wo 2010/083479 A2 I T A0F 0 R RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

. : N
1 rld Intellectual Property Organization 2 ey
(19 World tatcletuat Poperty Oganizaion. /253 NN ORI MR
International Bureau W )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10
22 July 2010 (22.07.2010) PCT WO 2010/083479 A2
(51) International Patent Classification: (74) Agent: POST, Philip, O.; Indel, Inc., 10 Indel Avenue,
HO5B 6/44 (2006.01) P.O. Box 157, Rancocas, New Jersey 08073 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2010/021291 kind of national protection available). AE, AG, AL, AM,
. . AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(22) International Filing Date: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
16 January 2010 (16.01.2010) DZ, EC, EE. EG, ES, FI, GB, GD, GE, GH, GM. GT.
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
. KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(26) Publication Language: English ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(30) Priority Data: NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
61/145,541 17 January 2009 (17.01.2009) US SE, G, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant (for all designated States except US): INDUC- . o
TOHEAT, INC. [US/US]; 32251 North Avis Drive, (84) D.e51gnated. States (unle.ss othemzse indicated, for every
Madison Heights, Michigan 43071 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
(72) Inventors; and ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TI,
(75) Imventors/Applicants (for US only): DOYON, Gary, A. TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
[US/US]; 80 Touraine Road, Gross Pointe Farms, Michi- ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
gan 48236 (US). LOVELESS, Don, L. [US/US]; 843 As- MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
pen Drive, Rochester, Michigan 48307 (US). BROWN, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Douglas, R. [US/US]; 2434 Pleasant View Drive, ML, MR, NE, SN, TD, TG).
Rochester Hills, Michigan 48306 (US). RUDNEYV, Published
ubli :

Valery, L. [US/US]; 1398 Crescent Lane, Rochester Hills,
Michigan 48306 (US). BOUSSIE, Timothy, G. [US/US];
339 Hecht Drive, Madison Heights, Michigan 48071
(US). DESMIER, Glenville Colin [US/US]; 23711 Hick-
ory Grove Lane, Novi, Michigan 48375 (US).

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: INDUCTION HEAT TREATMENT OF COMPLEX-SHAPED WORKPIECES

Se

(57) Abstract: Apparatus and method are provided for induction heating of one or more components of a complex shaped work-
piece. The component is positioned within an opening formed by opposing pairs of arcuate coil structures formed in opposing in-
ductor segments. One inductor segment is formed from electrically isolated inner and outer active inductor segments connected to
one or more power supplies while the other inductor segment is formed from electrically isolated inner and outer passive inductor
segments that are magnetically coupled with respective inner and outer active inductor segments. Changing the output electrical
parameters of the one or more power supplies controls the induction hardening along the transverse width of the workpiece with
optional flux concentrators between opposing pairs of arcuate coil structures.



10

15

20

25

30

S 1-
WO 2010/083479 PCT/US2010/021291

INDUCTION HEAT TREATMENT OF
COMPLEX-SHAPED WORKPIECES

Cross Reference to Related Applications

[0001] This application claims the benefit of U.S. Provisional Application No. 61/145,541, filed
January 17, 2009, hereby incorporated by reference in its entirety.

Field of the Invention

[0002] The present invention generally relates to induction heat treatment of complex-shaped

metal workpieces having one or more generally cylindrically-shaped components.
Background of the Invention

[0003] U.S. Patent No. 6,274,857(the 857 patent), incorporated herein by reference in its
entirety, discloses a method of, and apparatus for, induction heat treatment of irregularly shaped
workpieces such as selected components of a crankshaft. Using the reference numbers of, and
referring to the figures in the 857 patent, a typical mating pair of bottom and top inductor
segments (107) and (109), respectively, is illustrated in patent figures 2(a), 2(b) and 2(c). The
bottom inductor segment is connected to an alternating current (ac) power supply at power
termination region (122) to form a single series loop active circuit from a pair of coil segments
located around through opening (117a). Therefore the bottom inductor segment is also referred
to as the active inductor segment. The corresponding top inductor segment (patent figure 2(b)) is
a single turn closed loop coil, and can also be referred to as the passive inductor segment. At
least one pair of coil lips, for example, coil lips (123a) and (123b) are formed around a partial
opening, for example partial opening (121a), in at least one of the coil segments. A second pair
of coil lips are formed in the top inductor segment, for example, around partial opening (121b) so
that when the mating pair of bottom and top inductors segments are in the closed position, as
shown in patent figure 2(c), a substantially closed inductor is formed around workpiece
component (207) as shown, for example, in patent figure 6(a). Workpiece component (207) may
be, for example, a crank pin on a crankshaft to which a piston connecting rod will be attached
after metallurgical hardening. The pin may be attached at either end to counterweights
(irregularly shaped adjacent workpiece components (206) and (208) in patent figure 6(b) or 6(c)).
When the bottom and top inductor segments are in the closed position and alternating current is
supplied to bottom segment inductor (107), magnetic flux concentrators, for example
concentrators (103a) and (103b) in patent figure 2(c), are used to magnetically couple the flux

created around the bottom inductor segment caused by current flow in the bottom (active)
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inductor segment so that a current flow having an instantaneous direction opposite to that in the
bottom segment inductor is induced in the top (passive) inductor segment. In the closed position,
dielectric material (410) separates the opposing facing surfaces of the bottom and top inductor
segments as shown in patent figure 2(c). One or more side shields (137), as illustrated in patent
figure 5(a) can be provided on one, or both, inner and outer sides of a coil segment around the
arcuate coil region formed around a coil lip to serve as a magnetic flux concentrator for the
workpiece component being heat-treated, and as a magnetic field shield for the workpiece
components adjoining the heat-treated component. While the above describes a single turn,
single coil for the bottom and top segment inductors, the 857 patent also discloses that a single
coil, with two or more turns for either, or both, of the bottom and top inductor segments can be

provided to harden relatively large individual workpiece components.

