wo 2018/071306 A1 |00 RO O

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
19 April 2018 (19.04.2018)

(10) International Publication Number

WO 2018/071306 A1

WIPO I PCT

(51) International Patent Classification:

B230Q 15/00 (2006.01) B24B 5/37 (2006.01)
B24B 5/02 (2006.01) GO05B 19/00 (2006.01)
B24B 5/12 (2006.01) HO5B 33/00 (2006.01)

(21) International Application Number:
PCT/US2017/055615

(22) International Filing Date:
06 October 2017 (06.10.2017)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/406,669 11 October 2016 (11.10.2016)  US

(71) Applicant: NORTHWESTERN UNIVERSITY
[US/US]; 633 Clark Street, Evanston, IL 60208 (US).

(72) Inventors: ZENG, Qiang; 818 Noyes St., Apt. 1A,
Evanston, IL 60201 (US). EHMANN, Kornel; 2420 Lawn-
dale Avenue, Evanston, IL 60201 (US). NG, Man, Kwan;

74

62y

(84)

633 Clark Street, Evanston, IL 60208 (US). CAQO, Jian;
1016 Hibbard Road, Wilmette, IL 60091 (US).

Agent: HELLER, Stephen, B.; Cook Alex Ltd., 200 West
Adams Street, Suite 2850, Chicago, IL 60606 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(54) Title: INCREMENTAL ROTARY ROLLING MILL AND METHOD

FIG. 1

(57) Abstract: A rolling mill system for Incremental rotary shaping of an elongated workpiece is provided that includes first and second
workpiece holders. A support frame has a track with the first and second workpiece holders being movably associated with the track,
the workpiece holders and an associated workpiece being movable in unison along the track. A radial chuck is mounted to the frame
that includes a plurality of jaws that are movable radially inwardly and outwardly. Each jaw has a tool mounted thereto that is rotatable
about an axis of rotation, with the axis of rotation of each tool being oriented at a skew angle relative to the longitudinal axis of a
workpiece. A source of electric current and an electrically conductive flow path are provided for flowing electrical current through a
workpiece. A controller is provided that is configured to control the operation of each of the first motor, second motor and third motor,
and to control the flow of current flowing through the tools to the workpiece.
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TITLE

INCREMENTAL ROTARY ROLLING MILL AND METHOD

BACKGROUND OF THE INVENTION
[6001]  This invention was made with governmental support under DE-
NEDO08409 awarded by the U.5. Department of Energy. The government has
certain rights in the invention.
[G002] The present application relates to a rolling mill for forming tubes and
rods and, more particularly, 1o a rolling mill that provides for incremental reduction
and shaping of a tubular or rod-shaped workpiece.
[G003] A rolliing reduction/shaping mill is a device that reduces/shapes the
cross section of a tube/rod by a rolling process. Reduction/shaping mills in
common use are typically one of three different types, namely, a pilger mill (see,
€.g., US 4,386,512, US 4,562,713, US 4,037 444, and US 4,184 352), a swaging
mill (see, e.g., US 771,611 and US RE13,377}, and a rotary rolling mill (see, e.g.,
US 2,774,263 and US 8,306,007).
[G004]  The pilger mill uses two or three dies with tapered grove profiles (o
reduce/shape the tubefrod cross section. The rotary axes of the dies are
perpendicular to the axis of the tubefrod resulting in a longitudinal rolling process.
The swaging mill reduces/shapes the tube/frod size by squeezing motions of the

dies. The moving direction of each die is designed along the radial direction of
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the tube/frod. Both the pilger and swaging mills are die-dependent rolling
processes.

[G005)  The rotary rolling mill includes three or four driven dies with a combined
planetary rolling process. The rotary axes of the dies intersect the tube/rod axis at
a given skew angle. However, the rolling size/shape s, constant, and not
adjustable, since the relative radial positions of the dies with respect to the axis of
the tube/rod is not changeable.

[6008] Each of the pilger, swaging and rotary rolling reduction/shaping mills
described above provide for a die-dependent process, with litlle process
controliability and limited accuracy. By way of the present application, a rolling
miil is provided that provides for greater flexibility and accuracy in the shaping of

tubular or rod-shaped bar stock.

