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Summary. The developed 3D model first determines the overall machining efficiency Qs of two round
face ends processing, for example, cross-pieces, pushers, depending on the coordinate 0b along the entire length
of the contact line L. It is equal to the sum of the grinding performance of all parts located in the processing area
on each of the wheels edges. For the first time a general methodology of theoretical and experimental research of
specific and general: productivity, power and cutting forces on the left and right face ends of the part, the sum of
which is equal to the total productivity on both ends, has been developed. The method of determining the
connection of the current angular coordinate of the axis of the part with the required processing time is developed.
While the part machining is carried out on the calibration section, the next part is not fed to the processing area,
which eliminates the influence of the transition process on the accuracy of shape forming, and the efficiency
improving is ensured by the fact that the next part enters the processing area immediately after the release of the
part from the calibrating section.
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Problem setting. In machine-tool technology, mechanical engineering, automobile and
bearing industry the parts with high-precision round face end surfaces are widely used. That is
bearing rollers, cross-pieces of cardan shafts, pushers and other parts. The final accuracy of
them is provided by finish operations. In the conditions of further development of market
relations, the development of new methods of grinding and theoretical and experimental
researches, which substantiate their efficiency, and provide increased productivity and accuracy
of machining of parts with round face end surfaces is the actual problem.

Actual scientific research and issues analysis. On the two-sided end-grinding
machines of the company Saturn (Germany) [1] the machining of parts round face ends with a
circular feed to the processing area is processed. Abrasive wheels without calibrating sections
are used, that requires multi pass machining to obtain the required accuracy and this reduces
the productivity of grinding.

The high efficiency method is developed [2] and theoretically researched [3] regarding
the one-pass double-sided grinding of round face ends of parts using abrasive wheels with
calibrating sections, which provides an increase in the accuracy of shape forming as well as the
quality of the machined surface and productivity due to one-pass grinding.

The paper [4] investigates the influence of the length of the calibrating section of the
wheel, the machining allowance, the diameter of the face ends of the parts, the diameter of the
wheels and their orientation on the geometric accuracy that is the flatness deviation as well as
deviation from perpendicularity and the parallelism of the face ends. The influence of parts
rotation on the calibrating sections of wheels on the geometric error of the shape forming of the
face ends is also researched. Its reducing, when the parts are rotated, is also shown. But it is not
taken into account the gap between the diameter of the part and the hole in the feeding drum,
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where the part is based. That reduces the accuracy depending on the length of the part and its
diameter as well as on the size of the gap and the values of the tangential and normal
components of the cutting forces during machining. So the influence of the rotation of the part
on the accuracy of shape forming requires further research.

In the papers [3.4] the productivity of the double-sided grinding of round face ends is
investigated. However, productivity is considered only for one face end of the part and the
productivity of grinding for the second face end, grinding power, cutting forces, total
productivity, wear of wheels were not considered.

Increasing the productivity and accuracy of machining requires theoretical and
experimental study of the grinding processes on each face end as well as their influence on the
overall productivity and accuracy.

The research objective. The research objective is to develop the 3D model of the
machining efficiency of each face end of the part and the total overall productivity as well as
formulation of the general methodology of theoretical and experimental research of specific,
under machining coordinate at each face end and general values of: grinding performance,
power and cutting forces which increase the efficiency of evaluation of new ways of grinding
face ends.

For two-sided grinding of face ends there are two simultaneous processes with different
coordinates of machining on each face end in regard to the removable allowances, cutting
forces, actual productivity, wheels wearing, grinding capacities, heating temperatures of face
ends, flexibility of technological systems from wheels to the face ends. It significantly affects
overall productivity on each face end of the wheels and on the overall efficiency and the
machining accuracy of the two face ends of part. To evaluate the effectiveness of new ways of
face ends grinding we need to develop a 3D model of machining efficiency of each face end
and of the total productivity, based on which the new high effective methods of face ends
grinding will be created.

