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Application of Gear Shaper Cutters

Gear shaper cutters are mostly used for cutting spur and helical gears,
both having either external or internal teeth. In addition, gear shaper cutters,
which are often referred to as pinion cutters, may be used for machining of face
gears and involute worms as well as for rough relieving of hobs.

Cylindrical gears of any design can be cut with the gear shaper cutter. In
particular, shaper cutters are used for machining of shoulder gears, cluster
gears, etc. Machining of the cylindrical gear of small modules, having a large
tooth number, a narrow face width, and a big helix angle, is especially efficient
when using gear shaper cutters.

Design of Shaper Cutters

Various types and sizes of gear shaper cutters are available in the mar-
ket. Commonly, two basic designs of shaper cutters are used for machining of
external gears: (1) disk type and (2) deep counterbore type.

Disk-type gear shaper cutters are the most commonly used cutters for
machining of external gears and splines. Figure 1 shows a typical disk-type
shaper cutter. This is the common type and it is normally installed directly on
the cutter spindle (Figure 2). Disk-type shapers are also used on adapters, es-
pecially when the required size is between a disk and taper shank cutter.
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Figure 1 — A typical disk-type gear shaper cutter



Work gear

Shaper cutter

Figure 2 — Shaping of a spur gear with the disk-type gear shaper cutter

Deep counterbore-type gear shaper cutters are similar to disk-type ones,
except that the blank thickness is increased to position the cutter holding nut or
screw above the cutter’s lifeline (Figure 3). Deep counterbore-type cutters are
normally used for cutting shoulder gears and cluster gears, as well as for ma-

chining of cluster gears (Figure 4).
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Figure 4 — Shaping of a spur gear with the counterbore-type gear shaper cutter
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Shaper cutters are made of high speed steels (HSS) containing molyb-
denum and tungsten.

They are heat treated to a Rockwell C hardness of 64 to 65. A nitriding
surface treatment further improves their wear resistance.

Titanium nitride (TiN) coating is often applied to increase permissible
feeds and speeds on modern shaping machines. Shaper cutters coated with
TiN increase productivity by as much as 30% without reducing tool life.

It is common to assign the rake angle at the top cutting edge of the shap-
er cutter equal to yo = 5°. Roughing shaper cutters sometimes have a rake an-
gle as high as y, = 10°.

The clearance angle at the top cutting edge of the gear shaper cutter is
commonly equal to ap = 6°. The sides of the cutter have a side clearance of
about a; = 2°.

The rake angle y, and the clearance angles ap and a; are all necessary to
make the shaper cutter an efficient metal-cutting tool.

Commercial-quality gear shaper cutters for spur gears with ¢ = 20° profile
angle are usually available from stock. High-accuracy precision ground cutters
for finishing operations and ground cutters for preshaving, pregrinding, and
roughing operations are made per special order. Gear shaper cutters are made
in two quality classes: class A cutters for finishing and preshaving and class B
for roughing and pregrinding. Shaper cutters for finishing work are usually
manufactured to a very high degree of precision.

In many high-production jobs, it is desirable to design the gear shaper
cutter for a particular gear so that the cutter will do exactly what is wanted
throughout its life. This is particularly true when cutters are used to preshave-
cut a gear and leave an undercut. The position of the undercut must remain
constant within close limits to tie in with the gear shaving cutter design.

Designing of shaper cutter begins with the determination of the generat-
ing surface of the cutting tool. For this purpose, kinematics of gear shaping op-
eration is utilized.

Kinematics of Gear Shaping Operation

The generating surface of a gear shaper cutter is a conjugate surface to
the work gear tooth surface. When machining the work gear, the generating
surface T of the shaper cutter and the gear to be machined are in proper mesh
with each other.

Kinematics of gear generation is the critical factor in the determination of
the generating surface T of the shaper cutter. When shaping a work gear with
the shaper cutter, the work gear and the shaper cutter rotate wy and w. about
their axes of rotation O4 and O, (Figure 5). The axes Og4 and O, of the rotations
are parallel to each other (Oy || Oc). The rotations w, and w, are timed with
one another in compliance with the formula:
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where Ny denotes the tooth number of the work gear and N, denotes the tooth

number of the shaper cutter.
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Figure 5 — Vector diagram of the kinematics of the machining process of an ex-

ternal gear with the shaper cutter

The shaper cutter reciprocates in its axial direction simultaneously with
the rotations wy and w.. Speed of the reciprocation is designated as V.. The
reciprocation of the shaper cutter is required for stock removal. In the case of a
helical work gear, the rotation of the shaper cutter w,, is performed in addition
to the reciprocation V.. Timing of the motions V¢, and w.,; depends on the
hand of the tooth helix of the work gear. The resultant screw motion that is
composed of the motions V.; and w; IS a screw cutting motion of the shaper
cutter. This screw motion does not correlate to the rotations wy and w, and is
independent of the rotations wy, and w.. The parameter of the screw motion is
identical to the screw parameter of the work gear helix. The vector of the screw
cutting motion can be pointed either in the same direction as or in the opposite
direction of the vector wc.

The distance Cgy between the axes O4 and O, of the rotations changes
when the shaper cutter reciprocates back and forth (Figure 6). When the shap-
er cutter moves down and when it cuts the stock, the distance Cy is equal to
the nominal center distance in the virtual gear machining meshing, that is, it is
equal to the distance between the axis of rotation of the work gear and the axis
of rotation of the generating surface T of the shaper cutter.

When the shaper cutter moves back, the distance between the axes O
and O is increased to a certain value. For this purpose, in most designs of
gear-shaping machines the worktable with the gear reciprocates in the direction
that is perpendicular to the axis of rotation O4 of the work gear. Speed of this
reciprocation is designated as V. The reciprocation of the work gear is neces-
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sary to eliminate the contact between the clearance surface of the shaper cut-
ter teeth and the machined surface of the work gear. In this manner, the tool life
of the shaper cutter is increased.
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Figure 6 — Principal elements of the kinematics of gear shaping operation

Several types of in-feed motion of the shaper cutter are used in practice.
The conventional method of gear shaping features either intermittent radial
feed of the shaper cutter with continuous rotary feed or radial feed without rota-
ry feed. Continuous radial and rotary feeds are available in gear-shaping ma-
chines of modern design. Numerous other types of in-feed motion of the shaper
cutter are also known.

Generating Surface of a Gear Shaper Cutter

Not all of the motions of the work gear and the shaper cutter discussed
above are necessarily considered when determining the generating surface of
the gear shaper cutter. Only those motions that actually affect the meshing of
the gear to be machined and the virtual gear represented by the generating
surface of the shaper cutter are required to be considered.
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Once the kinematics of the gear machining process is identified (Figure
5), an equation for the gear tooth surface to be machined is the only required
input for determining the generating surface of the shaper cutter. As an exam-
ple, consider the machining of a helical gear. The case of machining of a spur
gear can be drawn from the above case as the simplification under the as-
sumption that the pitch helix angle of the gear is equal to zero (¢, = 0°). The
set of reference systems in both cases is similar.

Consider the shaping of a helical gear using the shaper cutter (Figure 7).

-

Figure 7 — The applied coordinate systems

In the Cartesian coordinate system X,Y,Z, associated with the gear, tooth
flank surface G of the gear can be analytically described by

rg(Ug' g):

r,g,cosV, +U cosh, sinV,
ryg,SinVv, —U ,cosA,, sinV,
ry tani,, —U sinA,,
7

v <v, <v? "
o<u,<u,]

where the position vector of a point ry of the work gear tooth flank G is ex-
pressed in terms of Gaussian coordinates Uy and Vg and the design parame-
ters r, g and A, 4 of the work gear.

The kinematic method can be implemented to derive an equation for the
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tooth flank surface of the generating surface T of the shaper cutter. Following
this method, it is necessary to represent the work gear tooth flank G in the co-
ordinate system XY Z. associated with the shaper cutter. Position vector of a

point r ) of the tooth flank surface G of the work gear allows for representation
in the form

U,V 00.0.)=Rt@.. 2,) Tr(CoY, ) Rp,. 2,) 1, UV,) @
where
¢, — angle through which the coordinate system X,Y,Z, turns relative to the

stationary coordinate system XY, Z . Initially, before the rotation starts,
axes of the coordinate system X,Y,Z4 aligns to the corresponding axes of
the coordinate system X, Y Z, ;

¢@. — angle through which the coordinate system X.Y.Z. turns relative to the sta-
tionary coordinate system X_Y.Z.. Initially, before the rotation starts, ax-
es of the coordinate system X.Y.Z. aligns to the corresponding axes of
the coordinate system X.Y,Z_;

Cgyic — center distance between the axis of rotation Oq4 of the work gear and the
axis of rotation O, the shaper cutter.

The angle ¢, may be measured between the coordinate axes Xy and X;
(Figure 7). Similarly, the angle ¢. may be measured between the coordinate
axes Xc and X,.

Of the two angles, ¢4 and ¢., one may be considered an independent pa-
rameter, whereas the other is dependent on the current value of the first one.
The correlation between the angles ¢4 and ¢. can be expressed by the ratio

¢c Ng
Ultimately, Equation (2) reduces to the form
rQ(C) :rQ(C)(Ug'Vg'wg)' (4)

Equation (4) describes the position vector of a point r ) of the gear tooth

flank surface G in its current position with respect to the shaper cutter coordi-
nate system X.Y.Z.. The parameter ¢, serves as the parameter of motion.

To come up with the equation for the tooth surface T, it is necessary to
eliminate the parameter ¢4 from Equation (4).

At a certain instant of time, not all points of the tooth flank G make con-
tact with the tooth flank surface of the generating surface T. Only certain points
of the tooth flank G make contact at which the condition of contact

néC) .Vg_c =0 (5)
is satisfied.
In this equation, r ) denotes the unit normal vector to the surface and
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Vg4 is a vector of speed of the relative motion of the gear relative to the coordi-
nate system XY Z..

The vector Vy_. of speed of the relative motion may be represented in the
form of summa of two vectors: (1) Vg, which is the vector of linear speed of the
rotation of a point of the work gear tooth flank about the axis of rotation of the
work gear; and (2) V, which is the vector of linear speed of rotation of the gear
axis of rotation Oy, about the axis of rotation O, of the coordinate system
XY Ze. Ultimately, the equality V4 = Vg + Vy is valid. Note that only the direc-
tion of the vector Vy_ is of importance for further consideration. Magnitude of
the vector V4. is not important when the equation of contact is used. This is
because the dot product in Equation (5) is equal to zero.

Both vectors ns(,c) and V4 . are functions of coordinates of a point of the

moving surface rg(c). In other words, the dot product ns(,c) ‘Vy_c allows for inter-

pretation in the form of a function of the parameters Uy, Vg, and ¢@,. After solv-
ing the function with respect to the parameter of motion ¢, the derived expres-
sion for @4 is substituted into Equation (4). This yields an equation for the tooth
flank surface T of the generating surface of the shaper cutter. Ultimately, in the
coordinate system X.Y.Z., the derived equation for the surface T can be pre-
sented in vector form

r.=r(U,.V,) (6)
In a particular case of shaping of a helical involute gear, Equation (6)
casts into the expression in matrix form
r,.cosV_.+U_cosA,.sinV,
r,.sinV,-U,sinA, sinV,
r,tanA,, —U_sinA,. ’ (7)
7

W V,)=

c’ ¢

where

I'n.c — radius of the base cylinder of the generating surface T of the shap-
er cutter;

Av.c — base lead angle of the generating surface T of the shaper cutter.

