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TECHNOLOGY 10[ 0001] The present disclosure is directed to nethods of
formng hard-to-formnetallic materials, i.e., netals and netal all oys,

using | ocalized direct or indirect induction heating. DESCRI PTION OF THE
BACKGROUND OF THE TECHNCOLOGY [0002] It_is generally known that certain
netals and netal alloys, including, ﬂETLESexanple, titani um ItitaniumI
al | oys, ni - alloys, and specialty steels (e.q., stainless stee
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are difficult to form Such netallic materials are generally referred to
herein as "hard-tofornt netallic MBAV&NEPRS Hard-to-formnetallic materials
are generally nore difficult to formas their thickness, w dth, and/or

| ength increase. Many hard-to- f of¥iRBtefrnseorpomat eri al s cannot be

ef Pectively and efficiently fornethdrawoNigbsisr ed shapes or conponents

wi t hout the use of an extensive didheekCleppset of processing steps.
Conventional techniques of making parts fromhard-to-formnetallic
materials may include: welding together nmultiple pieces; nmachining or

hoggi ng out whol e secti 5} r g:g: i & h .., and advanced form ng
t echni ques, such as net Bg‘ﬁ @R@é—&ﬁ) , C}%EE |"ﬁ\é8B§L%ﬁ)\@r pl astic form ng,
and t heiELKOF MHBYTEORN@ItdGNal part making techni ques
10 [0001] The present disclosure is directed to methods of forming hard-to-form
metallic materials, i.e., metals and metal alloys, using localized direct or indirect

induction heating.

DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY

[0002] It is generally known that certain metals and metal alloys, including, for

15 example, titanium, titanium alloys, nickel-base alloys, and specialty steels (e.g.,
stainless steel, high-strength low-alloy steel (HSLA), armor steel alloys, and the like),
are difficult to form. Such metallic materials are generally referred to herein as “hard-to-
form” metallic materials. Hard-to-form metallic materials are generally more difficult to
form as their thickness, width, and/or length increase. Many hard-to-form metallic

20 materials cannot be effectively and efficiently formed into desired shapes or
components without the use of an extensive and costly set of processing steps.
Conventional technigues of making parts from hard-to-form metallic materials may
include: welding together multiple pieces; machining or hogging out whole sections to
provide desired shapes; and advanced forming techniques, such as net shape casting,

25 forging, super-plastic forming, and the like. Many conventional part making techniques
have limitations due to degradation of metal properties that exclude the techniques from
use with hard-to-form metallic materials. For example, a heat affected zone my result
from welding, and machining and casting defects may exist that are not readily

detectable. Conventional forming of hard-to-form metallic materials normally involves



have limtations due to degradation of nmetal properties that exclude the
techniques fromuse with hard-to-formnetallic materials. For exanple, a
heat aff ewoedizepes2ny result from wel di ng, and nmachi ni nGCRAB2EAHEI082)
defects may exist that are not readily detectable. Conventional form ng of
hard-to-formnetallic materials normally involves WO

2012/ 039882PCT/ US2011/ 049052 si gni ficant post-form ng operations for
surface rﬁ pair, flatness control, dinmensional stability, cosnmetic repair,
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The 25’ 36%atent states that a 7,87 inch (20 czgﬁpt hi ck plate can be bent
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described in the '360 patent is the high tenperature and 30specialized

eqoi prent  [@008] eAttempas haey ©esHpradd Bstibvdiby imprdvee tathifued rdorming
of hard-to-form metallic materials. For example, U.S. Patent No. 6,071,360 discloses a
method for superplastic forming of thick titanium alloy plate. The plate is heated to
superplastic temperatures, e.g., 1650°F (898.9°C), and forming takes place using a
press ram. Completion of a part is accomplished by machining the formed plate. The

25 ‘360 patent states that a 7.87 inch (20 cm) thick plate can be bent to about 130° with a 5

inch (12.7 cm) to 6 inch (15.24 cm) inner radius bend. In an embodiment of the ‘360
patent, a 2 inch (5.08 cm) thick plate was formed with a complex curvature exceeding a
12 inch (30.48 cm) depth over an area of 30x60 inches (76.2.x152.4 cm). One
drawback of the method described in the ‘360 patent is the high temperature and

30  specialized equipment required to achieve superplasticity in the alloy plate.



WO 2012/ 039882PCT/ US2011/ 049052 [0006] In light of the above

di scussion, there is a need for inproved nethods to bend and ot herwi se form
har d- t o- fwormreBedski ¢ mat eri al s. SUMVARY 5[ 0007] Accor diPag/useo1o/0¢90aspect of
the present disclosure, a nethod of formng a netallic article conprises

i nductively heating a localized region of a netallic article to a form ng
tenperature. In a non-limting enbodinent, the formng tenperature is in a
formng te rature range of 0.20 to 0.50 of a nelting tenperature of the
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predeterm ned tenperature in a localized region of the ferrous alloy
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met al ltb @ Beridied ferhSela@ird®dn i hddimiting embodiment, the bending temperature is in
a bending temperature range of 0.2 to 0.5 of a melting temperature of the metallic
material from which the metallic plate is comprised. After inductively heating the lineal
20  region of the metallic plate, the plate is bent along (i.e., in) the lineal region. In non-
limiting embodiments, the metallic material from which the metallic plate is comprised is
a material selected from a titanium alloy, a nickel-base alloy, a stainless steel alloy, a

high-strength low-alloy steel and an armor steel alloy.

[0009] According to yet another aspect of the present disclosure, a method of
25 forming a metallic material includes placing a metallic article comprising a material
selected from a metal and a metal alloy on a ferrous alloy surface. The ferrous alloy
surface is inductively heated to a predetermined temperature in a localized region of the
ferrous alloy surface that is in contact with a localized region of the metallic article, and
the localized region of the metallic article is thereby conductively heated to a forming
30 temperature within a forming temperature range. The metallic article is formed in the

localized region. In non-limiting embodiments, the metallic article comprises a metallic

3



| ocalized region. In non-limting enbodi nents, the netallic article
conprises a netallic WD 2012/ 039882PCT/ US2011/ 049052 material selected
froma tiweanowm3ggskoy, a ni ckel -base all oy, a stainl essPsTaskoalobwy; a

hi gh-strength | owall oy steel, and an arnor steel alloy. In another
non-limting enbodi ment, the formng tenperature range is 0.2 to 0.5 of a
nelting tenperature of the netallic material. 5[0010] According to a
further aspect of the present disclosure, a nethod of bending a netallic
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one induction heating device. The at least one induction heating device is positioned
20 and adapted to inductively heat a localized region of the ferrous alloy surface. The

inductively heated localized region of the ferrous alloy surface is adapted to heat a

localized region of a metallic article that is positioned on the ferrous alloy surface to a

predetermined temperature.

[0012] According to still another aspect of the present disclosure, a device for
25  direct localized heating of a metallic article including a material selected from a metal
and a metal alloy comprises a support including a support surface. At least one
induction heating device is positioned and adapted to inductively heat a localized region
of the metallic article positioned on the support surface to a predetermined temperature.
The support and the support surface comprise a material that is not inductively heated

30 by the at least one induction heating device.



[0013] An additional aspect of the present disclosure is directed to a
systemfor bending a netallic article conprising a material selected froma
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i nduction heating device is positioned and 5adapted to inductively heat a
predeterm ned lineal region of the ferrous alloy surface. The inductively
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The formed ballistic plate may be provided as, for example, a monolithic hull, a V-

shaped hull, a blast protective vehicle underbelly, or an enclosure.

[0015] A further aspect of the present disclosure is directed to an article of
manufacture including a formed ballistic armor plate according to the present disclosure.
20 The formed ballistic plate may be in the form of, for example, a monolithic hull, a V-
shaped hull, a blast protective vehicle underbelly, or an enclosure. In certain
embodiments, the formed ballistic plate may include one of a titanium alloy, a nickel-
base alloy, a stainless steel alloy, a high-strength low-alloy steel, and an armor steel

alloy, and may include at least one bend region having a bend radius of at least 2t.

