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Three-dimensional geometrical modeling of the
processes of allowance removal and shaping of sup-
port necks and cams of camshafts when milling with
crossed axes of the tool and part is proposed. Single-
setup milling of camshafts, which are widely used in
automotive, tractor, shipbuilding and other industries,
is carried out by a cutter with crossed axes of it and
the part. The rotation angle of the cutter is selected
Jrom the condition of providing the required rough-
ness of the treated surface and is regulated by the feed.
At the same time, high processing productivity is pro-
vided by an increase in camshaft speed. A method of
milling support necks and cams is developed, where the
processing is carried out by a cutter, the height of which
is less than the lengths of the processed surfaces. When
processing the passage, the main allowance is removed
by the end face of the quadrangular roughing carbide
plate, and the finishing is carried out by the unloaded
periphery of the cermet finishing plate. This allowance
distribution increases the productivity and accuracy
of processing, and the ability to rotate the roughing
plate saves material and reduces the cost of processing.
In the process of milling the curved surface of the cam-
shaft cam, the depth of cut along the machined profile is
always greater than the value of the removed allowance.
This causes a decrease in the accuracy and producti-
vity of processing. In order to eliminate this problem, it
is proposed to stabilize the depth of cut and feed along
the contour with uneven rotation of the part. The uni-
JSormity of the depth of cut and feed along the curved
contour of the cam is achieved by simultaneous verti-
cal and transverse movements of the cutter and uneven
rotation of the camshaft. When milling the curved sur-
Jace of the cam, the center of which does not coincide
with the camshaft center, there is an uneven rotation
of the latter and synchronous vertical and transverse
movement of the cutter. When machining the cam sec-
tion, the center of which coincides with the camshaft
center, the cutter is given only rotation
Keywords: camshaft milling, crossed axes, cam-
shaft cams, support necks
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1. Introduction

include, in particular, camshafts, crankshaft necks, brake

Modern automobile, tractor, shipbuilding and other ma-
chine-building industries are characterized by a wide range
of products with curved working surfaces. Such surfaces

pads, etc.

The competitiveness of machine-building products is de-
termined by the high surface accuracy of parts and producti-
vity of their processing. In modern economic conditions [1],



the achievement of high values of these indicators is impos-
sible without the use of three-dimensional modeling of pro-
cessing processes, which are the geometric basis of automated
design systems [2].

One of the productive ways to process curved surfaces of
cams is milling [3].

In the known methods of deep milling of curved surfaces,
in order to ensure their high accuracy, processing is usually
carried out in several passes. This increases machining time,
reduces productivity and accuracy due to uneven tool wear.

The method of milling with crossed axes of the cutter
and the part ensures uniform distribution of the allowance
along the cutting edge of the cutter, increases the produc-
tivity and accuracy of processing due to uniform wear of the
cutting edge of the tool. However, in the existing methods of
milling with crossed axes of the tool and cylindrical surfaces
of complex profile, there are no studies of the peculiarities of
the processes of allowance removal and shaping in one-pass
machining.

Therefore, ensuring high competitiveness of the method
of processing cylindrical surfaces of complex profile in va-
rious branches of mechanical engineering requires increasing
the accuracy and productivity of their processing, reduces
the durability of tools.

Therefore, the development and study of three-dimen-
sional models of the processes of allowance removal and
shaping in single-pass milling of support necks and cams
of camshafts with crossed axes of the cutter and part is an
urgent task.

2. Literature review and problem statement

Kharkiv Machine Tool Plant «HarVerst> (Ukraine)
processes camshafts on grinding machines with CNC models
HSH3-57F2 and HSH3-33 [4]. When running the cam
profile, the camshaft rotates, and the circle reciprocates
in a horizontal plane passing through the axis of the part.
Processing of support necks is carried out on circular
grinding semiautomatic devices of models 3M152VM and
3K152VF20. Copying the profile of the support necks
is carried out with an abrasive wheel with the height of
the length of the treated surface. First, rough grinding is
performed, followed by finishing and calibration. In this
method of processing, the depth of cut depends on the
position of the point of contact between the tool and the
part and varies along the cam profile. That is the reason
for the uneven distribution of the allowance along the tool
profile, and hence, uneven tool wear. Also, the disadvantages
include the fact that the processing of the cams and support
necks is carried out on different machines, which reduces the
accuracy and productivity of processing.