[0004] U.S. Patent No. 6,859,125 (the 125 patent), incorporated herein by reference in its
entirety, discloses an improvement of the 857 apparatus and method of induction heat treatment
of irregularly shaped workpieces. Using the reference numbers of, and referring to the figures in
the 125 patent, the bottom inductor segment (17) is connected to an alternating current power
supply at power termination region (122a) and (122b) to form a double parallel loop active
circuit from coil turns (16) and (18) as shown in patent figure 5. Current restricting slit (14) is
used to form the double parallel loop active circuit and provide a more uniform current
distribution across the parallel connected adjacent pair of coil segments. At least one of the
parallel connected adjacent coil segment pairs has a partial opening, such as partial opening (21a)
in coil segment (17a) in which an arcuate coil surface is formed. The arcuate coil surface can be
formed into a pair of coil lips that are each separated by an orifice, as representatively shown in
patent figure 5 as inner coil lips (23b), outer coil lips (23a), and orifice (31) in each of the
adjacent coil segments. The coil lips are profiled to selectively compensate for the irregular mass
of the irregularly-shaped component, for an opening on the surface of the substantially
cylindrical component, or for selective heating of the fillet. Active inductor segment (17) may be
mated with a single turn passive inductor segment as disclosed in the 125 patent. Alternatively
active inductor segment (17) may be mated with two turn passive inductor segment (19) as
shown in patent figure 6, or passive inductor segment (29) in patent figure 7, which is split into
two electrically isolated coils (32) and (33) by cross sectional current restricting slit (30). When
active inductor segment (17) is mated with one of the passive inductor segments, a workpiece can

be inductively heated with the coil lip pairs as disclosed in the 125 patent.

[0005] The 125 and 857 patents generally address what is known as "band" heat treatment of

workpiece components. For example where the selected workpiece component 207" to be heat
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treated is the previously described crank pin, uniform heat treatment is generally required across
the entire transverse surface region A' of the pin as shown in FIG. 1(a) appended hereto, rather
than fillet regions 207a' and 207b', which comprise the interface regions between workpiece
component 207' and adjacent irregularly-shaped components 206' and 208'. Consequently, as
illustrated in FIG. 1(a) and FIG. 1(b) appended hereto, the coil lips (bottom coil lip pair 123a’ and
123b' partially shown in FIG. 1(a)) in the bottom and top inductor coil segments, 107" and 109",
respectively, that surround workpiece component 207', in combination, form a "band" of uniform
induced heat around the entire transverse surface region A' of the pin. FIG. 1(a) also shows
representative side shields 137', and FIG. 1(b) also shows representative dielectric 410" that

separates the facing surfaces of the bottom and top inductor coil segments.

[0006] The 857 patent discloses embodiments for heat treating the fillet regions B', in
combination with entire transverse surface region A' of a workpiece component, by forming
outward pointed tip regions on the coil lips 124a’ and 124b' as shown, for example, in FIG. 2(a)

appended hereto.

[0007] The 125 patent discloses positioning the pair of opposing coil lips in a pair of paralleled
coil turns separated by a cross sectional current restricting slit so that they inductively heat only
the fillet regions B' between the selected workpiece component situated between a pair of coil
segments and its adjoining workpiece component. As illustrated in FIG. 2(b) appended hereto,
this is accomplished by making the between-coil-segments' cross sectional current restricting
slit, S, relatively wide — in the range of 6 mm to 25 mm as taught by the 125 patent. First pair of
coil lips 23a' and 23b' are on one side the slit, while second pair of coil lips 23¢" and 23d' are on
the opposing side of the slit. As disclosed in the 125 patent, the wide slit may be filled with a

flux concentrator 138' to further direct induction heating to the fillet regions B'.

[0008] The teachings of the 125 and 857 patents for heat treatment of only the fillet regions of a
component workpiece, or selective heat treatment of the fillet regions and/or selective regions
along the transverse width of the component workpiece, and metallurgical hardening of both the
fillet and surface regions are somewhat limited. For example, where the component workpiece is
a crankshaft pin or main journal having a narrow (for example, less than 30 mm wide) transverse
bearing area (width), a "thumbnail" heating pattern C' can result as shown in FIG. 3(a) and

FIG. 3(b) appended hereto when utilizing the teachings of the 857 and 125 patents, respectively.
The thumbnail heating pattern is generally not desirable due to several factors. First, such a
heating pattern wastes energy since middle hardness depth must be appreciably deeper than
necessary to achieve a satisfactory hardness depth towards the fillet regions. Secondly, such a

heating pattern causes increased distortion of the heated component since increased heat
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absorption results in greater volumetric expansion of the component. Taking into consideration
the shape of a complex workpiece, such as a crankshaft, the greater metal expansion leads to
correspondingly greater shape distortion. In addition, the greater amount of metal heated above
the phase transformation temperature results in a corresponding increase in lower temperature
transformation structures such as martensite, lower bainite, and others, which in turn have
different volumetric densities compared to the preheated metallurgy of the workpiece component.
This also increases the shape/size distortion of the heat treated workpieces that has a “thumbnail’
pattern. This thumbnail pattern can occur even though there is an absence of electrically
conductive coil lips in regions 120 between paired inner and outer active circuit coil lips 123a’
and 123b' in FIG. 3(a), and regions 120" between slit S, and paired coil lips 23a'/23b" and
23¢'/23d" in FIG. 3(b). The thumbnail heating pattern can result from sufficient electromagnetic
coupling between inner and outer coil lip pairs to create a sufficiently strong magnetic flux field
in the center transverse region A'; of the workpiece component shown in FIG. 3(a) and in the of
center transverse regions A', of the workpiece component shown in FIG. 3(b). There is also
reduced magnetic field strength in the opposing transverse end regions A'; of the bearing surfaces
due to the electromagnetic end effect of the inductor. Further there is an appreciable thermal heat
sink effect due to the presence of the relatively cold (non-inductively heated) irregularly-shaped
counterweights 206' and 208" located near both ends of the workpiece component 207'; that is
any inductive heating in end regions A'; is conducted away from each transverse end region of

the workpiece component and towards the adjacent irregularly shaped workpiece component.

[0009] One object of the present invention is to provide apparatus for, and method of,
metallurgical heat treatment of cylindrical components of a complex workpiece, such as a

crankshaft.

[0010] Another object of the present invention is to broadly control the induction hardening of
cylindrical components of a complex workpiece across the transverse width and fillet areas of the

cylindrical components.
Brief Summary of the Invention

[0011] In one aspect, the present invention is an inductor assembly for, and method of,
inductively heat treating at least one substantially cylindrical component of a metal workpiece
where the substantially cylindrical component is attached on at least one side to an irregularly-
shaped component to form a fillet between the irregularly-shaped component and the
substantially cylindrical-shaped component. The inductor assembly is formed from an active and

passive inductor segments. The active inductor segment is connected to one or more alternating
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current power supplies, and the passive inductor segment is magnetically coupled to the active
inductor segment. The active inductor segment comprises inner and outer active inductor
segments that are electrically isolated from each other. Both the outer and inner active inductor
segments have at least one pair of adjacent partial through openings in which arcuate coil lip
structures are formed. That is, an outer active coil lip is formed in the partial through opening in
the outer active inductor segment, and an inner active coil lip is adjacently formed in the partial
through opening in the inner active inductor segment. The passive inductor segment comprises
inner and outer passive inductor segments that are electrically isolated from each other, and have
a corresponding outer passive coil lip and inner passive coil lip. When the outer and inner active
coil lips respectively mate with the outer and inner passive coil lips, a generally cylindrical

interior volume is formed within which the workpiece component can be inductively heat treated.

