KUBO LAYOUT

8/6/04

9:39 AM

Page 64

Simulation of Hobbing for Analysis of
Cutting Edge Failure due to Chip Crush
Masaharu Komori, Masaoki Sumi and Aizoh Kubo

Management Summary
There are great advantages in dry hobbing, not only for friendliness toward the environment, but also for increasing productivity and
for decreasing manufacturing cost. Dry hobbing, however, often
causes failures in hob cutting edges or problems with the surface
quality of gear tooth flanks. These difficulties are not present when
hobbing with cutting oil. Pinching and crushing of generated chips
between the hob cutting edge and the work gear tooth flank is considered a major cause of those problems.
In this report, a hobbing simulation program is developed to clarify the clearance between hob cutting edge and work gear tooth
flank and the movement of generated chips on rake surfaces. The
simulation explains the mechanism of chip crush and cutting edge
failures, and a method to evaluate the probability of chipping on a
hob’s cutting edge by simulation is proposed.
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Figure 1—Typical example of chipping failure of cutting edge of carbide hob under dry
cutting (example 1).

(a)

Figure 2—Classification of dry hobbed
chips and their form groups.

(b)

Figure 3—Bent or crushed chips observed under dry cutting: (a)—chips bent after the formation; (b)—same kind of chips as that of (a), but not bent after their formation.
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Introduction
Dry hobbing is more environmentally friendly
than the conventional method, which uses cutting
oil (wet hobbing). Dry hobbing has great advantages in increasing productivity and decreasing
manufacturing cost as well (Refs. 1–2). Dry hobbing, however, often causes problems, such as
chipping of the hob cutting edge or creating of
coarse tooth flanks on manufactured gears. These
problems are not present in wet hobbing. The
pinching and crushing of generated chips between
the hob cutting edge and the work gear tooth flank
is considered to be a major cause of the problems.
Three types of chip crush between hob cutting
edge and work gear tooth flank are possible: (1)
crush during generation of chip, (2) crush of chip
flying after its generation, (3) crush of chip stuck
on hob tooth after a rotation of hob (Ref. 3). Item
(2) can be solved by equipping hobbing machines
with air blowers. The same remedy and/or selecting of adequate coating and material of hob somewhat improves item (3). But the remedy for item
(1) has not been clarified because of the complicated mechanism of hobbing and chip generation.
In this report, a calculating method for the
trace of each hob cutting edge relative to the work
gear is developed to simulate the clearance
between hob cutting edge and work gear tooth
flank. Using this simulation, the mechanism of
chip crush is clarified and the method to evaluate
the probability of chip crush between hob cutting
edges and tooth flank is proposed.
Observation of Dry Cut Hob Failure
and Generated Chips
Figure 1 shows a typical chipping failure of a
hob cutting edge observed when a right-hand helical gear (module 2.75, pressure angle 20 degrees,
number of teeth 62, helix angle 30 degrees and
addendum modification factor –0.6) is dry cut by
a right-hand carbide hob (four threads and outer
diameter 100 mm) under climb cutting (2.5
mm/rev.). Chips generated by the hobbing can be
classified into types of shape, as shown in Figure
2. The fact that the types of generated chips have
the same form suggests the existence of a definite
mechanism for chip formation.
Figure 3 shows some examples of chips: Chips
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on the right side in (a) and (b) show the originally generated shape. The others are parts of the
original chips that separated during this observation. Chips in (a) resemble those in (b) in size and
in shape, but each chip in (a) is bent. It is thought
that the chips in (a) are pinched and crushed
between hob cutting edges and work gear tooth
flanks. Many examples of such bent chips are
found in the pile of chips to be discarded. That
means chip crush does not occur by accident, but
some repeating definite mechanism of chip crush
must exist in the hobbing process.
Each chip in Figure 4 is cut partly on the surface at the same position. Those chips are also
considered to be crushed between the hob cutting
edge and the work gear tooth flank during the
hobbing process.
Chips in Figure 5(a) are the same as those in
5(b), but there is a difference in the right edge of
the chip. The chip part in (b) is considered to be
cut after its generation. Temper color is observed
on that cut section. That suggests chip crush
occurred under high temperature condition, i.e. as
soon as the chip was generated.
Figure 6 shows a chip stuck on a hob tooth’s
rake surface, observed when the hobbing
machine is retract-stopped in an emergency during cutting. The combination of hob material and
work gear material in this case makes that chip
easily stick on the rake surface. Figure 6 shows
therefore a status of generation of chip on the rake
surface during hobbing (Refs. 4–5). Some part of
the chip is outside of the hob’s rake surface. That
suggests some part of the chip can be intruded
into the clearance between hob cutting edge and
work gear tooth flank. A hob cutting edge can be
damaged if a large chip, as shown in (a), is
crushed. When a small and thin chip, as shown in
(b), is crushed, a part of the chip scratches the
work gear tooth flank or is inlaid on the cut surface and the quality of the manufactured gear
becomes a problem.
Those facts clarify that there is a steady mechanism causing chip crush between hob cutting
edge and work gear tooth flank. Chipping of the
hob cutting edge in Figure 1 is therefore probably
caused by chip crush.
Calculation Method of
Chip Formation and Clearance
To prevent chip crush, it is necessary to evaluate the size, shape and movement of chips on or
over a hob tooth’s rake surface and the condition
of clearance between hob cutting edge and work
gear tooth flank. A simulation method for the