Equation (7) is very similar to Equation (1). This is a common occurrence
because a screw involute surface can be properly meshed only with another
screw involute surface.

Equation (7) can be expressed in terms of the design parameters of the
shaper cutter.

The normal profile angle ¢, . on the pitch cylinder of the shaper cutter is
equal to the normal profile angle ¢,y in a gear shaping operation
(@n.c=¢nq=9n). Therefore, this angle is designated as ¢,.

Similarly, the pitch helix angle . of the shaper cutter is equal to — g,
where gy is the pitch helix angle of the work gear.

The above-mentioned correlation between the normal profile angles of
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the shaper cutter and the work gear, as well as between the pitch helix angles
. and g4 gives the cutting tool designer the chance to alter the design param-
eters of the shaper cutter. The possibility of altering the design parameters can
be used to improve the cutting performance of the shaper cutter. Equality of the
base pitch of the shaper cutter p, to base pitch of the work gear py, 4 is a must
(Pb.c = Po.g)-

Features of profiling of shaper cutters for machining noninvolute shapes.
Shaper cutters are also used for machining of noninvolute profiles. For profiling
of shaper cutters intended for machining noninvolute profiles, use of the kine-
matic method of profiling of generating tools is recommended.

When shaping parts having a noninvolute tooth profile, the kinematics of
part surface generation (PSG) is similar to that when machining involute tooth
profiles. The pitch cylinder of the radius R,,4 of the gear to be machined is roll-
ing without sliding over the pitch cylinder of radius Ry, of the shaper cutter as
shown in Figure 8.

¥ (m) Y
g .

ik

>

Figure 8 — Schematic of implementation of the kinematic method of profiling of

generating cutting tools for profiling of the shaper cutter for machining a gear
with noninvolute tooth profile

An orthogonal Cartesian coordinate system X,YyZ, is associated with the
work gear and is rotating with it with a certain rotation wg. The initial position of
the coordinate system XyYqZ4 is designated as XyYqsZgs. Another Cartesian
coordinate system X.Y.Z. is the cutting tool reference system with which the
shaper cutter will be associated after it has been designed. This reference sys-
tem is rotating with the rotation w.. The rotations wy and w. are timed with
each other so that the ratio wy;Ry = wcR. is observed. When the work gear
turns about its axis of rotation Oq4 through a certain angle wy, the shaper cutter
turns about its axis of rotation O. through the angle w.; = wy(Ry/R¢).

Shishkov’s equation of contact n;m) V™ =0 is used for the purpose of

profiling of the shaper cutter for the machining of the work gear having a nonin-
volute tooth profile. To compose the equation of contact, an analytical repre-

sentation of the vector of relative motion V}”’) of a point of interest within the
12



gear tooth profile is required. It is also necessary to compute a unit normal vec-

m)

tor n; to the gear tooth profile at that same point of interest.
A point of interest m is chosen within the work gear tooth profile ab. In the

(m

motionless coordinate system XyYgsZ4s, the unit normal vector 7, ) to the gear
tooth profile at m can be described by
n™ =_j-tan(v,+@,)+ (8)

Here and below, only the direction of the relative motion as well the direc-
tion of the normal vector are of importance.

In Equation (8), angle vy designates the angle that the tangent to the
tooth profile ab at the point of interest m makes with the Yy axis of the refer-
ence system XyYqZg.

Vector of linear motion of the instant rotation of point m about pitch point
P is designated as Vz('"). This allows for the representation of the vector Vz(”’) in
the form of a vector equation

Vém):/'ygc_j'xgc' (9)

Substituting Equations (8) and (9) into the equation of contact

n\™ -Vi™ =0, the particular form of the equation of contact

X 4COSV , + Ygsmvg
R

wg

s/n(vg +¢g)= (10)
can be derived.

Equation (10) yields computation of the angle ¢4 at which a given point of
the gear tooth profile makes contact with the corresponding point of the shaper
cutter tooth profile point. Furthermore, coordinates of the point of the shaper
cutter tooth profile are computed using operators of linear transformations.

Cutting Edges of the Shaper Cutter

When designing a shaper cutter the cutting edges (CE) are commonly
viewed as the lines of intersection of the generating surface T by the rake sur-
face Rs of the shaper cutter. Furthermore, the clearance surface Cs is designed
so as to pass through the cutting edge at a desired clearance angle with re-
spect to the generating surface T.

Another way of creating the cutting edges of the shaper cutter is also
possible. In compliance with this second approach, the cutting edges CE are
created as lines of intersection of the generating surface T by the clearance
surface Cg of the shaper cutter. After that, the rake surface Ry is designed so
as to pass through the cutting edge at a desired rake angle with respect to the
perpendicular to the generating surface T.

In both cases, there are three surfaces — (1) generating surface T of the
shaper cutter, (2) rake surface Rs, and (3) clearance surface Cs — through the
cutting edge CE of the shaper cutter. Only the rake surface Rs and the clear-

13



ance surface Cs exist physically. The generating surface T of the shaper cutter
is a phantom surface, which does not exist physically. However, surface T im-
poses a restriction onto the required location of the cutting edges CE.

Rake Surface of a Shaper Cutter

It is reasonable to distinguish the difference between the geometry of the
rake surfaces of (a) shaper cutters for machining of spur gears from (b) those
used for machining of helical gears.

Geometry of rake surface of a spur shaper cutter. The rake surface of a
spur shaper cutter is shaped in the form of one of three surfaces. In reality, the
rake surface Rs is shaped in the form of (1) a plane that is perpendicular to the
axis of rotation of the shaper cutter, or (2) an internal cone of revolution, or (3)
in particular cases, a surface of revolution of more complex geometry.

Spur shaper cutters having a rake surface shaped in the form of plane
that is perpendicular to the axis of rotation of the shaper cutter have zero rake
angle (yo = 0°). The rake surface Rs of this geometry satisfies the equation Z; =
=0 (Figure 9, a).

ZE ZII." Z‘:
R,

E 3 _ﬂ?‘\l e Rsx S I X.
_,x”//x S e -

7Z/I Yc} —:——F" \g\\

: =0 'Oc:___//

a b =
Figure 9 — Practical types of rake surfaces Rs of shaper cutters for machining

spur gears

For profiling of the shaper cutter, it is preferred to use the matrix repre-
sentation of the surface Z. = 0:

UC

4
(Uc"/c)_ 0 | (]_]_)
7

)

r

rs

where
rs — position vector of a point of the rake plane Rq;
U, V. — Gaussian coordinates of the rake plane Rs.
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Convenience of application is the only criterion for selecting Gaussian co-
ordinates U, and V. of the rake plane Rs for a particular design of shaper cut-
ters. For example, Gaussian coordinates U. and V. could be equal to the cor-
responding Cartesian coordinates X. and Y, of the rack plane R, that is, U, =
=X. and V. = Y,.

The cutting performance of the shaper cutter can be significantly en-
hanced when the rake surface forms a certain desired rake angle with the per-
pendicular to the generating surface T of the shaper cutter. For this purpose,
the conical rake surface Rg is commonly used in the design of shaper cutters
(Figure 9, b). Conical rake surface can be analytically described by the matrix
equation
| Z tany ,cosV/, |

Z tany,sinV,
rrs(zclvc): ZO . (12)

c
L 1 _

In special cases, for precision shaper cutters implementation of a rake
surface that is shaped in the form of a surface of revolution of more complex
geometry is known (Figure 9, c). In this case, for the analytical description of
the rake surface Rg, use of matrix equation

[r_(U,)cosU ,cosV, |
r. (U, )cosU ,sinV,
I's (Uc 4 Vc ) = ,.rs (Uc )SinUc (13)
7

has proven to be convenient. Here, the equality r,s = | rrs| is valid.

In all three cases considered above, only one common surface (a plane,
or an internal cone of revolution, or a surface of revolution) serves as the rake
surface for all shaper cutter teeth. Local modifications of the rake surface within
the narrow strip along the cutting edge are not considered here.

Geometry of the rake surface of a helical shaper cutter. Helical shaper
cutters having a reasonably small pitch helix angle g, are manufactured with a
rake plane Rg similar to that shown in Figure 9, a. Helical shaper cutters of this
design have one common rake plane R for all shaper cutter teeth.

Helical shaper cutters with a larger helix angle are designed so that each
tooth has an individual rake plane Ry (Figure 10). This is mostly because the
impact of the pitch helix angle onto the rake angle of the lateral cutting edges of
the shaper cutter tooth cannot be neglected in this case.
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B i
Figure 10 — Rake plane R of a helical shaper cutter tooth

Figure 10 gives an insight on the derivation of equation for the rake plane
Rs of the helical shaper cutter

X

c

Y

r.(X.,Y. )= ¢

rs( c c) chanwc l (14)
- 7 —

The shaper cutter teeth are turned relative to each other about the axis of
rotation of the cutting tool through a certain angle. The actual value of this an-
gle 6., is equal to 6, = 2rmrn/N.. Here, n denotes the number of the tooth count-
ing from the tooth for which Equation (14) is derived. Use of the operator of ro-
tation Rt(6.,, Z.) yields an expression

rl'.(s‘n)(XC’YC): Rt(HCﬂ’ZC). rl‘S (XC’)/C) (15)

for the rake plane of the shaper cutter tooth that is numbered with n.

Profiling of Gear Shaper Cutters

Gear shaper cutters are round cutting tools. The reference diameterof a
shaper cutter becomes progressively smaller after each resharpening of the
worn tool. Because of the change in pitch diameter, the shape of the cutting
edges of a new shaper cutter and its shape after resharpening are not identical.
This factor must be taken into account when designing a gear shaper cutter.

The following discussion is largely based on the analysis of meshing of a
partially ground gear shaper cutter with the auxiliary phantom rack Rt.

In the case under consideration, the generating surface T of the gear
shaper cutter is formed as the enveloping surface to successive positions of a
phantom rack surface. The phantom rack surface Rt serves as the auxiliary
generating surface of the shaper cutter. The rack surface Rt properly meshes
with the gear to be machined as well as the generating surface T of the shaper
cutter. Application of the second approach of forming of the generating surface
T of the gear shaper cutter is convenient from the standpoint of the reduction of
diameters after every resharpening of the shaper cutter.
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Consider an example of meshing of the auxiliary rack surface Rt with the
generating surface T of the gear shaper cutter (Figure 11).

a, |
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Figure 11 — Schematic of meshing of the auxiliary rack surface Rt with the gen-
erating surface T of the gear shaper cutter
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The example is used to illustrate how different portions of the generating
surface T have to change their relative orientation when the reference
diameterof the shaper cutter becomes increasingly smaller after every resharp-
ening of the gear cutting tool. The geometry of the portions of the generating
surface remains the same as it is for the new gear shaper cutter. It has been
proven convenient to use the auxiliary rack surface Rt for illustrative purposes.

Consider the cross-sectional view of the rack by a plane that is perpen-
dicular to the axis of rotation O, of the gear shaper cutter. When the surface T
IS generating, the pitch line w of the auxiliary rack rolls without sliding over the
pitch circle of the diameter d,, .. The involute tooth profile of the generating sur-
face T is shaped in the form of the enveloping surface to successive positions
of the auxiliary rack Rt when the pitch line w rolls over the pitch circle.