[0012] An inter-lips magnetic flux concentrator may be positioned between the inner and outer
active and/or inner and outer passive pair of coil lips to control the induced metallurgical

hardness pattern across the transverse width of the workpiece component.

[0013] A cross-lips magnetic flux concentrator may be positioned around the active and/or
passive pair of coil lips to control the induced metallurgical hardness pattern across the transverse

width of the workpiece component.

[0014] The electrical parameters of the alternating current supplied to the inner and outer active
and passive inductor coil segments may be varied independently of each other to control the

induced metallurgical hardness pattern across the transverse width of the workpiece component.

[0015] In other examples of the invention, the inductor assembly may be formed from two active

inductor segments without magnetic coupling between the two active inductor segments.

[0016] The above and other aspects of the invention are set forth in this specification and the

appended claims.
Brief Description of the Drawings

[0017] The appended drawings, as briefly summarized below, are provided for exemplary
understanding of the invention, and do not limit the invention as further set forth in this

specification and the appended claims.

[0018] FIG. 1(a) and FIG. 1(b) illustrate the concept of band metallurgical heat treatment of a
cylindrical workpiece component, with FIG. 1(a) being a partial cross sectional view through line

A-A in FIG. 1(b).
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[0019] FIG. 2(a) is a partial cross sectional elevation view of a prior art apparatus for heat

treatment of a cylindrical workpiece component across its entire transverse surface region.

[0020] FIG. 2(b) is a partial cross sectional elevation view of a prior art apparatus for heat

treatment of primarily the fillet regions of a cylindrical workpiece.

[0021] FIG. 3(a) and FIG. 3(b) are partial cross sectional views of typically undesirable
thumbnail metallurgical heat treated patterns across the transverse width of a cylindrical

workpiece component.

[0022] FIG. 4(a) illustrates in isometric view one example of an active inductor segment used in

the inductor assembly of the present invention.

[0023] FIG. 4(b) illustrates in isometric view one example of a passive inductor segment used in

the inductor assembly of the present invention.

[0024] FIG. 4(c) illustrates in isometric view one example of an inductor assembly of the present
invention formed from the active and passive inductor segments shown in FIG. 4(a) and

FIG. 4(b).

[0025] FIG. 4(d) illustrates in cross sectional view one example of a workpiece component

positioned between opposing pairs of active and passive coil lips.

[0026] FIG. 5(a), FIG. 5(b) and FIG. 5(c) illustrate in partial cross sectional views typical

examples of the use of inter-lips magnetic flux concentrators in the present invention.

[0027] FIG. 5(a)' and FIG. 5(a)" illustrate in partial cross sectional views the arrangement shown
in FIG. 5(a) with alternative instantaneous current flow patterns used during the induction heat

treatment process.

[0028] FIG. 6(a) and FIG. 6(b) diagrammatically illustrate two alternative power supply circuits

for supplying in-phase current to both inner and outer active inductor segments.

[0029] FIG. 7(a) and FIG. 7(b) diagrammatically illustrate two alternative power supply circuits

for supplying 180 degrees out-of-phase current to the inner and outer active inductor segments.

[0030] FIG. 8(a) and FIG. 8(b) diagrammatically illustrate instantancous current direction for

outer and inner paired active and passive inductor segments.
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[0031] FIG. 9(a) graphically illustrates current phase control between currents in the inner and

outer active inductor segments.

[0032] FIG. 9(b) graphically illustrates frequency control between currents in the inner and outer

active inductor segments.

[0033] FIG. 10(a), FIG. 10(b) and FIG. 10 (c) graphically illustrate time shift control between

currents in the inner and outer active inductor segments.

[0034] FIG. 11(a) through FIG. 11(d) illustrate in cross sectional view various applications of a
cross-lips magnetic flux concentrator with the concentrator shown in cross section at line B-B in

FIG. 13(a).

[0035] FIG. 12 illustrates in perspective view one non-limiting example of an inter-lips

magnetic flux concentrator used in the present invention

[0036] FIG. 13(a) illustrates in perspective view one non-limiting example of a cross-lips

magnetic flux concentrators used in the present invention.

[0037] FIG. 13(a)' and FIG. 13(a)" illustrate comparative control of magnetic flux paths with,

and without, cross-lips magnetic flux concentrators, respectively.

[0038] FIG. 13(b) illustrates in perspective view another example of cross-lips magnetic flux

concentrators used in the present invention.

[0039] Fig. 14 is the inductor assembly shown in FIG. 4(c) with the cross-lips magnetic flux
concentrators shown in FIG. 13(a) embedded around the coil lips in the passive inductor

segment.

[0040] Fig. 15 is the inductor assembly shown in FIG. 4(c) with the cross-lips magnetic flux
concentrators shown in FIG. 13(b) embedded around the coil lips in the passive inductor

segment.
Detailed Description of the Invention

[0041] Referring now to the drawings, wherein like numerals indicate like elements, there is
shown in FIG. 4(a), FIG. 4(b) and FIG. 4(c), one non-limiting example of inductor assembly 10
of the present invention that is used for metallurgical heat treatment of at least one cylindrical
component making up a metal workpiece. Inductor assembly 10 comprises active inductor

segment 12 and passive inductive segment 32. The active inductor segment is connected to at
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least one power supply, while the passive inductor segment is magnetically coupled with the

active inductor segment and not connected directly to a power source.

[0042] Referring primarily to FIG. 4(a) active inductor segment 12 comprises outer active
inductor segment 14 and inner active inductor segment 16, which are electrically isolated from
cach other. The inner active inductor segment is positioned within a through opening formed by
the outer active inductor segment, which through opening is formed interior to the outer active

inductor segment 14.

[0043] Outer active inductor segment 14 comprises a pair of opposing first 14a and second 14b
outer active inductor coil segments, magnetic flux coupling region 14c, and power termination
regions 14d' and 14d", all of which are interconnected around interior through opening 18. At
least one of the outer active inductor coil segments has at least one partial through opening, such
as openings 14a’ and 14b' shown in FIG. 4(a). The arcuate surface region of each partial through
opening can be contoured to form an active outer coil lip, such as coil lips 15a and 15b in

FIG. 4(a). Outer active inductor segment 14 can be connected to at least one power supply

circuit at power termination regions 14d' and 14d" as further described below.

