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Abstract. During the crankshaft machining process, its axis of rotation does
not coincide with the axis of rotation of the connecting rod neck. Therefore, the
depth of a cut is always greater than the value of the allowable removed. It leads
to uneven removal of allowance, reduces productivity and the quality of
machining. The paper proposes a modular spatial model of removing the
allowance and shaping of the root and connecting rod necks of the crankshafts
during milling with crossed axes of the tool and part for one institution. Based
on the developed model, the research of the formation of radical and connecting
rod necks of a cranked shaft has been carried out. A method of milling the root
and connecting rod necks of the crankshaft with crossed tool axes and parts has
been presented, where the angle of rotation of the tool is selected from the
condition of ensuring the straightness of the forming neck. In this case, the
rough allowance is removed at the end, and the final allowance and calibration -
the periphery of the cutter plate, which rotates and simultaneously performs the
vertical and transverse movement, and the shaft performs a uniform rotation.
The proposed method of milling provides stabilization of the depth of a cut
along with the profile of the connecting rod necks, the area of the removed
allowance, and the feed rate along the contour of the part.
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1 Introduction

Automotive, tractor, shipbuilding, and other machine-building industries are charac-
terized by extensive use of parts with complex profile surfaces. Such surfaces include,
for example, crankshaft necks, camshaft cams, and the like. It is necessary to ensure
high productivity of their machining with high manufacturing accuracy in manufac-

turing such parts.

The necks of the crankshaft are processed at the machine-tool plant “Shlif-verst” on
machines of models 3411, 3D4230, 3D4231, 3DB23, LT-235. All root necks of a shaft
are ground for one establishment. During the machining of each connecting rod neck to
align its axis of rotation with the axis of rotation of the machine spindle, the crankshaft
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is reinstalled, which causes an imbalance. It reduces the productivity and accuracy of
machining.

For the first time, root and connecting rod necks were machined by Junker (Ger-
many) on a circular grinder in one place. The contact of the neck with the circle is due
to the reciprocating motion of the tool, which provides a running-in of the neck for one
revolution of the shaft.

One of the productive ways to process complex profile parts is milling. In [1], the
influence of high-speed milling on pre-matured tool life is investigated. Paper [2]
performs an overview of cutting characteristics of high speed and CNC milling with
potentials and applicability for high-performance material. In [3] presents a review of
the research work published over the past decade considering five main domains in the
free-form surface milling process, which enhance accuracy, machinability, productiv-
ity, and machining economy. From the perspective of complex parts robotic milling,
this paper [4] focuses on machining process planning and control techniques. There-
fore, the development and study of spatial modular models of the removal of allowance
and shaping the necks of the crankshafts in milling with crossed axes of the tool and
part for one institution is an urgent task. The solution of this task will increase the
accuracy of the root and support necks of the crankshafts and the productivity of their
machining.

2 Literature Review

Studies of the accuracy of crankshaft machining processes are given in [1, 5-7]. Thus,
in [5], an approach to determining the cutting force during machining of crankshafts
has been presented, which allows determining the influence of technological parame-
ters on the power characteristics of the cutting process accurately. In [6], researched
how to avoid chatter in crankshaft Tangential Point Tracing grinding, Stability lobe
diagram has been developed based on the dynamic model to predict chatter. In [7], to
improve the crankshaft's accuracy of the crankshaft an automatic alignment approach
and apparatus have been proposed and integrated into the non-circular grinder. In [8],
the design of a lunette for CNC grinding machines, on which the machining of the
crankshaft root and connecting rod necks is carried out, has been proposed. The
construction design of the device allows for compensating the influence of the cutting
force on the elastic strain of the part, depending on the change in its rigidity. In [9], for
the mass production of vehicle-engine crankshafts, a new in-situ roundness measure-
ment strategy has been proposed with high scanning speed. In [10], the process of
milling the connecting rod necks of the crankshaft based on the machine's power
consumption has been optimized. In [11], a series of experiments were performed to
investigate the machinability in crankshaft pin journal path-controlled grinding of 40Cr
using vitrified bonded cubic boron nitride (CBN) abrasive. However, the works do not
consider methods of single-pass machining of crankshafts.