To be capable of cutting the stock, a positive clearance angle is neces-
sary at all cutting edges of the tooth of the gear shaper cutter. The practical
way to create the required clearance angles at all cutting edges of the shaper
cutter tooth is to design the shaper cutter in such a way that the clearance an-
gle ap at the top cutting edge corresponds to the clearance angles at the lateral
cutting edges. To do this, the configuration of portions of the generating surface
T through the lateral sides of the tooth profile should have to be changed as the
outer diameter of the gear shaper cutter keeps getting smaller. In this way, the
clearance angles of a certain value can be obtained on the lateral cutting edges
of the shaper cutter.

Let us assume that the nominal cross section of the generating surface T
aligns with the cross section by the plane through points A and B. The plane of
the nominal cross section is perpendicular to the axis of rotation O.. The ordi-
nary involute tooth profile of the generating surface T is formed in the nominal
cross section. Calculations of most of the design parameters of the gear shaper
cutter are usually performed for the nominal cross section.

In the nominal cross section, the tooth profile of the gear shaper cutter
can be specified in terms of the following design parameters: addendum a; =
=1.25 m [mm] (here and below, the shaper cutter module is denoted by m),
dedendum b, = 1.25 m [mm], reference diameterd,,. = m N, (where the shaper
cutter tooth number is denoted by N.), nominal circular tooth thickness t, =
=mrm/2 [mm]; the circular space width is equal to the circular tooth thickness.

The actual value of the circular tooth thickness exceeds its nominal value:

t=t,+0.5B, mm, (16)
where B designates backlash in the gear transmission that comprises two
gears in mesh.

The cross section by the plane through points A* and B* is an arbitrary
normal cross section of the generating surface T (see figure 11). The arbitrary
normal cross section is at a certain distance z from the nominal normal cross
section. Within the arbitrary normal cross section, the tooth profile of the gene-
rating surface T of the gear shaper cutter can be generated by the auxiliary
rack that is identical to the auxiliary rack Rt. However, in this cross section, the
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auxiliary rack Rt is closer to the axis of rotation O, of the shaper cutter. The dis-
tance x at which the auxiliary rack Rt within the arbitrary normal cross section is
shifted toward the axis O, relative to its initial position can be computed from
the formula
X =z tan ap, (17)
where ay is the desired clearance angle at the top cutting edge of the gear
shaper cutter tooth.
After it has been shifted, the auxiliary rack Rt generates the correspond-
ing tooth profile of the generating surface T. The profile shift correction coeffi-

cient £, in this case is
X Z-lana,
fc =
m m
It is critically important to point out that the coefficient of correction ¢, is a

(18)

function of the z coordinate [£, =&.(2)].

The parameters of rolling motion of the auxiliary rack Rt remain the same
for both initial normal cross section and any arbitrary normal cross section.
Therefore, the reference diameterd,, . of the gear shaper cutter when it is
meshing with the auxiliary rack Rt also retains its original value. The pitch circle
of the diameter d,, . is the circle at which the circular pitch P, of the shaper cut-
ter teeth is equal to the pitch of the auxiliary rack Rt teeth (P, = rrm).

The base diameter d, . of the gear shaper cutter can be computed from
the formula

dpc = dyc COS @, (19)
where ¢, is the profile angle of the auxiliary rack Rt.

As follows from Equation (19), the base diameter at any arbitrary normal
cross section has the same value as that in the nominal normal cross section.

The rest of the design parameters of the gear shaper cutter tooth in the
arbitrary normal cross section can be expressed in terms of the corresponding
design parameters measured in the nominal normal cross section of the shaper

cutter. For example, the shaper cutter tooth addendum a; is equal to

a =a,+z-tana, =125 m+z-tana,,mm (20)
To compute for the gear shaper cutter tooth dedendum b; , the formula
b,=b,—-z tana, =125 m-z -tana,,mm, (21)
can be used.
Whole depth h;. remains the same
h.=a,+b =a +b,=225mmm (22)

Tooth thickness of the gear shaper cutter requires special treatment. In an arbi-
trary normal cross section, tooth thickness t* can be expressed in terms of the
design parameters of the gear cutting tool. For this purpose, the expression
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t = g + B+ 2ztana, (23)

is derived.

The involute tooth profile within an arbitrary normal cross section of the
generating surface T of the gear shaper cutter is constructed from the same
base circle of diameter d, . as the involute profile within the nominal normal
cross section. This means that the same involute curve is used for the tooth
profile both in the nominal as well as in the arbitrary normal cross section.
However, the two tooth profiles differ from each other. This is because different
segments of the same involute curve are used in these two cases.

An angular displacement of the involute tooth profile in the arbitrary nor-
mal cross section with respect to the tooth profile within the nominal cross sec-
tion is observed. To compute for the current value of the angular displacement
€ of the tooth profiles, the following formula

£ td—t _lana,tang, .

(24)

w.c w.c

can be used.

As follows from Equation (24), the angular displacement ¢ is a linear func-
tion of the z coordinate. Consequently, the locus of successive positions of the
involute tooth profile in various locations of the arbitrary normal cross section
when it moves along the axis of rotation O, of the gear shaper cutter is within a
screw surface of constant axial pitch. The axial pitch P, of the surface is equal
to

md

B tanaoténqpc ' (25)

Equation (25) immediately follows from Equation (24) when the angle of
21 is substituted instead of an arbitrary value of the angular displacement .
Under such a scenario, the equality z = P, is observed.

X

Critical Distance to the Nominal Cross Section of the Gear Shaper Cutter

A cross section of the generating surface T of the gear shaper cutter for
which the design parameters of the cutting tool are computed is commonly re-
ferred to as the nominal cross section of the shaper cutter.

Parameters of the tooth profile of the gear shaper cutter that has been re-
sharpened differ, for many reasons, from that of the new shaper cutter. It is
practical to design a shaper cutter so that deviations of the tooth profile of the
new shaper cutter are of maximal permissible values. After every resharpening
of the gear shaper cutter, the tooth profile deviations are becoming smaller. At
a certain cross section, the tooth profile deviations of the gear shaper cutter are
equal to zero. Further resharpenings cause progressively larger deviations of
the gear shaper cutter tooth profile. The sign of the deviations is opposite to the
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sign of the deviations of the new shaper cutter. Ultimately, at a certain cross
section, the deviations reach values of the corresponding tolerances. The dis-
tance in the axial direction of the gear shaper cutter between the initial cross
section of the generating surface T and the cross section that corresponds to
the completely worn out shaper cutter is of critical importance to the cutting tool
designer. It specifies the location of the nominal cross section of the gear
shaper cutter.

The nominal cross section of the gear shaper cutter is at a distance a in
the axial direction from the corresponding cross section of the new shaper cut-
ter. Distance a is half a distance between the cross sections of the new and the
worn-out gear shaper cutter.

It is desirable to design a shaper cutter with the greatest possible dis-
tance a. The greater the distance a, the larger the number of resharpenings of
the gear shaper cutter allowed. This means that a larger number of gears can
be machined during the life span of the given shaper cutter. In this way, the
cost of the gear shaper cutter per machined gear can be significantly reduced.

The maximal length of distance a is limited by two major factors.

First, distance a affects the length of the top cutting edge of the gear
shaper cutter. The greater the distance a, the shorter the top cutting edge be-
comes. If the shaper cutter is inappropriately designed, then either the length of
the top cutting edge is insufficiently short or a shaper cutter tooth pointing may
be occurring. The life span of a gear shaper cutter having a short top cutting
edge is shorter compared to the life span of a gear properly designed shaper
cutter.

Second, distance a also affects the parameters of the transient profile
that connects the bottom land and the involute tooth profile of the cut gear.
When distance a exceeds a certain allowed value, the transient profile can
spread out beyond the allowed limits.

It has been proven in practice that the distance a for which the length of
the top cutting edge is sufficient also satisfies the requirements imposed by the
parameters of the transient profile. Therefore, the optimal value of distance a
can be computed from the condition of sufficient length of the top cutting edge
of the gear shaper cutter.

The length of the top cutting edge t,. must not be shorter than a specific
allowed value, t,. < [toc]. The shortest allowed length [t, ] of the top cutting
edge depends on module m of the shaper cutter. It can be computed from the
empirical formula

[t,.]=025938 m-0,03752 . (26)
To compute for the actual length of the top cutting edge t,. of the gear
shaper cutter, the following equation can be used (Figure 12)
to.c = 0'5do.cvl (27)
where v denotes the central angle that the top cutting edge spans over and d, .
is the outer diameter of the gear shaper cutter.
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Figure 12 — Design parameters of the gear shaper cutter affecting the actual
length t, . of the top cutting edge

Figure 12 shows that for computation of the angle v, the following formula
is valid

2t . .
V= d—Wc —2(inve, —inve,), (28)

w.c
where @y denotes the profile angle at the outer diameter d, . of the generating
surface T of the gear shaper cutter and ¢, is the profile angle at the reference
diameterd,, . of the generating surface T.

Equation (28) can be substituted into Equation (27). This yields an ex-
pression

to.c = do.c ( 214’.0 - IhV¢0 - ianDWJ (29)

for the computation of the length of the top cutting edge of the shaper cutter.
The parameters that will be entered in Equation (29) can be expressed in
terms of the design parameters of the gear shaper cutter:
d,.=d,. +25m+2alana,, (30)
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t,.= > + B + Zatana,tang,,, (31)
4 d,.cos
@, =cos ! e Be . (32)

o.c

To compute for the length of the top cutting edge t, . of the gear shaper
cutter, use of commercial software (e.g., of MathCAD) has proven to be con-
venient.

Another approach in determining the length of the top cutting edge t, . of
the gear shaper cutter is used in practice. The shortest allowed length [t, ] of
the top cutting edge can be computed from Equation (26). Moreover, the de-
sired distance a can be determined by using the corresponding value of the
profile shift correction coefficient .

In the nominal cross section, addendum of standard gear shaper cutters
Is equal to 1.25 m. Figure 13 illustrates the function of the reduced length of the
top cutting edge t, ./m of the new gear shaper cutter versus the profile shift cor-
rection coefficient § for standard gear shaper cutters having a different tooth
number N.. When computing for the coordinates of points of the curves in Fig-
ure 13, it is assumed that the backlash is equal to B = 0.01m.

N toe/m
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:\Q\N_ N, =100
\\ ] ———
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Figure 13 — Graphical interpretation of the function of the reduced length

of the top cutting edge t, ./m of the new gear shaper cutter versus profile shift

correction coefficient §; for standard gear shaper cutters having different tooth
number N,

0.4
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The graph shown in Figure 13 allows for a reasonable determination of
an approximate value of the profile shift correction coefficient .. Thus, the re-
quired distance a can be computed from the expression

_ S

tana,

After the desired distance a is computed, the parameters of the cross
section of the generating surface T of the gear shaper cutter are as follows:

tooth addendum — a, =71.25m +a-tana,, (34)

tooth dedendum — b, =1.26m —a -tana,. (35)

To compute for the circular tooth thickness t,, ., Equation (31) can be
used.

Ultimately, verification of the absence of interference of the designed gear
shaper cutter with the gear teeth must be performed.

