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(57) Abrége/Abstract:

An Induction-hardening machine (20) for the contour hardening of hypoid gears (27) includes a programmable logic control unit
(21), a source of quench ligquid (40) and a high-frequency induction generator (22) which are operably connected to a high-
frequency Iinduction coll (70), which has a generally conical lower face (/1) and is positioned over and concentric with the hypoid
gear (27). The support plate (28) for the hypoid gear (27) Is connected to a rotary drive motor (30) and with the hypoid gear
rotating at approximately 900 to 1800 RPM the induction coll (70) Is energized with four low energy pulses of relatively short
duration. The final heating step Is a high energy pulse followed immediately by the quenching step. There Is an inclined angle
between the lower face (/1) and the upper face of the hypoid gear (27) so as to achieve balanced heat from heel (72) to toe (73).
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(37) Abstract

An mmduction-hardening machine (20) for the
contour hardening of hypoid gears (27) includes a
programmable logic control unit (21), a source of
quench hiquid (40) and a high-frequency induction
generator (22) which are operably connected to a
high-frequency induction coil (70), which has a
generally conical lower face (71) and is positioned
over and concentric with the hypoid gear (27).
The support plate (28) for the hypoid gear (27) is
connected to a rotary drive motor (30) and with the
hypoid gear rotating at approximately 900 to 1800
RPM the induction coil (70) is energized with four
low energy pulses of relatively short duration. The
final heating step i1s a high energy pulse followed
immediately by the quenching step. There is an
inclined angle between the lower face (71) and the
upper face of the hypoid gear (27) so as to achieve
balanced heat from heel (72) to toe (73).
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APPARATUS FOR AND METHOD OF
INDUCT..ON~-HARDENING MACHINE COMPONENTS

Reference Lo Related Patents

The corresponding U.S. Patent No. 5,360,963 is

5 related to U.S. Pstent No. 5,247,150, U,S. Patent No,
5,247,145 and U.8. Patent No. 5,124,517, 1issued June 23,

1992.

Fackground of the Invention

The presient invention relates generally to the

10 technology of induecticn heating and more particularly to the

nse of induction heating for case-hardening of machine

components such as gears.

Machine components such as gears, splinzsd shafts
and sprockets are freguently subjected to high torgue loads,
15 fricticnal wear and impact lcading. The gears 1n a power
trangmission, for example, will encounter each of these
forces during normal operation. In the typical gearx
production facili:y, the machining of gear teeth isgs followed
by heat treatment to harden them. Heat-treatling gears can
20 involve many diffesrent types of operations, all cf which
have the common purpose or singular objective of producing a

microstructure with certain optimum properties. The

L

hardening process, however, often distorts the gear teeth

resulting in reduced and variable quality.

25 In order to avoid these problems associated with
conventional heat-treating and to improve the ability of the
machine compenent (gear) tCO withstand uthe aforemaentioned

10ads and wear fcrces, the base metal 1s glven a hardened
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outer case by selective hardening. In this manner, 1t 1s
only the outer surface which is altered and the base metal
retains its desirable properties such as strength and
ductility.

One technique for the selective hardening of this outer
case on such machine components as gears 1S tb
induction-harden the gear teelh individually; Anotlher
hardening technique which 1s also selectiveuis a process
referred to as selective carburizing. Single-tooth 1induction
hardening is performed with a shaped intensifier that
oscillates back and forth in the gear tooth space. This 1s
usually done with the gear submerged in the quench. The
process is relatively slow because only one gear tooth 1s
processed at a time. Selective carburizing 1s most widely
used and the process involves covering the surfaces to be
protected against carburizing with a material that prevents
the passage of active carbon during the furnace operation.
The most widely used method to stop carbon activity 1s copper
plating. A gear is copper plated on all surfaces except the
teeth, then carburized. The part is then copper stripped,
finish machined, re-copper plated all over, furnace-hardened,
and quenched.

The difficulties and expense of the carburizing process
have prompted companies to consider alternative techniques
such as induction heating for selective case hardening, but
to do so on a larger scale as opposed to the single-tooth
method. U.S. Patent No. 4,675,488, which i1ssued June 23,
1987, to Mucha et al., discloses a varlation on the
single-tooth process described above, wherein the process
involves inductively heating and then quench-hardening a few
teeth at a time while the rest of the teeth are cooled ftor
the purpose of preventing drawback of previously hardened
teeth (column 1, lines 55-65). While all of the teeth are
ultimately induction-hardened, the 1nductors are extremely

complex and expensive. The Mucha et al. patent also mentions
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the attempt by others for several years to devise a means for
inducticn hardening the outer peripheral surfaces of gears by
using an encircling inductor so that the gears can be treated
by the inductor and then gquench-hardened immediately
thereafter in order to create the desired case hardening on
the outer surface of Lthe gear. The solution suggested by the
Mucha et al. patent is to provide two 1nduction heating coils
with the workpiece located concentric in the first 1nduction
heating coil. The first coi1l is energized with the first
alternating freguency current for a fixed period of time.
Once deenergized, the workpiece experiences a time delay
period and thereafter the first induction heating coil 1s
reenergized with a second alternating frequency for another
fixed period of time, though substantially less than the
first period of time with the first alternating frequency.