[0044] Inner active inductor segment 16 comprises a pair of opposing first 16a and second 16b
inner active inductor coil segments, magnetic flux coupling region 16¢, and power termination
regions 16d' and 16d", all of which are interconnected around interior through opening 18 that is
formed when the inner active inductor coil segment is positioned within the through opening
interior to the outer active inductor segment. At least one of the inner active inductor coil
segments has at least one partial through opening, such as openings 16a' and 16b' as shown in
FIG. 4(a). The arcuate surface region of each partial through opening can be contoured to form
an active inner coil lip, such as coil lips 17a and 17b in FIG. 4(a). Inner active inductor coil
segment 16 can be connected to at least one power supply circuit at power termination

regions 16d' and 16d" as further described below.

[0045] With the arrangement shown in FIG. 4(a) a first pair of outer and inner active coil lips is
formed by coil lips 15a and 17a, respectively, and a second pair of outer and inner active coil lips

is formed by coil lips 15b and 17b.

[0046] Electrical isolation between the outer and inner active inductor segments is achieved by
providing dielectric space 20 (shown in broken cross hatched shading in FIG. 4(a)) between the
segments. In at least the region between at least one opposing active coil lips in a pair of outer

and inner active coil lips, at least one inter-lips flux concentrator 22 (shown in solid cross
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hatched shading in FIG. 4(a)) is provided as further described below. Dielectric space 20 may be

air separation or any suitable solid or gas dielectric material.

[0047] Referring primarily to FIG. 4(b) passive inductor segment 32 comprises outer passive
inductor coil segment 34 and inner passive inductor coil segment 36, which are electrically
isolated from each other. The inner passive inductor coil segment is positioned within through

opening 38, which is formed interior to the outer passive inductor coil segment 34.

[0048] Outer passive inductor segment 34 comprises a pair of opposing first 34a and second 34b
outer passive inductor coil segments, and magnetic flux coupling region 34¢ (hidden under
coupling flux concentrator 60b in FIG. 4(b)), all of which are interconnected around interior
through opening 38 to form a closed loop electrical circuit. At least one of the outer passive
inductor coil segments has at least one partial through opening, such as openings 34a' and 34b',
with opening 34a’ visible in FIG. 4(b). The arcuate surface region of each partial through
opening can be contoured to form a passive outer coil lip, such as coil lips 35a and 35b,

with lip 35a partially visible in FIG. 4(b).

[0049] Inner passive inductor segment 36 comprises a pair of opposing first 36a and second 36b
inner passive inductor coil segments and magnetic flux coupling region 36¢ (hidden under
coupling flux concentrator 60d in FIG. 4(b)), all of which are interconnected around reduced
volume interior through opening 38 that is formed when the inner passive inductor coil segment
is positioned within the through opening formed interior to the outer passive inductor segment.
At least one of the inner passive inductor coil segments has at least one partial through opening,
such as openings 36a' and 36b', with opening 36b’ visible in FIG. 4(b). The arcuate surface
region of each partial through opening can be contoured to form a passive inner coil lip, such as

coil lips 37a and 37b, with lip 37b partially visible in FIG. 4(b).

[0050] With the arrangement shown in FIG. 4(b) a first pair of outer and inner passive coil lips
is formed by coil lips 35a and 37a, respectively, and a second pair of outer and inner active coil

lips is formed by coil lips 35b and 37b.

[0051] Electrical isolation between the outer and inner passive inductor segments is achieved by
providing dielectric space 20 (shown in broken cross hatched shading in FIG. 4(b)) between the
segments. In at least the region between at least one opposing coil lips in a pair of coil lips, at
least one inter-lips flux concentrator 22 (shown in solid cross hatched shading in FIG. 4(b)) is
provided, as further described below. Dielectric space 20 may be air separation or any suitable

solid or gas dielectric material.
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[0052] FIG. 4(c) illustrates inductor assembly 10 when the active and passive inductor segments
shown in FIG. 4(a) and FIG. 4(b) have their facing surfaces brought in proximate contact with
cach other while maintaining electrical contact isolation between the facing surfaces with a
dielectric 50 disposed between the facing surfaces. Facing surfaces 14f and 16f for the outer and
inner active inductor segments, respectively, are identified in FIG. 4(a) as the surfaces with
arrows designating directions of current flow; facing surfaces 34f and 36f for the outer and inner
passive segments, respectively, are identified in FIG. 4(b) as the surfaces with arrows designating
directions of current flow. One or more coupling magnetic flux concentrators are used to form a
magnetic circuit between the active and passive inductor segments as illustrated by coupling
magnetic flux concentrators 60a and 60b for outer active 14 and passive 34 inductor segments,
and coupling magnetic flux concentrators 60c and 60d for inner active 16 and passive 36 inductor
segments. Each concentrator segment comprises a high permeability magnetic material such as a
plurality of laminated steel sheets or powder-type magnetic material that comprises iron-based
or/and ferrite-based particles bonded together using a binder material. The outer 14 and inner 16
active inductor segments can have their power termination regions, 14d’/14d" and 16d'/16d",
respectively, connected directly or indirectly to a power supply circuit, for example, by bus

bars 90a/90b and 91a/91b, respectively, as shown in FIG. 4(c), with separation dielectric 92.

[0053] When properly positioned, each partial opening in an active inductor segment is
generally positioned mirror image relative to its corresponding partial opening in the passive
inductor segment. For example, for active inductor segment 12 shown in FIG. 4(a) workpiece
partial opening 14a' and 16a’ in the active outer and inner inductor coil segments, respectively,
are generally positioned mirror image relative to workpiece partial openings 34a' and 36b' in the
passive outer and inner inductor coil segments making up passive inductor segment 32 as shown
in FIG. 4(b) to form a generally circular opening as shown in FIG. 4(c). Deviations from true
mirror image active and passive inductor segments are used for some applications of the
invention to accommodate particular features of the component being heat treated or a
component adjacent thereto, such as a counterweight. For example notch 37b' in coil lip 37b
(FIG. 4(b)) may be used only in the passive coil lip 37b and not the mirror image active coil

lip 17b to account for a radially drilled hole in the workpiece that should not be overheated.
Referring to FIG. 4(d), with this arrangement, a cylindrical workpiece component 307 to be heat
treated can be situated in the generally circular opening between surrounding active paired coil
lips 15a and 17a and passive paired coil lips 35a and 37a. Workpiece components 306 and 308
connected to opposing ends of component 307 represent irregularly shaped components that may
be attached to either or both ends of component 307. If present, component 308 may sit in