(33)

Cutting Edge Geometry of a Gear Shaper Cutter Tooth

Shaper cutters for machining involute gears feature small values of the
major geometrical parameters of cutting edges. Because of this, even small
deviations in the geometrical parameters of cutting edges from the correspond-
ing computed values can significantly affect the gear shaper cutter tool life and
the accuracy of the machined gears. Therefore, rigorous control over the ge-
ometry of the cutting edges of gear shaper cutters tooth is advantageous.

Standard gear shaper cutters are designed so as to have the rake angle
Yo = 5° at the top cutting edge and with the clearance angle a, = 6°. The incli-
nation angle of the top cutting edge is A, = 0°. The values of angles y,, a,, and
Ao do not change within the top cutting edge. Thus, they do not require further
investigation.

Special care should be given to the lateral cutting edges of the gear
shaper cutter.

Angle of Inclination of the Lateral Cutting Edge

For the computation of the actual value of the angle of the inclination at
the current point of interest within the cutting edge, use of elements of vector
algebra is helpful.

The local Cartesian coordinate system X,ymZm IS associated with the cut-
ting edge of the gear shaper cutter as shown in Figure 14. Origin of the coordi-
nate system XmnymZm IS at the current point of interest m of the cutting edge. In
reality, a Cartesian coordinate system having an arbitrary orientation of the co-
ordinate axes can be implemented. However, for the reader’s convenience, the
axes are oriented as shown in Figure 14.

24



Figure 14 — Cutting edge geometry of the involute gear shaper cutter tooth: an-
gle of inclination A of the cutting edge

To derive the equation for the angle of inclination A, at point m, the follow-
ing three vectors are used.

Vector A is the vector along the line of intersection of the rake surface Rg
of the gear shaper cutter by the axial cross section through point m. The mag-
nitude of vector A is chosen such that projection of vector A onto the coordi-
nate plane Xmym is equal to unit (pryyA = 1). The following expression

A =i+k-tanyy (36)
is valid for the analytical description of vector A.

Vector B is tangent to the cutting edge of the gear shaper cutter. The
magnitude of vector B is chosen such that the projection of vector B onto the
coordinate plane Xnym is equal to unit (pr,,B = 1). For the analytical representa-
tion of vector B, the following expression

B=i-cosey.—]: sing,+Kk-tanA, (37)
can be composed.
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For solving the problem under consideration, the unit vector j is used.

By construction, vectors A, B, and j are located within a common plane.
At point m within the cutting edge, this plane is tangent to the rake surface Rs
of the gear shaper cutter tooth. Because vectors A, B, and j comprise a set of
three coplanar vectors, their scalar triple product is identical to zero (AxB-j = 0).
An expanded expression for the scalar triple product can be represented in the
form of a determinant

0 7 0
AxB-J= 7 0 tany,| = 0. (38)
cosp,. —sing,. {tanA,

A formula
A, = tan(tanyp-taney ) (39)
for the computation of the inclination angle A, immediately follows from Equa-
tion (38).
Analysis of Equation (39) reveals that a very limited variation in the angle
of inclination within the lateral cutting edge of the gear shaper cutter is ob-
served. This variation can be neglected when designing a gear shaper cutter.

Rake Angle of the Lateral Cutting Edge

The normal rake angle at the lateral cutting edge of the gear shaper cutter
tooth is measured within a cross section of the cutting wedge by a plane that is
perpendicular to the cutting edge at the point of interest.

The rake surface Rs of a standard gear shaper cutter is shaped in the
form of a cone of revolution. The axis of rotation of the cone of revolution aligns
with the axis of the shaper cutter.

To determine the normal rake angle yy, a local Cartesian coordinate sys-
tem XmYmZm is used. Origin of the coordinate system X,YmzZn IS at the point of in-
terest within the lateral cutting edge. Coordinate axes are oriented as shown in
Figure 15.

Three vectors are used to derive the equation for the normal rake angle
yn Of the involute gear shaper cutter.

The earlier derived vector B [see Equation (37)] is used to derive the
equation for the rake angle yx.

Vector C is along the line of intersection of the rake surface R by the
plane that is tangent to the base cylinder of the gear shaper cutter. The magni-
tude of vector C is chosen so that the projection of vector C onto the coordinate
plane Xnym is equal to unit (prC = 1). This yields the following expression for
the analytical representation of vector C in the local coordinate system XmYmZm

C=i-singy.+]j-cose,.+k-tanyn,, (40)
where y,, denotes the rake angle in the major section plane.
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Figure 15 — Cutting edge geometry of the involute gear shaper cutter tooth:
normal rake angle yy of the cutting edge

The third vector is the unit vector j along the y,, axis.

By construction, vectors A, C, and j are located within a common plane.
At point m within the cutting edge, this plane is tangent to the rake surface Rs
of the gear shaper cutter tooth. Because vectors A, C, and j comprise a set of
three coplanar vectors, their scalar triple product is identical to zero (AxC:j = 0).
The scalar triple product AxC-j =0 can be expressed in the form of determinant

0 1 0
AxC-j=| 1 0 tany,|=0. (41)
sing,, cose, . tany,
Equation (41) casts into the formula

Ym = tan™(tanyo-sing, ) (42)
for the computation of the rake angle y,, at the point of interest within the lateral
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cutting edge of the gear shaper cutter tooth.
The normal rake angle yy can be expressed in terms of (a) the rake angle
Y~ and (b) the angle of inclination y,. For this purpose, the formula
yn = tan™(tanym,-coSA,) (43)
can be used. This formula is known from many advanced sources (e.g., [1]).
Ultimately, after Equations (39) and (42) are substituted into Equation (43), the
following formula

lany,sing,,,

yy =tan”’ (44)

\/1 +tan’y,cos’p,,
can be obtained for the computation of the normal rake angle yy of the gear
shaper cutter.
Clearance Angle of the Lateral Cutting Edge

A screw involute surface through the lateral cutting edge serves as the
clearance surface of the shaper cutter tooth. In the cross section of the gener-
ating surface T by a cylinder that is coaxial with the gear shaper cutter, the sur-
face T and the clearance surface Cs form the clearance angle a;. The value of
the clearance angle a; is equal to the lead angle of the helix within the inter-
secting cylinder. Thus, the following formula can be used to compute for the
angle as:

—1 dy.c
a, =tan g -lana,lang,, |, (45)

w.c
where d, . denotes the diameter of the intersecting cylinder through the point of
interest m within the lateral cutting edge.

For the computation of the clearance angle a; at the reference diameterof
the gear shaper cutter, Equation (45) simplifies to

a, =tan”'(tana,tang,,). (46)

When the clearance angle a; is known, the normal clearance angle ay
can be computed. The clearance angle ay is measured within the cross section
of the cutting wedge by a plane that is perpendicular to the cutting edge at the
point of interest.

To derive the equation for the normal clearance angle ay of the gear
shaper cutter for machining involute gears, it is convenient to use the method
that is based on vector algebra.

Origin of a local Cartesian coordinate system X,ymzZm IS located at the
point of interest m within the lateral cutting edge of the gear shaper cutter tooth.
Axes of the coordinate system X,.ymZn are directed as shown in Figure 16.
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Figure 16 — Cutting edge geometry of the involute gear shaper cutter tooth:
normal clearance angle ay of the cutting edge

The vector D in Figure 16 is constructed so that it is tangent to the line of
intersection of the clearance surface Cs by a plane that is tangent to the base
cylinder of the gear shaper cutter. In the coordinate system XnymzZm, the vector
D can be analytically expressed as

D=i-tana, +k, (47)
where a,, denotes the clearance angle that is measured in the major cross sec-
tion of the cutting wedge.

The vector E through the point of interest m is constructed so that it is
tangent to the helix within the intersecting cylinder. This allows the following

expression
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E=i-tana;cose,. — | - tana; singy: + K (48)
for vector E.
Vectors D, E, and j are tangent to the clearance surface Cs of the gear
shaper cutter tooth. They comprise a set of coplanar vectors for which the iden-
tity DXE-j] =0 is valid. The identity can be expressed in the form of determinant

0 7 0
DxE.j=| ftana, 0 7|=0. (49)
lana;cosp,. -—tana.sing,, 1
Taking Equation (46) into account allows us to cast Equation (49) into the
formula
a, =tan”'(tana,sing,) (50)
for the computation of the clearance angle a,.
An analysis of Equation (50) shows that the value of clearance angle ay,
does not change within the lateral cutting edge of the gear shaper cutter tooth.
The normal clearance angle ay can be expressed in terms of (a) the
clearance angle a, and (b) the angle of inclination A,. For this purpose, the
formula
a, =cot '(cota,,sinA,) (51)
can be used. This formula is known from many advanced sources (e.g., [1]).

Ultimately, after Equations (39) and (50) are substituted into Equation
(51), the following formula

a,=tan”’ (Ianaosin(pw J1+tan’y,cos’g, ) (52)

can be obtained for the computation of the normal clearance angle of the gear
shaper cutter.

As follows from Equation (52), the value of the normal clearance angle ay
at a point of interest within the lateral cutting edge of the gear shaper cutter de-
pends on the rake angle yo.

The following values of the design parameters are common for standard
shaper cutters: (a) clearance angle ap = 6° and (b) profile angle ¢,, = 20°. Un-
der such a scenario, the normal clearance angle is ay = 2°10'.

Special Features of the Shaper Cutter Tooth Profile

Standard gear shaper cutters are designed to produce a true involute
without modifications to the tooth profile. Often, gear design mandates the use
of modified profiles to improve performance. Shaper cutters can be ordered
with various profile modifications.

A variety of special features can be provided — and are frequently needed
— in gear shaper cutter teeth. Figure 17 illustrates six different special features.
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Figure 17 — Special features of the gear shaper cutter tooth profile

Root fillet. Root fillet radius modification consists of blending the corners
of the tool tip with a radius that produces a controlled fillet in the root corners of
the generated teeth (Figure 17, a). A root fillet increases bending strength of
the gear teeth and improves fatigue life. Tool wear of the gear shaper cutter is
also improved, as a sharp corner would chip off very quickly.

Tip relief. Tip relief cutters remove slightly more material near the top of
the gear tooth (Figure 17, b). Tip relief compensates for interference between
mating profiles and usually results in reduced gear noise. In high-speed gears,
it is often desirable to minimize noise and tip bearing resulting from tooth de-
flection under heavy loads. For the tooth profile modification of this type, im-
plementation of the method proposed by Radzevich [1] can be helpful.

Semitopping (or chamfer). The root area of semitopping shaper cutters is
modified at an angle to create a chamfer at the tip of the generated gear teeth
(Figure 17, c). Root of cutter is filled in to generate a sharp corner break of
chamfer on the tips of the gear. It minimizes tip buildup during heat treatment
due to nicks incurred during handling. This feature is very helpful in minimizing
damage due to nicks and burrs during part handling. These nicks and burrs
could result in gear noise.

Protuberance. The shaper cutter tooth profile is built up on the cutter tip
to provide an undercut near the root of the gear being generated (Figure 17, d).
The undercut in the gear root area acts as a clearance. The undercut is intend-
ed to facilitate subsequent finishing operations. Protuberance cutters are fre-
guently applied for gears that are finished by shaving or grinding.