25 BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The features and advantages of certain non-limiting embodiments
described herein may be better understood by reference to the accompanying drawings

in which:



WO 2012/ 039882PCT/ US2011/ 049052 [0017] FIG 1 is a flow diagramof a
non-limting enbodi ment according to the present disclosure of a nethod for
form ng awoantywshss2conprising a hard-to formnetal | i ¢ nRCEAS201,1/04p98418] FI G
2 is a schematic representation of a non-limting enbodi nent 5according to
t he present disclosure of a nethod including inductively heating a |ineal
region of a plate or sheet of a hard-to-formnetallic material;

[0019] FIG is a flow diagramof a non-limting enbodi nent according to
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of a nop-| icgiti ng, enbodi rrenﬁ_ of a %gvi ce including a support and at | east
one i rdlERIBR rtgrformpiraetailic aataraline i nduction heater is positioned and
adapted to inductively heat a |localized region of a netallic article
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[0021]  FIG. 5 is a schematic representation of a non-limiting embodiment of a
I5  device including a support comprising a ferrous alloy surface, and at least one induction
heater. The at least one induction heater is positioned and adapted to inductively heat
a localized region of the ferrous alloy surface in a substantially uniform manner to
thereby conductively heat a localized region of a metallic article in a substantially

uniform manner;

20 [0022] FIG. 6 is a schematic representation of a non-limiting embodiment of a
device including a support and at least one induction heater. The at least one
induction heater is positioned and adapted to inductively heat a localized region of a
metallic article positioned on the surface of the support in a substantially uniform
manner. The support comprises material that is not inductively heated by the at least

25 one induction heater;

[0023] FIGS. 7a and 7b depict schematic representations of a non-limiting
embodiment of a support for a device for direct and indirect induction heating of a

localized region of a metallic article;



[0024] FIG 8 depicts a non-limting enbodi nent of a systemfor formng a
netallic article, wherein the device includes an induction heating device
adapt ed twoherto3gsskocal i zed region of a nmetallic articl @CTASA1A/04W5M Ny
apparatus situated near the induction heating device to enable form ng of
the metallic article before the tenperature 5o0f the |ocalized region of the
netallic article cools below a formng tenperature range; [0025]FIG 9 is a
schematic representati on of a non-|i mtilerl]gpenbodl ment accordi ng the present
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expressing quantities or 25characteristics are to be uﬁ erstood as being

modi fied i rpopbly i 136ARE9S adhok a ﬁro'f”1 ﬁ@ﬁ’gﬁ 54 dﬁ‘fctﬂfc%'ﬂ‘ﬁllbﬁmﬂhﬁﬁﬁ]alloy

indicated to the contrary, any rica arret set for
f ol | oviThgAd8sf-il (iFenD.2aCe (RIS 65&4250) mistetdwrhpleajoema’rwlnd&rwmg regliiasf fthe

desir perti.es one seeks to obhtai f the nethods according to
t he pﬁgg(%%?‘ % U7 8 Jron-IMating iem T%’@QE% m\,\@ﬁﬂgﬁé‘?o%”%w Ri#gENto 1imt
the appsdieaqireoan@f the WO 2012/039882PCT/ US2011/ 049052 doctrine of

equi valents to the scope of the clains, each nunerical paraneter should at

| qast ybgpgqnéégpemmb'.QQtpl&fof&&ﬂperam%fs Withih SPBELIRA (e b2 Narilif! 'S
alloy inductively heated for 900 seconds and then cooled for 60 seconds as a function

of distance from the centerline of the heated localized region.

[0029] The reader will appreciate the foregoing details, as well as others, upon
considering the following detailed description of certain non-limiting embodiments

20  according to the present disclosure.

DETAILED DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0030] In the present description of non-limiting embodiments, other than in the
operating examples or where otherwise indicated, all numbers expressing quantities or
25 characteristics are to be understood as being modified in all instances by the term
“about”. Accordingly, unless indicated to the contrary, any numerical parameters set
forth in the following description are approximations that may vary depending on the
desired properties one seeks to obtain by way of the methods according to the present

disclosure. At the very least, and not as an attempt to limit the application of the

7



ordi nary roundi ng techni ques. Also, all ranges provided herein are

i nclusive of the indicated boundaries or limts. For exanple, a tenperature
range of wo0.2B140398825" of a Sparticular tenperature is i RCTOS2Ma/0¢4052 he

i ndi cated boundaries of 0.2 and 0.5 of the particul ar tenperature.

[ 0031] Any patent, publication, or other disclosure material, in whole or
in part, that is said to be incorporated by reference herein is

|ncorporat ed herein only to the extent that the incorporated material does
not con?eiliee ohearivalands fmthegegans qfitbasiaimnes eask remesicabpargmmser shewf & ur e

mat eri ghsppd Cgﬁéﬁlﬁb ﬁ‘lﬁ t%f?’déﬁbﬁ’s BF Bf reordCgnifbahtt H]an?)ﬁ lying .
? L erelng E‘;ﬁ;l cglng

necessary, the |sc e as set fort Upér se &S any
mat er i @ﬂdlnammomnllag eebfheqtmm Blsor ell earegeseproritedrtedrein ave, inclusiverdfitos

her eaf d by ref her, h
cont |1 BISeY ROGEIeS Y iy o BT BRINDl: G BMERTET el O ef b ol
matser i gartig@lar thporafeeas hdigsifd by tHGAiRMRbEG d&ider LbaHME Jiligd no

conflict arises between that incorporated material and the existing

di scl oxtieulgatespperature. [0032] There is a need for inproved nethods to
bend and otherwi se formhardto-formnetallic materials. For exanple, the
present i nvi@@Bdls Asunpatedegublieatian, onothet declasivamaigeialsn whobe ovindears

the van8bi STl Pe it Braf T o dhce fe Rl b Subolalay nesg eIt v '

heat i ngxteit tﬂiat Bid iaborporatednnateiiastibss henpsirdtuligsexidfiey BERSIBORs,] nventors
beli eve that such a nethod may | ower the costs of formed conponents,

i €r eadatomedace ethey disglogres maé@ruﬁiée[f Fasthh inethisodieelnawies ahs proteans fogthe

ot al 1 ReR SR e HRGESIERL sk IRHAR, {basShiRaRRY pRETG 88 et nod
wi | | énatrperatedheaein t:@ersenfeg‘enbasMy rhaterial, tdn@opmmﬁtkﬁre@fmhﬁt igasidsofifeom
al l oys_not arts_due to ljmtations of

conveﬁ??‘?mQFrtgﬁ\j/@éME%%‘éﬁg‘?e @fﬁﬂ"r‘ CRSJ-BSNW‘ & conflicisowiy pxistieg defipdioass | ow di agram
schenedth@dldnits REastRBE ﬁl@gloéuﬂeoﬁ"\altéﬁﬂits'ef‘ﬂbrﬁ"mﬁ’é’r@ﬁm%rﬁnlﬂ]ﬁﬁgﬁg#rﬁge& ® thge present

di scl osure of a method for el evated tenperature for a netallic
arlpi cleédmir’tbai 0] ngnféncham&ealmetf/\/@emthet iacoiporatedenatdrial Asd treedxi3thgr ei n, t he

term " hard- tallic material” refers to nmetals and netal alloys
havi g S B A Ba R o rCT Usa011/ 040052

[0032] There is a need for improved methods to bend and otherwise form hard-
to-form metallic materials. For example, the present inventors concluded that it would
be advantageous to provide a method of forming hard-to-form metallic materials that

20 does not require the use of open torches, large furnaces and associated logistics, or
heating of materials to superplastic temperatures. The present inventors believe that
such a method may lower the costs of formed components, increase productivity, and/or
reduce the thermomechanical processing equipment infrastructure currently required to
form many hard-to-form metallic materials. The present inventors also believe that such

25 amethod will enable new part design basis, i.e., the production of parts from alloys not

previously used for such parts due to limitations of conventional production techniques.

[0033] FIG. 1is a flow diagram schematically presenting a non-limiting
embodiment according to the present disclosure of a method for elevated temperature
forming of a metallic article comprising a hard-to-form metallic material. As used

30  herein, the term "hard-to-form metallic material" refers to metals and metal alloys having



high strength and |l ow ductility at a formng tenperature, and to netals and
nmetal alloys that flow soften upon deformation. In a non-limting

enbodi nerwp 28120189882t o-form netal lic material has | ess tram/S2@08Wst f er ence
in tensile strength and yield strength at a form ng tenperature. In another
non-limting enbodi nent, a hard-to-formnetallic Smaterial is a nmetal or
netal alloy that exhibits a high spring back, such as is the case with
titaniumalloys, for exanple. As used herein, hard-to-formnmetallic

mat er i AIGY stiegiotiiand e deghlitplad a formiagi tamperatoye, and tokektadsmgad ahétaysljoysnd

Pyt 13k SRten( i derdlfialhd s, bRl A LTI FRID o Qi B o,

(HSLA), and arnor S as u refers to
a nat emietd!liomaterial dlag lessTiitansa ng%adifferericeandénsila@tatgtd @aklyyd strength at

[ 0034] Y\hi |.e &'%% entgodi ment disclosed in FIG 1 refers to specific.

har d- t19'8HRY ADRPIANEerdp@noiner NnemEmEingRINReAMetea bardiatiarer eietalig so may
be susegatdii ' | I3 t i r G rinl| u ot her
oAl R R b Pk ST ar T e S5 '
mat er i Witk titandisalioys, for ésamipte.r Adwsed hepeini baohkto-formireetljor matartals

di scussi y refer . to "metal alloy' in the succeedi di scussi on
of " enBoet en L xalsT g b fep Plsdekbath Slpisane SrECHGITET 48 o
unal | cyteithidszsstesEhih-3tréMgth now-dilbiistd I gHEX ANPARY 8fmér SiBEPalldYsf OREBd)iagh
purity netal that may be processed according to enbodi ments "di scl osed

her ei rH§es! hRTgH, pmeitalb(c Zefers e armalenioBe] amictencerepesiag cemetal nd/orimetal

nqgp- | iéﬁog,i' ng nethod 10 according to the 20present disclosure for formng a
nmetallic article, i.e., an article including a hard-to-formnetal or netal

alloy arti ORI ' tivel y heatjn a Localized region of the
netal lic aﬁtbﬁgﬂt Wgﬁlgéﬁcs?rérn'ﬂgéa%erpggx%q%%é 'Pﬁ:@z' e Otsgﬁﬁ'tgpi‘%ﬁ&’éo'?%rﬁbe.
When trhetdllimcabteriads, itegieatbddimahtst dscriget edeih st Athyt ETREE A IHHRmIr Righ
article js bent or otherwise forned 14 in the |localized region that has

been iRl Meiaieycopasaially prpawtalsnand ater metat allaysehabeithairare armese et ni ng
t enper, ] : . at u ’ 0] of . meltin
t enperarsidered paft - SRS (Ao NGBl kb8 ostiin, hitfie™ ' "
arbi clpresémt dismidsem, moy-rbiemencay =finettil mtoy", intthe sLioceedigg desmes@husfe i s in

a formng te rature. ran of 0.24 to 0.3 .0of a nelting tenperature of the
Tt ol OGRS A TisrB e PRSI SRR IS INGTUSG & (NP NGBY P base

non- | irfaigl fi r i t 0.2 of
e o D B b ol S D R S TR B A e ur e

| ess tacessed aaording &b kintadirnantsedipaosediheraid i highnetrity ziecorimmnal al | oy

conprising the netallic article. As used herein, the "nelting tenperature"
i s defined[@8835] With reference to FIG. 1, a non-limiting method 10 according to the

20 present disclosure for forming a metallic article, i.e., an article including a hard-to-form
metal or metal alloy article, comprises inductively heating 12 a localized region of the
metallic article to a forming temperature in a forming temperature range. When the
localized region is at the desired forming temperature, the article is bent or otherwise

formed 14 in the localized region that has been inductively heated.