In order to increase the grinding efficiency and shaping
accuracy of the camshaft cam profile, two grinding wheels
of different diameters are used in [5]. A grinding wheel with
alarger diameter is used for roughing, and with a smaller one —
for finishing. However, this increases the cost of production.

In [6], an algorithm for smoothing velocity curves is
developed to increase the accuracy of camshaft cam shaping.
And in [7], to improve the accuracy of processing camshaft
cams, a mathematical model is presented, which describes the
relationship between the displacement of the center of the
grinding wheel and the angular displacement of the camshaft
according to the cam lift. A new strategy for optimizing the

movement parameters of the part is proposed. However, the
issue of ensuring uniform depth along the processed profile of
the cam is not considered in [6, 7].

Single-setup processing of support necks and cams
was carried out by the Junker company (Germany) [8,9].
Processing of support necks is carried out by a narrow circle,
the height of which is less than the length of the processed
surface. Running of the processed surface of the cam is
carried out in one turn due to reciprocating movement of
the grinding wheel in the plane that passes through the axis
of rotation of the tool and the camshaft. However, in the
process of machining, the point of contact between the wheel
and the cam leaves the specified plane, so that the allowance
is removed unevenly, and, consequently, the accuracy and
productivity of grinding are reduced.

Milling is widely used to process camshafts. Thus, the
Japanese company Kataoka produces a wide range of cam
milling machines for processing camshafts. And the German
company Heller [10] produces HELLER RFN production
systems for milling camshafts. Machining of cams is carried
out by running in with a mill, the height of which is equal
to the height of the cam. The presence of two milling units
on the machines increases the productivity of processing. In
order to reduce the impact of cutting forces on the machining
accuracy, the workpieces are clamped and supported by
two hydraulic clamping chucks. The disadvantage of these
methods is the different depth of cut along the cam profile,
which affects the tool life and the lack of high-precision
single-setup machining.

In[11], a method of milling with an oriented tool is
developed, when rough milling is carried out by the end of
the tool tooth, and finishing — by its periphery. This increases
the accuracy and productivity of processing. However, only
cylindrical parts are considered in the paper.

In [12], a method of milling camshafts with a tool whose
height is less than the cam length is presented. Single-setup
camshaft cam milling is performed. However, the entire
allowance falls on the peripheral part of the cutting tooth
of the cutter, which causes its wear and reduces shaping
accuracy.

The problem of high-precision machining of camshaft
necks and cams can be solved by developing three-dimensional
models of allowance removal and shaping processes in single-
pass milling with crossed axes of the tool and part. The analysis
of the developed models will promote the development of
high-performance methods of milling cylindrical surfaces
of complex profile with crossed axes of the tool and part.

3. The aim and objectives of the study

The aim of the study is three-dimensional modeling of
the process of single-setup machining of the support necks
and cams of the camshaft when milling with crossed axes of
the tool and part.

To achieve this aim, the following objectives were set:

—to develop spatial models of the tool surface and
camshaft surfaces when milling with the crossed axes of the
cutter and part;

—to develop a general model of the process of milling
camshaft support necks and cams with the crossed axes of
the tool and part;

— to investigate the process of shaping accuracy when
milling camshaft support necks and cams.



4. Development of spatial models of the tool surface
and camshaft surfaces

The scheme of the process of milling the support necks
and curved surfaces of the camshaft 1 cams with the cutter 2,
rotated by the angle 8, is presented in Fig. 1.

Roughing and finishing of all camshaft surfaces occur at
a single setup. In this case, the end face of the quadrilateral
plate 3, made of hard alloy, performs rough processing, and
the periphery of the plate 4, made of cermets, finishing
milling and calibration.

Milling of the camshaft 1 begins with processing of the
cylindrical surface of the support neck A (Fig. 1). The cutter 2
is rotated around the 0,,Z,,; axis at an angle 3, which is selected
from the condition of providing maximum removal of allowance
with uniform loading of the end plate 3 of the cutter 2.