Modified pressure angle. The gear shaper cutter tooth profile is ground to
a slightly lower pressure angle to provide for a constantly increasing amount of
stock from root to tip of the gear generated (Figure 17, e€). The tooth profile
modification provides relief for subsequent finishing operations.
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Full topping. The gear shaper cutter tooth is ground equal to the whole
depth of the gear tooth (Figure 17, f). The outside diameter of the gear is
“topped” to size when the teeth are cut. Modification of this type is used more
frequently for fine pitch gearing.

In particular cases of gear machining, customized tooth profile modifica-
tions can also be used.

Shaper Cutters for Machining of Helical and Herringbone Gears

Helical gears can be cut with helical shaper cutters (Figure 18), provided
that the cutter has an appropriate helix angle and the shaping machine has a
helical guide of appropriate lead to twist the cutter as it strokes back and forth.
Each helix angle requires its own special helical guide. A helical shaper cutter
and its guide form a set of tooling required to cut a specific helical gear. Two
helical cutters and two guides are required to cut a pair of meshing helical
gears (left- and right-hand gears).

Datum face

Figure18 — Design of a helical gear shaper cutter

The helix angle that a shaper cutter produces depends on both the lead
of the guide and the number of cutter teeth. The helix of the cutter must also
agree with the helix angle being cut or else serious “cutter rub” will occur. The
formula for the relation of cutter teeth to lead of guide is
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No. of teeth in cuftter _No. of teet h in gear
Lead of guide Lead of gear

Ordinarily, helical gears are cut with shaper cutters having a rake face
normal to the helix of the cutter tooth. If the helix angle is low, the transverse
section could serve as the rake face of the shaper tooth.

Helical shaper cutters generally require a wider recess at the bottom of
the cut for full cutter runout.

Gear shaper cutters do not usually cut the same whole depth throughout
their life. A shaper cutter can be designed with a front clearance angle that has
such a relation to the side clearance angle that a certain number of teeth may
be cut to an exact depth and thickness for the cutter. However, if this cutter is
used to cut gear of substantially larger or smaller numbers of teeth, the whole
depth cut will vary slightly from the design value. If a shaper cutter designed to
cut an external gear is used to cut an internal gear of the same tooth thickness,
the discrepancy in whole depth may be quite appreciable. In many cases, a de-
signer of a shaper cutter does not know all the numbers of teeth that the cutter
may have to cut during its life. This leads the designer to make the front clear-
ance angle large enough so that the cutter usually cuts a little extra on the
whole depth. It is usually reasoned that the problem of a little extra depth is less
than the problem of having the depth too shallow.

Herringbone gears of the continuous-tooth type must be cut with a pair of
gear shaper cutters working together. To make the cutting match from both
sides, it is necessary to use a cutter with the top face ground normal to the cut-
ter axis. This makes the top face angle y, = 0° and it makes one side of the cut-
ter tooth have an acute angle and the other side an obtuse angle. These fea-
tures do not aid the cutting action of the tool, but they are necessary to produce
the continuous tooth. A special sharpening technique has produced a good cut-
ting edge even on the obtuse-angle side.

(53)

Gear Shaper Cutters for Internal Gear Machining Mesh

The gear shaper cutter is the primary type of gear cutting tool for machin-
ing of internal spur and helical gears. Before designing a shaper cutter for ma-
chining of a given internal gear, the generating surface of the gear cutting tool
should be determined. To determine the generating surface of the shaper cut-
ter, the internal gear machining mesh is used.

Kinematics of Shaping Operation of an Internal Gear

The internal gear machining mesh, together with a primary motion (cutting
motion) of the gear cutting tool, comprises the kinematics of the shaping opera-
tion of an internal gear.
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In the internal gear machining mesh, the rotation vectors of the work gear
wg and the gear cutting tool wc are at a center distance Cg/c from each other,
and are parallel to each other. In this type of gear machining mesh, the vectors
wg and wc are pointed in the same direction. Under such a scenario, pitch
point P of the gear machining mesh is located not within the center distance
Cglc, but outside of it. The vector of instant rotation wy, is a vector through pitch
point P and parallel to vectors wg and wc. An example of the configuration of
rotation vectors wg, wc, and wpl is illustrated in Figure 19.
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Figure 19 — Vector diagram of the kinematics of the machining process of an
internal gear with the shaper cutter

Because the gear shaping operation of the pitch point takes place outside
the center distance Cg, the rotation vectors wy and w,. are not allowed to be of
the same magnitude. Therefore, satisfaction of the inequality wy # w. is a must
for gear shaping operations of this type. Here, wy and w. denote the magni-
tudes of the rotation vectors wy and w, that is, wy = | wy| and w = | w;|, re-
spectively.

To satisfy the inequality wy # wc, either rotation w, must exceed rotation
wy, Or rotation wy must exceed rotation we. In the first case, the inequality wy <
w, is valid, whereas in the second case the inequality wy > w, is observed. The
first case (wy < wc) corresponds to the operation of machining an internal gear
using the shaper cutter. Shaping of an internal work gear with the shaper cutter
Is schematically illustrated in Figure 20.
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Figure 20 — Shaping of an internal work gear with the shaper cutter

The inequality wy # wc is not the only constraint in the ratio between the
rotations wy and w.. One more constraint is attributed to the numbers of teeth
of the work gear Ny and the shaper cutter N¢, under which no interference of
the gear teeth and the shaper cutter teeth is observed before teeth are en-
gaged in the mesh and after they are disengaged from the mesh. This issue
needs to be discussed as a separate topic.

The generating surface of a gear shaper cutter is conjugate to the work
gear tooth surface. When shaping the work gear, the generating surface T of
the shaper cutter and the gear to be machined are in proper tight mesh with
each other.

The kinematics of gear generation is of critical importance for the deter-
mination of the generating surface T of the shaper cutter. When shaping an in-
ternal gear with a shaper cutter, the work gear and the shaper cutter rotate w,
and w. about their axes of rotation O4 and O, (see Figure 19). The axes Oy and
O of the rotations are parallel to each other (Oq || O).

The rotations wy and w, are timed with each other in such a way that the
ratio (54) is valid:

@, _N,
w, N, (54)



The shaper cutter is reciprocating in its axial direction simultaneously with
the rotations wy and w.. Speed of reciprocation is designated as V.. Recipro-
cation of the shaper cutter is necessary for stock removal.

When shaping a helical work gear, the rotation of the shaper cutter wc, is
performed in addition to the reciprocation V.. Timing of the motions V., and
w.; depends on the hand of the tooth helix of the work gear. The resultant
screw motion that is composed by the translation V., and the rotation w. is a
screw cutting motion of the shaper cutter along and about its axis. This screw
motion does not correlate to rotations wy and we, and is independent of rota-
tions wy and w.. The parameter of the screw motion is identical to the screw
parameter of the work gear helix. The vector of the screw cutting motion can be
pointed either in the same direction or in the opposite direction of the rotation
vector wc.

The distance between the axes O4 and O, of the rotations changes when
the shaper cutter reciprocates back and forth.

Design of Shaper Cutters

A detailed discussion of the design of shaper cutters reproducing an ex-
ternal gear machining mesh makes it easier to form a concise analysis of the
design of gear shaper cutters engaged in an internal gear machining mesh
when shaping gears.

Generating Surface of Gear Shaper Cutters

Most of the internal gears machined with shaper cutters are spur gears.
However, internal gears having helical teeth can also be machined with shaper
cutters.

The generating surface of a shaper cutter for machining internal gears is
similar to that used for machining of external gears. Therefore, without going
into details of the analysis, Equation (7)
'r,.cosV_+U_cosA,_ sinV, ]

r,.sinV,-U_cosA, sinV,
r,.tanA, . —U_.sinA,,
7

can be used for the analytical description of the generating surface T of the
shaper cutter for machining of internal gears.

Equation (55) is applicable for both helical shaper and spur shaper cut-
ters. In the latter, it is required to make the base lead angle A, . of the surface T
equal to 90°.

r,(U,,V,)= (55)

36



Profiling of Gear Shaper Cutters

When profiling a gear shaper cutter, it is necessary to satisfy the condition
under which three surfaces are passing through a common line: (1) generating
surface of the shaper cutter T, (2) rake surface Rs, and (3) clearance surface
Cs. These surfaces have to pass through the common line, that is, through the
cutting edge CE of the shaper cutter tooth.

There are three methods of transforming the generating body of the cut-
ting tool (a body that is made of the cutting material and bounded by the gener-
ating surface T of the cutting tool is referred to as the generating body of the
cutting tool) into a workable edge cutting tool [1]:

1. intersect the generating surface T by the rake surface Rs. Then, the
clearance surface Cs is a surface at a clearance angle a through the cutting
edge CE.

2. intersect the generating surface T by the clearance surface Cs. Then,
the rake surface Ry is a surface at a rake angle y through the cutting edge CE.

3. construct on the generating surface T the cutting edge having optimal
the inclination angle A. Then, the rake surface Rg, and the clearance surface Cs
are surfaces through the cutting edge CE.

In the first method, considered the most practical option for this particular
case, the generating surface T of the shaper cutter is intersected by the rake
surface Rs. The cutting edge CE of the shaper cutter is viewed here as the line
of intersection of the surfaces T and Rs.

The generating surface of the shaper cutter is defined above [see Equa-
tion (55)]. An internal cone of revolution or a plane (that is orthogonal to the
shaper cutter axis of rotation) is used as the rake surface Rs of the shaper cut-
ter tooth (see Figure 9). For helical shaper cutters, the plane that is orthogonal
to the pitch helix of the shaper cutter tooth (see Figure 10) can be used as the
rake surface as well. Coordinates of points of the cutting edge CE satisfy both
the equation for the generating surface T of the shaper cutter and the equation
for the rake surface Rs. Next, the clearance surface Cs is specifically construct-
ed so as to pass through the cutting edge CE. For the convenience of the man-
ufacturer of shaper cutters, the desired clearance surface is approximated with
a screw involute surface.

Clearance surface Cs of the chosen geometry is not exactly passing
through the cutting edge CE. Because of the approximation, deviations of the
actual location of the cutting edges from their desired location are unavoidable.
To minimize the deviations, certain corrections can be introduced in the shaper
cutter tooth profile. Determination of the critical distance to the nominal cross
section is also a critical issue when designing the shaper cutter.

For internal gears, it is frequently necessary to use small cutters when the
disk-type construction cannot be used. The smallest cutters are usually made
shank type. When the cutters are small in diameter for the tooth size, they are
made integral with a shank. If the face width to be cut is wide, the shank has to
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be rather long and sturdy.

Two basic designs of shaper cutters for machining of internal gears have
been developed: the shank-type shaper cutter and the deep counterbore shap-
er cutter that is assembled on a special adapter.

Figure 21 shows a shank-type shaper cutter and its nomenclature. Shap-
er cutters of this type are generally used in cutting small reference diameter in-
ternal parts. The cutter length below the taper must by adequate to accommo-
date the face width of the gear to be cut plus the required overtravel at the bot-
tom of the machine stroke and available life of the cutter.

The work-holding fixture or a recess of the gear teeth in the blank may require
extra length. Taper shank-type cutters are available in four taper sizes (meas-
ured at the large end of the taper).

C.

Taper diameter

LBT

Overall length

q

Figure 21 — Design of a shank-type shaper'cutter

The reference diameter of the cutter should approximate the diameter of
the taper. Flutes can be added to long cutters of small reference diameter to
minimize deflection when cutting.

Taper shank cutters, which come in various sizes, normally cut small in-
ternal gears or splines. The taper fits directly into the machine spindle or indi-
rectly with a reduction taper bushing.