25 [0036] In a non-limiting embodiment, the forming temperature is in a forming
temperature range of 0.2 to 0.5 of the melting temperature (T,,,) of the metal or metal
alloy comprising the metallic article. In another non-limiting embodiment, the forming
temperature is in a forming temperature range of 0.24 to 0.3 of a melting temperature of
the metal or metal alloy comprising the metallic article. In another non-limiting

30 embodiment, the forming temperature range is about 0.2 of the melting temperature to a



being the | owest tenperature at which incipient nelting of the nmetal or
nmetal alloy occurs. As used herein, the "recrystallization tenperature" is
defi ned awothr/d3ggsest 5t enperature at which the distort@dTgrsaéin/oggos2ict ur e
of a cold-wrked netal or netal alloy is replaced by a new, strain-free
grai n structure during prolonged heating. [0037] As used herein, a
"titaniumalloy"” is a netal Iic al l oy incl udi ng titanium as the predom nant
el enent. As used herein 'nickel base alloy"” is a netallic alloy

i ncl udﬁeH@OQ{ﬁMe||e%ﬁs’theﬁéherre%ﬁiaﬁemloe|terﬁeﬁtatuwsofa§1@dnﬁ@ﬂ ef metal allopeci al ty

steel’ cdrﬁ &Qﬁ ltﬁ&f@&aﬁx?%’f@l&@t ﬁ%%ée%sh&ferfttﬁgl‘m R ggtn ?thé g%te]ﬁeeg]a%s?g

to, eIect tee l'oy St eels, starnless s ee
mar t ensging (the mm%memperatetq)&trwhmetlmptelnc medting eﬁtheaﬂdtambemmalt@ltdyon
har dem iy nI es steel s), tool eI S, maragi ng st arnor st eel

al | oys®® tq’sg ey f? IrPSSYSE%' ’§” taRperR fgs'tsé@?‘@ed PSaB8Towesi n _
r efser rtleﬁq)éretdFé @t whicH %fﬂu@t@ﬂ%ﬂcg{r% é'fﬁ}(ft‘urle' & daﬁéé|6%@rk€8¥n§ﬁﬂef hrifal aefut 1S

not limted to, techniques sele from bendi ng, draw ng, punchi ng,

st anpi 'ﬁgeméﬁ@d by1a Newr ﬁﬁrﬁtig fremgmshecturmdunngpmingg@drbedﬂm@nt t he
netallic article conprises a mll product. As used herein, a "mll product™
is any met d00BE] (iAsusedreemin,ar “titatiam alldydyy aaneﬁadlbealtbblamdumngsemlum as

-f ' f th f ab t.ed jnt fi hed
on- | 1eETRa ek BIR o i B el HDU G GbTIAEA e RO |
pr odudhclugirgehiersd|es tzefﬁr@a@mmarﬂi@%me@t bad Liséq h@r&h%f@p&@%@eb@é a
guare bar, an extrusion, a tube, a pipe, a slab, a sheet, and a plate. In
y

h@ arvsiered Hom caiegoriag o stasdinaiudinadedmat tigited tpheleptr@sﬁﬁeISda&w a@el@ef
the metan|dss SFLbINBLERTE 1bREE, MalRlic, SulelhE: suri-alianiit iauleR .

and f qrracnpgaﬂgh hamemgikﬂalrﬂe@ steels) ool steess, bendying étéélsnatrﬁbﬂ steephidye, i n

thelln al ion of the netallic 75plate. [0039] As used herein, a
"1 ocalll atre@ fhdaw E?'@yasrﬁe%iﬁe%”%f"’eérﬁ&%l icarticle that will be

plastically deformed during a formn | ocal i zed regi on" al so may

i ncl ude one{ 838l waky @i@rrin@ﬁ@dﬂ@t di &raun@déﬁhemﬁtawg agiidda nody coropriseal | i c

| f t
o |1 ot Mhited RE LRGN Lo Mok B TREnS R SRR Pyt oy iPiho
| ocal |amidoﬂégnnmngmiry aamtfmndwolmldlmmnglwmtbocﬁrr@nt naé nﬁéta% #1idle copridBs a
2012/ 03?882PCT#820114 049052 to about 1 inch (2. up to about

i nchedNl&reAu Rergb @ Millinkedied’ (373'@}2"@@“'0 Ur? ,tfﬁebﬁd@utmetal "H&Yés
(10, Lok sy Sogheal rphenss | IRPAREAL MGl MEIThBLLE A Eohe,
addi t iliontingembodiment accordlng to the present dlsclosure the mill product is selected
20 from an ingot, a billet, a bloom, a round bar, a square bar, an extrusion, a tube, a pipe, a
slab, a sheet, and a plate. In yet another non-limiting embodiment according to the
present disclosure, the metallic article comprises a metallic plate, the localized region of
the metallic plate that is inductively heated comprises a lineal region, and forming 14 the
metallic plate comprises bending the metallic plate in the lineal region of the metallic

25 plate.

[0039] As used herein, a "localized region" is an area of a metallic article that
will be plastically deformed during a forming step. A “localized region” also may include
one or more areas immediately adjacent to the area of the metallic article that will be
plastically deformed. For example, in certain non-limiting embodiments according to the

30  present disclosure, the localized region may extend up to about 0.5 inch (1.27 cm), up
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i nductively heating the area that will be plastically defornmed, it may be
desirable to 5inductively heat one or nore areas i medi ately adjacent to

t he area wbavi2us3bsszbe pl astically deforned when the net ROU/US1IGOMWEZt ed ON
thicker netallic articles and/or to better ensure that the area of the
nmetallic article that is plastically deforned is at the form ng tenperature
during the formng step. [0040] In a non-limting enbodi nent of a nethod
accordiqr;%@to the present 10di sclosure, a |ocalized region that is

i nduct IORIGH HRER A2 P4 @), iURdglabosy RdRchess(SRbamMierihabautd inebgs (&8 on" s
| t edmr . ) ; . .

cont erl T Rt AR hhbs | TEHUCED, bPE drPLiERARtaRil fom ME atba St iod Aktallc,

r egi onardickeothatiyilebe plctiaaltii defanoedf Fomekhmpiatieisdedidi@nst tHahin afditiorxanpl e,

the lineal. regjon. t t t 0.5 inch (1.27 . .up to about 1

e

(7562 indbctively heatdeslbr thdrd @hess indifledBitdhdjRenttdiRad @k HhshAnse fromthe

i ntended bend |line along all or a region of the Iength of the intended bend

i ne. Rlastically feforamsbwhgeibe mathed ir sendusted pothicker metalliciadiclasnand/onto

defi ni e 4 regl i Whih Enereasin

thi ckroid FRPRE M B Lol B L A FR B0 ML RIS Sel R HErsea

usi ng folmaingetehgesatues eluring 204 EAIhg btepnon-1i mi ti ng enbodi nents according to
the present disclosure, inductively heating a |lineal region or other

| ocal i zed r[eguon ilmacioreBmitingl drabodinfee opl MEthedi deedihg o iRApicR@neoi | s
positioned adjacent to the |ocalized region of the plate or other article.
FIlg  Adisdoguree Rdaealized ragioadbat istindurtyelyhemadis ailipparesitsodhawsedaccor di ng

to th ni: - di Wk f : i {] heat | jneal
regi o 55 R ingr TEGRL kT T RS il mabdeee HEfhay e e

r egi orth@Zenterltioaintithe thand)ioiesmedlid platd & other brtiddie TheinkaNicgidigalealraghy ment
represente(g by FIG .2, the lineal region 22 is inductively heated by two

i nduct$eeN aiqv'%taé%e Fe81 thedhtandss boﬁdtsﬁtnet- FIppsEnRle. H\@lingsd sedign MaF t he

| i neal i i - ¢ t i hon coils
26 boi et 1S eqPrLOpanth B, 27ieh, U o BEOLE SERiERREE bR U 10 B2 °7

urder snowes (Shed coneuB® adogtt3 owwhesi(7.626:o), uptpabiciad inetes (IQuts cion, coal s 26
coul d be uti t. the ion 22 of the

li.zed to hea lineal.re te 24
Aocor TR dig85ce amAPE infeided HRngHinG 4G a0 5@ g Pang Jora of the
2012/ G388 BENHHARL 1A REAARPembodiments, the distance from the intended bend line
defining a boundary of the lineal region increases with increasing thickness of the plate

or other article to be bent or otherwise formed using the methods herein.