The statement of basic materials. Fig. 1 shows a diagram of the process of two-sided
grinding of round face ends, for example: cross-pieces of cardan shafts, pushers, bearing rollers,
using grinding wheels 1, 2 with calibrating sections 3, 4. The parts 5 are fixed with a gap in the
product feed drum 6, in the holes 8 (Fig. 1, A -A). The grinding wheels 1, 2 together with the
wheel heads of the two-sided end-grinding machine are turned to the angles vy in the vertical
and ¢ in the horizontal planes. The orientation angles of the grinding wheels are selected
depending on the size of the allowance, which is removed from the workpiece. The dressing of
calibration sections 3, 4 is carried out by a diamond pencil 7, which is located within a radius

R, =R, . When the parts 5 are fed into the machining area along the guides 11 with the required

clearance A9, the parts 5 are shifted axially by the value Ad (Fig. 1, B), which increases the
removable allowance on one face end and reduces it on the second, which results in different
productivity, cutting forces, wheels wear.

The torque M, which rotates parts 5 during machining (Fig. 1), is determined by the formula:

M= 2(Rmax - Rmin)' P (1)

z y

where P; is the value of the cutting force at the maximum Rmax and the minimum Rmin Of the
grinding wheel radius 1 contact with the pars 5 with diameter d.
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The analysis of formula (1) shows that when the part enters the machining area and
touches the diameter of the wheel, which is equal to R, =L, (Fig. 1), L= d, in this case

R... = 0, and the wheel, due to the cutting forces p,, begins to rotate the part counter clockwise
at a speed approaching to the speed of the grinding wheel, with a decrease in the coefficient of
slipping motion of the part. In this case there is a transition process in which there is no time to
make the allowance and the intense wearing of the wheel begins. In the process of moving of
the part 5 with the feed drum 6, the speed of the rotation of the part gradually decreases and
when the contact includes the entire face end and the radiusesR,,,r_ touch the part the

transition process is over. So there is a torque (1) that rotates the part clockwise (Fig. 1). At the
output of the part from the roughing area to the calibrating section the cuttings force p,

decrease, as the contact occurs along the line, and with a small depth of grinding, and when the
face end of the part outside the outer diameter of the wheel R,, r__, gradually decreases to 0.

In this case the direction of rotation varies and the part begins to rotate counter clockwise. The
transient process begins due to increase motion of the part by the maximum diameter of the

wheel R . =R, at the end of the calibrating section with low intensity (1). The experimental

study of the rotation of the part by the cutting forces for double-sided grinding was first
performed by the author [5], where the speed of the piston pin was measured by a digital laser
contactless tachometer HS2234.

Figure 1. Scheme for machining of bearing rollers 5 and pushers 5', which rotate in the holes of the feeding drum

When machining the face ends of rollers of bearings 5 (Fig. 1) which are rotated during
the grinding, the locating is carried out in the holes 8 of the feed drum 6 with a gap Ap, which
results in the non perpendicularity of the face ends to the axis of the part due to their turn at the
angle a , which is equal to

_Ap
tga=—, 2
go=-2 (2)
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where S is the height (Fig. 1, A-A) of the feeding drum 6.

Therefore, when machining the high-precision parts it is customary to locate them
without gaps as shown in Figure 2, which occurs when loading parts 5 (Fig. 2) in location prism
9, where they are pressed by forces P, which lie in planes passing through the parts 5 axis and
axis of the feeding drum 6. The forces P are provided by the chain mechanism 10, where the
speed of the chain V| and the parts 5 is equal on the clamping area. This is ensured by the
transmassion ratio of the drum drive 6 and the driving star 12.

When grinding pushers 5'of different diameters, they are located in the holes 8 (Fig. 3a,
A-A) of the drum 6 with a gap Ar, from which there is non perpendicularity of the face ends to
the axis of the part due to their turn at the angle a, which is calculated by the formula (2).

The torque M, which rotates the pusher 5' (Fig. 1), (Fig. 3a) during machining, is
determined by the formula

M= (RmaxD - RminD) ’ I:)zD - (PnD_Pnd) -f Rt + (Rmaxd - Rmind)' Pzd | (3)

where p__ is the value of the tangential cutting force at the maximum R.axp @nd minimum
R....o touch radiuses of the grinding wheel 2 and the part 5' of diameter D; Pnp, Pnd are the
normal components of the cutting force on the larger and smaller face ends; f is a coefficient
of friction on the face end of the drum hub; R, — radius of friction of the pusher on the drum

hub 6; P,, — the value of the tangential cutting force at the maximum R, s and minimum