At the end of this second period of time, the workpiece 1is
immediately transferred into the second induction heating
coil 1in a concentric manner and experiences a second time
delay. Following this step, the second induction heating
coil is energized with a radio frequency current for a third
time period and i1mmediately quenching the outer surfaces by
gquenching liquid sprayed against the surfaces while the
workpiece is in the second induction heatinyg coil.

Several years ago, a dual-frequency arrangement for
induction heating was described wherein a low-frequency
current would be used for preheating the gear teeth and then
a high-frequency (radio frequency) current could be used for
final heating prior to guench hardening. This dual-frequency
arrangement 1s employed to some extent by the Mucha et al.
patent which is described above. This dual-frequency concept
was also described by the present inventors 1in their article
entitled "Induction Gear Hardening by the Dual Frequency

Method" which appeared in Heat Treating magazine, Volume 19,
No. 6, published in June, 1987. As they explain 1in their

article, the principle of dual-fregquency he:ting employs both

Wt e REORL i I SERRTIMAIL et B i b e
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high- and 1ow-frequency.heét sources. The gear 1s first
healed with a relalively low-frequency source (3-10 kHz),
providing the energy required to preheat the mass of the gear
teeth. This step is followed immediately by heating with a
high-frequency source which will range from 100-300 KkHz
depending on the gear size and diametral pitch. The
high-frequency source will rapidly final heat the entire
toolth contour surface to a hardening temperature. The gear
is then quenched to a desired hardness and tempered.

Dual-frequency heating is the fastest known way of
heating a gear. Heating Limes range from (.14 to 2.0
seconds. This compares, for example, with 4-30 minutes
required for a laser to scan a gear, tooth by tooth. In
dual-frequency heating, the spinning workpiece 1s preheated
while riding on a spindle centering fixture. Then a quick
"pulse" achieves optimum final heat. Next the piece indexes
into a water-based quench, for a total process time of
approximately 15 to 30 seconds. Dual frequency 1s unique
among gear-hardening methods in that it allows competing
specifications to coexist. That 1is, for a given case depth
requirement and distortion limitation, with conventional
hardening methods one requirement tends to consume the
other. Because dual-frequency hardening puts only the
necessary amount of heat into the part (1/2 to 1/10 of the
energy used in conventional induction), case depth
requirements and gear geometry specifications can both be
met, precisely.

With any induction heating process wiliether dual- or
single-frequency, and regardless of the type of part and 1its
material, the part characteristics dictate the optimum design
of both the induction heating coil or coils and the most
appropriate machine settings. Only with the properly
designed coil and the appropriate machine setting 1s 1t
possible to achieve the contour and case hardening

specifications deemed to be the most appropriate from the
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standpoint of wear and load resistance while still retaining
overall part strength, material ductility and part
specifications. A gear which is too brittle will fail
prematurely, often by a tooth cracking or breaking of the
gear blank body.

Other patents which are known to exist that relate
generally to induction hardening include the following:

Patent NoO. Patentee Dated Issued
4,749,834 Mucha et al. Jun. 7, 1988
4,757,170 Mucha et al. Jul. 12, 1988
4,785,147 Mucha et al. Nov. 15, 1988
4,855,551 Mucha et al. Aug. 8, 1989
4,855,556 Muclhia et al. Auy. 8, 1989

U.S. Patent No. 4,749,834 discloses a method of hardening
the radially, outwardly facing surfaces of a generally
circular, toothed workpiece adapted to rotate about a central
axis generally concentric with the outwardly facing surfaces
whereby the extremities of the surfaces define an outer
circle by the tips of the teeth of the workpiece. This
workpiece is typically a gear and as 1llustrated 1in the
various drawings is a gear of uniform tooth configuration.

U.S. Patent No. 4,757,170 discloses a method and
apparatus for progressively hardening an elongated workpiece
having an outer generally cylindrical surface concentric with
the central axis including the concept of providing closely
spaced first and second induction heating coils each having
workpiece receiving openings generally concentric with the
axis of the workpiece. While this 1s a scanning type of
system noting the rack and pinion drive of FIG. 1, 1t 1s also
to be noted that the illustrated workpiece 1s a gear having
uniform teeth.