In [12], the models of milling the support necks and camshaft cams for one
institution have been developed. The disadvantage of this method when machining the
necks of the crankshaft is the uneven rotation of the part, which will cause the for-
mation error.
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In works [13-15] to increase the efficiency of machining and manufacturing
crankshafts, their optimization has been carried out. In [13], computer-aided modeling
using CATIA and optimization analysis of crankshaft is used to evaluate and compare
the fatigue performance of different materials of automotive crankshafts. For the
crankshaft system of a four-cylinder in-line gasoline engine, a procedure to build the
finite element model is presented [14]. Paper [15] presents the stochastic process for
reliability assessment based on the fatigue life data under random loading for structural
health monitoring of an automobile crankshaft due to fatigue failure. However, the
presented models do not consider the processes of removal of the allowance and the
movement of the formation of the crankshafts.

There are no spatial modular models of the processes of removal of allowance and
shaping in one-pass milling of the root and connecting rod necks of crankshafts with
crossed tool axes and parts in the known works.

3 Research Methodology

The scheme of the process of milling the crankshaft 1 for one institution with crossed
axes of it and the cutter 2 is presented in Fig. 1.

Fig. 1. Crankshaft milling scheme with crossed tool axes and parts.

When machining the root 3 and connecting rod 4 necks of the shaft 1 (Fig. 1),
cutter 2 is rotated around the O,Y,,; axis at an angle o, which is selected from the
condition of ensuring the required accuracy of the end surfaces of the neck flanges:

o= arctg (1)

b
—2r,

where 0 — is the permissible deviation from the perpendicularity of the end surface
of the crankshaft neck; H — the difference between the diameters, which determines the
height of the flange; r,, — is the radius of curvature of the radius edge of the cutter blade.
Milling of the crankshaft 1 is carried out by a cutter 2, which in the middle of the
root neck 3 cuts into the entire depth of cut # (Fig. 1) and moves along the axis O¢,Z¢,
coordinate system of the part with the supply s,. Cutting of a mill in the middle of a
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neck is carried out to uniform wear of plates of the tool. The rough allowance is
removed by the end face of plate 5 (Fig. 1), and the periphery of the plate performs
finishing and calibration.

When machining the neck, due to the crossing of the axes Oy,Z,,; cutter 2 and
Oc,Zc, crankshaft 1 (Fig. 1), there is a deviation from the straightness of the forming
neck. The point of intersection D (Fig. 2) of the axes of cutter 2 and part 1 is at a
distance (B-h). To ensure the straightness of the forming neck, the axis of rotation of
the cutter is shifted in the direction of the axis Oc,Z, due to the vertical movement of
the tool in the direction opposite to the axis O¢,Xc,. In position II (Fig. 2), the distance
from the point DI of crossing the axes to the end of the tool decreases and is (B-hl).
Consequently, the error of shaping is reduced. Therefore, to ensure the straightness of
the generating necks of the crankshaft, the point of intersection of the D axes (Fig. 2) is
moved to the extreme position to the end of the tool in the direction of the axis O¢,Zc,-

Fig. 2. The scheme of displacement of the cutter to ensure the straightness of the generating
neck of the crankshaft.

When machining the root neck 3 of the crankshaft (Fig. 3), cutter 2 is given rotation
ny. To ensure the straightness of the neck profile, the point of intersection of the axes
during machining is shifted to the extreme position in the direction of the end face of
the flange of the part (Fig. 2).

Fig. 3. The scheme of milling of radical necks of a cranked shaft.
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When machining the end surface of the neck, the shaft must make at least one turn.
After machining the root neck 3, the cutter is moved in the vertical direction of the
Oc,Y¢, axis to the height of the location of the connecting rod neck 4 (Fig. 1). In the
middle of the connecting rod neck, the cutter cuts into the value of the allowance ¢, and
the process of its machining begins (Fig. 4).

Fig. 4. The scheme of milling of connecting rod necks of a cranked shaft.

Since the axis of rotation of the connecting rod neck 4 and the axis of rotation of the
crankshaft 1 (Fig. 1) are in different planes, with uniform rotation of the crankshaft, the
point of contact a (Fig. 4, I) of the cutter plate 2 with the part moves relative to the
horizontal plane of the connecting rod neck. And due to the transverse movement s, of
the cutter (position 2”) occupies the position al (Fig. 4, I). It ensures the running-in of
the neck profile 4.