The presence of grooves between the support necks and
cams makes it possible to feed the tool to the entire depth of
cut and machine the camshaft surfaces to the passage. This
increases the machining accuracy because the cutting forces
are directed along the axis of the part in contrast to processing
methods, where the tool is fed in the radial direction, which
reduces the rigidity of the part and, accordingly, the accuracy
of its shaping.

Fig. 1. Scheme of milling a camshaft with the crossed axes
of the tool and part

The cutter is fed to the entire depth of cut ¢ (Fig. 1) and
moves along the 047, axis with the feed rate s,, while the
speed n, of the camshaft when machining the support necks is
selected under the condition of ensuring maximum machining
productivity. The rough allowance is removed by the end face
of the roughing plate 3 of the cutter 2, and finishing is carried
out by the periphery of the finishing plate 4.

After machining the cylindrical surface A (Fig. 1) of the
support neck, the cutter is moved in the vertical direction of
the O4Z; axis to the height of the cam B, taking into account
the allowance ¢ and the process of machining the curved
surface of the cam begins.

When milling the curved surface of the cam 6 (Fig. 2, a),
the camshaft rotates unevenly with a frequency of n4. The
cutter rotates with a frequency of n, and simultaneously
performs vertical and transverse movement S,. Thus, the
points of contact A and A; of the cutter 2 with the curved
surface of the cam 6 are in the plane, passing through
the rotation axis of the tool and the curvature center
of the part. This, in turn, provides a constant depth of cut
along the cam contour and uniform wear of the cutting in-
serts of the cutter.

When machining the cam section, the center of which
coincides with the camshaft center (position 7, I in Fig. 2, b),
the cutter 2 is given the rotation 7,. There is no need for
vertical and transverse movements of the cutter. In contrast

to the machining of cam sections, the centers of which do not
coincide with the camshaft center (position I, I in Fig. 2, a),
where the cutter rotates and moves in transverse and vertical
directions (position II, II; in Fig. 2, a).

Fig. 2. Scheme of milling cam sections:
a — processing of surfaces, the centers of which
do not coincide with the camshaft center; b — processing
of surfaces, the centers of which coincide with
the camshaft center

After processing the cam B (Fig. 1), the neck C and cam D
are processed successively according to the above-described
technique.

Uneven circular feed of the camshaft with simultaneous
vertical and transverse movements of the tool when milling
curved surfaces on CNC machines eliminates the effect of
cutter wear on shaping accuracy. This increases the accuracy
of the curved surfaces of the cams, processing productivity,
as well as simplifies the programming of processing, as there
is no need to take into account the worn profile of the tool.
Also, in the existing methods there is no vertical movement
of the tool and there is a need to reprogram the machining
process to take into account the worn geometry of the
cutting surface of the tool to eliminate machining errors.

The spatial model of the tool surface is given by the
product of single-coordinate displacement matrices M2,
M3 along the Y,, and Z, axes, respectively, and the rotation
matrix M6 around the 0,7, axis (Fig. 1):

R,=M3(Z,)-M6(c)- M2(R,) €4, (1)

where R, is the radius-vector of the cutter; Z, =0...H — the
linear coordinate along the periphery of the cutting edge of
the cutter, varies from 0 to the value of the tool height H;
R, — cutter radius; 0.=0...360° — angular coordinate, which
specifies the cutter profile; €4 — radius vector of the beginning
of the coordinate system of the tool.

The nominal surface 7, of the camshaft is set by the
radius vector Em of the tool, cutter orientation relative to
the coordinate system of the part and its movement relative
to the shaft:



7,=M3(Z,)-M6(68,)-M1(X,, )-M4(8)- M2(Y,)-R,, (2)

where 8 is the angle of rotation of the cutter; Xy, Y, — center
distance of the cutter and the part in the vertical and horizon-
tal planes, respectively; 6, — angle of rotation of the part; Z; —
feed, describes the movement of the tool along the 0,Z; axis
relative to the part.