SUMMARY
[6007] There are several aspects of the present subject matter thal may be
embodied separately or fogether in the devices and systems described and
claimed below. These aspects may be employed alone or in combination with
cther aspects of the subject matter described herein, and the description of these
aspects together is not intended to preciude the use of these aspects separately
or the claiming of such aspecis separately or in different combinations as set
forth in the claims appended hereto.
[GO08]  In a first aspect of the disclosure, a rolling mill system for incremental
rotary shaping of an elongated workpiece is provided that includes a first
workpiece holder configured to secure the first end of a workpiece thereto and a
second workpiece holder configured to secure the second end of the workpiece

thereto so that the longitudinal axis of the workpiece exiends between the first
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and second workpiece holders. A support frame is provided having an input end
and an output end and supporting a track, with the first and second workpiece
hoiders being movably associated with the track. A first motor is mounted to the
support frame and operatively connected to one of the first and second workpiece
holders for moving the first and second workpiece holders and an associsted
workpiece in unison along the track between the input end and the output end of
the support frame.

[600Y] A radial chuck is mountied to the frame that includes a plurality of jaws
that are movabile radially inwardly and outwardiy relative to the longitudinal axis
of the workpiece. Each jaw has a ool mounied thereto rofatable about an axis of
rotation, with the axis of rotation of each ool being oriented at a skew angle
relative io the longitudinal axis of a workpiece. A second motor is associated with
the chuck and is operatively connecied o the jaws for simultaneously moving the
jaws toward or away from the workpiece, and a third motor is operatively
connecied to each tool for simultaneously rotating each tool relative 1o s
associated jaw.

[6018] A source of electric current and an electrically conductive flow path are
provided for flowing elecirical current through a workpiece. In one embodiment,
the source of electric current and the electrically conductive flow path are
connected to sach of the tools and one of the workpiece holders. Alernatively,
the source of electric current and the electrically conductive flow path are
connecied to the opposite ends of the workpiecs.

[6811] A controller is provided that is configured to control the operation of
each of the first motor, second motor and third motor, and to control the flow of

current flowing through the workpiece.
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[6012]  In a second aspect of the disciosure, a method is provided for the
incrementat rotary shaping of an elongated workpiece with the system descrived
above. The method comprises: a) mounting the workpiece to the first and second
workpiece hoiders; b) moving the jaws of the chuck radiaily inwardly 1o bring the
workpiece engaging surfaces of the {ools into contact with the workpiecs; ¢
rotating the tools; d) moving the workpiece relative 10 the tools in a forming pass
from a first position to a second position; &) moving the jaws of the chuck radially
outwardly o move the workpiece engaging surfaces of the tools away from
contact with the worlpiece; f) moving the workpiece reiative to the toolsin a
return pass from the second position to the first position; and g) repeating steps
b} — ), as needed, to achieve a desired shape for the workpiece. Preferably,
electrical current is flowed through the workpiece as the workpiece moves in the

forming pass.

BRIEF DESCRIPTION OF THE DRAWINGS
[6013] Fig. 1is a perspective view of a roliing miil for the incremental forming
of a tubular workpiece in accordance with the present disclosure.
(G014 Fig. 2 is a perspeciive view similar to Fig. 1 with certain components of
the system removed for clarity.
(G015  Fig. 3 is an enlarged perspective view of the central forming section of
the system, with certain components removed for clarity.
[6016] Fig. 4 is an enlarged perspective view similar to Fig. 4 taken from the

opposite side of the central forming section.
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[G017] Figs. 5 and 6 are enlarged perspeclive views of the three jaw members
and their associated forming toois that engage the workpiece during the forming
operation.

iGG18] Fig. 7 is an enlarged cross-sectional view of a single jaw member and
its associated forming tool.

[6019] Fig. 8 is a side view of a single jaw member and its associated forming
tool engaging the workpiece during a forming operation.

[6028] Fig. 9is an enlarged cross-sectional view of the central forming section
of the system, with certain componenis removed for clarity, and showing a

current flow path through the workpiece.

DETAILED DESCRIFTION

[6021] The embodimenis disclosed herein are for the purpose of providing an
exemplary description of the present subject matier. They are, however, only
exemplary, and the present subject matter may be embodied in various forms.
Therefore, specific defails disclosed herein are not {0 be interpreted as limiling
the subiject matter as defined in the accompanying claims.