The cutter has external teeth and must be small enough to avoid damag-
ing the corners of the internal teeth.

Shaper cutters frequently have small enough numbers of teeth to cause
the base circle to come high on the tooth flank. The region below the base cir-
cle may be left as a simple radial flank or it may be filled in. The filled-in design
can be used to break the top corner of the gear tooth being cut. Shaper cutters
can be made with a protuberance at the tip. The protuberance cuts an undercut
at the root of the gear tooth. This provides a desirable relief for a shaving tool.
The protuberance design is also used in some cases to permit the sides of gear
teeth to be ground without having to grind the root fillet.

A small disk-type shaper cutter with a deep counterbore mounted on a
special adapter is shown in Figure 22. Shaper cutters of this design are also of-
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ten used for cutting of internal gear teeth.
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Figure 22 — Small disk-type shaper cutter with deep counterbore mounted on a
special adapter

Cutting Edge Geometry of Gear Shaper Cutters

The rake angles y, and y; at the top and lateral cutting edges, respective-
ly, as well as the clearance angles ap and a; and are all necessary to make the
shaper cutter an efficient metal-cutting tool.

The geometry of three major surfaces, T, R, and Cs, in shaper cutters for
machining gears in the internal gear machining mesh is similar to the geometry
of the same major surfaces in shaper cutters for machining gears in the exter-
nal gear machining mesh. Thus, for the computation of (a) angle of inclination
A, (b) rake angles yy and y;, and (c) clearance angles ap and a, the formulae
developed earlier are applicable.

It is common practice to make the rake angle at the top cutting edge of
the shaper cutter equal to 5°. Occasionally, roughing shaper cutters have a
rake angle as high as y, = 10°. The clearance angle at the top cutting edge of
the shaper cutter is usually equal to ap = 6°. The sides of the cutter have a side
clearance of about a; = 2°.

Because of the smaller tooth number, changes in the rake angle y; and
the clearance angle a; within the lateral cutting edges of shank-type shaper cut-
ters and small-diameter disktype shaper cutter with deep counterbore exceed
changes in the corresponding angles y; and a; for shaper cutters of conven-
tional design.

Application of Gear Shaper Cutters

Kinematic schemes of machining of gear teeth featuring parallel rotation
vectors of the same direction are used mostly for shaping of internal gears. An
additional advantage of using this schematic of gear machining can be attained
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when shaping an internal gear with a shoulder as depicted in Figure 23.
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Figure 23 — Shank-type shaper cutter for machining of small-diameter internal
gears with a shoulder

An internal gear and an external gear can be cut in the same cycle by
mounting an internal and an external shaper cutter on the same arbor (Figure
24). Machining parameters for each cut are performed in the numerical control.

Machining of the cluster gear in a single setup is economical because it saves
time in remounting of the shaper cutters.

Figure 24 — Consecutive cutting of an internal gear and an external gear in the
same machine cycle
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In the gear shaping operation, cutting is accomplished by feeding the
shaper cutter radially into the annulus and the number of cuts required is con-
trolled by the material, the size of the work gear, and the quality expected. It is
common practice to finish with a light finishing cut and this may range from
about 0.002 to 0.010 in. (0.05-0.25 mm) deep. Internal gears tend to distort
easily unless their thickness is substantial. For epicyclic (planetary) gear units,
some flexibility in the annulus is beneficial, but during cutting it is necessary to
prevent radial deflection by whatever means is most suitable.

Shaping of external gears with enveloping shaper cutters is not often
used (Figure 25).
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| W, «— \. .\\:t\ 5

N\

!

A

T T &;f
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Stroke length

Work gear
Figure 25 — An enveloping shaper cutter for machining an external gear

However, in some particular cases of gear machining enveloping shaper
cutters can be substituted with no gear cutting tool of any other design instead.
High cost is the major reason for the limited use of enveloping shaper cutters.

Purpose and scope of the cutters application. Theory

Gear shaper cutter is a set of a large number of elementary gears with in-
finitely small width of the rim, having respectively positive, zero and negative
addendum modification shift and mounted on the same axis in order of de-
creasing shift values of xm (Figure 26).

41



IT
o
‘FI _____ i
a2/
|
Ir

I I
Figure 26 — Addendum modification shift xm

Each of these elementary gears is formed by enveloping movement of ralil
with profile angle a, and therefore any cutter section perpendicular to its axis
has one and the same involute profile. As regrinding the cutter’s rake face, one
of these infinitely thin gears with the corresponding addendum modification shift
value comes into cutting and into engagement with the gear being cut. There-
fore, gears formed by various cutter’s sections will have the same involute pro-
file.

Thus, the cutter is a corrected gear, having, in general, both positive and
negative correction due to the need to ensure its back angle a, Front section of
the cutter Il-1l (Figure 27) is called the initial (reference) cross-section, when
engaged with the gear it forms a zero transmission.

The distance A from the exposed face I-I of the new cutter to the initial
cross section is called the shift of the initial section (addendum) and in the gen-
eral case is considered as positive shift. In the initial section the initial circle co-
incides with the pitch circle and the tooth thickness s, along the arc of the pitch
circle, the size of the head h,o and root h¢, of the tooth will be equal to the size
of the initial addendum of the cutter rail. Cutter is supplied with rake angle y,
Regrinding of the cutter is made by the front surface, as the result of which af-
ter each regrinding size A will be reduced, so to improve the life of cutter size A
should be chosen as large as possible. But this increases the risk of the teeth
tapering, which leads to a decrease in cutter resistance. In addition, the risk of
interference of teeth of gears and wheels, cut by this cutter, increases too.

Thus, the first major challenge in the design of cutter is the choice of a
suitable shift A. The second task is to choose the distance Ags from the initial
section to section llI-1ll, which is the boundary of permissible cutter regrinding
(see Figure 27) Since with each regrinding diametric dimensions of the cutter
decrease, the risk of cutting the sides at the top of the teeth increases and the
risk of cut gears and wheels tooth roots undercutting increases too, i.e. it is
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Figure 27 — Positive and negative corrections of gear shaper cutters

necessary to check another four conditions.

Most techniques for solving these problems are following: shift A of the
initial cross-section is appointed (or calculated by empirical formulas) and
check of compliance with the first three conditions for sharpening the cutter

43



teeth and the absence of interference of teeth of gears and wheels is made. If
at least one of these conditions is not satisfied, then the value of A is adjusted
and all three conditions are re-checked, and so as long as they all are not met,
- as according the artillery principle "overflight-undershoot". The same is re-
peated for the appointment of the distance As but now for checking the four
conditions [2].

By construction, the cutters are divided into: disc-type gear cutters, deep
counterbore-type gear cutters and shank-type gear cutters. For cutting spur
gears spur-type gear cutters are used, for helical and herringbone — helical
gear cutters. Gear cutters are used also for cutting teeth on the block wheels
and wheels with collars, internal gears, herringbone gears with continuous
tooth without groove to exit the tool, precision gear racks by rounding.

In accordance with GOST 9323-79 gear cutters of the following types are
made (Figure 28):

1) disc-type spur, accuracy classes AA, A and B;

2) disc-type helical, accuracy classes A and B with nominal angles of
teeth 15° and 23°;

3) deep counterbore-type spur, accuracy classes AA, A and B with a
nominal pitch diameters of 80,100 and 125 mm, as well as accuracy classes A
and B with a nominal reference diameter of 50 mm:;

4) shank-type spur, accuracy classes A and B;

5) shank-type helical, accuracy classes B with nominal angles of teeth
15° and 23°.

Cutters of accuracy class AA are designed for cutting gears of 6-th de-
gree of accuracy, and accuracy class A and B, respectively, for the gears of 7-
th and 8-th, 11-th degrees of accuracy.

Recommendations on the choice of the basic design elements of finishing
disk-type and shank-type spur cutters are shown in Tables 1 and 2 [3].

Performance of gear cutting by gear shaper cutters teeth sectors, gears
with narrow rim and a large number of teeth is slightly higher than by the worm
cutters. Gear shaper cutters are also advisable to use when cutting gears with
module less than 1.5 mm.

Initial data for the design of cutters:

- Materials of processed gears and their hardness;

- Normal gear module my;

- Pressure angle of the gear being cut a;

- Coefficient of tooth addendum h * = 1;

- Coefficient of the radial clearance c* = 0.25;

- Angle of inclination B8 of the gear tooth and the direction of the tooth;

- Degree of accuracy of the gear being cut and the rate of side clearance;

- Number of teeth of cut gear z;, and wheel z5;

- Coefficients of the initial addendum maodification shift of cut gears x; and Xx..
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Calculation of spur-type gear cutters for cutting external gears

Calculation of spur-type gear cutters for cutting external gears is made in
the following sequence.

1. Cutter design and the material of the cutting head are selected consi-
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dering the design and physical and mechanical properties of the processed ma-
terial. The class of cutter accuracy is chosen.

2. Number of cutter teeth z, taking into account the nominal reference di-
ameter of the cutter donom 1S donom/Mo. It IS rounded to the nearest whole number
in accordance with the recommendations of GOST 9323-79 (see Tables 1 and
2) [3].

Table 1 — Recommended basic dimensions of disk-type spur cutters
(GOST 9323-79)

Mo, MM | zo | dy, mm|d,, mm|xe* |A mm|bs, mm|B, mm
Nominal reference diameter of the cutter dgnom = 80 mm

1,000 | 76 0,66 6,3

1,125 | 67 057 6,1

1,250 | 60 0,5 5,9 12
1,375 | 56 0,46 | 6,0

1,500 | 50 0,40 5,7

1,750 | 43 0,33| 5,5

2,000 | 38 0,28| 5,3 15
2,250 | 34 0,24 51

2,500 | 30 0,20 4,8

2,750 | 28 3L.75 50 0,18| 4,7 8

3,000 | 25 0,15 4,3

3,250 | 24 0,14 4,3

3,500 | 22 0,12 4,0

3,750 | 20 0,10, 3,6 17
4,000 | 19 0,09| 3,4

4,250 | 18 0,08 3,2

4,500 | 17 0,07 3,0

5,000 | 16 0,06 2,8

Nominal reference diameter of the cutter dg,om = 100 mm

1,000 |100 0,90, 8,6

1,125 | 90 0,80, 8,6

1,250 | 80 0,70 8,3 8 17
1,375 | 73 0,63| 8,2

1,500 | 68 0,58 8,3

1,750 | 58 0,48| 8,0

2,000 | 50 0,40, 7,6

2,250 | 45 44,45 70 0,35| 7,5

2,500 | 40 0,30 7,1

2,750 | 36 0,26| 6,8

3,000 | 34 0,24, 6,8 10 20
3,250 | 31 0,21 6,5

3,500 | 28 0,18 6,0

3,750 | 27 0,17| 6,1
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Table 1, continued