The feed Z; is determined by the product of the angle of
rotation 0, of the shaft and the parameter of helical motion p:

Z,=9,-p, 3)
Sz

. 4

=5 4

where Sz — feed per revolution of the part.

The center distance Xy, Ygn of the tool and the machined
surface of the shaft varies during machining and depends on
the angle of rotation 8, Therefore, the final nominal surface
of the part (2), taking into account equation (1):

7,=M3(Z,)-M6(6,)-M2(Y,,(0,))-M5(3,)x

xM1(X,,(0,))-M3(Z,)-M6(c)- M2(R,)-24. (5)

Equation (5) is general when processing cylindrical and
curved surfaces of the camshaft. Thus, when processing the
curved surface of the cam, the coordinates Xy, Yy, change
and depend on the angle of rotation 64 of the cam. And
when milling the cam section, the center of which coincides
with the camshaft axis, X, does not change, and Yy, is
zero (Fig. 2, a, ).

To determine the profile of the machined surface of the
part, the condition of contact of the cutter and shaft profiles
at different points in time is used as the product of the vectors
of normal 7 and speed V of the tool relative to the part:

V-n=0. (6)

The normal 7 is determined by the product of the vectors
tangent to the cutter surface. Therefore, it is necessary
to differentiate the radius vector of the part 7, by two
independent parameters o and j — the coordinate along the
cutter profile. The relative velocity vector V is found by
differentiating the radius vector 7, in the coordinate system
of the part by the parameter 6y

or, o, | o
i I} Oy, 7
(8]' Xaa) %, @

Equation (7) determines the location of the contact
points of the tool and part at different times.

5. Development of the general model of the milling
process of camshaft support necks and cams with crossed
axes of the tool and part

The contact line of the roughing and finishing plates of
the cutter begins at the end of the roughing plate of the tool
and ends at the periphery of its finishing plate.

To determine the contact line on the peripheral section of
the cutting edge of the cutter, we perform calculations in the
Mathcad software package using block (8):

a—0,
for _ne0...N,
. - ] max ] min
—] . +——n,
] ]mm N
Lk .= 7 7 7,
k, B « root aﬁxai ~ai,oc ’ ®)
9j o) 09,
M<j+1>e(j}
MT

where N is the number of segments into which the contact
line at the tool’s periphery is divided; jinin, jmax — initial and
final coordinates of the contact line on the periphery of the
cutting edge of the cutter.

Determination of the contact line at the transition radius
edge and the end face of the cutting edge of the cutter is
carried out using a calculation unit similar to (8), only the
roots of the equation are found not for the linear coordinate j,
but for the angular o.

Fig. 3 shows the contact line of the cutter and the
camshaft surface. The curve (Fig. 3) begins at some point j
at the end of the roughing plate of the tool, passes through
the radius of its rounding (coordinate from j,, to j,o) and
ends at the periphery of the finishing plate at the point of
intersection of the cutter and part axes.

o, rad

0.06 Jio
0.04
0.02

0 2 4 6 8

Fig. 3. Contact line of the cutter tooth and the machined
surface along the tool profile

In the course of mathematical modeling of the milling
process with crossed axes of the tool and part, a spatial
model of the contact spot 6 (Fig.4) of the cutting edge
of the cutter 2 and the machined surface of the shaft 1
was obtained.

The contact spot 6 is formed by the intersection of the
tool and part contact line 3, the line 4 of intersection of the
cutter tooth and the end face of the processed surface and the
line 5 of intersection of the outer surface of the workpiece
and the cutter.

Fig. 4. Contact spot of cutter tooth and processed
camshaft surface



As can be seen from Fig. 3, 4, the main allowance falls on
the end face of the cutting surface of the cutter tooth, and on
the periphery the allowance is minimal.

Fig. 5 shows the obtained three-dimensional model of the
curved surface of the camshaft.

Fig. 5. Spatial model of the camshaft cam surface

The surface of the cam (Fig. 5) is formed by the move-
ment of the contact line 3 (Fig. 4) along the equidistant to
the surface of the part.

6. Investigation of the process of shaping
accuracy when milling camshaft support
necks and cams

The intersection of the cutter and camshaft axes forms
a geometric roughness Rz on the treated surface (Fig. 6).

