profile of the wavy surface
for the i-th harmonic formed during intermittent grinding (where Y — y, Z — x):

X,z:m—r =X

I+

I+

Ko = (Acrl_ + U, sin wB[tc) cosawy t, + Vot +
+R[(BCB[ + U."[ sin ﬁ-‘a[tc)ﬁ-‘a[ - COSwy, L, + U-"[ * Wy, COSW, T, - Sin w[,l_tc]
v ;

Yo = (BCB‘ + U},[ sin cual_tc) sin gt +

R[Uzi " Wy, COSWg L, COS wy T, + Vy — (Acrl_ + U, sin mﬂitc)wgisinwuitcl
+ ,
v (16)

where
V=02 + ()2

| 2
_ |[Uzt_ * Wy COSwy t.coswy Lo+ 1V, — E:Afri_ + U, sin waitc)wnisinwoitc]

, 2
\J +[(Bc5,- + Uy, sin waitc)wai s cosag t; + Uy, - wg coswg T, - sin a-‘oi-tc]

The solution of the system of equations (16) makes it possible to obtain the
parameters of the wavy surface (X, Y,) taking into account the dynamics of the
cutting process.

Macroroughnesses obtained from the second (Yoous.un. = f2(Xwu)) COMponent
in (f. 14), in fact, are quantities of the second order of smallness, in comparison
with the waviness formed due to the dynamics of the process and they can be
neglected.
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Based on the data calculated from dependencies (16), the trajectory of
movement of the shaping point of the circle and the profile of the generated wave
is constructed (Fig. 12).

Figure 12 — The formation of waviness when machining with a broken circle
(with 12 ridges). A - trajectory of the shaping point (for one revolution of the circle);
1,2, 3,4 ... n - the position of the forming arcs of the circle; B-B - envelope of the arc
system (wave profile); h — is the depth of grinding

The shape-forming point of the circle, making loop-like oscillating
movements, moves along the trajectory (A) repeatedly passes through the same
zone of space, gradually cutting off the entire layer of metal. Arcs 1, 2, 3, 4 ... n of
a circle of a circle of radius R leave a corresponding trace on the surface of the
part. The envelope curve B-B for these arcs is the profile of the waviness formed
on the surface of the part.

Depending on the presence of oscillations, their amplitude and frequency (the
design of the circle), the trajectory described by the shaping point of the circle and
the profile of the formed waviness change somewhat (Fig. 13).

Figure 13 — The formation of waviness and the trajectory of the shaping point
of the discontinuous circle (with 4 projections)
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From the analysis of the above schemes (Fig. 12, 13), one more rather significant
conclusion can be drawn. As a result of the presence of such oscillating displacements,
performed by an intermittent circle, at certain points in time, the forming point
separates from the treated surface, and the allowance is removed in separate thin
layers (portions), which will serve as one of the reasons for reducing the cutting
forces, and as a result, the heat intensity of the process.
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Banepiit Hagmaunn, Oneca, Ykpaina

B3AEMO3B'A30K MIZK TEMIIEPATYPOIO OBPOBKH TA
HEPEPUBYACTICTIO TPOLHECY IIVII®YBAHHA

AHoTaNis. V Hasedeniii cmammi po3ensioaiomsCs NUMAanis, Noe'si3amni 3 006pobKoio wigyearbHuMU
Kpyeamu 3 nepepusuacmoro pobouoio noseepxeio i ix eniue Ha npoyec wnigpysanns. Poszenanymo
MeopemuiHo MONXCIUGI 8apianmu opmy8anHs nogepxHi. [ eupiulents ybo2o 3a80aHH He0OXIOHO
0y10 HA NOYAMKY BUAGUMU 63ACMO38'SI30K ypuguacmocmi npoyecy i yOapHo20 HABAHMANCEHHS.
Bcmanosneno, wo 3i 3MIiHOIO KITbKOCIMI GUCHIYNIG Ha Kpy3i, Oyde 3miniogamucs wacmoma yoapy i
amnaimyoa 000amKo8UX BUMYUEHUX KOAUBAHb cucmemu. Po32iaHymo eniue pexcumie wiigyysants Ha
KonusanvHull npoyec. Ilodyoosana cxema nepemiujenus yeHmpy mac Kpyea i Oilouux Ha Hb020 CUI.
Hasedeno cucmemy pignsinb, wo onucylomv pyx oci wnunoens nio Oi€lo cuil pisanns i Cunogy
HespigHosasicenicms Kpyed. Bcmanoeneno 63aemo36'130k Midic 4acmomoro, amMniimyoolo 3MyuleHux
KONuBamsb i nepemiwyenv oci nio Ji€lo 2ApMOHIUHO BUMYWEHUX KOIueans. HaseoeHo excnepumeHmanbHo
sanucani ocyunoepamu yoapy i mpaekmopii nepemiwenns yenmpy. Ha niocmagi nepemiwenns
GopmomeopHoi mouxu Kpyea 6cmanoeieHi napamempu npoghinio 06podniosanoi nogepxui. Poszensnymo
8NIIUE YpUBUACMOCHI npoyecy Ha memnepamypy wiigyeanns. ExcnepumenmansHo 0o8edeHo, wjo 6
npoyeci 06poOKU WiPYEaTLHUMU KpYeaMU 3 Nepepugiacmolo pobouoio nosepxueio, 6i00yeacmvcs
nepioouyHull 8iopus «popmomeoproi moukuy Kpyea 6i0 06pobnweanoi nogepxui. B pesyrvmami
makozo npoyecy, 3HAMMA NPUNYCKy 6i00yeacmuvcs Oinbid MOHKUMU wapamy, Hidc Hadpana
(6cmanosnena) enubuna pizanna. I Ak HACAIOOK, 3HUNCEHHSA CUN PI3AHHA | MEMNepamypu waiQ)yeanHs.
Tobmo ochosnum napamempom (6inbuio MIpow), Wo BNIUBAE HA 3HUNCEHHS memnepamypu 0yoe
8ibpayitinuil npoyec, a He ypusuacmicms npoyecy pisaHHs, 3a nepioo NPOXOONHCeHHs 3anaOUHU Kpyed.
KuarouoBi cioBa: nepepusuacme winipysanns; 6iopayii npu winigpysanni; mpackmopis pyxy, yoap;
npoghine nosepxui; memnepamypu npu wiighy6anHi.
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