20 [0041] In non-limiting embodiments according to the present disclosure,
inductively heating a lineal region or other localized region involves utilizing one or more
induction heating coils positioned adjacent to the localized region of the plate or other
article. FIG. 2 is a schematic representation of a non-limiting embodiment according to
the present disclosure of a method of inductively heating 20 a lineal region 22 of a plate

25 24 of a hard-to-form metal or metal alloy. Lineal region 22 is bounded by lines 22a in
FIG. 2. In the non-limiting embodiment represented by FIG. 2, the lineal region 22 is
inductively heated by two induction coils 26 positioned adjacent to opposite surfaces
28,29 of the lineal region 22 of the plate 24. While FIG. 2 depicts two induction coils 26
being utilized to heat the lineal region 22 of the plate 24, it is understood that one

30 induction coil 26 or more than two induction coils 26 could be utilized to heat the lineal

region 22 of the plate 24. Accordingly, for example, it is within the scope of this

11



di sclosure to position one or nore induction coils adjacent to one or both
opposite surfaces of a lineal region or other |ocalized region of a

met al | i ¢ Whabe/39880t her article to heat the | ocalized regrams2afi/os¢es2 articl e
to a formng tenperature. It will be understood that the foregoing

di scussi on concerning the nunber and positioning of induction coils
Srelative to a localized region of a netallic article applies to any

geonet of localized region that nay be used in the methods according to

r . : )
t he pr@é@ﬁ?‘u?ﬁ todresdligneone or more dEAPnrils agiansss o Ree F Roth aapesiieon
heat i i i i I QR: Ol ] ,
nduct S B Rl FEGBER ot bOMRH QRN el fle bPEUREIETL o
arti clkeaddbé lemlizédregiramplites apicts  24onsng éérapeeduteo hedleba uasetsdoodct "

10i ndugt | ting..ln direct induction heating, re induct
coi 1's Brt Bt ErEIIRa DS Iob Homg A e Buiias B postiondis OF ROuHBESR 1S od
regi onveqftive t8eE Rehiifecidgic 6f ansbthiiepie GpPRSs I8} §EBRIAY Wifodlizkhe

| ocal i zed region to increase. Direct induction heatlng may be contrasted

wi th "regifnyBet mayrkrigsedin eanpipdswinsoeding do the p@sent discloguced in and

t hereby heats a region of a netallic object, and the netallic object heats
a 15| ocal i 2084REkgiFen pufrpesasdharklin, indudtioolreatihg msiiy aoadacgeorenvbf heat from

the i i i h d [ 1] bj .t h talli tjcle. Thus, i

i e TG SRR, 05 Siahisd ki’ el Pagostened delitefinetyt fiat «

t he nehafal of niebkdilo droyleasiichdse féoekenBIENpla®s 20N AIMMirEE th REPEA A Hirest
reliance on inductively heati ngoan interposing netal or nmetal alloy object.

20P004RPugticifeeating. Hetilesl INdsICHOR BeRHNGURNR ISR iNskigtion sods ecotesal | y
conduct ik va:-abi . - : t et j act - :

ol et 1o g bR Al BB BB Tk e sl P 1
passedhetabyugiusarihe tenpemtagnetthandcalizddat gion todndreadde Diredtisidiuetiosoi | i s
posi tioned adjacent to the netallic, object, and the current within the coil
gener J{e@fimgda_y@arcro@h@g{qﬁ \ﬁ"ﬁi‘ Angkectol) : 'Qnﬁeé@f‘gi‘é’afrer"é§i%‘t”z%ﬁ‘é§ WAHREH t he
75met ah lihe tRBIedGthd 8 Bl rb§iohbftPieallie8bjeBY d th_e%?x*ém%%b'e&%afté gquency of
alternating current that nust be used to inductively healJ a particular
mébal lepalizeddpgian aya wiefallia adiefsethdeugn conduationexfthesit from theeindoatpady t i on of

the ngt al . al th rricyl coupling between the induction
e B lopRl) A B! A SR REEET g B

| nducegdedidy Hastingrievicd MdDevEly Rbhist8e¥AE@ALMRTEE AOGUHtIBYo be B or
30present disclosure, the induction heating device uséed to heat the |ineal
r egi optlersse Ermescuithowdelianfieopn stdustively heatisg @oniptaredsigy andtat dr metdlor m
nmet al IaiIIBy%fe rt_i al enploys an WD 2012/ 039882PCT/ US2011/ 049052

20 [0043] Induction heating is a technique used to heat an electrically conductive
object, such as a metal or metal alloy object, by electromagnetic induction, wherein a
high frequency alternating current is passed through an electromagnet and induction
coil. The induction coil is positioned adjacent to the metallic object, and the current
within the coil generates eddy currents within the object. Electrical resistance within the

25 metallic object results in Joule heating of the object. The frequency of alternating
current that must be used to inductively heat a particular metal or metal alloy object
depends on the object size, the composition of the metal or metal alloy, the particular
coupling between the induction coil and the object to be heated, and the depth of
penetration of the induced eddy currents. In non-limiting embodiments according to the

30 present disclosure, the induction heating device used to heat the lineal region or other

localized region of an article comprising a hard-to-form metallic material employs an

12



alternating current frequency specifically tuned to efficiently and
adequately heat the netallic article. Induction heating is known to those
havi ng orwiorzarye3sds2l | in the art, and further el aborati @aTafS201h849952 nci pl es
of and manner for carrying out the technique is believed to be unnecessary
in the present disclosure. 5[0044] In certain non-limting enbodi nents
according to the present disclosure, the formng or bending tenperature is

within a range of about 0.2 tines the nelting tenperature (0.2Tn) of the
har d- t di9rHRINGrELEENbireaeenay sRacdicallypunes eRfiieicotls apppsiequntelyrbpgl the

t enper s ~pl ; =10s I |k QY re e,
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enbodi ivethies eleoaatim di the princifies pf esé mardies dbosarmneng sut that tetherigesbiedi nent s
may be clonsi ered to be "war{}?éf or m nq t hods. It was unexpected and

sur pri Ry A3 DT BIREES R RVBRPET LT ACTAR R t o- form netal | i ¢ materi al s,
such as, buﬁ gﬁ limted to, titanium al I%¥s, ni ckel - base all oys, and
speci al ty stO08fd  1pgerEI Repimiingembediradnts sicraiging tq Kiegeeseqt dsclosure,

subst al fBrhih gl AN difRterh B fREE Withih a ’f@rl\%é gga&?urmﬁé @i%set?le%éﬁ'iﬂﬁt

fracturing the 15material during formng an ereln after formng, the
pl ast i teaparatlee ¢0 2dd) peticomardstocfonpireetal 9r metal wiloy amp tabbyutf @.6dinoés ter f ace

def ect | i i.ndi cat.i in.t f f :
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present disclosure 20wherein the nethod is perforned on a titanium all oy
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Accor dhagham-toafermanetailid mategiatsyisoadh rasnbut ndtdinhicedrio) ditaoriumeniidysgnickel-
tenmperature for a titanjumallo rtjcle is abaqut  800F (426.7C), while in
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titani Aty dd [ 285 (n@%n‘f’p@r UPES QA in

non- | i%’rqsi?éng e%bod?ﬁebg{]gﬁemgha%h@%#et alli'c %.tl’tl c?ﬁetqgt) atré(?gﬁﬁ%ih?% bent or
otlher whaterigl deting frminglehdmheteitoaftdrdosniog, e plasicdllyeeformed region is

Ti-4Al - 2. 5V- 1. 5Fe-0..250 |10 UNS R54250 he form ng or bendi ng

{erper T DL L SR G e St Do U (0 S80S, 178 her

non- | iipdichfiéhSRERB IR ha k6 GRHAES Gnbniche: sDESE Bfaclirkf kOSHicy WRRT @lch t he
metallic article consists of or conprises a titaniumalloy, the formng or

bendi Mendinger ather éormingestamy be from

[0045] In a non-limiting embodiment according to the present disclosure

20 wherein the method is performed on a titanium alloy article, the forming or bending
temperature range may be in a forming or bending temperature range of 750°F
(398.9°C) to 850°F (454.4°C), or in a forming or bending temperature range of 800°F
(426.7°C) to 850°F (454.4°C). According to one non-limiting embodiment, the forming
or bending temperature for a titanium alloy article is about 800°F (426.7°C), while in

25 another non-limiting embodiment the forming or bending temperature for a titanium alloy
article is about 850°F (454.4°C). According to certain non-limiting embodiments, when
the metallic article that is being bent or otherwise plastically deformed consists of or
comprises Ti-4Al-2.5V-1.5Fe-0.250; alloy (UNS R54250), the forming or bending
temperature range may be from 728°F to 874°F (387°C to 468°C). In other non-limiting

30  embodiments according to the present disclosure wherein the metallic article consists of

or comprises a titanium alloy, the forming or bending temperature range may be from