Mo, MM | Zo | dy, mm | do, mm | xo* | A, mm | by, mm | B, mm

Nominal reference diameter of the cutter dgnom = 100 mm

4,000 |25 0,15| 5,7
4,250 |24 0,14| 5,7
4,500 |22 0,12| 4,8 10 20
5,000 |20 0,10, 4,3
5,500 |18 | 44,45 70 0,08| 4,2
6,000 |17 0,07 4,0
6,500 |16 0,06| 3,7 12 22
7,000 |16 0,06 4,0
8,000 |14 0,04 3,0
Nominal reference diameter of the cutter dgom = 125 mm
2,00 |62 0,52 9,9
2,25 |56 0,46| 9,8
2,50 |50 0,40 9,5
2,75 |46 0,36| 9,4 22
3,00 |42 0,32 9,1 10
3,25 |38 0,28| 8,7
3,50 |36 0,26 | 8,7
3,75 |34 0,24| 8,6
400 |31 0,21| 8,0 24
450 |28 44,45 80 0,18| 7,7
5,00 |25 0,15, 7,1
550 |23 0,13| 6,8
6,00 (21 0,11, 6,3
6,50 (19 0,09, 5,6
7,00 (18 0,08 5,3 14 28
8,00 |16 0,06 4,6
9,00 |14 0,04, 3,4
10,00 |14 0,04, 3,8
Nominal reference diameter of the cutter dgn,om = 160 mm
6,0 27 0,17| 9,7
6,5 25 0,15 9,3 16 30
7,0 23 0,13| 8,7
8,0 20 88,9 120 0,10, 7,6
9,0 18 0,08| 6,8 20 32
10,0 |16 0,06| 5,7
Nominal reference diameter of the cutter dgn,om = 200 mm
8,0 25 0,15| 11,4
9,0 22| 101,6 140 |0,12| 10,3 25 40
10,0 |20 0,10, 9,5
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Table 1, continued

Mo, MM | Zo | di, mm | do, mm | xo* | A, mm | bs, mm | B, mm

Nominal reference diameter of the cutter dg,om = 200 mm

11,0

18

12,0

17

101,6

140

0,08

8,4

0,07

8,0

25

40

Table 2 — Recommended basic dimensions of shank-type spur cutters

(GOST 9323-79)

Mo, MM | Zo | Xo* | A, mm | by, mm | L, mm | Morse taper | d;, mm

Nominal reference diameter of the cutter dgnom = 25 mm

1,000 26| 0,15 | 1,40

1,125 |23 0,13 | 1,40

1,250 |20 0,10 | 1,20 10

1,375 |18 | 0,08 | 1,00

1,500 |18 0,08 | 1,10

1,750 |14 | 0,04 | 0,67 80 B18 M10
2,000 12| 0,02 | 0,38 12

2,250 (12| 0,02 | 0,40

2,500 10| 0,00 | 0,00

2,750 |10| 0,00 | 0,00 15

3,000 | 9 [-0,01]| -0,29

Nominal reference diameter of the cutter dgnom = 38 mm

1,000 38| 0,28 | 2,66

1,125 34| 0,24 | 2,60

1,250 |30/ 0,20 2,4 12

1,375 |28 0,18 | 2,40

1,500 |25| 0,15 | 2,10

1,750 | 22| 0,12 | 2,00

2,000 19| 0,09 | 1,70

2,250 |16 0,06 | 1,30 100 B24 M12
2,500 |15/ 0,05 | 1,20 15

2,750 |14 0,04 | 1,00

3,000 |12 0,02 | 0,60

3,250 |12 0,02 | 0,60

3,500 |11 0,01 | 0,33

3,750 |10 0,00 | 0,00 17

4,000 |10| 0,00 | 0,00

3. Reference diameter of the cutter is specified do = zgmy,

4. For finishing shaper cutters the rake angle is y, = 5°, and for roughing
shaper cutters y, = 10...15°.

5. Top-relief angle a, is recommended to take 6°. It is known, however,
that the increase in a, to 9...12° leads to an increase in shaper cutter tool life in
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1.3-1.5 times. Shaper cutters with angles y, = -15° and a, = 9° for rough cutting
of gears have tool life 3...4 times higher than the standard shaper cutters.
6. Actual angle of the shaper cutter profile a, is defined up to 1" by the
formula
fana

1-tana, tany,

7. Peripheral relief angle of the cutter section on the reference cylinder
(see Figure 29):

tana, = (56)

tands = tanag-tanda, (57)
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Figure 29 — Gear shaper cutter's geometry

Relief angle a, on the sides of the teeth in the normal section to profile:
tana, = sinagtana, . (58)
Machine grinding wheel head turns on the angle a, while grinding shaper
cutter teeth, so the specified angle must be obligatory written in the drawings.
For above-mentioned recommended values y,, a,, a the values of ay, a,,
as can be taken from Table 3.
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Table 3 — Values of ay, a,,, as depending on y,, a,, (a = 20°)

Ya Qa Qo an 9f]

5° 6° 20°10'14" 2°04'32" 2°12'40"

5° 9° 20°15'30" 3°0820" 3°20'44"
10° 6° 20°20'49" 2°05'35" 2°13'58"
10° 9° 20°31'38" 3°10'44" 3°23'38"
15° 9° 20°48'43" 3°13'15" 3°26'42"
17° 9° 20°55'653" 3°14'19" 3°28'04"
17° 12° 21°16'09" 4°24'33" 4°43'48"

8. Base diameter of the shaper cutter dyg = dg-COSao
Determination of cutter tooth dimensions in the initial section

Dimensions of shaper cutters tooth profile in projection of the front sur-
face on a plane perpendicular to the axis, as well as the dimensions on the pro-
file parameters in a controlled cross-sectional are taken from Annex 1 GOST
9323-79.

Technical requirements for the gear shaper cutters are accepted accord-
ing to the GOST 9323-79 [4].

9. Shaper cutter tooth thickness on the pitch circle:

for finishing cutters: s = (Tm/2) + As,;

for roughing cutters: sq = (rTm/2) — As,, + 4s,;
where As, — thinning of the shaper cutter tooth for formation of allowance on
the teeth of the gear being cut for post-processing:

- for finish gear milling or gear shaping: 4s, = %-tana;

- for grinding 4s, =0,5 -{m -tana ;

- for gear shaving As, = 0,035 m.

As, is the value of shaper cutter teeth thickening for formation of side lat-
eral clearance during finishing processing of the cut gears. Values of As, and
clearance &s on the thickness of the shaper cutter tooth are taken from Ta-
ble 4.

Table 4 — The amount of thickening of the tooth As, and tolerance &s the
thickness of the tooth cutter, mm

M | As, os m | 4s, és
Class A | Class B Class A | Class B

1,0 | 0,08 4.0

1.25 425 0,10| 0,02 0,03
1,75 45

2,0 0.09 0,02 0,03 50 (0,11

2,257 55 0,03 0,04
2,5 6,0

2,75 6,5 012
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Table 4, continued

M | 4s, 0s m | As, os
Class A |Clas B Class A |Class B
3,0 7,0
3,25 010 8,0 013
35 ’ 9,0 | 0,14
3,75 10,0 | 0,15 | 0,04 0,05

10. Tooth addendum hy, = hyo = 1,25m, where hs, is the tooth
dedendum of the cut gear and wheel.

11. Tooth dedendum h¢y = h,; 2 + ¢ = m + ¢, where h,; ; is the tooth ad-
dendum of the cut gear and wheel, ¢ =0,25m, if m <25 mm,andc = 0,3 m, if
m> 2,75 mm.

12. Diameter of the circle of shaper cutter projections in the initial section:

daO]_ = do +2,5m.

13. Shaper cutter tooth thickness on the outer diameter in the initial sec-
tion

s, . .
S5 =d ., (d—" +inva -inva,, j
o

d, d,osa,

where €0SQ,, = Jinva =1ga—a (ais taken in radians).

aot dam
14. The minimum allowable tooth thickness of the new cutter on the outer
diameter by the condition of mechanical strength IS

s,, =+/0,25938m —0,03752 .

Approximate values of the allowable teeth thickness on the top of the
shaper cutter can be taken by either Table 5 or Figure 30.
Table 5 — Permissible tooth thickness on it’s tip

Nominal reference diameter Module m, Tooth thickness on
do,mm mm it's tip S;, MM

1,0...15 0,5...0,7

75 1,75...2,5 0,8...0,9
2,75...4,5 1,0...1,1
1,0...1,6 0,6...0,7
1,75...2,5 0,8...0,9

100 2,75...4,5 1,0...1,2
45...50 1,8...1,4
55...6,0 1,5
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Figure 30 — Nomographic chart of dependence s,,/m-x, (numbers on

the nomographic chart corresponds to the number of gear shaper cutter teeth;
addendum modification coefficient of gear shaper cutter x, = x,m)

15. Initial distance, providing a predetermined thickness of the tooth s,
on top:

A= (5301 _saa a0
2

Z(dao,tanaao —8,, — d"’”’)lanaa
do
It is accepted as calculated, if A <0,5B, and equals to 0,5B, if the calcu-
lated A>0,5B, where B — the length of the shaper cutter tooth in accordance
with GOST 9323-79.
Initial distance also can be taken according to the relationship
_x,-m
tana,’

where Xg* — coefficient of the initial addendum modification shift, taken from
Table 1, 3.

The calculated initial distance can be refined and adjusted according to
the recommendations of GOST 9323-79 (see Tables 1, 2).

Checking the cutter with the selected initial distance for the absence of
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the interference with the transition curves of the cut wheels is performed only
for the gear.

There is no interference, if the following condition is met: py1 > pi1,
where p,; is the radius of curvature of the active profile of the gear tooth at the
bottom initial point of contact for its external engagement with wheel:

Pp1 = Auw12'SiNAy12 — 210 dap,

where ry, = 0,5mz,cosa is the radius of the base circle of the wheel; p); is the
radius of curvature of the involute profile of the gear tooth at the point of begin-
ning of the transition curve when cutting it by the shaper cutter (Figure 31).

Figure 31 — Scheme for determination of radius of gear’s tooth profile curvature

Center distance of the gear drive: a2 = 0,5 m (z; + z,).
Angle a,o of the shaper cutter tooth profile at the point on the circle of the
projections is determined according to the formula

Iy
cosa,, =2 cosa -
T ao

r
For wheel cosa,, =—%-cosa,
raz
where r, is the radius of the pitch circle of the wheel; ry, is the radius of the
wheel top circle.
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The value of p;; is determined as follows:
Pi1 = Au10°SiN Ayo — Mpo-tan e,
where ryq is the radius of the base circle of the shaper cutter.
Center distance in the machine gear engagement with gear shaper cutter
IS
m(z, + z,)cosa
2cosa,,,

Angle of engagement a0 in the machine engagement is defined by the formu-
la

ayn =

: . 2tana(x; + x,)
inva,,, = inva + ,

Z,+2z,
where X1*, Xo* are shift coefficients for gear and cutter respectively.

_ _ . . A-lana,

When checking a new cutter xq* is taken Xy = Xppmax = T m

If the condition py1 > py1 is not satisfied, you can either reduce the value of
X;,,,ax and recalculate the initial distance A, or increase the number of teeth of

the gear shaper cutter, and then repeat the check.
Determination of cutter tooth dimensions on the front surface.
These dimensions are determined in the following sequence.

16. Circular tooth thickness S, on a pitch cylinder is counted by the for-
mula
s,=8,+2A-lana -tana, .

17. Gear shaper cutter tooth addendum A, =h,, + A-fana, .
18. Gear shaper cutter tooth dedendum Ay, = A, —A-tana, .
19. Gear shaper cutter tip diameter d,, =d, + 2h,,.