Cutting edge mark

Figure 4—Cutting edge marks found on the same position of chips, observed under dry cutting.
Sheared

(a) Normal chips

(b) Sheared chips

Figure 5—Shearing of chips after their formation, found
among dry cut chips (compare with those found in the
smallest chip group in right lower section of Figure 2).

(a) Large chip

(b) Small chip

Figure 6—Chips observed on rake surface of hob tooth
after emergency retract stop. This is supposed to express
the status during cutting.

hobbing status is proposed by Terashima and
Ueno (Ref. 6) and others (Refs. 7–10). The
expression of the simulation results has been limited to the cutting depth by the hob teeth. It is difficult to understand the changing state of clearance between hob cutting edge and work gear
tooth flank by this expression. Evaluation of the
probability of chip crush is therefore almost
impossible.
Basic calculation of trace of a point on cutting edge. The number given to each hob tooth is
defined as shown in Figure 7. The hob tooth that
generates the center of the work gear’s tooth
groove is called tooth No. 0, those acting before
tooth No. 0 have a minus sign, and those acting
after have a plus sign. Here, the side cutting edge
located on the left side of the hob tooth, as seen
in Figure 1, is called the left edge and the side
edge on the right side is called the right edge.
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Figure 7—Definition of number given to each hob tooth.
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Figure 8—Definition of a point on a hob tooth’s cutting
edge expressed via hob coordinates and space coordinates.
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Figure 9—Relationship between gear coordinates {Xs, Ys,
Zs} and space coordinates {X, Y, Z}. (Axis Zs is the same as
axis Z.)
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Figure 10—Profile and calculation point on cutting edge of
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(1)
(2)
(3)

Γ means hob set angle, which is defined here by
inclination of the hob axis relative to the plane
normal to the gear axis. c shows the center distance of the hob and work gear. The trace of point
on the hob’s cutting edge during hobbing can be
expressed by space coordinates {x, y, z}, by calculating its movement according to hob rotation
and feed by Equations 1, 2 and 3.
Gear coordinates {Xs, Ys, Zs} are set as shown
in Figure 9 in order to calculate the trace of a
point on the hob cutting edge relative to the work
gear whose origin is the same as that of the space
coordinates, and each axis is fixed to the work
gear. That is, axis Zs is the same as axis Z, but
axis Xs and Ys rotate according to work gear rotation. The position of Xs and Ys becomes the same
as that of X and Y when the rotation angle for the
middle point on hob tooth No. 0’s cutting edge is
0°. The rotation angle θ of the work gear is
expressed as follows:
θ = (ω + φ)Rr

Radius of top corner

r

Figure 8 shows the state of cutting of a righthand helical gear by a right-hand hob under conventional feed. Point Oh means the point corresponding to the middle point on the cutting edge
of tooth No. 0, but on the hob axis. Point Ph corresponds to that for arbitral object point P on the
cutting edge of the hob tooth. Rotation angle φ of
P is defined so that the angle is 0 degrees, when
line PPh is parallel to the side of the work gear.
Point P on the hob cutting edge can be expressed
by hob coordinates {k, r, φ}, where k is axial distance from Oh to Ph and r is radius.
Space coordinates {X, Y, Z} are set as shown
in Figure 8 so the crossing point of the work gear
axis and the gear side is its origin. Axis Y is set
normal to the trace of Oh. A point on these coordinates is expressed by {x, y, z}. A point {k, r, φ}
on the hob coordinates is then converted into
space coordinates {x, y, z} as follows (Refs. 7–8):

(4)