13



WO 2012/ 039882PCT/ US2011/ 049052 about 1000F (555.6C) bel ow the beta transus
tenperature (Tp) of the titaniumalloy up to about 700F (388.9C) bel ow the
bet a trams00t2éspsseat ure of the titaniumalloy, i.e., | RCI/USRNPOLEWSUr €
range of To - 1000F to Tp - 700F (Tp - 555.6C to Tp - 388.9C). [0046] Most
conventional processes for formng titanium alloys use 5tenperatures
greater than 1000F (537.8C). At these "hot form ng" tenperatures, surfaces
of the titanium.all ogs may oxi di ze, form ng an al pha-case. Al pha-case is an

d Al p

oxy gen2Reti TUQEGF ppeR B FLREIPK thg hite ranstatfruremidrs (Ts) ai theytdanive akeyodd t o
heat e } F xg@%g s i Ltk ; t ause

fati ggtgaé:tgoadglzg@i% t égﬁ%éﬁitﬁ IEtyp| @gfﬁj/é ;fesrhéértr?:t)%@dﬁ iqﬁets“u slzrauée“r?& 1S

pr ocesiviantpnspapiurelrangé of o - 160atHtmT cage0fFo(Tys- 555.80CHe Tor3ds,C).
tenperatures used in various non-limting enbodi nents of the formng

met hods di s[@0d6¢d Mestediamventional drO€=E8eslfor fdahing tianivrheveyabesat 1000F

537.8Q) th hani cal [ ti i | | .may change. For
Exanpl EMASARIYES Brearapen TR0 F 487 Bea) bl hoerhamaiming Jomgeranies
appl i cafRRs cFWed tithiurh o %ffﬁ{ sxidizb?ﬁ)rhﬁwﬁgt a-BR¥%e PRIJHASLa st M-

15mechani cal processing a ti um al [ oy at ormng tenperatures. In
such cag@entrraichedadtaserresulsiog sdwretitaniuon Aot ifsalloyagrereypbsed Egueated aio

[ ' ' i,n_t | F hard-to-f
ot ol 1SR e EPEESR A o RET RS 2oriradt 1 pa B ulh st ipabe anoy.
necharit typically apesrhoesd lssuleoeht hraicatsiigeass. t et 6BRG iphEisady RP@Rtat
i nventors observed that subjecting titaniumalloys and other 70netal all oys

t d0t hehg dPERingderemiutas wsashin \@rses iy évitingeambedimsemnts phihe fegmingbodi nent s
di scl Qﬁéﬁ\ola%rﬁéﬂoégqeﬁe%%. significantly affect inportant nechani cal
a

properties of the oys. As suggested, particularly inportant mechani cal

ool tcat | on0ONTEo KA Tohe B Ao 10tR i Rg " En Bl M mRRtadbalhidPreiandls
accor ditagiufroalidye rAapcRassé. Hopekamples Dalisibiptbpdtibarbaltedl blatanahealkgt or

ot herw se forned, as the bending or form n? tenperature is | owered, both
the atPY oL PRlsateRT Suehastier exampda, higlilqudhness hoay dgrlesiuen Biarmoy of t he

ho : ol t i ] ng rature i.s

e SO Foc  Sin SR G ARy IEE Phok B0 STRELAL ol
f or nedre@tmeatosulisdueenard hatl formingunay bAseairéd towedtoret dssi@idtmesipanivgl back
occurs when, . : , :

properties in the alloys. For some hard-to-form metallic materials, it may not be

possible to restore the desired mechanical properties using post-forming heat

treatments. The present inventors observed that subjecting titanium alloys and other

20 metal alloys to the relatively low forming temperatures used in non-limiting
embodiments disclosed herein does not significantly affect important mechanical
propetrties of the alloys. As suggested, particularly important mechanical properties

may be those required for ballistic armor and/or other applications.

[0048] In certain non-limiting embodiments of the methods according to the
25 present disclosure in which titanium alloys are bent or otherwise formed, as the bending
or forming temperature is lowered, both the ability to form or bend to tighter radii and the
reproducibility of the method decreases. For example, as the bending or forming
temperature is lowered, a higher incidence of “spring back” of the bent or otherwise
formed plate or other article occurs. As is known in the art, spring back occurs when,

30  for example, after a plate is bent, the bent plate reverts to a larger bend radius than to
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30for exanple, after a plate is bent, the bent plate reverts to a |arger
bend radius than to WD 2012/ 039882PCT/ US2011/ 049052 which it was bent.
Furt her, o 20tee03pgsadi ng t enperature used i s | owered, th@&CTitsRo11I0&9052

m cro-cracking will occur in the bend line increases. Therefore, in a
non-limting enbodi ment according to the present disclosure of a nmethod for
bending or other formng of titaniumalloy articles, a lower limt for the
bendi ng or other fornn g 5 tenperature is about 750F (398.9C). In another
non- ||Whtcmthéﬁrt§>@m nEHtthac @srthe mgnding tleenaraksausad e lovwred, bk riskatbahod f or

bendi ng,; 9K 0f P\WH&&Q iffthd bEﬁ?'hHg\ Arb¥ed Outﬂ}%&gérgg%éﬁgﬁrhrml%t for the

bendi ng or ot ormng tenperature is a et anot her
non- I|embodgnmﬁbm¢ormng tateopaisegt tisclosargokes erdthdd s@l lsidity of otheret hod f or
i alower |limt for the

bend f f.t t |1 t
bggd: E%rrg?nq(;%’#@%mfg{ gb?ﬁ?ﬁéme&:’rﬁ ig‘lé(fg[l 'Z“t f(%) h%rbael eipﬁﬁtheéﬁ?fé‘?'ﬁgure range of
abgut t@ﬂ%rét%?é lslgbo&tWSﬁ?’PL{%@@@E (ﬂﬁgnc?tﬁér nbA-IiE fﬁéﬁboﬁ%@ﬂr%éﬂr@glngés or

non-limting enbodi ments accord |ng to the present osur e
bendi nfednasentrésclosung oiq wethast wr@eadmgmcaheaidrmmg of titahivehn a@oy articles,

har d-

o1 oy <21l 1he BeBh g S A ReERERRT e etraltk 1t PR R (L aRE Ty

hi gh- syert@m@tHiErlmhrﬁEmblmb«Scﬁla@nt éb&n@)ng ﬁfﬂﬂi@rpré.&,@@dl@élbw&of@ﬁ‘\eﬂhﬁj fdrke)
alower Iimt of the formn nperature range is about 0.2Trn. Also, in

gener &1eNqing PhPINGISOHYIAYIAF %’1'%‘1’@ %'%@d’i'%ﬁt% e it 19 the beReingrasaher

digcl r t t al
Il%gygg% gqgm%rgﬁ%dgto Pﬁrm ta |a33r%;rt58 80 Bgupipds% %Bat@%térﬁ m t ed
to, tiaksmit QOO I(4ﬁ&2°®1)| clhejemaaleira\l/amws nc&nhfnstm@oeraboghnsir&sbsc@eh@ tlo

tai nl,gss 20st.e h Str th lo | 1 eel HSLA),, ar r te

a1 1 oy e praeeyqaaird & RS for ety B igtnng i M8 about
0. 5Tmallng41ﬂbluBng Iﬁ'é}rddl@Vf@hﬂﬁﬁ%ﬂhc%aféna‘@ﬁﬁﬂﬁ% BuGhot nﬁﬁtﬁe‘iofﬁénfu%m ng or
bendi ard-to-formnetallic materials, the pr ‘'esent inventors observed

t hat loam mp\éelm%ﬁeeal&w anpepaciatipatasls te.gusiritiess steel, Hugmstrgngéhlp?r at u(rje
f t t
fram eI RiceINBETA, EMoCABUCARTR! e P ARF LB B Bt Bind“of the

bendi ngmipengtaratange isanget OlTWe VAo, i dardral & eaaly sorefimitert i ng an entire
pl ate nust be relatively large, and heating the entire plate to a uniform

t enperSAbRREMERS ?ﬁ%dﬁ'lggtﬁlth?@é@&eﬁtlwloﬁ%ﬁ@émﬁth%fﬂ benglinbapt odri ng t he
handl itggnhgUNrhdtaId A dARRaltdlol B SinERGIA 82 AAYLBAR Metallic materials such as,

but not limited to, titanium alloys, nickel-base alloys, and specialty steels (e.g., stainless
20  steel, high-strength low-alloy steel (HSLA), armor steel alloys, and the like), a forming
temperature range is about 0.2T,, to about 0.5T,.

[0049] During development of a “warm forming” method for forming or bending
hard-to-form metallic materials, the present inventors observed that an entire plate

could be heated in a furnace to a bending temperature as disclosed herein and

o
n

successfully bent when the plate is transferred from the furnace to a press break before
the plate cools outside of the bending temperature range. However, a furnace capable
of heating an entire plate must be relatively large, and heating the entire plate to a
uniform temperature can take significant time, reducing yield and complicating the

handling from the furnace to the forming equipment.