R..in4 touch radiuses of the grinding wheel 1 and the part 5' of diameter d.
The analysis of the formula (3) shows that the larger diameter D enters first the
machining area and touches the diameter of the wheel 1, which is equal to R, =L, (Fig. 3a), L,

= D and wheel 1, due to the cutting forces p__, begins to rotate the part counter clockwise at a

speed, which is approaching the speed of the grinding wheel, there is a transient process. When
the feeding drum is moved to the value equal to D/2-d/2, the machining of the face end of the
smaller diameter begins, on which the torque and the normal component Png (3) appear. In the
process of moving the part by the drum, when the face end of the part D comes in contact, the

radiuses R, R, touch the part and the transition process is over (Fig.1), (Fig. 3a, the lower
pusher). In this case a torque M (3) appears, and at the exit of the larger face end of the part
diameter outside the outer wheel diameter R, =R, and R, gradually decreases to 0. In this
case the direction of rotation changes, there is a transient process due to the increase motion of
the part with a larger wheel diameter R, .

As P, < 3p_, the coefficient of friction f < 0.15-0.2, R <D/2 the torque calculated

by the formula (3) for the maximum values, Pn, f ,R, is greater than the friction time, so the
part will always be rotated.
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Figure 2. Scheme for machining bearing rollers, pushrods and crosses that do not rotate in the prism of the
feeding drum

When grinding, the maximum non-perpendicularity, calculated by the formula (2),
arises on a larger diameter D (Fig. 3, A-A) and if it exceeds permissible, then the locating is
executed in prisms 9 (Fig. 2) for a zero black-lash scheme. The machining is carried out
according to the new developed method of face ends grinding with the rotation of each next
pusher at 180°, which aligns on the right p and the left | ends: the total normal cutting forces
Pn1, Py, the efficiencies of machining Qi and Qr (4), wheels wearings lini, linr, total flexibility of
Yi, Yir technological systems and also increases the productivity and precision of grinding.

When grinding crosses 5" (Fig. 3b) with an axial fixation in the prisms 9 of the drum 6
(Fig. 3b, type B) there is an location error 4o along the axis of the workpiece, which increases
the asymmetry of the face ends. In order to improve the accuracy of machining, it is necessary
to reduce the allowance errors, and the error of the base 4o.

Maximum productivity, which provides the necessary accuracy and quality, is an
integral indicator of the grinding process of different surfaces. The developed 3D model for the
first time determines the overall productivity Qs of the machining of two round face ends, for
example: crosses of cardan shafts, pushers, bearing rollers and other parts depending on the
coordinate , throughout the length of the contact line L. It is equal to:

Q=Q+Q, (4)

where Qi and Qp are the machining productivity of the left and right face ends of the parts.
The left face end in the coordinate system of the part (Fig. 1,2) has the coordinate —
Zq = -H/2, and the right Z¢ = H/2, where H is the length of the part.
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Figure 3. Circulation scheme of round face ends with axial fixation of parts in the prizm: a — grinding pusher
with different diameters of the ends and b — polishing cross-sections with axial fixation in the prism of the
feeding drum

Q z =l (JJn (J.Iz (_rgmv i (Rn - |n| -sin T _Yinl _A5_A0)‘

-[1—exp(—¥)]-dek.>-J(d§4f e (o) ai).oTn) +
3 i di 5)
s Ny My (R, = Ly, Sin a1, =Yy, + AS + A0) (
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’6 dRin 2 d inp \2 H
[1—ex|0(——Z b( ))]-d%)-\/( d.") + ()7 i) -dTn)),
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where m is the number of simultaneously machined parts 5 (Fig. 1,2);

Tn — time of contact of n-th part 5 with the wheels 1,2;

i1, i21, 11p, I2p — the boundary values of the parameter i and the axial section of the wheels 1,2
in the contact area (Fig. 1,2); and [2, p.92];

O2il, Owit, Goxiir, Grkiir — angular coordinates of contact spot on radiuses Rii — Inin - sinaini, Rip —
Inin - sinainp(Fig. 3); and [2, p.92];

(—W) — the probability of removal of the material of the workpiece [2, p.92];
0

i (6,) ,11,,(6,) —wear of grinding wheels, which arises from a temporary resistance, which

depends on the temperature of the heating of the part [5];
ainl, oinp — angles of inclination in the i-th point of the profile, defining the direction of
wear(Fig. 3); and [2, p.92];

Yo, Y., — total flexibilityof technological systems(Fig. 3); and [5];
A0 — dlsplacement o(Fig.1,2);
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Ao — axial displacement of the beginning of the Oq4 coordinate of the part 5 from the
symmetry plane of the drum 6 (Fig. 1,2,3) which passes through the drum axis Xy, Xs of the
frame.