ω means hob rotation angle, that is the angle
from the middle point on hob tooth No. 0’s cutting edge to a definite object point P on the hob
tooth cutting edge along the hob thread. Rr is the
ratio of work gear revolution to hob revolution.
Space coordinates are converted into gear coordinates by the following equations:
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xs = xcosθ – ysinθ
ys = xsinθ + ycosθ
zs = z

(5)
(6)
(7)

Procedure to calculate traces of cutting
edges. The shape of a hob cutting edge including
protuberance is expressed point by point, as
shown in Figure 10. The trace of a point on the
cutting edge relative to the work gear during cutting can be obtained by calculating the point’s
movement due to hob rotation and feed and work
gear rotation. The trace of a hob cutting edge can
be expressed by traces of point groups on the cutting edge.
Figure 11 shows the procedure to calculate the
trace of a hob cutting edge. In step (2), fundamental quantities—such as center distance, hob
set angle, range of acting hob tooth and axial cutting range of work gear during a hob rotation—
are calculated. The tooth groove shape formed
before the last revolution of the work gear is calculated in step (3). That shape is formed by traces
of all cutting edges acting in that process. For a
definite hob cutting edge, the trace of the previously acting hob cutting edge and that of the
object cutting edge are calculated in step (5) and
(6). This procedure is repeated for each hob
tooth’s cutting edge.
Evaluation of probability of chip crush.
Cutting of the gear shown in Table 1(a) by the hob
in Table 1(b) under the cutting conditions in Table
1(c) is provided as an example. Center distance is
98.975 mm, hob set angle is 16.23 degrees, acting
hob cutting edge is from tooth No. –26 to tooth No.
10, and work gear axial cutting range during a hob
rotation is 28 mm (Ref. 7).
Figure 12(a) shows a work gear cut by climb
hobbing schematically, where the work gear is set
in the front and the hob is behind, and it is
observed from a viewpoint below the work gear.
A straight tooth groove like that of a spur gear is
shown in Figure 12 to make understanding easy
even though the sample gear is helical and the
actual groove exists in helix form. The trace of
the hob cutting edge is here proposed to be
expressed on each normal-to-gear-axis slice
shown in Figure 12(b). The definition of viewpoint and slices used in this expression of the
simulation result are the same for helical and spur
gears.
Figure 13 shows the result of traces on the
slices at zs = 18 mm and 15 mm that are normal
to the work gear axis. A broken curve shows the
tooth groove shape formed before one revolution

(1)

Gear dimensions, hob specification
and cutting condition

(2)

Center distance, setting angle of hob,
range of acting hob teeth and their cutting edges and longitudinal cut groove
of work gear as function of hob rotation

(3)

Calculation of tooth groove shape formed
by the last revolution of work gear

(4)

Setting initial object hob tooth

(5)

Calculation of trace of cutting edge of
the hob tooth previous to the object one
(8)

Next object hob tooth

(6)

Calculation of the trace for the object
hob tooth

(7)

Is calculation for all
hob teeth finished?

No

Yes
Result for cutting area
and clearance form between cutting
edge of hob tooth and tooth flank of
work gear

Figure 11—Flow chart for calculating the trace of a hob’s
cutting edge.
Table 1—Sample Specifications of Gear, Hob and Cutting Conditions.
(a) Specifications of Gear

(b) Specifications of Hob

(c) Cutting conditions

Module m

2.5

Outside diameter

85 mm

Feed of table revolution 4 mm/rev.

Pressure angle α

20°

Number of threads z1

2 RH

Direction of feed

Climb

Number of teeth z

45

Lead angle

3° 46'

Hob set angle Γ

16.23°

Helix angle β

20° RH

Number of gashes Gn

16

Cutting depth

5.875 mm

Amount of protuberance

0.05 mm

Addendum modification factor x

0

Radius of top corner

0.85 mm

Outside diameter da

124.70 mm

zs
mm
22
20

A

Tooth
No. 0

2
0
Tooth
No. –22

A
(a) View of gear and hob tooth

Position of the slices
normal to gear axis zs

KUBO LAYOUT

Tooth No. –22
(b) Section A-A

Figure 12—Definition of slices normal to gear axis.
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(a) Two-dimensional view of zs = 18 mm
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(b) Two-dimensional view of zs = 15 mm

Figure 13—Expression of cutting area and clearance
between work gear and the cutting edge of hob tooth
No. –22.