through openings 18 and 38, while component 306 may sit exterior to outer inductor coil
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segment 14a. One or more (slotted or powder-type iron-based or ferrite-based) side shields 52
can optionally be provided on one or both exterior sides of an active and/or passive inductor coil
segment around the arcuate coil region of the inductor segment as shown in FIG. 4(d). An
inter-lips flux concentrator 22 may be utilized as further described below. With suitable
alternating current supplied from the power supply circuit to the outer and inner active inductor
segments, when instantancous alternating current flow (I, and I,2) in active inductor segment 12
is generally in the direction indicated by the arrows in FIG. 4(a), the induced instantancous
alternating current flow (Ip; and Iy;) in passive inductor segment 32 is generally in the opposite
direction as indicated by the arrows in FIG. 4(b), and generally cylindrical workpiece 307 will be
inductively heat treated when positioned, for example, within a generally circular opening shown
in FIG. 4(c). As further described below, these currents may be periodically reversed, phase
shifted, and/or time shifted during a heat treatment process in order to produce a desired

metallurgical hardening pattern in the workpiece component being heat treated.

[0054] As mentioned above, in some examples of the inductor assembly of the present
invention, an inter-lips magnetic flux concentrator is used to control the metallurgical hardening
pattern for an inductively heat treated, generally cylindrical workpiece component. FIG. 5(a),
FIG. 5(b) and FIG. 5(c) are representative applications of inter-lips flux concentrators in the
present invention. For simplicity the diagrams in these and other figures illustrate, in partial
cross section, the interface region between workpiece component 307 and the active coil lip pair
formed by outer 15a and inner 17a coil lips; the interface region between workpiece

component 307 and passive coil lip pair formed by outer 35a and inner 37a coil lips are
preferably similar, unless an asymmetrical hardening pattern is desired around the perimeter of
component 307. A typical non-limiting inter-lips flux concentrator 22a is shown in FIG. 12 with

cross sectional cut at line C-C as shown in other figures.

[0055] Depending upon the widths, wiip1 and wiip, of the coil lips, the inter-lips separation
distance, dsp and the desired metallurgical hardening patterning, inter-lips magnetic flux
concentrators 22a, 22b or 22¢ may be utilized as shown in FIG. 5(a), 5(b) and 5(c), respectively.
The inter-lips flux concentrators may fill a part of, or the total distance, d,, between paired coil
lips. The inter-lips concentrators do not need to extend the entire length, x;, between the paired
coil lips as illustrated in FIG. 4(d). Generally the inter-lips concentrators need to extend from the
transverse tips of the paired coil lips to a distance of x; so that the magnetic flux generated by
cach coil lip is separated from each other proximate to the transverse surface of the workpiece
component being heat treated. The presence of an inter-lips magnetic flux concentrator

attenuates electromagnetic coupling between the paired coil lips, which reduces induced heating
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in the central region A' (FIG. 5(a)) of workpiece component 307, such as a bearing, that is being
heat treated. This is contrasted with the prior art arrangement shown in FIG. 3(a) and discussed
above. The combination of an inter-lips magnetic flux concentrator and paired coil lips is
particularly advantageous when heat treating a narrow width, wy,,, workpiece component, such as
a journal on a crankshaft. Selection of inter-lips geometric parameters is based on the
metallurgical hardness pattern desired from a paired coil lips for a given workpiece component to
be heat treated. Referring to FIG. 5(a) these geometric parameters include thickness, t, air gap
distance, g, between inter-lips concentrator and the (bearing) surface of the heat treated
workpiece component, and/or the concentrator's electromagnetic properties, namely magnetic
permeability and electrical resistivity. For example thickness, t, must be sufficient to prevent

magnetic saturation in a particular application.

[0056] In FIG. 5(a) hardness pattern A, with a substantially uniform depth hardness pattern
across the width, w.,, of the workpiece component, is achieved by decreasing induced power
density (heat source) in the mid-width of the hardness pattern by controlling the geometric

parameters described above to substantially reduce the appearance of a thumb-nail pattern.

[0057] In FIG. 5(b) hardness pattern B, with a symmetrical double lobe, variable depth hardness
pattern across the width of the workpiece component, is achieved by increasing the thickness of
inter-lips concentrator 22b over that of concentrator 22a in FIG. 5(a), thus further decreasing
induced power density (heat source) in the mid-width of the hardness pattern for the shallower

hardness depth shown in FIG. 5(b).

[0058] In FIG. 5(c) hardness pattern C, with a symmetrical double thumbnail hardness pattern
across the width of the workpiece component, is achieved by further increasing the thickness of
inter-lips concentrator 22¢ over that of concentrator 22b in FIG. 5(b) to eliminate hardening in

the mid-width region as shown in the figure.

[0059] In general in transitioning from the hardness patterns shown in FIG. 5(a) through
FIG. 5(c), the distance, dsp, between the paired active coil lips is increasing and the thickness, t,

of the utilized inter-lips flux concentrator is also increasing.

[0060] A particular advantage of the inductor assembly of the present invention over the prior
art is that electrical current parameters, such as, current phase shift, frequency and, current time
phase shift can be independently varied, either alone or in combination with each other, for the

outer and inner active inductor segments, during some, or all, of the steps in the induction heat
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treatment process, to precisely control the metallurgical hardening pattern across the transverse

width of the workpiece component to be inductively heated.

[0061] In the figures conventional notation is used to indicate the instantaneous direction of
current flow; that is, a cross in a circle indicates alternating current flow into the plane of the
paper and away from the reader, and a dot in a circle indicates alternating current flow out of the
plane of the paper (180 degrees out of phase from current flow into the plane of the paper) and
towards the reader. The examples in FIG. 5(a), FIG. 5(b) and FIG. 5(c) all illustrate various
hardness patterns resulting from instantaneous current flow in the same direction in both of the
paired coil lips. This can be achieved, for example, by utilizing the power supply circuit shown
in FIG. 6(a) or FIG. 6(b). In FIG. 6(a) two power supplies are utilized, with POWER SUPPLY
No. 1 connected to the outer active inductor segment and POWER SUPPLY No. 2 connected to
the inner active inductor segment. Alternatively in FIG. 6(b) a single power supply is used while
switching circuits 94a and 94b are used to control the instantancous current flow between the
same and opposing instantancous directions to the outer and inner active inductor segments used
to control output current from the single power supply to the outer and inner active inductor
segments individually controlled and simultaneously powered active pair of lips 15a/15b and/or

pair 17a/17b.