[6022] With reference fo the drawings, a rolling mill, generally designated 10,
is shown that provides for the incremental rotary shaping of an elongated
workpiece 12. The workpiece 12 may be either a length of tubular stock, or round
bar stock. In general terms, the rolling mill 10 comprises a main support frame
14 {0 which are mounted a radial chuck 18 {o which workpiece-engaging tools 18
are secured and a gear box 20 for rotating the tools 18. A feed mechanism,
generally designated 22 for the workpiece 12 is slidably mounted {0 a track 24,
the track being supported on input and ocuiput alignment frames, 26 and 28,

5
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respectively, secured to the main support frame 14, o move the workpiece 12
back and forth between the tools 18 mounted in the chuck 16. A programmabie
controlier 30 with an operator input controls the movement of the variocus
components, and also delivers an electrical current to the workpiece through the
workpisce-engaging surfaces of the tools.

[6023] More specifically, the feed mechanism 22 comprises a pair of
workpiece holders 32, 34, slidably received on and movable along the track 24,
and each securing one end of the elongaled workpiece 12. Preferably, there is no
relative linear axial motion between the workpiece 12 and the workpiece holders
32, 34 once the workpiece is mounted therebeilween. However, relative rotary
motion between the workpiece holders and the workpiece is permitied.

[G024] If the workpiece 12 has a tubular configuration, a mandrel 36 is
provided that extends between the input and output sides of the system through
the interior of the workpiece 12 to maintain its inside diameter. As illustrated, the
end of the mandrel on the input side of the system is secured to the input frame
26 by a tail stock 38. Preferably, the tail stock 38 permits the mandrel 36 to freely
rotate about its axis. The end of the mandre! 36 on the output side of the system
is simply supporied on the interior of the tubular workpisce 12. As can be
appreciated, the mandrel 36 should have a length sufficient to extend through the
workpiece 12 through its entire range of motion along the track.

[GG25] The workpiece holders 32, 34 are positioned on the track 24 on
opposite sides of the radial chuck 18, and are movable back and forth along the
track 24 o draw the workpiece 12 through the tools 18 during the forming
operation. To this end, a motor 40 is operatively connected to one of the

workpiece holders 32, 34. Preferably the motor acts on the workpiece 24 holder



10

20

25

WO 2018/071306 PCT/US2017/055615

located on the cutput side of the radial chuck 16, so that as the workpiece holder
24 draws the workpiece 12 through the tools 18, the workpiece 12 is under
tension, which will help 10 minimize any ridges formed in the workpiece 12. By
way of example, the track 24 and workpiece 32, 34 holders provide for a range of
fravel along the track 24 of up to approximately 1.3 mto 1.7 m, at a speed of up
to approximately 125 mm/s and with an input thrust force of up 1o 8028 N.

[60268] As illustraled, each of the workpiece holders 32, 34 also includes a
conductive terminal 42, 44, respeclively, preferably made of graphite, for
conducting electrical current through the workpiece holders 32, 34 toffrom the
waorkpiece 12 through a selecied one of the graphite terminals 42, 44, as will be
described in greater detail below.

[6027] As noted above, the workpiece-engaging tools 18 are mounted o the
chuck 16. More specifically the workpiece-engaging tools 18 are rotatably
mounted in bearing housings 46 secured 1o the jaws 48 of the chuck 186. This
permiis the {ools 18 {0 be movable by the chuck 16 radially with respect to the
longitudinal axis of the workpiece 12 by a motor 50 associated with the chuck 16,
s0 that the tools 18 may be brought into engagement with the workpiece 12
during a forming pass, and moved out of contact with the workpiece 12 during a
return pass. As illustrated, the chuck 18 includes three jaws 48, each having a
tool 18 associated therewith. However, a chuck 16 having four or more jaws
48/to0ls 18 may be utilized. By way of example, the motor 50 associated with the
chuck may achieve a torque of 102 Nim and a rotational speed for the chuck 16 of
0.825 rps. The three jaws 48 together can achieve an active clamping force of 20

kN and a rolling radial force of 66 kN.
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[6028) ECach bearing housing comprises 46 a sleeve member 52 that receives
the shaft 54 of its associated tool 18, the sleeve 52 including a plurality of
bearings 56 o facilitate rotation of the tool 18 relative 10 its housing 48. The fools
18 are mounied in their respective bearing housings 40 so that the axis of
rotation 58 of the tool 18 forms a skew angle o relative to the longitudinal axis 60
of the workpiece 12. In the illustrated system, the skew angle o is 50°, as
measured in a plane defined by the intersection of the longitudinal axis of the
workpiece 60 and the axis of rotation 58 of each of the tools 18. However, the
skew angle g may vary, typically from 30° to 80°, depending on the final diameler
of the workpiece 12, the shape of the workpiece engaging surface 62 of the {00l
18, the physical properties of the worlkpiece (such as the yield sirength and
resistivity), and the linear speed of the workpiece in the axial direction.