U.S. Patent No. 4,785,147 disclose¢s an apparatus for
hardening the outwardly facing teeth surfaces of a gear and
is a continuation of a prior application which 1s now U.S.
Patent No. 4,749,834 and as such the disclosure and relevance

i1s believed to be the same.
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U.S. Patent No. 4,855,551 discloses a method and
apparatus for hardening the outwardly facing teeth surfaces
of a gear. This patent is a continuation of a prior case
which is now U.S. Patent No. 4,785,147 and thus would have a

5 descripltion comparable to that prior listed patent.

U.S. Patent No. 4,855,556 discloses a method and
apparatus for progressively hardening an elongated workpiece
having an outer generally cylindrical surface concentric with
the central axis. 7This patent is a continuation of prior

10 patent U. S. Patent No. 4,757,170 and thus the disclosure
would correspond with the disclosure of that earlier case.

It is believed that each of these foregoing five
references do not relate in any way to induction hardening of
gear teeth with a non-uniform geometry, namely one where the

15 mass of each tooth varies from the heel to toe.
Consequently, these five references are believed to have very
limited, if any, relevancy to the present invention.

Traditionally, a fixed coil design has been used for a
wide range of different parts and machine settings were made

20 on a "best guess" basis by the induction machine operator.

"By fixing the coil, one variable 1s eliminated and the

operator attempts to zero in on an acceptable final part by
trial and error procedures. The more experienced the
operator, hopefully the greater the number and variety of

25 parts he will have experienced and to the extent that he 1s
able to draw on that experience, he may be able to come close
to an acceptable part, but only after repeated attempts.

Since this entire approach 1s not scientific, the best
one can hope for is to reach an acceptable part but not an

30 optimum part. This problem 1s magnified when applying
induction heating to irregularly shaped objects such as
gears. Heretofore, there has been no attempt to try and
derive a set of formulae to precisely determine the most
optimal coil specifications and induction machine settings

35 for a given part and which 1s repeatable, part after part,
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the coil based on general part size and then machine settings
-manipulated until the combination of variables comes close to
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something that can be accepted.

In order to avoid the uncertainty in coil specifications
and machine settings and to enable induction hardening in a
precise and optimum manner regardless of the type of machine

component part or part geometry and features, the present
inventors conceived the invention which is disclosed and
claimed in U.S. Patent No. 4,845,328.

Patent No. 4,845,328 discloses a mébhine

structure and a method of induction hardening using a series
of formulae for establishing coil specifications and machine
settings which formulae are based on the component part size
and features. This process of scientifically calculating the
specifications for a unique coil and the machine variables
(settings) based on individual part characteristics enables
predictable and uniform results for the induction hardening
of the part in an orderly and repeatable fashion.

Previously, any calculating which may have been done was
rudimentary at best, based only on surface area and depth of
penetration. The series of formulae of Patent No. 4,845,328
allow the coil and machine variables to be set scientifically
rather than by guesswork and the needless trial and error
attempts are eliminated while at the same time improving part
quality from merely an acceptable or tolerable level to an
optimuin level. |

More specifically the 4,845,328 patent focuses on
formulae and solutions for the induction hardening of
parallel axis gearing. With constant tooth sizes for a given
application, the formulae produce solutions for complete
heating parameters. Other types or shapes of gears such as

~T0Ss-ax1ls, 1lntersecting-axis and nonintersecting-axis
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(hypoid) gears do not have constant tboth sizes and
Lherefore, do not follow the formulae.
1n the prior patent of the present inventors tLhe

mathematical algorithm uses gear parameters such as diametral

5 pitch. The process also relies on the size uniformity of
each tooth from heel to toe. The positioning of the
workpiece within the induction coils and the uniformity of
Lhe healing patlern across and through the workpiece from the
inside diameter to the outside diameter reflects the fact ot

10 tooth size uniformity. While the induction hardening of
parallel axis gearing has been quite successful wilh this
prior invention and the method and machine of the 4,845,328
patent, cross-axis, intersecting-axis and
nonintersecting-axis gearing were discovered to create a

15 unique situation due to the changing (increasing) mass of the
gear teeth from toe to heel. As one example, hypoid gears
which are found in any rear or four wheel drive car or truck
possess a non-uniform heel to toe tooth geometry. 1In
addition to the spiral type curvature to the i1ndividual

20 teeth, there is more mass to each tooth moving outwardly from
the toe Lo the heel. The present inventors addressed the
unique situation of hypoid gears (and related cross-axis,
intersecting-axis and nonintersecting-axis gearing) 1in U.S.
Patent No. 5,124,517, 1issued June 23, 1992 to Storm, et al.