The number m of parts, which are simultaneously machined on the machine, are
determined from the expression:

m:§+e, (6)

where L = Ry - 62 is the length of the contact arc on the radius Ry, of the feeding drum 6 of the
parts 5 with wheels 1,2 within the angle 6h;

b1, On2 are the angles of the part position at the beginning of the machining and at the points n;
d — the outer diameter of the part 5;

b, - distance between the parts on the radius Ry of the feeding drum.

In determining the number of crosses of cardan shafts 5" that are simultaneously
machined, in the formula (6), instead of the outer diameter d of the part, the length H of the
cross-section is placed (Fig. 3, b).

In determining the productivity in equation (5), integration is carried out in time Ty, and

the basic angle coordinate 0y Of the part axis that determines the depth of cutting, the cutting
forces, the wheels wearing, the volume of the removed material, is given in degrees. Therefore,
for integrating in time the coordinate 6, relation with time Tn is needed. The developed formula
(7) defines such a relation
&
T 0
where: 6, — current coordinate angle of the part axis within the angle 6y of the drum;
1°/t =@ — angular velocity, which provides the machining time Tp; t is the passage time of the
part 1° within the angle Gp..

In the theoretical calculation of the technological system flexibility, it is necessary to
determine not only the components of the tangential force of cutting P.s» along the machining
coordinate 6, but also the normal components P,s»., calculated from the formulas given in [6].
The power Ny is calculated by the formula

N6b = PZ6b 'Vao’ (8)

where V,, is a grinding speed according to the processing coordinate 6.

In theoretical and experimental studies, the total specific cutting forces P-4 and the
power Ny, at the coordinate 6, of machining the vaIuesZPzgo ,ZNHO are summed at the
entrance of each subsequent detail until all the parts fill the machining zone 6,2, and then, with
the continuous supply of parts to the machining area, Z P Z N, change at the input of each
the next part on the difference in the Pz cutting forces.
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Figure 4. Active power and cutting forces by coordinate 0y of machining on two face ends of one cross-piece

On the basis of the proposed general methodology, for the first time, an experimental
study of total active power, and grinding forces at the coordinate 8, of machining one cross-
piece 3 (Fig. 4) was performed.

Experimental powers 1, 2 when two face ends grinding of the cross are depicted on
fig. 4. When machining the face ends of the stud ¢16.3 of the cross-piece 3, the power gradually
increases to the time moment (points 1 and 2), when the cross-piece completely enters the zone
of roughing, where the grinding is carried out by the flat face ends of the wheels on which the

vectors of unit normal Ny, N, (5) are constant. So the value of the removed allowance is constant

to the calibrating sections of the wheels (Fig. 4, point 7.8), after which the round face ends come
out of the roughing zone and the power decreases according to the same regulation (the

inclination angle of the tangent line—« ), as it increased at the beginning of machining to the

points 1,2 (inclination angle of the tangent line is¢ ). Then the face ends of the pilot are
machined with calibrating sections 5, 6 of the wheels. The finish grinding is carried out (where
Vn N, =0). The process of shape forming is performed without the removal of the allowance,

and the exit of the cross-piece 4 from the machining zone is taken place.
On the basis of capacities Ngy (fig. 4), the cutting forces P.q, are calculated by the

formula

Psz =% (9)