S, 7

527/2

&

0 Z

X X X

Fig. 6. Height of the microroughnesses Rz along the
profile Zd of the part caused by the intersection of the tool
and camshaft axes

The height of microroughnesses Rz (Fig. 5) is determined
from (9):

R =Pr,(0)-Pr, (%) )

where Pr,(0), Pr,(s,/2) is the height of the profile of the
part at the turning point of the cutter and the point which is
at a distance of half the feed s,.

In order to achieve the required roughness of the treated
surface, the feed rate s; is adjusted depending on the cutter
diameter and the angle of intersection of the axes 8. In this
case, to obtain high processing performance, the shaft speed
is increased.

In the course of mathematical modeling of the milling
process of the camshaft with crossed axes of the tool and the
part, the specific productivity of milling Q was found, which
determines the amount of metal, which is cut by the tooth
area within the j point of its profile:

a2(j)
| (va(0nj)-v,)(R,(j)- D, sina,)k-do, (10)

o1(j)

Q(Jj)=

where o1(j), 02(j) — the angles of entry and exit of the cutter
tooth from the workpiece on the radius R, (j)-D,, -sina;
D,, — the linear wear of the tooth profile section in the
j-th point; y, — system flexibility; R, (j) — cutter radius;
k — the coefficient that takes into account the discontinuity
of the tool.

The distribution graph of specific productivity Q of
processing (Fig. 7) when processing of a camshaft with
the angle of intersection of the tool and part axes 8=1°
by a cutter with a diameter of 100 mm and a height of
the cutting plate of 10 mm is obtained. Starting from the
point j,o (coordinate of the beginning of rounding of
the cutting plate of the cutter), the graph is rotated on
the axis that coincides with the peripheral surface of the
cutter tooth.

Q,mmS/min
er: ‘[jrk
150 mil
I
100
If {1
\ .
j{ \ \ J, mm
6 7 8

Fig. 7. Distribution of specific productivity @
of milling along the cutter tooth profile when
processing the camshaft

The specific productivity of milling Q (Fig. 7) takes the
largest values at the end surface of the cutter tooth (area
after the coordinate j,;). Therefore, the end surface is a rough
area and removes the main allowance.

In the area from the coordinate jy to j,, which corresponds
to the transition radius edge of the cutting plate, the specific
productivity is almost evenly distributed. And takes the
minimum values on the periphery of the cutting surface
of the cutter (area up to the coordinate j,), which is the
finishing and calibration area.

Therefore, the end of the roughing plate 3 removes the
main allowance, and the unloaded periphery of the finishing
plate 4 performs finishing.

This allowance distribution increases milling productivity
and part shaping accuracy.

Because the end of the roughing plate has the entire
allowance, it wears out faster than the finishing one.

The criterion for the transition from plastic deformation
to the beginning of chip separation is the limit value of the
ratio of the depth of penetration of the cutting tip into the
workpiece material to the radius of curvature of its top.

When the roughing plate is triggered, its radius of
curvature increases, the process of plastic deformation of the
processed material begins.

Vibrations occur, the temperature in the cutting zone
increases, which necessitates the replacement of the cut-
ting blade.

In this case, the quadrilateral plate is returned to the
unworn surface. This saves material, as the roughing plates
wear out faster during processing, while the finishing ones
remain suitable.

The specific productivity of milling for the given
processing conditions on the end surface of the tooth is
90-150 mm?/min (Fig. 7), which is 1.3—1.5 times more than
when milling by existing methods.



7. Discussion of the research results of the accuracy
of single-pass milling of camshafts with crossed
tool and part axes

In the presented method (Fig. 1) of one-pass milling of
support necks and cams of camshafts by the oriented tool,
removal of the main allowance is carried out by the end
face of the roughing hard-alloy plate, and finishing — the
unloaded periphery of the metal ceramic finishing plate.

In this case, the angle of cutter rotation is selected
from the condition of ensuring the maximum removal of
the allowance with a uniform loading of its end plate. The
surfaces of the camshaft are machined on the pass, which
increases the accuracy of machining due to the distribution
of cutting forces along the part axis and the lack of impact on
its rigidity compared to the radial feed of the tool.