25 It has also been discovered that certain production
considerations as well as certain hypoid gear geometries
might warrant a different induction coil design and a
slightly different positioning of the coil relative to the
gear. For example, when there 15 a smaller than normal face

30 (or cone) angle to the gear, a conical induction co1l
centered over the workpiece may be more suitable than a
generally cylindrical induction coil set at an 1inclined
angle. For larger gears and for large quantity production
runs it might be preferred to have a coil with a fixed angle

35 of incline as contrasted to a variable mechanical attachment
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for the coil which fixes the induction coi1l at a desired
angle of incline relative to the tooth surface of the
workpiece. Regardless of the specific coil design or
geometry or posilioning relative to Lhe workpiece, the

5 objective of the present invenlion is to configure the co1il
so that the magnetic coupling, and thus heat, 1s higher at
the heel of the gear where the metal mass 1s greater than at

the toe of the gear where the metal mass 1s smaller.
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summary of the Invention

In accordance with the present 1nvention, there is
provided, an induction-hardening machine for the contour hardening
of cross-axis, 1intersecting-axis and nonintersecting-axis gears
comprises: a work gtation support having support means designed
and arranged for receiving a gear to be induction hardened and
further including a rotatable drive spindle secured to said
support means, sald drive spindle having a geometric axis of
rotation; an induction coll having a generally conical, gear-
facing surface and a conical centerline axis, said induction coil
being positioned above said work station support and oriented such
that sald conical centerline axis 1s generally coincident with the
geometric axis of rotation of said drive spindle; and energizing
means electrically connected to sald induction coil for energizing
sald induction coil.

In accordance with the present invention, there 1is
further provided, 1in combination, a bevel gear to be 1induction
hardened having a substantially flat rear face, a plurality of
gear teeth, each gear tooth having a heel portion and a toe
portion and an upper gear tooth surface defining a cone angle,
sald bevel gear having an axial centerline; and an 1nduction-
hardening machine for the contour hardening of sald bevel gear
comprises: a work gtatlon support having support means receliving
sald bevel gear and further including a rotatable drive spindle

gsecured to saild support means, sald drive spindle having a

geometric axis of rotation; an induction coil having a generally

A

61211-1187
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conlcal, gear-facing surface and a conical centerline axis, said
induction coll being positioned above said work station support
and orlented such that said conical centerline axis 1s generally
coincident with the axial centerline of saild bevel gear; and
energlzing means electrically connected to sald inductilion coil for
energizing said induction coil.

In accordance with the present invention, there is
further provided, 1n combination, a bevel gear to be induction
hardened having a substantially flat rear face, a pluralilty of
gear teeth, each gear tooth having a heel portion and a toe
portion and an upper gear tooth surface defining a cone angle,
sald bevel gear having an axial centerline; and an induction-
hardening machine for the contour hardening of sald bevel gear
comprises: a work station support having support means receiving
said bevel gear and further 1ncluding a rotatable drive spindle
secured to sald support means, spindle drive means connected to
said rotatable drive spindle for rotating saild drive spindle, said
drive spindle having a geometric axis of rotation; an induction
coll having a generally conical, gear-faclng surface and a conical
centerline axis, said 1induction coll being positioned above saild
work station support and oriented such that sald conical
centerline axis 1s generally coincident with the axial centerline
of sald bevel gear, whereln the gear-facing surface of said
induction coil and the gear tooth surface of said bevel gear
def ine therebetween an acute angle; and energlzing means

electrically connected to said induction coll for energizing said

A

61211-1187
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induction coil.

In accordance with the present invention, there is

further provided a method of induction hardening cross-axis,
Iintersecting-axis and nonintersecting-axis gears comprising the

following steps:

(a) providing a high frequency induction coil having a

generally conical, gear-facing surface which includes a conical

centerline axis;

(b) positioning a gear to be induction hardened, said

10 gear having a face angle and an axlial centerline;

(c) orienting said high frequency induction coil above

sald gear such that said conical centerline axis and said axial

centerline are substantilally coincident with each other;

(d) connectling said high fregquency induction coil to a

source of high frequency electrical energy;

(@) selecting power levels and pulse durations for the

gear to be induction hardened; and

(f) energlzing said high frequency 1induction coil with

sald selected power levels and pulse durations.

20 One object of the present invention is to provide an

inmproved method of induction hardening of cross-axis,

intersecting-axls and nonintersecting-axis gears.

Related objects and advantages of the present invention

will be apparent from the fcllowing description.

61211-1187
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Brief Descripbtion of the Drawings

FIG. 1 is a block diagram of the main components of an
induction hardening machine for use 1n induction hardening

gears according to a typical embodiment of the present

invention.

FIG., 2 1s a front elevational view of the work station
portion of the FIG. 1 induction hardening machine.

FIG. 2A 1s a diagrammalic front elevational view
illustrating the angle of 1incline of the coil relative to the
angle of the gear tooth top surface.

FIG. 3 1is a diagrammatic front elevational view
illustrating the offset of the induction coil relative to the
gear.