[0062] FIG. 5(a) represents the arrangement in FIG. 5(a) where instantancous current flow is in
opposing directions in the paired coil lips. The use of inter-lips flux concentrator 22a with
opposing current flows during the induction hardening process increases the electrical efficiency
of the coil formed from the paired coil lips and migrates current coil density towards the fillet
regions 307a and 307b to produce hardness pattern D. This can be achieved, for example, by
utilizing the power supply circuit shown in FIG. 7(a) or FIG. 7(b). In FIG. 7(a) two power
supplies are utilized, with POWER SUPPLY No. 1 connected to the outer active inductor
segment and POWER SUPPLY No. 2 connected to the inner active inductor segment.
Alternatively in FIG. 7(b) a single power supply is used while switching circuits 94a and 94b are
used to control output current from the single power supply to the outer and inner active inductor

segments.

[0063] FIG. 5(a)" illustrates another variant result that is achieved with the arrangement in

FIG. 5(a) when instantaneous current flow is alternated between the same and opposing
instantaneous directions during the induction hardening process; this method results in hardness
pattern E where the fillet regions and entire transverse width of component 307 is hardened. This
can be achieved, for example, by alternating between the power supply circuits shown in

FIG. 6(a) and FIG. 7(a), or FIG. 6(b) and FIG. 7(b).
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[0064] Generally in the present invention, instantaneous alternating current flow phase shift, a,
between the inner and outer active inductor segment circuits can be varied anywhere within the
range from zero degrees (representing the same instantaneous current direction example above)
and 180 degrees (representing the instantaneous opposite current direction example above) as
graphically illustrated in FIG. 9(a). Phase shift, a, can range anywhere from zero to 180 degrees
during a portion of one more induction heating cycles in the metallurgical hardening process
depending upon the desired hardness pattern across the transverse width of the workpiece

component.

[0065] Independent variation in the frequency, f, of the current in the inner and outer active
inductor segment circuits is another parameter that can be used to control the hardness pattern

across the transverse width of the workpiece component as graphically represented in FIG. 9(b).

[0066] Independent time phase shifting of the current in the inner and outer active inductor
segment circuits is another parameter that can be used to control the hardness pattern across the
transverse width of the workpiece component. As graphically represented in FIG. 10(b) zero
time phase shift, 3, can be used to alternatively supply current exclusively to either the inner or
outer active inductor segment circuit. Alternatively the time phase shift may be either positive as
shown in FIG. 10(a), with a dead time band during which no current is supplied to either inductor
segment, or negative, as shown in FIG. 10(c) with an overlap time band when current is supplied

to both inductor segments.

[0067] As mentioned above, electrical current parameters, such as, current phase shift, frequency
and, current time phase shift can be independently varied, either alone or in combination with
each other, for the outer and inner active inductor segments, during some or all of the steps in the
induction heat treatment process, to control the metallurgical hardening pattern across the
transverse width, and including the fillets, of the workpiece component to be inductively heated.
Additionally in some examples of the invention, the varied parameters to a pair of inner and outer
coil lips may be varied so as to achieve an asymmetrical hardness pattern across the transverse
width of the workpiece component, or to compensate for asymmetric features influencing the
induction heat treatment process across the transverse width of the component, such as, but not
limited to, adjacent irregularly shaped counterweights, geometry of a fillet, or an opening in the

heat treatment region of the component.

[0068] In other examples of the invention, a cross-lips magnetic flux concentrator may be
utilized, either alone, or in combination with, the inter-lips flux concentrators described above.

FIG. 11(a) representatively illustrates the use of cross-lips magnetic flux concentrator 23a where
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thumbnail hardness pattern, F, is achieved. The cross-lips magnetic flux concentrator is at least
partially embedded within paired active coil lips 15a and 17a at a distance x3 from the transverse
tips of the paired active coils. Distance x3 is selected to reduce the length of the return path of
the magnetic flux produced by each lip to increase the coil electrical efficiency. The cross-lips
flux concentrator 23a generally takes on an arcuate shape as illustrated in FIG. 13(a) and "closes"
the external magnetic path while localizing the external magnetic field by creating a preferable
low impedance magnetic flux path. This effect is illustrated by exemplary flux lines 80a and 80b
(shown in dashed lines) in FIG. 13(a)' and 13(b)' with and without the cross-lips flux
compensator, respectively. Doing so reduces external power losses generated within
miscellaneous electrically conductive features, such as tooling or fixtures associated with an
inductor assembly of the present invention. FIG. 14 illustrates slot-type cross-lips flux
compensator 23a inserted around the coil lip pairs in passive coil segment 32; similar cross-lips
flux compensators can be inserted around the coil lips in active coil segment 12. FIG. 13(b)
illustrates another example of arcuate shaped cross-lips flux concentrator 23b wherein the flux
concentrator is not a singular flux concentrator, but an arcuate array of discrete cylindrical flux
concentrator elements as shown, for example, in FIG. 15 around the coil lip pairs in passive coil
segment 32; similar cross-lips flux compensators can be inserted around the coil lips in active
coil segment 12 to form a "squirrel cage" flux concentrator arrangement around each opening in
which a workpiece component is to be heat treated. FIG. 11(b) through FIG. 11(d) illustrate
examples of the present invention where a combination of cross-lips flux concentrator 23a and
inter-lip flux concentrator 22 is used. Although the cross-lips flux compensator 23a shown in
FIG. 11(a) through FIG. 11(d) is horizontally oriented between the pair of coil lips, more
generally a cross-lips flux compensator may have other orientations and shapes as long as it
extends between the pair of coil lips. Similar to the above description for inter-lips flux
concentrators, the instantanecous direction of current flows indicated in FIG. 11(a) through

FIG. 11(d) illustrate the variation of hardness patterns F, G, H or I, respectively, that can be

achieved.

[0069] One non-limiting method of utilizing the inductor assembly of the present invention is in
the apparatus disclosed in United States Patent No. 6,274,857 B1. It is also within the scope of
the invention to use the inductor assembly of the present invention with apparatus where the
workpiece or the inductor assembly can be rotated. For example a suitable driver comprising a
motor having its output shaft connected directly, or indirectly, to a rotating mounting structure
can be provided for mounting of the inductor assembly or the workpiece. Alternatively both the
inductor assembly and workpiece can be mounted to separate drivers so that both can be

independently rotated during the heat treatment process.
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[0070] Further descriptions of suitable coil lip profiling, magnetic flux concentrators and
dielectric material selection can be found in United States Patent No. 6,274,857 B1 and
6,859,125 B2.