Synchronous vertical movement s,, of the cutter 2 (Fig. 4, II) ensures the constancy
of the location of the contact point a3 in the plane passing through the axis of rotation
of the connecting rod neck and the cutter. Due to this, the cutting depth ¢ (equal to the
value of the allowance), the feed rate along the contour, and the area of the removed
allowance remain unchanged during machining.

After machining the connecting rod neck 4 of the crankshaft (Fig. 1), the halves of
other root and connecting rod necks are milled according to the described method.
After finishing the machining of the half of the root neck 7, the cutter is rotated to the
opposite angle —« and the other halves of the root and connecting rod necks of the
crankshaft are machined in the feed direction opposite to s,.

Uniform circular crankshaft feed with simultaneous vertical and transverse tool
movements when milling connecting rod necks ensures constant cutting depth and feed
rate along the contour. It increases the accuracy of machining of the connecting rod
necks of the crankshafts and the possibility of increasing the productivity of their
machining by increasing the frequency of rotation of the part.

Set the tool surface with the radius vector 7, of the cutter as the product of the
matrices M2, M3 (movement along the O,,Y), and O,,Z,, axes, respectively), and M6
(on the rotation around the 0,,Z,, axis (Fig. 1)):
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i = M3(Zy) - MO(P) - M2(ry) - €4, (2)

where Zy; = 0...B — the linear coordinate of the cutting plate of the cutter, varies
from O to the width B of the plate; ry, — radius of a mill; § = 0...360° — angular
coordinate, which sets the profile of the cutter; e4 — radius-vector of the beginning of
the coordinate system of the cutter.

The nominal surface 7¢, of the crankshaft is given by the product of the radius
vector 7 of the cutter and single-coordinate displacement matrices M1 (movement
along the OyX;, axis), M2, M3, and turns M5 (rotation around the O,,Y,, axis), M6:

7o = M3(Ze,) - M6(3c,) - M1(Xo) - M5(2) - M2(Yy) - i, 3)

where X,, Yy — is the wheelbase of the cutter and the part in the horizontal and
vertical planes, respectively; dc, — angular coordinate, which sets the profile of the
shaft; Z¢, — coordinate, which describes the movement of the cutter along the axis
Oc,Zc, relative to the part (feed).

Since the machined surface depends on six parameters (2), we connect the feed
Zcr, wheelbase Xo(d¢,),Yo(d¢,) cutters, and parts in the horizontal and vertical planes
using Eqgs. (3)—(6):

Zey = ¢y - %7 (4)

Yo(8¢r) = Fec - sind¢y, (5)
Xo(0¢r) = rm +rem + e - €08 ¢y, (6)
V-n=0, (7)

where r,. — eccentricity (distance between the axes of rotation of the connecting rod
and the root neck of the crankshaft); r¢,» — the radius of the connecting rod neck of the
crankshaft; 7 — is the unit vector of the normal to the tool surface; V- is the vector of
the speed of relative movement of the tool in the coordinate system of the crankshaft.

The crossing of the axes of the cutter and the crankshaft causes a deviation from
the perpendicularity of the end surface of the workpiece. To determine the end profile,
find the line of intersection of the part with the coordinate plane Z,Oc, Y, using the
equations:

Ber(x, 0¢,) =: root(Det(d¢y, X)5, 0cr), (8)

Pr(x) = Det(3c,(i,5 %), ). 9)

Specific productivity of milling Q, which determines the volume of metal cut by the
tooth within the point x:
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B2(x)
0(x) = / (Vit(B.x) — 1) - rur(x) - dB, (10)
Bi)

where f1(x), f2(x) — the angles of entry and exit of the cutter's tooth from the
workpiece on its radius ry(x); y, — system flexibility.

4 Results

Calculations and construction of models have been performed using the mathematical
package Mathcad.

Using Egs. (1)-(6), the contact line of the cutter and the neck of the crankshaft have
been obtained (Fig. 5). It starts from some point x,; at the end of the plate 5 of the cutter
2 (Fig. 1), passes through the radius of its rounding (coordinate from x,; to x,9), and
ends at the periphery at the point of intersection of the axes of the cutter and the neck of
the crankshaft.