FIG. 4 is a diagrammatic top plan view 1llustrating the
offset of the induction coil relative to the gear.

FIG. 5 1s a partial, diagrammatic 1llustration of the
FIG. 3 coil in full sectlion.

FIG. 6 1s a diagrammatic front elevational view of an
alternate induction hardening coill to be used for a pinion
gear according to the present invention.

FIG. 7 is a front elevational view 1n full section of an
alternative coill design positioned over a gear according to

one embodiment of the present invention.
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Description of the Preferred Lmbodiment

For the purposes of promoting an understanding of the
principles of the invention, reference will now be made to
the embodiment illustrated in Lhe drawings and specific
language will be used to desciibe the same. It will
nevertheless be understood that no limitation of the scope of
the invention is thereby intended, such alterations and
further modifications in the illustrated device, and such
further applications of the principles of the i1nvention as
illustrated therein being contemplated as would normally
occur to one skilled in the art to which the 1nvenlion
relates.

Referring to FIG. 1, there 1s schematically or
diagrammatically illustrated a block diagram of the main
components and connections of an induction hardening machine
20 for cross-axis, intersecting-axis and nonintersecting-axis
gearing, such as hypoid gears. Hereinafter reference to a
hypoid gear is intended to represent only one example of the
three categories of gearing to which this i1nvention 1s
primarily directed. No limitation to the broader scope and
applicability of the invention 1s 1ntended by Lthis singular
representative example. Machine 20 i1ncludes a programmable
logic control (PLC) unit 21, high frequency (R.I'.) generator
22 and work station 23. The PLC unit 1s driven by a computer
24 and disk drive 25 arrangement with the connections beilng
made and intelligence transferred as 1llustrated. Data 1nput
may also be provided by block 24a which could be a manual
entry of data for example. This data entry could be 1n
addition to the disk drive data or in lieu of the disk drive
inpult. The broken line box connected to the work station 1is
intended to i1llustrate the structural aspect of and
components positioned at tLhe work station. As noted, Lthe
work station includes induction coil 26, hypoid gear

(workpiece) 27, support plate 28, drive spindle 29 and drive



CA 02155308 2002-10-17

- 61211-1187

-13 -

motor 30 (see FIG. 2).

One option for the generator control circuitry. is

represented by block 21la which is structured in accordance
- with the disclosure of U.S. patent"No. 5,.053,596'; issued
5 October 1, 1991,"As illustrated, the generator control

circuitry receives a signal input from computer 24;

As 1llustrated in FIG. 2 the workpiece in the preferred
‘embodiment is a hypoid gear 27 which is positioned on support
plate 28. Hypoid gear 27 is representative of one type of

10 bevel gear and the present invention is thus applicable for
bevel gears generally. Spindle 29 which is centrally
connected to the underside of support plate 28 couples
directly to rotary drive motor 30. Hypoid gear 27 includes a
predrilled hole in its substantially flat bottom face. Gear

15 27 has a top surface 27a which is substantially horizontal as
mounted to plate 28 and surface 27a corresponds to the inner
most portion of the tip of the gear. A rigid and fixed
positioning pin 28a is assembled as part of support plate 28
and extends upwardly from the top surface 31. The gear. is

20 securely assembled to the support plate by locating the
positioning pin into the predrilled hole. When thé rotary
drive motor 30 is energized it rotates the spindle at a high
rate of speed which in turn rotates the support plate and the
hypoid gear. The speed of rotation is approximately 900-1800

25 RPM and a suitable component for rotary drive motor 30 is a
Setco bottom drive, model no. SPL 6100.5-18M.

The rotary motion imparted to the hypoid gear workpiece
1s one aspect of the desfbn of induction hardening machine 20
as a means of averaging out any slight positional

30 variations. Another aspect of induction hardening machine 20
1s the positioning of the induction coil relative to the
hypoid gear 27. As is illustrated in FIGS. 2, 2A and 3, the
top surface 27a of gear 27 is substantially horizontal as is
the top surface of support plate 28. However, gear 27 has a

35 face angle which createsnthe tooth surface angularity along
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line 27b (see FIG. 2A), and thus it is only the upper and
innermost edges of the gear teeth which contact or create top
surface 27a. As used herein the face angle is the acute
included angle between line 27b and vertical line 27c¢. The
cone angle which 1s equal to the face angle 1s Lhe included
angle between line 27b and vertical centerline 27d. 1In the
FIG. 2A arrangemenl, as described, the coil is placed at an
angle and 1s eccentric to the workpiece (gear). This causes
heating of Lhe gear to occur on only a small sector of the
gear. Consequently, high speed rotation is necessary to even
out the heating throughout the gear. Since magnetic coupling
via Lhe coi1l 1s only on a sector of the gear, the gear size
thalt can be 1nduction hardened by this approach 1is limited if
one wishes to achieve near optimal induction hardening
results.