Cutting area
mm
22
21

Trace of cutting
edge No. –22
for slice 21
Trace of cutting
edge No. –23
for slice 21
Shape of tooth
groove before
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DSEC = 3.6 mm
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Tip circle of
work gear
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End of cutting by
right edge of hob

Trace of a point on hob cutting edge

14
C
13
D
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Cutting edge position at
a definite time section

Clearance

End of cutting by left edge of hob

Figure 14—Expression of cutting area and clearance
between work gear and cutting edge of hob tooth No.
–22 (three-dimensional view). (DSEC: Distance of Single
Edge Cutting.)

of the work gear, a bold curve shows the trace
of the cutting edge of hob tooth No. –22, and
the thin curve shows the trace of cutting edge
No. –23 acting before cutting edge No. –22.
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The inclined line below those traces is the tip circle of the work gear. The gray area where the
trace of cutting edge No. –22 is deeper (upper in
this figure) than any other trace, is cut by cutting
edge No. –22. On the other hand, there is clearance (hatched area) between cutting edge No.
–22 and the work gear’s generated tooth flank at
the area where the trace of cutting edge No. –22
is shallower than the other traces. In Figure
13(a), the whole range of the cutting edge inside
the work gear’s tip circle acts for cutting. At the
lower zs position, though (see Fig.13(b)), a large
clearance exists near the middle and right cutting
edges at a moment at which the hob’s left cutting
edge is acting.
Figure 14 shows the result of a simulation for
tooth No. –22, which is observed from the same
viewpoint as in Figure 12(a). Figures like Figure
13, but for different slice positions zs, are
arranged in a column. Actually, the position of
the tooth groove on each slice is different in the
circumferential direction because the sample
work gear is helical. The cut groove on each slice
is arranged here so that the middle position of the
tooth groove on each slice is the same for easy
understanding. The vertical line shows the trace
of points on tooth No. –22’s cutting edge, and the
other types of curves have the same meaning as
those in Figure 13.
The bold broken curves A, B, C and D show
the cutting edge position at a definite time section. Cutting proceeds from curve A to D. Those
cutting edge curves are inclined due to the hob
set angle as shown in Figure 14. The hob’s left
edge therefore cuts each slice earlier than its right
edge. The cutting edge exists as curve B when
cutting by the hob’s right edge finishes. Curve D
exists at the end of cutting by the left edge. The
left cutting edge therefore acts alone between the
curves B and D. This distance BD in the work
gear axis direction is called here the DSEC
(Distance of Single Edge Cutting).
The movement of a generated chip on a hob
tooth’s rake surface depends on the acting position of the hob’s cutting edge. Figure 15 shows a
supposed movement of a generated chip on a
rake surface at stages A, B, and C from a simulation (Ref. 11). At stage A, i.e. at the beginning of
the generation of a chip, the chip flows toward
the hob tooth root because the hob tip edge mainly cuts the work gear. The right edge finishes cutting at stage B and the direction of the chip
movement changes. At stage C, the left edge cuts
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alone and the already generated part of the chip
moves toward the hob right edge.
At that stage, there is a large clearance
between the hob’s right cutting edge and the
work gear’s tooth flank. The chip could therefore
intrude into the clearance. The chip could pass
through the clearance if the chip is small enough
and thin compared with the clearance. Otherwise, chip pinching and crushing could occur. In
that case, the hob cutting edge could be damaged
if the chip is thick and stiff. In case of a thin chip,
part of the chip could scratch and/or be inlaid on
the cut tooth flank of the manufactured gear.
It is possible to evaluate or understand the
probability of chip crush between hob cutting
edge and work gear tooth flank by utilizing
graphical presentation for the results of the proposed analysis.
Conclusion
Dry hobbing often causes failures of hob cutting edge or problems with the surface quality of
manufactured gears’ tooth flanks. Pinching and
crushing of generated chips between hob cutting
edge and work gear tooth flank is considered to
be a major cause of those problems. In this
report, a method to calculate and graphically
express the trace of each hob cutting edge relative to a work gear is proposed. The following
items are concluded:
(1) Position, size and shape of clearance
between hob cutting edge and work gear tooth
flank during hobbing can be evaluated by the
proposed simulation method.
(2) It becomes easy to understand the state of
chip generation by recognizing the size and
shape of the cutting area by graphical expression
of chip generation. Movement of the generated
chip on the rake surface can be well imagined by
calculating simultaneous cutting positions of the
hob cutting edge.
(3) The probability of chip crush can be evaluated by the size, thickness and movement of the
generated chip, where the size and position of
clearance are calculated from the proposed
method.
The proposed simulation method is considered helpful in finding remedies for chipping of
hob cutting edge and manufacturing of gears
with coarse tooth flanks due to chip crush. r
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