[G029] Preferably, the workpiece-engaging surface 62 of the {ocl 18 has a
convex shape, when viewed in cross-section. The convex shape has a radius of
curvature that is determined based on the final diameter of the workpiece 12, the
physical properties of the workpiece (such as the yield strength and resistivity),
and the linear speed of the wokpiece in the axial direction. if the radius of
curvature is infinite, the tools 18 assume a conical shape, providing a very large
coniact area.

(0307  The size of the contact area, when a current passes through the {ools
18 1o the workpiece 12, determines the current density in the workpiece. Higher
current densities result in lower amounts of force being applied to the workpiece
through the tools. The shape of the contact area is also responsible for the size
and shape of any ridges left on the workpiece after forming. A convex shape, for

example, results in a smaller contact area, which creates smaller ridges, thus
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providing a smoother surface. By way of example, for a workpiece engaging
surface having a maximum diameter of *X", a typical radius of curvature for the
work-contacting region would be approximately 2X.

iGG31] The workpiece-engaging surface 62 of the ool is preferably removably
secured to its shaft 54. This permits a workpiece-engaging surface 62 having the
desired radius of curvature relative {o the workpiece 12 10 be selectively mounted
o the shaft 54, or {o permit a worn workpiece-engaging surface 62 to be
replaced. As illustrated, the workpisce-engaging surface 82 is removably secured
o its shaft 54 by a screw 64, In addition, the shaft 54 includes a shoulder 66 on
the end supporting the workpiece engaging surface 82 for locating the tool 18
within its bearing housing 46. A removable coliar 88 is secured to the other end of
the shaft 54 exierior of the bearing housing 46 {o lock the tool 18 in place.
Preferably, shaft 54 and its associated workpiece-engaging surface 62 are
electrically conductive, while the collar 88 is non-conductive, so as o permit
electrical current to flow through the fool 18 to the workpiece 12, again as will be
described in greater detail below.

[6032] Torotate the tools 18 within their respective bearing housings 46, a
motor 70 and gearbox 20 are provided that are mounted o the main support
frame 14, with the gearbox 20 facing the chuck 18. The gearbox 20 comprises a
housing 72 to which a slewing ring 74 having external gear teeth 76 is mounted
for rotation. The motor 70 includes a rotatable shaft 78 that carries a pinion gear
80 that meshes with the gear testh 76 of the slewing ring 74 to impart rotational
motion thereto. A stub shaft 82 for each tool 18 is also rotatably mounted within
the housing 72, with each stub shaft 82 having a pinion gear 84 that engages the

gear teeth 78 of the slewing ring 74 so that the stub shafis 82 are rotated upon
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rotation of the slewing ring 74 by the motor 70. Universal joinis 86, 88 are
mounted to each stub shaft 82 and to the shaft 54 of sach tool 18, with a driven
shaft 90 connecting the universal joint 88 assodiated with each tool 18 to the
universal joint 86 of its respective stub shaft 82. Thus, rotation of the stub shafis
82 will impart rotation {o the tools 18 through the associated universal joints 86,
88 and driven shaft 90. By way of example, the motor 70/slewing ring 74 are
capable of proving a torgque of up 10 820 Nm on each ool 18 at a speed 0f 20
rem, and provide an induced linear speed (the axial linear spesed of the workpiecs
when driven only by the friction between the workpiece 12 and the tools 18) of 33
mm/s. The portion of the siub shaft 82 extenal 1o the housing is also contacied
by a conductive terminal 82, preferably made of graphite, for conducting electrical
current through the workpiece, as discussed below.