The i1nclined angle theta places the induction coil closer
to the heel of the gear and farther apart from the toe on the
one side where the coil is closest. 7This creates acute angle
alpha which 1s defined by the lower surface 26a of the coil
and the gear tooth surface which defines the cone angle of
the gear face and which 1s coincident with line 27b. The
lieel represents the greater mass portion of the gear tooth,
and 1nductlon heating begins at this point due to the
proximity of the coil. The heel heat is transferred to the
toe as the coi1l additionally heats up the Loe while the heel
continues to be heated. Without the coil disposed at an
angle, the toe portion becomes too hot while the greater mass
of the heel portion 1s still 1n the process of heating up to
the desired temperature. The angle alpha which i1s in effect
created by selection of angle theta, i1s selected so that the
magnetic coupling, and thus heat, i1s higher at the heel where
the metal mass 1s larger than at the toe of the gear where

the metal mass 1s smaller.
Several gear geometry factors may have a bearing on the

optimal 1incline for angle alpha. These factors would
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include, for example, the gear cone angle and the gygear spiral
angle, but ultimately it is the rate of change 1n tooth mass
from the heel to Lhe toe which dictales Lhe angle of 1ncline

and angle alpha. The focus of FIG. 2 is directed more to the

mechanical aspects of positioning and support while FIGS. Z2A

and 3 focus on the positional geometries and relationships.

In FIGS. 2A and 4 the offset of the coil 26 relative to
the gear 27 is illustrated. The slight shift combined with
high speed rotation of the gear provides uniformity to the
induction heating process and a guarantee that Lhe entirety
of each tooth will be correctly heated by the induction
process. The air gap between the induction coil 26 and the
face of Lhe hypoid gear ranges from approximately 0.10 inches
at the heel of the gear to approximately 0.90 i1nches at the
toe of the gear. 1Induction coil 26 which has a substantially
cylindrical, annular ring shape 1s skewed or shifted Lo one
side of center of the hypoid gear 27. 7This shift to one side
of center 1s diagrammatically 1llustrated by the front
elevational view of FIG. 2A and the top plan view of FIG. 4.

A quench assembly 35 1s securely assembled to the
induction coil 26 and this combination, by way of extension
arm 32 and support clamp 33 1s securely attached to support
column 34. Arm 32 1is securely jolned as an extension of the
induction coil and is fixed to clamp 33 1n order to orient
the coil in the desired position and inclination relative to
hypoid gear 27. Plastic ring 35a fastens to L-bracket 350D
which in turn is secured to clamp 33. ‘This ring provides
additional rigidity to the coil and quench assembly
combination. With the hypoid gear properly positioned and
pinned to support plate 28 and with the induction coil 26
securely clamped in position and set at the desired
orientation and inclination, the induction hardening process
1s ready to be run.

The first step in the induction hardening process 1s to

energize drive motor 30 in order to 1initiate high speed
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rotation of hypoid gear 27. As one example of relative
figures for a certain size gear and Kw generator, the
rotation speed is 900 Lo 1800 RPM. Heating of the example
gear by the induction coil 26 begins wilh four high
frequency, low power pulses from RF generator 22. Generator
22 1is a 650 kilowatt unit operatiﬁg between 230 and 280
kilohertz. The four low power pulses are run at 30 percent
of the 650 kilowatt rated level. The first pulse has a
duration of four seconds followed by a two second dwell
hetween the first and second pulses. “The second pulse has a
duration of five seconds followed by another two second dwell
between Lhe second and Lthird pulses. The third and fourth
pulses are each six seconds in duration, spaced by a third,
two second dwell interval.

Following the fourih low power pulse there 1s an eight
second dwell before a single high power pulse 1s delivered as
the final heating pulse. The power level of this final
heating pulse is set at 79 percent of the 650 kilowatt rated
level of the RF generator. This final pulse has a duration
of approximately 2.65 seconds and it 1s followed 1imnediately
(no dwell or delay) by quench initiation.

The quench liguid is delivered to the hypoid gear 27 by a
ligquid delivery system (quench assembly 35) built 1in
cooperation with the induction coi1l. The quench assembly 35
is assembled to the induction coil and a portion of the
quench assembly is disposed above the coil while a domed
portion 36 extends through the center of the coil. Four
fluid fittings 37 are assembled into the top manifold 38 of
the quench assembly 35. Internal passageways enable the
quench liquid to pass from these four fittings to the doied
portion of the assembly where a series of fluid outlets
(holes) are positioned directly above and are pointed
directed at the face of the hypoid gear 27. The complete and
rapid quench is enabled by the domed portion 36 of Lhe quench

assembly 35. This domed portion has both the circular shape
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and angularity to direct a large number of liguid outlets at
all surfaces of the gear teeth. Although the domed portion
is also set at an angle relative to the gear, the low speed
rotation of the gear even during the guench cycle provides
quench uniformity to all of tLhe gear teetlh.