3,rad
X0 Xrk
0.08 :
0.06
0.04
0.02
X, mm
2 3 4 6

Fig. 5. Contact line of the cutter tooth and parts along with the tool profile.

The contact spot 3 (Fig. 6) of the cutting edge of cutter 2 and the neck of the
crankshaft 1 is formed by the intersection of lines 4, 5, 6. Where 4 — is the contact line
of the cutting edge of the cutter and the shaft neck (Fig. 5), 5 —is the line of intersection
of the tooth cutter and end face of the machined surface, 6 — line of intersection of the
outer cylindrical surface of the neck of the shaft and the cutter.

Fig. 6. Contact spot of the cutter tooth and the crankshaft neck.
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Using Egs. (7)—(8), the profile of the treated end surface of the crankshaft collar
(Fig. 7) has been obtained.

Frery, mm
9845
wvos7 \\
029 A
e A, mm
n73s
% 77 B 7

Fig. 7. The profile of the end face of the crankshaft neck.

Synchronous vertical and transverse movement of the cutter, described by Egs. (5),
(6) of the movement of the center of the cutter, ensure the constancy of the point of
contact a3 (Fig. 4) in the plane passing through the axis of rotation of the connecting
rod neck and cutter. Due to this, the depth of cut ¢ (equal to the allowance value)
(Fig. 8, a), the area of the removed allowance, and the feed rate along the contour of the
part remain unchanged during the machining process. And, consequently, the accuracy
of shaping the connecting rod necks of the crankshaft increases.
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Fig. 8. Graph of distribution of depth of cutting along a contour of a connecting rod neck of a
cranked shaft: a — milling with the crossed axes of a mill and details; b — grinding by Junker.

The graph of the distribution of specific productivity Q of machining (Fig. 9) at
machining of a cranked shaft with an angle of the crossing of axes of the tool and a
detail o0 = 10, a mill with a diameter of 80 mm and height of a cutting plate of 8,3 mm
is received for (9). From the point x10, the graph is developed on the axis coincides
with the periphery of a mill's cutting plate.
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Fig. 9. Distribution of specific productivity Q of milling along with the profile of the cutter
tooth.

The largest values of the specific productivity Q of milling (Fig. 9) fall on the area
after the coordinate x,,. (end of the cutting plate of the cutter), the smallest - the area to
the coordinate j,, (periphery of the cutting plate of the cutter) and almost evenly
distributed from the coordinate x,, to x,, radial edge of the cutting plate) which is the
finishing and calibration area. Removal of the main allowance by an end face of a plate
and finishing — by the unloaded periphery of a cutting edge provides an increase of
machining accuracy.

For the purpose of uniform wear of quadrilateral plates of a mill at first removal of
an allowance from one half of radical and connecting rod necks of a cranked shaft has
been carried out, and at the return course of the tool — final machining of necks.

5 Conclusions

Spatial modular models of the tool surface and surface parts have been developed,
which give the possibility to analyze the processes of allowance removal and shaping
during the milling of a crankshaft root and connecting rod necks.

Based on the developed models, the way of milling of radical and basic necks of
crankshafts for one institution where rough milling is carried out by an end face of a
quadrilateral plate, and finishing - its unloaded periphery has been offered. The recti-
linearity of the shaft necks has been ensured by the displacement of the point of
intersection of the tool axes and the part due to the movement of the cutter. The
presented method of milling provides stabilization of the depth of cut along with the
profile of the connecting rod necks due to synchronous vertical and transverse
movement of the cutter with uniform rotation of the crankshaft. The constancy of the
depth of cut and reducing the amount of allowance from the end of the plate to its
periphery increases the accuracy of shaping the treated surfaces. And milling at the
uniform rotation of part gives the chance to increase machining productivity at the
expense of increasing the frequency of rotation of a shaft. Milling for the first pass of
some halves of necks of a cranked shaft, and for the second — other halves provide
uniform wear of plates of the tool.

The proposed method of milling the root and connecting rod necks of the crankshafts
can be used to machining various cylindrical surfaces of complex profiles with crossed
tool axes and parts on universal sharpening machines with CNC, particular on VZ208F3.
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