20. Gear shaper cutter root diameter dy, =d, —2h;,.

21. Maximum permissible value of cutter re-cutting down AB is limited by
the strength of the tooth undersized shaper cutter and the lack of teeth under-
cutting of cut gears: AB = B — |, where B is the tooth length of new cutter
(adopted in accordance with GOST 9323-79, see Tables 1, 3); | — length of the
tooth of completely undersized shaper cutter; it is recommended | = (1/4
...1/3)B, but not less than 5 mm.

22. When working with completely undersized shaper cutter, undercutting
of gear and wheel tooth dedendum can occur. There is no undercutting, if the
following conditions are fulfilled p;; > O (for gear) and p,, > 0 (for wheel). Calcu-
lation of p;; and p;; is made using the formulas given in section 15, taking
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X=X, = (A- AB)tana, |
m
23. Test for the absence of the tooth addendum cut-off by completely un-
dersized shaper cutter is made using the ratio dyo2-SiNAye 2 ra2-Sindy,. In this
formula, the component values are calculated in the following way:

m(z, + z,)cosa . . Ztana(x* + X, )
a,., = (2, +2,) ;. inva,,, =inva + 2 _“Omin/
2cosa,,, Z,+2,

where x,* — shift coefficient for the wheel.

24. The remaining elements of shaper cutter design are selected accord-
ing to GOST 9323-79 (see Tables 1, 3) or for reason of design.

At the reference front face or at the shaper cutter neck the marking is
made, which allows to provide its correct setting on the machine and operating
conditions:

- trademark of the manufacturer;

- module;

- number of teeth;

- pressure angle;

- accuracy class designation;

- the actual angle of inclination and the helix lead (for helical-type shaper
cutters);

- material of the cutting part.

25. Requirements for surface roughness of shaper cutters are shown in
Table 6, tolerances and limit deviations of parameters of gear shaper cutters —
in Table 7.

Table 6 — Surface roughness of gear shaper cutters, um (GOST 9323-79)

Gear shaper cutter’s
Surface accuracy class
AA | A B

Front and rear surfaces of the teeth, Rz 1,6 2,5
The bearing surface of disc-type and deep

0,2
counterbore-type gear cutters, Ra
Tool bore of disc-type and deep counterbore-type 0.2
gear cutters, Ra ’
The inner bearing surface of disc-type and deep

0,8
counterbore-type gear cutters, Ra
Shank surface of the shank-type gear cutters, Ra 0,4 0,8
Other, Ra 2,5
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Table 7 — Tolerances and limit deviations
cutters, um (GOST 9323-79)

of parameters of gear shaper

Gear Module, mm
Parameter De_sig- Nomi”a' reference sﬂt?epreg 12to g,go 22 ° (1303 ° > 10
nation diameter, mm —L —
accura- | Tolerances and limit deviations,
cy class um
up to 50 +4 | -
- 50...120 AA — | +6
Deviation of Itt)?r?ant up to 50 A +5 | -
tool bore di- fq diameter 50...120 - +8
ameter mm " | upto 20 +6 -
20...50 B +7 | -
50...120 - | +10
Cone runout
t(:)f the shank- £ B AB 5
ype gear cut-
ters
Deviation of up to 50 g‘ g g —
perpendicu- AN 3 2
larity of outer 50 125 A 5 6
bearing sur- fuy B 3 10
face to the AA — 5
surface of the 125 200 A — 5
tool bore B — 12
A 5 6 -
up to 50 B 3 10 —
Deviation of AA 3 4 —
parallelism of f 50...125 A 5 6 —
bearing sur- X B 8 10 -
faces AA - 5 6
125...200 A — 8
B — 12
A 14
up to 50 B 20
. AA 12 —
Axial runout of
the front sur- fie 50...125 g‘ ;g —
face AA — 0
125...200 A - 28
B — 40
AA +5'
Deviation of fra A +8'
the front and - B +12'
rear angles f AA +3'
aa A,B +5'
Runout of ad- up to 50 A 12 16
dendum circle | 0 B 20 25
50...125 AA 10 12 -
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Table 7, continued

Gear Module, mm
Parameter De_sig- Nom‘”a' reference cS:St?gr?; 12to g,tSO gg ° E1503 © 1> 10
nation diameter, mm —L —
accura- | Tolerances and limit deviations,
cy class um
50...125 A 16 20 —
Runout of ad- B 25 32 —
dendum circle | ™0 AA — 16 20
125...200 A - 25 32
B - 40 50
A
up to 50 B +320 -
Deviation of AA ;g +400 +500 180
addendum cir- | fga0 3 160
cle diameter 50...200 A 50 +400 +500 _O
+4 +60
B 00 +500 0
Profile error of AA 3 4 6
not _modh;ier?l fo B A 4 5 7 10
portion of the
cutting edge B 8 10 12 16 20
Deviation of
the tooth ad- | fao - AAé A 181 +25 | #32 | +40 | +50
dendum
Adjacent tooth AA 3 4 >
pitch variation fuo B A S 6 8
B 8 10 12
Cumulative AA 9 11 14
Fro - A 14 18 22
B 20 | 24 30 36
A 14 16 - -
up to 50 B | 20| 24 | 26 S
Radial AA 12 14 -
ohie r{r‘]’g"”t - 50...125 A | 16| 18 20 _
gear B 24 | 26 32 -
AA - 18 20
125...200 A - 24
B - 36 40

General requirements for the homework

1. Content of the homework
Making the homework students are required to perform the following ac-

tivities:

a) to design 7 types of various tools with the detailed working out of cut-
ting patterns and design (variants of combination of various types of tools are
shown in Table 8);
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b) to complete an explanatory note, containing the method of calculation
and the necessary calculations for each of the designed tools.

2. Scope of the homework

The student should defend following documentation on homework:

a) graphical part in the amount of 4 ... 5 sheets of A3 or 9 .. 10 A4 sheets
(in this case the drawings are filed in the explanatory note);

b) explanatory note in the amount of 30 ... 35 sheets of A4;

Regularity of the homework execution by the students is noted by the lec-
turer on the front page of the explanatory note.

3. Homework defense

Homework should be defend within the time designated by the depart-
ment in consultation with the dean's office.

10 ... 15 minutes are provided for defense. In the process of defending
student makes a detailed message about the content of the homework, the va-
lidity of made decisions and conclusions, and the degree of utilization of sci-
ence and technology, patent design studies, use of computers for designing.
After answering the questions on the content of the homework student gets the
mark. Making an assessment of the homework it is taken into account student’s
knowledge of the homework material, regularity of its implementation, content
and literacy of design drawings and notes, the ability to highlight the content of
homework and accuracy of answers to the questions, consultant mark.

4. Guidelines for the design of certain types of tools

Initial data for the design are chosen on the variants specified by the de-
partment for each student. Variant of the material of an item is selected by the
number of student in list of his academic group (or by last digit of the record
book).

5. Gear shaper cutters

Variants of tasks for the design of gear shaper cutters (Table 8). The task
Is to design a gear shaper cutter for spur gear machining. Number of teeth — Z;.
The gear is to be geared with the spur wheel with Z, teeth.

Nominal rack tooth profile is according to GOST 13755-68.

Table 8 — Variants of tasks for the design of gear shaper cutters

Variant The degree of accu-
number| m |Z;| X1 |Z,| X, |racy in accordance
with GOST 1643-72
1 1 35(+0,15|40|- 7-7-6-Ba
0,15
2 1,25 (30{+0,1 |42|+0,1|7-Bc
3 1,25 (28(+0,1 |35|+0,1|6-7-8-Ba
4 1,375(27(+0,15|36|-0,1 |7-Ba
5 1,5 |24(+0,1 |30(+0,1|6-6-7-Ba
6 1,75 |25(+0,15|30|+0,1|7-8-8-Ba
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Table 8, continued

Variant The degree of accu-
number| m |Z,| X; |Z,| X, [racy in accordance
with GOST 1643-72

7 2,0 |23]|+0,15/32|-0,1 |6-7-8-Ba
8 2,25|28(+0,2 |35[+0,2 |7-7-8 OB
9 2,5 |25]+0,15/40(+0,3 |6-7-7 Ca

10 2,75|24|+0,2 [32]|+0,15|6-7-8 Bc
11 3,0 |23|+0,25|38(+0,3 |8-Ca
12 3,5 [22]+0,15|28|+0,2 |7-Ba
13 4 120|+0,1 |32(+0,25|6-Ca
14 4,5 |19/+0,1 |30(+0,25|7-7-8-Ba
15 5,0 |18]+0,1 |35|+0,25|7-6-7-Oa
16 5,5 [17]0 27|+0,2 |6-7-8-Ba
17 6 |20/+0,15|45|+0,3 |7-6-7-Ca
18 7 119|0,1 |28(+0,2 |8-7-6-Ba
19 8 [18|0 36/+0,3 |7-Ba
20 9 |17]0 25[+0,2 |6-Ca

Calculation of gear shaper cutter must precede the determination of addi-
tional initial data for the part by calculation or reference literature: the thickness
of the wheel tooth being cut, outside diameter and root diameter, the value of
tolerances on both parameters, depending on the degree of accuracy (see Ta-
ble 8).

Reference circle diameter of the gear shaper cutter appointed on the ba-
sis of the cut gear module and machine model, which will be used. The value of
reference circle diameter should be aligned with the standard value. The next
step is to define the parameters of the tooth in the reference section and finding
the initial distance. Designed gear shaper cutter is checked for correctness of
wheel tooth cutting - no profile interference, flanking and topping off.

In case of failure of any conditions initial distance should changed or the
number of teeth of the cutter or grinding limit.

A working drawing gear-cutting cutter is performed.

Technical requirements

Necessary information that is impossible or inappropriate to express
graphically or by symbolic notation include the text part of the drawing - the
technical requirements and is positioned above the title block. On sheets of A3
format more text can be placed in two or more columns. The width of the col-
umns should be no more than 180-185 mm.
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The headings "Technical requirements” and "Technical regulations " are
placed above the appropriate text and do not underlined. If placed in the draw-
ing only the technical requirements, the title "Technical Requirements" do not
written.

Paragraph numbering is carried out in Arabic numerals with the point af-
ter. Description of the item starts with a capital letter and ends with a period.
Text requirements should be short and precise. Abbreviations other than gen-
erally accepted, not tolerated.

Homogeneous and similar in character requirements are grouped in the
following sequence:

a) requirements to workpiece, heat treatment, hardness, electrical, mag-
netic and other properties of the material; here indicate, if necessary, substitute
materials;

b) the dimensions and tolerances; deviations of form and relative position
of surfaces, dimensions for reference;

c) gaps that define the layout design;

d) requirements for setting up and adjusting the part;

e) special requirements: noiselessness, vibration, etc .;

f) conditions and test methods;

g) the guidance on branding and labeling,

h) the rules of transportation and storage,

I) the special conditions;

]) the necessary links to other documents.

Each item in the specifications written on a new line.

To protect the course project on the subject "Tool provision of aircraft en-
gines manufacture” students should have good attendance (at least 50 %) on
lectures, laboratory and practical classes, perform an individual task for the de-
sign of tools, which is confirmed by relevant drawings and explanatory notes
thereto. Note the individual conclusions to the explanatory note and the state-
ments documentation. In addition, it is necessary to be prepared to defense the
course project using the existing students notes.

Example of the statements documentation is shown in Table 9 below.
Table 9 — Example of the statements documentation

Ne | Page Legend Name Number Notes
format of
pages
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