[0071] While two substantially closed openings are formed in the inductor assembly shown in
FIG. 4(c) for heat treating two components of the workpiece, in other examples of the invention,
there may be only one, or more than two substantially closed openings in the inductor assembly

to heat treat one, or more than two components of the workpiece.

[0072] The above examples of the invention have been provided merely for the purpose of
explanation and are in no way to be construed as limiting of the present invention. While the
invention has been described with reference to various embodiments, the words used herein are
words of description and illustration, rather than words of limitations. Although the invention
has been described herein with reference to particular means, materials and embodiments, the
invention is not intended to be limited to the particulars disclosed herein; rather, the invention
extends to all functionally equivalent structures, methods and uses. Those skilled in the art,
having the benefit of the teachings of this specification, may effect numerous modifications
thereto, and changes may be made without departing from the scope of the invention in its

aspects.
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Claims

1. An inductor assembly for heating at least one substantially cylindrical component of a metal
workpiece, the inductor assembly formed from an active inductor segment and a passive inductor
segment, the active and passive inductor segments having means for magnetically coupling to the
passive inductor segment an alternating current high frequency current supplied to the active
inductor segment, at least one substantially closed opening formed partially in the active inductor
segment and partially in the passive inductor segment for placement of the substantially
cylindrical component for inductive heating by application of a magnetic field to the component,
the magnetic field generated by the active and passive inductor segments in response to
excitation by the alternating current high frequency current,
the improvement comprising,
the active inductor segment further comprising;:
an outer active inductor segment formed around an outer active inductor segment
through opening;
an inner active inductor segment disposed within the outer active inductor segment
through opening and separated from the outer active inductor segment by an
electrically isolating dielectric space;
an active inductor through opening formed within the inner active inductor segment, the
active inductor through opening forming adjacent first outer and inner active coil
segments and adjacent second active outer and inner active coil segments, the
adjacent first outer and inner active coil segments and the adjacent second outer and
inner active coil segments disposed on opposing sides of the active inductor through
opening; and
at least one pair of generally aligned active partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
active coil segments or of the pair of the adjacent second outer and inner active coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner active coil segments or the pair of the adjacent second outer and inner active
coil segments having an active inductor segment arcuate coil surface interfacing
respectively with an outer and inner active coil segment facing surface; and
the passive inductor segment further comprising:
an outer passive inductor segment formed around an outer passive inductor segment
through opening;
an inner passive inductor segment disposed within the outer passive inductor segment

through opening and separated from the outer passive inductor segment by an
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electrically isolating dielectric space;

a passive inductor through opening formed within the inner passive inductor segment,
the passive inductor through opening forming adjacent first outer and inner passive
coil segments and adjacent second passive outer and inner coil segments, the adjacent
first outer and inner passive coil segments and the adjacent second outer and inner
passive coil segments disposed on opposing sides of the passive inductor through
opening; and

at least one pair of generally aligned passive partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
passive coil segments or of the pair of the adjacent second outer and inner passive coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner passive coil segments or the pair of the adjacent second outer and inner active
coil segments having a passive inductor segment arcuate coil surface interfacing
respectively with an outer and inner passive coil segment facing surface, the pairs of
generally aligned active and passive partial inductor segment openings forming the at
least one substantially closed opening when the outer and inner active coil segment
facing surfaces face the outer and inner passive coil segment facing surfaces with the
outer and inner active coil segment facing surfaces electrically isolated from the outer
and inner passive coil segment facing surfaces.

2. The inductor assembly of claim 1 wherein the arcuate coil surfaces in at least one of the pairs
of the adjacent first or second outer and inner active or passive inductor segments are a contoured
pair of coil lips.

3. The inductor assembly of claim 2 wherein the contoured pair of coil lips are profiled to
selectively compensate for the irregular mass of an irregularly-shaped component adjacent to the
at least one substantially cylindrical component, an opening on the surface of the at least one
substantially cylindrical component, or selective heating of a fillet region between the irregularly
shaped component and the at least one substantially cylindrical component.

4. The inductor assembly of claim 2 further comprising at least one inter-lips flux concentrator
disposed between the opposing sides of the contoured pair of coil lips.

5. The inductor assembly of claim 2 further comprising at least one cross-lips flux concentrator,
the at least one cross-lips flux concentrator partially embedded in each of the contoured pair of
coil lips at a distance offset from the tips of the contoured pair of coil lips.

6. The inductor assembly of claim 2 further comprising at least one inter-lips flux concentrator
disposed between the opposing sides of the contoured pair of coil lips, and at least one cross-lips

flux concentrator, the at least one cross-lips flux concentrator partially embedded in each of the
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contoured pair of coil lips at a distance offset from the tips of the contoured pair of coil lips.
7. The inductor assembly of claim 1 further comprising a driver to rotate the inductor assembly
or the metal workpiece while the at least one substantially cylindrical component is positioned in
the at least one substantially closed opening.
8. A method of inductively heating at least one substantially cylindrical component of a metal
workpiece, the method comprising the steps of:
forming a substantially closed opening around the axial length of the at least one
substantially cylindrical component where the substantially closed opening is formed partially in
an active inductor segment and partially in a passive inductor segment, the active inductor
segment comprising:
an outer active inductor segment formed around an outer active inductor segment
through opening;
an inner active inductor segment disposed within the outer active inductor segment
through opening and separated from the outer active inductor segment by an
electrically isolating dielectric space;
an active inductor through opening formed within the inner active inductor segment, the
active inductor through opening forming adjacent first outer and inner active coil
segments and adjacent second active outer and inner active coil segments, the
adjacent first outer and inner active coil segments and the adjacent second outer and
inner active coil segments disposed on opposing sides of the active inductor through
opening; and
at least one pair of generally aligned active partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
active coil segments or of the pair of the adjacent second outer and inner active coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner active coil segments or the pair of the adjacent second outer and inner active
coil segments having an active inductor segment arcuate coil surface contoured as an
active coil lip interfacing respectively with an outer and inner active coil segment
facing surface;
the passive inductor segment further comprising:
an outer passive inductor segment formed around an outer passive inductor segment
through opening;
an inner passive inductor segment disposed within the outer passive inductor segment
through opening and separated from the outer passive inductor segment by an

electrically isolating dielectric space;
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a passive inductor through opening formed within the inner passive inductor segment,
the passive inductor through opening forming adjacent first outer and inner passive
coil segments and adjacent second passive outer and inner coil segments, the adjacent
first outer and inner passive coil segments and the adjacent second outer and inner
passive coil segments disposed on opposing sides of the passive inductor through
opening; and

at least one pair of generally aligned passive partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
passive coil segments or of the pair of the adjacent second outer and inner passive coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner passive coil segments or the pair of the adjacent second outer and inner passive
coil segments having a passive inductor segment arcuate coil surface contoured as a
passive coil lip interfacing respectively with an outer and inner passive coil segment
facing surface, the pairs of generally aligned active and passive partial inductor
segment openings forming the at least one substantially closed opening when the
outer and inner active coil segment facing surfaces face the outer and inner passive
coil segment facing surfaces with the outer and inner active coil segment facing
surfaces electrically isolated from the outer and inner passive coil segment facing
surfaces.