In contrast to the existing methods of milling cam-
shafts [4—10], this method provides single-setup processing
of support necks and cams with the same depth of cut with
uneven rotation of the part. The uniformity of the depth of
cut and feed along the curved profile of the cam is achieved by
synchronous vertical and transverse movements of the cutter
and uneven rotation of the camshaft (Fig. 2, a). This ensures
uniform wear of the cutter’s cutting inserts and increases their
stability. When milling curved surfaces on CNC machines,
this eliminates the impact of cutter wear on shaping accuracy
and simplifies the programming of processing, as there is no
need to take into account the worn profile of the tool.

Using the obtained spatial models of the tool surface (1)
and part surfaces (5), a general model (8) of the process of
milling the support necks and cams of the camshaft with
crossed axes of the tool and part is developed. The model (8)
is general for processing cylindrical and curvilinear surfaces
of the camshaft, which makes it possible to analyze the
processes of allowance removal and shaping any cam surface
profiles (Fig. 5).

Analysis of the obtained graphs of the contact line (Fig. 3),
the spatial model of the contact spot (Fig.4) of the cutting
edge of the cutter and the machined shaft surface and the
specific productivity of milling Q (Fig. 7) shows that the main
allowance falls on the cutting surface of the cutter tooth, and
on the periphery the allowance is minimal. This distribution
of allowance increases milling productivity and part shaping
accuracy. The finishing plate, which has small allowance values,
provides low geometric surface roughness, and the roughing
plate provides high processing productivity (90—150 mm?/min).

With this method of milling, the end of the roughing
plate has the main allowance, it wears out faster than the
finishing one. Therefore, the ability to replace only the worn
roughing plate saves material of the finishing one.

The intersection of the cutter and camshaft causes-geometric
roughness Rz on the treated surface (Fig. 6). Therefore, to obtain

its required value, the feed s;is adjusted depending on the cutter
diameter and intersection angle of the axes. To ensure high
processing productivity, the shaft speed is increased.

Since the tool is fed to the entire depth of cut due to the
presence of grooves between the support necks and cams,
this method imposes restrictions: the height of the cutter
is limited by the width of the camshaft groove. The three-
dimensional model of the process of milling the support
necks and cams of the camshaft with an oriented tool makes
it possible to obtain only the geometric profile of the part.
This takes into account the influence of the cutter profile,
depth of cut and feed without the rigidity of the system and
vibrations.

In the future, the proposed method can be applied to
milling processes of various cylindrical surfaces of complex
profile with crossed axes of the tool and part.

8. Conclusions

1. Spatial geometric models of the tool surface and the
curved surface of the part are developed, which make it
possible to set any profiles depending on the tool and part
parameters, as well as to analyze the processes of allowance
removal and shaping during milling of camshaft support
necks and cams.

2. On the basis of the developed models, the method of
one-pass milling of cylindrical and curvilinear surfaces of
camshafts at a single setup is investigated. At the same time,
rough milling is carried out by the end face of a four-sided
rough hard-alloy plate, and finishing — by the unloaded
periphery of the metal ceramic finishing plate. Passage
processing increases shaping accuracy, because the cutting
forces are directed along the axes of the treated surfaces. In
the process of milling the curved surfaces of the cams, the
tangent to the curved surface of the cam is located vertically.
This eliminates additional deformations and stresses due
to the simultaneous vertical and transverse movements of
the cutter. Also the influence of the tool radius and wear
on shaping accuracy of the processed surfaces of camshafts,
which simplifies programming of processing is excluded.

3. Researches of the accuracy of surface shaping by the
proposed method show that different allowances along the
end face of the roughing and the periphery of the finishing
plates of the cutter increases productivity (90—150 mm?3/min)
and processing accuracy (IT 7-8). And the ability to rotate
only the roughing plate, when it wears, saves material of
the finishing one and reduces the cost of processing. The
proposed method of single-pass milling of support necks and
cams of camshafts can be used in the processing of various
surfaces of rotation of complex profile with crossed axes of
the tool and part.
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