Four fluid delivery hoses 39 connect quench tank 40 (see
FIG. 1) with fittings 37. The four delivery hoses are each
one inch lines and the quench tank has a 150 gallon
capacity. A suitable quench medium for this application 1s
an E. F. Houglhiton 364 aqua gquench, which 1s a glycol solution
of between 5 and 10 percent.

Throughout the low power heating and high power heating
the vertical position of the hypoid gear relalive to the
induction coil remains the same. During quench there may be
a slight vertical axis travel of the hypoid gear relative to
the induction coil to facilitate quench. When the quench
phase is completed the part is removed from the support plate
and the machine 1s reset and ready for the next hypoid gear.
The PLC unit 21 controls the high frequency generator 22 and
quench fluid supply and delivery timing. A console provides
all the necessary operator controls and data entry for
operation of the PLC unit though with computer conlLrol there
is minimal operator interfacing. The PLC unit controls the
delivery of the requisite power pulses, the power level and
the duration. The number of low power pulses 15 also
selected either by the operator via the console or by the
computer program, based on gear parameters, for control of
what the induction coil delivers.

Referring to FIG. 5 the cross secltion of one side of the
induction coil 26 is illustrated. The co1l 26 1s generally
cylindrical but includes an angled upper face 50 and stepped
surface 51 on the underside 52. A flux concentrator layer 53
is disposed over Lhe angled upper face 50 as well as over the
outside surface 54 and inside surface 55 of coil 26. Thuis

flux concentrator is made of powdered 1ron suspended 11
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plastic.

Referring to FIG. 6 an allernate induction coil 60 and
pinion gear 61 are illustrated. A pinion gear 1s a unique
situation to the larger ring gear of FIGS. 2 and 3 1in that
t he non-uniform gear teeth which have a varying mass from one
end of the teeth to the opposite end, extend down the sides
as opposed to across the top surface. Consequently, for a
pinion the induction coil needs to be positioned around the
gear as compared to over the gear.

Pinion 61 has curved (spiral) teeth 62 with an 1ncreasing
tooth mass from the Loe 63 (top) to the heel 64 (base).
Consequently, in accordance with the present invention the
inner surface 65 of the induction coil 60 1s tapered so that
the coil 1is closer to the larger mass of the gear Loolh at
the heel and farther away at the toe. The pinion 61 1s
rotated at a high speed and the coil height extends the full
height of the gear teeth. The remainder of the design and
operation of the structure of FIG. 1 1is applicable to the
coil and gear configuration of FIG. 6 1n virtually the same
manner and fashion as that for Lhe configuration of FIG. 2.
The only real difference between the FIG. 2 and FIG. 6
alternatives in addition to the style and placement of the
induction coil 15 the positioning of the gquench assembly
relative of the coil Since the pinion is positioned 1nside
the coil in F1G. 6 configuration, the quench assembly must be
disposed above and around the pinion, with the fluid outlets
directed at the teeth.

With reference to the earlier discussions regarding FIG.
2N, now consider FIG. 7 which 1llustrates a different
positional relationship of the coil 70 and workpiece, 1n this
case as well, hypoid gear 27. In this embodiment of the
present invention the coil 70 has a generally conical lower
face 71 located generally concentric with the gear 27. The
illustrated and identified centerline 70a 1is 1intended to

represent the geometric, axial centerlines of the gear and ot
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the cuil. Angle alpha is sti1ll maintained as i1in FIG. 2A so
as to vary the magnetic coupling and generate greater heating
at the heel 72 where the metal mass 15 greater as contrasted
with the toe 73 of Lhe gear. However, with Lhe generally
conical style and concentric orientalion of coil 70, heating
occurs around the entire gear except for a very small portion
adjacent the coil leads. In the FIG. 7 embodiment a lower
rotational speed can be used and larger gears can be
induction hardened (heat treated) since magnetic coupling 1s
virtually completely around the gear face.

As between the embodiment of FIG. 2A and the embodiment
of F16. 7, one might prefer the FIG. 2A arrangement for
laboratory and short run parts because the angle alpha can be
easily adjusted. This should be clear from the FIG. 2
mechanical structure which uses arm 32 and clamp 33 1n order
to secure the coil 26 to the support column 34 by way of Lhe
guench assembly 35.

When a large number of parts are to be run, such as a
production line quantity, the embodiment of FIG. 7 might be
preferred because once the angle alpha 1s fabricated and
fixed into the conical form of the coil, this angle remains
fixed and will not change. Consequently, angle alpha cannot
be inadvertently changed by operating personnel or carelessly
knocked out of position. The FIG. 7 embodiment also provides
more efficient magnetic coupling and 1s preferred for larger
gears. While not necessarily a negative, the F1G. 7
embodiment requires a new coll for each different angle alpha
which 1s desired and thus the mechanical fixturing freedom
which allows the operator to chanye the angle alpha 1s lost.