On Fig. 4 we also show the total cutting forces P, 11,12 when machining the two face
ends of the pin ¢16.3 of the cross-piece 3, which are calculated by the formula (9). At the
entrance, the forces increase, then they are constant at the flat face ends of the wheels and
decrease with the exit from the roughing zone.
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On Fig. 5, the specific processing powers at coordinates y are shown in columns 1', 2',
3', 4', and the total power 3, which is equal to the sum of specific capacities on the two face
ends, are shown with the continuous supply of crosses to the machining area . When moving
the cross-piece from position V into the position I the specific power is indicated by the columns
1, 2', 3", 4, and the total power is given by the sum of the columns 1'-4". The maximum value
of the total power will be at the point where the calibrating section starts. Then it begins to
decrease by the magnitude AN, — the cross-piece is being machined by a calibrating area. At
the exit of the cross-piece from the calibration section, the following raw cross is fed into
position V.
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Figure 5. Specific and total active power, on two face ends, with continuous supply
of crosses to the machining area

Also, the experimental research was carried out regarding the powers and cutting forces
of the pusher according to the coordinate &, of machining with different face ends diameters.
Grinding is carried out in a new developed way.

Fig. 6 shows a graph of power and cutting forces against the coordinate 6, of machining
on two face ends of one pusher. The power is indicated by curves 1 and 2, and the cutting forces
are curves 5 and 6.
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Figure 6. Active power by coordinate 8, of machining on two face ends of one pusher
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Figure 7. Specific and total active power on two face ends, with continuous supply
of pushers to the machining area
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On Fig. 7, the specific powers according the machining coordinate 8, are shown in
columns 1", 2", 3", 4", 5", 6" as well as the total power 1,2 which is equal to the sum of specific
capacities on two face ends, with continuous supply of pushers to the machining area. When
the pushers are fed to the machining area, the specific powers are indicated by the columns 1 ",
2", 3", 4", 5", 6" and the total power is given by the sum of the columns 1" — 6". The maximum
value of the total the power will be at the point where the calibrating area begins. Then it starts
to decrease by magnitude aN_ and the pusher is machined with a calibrating section. When the

pusher is released from the calibrating area, the following rough pusher is fed into the
processing zone.
As can be seen from the figure, the first pusher enters by its larger face end. This leads

to an increase in power by a value of 1 ", the smaller diameter begins machining with a delay
on the difference in radii, and the increase in power takes place on the value of 1™.
Subsequently, the total power in the machining of pusher is fundamentally different from that
of processing cross-pieces, as the next pusher enters the processing area turned into an angle of
180°. Then the values 1" and 1™ are changed by places. The zone 7 appears, which will be equal
to the upper and lower parts of the graph. With continuous machining the zone | will repeat
it —will be zones Il and I11 accordingly.
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Figure 8. Total cutting force Pz according to the coordinate 85 of machining on two face ends with continuous
supply of pushers to the machining area

On Fig. 8 the current total force Pz is shown with continuous supply of cross-pieces
(Fig. 8a) and pushers (Fig. 8b) to the processing area according to the machining coordinate 6.
The force Pz is calculated by the formula (9) in which the values of maximum power are
substituted for both cross-pieces and pushers.

All experimental studies shown in (Figs. 4-8) were carried out at a constant angular
velocity of the drum ., = 4.61%c, and the angle 6y, =65° which correspond to the machining
area, for parts that were not rotated during machining.

Conclusions. The developed 3D model (5) for the first time determines the overall
productivity Qs for machining of two round face ends, for example: cross-pieces of cardan
shafts, pushers, bearing rollers and other parts, depending on the machining coordinate 6y
throughout the length of the contact line L. It is equal to the sum of the productivities of all parts
that are in the machining area on each face end of the wheel. It has been proved for the first
time that when two-sided grinding of the face ends there are simultaneously two processes with
different coordinates 6, of machining on each face end of the wheels with regard to the cutting
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forces, removable allowances, wheels wearing, heating temperatures of face ends, flexibilities
of technological systems from wheels to the face ends, instantaneous productivities, grinding
capacities. Such factors essentially affect the overall performance on each face end of the
wheels and the total productivity and machining accuracy of the two face ends of the parts.

Regarding the continuous supply of parts to the machining area for the first time a
general methodology for determining the total power and cutting forces on each of the face ends
was developed. It begins with the calculation of the power and cutting forces for one part, and
then the power and cutting forces in the process of machining of the following parts are summed
by the processing coordinate 6, after filling the parts of the processing zone (Fig. 1) on each of
the face ends of the wheel. The total productivity, the cutting forces and the power in the
continuous supply of parts to the machining area have the maximum values, but when the part
runs to the calibrating area these values reduce by the difference in capacities at the rough and
calibrating sections (Fig. 5, 7).