[G033] s desirable to pass an electrical current through the worlkpiece 12 to
facilitate the shaping of the workpiece 12 by softening the workpiece 12. To this
end, a source of electrical current is provided by a control console 94 that is
conductively connected to each of the tools 18 and to a selected one of the
workpiece holders 32, 34 (through, e.g., the graphite terminals 92 associated with
each of the stub shafts 82 and either one of the graphite terminals 42, 44
associated with the workpiece holders 32, 34, described above), with the
workpiece 12 held between the holders 32, 34 completing the slectrical flow path
4. As illustrated in Fig. 9, the current flow path through only one of the {ools 18
is shown. However, the current flow path 94 through each of the other two tools
18 would be similar. Alternatively, the current can also be provided by connecting
the two ends of the workpiece 12 to the power source through, e.q., the graphite

terminals 42, 44 associated with the workpiece holders 32, 34.
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i6034]  The magnitude of the current density is dependent upon the material
that is being shaped. See, Magaree, Fan and Cao, “Analysis and Cbservations of
Current Density Sensitivity and Thermally Activated Mechanical Behavior in
Electrically-Assisted Deformation,” ASME J. of Manufacturing Science and
Engineering, Dec. 2013, Vol. 135, By way of example, a preferred current density
is 30 to 70 A/mm? for stainless steel 304, or 15-30 Almm? for Ti 6AI4Y.

[6038] Preferably, the control console 96 also comprises the programmable
controller 30 with an operator input that will automatically control the operation of
the three moiors 40, 50, 70 to bring the tools 18 into or out of engagement with
the workpiece 12, rotate the tools 18, move the workpiece 12 back and forth
between the tools 18 in a forming pass and a return pass, and flow electrical
current through the workpiece 12. Preferably, the controller permits 30 individual
control of the current delivered io each tool 18. More preferably, upon input to the
controller 30 by the operator of identifying information as to the material
characteristics of the workpiece 12 and its geometrical configuration, the
controller 30 will aufomatically determine the speed of feed, number of forming
passes, the radial spacing of the tools 18, and the amount of current delivered to
each tool 18, and automatically operate the system in accordance with such
determinations.

[G036]  Thus, with a system 10 as described above, a workpiece 12 may be
incrementaily formed by a) mounting the workpiece 12 to the first and second
workpiece holders 32, 34; b) moving the jaws 48 of the chuck 16 radially inwardly
to bring the workpiece engaging surfaces 82 of the tools 18 into contact with the
workpiece 12; ¢) rotating the tools 18; d) moving the workpiece 12 relative to the

tools 18 in a forming pass from a first position to a second position; &) moving the
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jaws 48 of the chuck 16 radially outwardly to move the workpiece engaging
surfaces 82 of the tools 18 away from contact with the workpiece 12; ) moving
the workpiece 12 relative 1o the {ools in a return pass from the second position to
the first position; and g) repeating steps b) — 1), as needed, 10 achieve the desired
shape for the workpiece 12. As noted above, the forming methoed also includes
flowing current through the tools 18 to the workpiece 12 as the workpiece 12
moves in the forming pass from the first position o the second position.

[6037] I the workpiece has a tubular configuration, the method may also
include mounting an elongated mandre! 38 {0 the support frame 26 s0 that the
mandrel 36 extends through the workpiece 12 and the first and second workpiece
holders 32, 34 during movement of the workpiece 12 between the first and
second positions.

[G038] 1 will be understood that the embodiments described above are
illustrative of some of the applications of the principles of the present subject
matter. Numerous modifications may be made by those skilled in the art without
departing from the spirit and scope of the claimed subject matier, including those
combinations of features that are individually disclosed or claimed herein. For
these reasons, the scope hereof is not limited to the above description, but is set

forth in the following claims.
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Claims:

1. A rolling mill system for incremental rotary shaping of an elongated workpiece
having first and second ends and having a longitudinal axis extending
therebetween, the system comprising:

a) a first workpiece holder configured {o secure the firstend of a
workpiece thereto;

b} a second workpiece holder configured to secure the second end
of the workpiece thereto so that the longitudinal axis of the workpiece
extends between the first and second workpiece holders;

C) a support frame having an input end and an cutput end and
supporting a track, the first and second workpiece holders being
movably associated with the frack;

d) a first motor mounted 1o the support frame and operatively
connecied to one of the first and second workpiece holders for moving
the first and second workpiece holders and an associated workpiece in
unison along the track between the input end and the output end of the
support frame;