30 [0050] In embodiments according to the present disclosure, localized induction

heating of a lineal or other localized region of a metallic article may be accomplished
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30[ 0050] In enbodi ments according to the present disclosure, |ocalized

i nduction heating of a lineal or other localized region of a netallic
article 9 2be/@essenpl i shed 15 WO 2012/ 039882PCT/ US201 PCOABR®E2/049082 at i vel y
quickly. In certain non-limting enbodi nents, inductively heating a |ineal
or other localized region may be acconplished in, for exanple, 5 to 10
seconds, no nore than 1 mnute, no nore than 2 mnutes, no nore than 20

m nutes, no nore than 30 mnutes, or no nore than 60 m nutes. O her

i nduct &Rt MebARViIaKY iIResTiBtsrRebiimiting embodinments, inguctively hea@n@aﬂ@dah@nt s may

Lo bet toeT ez [ RubR M hd 38omBh R, 5 xEBRip 1 ¢ e PRt B or
ot her thacal mimder eginmoretthan 2i rminuesd, et mAse tl&emmﬁﬂ@ut@s o neesrtedh&pan” is an

area within a |ineal 0 | ocal j zed region that is cooler than the
desir e’ﬁ"rﬁ’éﬁﬁlq{d"%?‘oé?ﬂ@” %(SPHPH St {NpeF RducHoR hgatiay §uiesi rrssitle imeed@indi ng

or 50t hegn mrtmw&nbsma%rﬁw@y h&RYF aBng %ﬁu cd8b %'b'oh?Z@'n‘"ﬁESte%nq—lé’arﬁ]th;l

thicker metallic articles nay require | onger eat|ng times to rea
desi r elémes Mahige Eéi@ﬁ@edttg lb@tteHemelvr@rthat ‘fcodxbspansh areonel preiseinthig tbe‘rlmdahe nts

accor dISC or _.nore |nduct|on coils are
pr ope(r#I @ u((r31)re6 ﬂgo %ﬂ%ﬁer%'?'ﬁ ﬁ@ﬂ{ > Hﬁ?‘gheEﬁm rfetH'd SPPHYS 4P ETeR e
that iwithio abiéneall asbtmudxya:d@a@égad thatnid doberitRa eid 88sifed bendihg PR oned
pr operl %/mvm th respect to .the | ineal or other l|ocalized regron of the

pl ate '8 mﬁsmw@tw andii guisidenpf thedanstind ar ether herntisa tempemtureerangsi r ed
fqpm ”%l&l?émﬁé%bllérﬁaf@ éMHfI‘\Q‘F%Ig rpr‘H%FaIIWa?QIe%itﬁggqﬁq@fn @E@%th&l

non-limtin |nea region O rnch” X 120
i nch ttlmamtmraa@hltby qelsaeé f@mmngeemipemmn‘ey Hodeoei, retbyrthieatedlimiing uni form

bend at 850F (4 thin 10 t thout col d
spot 's”e%%?%%n S Berufindg g arseey dadostrd. Brigpne @am”c‘argﬁaﬁwé“aqqn@éreﬁg
har d- tgropenyn ui%abldofapm AR A rqiah%e %rété%ﬁnefdﬂ%n@yghrél@m e fe”ed to

a form ng apparat us n the non-limting enbodi ment” depicte for
exarrpIFéaSthfi'Ey defarried; @agddhe dxustionteeilplaze pogitioned lpacppeilyywﬂhnmmiecvm ;heheat ed

b 6 b t hi t
¢ dige MER O E8 | ptoed fedior RER DRl PESL R IE b thatas dewiad con B
f or m ngatep ey ﬁtiet@em@tfoﬁhm@nbmdéﬂa@r@mhbumlu%omogb %nc&c&%gé Ngh to
the present disclosure, bending or formng is acconplished on a press brake

or ot [#epon Bwﬁrregerabpamrusa limgal fegian oia appelr ﬁlldﬂ&a?]d‘bé 1112(&:Iat3bditaﬂlme t 3
t t
| neart9f PR et AR ido M i Bh S R Bendifd PPE i ST e can

be be®500F (#3hat@) wihihorgeihhes ovgndlieckPspegper ature of the |ocalized
regi on cools to a tenperature below the form ng tenperature range.

20 [0051] Referring again to FIG. 1, after inductively heating the hard-to-form
metallic plate or other article, the article is transferred to a forming apparatus. In the
non-limiting embodiment depicted in FIG. 2, for example, the lineal region 22 of the
plate 24 is rapidly inductively heated by induction coils 26 to a bending temperature
within a bending temperature range, and the plate 24 is then bent to a desired bend

25 radius on a forming apparatus (not shown). In a non-limiting embodiment according to
the present disclosure, bending or forming is accomplished on a press brake or other
forming apparatus. The forming apparatus may be located close to the induction
heating device to better ensure that the inductively heated lineal or other localized
region of the metallic plate or other article can be bent or otherwise formed before the

30 temperature of the localized region cools to a temperature below the forming

temperature range.
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WO 2012/ 039882PCT/ US2011/ 049052 [ 0052] Wiile the non-limting enbodi nent

schematically illustrated in FIG 2 involves bending of plate 24 after it

i s heat edwDaor/(3083%di ng tenperature, it wll be recogni zedTiusat108%082

form ng processes for plastically deform ng the heated article are within

t he scope of enbodi nents di scl osed herein. For exanple, such other formng

5processes include, but are not limted to, drawi ng, punching, stanping,

roll form nﬂj%aﬁd | i ke form ng processes. Also, while certain enbodi nents
[

di scussed hEl0S2d | \Whse Ve prauEiive pinbestmeRgsehenatically dlustetest in Diald zed
' €91 oNindBReeRAd bitaltRl Blopliid fbated!th Abdrdifs etBSiRL RO itk the

present 1Tnvention™s not Timfed to such arrange

non- | i rEicognizedrtbatotirentamacg pratiasges fort lestivaiiy eleforehisg tes beatedi articleettet 0 a
10st anpi,ng ,pr coi ni rocess i nvolve directly and/or indirectly

| nduct MRy FREEEPRET 8RR BISOIFelgPen NBreid ot &IFTE I sUPBIBHAIMAG | be
pl @st i glcbysékeinerumd bubare ﬁéﬁmtéwtd?rdr&ﬁmpl Bgn&ﬂﬁg,aéth%iné,lrpﬁ’?ormin ,and
configurations of induction heating of a locallized region of a rT'et%ﬁiIC
ar t i cllikeflesingr rrosaesrmp adlsed While iserairhemppdiseents diisstisesdineraimynimdves peci f i ¢

. | e . CeRil] TEEVE o
or esentoyedly g aTRRERor SR RRAIR o R RPU ARt be e IR R (s
Wi t houwilluredureders jrerd thrantiat present inventior] ROSa Jlimfiicdaai dushadrtaneerhdiat. My be

formed usi nI certl,ai,n non-limting enbodi nents of warm formng according to
the prX&pelEanerTipulipeemboriipentsaacordiag fpthe prgseabdisslosHendiregtpddo €i t ani um
al lnoy Sstalpi igirly LSl : it an 0YS, L dAeludi ng,
for exe{?rpl e, ﬁgﬁé'ﬁ@?t%@%d nety e{g‘%@‘gf ?ﬂgg@géﬁ?@giﬁﬁ%ﬁ I?rg@scj.“%ﬁ hcéeaﬁﬁgﬁ non
| mi tilngalzeblognimenefsy meitalliniadinlatia el bhatlasteallp defrenteddn sostharpmger f or med
usi ng m form.n hods ﬁccor.di n%it 0 tggn re§ent di scl osgre I ncl ude, but

are not 'I'Pﬁﬂp&atf(%'A F&PRHddragiong of ;dug aling of gocajizedyggiopgpf a3 35,

36, andeBfid artioRi that atd SYSompAsseRrthiA tn@grééémaié&%@v@%gwl&ﬁgciﬂc tQ _
| ocalized region of an article of Grade 33 titanium 25alloy ( R54250) is
i nductqtber iprming epcersehand ore baviegwrdivafoskilkdonsiderinyg tie presenbodi ment s of

t : r in. ln still another. non-limti enbodi nent ,
a Toc T By TRRPRR Bl B pesPindbkatcrBoRbiE e iR o) bodie Reba00)
whi ch expedmiehtatdrerred to as Ti-6-4 alloy and Ti-6A1-4V alloy, is

i nductively heated and warm bent or otherw se warm formed according to

Freolt . JO0S3E! SEAUAGAR YT (o e AAR L T
i ncl udmbodiments ghvapefesnnggesottingtb the presant distlogurseinglide, but are not
limited to, near-alpha titanium alloys, alpha+beta titanium alloys, and beta titanium
20 alloys, including, for example, near-beta and metastable beta titanium alloys. In certain
non limiting embodiments, titanium alloys that can be bent or otherwise formed using
warm forming methods according to the present disclosure include, but are not limited
to ASTM Grades 5, 6,12, 19, 20, 21, 23, 24, 25, 29, 32, 35, 36, and 38 titanium alloys.
In certain non-limiting embodiments, a localized region of an article of Grade 38 titanium
25 alloy (UNS R54250) is inductively heated and bent or otherwise formed according to
embodiments of the warm forming methods herein. In still another non-limiting
embodiment, a localized region of an article of Grade 5 titanium alloy (UNS R56400),
which also is referred to as Ti-6-4 alloy and Ti-6Al-4V alloy, is inductively heated and
warm bent or otherwise warm formed according to embodiments disclosed herein. In
30 yet another non-limiting embodiment, a localized region of Grade 35 titanium alloy (UNS