The FIG. 7 embodiment is also believed to be preferred
when the face angle of the gear 1s relatively small. As the
face angle increases experiments have shown that the coil
configuration of FIGS. 2, 2A and 3 would be preferred. A
likely cross over point between the two embodiments would be

a face angle of between 30 and 35 degrees.
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As has been explained and described, as the mass of the
heel increases relative to the mass of the toe of each gear
tootLh, Lhe incline coil design of FIGS. 2, 2A and 3 1s
preferred. As the heel to Loe mass displays a greater
uniformity, the FIG. 7 embodiment would be preferred. AS
should be understood, as the face angle increases tlie mass of
the heel relative to Lhe toe also increases and there 1s then
a greater need to concentrate the 1nduction coupling near the
heel and to focus or concentrate a greater portion of the
heating energy at that point as 1t will require more than the

toe based upon the relative differences 1n mass.
While the invention has been illustrated and described 1in

detail in the drawings and foregoing description, the same 1s
to be considered as illustrative and not restrictive 1n
character, ilt being understood that only the preferred
embodiment has been shown and described and tlhiat all changes
and modifications that come within the spirit of Lhe

invention are desired Lo be protected.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE

PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. An 1nduction-hardening machine for the contour hardening
Oof cross-axils, 1Intersecting-axis and nonintersecting-axis gears
comprises:

a work station support having support means designed and
arranged for receiving a gear to be induction hardened and further
including a rotatable drive spindle secured to said support means,
sald drive spindle having a geometric axis of rotation;

an induction coil having a generally conical, gear-
facing surface and a conical centerline axils, sald induction coil
being positioned above said work station support and oriented such
that said conical centerline axils 1s generally coincident with the
geometric axis of rotation of said drive spindle: and

energizing means electrically connected to said

induction coil for energizing said induction coil.

2 . The 1nduction-hardening machine of claim 1 wherein said

induction coll 1s a high frequency induction coil.

3. In combination, a bevel gear to be induction hardened
having a substantlally flat rear face, a plurality of gear teeth,
each gear tooth having a heel portion and a toe portion and an
upper gear tooth surface defining a cone angle, said bevel gear

having an axial centerline; and

A

an induction-hardening machine for the contour hardening

61211-1187
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0of sald bevel gear comprises:

a work station support having support means receiving
sald bevel gear and further 1including a rotatable drive spindle
secured to saild support means, saild drive spindle having a
geometric axils of rotation;

an induction coll having a generally conical, gear-
facing surface and a conical centerline axis, said induction coil
pelng positioned above said work station support and oriented such
that sald conical centerline axis 1s generally coincident with the
axial centerline of saild bevel gear; and

energlizing means electrically connected to said

induction coil for energizing said induction coil.

4, In combination:

a bevel gear to be 1nduction hardened having a
substantially flat rear face, a plurality of gear teeth, each gear
tooth having a heel portion and a toe portion and an upper gear
tooth surface defining a cone angle, said bevel gear having an
axial centerline; and

an induction-hardening machine for the contour hardening
of sald bevel gear comprises:

a work station support having support means receiving
sald bevel gear and further including a rotatable drive spindle
secured to sald support means, spindle drive means connected to
gsald rotatable drive splndle for rotating said drive spindle, said

drive spindle having a geometric axis of rotation;

p
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an induction coll having a generally conical, gear-
facing surface and a conical centerline axis, said induction coil
being positioned above salid work station support and oriented such
that sald conical centerline axis 1s generally coincident with the
axlal centerline of sald bevel gear, wherein the gear-facing
surface of said induction coil and the gear tooth surface of said
pevel gear define therebetween an acute angle; and energizing
means electrically connected to said induction coil for energizing

sald 1induction coil.

5. The comblination of claim 4 wherein said induction coil

1s a high frequency induction coil.

6. A method of induction hardening cross-axis,

intersecting-axis and nonintersecting-axis gears comprising the

following steps:

(a) providing a high frequency induction coil having a

generally conical, gear-facing surface whilich includes a conical

centerline axis;

(b) positioning a gear to be induction hardened, said

gear having a face angle and an axial centerline;

(c) orienting said high frequency induction coil above
sald gear such that sald conical centerline axis and sald axial
centerline are substantially coincident with each other;

(d}) connecting sald high frequency induction coil to a

source of high frequency electrical enerqy;

A

(e) selecting power levels and pulse durations for the

61211-1187
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gear to be induction hardened: and

(f) energizing said high frequency induction coil with

sald selected power levels and pulse durations.
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