&) a chuck mounted o the frame having a plurality of jaws movable
radially inward and outward relative to the longitudinal axis of the
workpiece, each jaw having a tool mounted thereto rotatable about an
axis of rotation, the axis of rotation of each tool being oriented at a
skew angle relative o the longitudinal axis of a workpiece mounted

between the first and second workpiece holders;

13
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1} a second motor associated with the chuck and operatively
connected to the jaws for simultaneously moving the jaws toward or
away from the longitudinal axis of a workpiece;

a) a third motor operatively connected to each tool for
simultaneously rotating sach ool relative {o its associated jaw;

) a source of electric current and an electrically conductive flow
path connected {o each of the tools and the first workpiece holder for
flowing electrical current through & workpisce mounted between the
first and second worlpiece holders; and

i) a controlier configured to control the operation of each of the
first motor, second motor and third motor, and to control the flow of

current flowing through the tools {0 a worlpiece.

2. The system of claim 1 wherein each tool comprises a workpiece-engaging

surface having a convex shape.

3. The system of any one of claims 2-4 wherein the workpiece-engaging surface

is removably secured {o its associated tool.

4 The system of any one of claims 1-3 further comprising an elongated mandrel
having a first end rotatably mounted o the frame adjacent the input end, the
mandrel being sized in diameter (o be received within a tubular workpiece and
sized in length to extend through the workpiece during movement of the

workpieces between the input end and the output end of the system.
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The systemn of any one of claims 1-4 wherein the conltroller is configured to

individually control the current to gach of the {oois.

The system of any one of claims 1-5 wherein the controller includes an
operator input for identifying material characteristics and geomestrical
configuration of the workpiece, and the controlier automatically operates the
motors and controls the current flow through the workpiece based on the

input.

The system of any one of claims 1-8 wherein the third motor is operatively
connected to each of the tools by a slewing ring rotatably mounted in a
housing secured to the support frame, the slewing ring having gear teeth and
the motor having a shaft with a pinion gear mounied thereto in engagement
with the teeth of the slewing ring for rotation of the slewing ring, a rotatable
stub shaft associated for each ool mounted in the housing , 2ach stub shaft
having a pinion gear mounted thereto engaging the gear teeth of the slewing
ring, and a drive shaft extending between each tool and one of the stub

shafts.

A method for incrementai rotary shaping of an elongated workpiece having
first and second ends and having a longitudinal axis extending therebetween
with the system of any one of claims 1-9 comprising: a) mounting the
workpiece to the first and second workpiece holders; b) moving the jaws of
the chuck radiaily inwardly to bring the workpiece engaging surfaces of the

tools into contact with the workpiece; ¢) rotating the tools; d) moving the
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10.

1.

12.

workpiece relative to the tools in a forming pass from a first position to a
second position; ) moving the jaws of the chuck radially outwardly 1o move
the workpiece engaging surfaces of the tools away from contact with the
workpiece; T) moving the workpiece relative to the tools in a retum pass from
the second position to the first position; and g) repeating steps by 1), as

needed, to achieve a desired shape for the workpiece.

The method of claim 8 further comprising flowing current through the
workpiece as the workpiece moves in the forming pass from the first position

to the second position.

The method of claim @ further comprising flowing current through the tools (o
the workpiece as the workpiece moves in the forming pass from the first

position to the second position.

The method of claim 9 further comprising flowing current through the
workpiece from the first end of the workpiece to the second end of the
workpiece as the workpiece moves in the forming pass from the first position

to the second position.

The method of claim 10 or 11 further comprising before step a), mounting an
elongated mandrel to the support frame so that the mandrel extends through
the workpiece and the first and second workpiece holders during movement of

the workpiece between the first and second positions.

16
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13.

14.

15.

16.

The method of any one of claims 10-12 wherein the workpiece is placed

under tension as it moves from the first position to the second position.

The method of claim 10 or 11 wherein a required current density is applied

through the workpisce dependent upon the material of the workpiece.

The system of claim 1 wherein the skew angle between the axis of each tool

and the longitudinal axis of the workpiece is from 30° to 80°.

The system of claim 2 whereain the workpiece-engaging surface of sach tool
has a maximum diameter of X and has a radius of curvature of approximately

2X.

17
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