R56340), which nominally includes, in weight percentages based on total alloy weight,
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WD 2012/ 039882PCT/ US2011/ 049052 4. 5% al um num 2% nol ybdenum 1. 6%
vanadium 0.5%iron, 0.3%silicon, and bal ance titanium and incidental

i mpuriti e8020L/63p8%act i vel y heated and warm bent or ot heP@iras2ev08080r ned
according to enbodi nents disclosed herein. [0054] According to a
non-limting aspect of the present disclosure, a warm 5form ng nethod
according to the disclosure includes inductively heating a |ineal region or
ot her localized re |on of a netallic article consisting of a high hard
speci aftOy° stusiNURY 25 MalvkerNUenbefavanadiuam@. Benwim§. B sdicesr ade f or mi ng

t he hi aw'ﬁﬁ I form the | i neal
or ot hlggrd Poca Ize aer?'llt-g-,]I Iﬁgﬁgﬁ%&@%h%gt‘%%ﬁ ﬁéé'w%akﬁy%% P‘P@é’@i rHt of this
di scl ostheeyisa varghfdnmedI apecdial ty ea‘tt&&ilm"ehtstdlwlo@ecﬁlh@%lhar d 10specialty
steel arnor is processed according to nethods herein. According to certain

non- i m ti n@osapodidoendiag t@ amdahlimang spret af the @b@@ht MeO6esRed WY miet hods
herein is. selected fromthe group consisting of a 400 BHN steel armor, a

500 BHﬂf@tfkgemeéI‘r%?C%ﬂrIi'@Q thIh%GI@Cmqr%treCéId%ﬁlnﬂuctawabpea@ﬁgedlnsﬂl\reﬁ@el

, I I
o beaaePioBlrb PHIIPbT g el dolp o sisurdgle Tibn Bf oty §R8L IS 'S
f ol | oviermiRyl teetparsiungcarebbsndingor o¢h€RI7\IA§e fchIrIImg/ﬂwa/\Imgh Hmdpeaalty atge of

212- 388 d d - 12560H;, Hi Hard A
(i Uy sl el RTONEES T Gesiclr Aot lsss s iegintor ARFAICIDR OFBO0E: - and
Utra IIthIﬂh%Id&ﬁKbd%@ﬁf of thid Hlstloglited ¥eshivh HardspbaHITY Q?eréﬂﬂ%?ﬁs Qfhigd RaRHN under

20M L- DTL-32332. According to certain non-limting enbodi nents; arnor steel
aI poyssp@m?dws%@@ GPnards REPeshed acaoiding tdmethngs lmrelrno%ccmrmngetd (IemtaRHA

6 odi i zed
regl oﬁ{m} HHHnga%rgggcr“r%Qgérd Q.IIQB ’%IQ%@FCQI% rprg%)ees&e @ﬁﬁp (?rglnn'ﬁ one
of an sﬁI#Ictadjlfmyn trengiddp cns@ingasic 00BHN2E®Rl aymbs d SBBHN Sle| Beabed and
vvarm@jlnt or. ot herw se fornmed accordi ng to enbodi nents di scl osed herein. In

anot heét %o SO0RRNRie AW aday, a 0P isieql aregr.canhe highpstsengh loevher
arti C'a@Iog: &500 BHN steel arnor alloy is inductively heated and war m bent
or otherw se formed according to enbodi nents discl osed herein.

o T aoBeE et 200 B0 s MRS,
st eel tatinair hatdnegs ag\falldwdl Rolle@Momogeneous Armor (“RHA”) alloys with hardness
range of 212-388 BHN (Brinell hardness number) under MIL-A-12560H; High Hard
Armor (“HHA”) alloys with hardness range of 477-535 BHN under MIL-DTL-46100E;
and Ultra High Hard Armor (“UHH”) alloys with minimum hardness of 570 BHN under
20 MIL-DTL-32332. According to certain non-limiting embodiments, armor steel alloys
processed by methods herein include, but are not limited to RHA, HHA, and UHH
alloys.

[0056] In a non-limiting embodiment, a localized region of a plate or other
article of an armor steel alloy comprising one of an RHA alloy, an HHA alloy, and a UHH
25 alloy is inductively heated and warm bent or otherwise formed according to
embodiments disclosed herein. In another non-limiting embodiment, a localized region
of a plat or other article of a 500 BHN steel armor alloy is inductively heated and warm
bent or otherwise formed according to embodiments disclosed herein. One non-limiting
example of a 500 BHN steel armor alloy that may be processed according to the

30 present disclosure is ATl 500-MIL® high hard specialty steel armor alloy, available from
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WO 2012/ 039882PCT/ US2011/ 049052 ATI Defense, Washi ngton, PA, an All egheny
Technol ogi es | ncor porated nmarket sector team In still another non-limting
enbodi merwQ 2012/03¢882i zed regi on of a plate or other arti ®C&/uskoia/ og®s2 BHN
steel arnor alloy is inductively heated and warm bent or ot herw se forned
according to enbodi nents disclosed herein. A non-limting exanple of a 600
SBHN steel armor alloy that may be processed according to the present

di sclosure is ATl 600-ML(r) high hard specialty steel arnor available from

ATl Deféhbefense, Wastjipgion) Ppy ansﬁlkefgbégm 2elnelegtest Ineciperatiedgnarkeb saetor
for m ngoaf. TR aABthdFHAAL rﬁhhg%nﬁ‘ﬁédlmeﬁisepﬁfégﬁge:dsg%?%rﬁgﬁé?)g%tﬁ oq'ofﬂﬁérw't as

the thickness of the art |c ncrease. resent
i nvent@tﬂlsl&e@frqaﬁD@HyNyst@blmmeaédy tshiadupﬂnmnebeah‘edfm‘rctlwaonJ:Qafnd)brrbﬂﬁrwiée! c
| ocal,i zed region to a relatively

b 'y _heat.ed i
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f orsmat BN gteeb@mbmmwhéﬂ%y%f &%&ésmao@&dmg%%érp%é%rﬂ%sdws&e is AT

non-limtin nbodi ment, the netal or netal alloy plate or other article
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thickness is in the region that is to be plastically deformed in the method. According to

20 anon-limiting embodiment of a method according to the present disclosure for bending
or otherwise forming titanium alloy plate, a brake press or other forming equipment
having a capacity of 1000 tons to 1500 tons (8.896 MN to 13.34 MN) is sufficient to
bend a 1.5 inch (3.81 cm) thick plate. It is believed that the thickness of plate that can
be bent or otherwise formed according to embodiments of warm forming methods

25 herein is limited only by the capacity of the brake press or other forming equipment
used. Itis recognized that the bending or other forming of metal and metal alloy sheet,
i.e., product having a thickness less than 0.1875 inches (4.763 mm), is also within the

scope of embodiments disclosed herein.

[0058] Because forming temperatures employed in the methods herein, e.g.,
30 forming temperatures in a temperature range of 0.2T, to 0.5T,, are relatively low,

certain mechanical properties of the lineal or other localized region of the metal or metal
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WO 2012/ 039882PCT/ US2011/ 049052 alloy article that is inductively heated
are not substantially changed after the bending or other formng step. As
used her evo,2or/03e882ani cal property does not "substanti alPCy/ush@ngedos:f the
property does not change or changes no greater than 10% or in sonme cases
no greater than 5% fromthe original value. 5[0059] It was particularly
surprising to the present inventors that hard-to-formmnetallic materials
such as, but not limted to, titaniumalloys, nickel-base alloys, and

speci afiqy aitiglel that is igductiveli heated ase swtt substghtialiy elranged afterahe deningeor
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pl ate, and a 75specialty steel plate, e article a radius of at
| d&st viithout Gr@60Irng, foming Butfaqgcmkecor m@nlﬂbaatl;ddegda@imgmeeﬂipbba!moalndl rect
i nduction heat i

h | i f |
ol at o TBPPaERa! Ik B arfbe, T GRetls @ai | His ke dhedenfrarisihe -
met al l?“&‘erawtth ¢é@peo?&&the?tm<§<r@s§| W AtRO R BF ofthdtQiMidib Al iRtk BEROAEITent

according to the present disclosure of a nethod 30 for bendi ng 300r
ot her \K/ﬁ@@SfC&ﬂm fagexapple éndudes adendhavirigea sadius omeasanepl @ the ihaide-afo- f or m
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20 embodiments including inductively heating a lineal region of and bending a metallic
article selected from a titanium alloy plate, a nickel-base alloy plate, and a specialty
steel plate, the article is bent to a radius of at least 4t, or at least 2t. In still another non-
limiting embodiment including inductively heating a lineal region of and bending a

metallic article selected from a titanium alloy plate, a nickel-base alloy plate, and a

(8
)]

specialty steel plate, the article is bent to a radius of at least 1t.

[0060] A non-limiting aspect of this disclosure employs indirect induction
heating to heat a lineal or other localized region of a metallic plate or other article, and a
forming step in order to warm form the metallic article. FIG. 3 is a flow diagram of a
non-limiting embodiment according to the present disclosure of a method 30 for bending
30 or otherwise forming a plate or other article of, for example, a hard-to-form metallic

material such as a titanium alloy, a nickel-base alloy, or a specialty steel (e.g., stainless

20



WO 2012/ 039882PCT/ US2011/ 049052 steel, high-strength | owalloy steel

(HSLA), arnor steel, and the like). FIG 4 is a schematic depiction of an
ar r angenewo 242/03p88at eri al s and equi prent used i n a nonPCiraseémy4®abodi nent
according to the present disclosure, wherein indirect induction heating is
used to indirectly heat a lineal or other localized region of a netallic

pl ate or 5other article in order to warmformthe netallic article.