While the part machining is carried out on the calibrating section, the next part is not
fed to the processing area. That eliminates the transition process influence on the accuracy of
shape forming, and the productivity is ensured due to the fact that the next part enters the
machining area immediately after the release of the previous part from the calibrating area
(Fig. 5, 7).

The method of determining the relation of the current angular coordinate 6, with the
machining time Tn is developed.

A new method of face ends grinding of different diameters with turn of each next pusher
5 (Fig. 3a) by 180° is proposed. That equalizes the total normal cutting forces Pni, Pnp, the
productivity of machining Qi and Qr (5) on the right p and the left | ends, wheels wearing linl,
linp, the total technological systems flexibilities Yi, Yir and increases the productivity and
accuracy of grinding.

For the first time a model was developed that determines the torque from the cutting
forces when grinding cylindrical circular parts of one and different diameters. The model
describes the mechanism of the transition process occurrence at the input of the part in the
machining area, stabilization of the process and the output of the part from the processing zone.
With the help of this model one can perform an analysis of the accuracy of the part shape
forming when leaving the machining area.

The 3D models are developed regarding the machining productivity of each face end of
the part and the total productivity as well as the general method of theoretical and experimental
research of the specific coordinates of processing on each face end, and the general: grinding
productivity, power and cutting forces. This will promote the development of new ways of the
face ends grinding and increase the efficiency of their evaluation.
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TEOPETHUYHE TA EKCIIEPUMEHTAJIBHE JOCJ/IIJIZKEHHA
HPOLECY ABOCTOPOHHBOI'O HIVIIPYBAHHA
KPYIJIMX TOPIIB OPIEHTOBAHUMMU KPYI'AMMU 3
KAJIBPYIOUUMMU AIVISHKAMHA

JAmutpo Kanbuenko

YepHniciscokuil HayiOHAbHUU MeXHOoN02TYHUU YHigepcumem, UepHnicie, Ykpaina

Pe3tome. Pospobnena 3D modenv @nepuie 8u3Hauac 3a2anvhy npooykmusHicms Qs 06pooKu 080X Kpyaaux
mopyie, HANPUKIAO, XPeCMOBUH, WMOBXAYis, 3aNeHCHO 8I0 Koopournamu Oy no ecili dodcuni ainii konmakmy L.
Bona oopisuroe cymi npooykmusnocmeti winighysanms 6cix Oemaineil, sIKIi 3HAX00AMbCA 8 30HI 0OPOOKU Ha
KOJICHOMY 3 mopyie Kpyaie . Bnepuie po3pobnena 3a2anbha Memoouka meopemuyHo20 ma eKCnepumMenmaibHo20
00CNIONCEHb NUMOMUX MA 302ANbHUX. NPOOYKMUGHOCH, ROMYICHOCME MA  CU PI3AHHSL HA JIIGOMY MdA NPAGOMY
mopysAx Oemaii, cyma AKux OOPIGHIOE 3A2ANbHUM NPOOYKMUSHOCMAM Ha 000x mopysax. Pospobrena memoouka
BUSHAYEHHS 36 SA3KY NOMOYHOI KYmMos8oi KoopOunamu oci oemali 3 HeoOXiOHumM yacom o6pobku. I[loku obpobka
demaini nPosoOUMbCA Ha KAAiOpyiowil Oinanyi, HACMYNHA 0emaib He NOOAEMbCA 8 30HY 00POOKU, WO BUKTIOUAE
BNIUB NEPEXIOHO20 NPOYECy HA MOYHICIb DOPMOYMEOPEHHS, d NPOOYKMUBHICTINL 3A0E3NeYyEmMbCs 3 PAXYHOK
Mo2o, Wo HACMYNHA 0emalb 6X00UMb Y 30Ky 00pOOKU 00paA3y NICsL UX00y Oemani 3 Kariopyouoi OiisaHKUY.

Knrouoei cnosa: wnighysanns, mopyi oemaneu, opicHmMoGaHi winigyyanvHi Kpyeu, npooyKmueHicmb
wighysanmsi.
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