supplying a first alternating current to the outer active inductor segment;

supplying a second alternating current to the inner active inductor segment;

magnetically coupling the outer active and outer passive inductor segments so that a first
magnetic flux field is established at least around the coil lips formed in the outer active and
passive inductor segments; and

magnetically coupling the inner active and outer passive inductor segments so that a
second magnetic flux field is established at least around the coil lips formed in the inner active
and passive inductor segments.
9. The method of claim 8 wherein at least the phase relationship between the first and second
alternating currents, or the frequency of the first or second alternating currents, or the time
phasing between the first and second alternating currents is varied while inductively heating the
at least one substantially cylindrical component in the substantially closed opening.
10. The method of claim § further comprising the step of rotating either the inductor assembly or
workpiece while inductively heating the at least one substantially cylindrical component in the
substantially closed opening.

11. The method of claim 8 wherein at least one inter-lips flux concentrator is positioned between
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the opposing sides of a pair of coil lips.
12. The method of claim 8 wherein at least one cross-lips flux concentrator is positioned between
the opposing sides of a pair of coil lips.
13. The method of claim 8 wherein at least one inter-lips flux concentrator is positioned between
the opposing sides of a pair of coil lips and at least one cross-lips flux concentrator is positioned
between the opposing sides of a pair of coil lips.
14. An inductor for inductively heating at least one substantially cylindrical component of a
metal workpiece, the inductor assembly comprising:
an active inductor segment comprising:
an outer active inductor segment formed around an outer active inductor segment
through opening;
an inner active inductor segment disposed within the outer active inductor segment
through opening and separated from the outer active inductor segment by an
electrically isolating dielectric space;
an active inductor through opening formed within the inner active inductor segment, the
active inductor through opening forming adjacent first outer and inner active coil
segments and adjacent second active outer and inner active coil segments, the
adjacent first outer and inner active coil segments and the adjacent second active outer
and inner active coil segments disposed on opposing sides of the active inductor
through opening;
at least one pair of generally aligned active partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
active coil segments or the pair of the adjacent second outer and inner active coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner active coil segments or of the pair of the adjacent second outer and inner active
coil segments having an active inductor segment arcuate coil surface interfacing
respectively with an outer and inner active coil segment facing surface; and
a means for connecting the outer active inductor segment and the inner active inductor
segment to one or more sources of alternating current;
a passive inductor assembly comprising:
an outer passive inductor segment formed around an outer passive inductor segment
through opening;
an inner passive inductor segment disposed within the outer passive inductor segment
through opening and separated from the outer passive inductor segment by an

electrically isolating dielectric space;
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a passive inductor through opening formed within the inner passive inductor segment,
the passive inductor through opening forming adjacent first outer and inner passive
coil segments and adjacent second passive outer and inner coil segments, the adjacent
first outer and inner passive coil segments and the adjacent second outer and inner
passive coil segments disposed on opposing sides of the passive inductor through
opening; and

at least one pair of generally aligned passive partial inductor segment openings formed
from an opening in each one of either of the pair of the adjacent first outer and inner
passive coil segments or the pair of the adjacent second outer and inner passive coil
segments, cach of the openings in either of the pair of the adjacent first outer and
inner passive coil segments or the pair of the adjacent second outer and inner active
coil segments having a passive inductor segment arcuate coil surface interfacing
respectively with an outer and inner passive coil segment facing surface;

a means for magnetically coupling the outer active inductor segment with the outer
passive inductor segment when the outer active coil segment facing surfaces face the outer
passive coil segment facing surfaces with the outer active coil segment facing surface electrically
isolated from the outer passive coil segment facing surface; and

a means for magnetically coupling the inner active inductor segment with the inner
passive inductor segment when the inner active coil segment facing surfaces face the inner
passive coil segment facing surface with the inner active coil segment facing surface electrically
isolated from the inner passive coil segment facing surface;

whereby the pairs of generally aligned active and passive partial inductor segment
openings forming a substantially closed opening in which the at least one substantially
cylindrical component is inductively heated when the outer and inner active coil segment facing
surfaces respectively face the outer and inner passive coil segment facing surface with the outer
and inner active coil segment facing surfaces electrically isolated from the outer and inner
passive coil segment facing surfaces, and the outer and inner active inductor segments are
connected to the one or more sources of alternating current.

15. The inductor assembly of claim 14 wherein the arcuate coil surfaces in at least one of the
pairs of the adjacent first or second outer and inner active or passive inductor segments are a
contoured pair of coil lips.

16. The inductor assembly of claim 15 wherein the contoured pair of coil lips are profiled to
selectively compensate for the irregular mass of an irregularly-shaped component adjacent to the
at least one substantially cylindrical component, an opening on the surface of the at least one

substantially cylindrical component, or selective heating of a fillet region between the irregularly
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shaped component and the at least one substantially cylindrical component.

17. The inductor assembly of claim 15 further comprising at least one inter-lips flux concentrator
disposed between the opposing sides of the contoured pair of coil lips.

18. The inductor assembly of claim 15 further comprising at least one cross-lips flux
concentrator, the at least one cross-lips flux concentrator partially embedded in each of the
contoured pair of coil lips at a distance offset from the tips of the contoured pair of coil lips.

19. The inductor assembly of claim 15 further comprising at least one inter-lips flux concentrator
disposed between the opposing sides of the contoured pair of coil lips, and at least one cross-lips
flux concentrator, the at least one cross-lips flux concentrator partially embedded in each of the
contoured pair of coil lips at a distance offset from the tips of the contoured pair of coil lips.

20. The inductor assembly of claim 14 further comprising a driver to rotate the inductor assembly
or the metal workpiece while the at least one substantially cylindrical component is positioned in

the at least one substantially closed opening.
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