[0061] Referring to nmethod 30 and arrangenent 40 of FIGS. 3 and 4,

r especstegkinigh-gtraagthl IpwralloygsteefbtilAnarmor stedl, madtthe fidlect Figh 4isaing for
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arti cl em#idgembpedisent acbarding @ fherpresentadibélesdi@maheréialindifddt fdudtiagi ng t he
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of t he"FUHDIFISEAIByNd Rt Neal 2 linead of gthex lecszae regipp 1ef @ metedliq plate elegi on
48 o S CHPERLHER In/oRRURSISH YOl 168 rddalicofqbe metallic article 42 is
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tenperature to which the l'ocalized region of the ferrous alloy surface

2084 r9atesigl.e Aftes placing hengetadispatialend2on the féroous allpyt *nfeeeatd)reelocalimpel of

br ecor Sola 6, 8f HleCtefrof o] stitheB I HE isd8 BontaBh Wik BB TR 4Fer 1 ous
al | oy (suihéraaticdlly hourrat iBdiines #8Hhsithé hegtalibarfiqe mong il RIBHOERHHER@B4t he
nmetallic article 42. Preferably, however, the tenperature to which the

| ocal it2&uPresigimingd Impp@tie: Anegtivaly heatngitheiferreunalley sudnge Hdat ed does
not 7%@ﬁ%@ﬁvél?gne%gs?ﬁ[edéfé%]zteggggbﬁeﬁ of ff‘i'ewge{aﬂm)&lgélfe%%org?%?niﬁé the

nmetallic artic urther illTustrate
arlbandgemperatdte withotuz forwehy tdrapeiatgrearahgeal i zed regi on 46 of the ferrous

all oy surface 44 may utilize one or nore induction coils 50 positioned on

an opposi t §0062F %2 adfork-hRitihgehbadithaneahebréfetefminke tbRicPasratd Anictur f ace
44 that is to be inductively heated. Wiile FIG 4 depicts an arrangenent in

30whi dhe ffalizad iiegipp 4 6cefi the Serrareaakoy srfacscdd iszhentedds the toemity t he ferrous
al | oy 184ERGEr&* 6t the MReER2ARRBEZ PHTANSRO! %ér?—ﬁ%?t?n% embodiment, the

predetermined temperature to which the localized region 46 of the ferrous alloy surface
20 44 s heated is a forming temperature in a forming temperature range of the metallic
article 42. In yet another non-limiting embodiment, the predetermined temperature to
which the localized region 46 of the ferrous alloy surface 44 is heated is higher than the
forming temperature of the metallic article 42. Preferably, however, the temperature to
which the localized region 48 of the metallic article 42 is conductively heated does not

25  exceed the upper limit of the forming temperature range of the metallic article 42.

[0063] As further illustrated in FIG. 4, in arrangement 40, inductively heating a
localized region 46 of the ferrous alloy surface 44 may utilize one or more induction
coils 50 positioned on an opposite side 52 of the localized region 46 of the ferrous alloy
surface 44 that is to be inductively heated. While FIG. 4 depicts an arrangement in

30 which one induction coil 50 heats the localized region 46 of the ferrous alloy surface 44,
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it wll be understood that nore than one induction coil could be utilized
to heat the localized region 46 of the ferrous alloy surface 44. It also
wi || be uwioerster$2t hat t he above di scussi on concer ni ngPCRAISRp@3IAUERZ nunber
of induction coils and their positions to heat a | ocalized region as
depicted in the non-limting enbodi ment of FIG 4, applies 5equally for
other localized region geonetries that may be used in the various types of

warm form ng operations within the scope of this disclosure. [ 0064]
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2 temperature in a torming temperature range of 0.2 t6'0.5 of a melting temperature of the
metal or metal alloy comprising the metallic article. In another non-limiting embodiment
according to the present disclosure, the indirect induction heating method disclosed
herein heats the localized region of the metallic article to a forming temperature in a

forming temperature range of 0.24 to 0.30 of a melting temperature of the metal or

(S
wn

metal alloy comprising the metallic article.

[0066] In certain non-limiting embodiments of the methods disclosed herein,
and with particular reference to FIGS. 3 and 4, forming 36 comprises processes such
as, but not limited to bending, drawing, punching, stamping, and roll forming. In another
non-limiting embodiment, the metallic article 42 consists of or comprises a mill product

30 such as, for example, an ingot, a billet, a bloom, a round bar, a square bar, an
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5[ 0067] Again referring to FIG 4, in a non-limting enbodi nent, the

| ocalized region 48 of the netallic article 42 includes a region of

met al | i ¢ watery@bssermedi atel y adj acent to the netal |l ic maTarse@l/osdear wil |
be plastically defornmed during the formng step 36. In non-limting

enbodi nents, the localized region 48 includes a region of netallic materi al
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certain non-|imting enbodi nents, the titaniumalloy is
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2012/ 039882PCT/ US2011/ 049052 specialty steel. In a non-limting enbodi nent,

the netal |i[0068] i ¢h & red-lroiipyieteisodineht attadiripioaebesteéstriscldO@eBHN st eel
arnor alloy, .a 500 BHN steel arnor alloy, a 600 BHN steel arnor alloy, a
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an Hjnah| QgiorNeh & n@hllf?ﬁﬁttnébﬂ%%@nm%fshutﬁ‘%rntg’ ifYl8s k8l & [ eathy, H&

a non- PI mti'ng aspect accord
lineal region is a region including and surrounding the bend line of a plate or other

20 metallic article that is to be bent, and the lineal region may extend up to about 0.5 inch
(1.27 cm), up to about 1 inch (2.54 cm), up to about 2 inches (5.04 cm), up to about 3
inches (7.62 cm), up to about 4 inches (10.16 cm), or a greater distance on one or both
sides of the bend line, along all or a portion of the bend line. It is envisioned that in

order to bend thicker plate, the area of the lineal region may also be increased.

25 [0069] In a non-limiting embodiment utilizing indirect induction heating for warm
forming a metallic article 42, the metallic article 42 comprises a titanium alloy. In certain
non-limiting embodiments, the titanium alloy is selected from ASTM Grades 5, 6,12, 19,
20, 21, 23, 24, 25, 29, 32, 35, 36, and 38 titanium alloys.

[0070] In another non-limiting embodiment utilizing indirect induction heating

30 for warm forming a metallic article 42, the metallic article comprises a high hard
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the present disclosure includes using indirect induction heating to bend a
netallic article that is in the configuration of a plate 42. In a

non- | i m twogoensesszment , the | ocalized regi on 48 of thePpraiSeoicongs: ses a
lineal region, and formng 36 the plate conprises bending the plate in the
i neal region. 10[0072] In non-limting enbodinents, the netallic article
42 has a thickness of at least 0.125 inch (3.175 mm). In other non-limting
enbodi nents, the netallic article 42 has a thickness of at |east 0.1875
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42 | ' Sy T . -0 tj Lani 425 i
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mat er i is,a titaniumall oy, form ng tenperature range is 700F to 900F
[ 0074] ﬁl"ﬁ‘ Iy F‘Pr@g‘f\r‘?g?oén%%?ﬁéﬂﬁsﬁn%’ocal i zed region 48 of the metallic
article 42 B%&_a bend radius of at least it after form ng 36. In other
nom-1imti r@‘% i ReRfcslan rgteipnce e FEgi bra uendimitnganeediaccerdipg el e 42
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squar er%gé?%, 2@89&8 &89 P ﬂs?sh%@,“ea' "SORE anJP%',”Qﬁ%{P@e@?{%WBH%% at e.
[ 0076] behdiitid Platd inkthadipeat réyio,{_hi s disclosure is directed to a nmethod for
bending a netallic plate using |ocalized indirect induction heating.

Bggause a abi i tiniti whedi ' L i r eis
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IS forming temperature range is 728°F to 874°F (387°C to 468°C). In another non-limiting
embodiment, when the metallic material is a titanium alloy, the forming temperature

range is 700°F to 900°F

[0074] In non-limiting embodiments, localized region 48 of the metallic article
42 may have a bend radius of at least 1t after forming 36. In other non-limiting
20 embodiments, localized region 48 of the metallic article 42 may have a bend radius of at

least 6t, at least 4t, or at least 2t after forming 36.

[0075] In certain non-limiting embodiments, the metallic article is a mill product.
In another non-limiting embodiment, the metallic article 42 is one of an ingot, a billet, a
bloom, a round bar, a square bar, an extrusion, a tube, a pipe, a slab, a sheet, and a

25  plate.

[0076] A non-limiting aspect of this disclosure is directed to a method for
bending a metallic plate using localized indirect induction heating. Because a metallic
plate is an embodiment of metallic article, reference is again made to FIGS. 3and 4. A

method 30 and arrangement 40 for bending a metallic plate 42 comprises: placing 32 a
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the plate 42 in the lineal region 48. [0077] Bending is one enbodi nent of
formng. Accordingly, it wll be understood that all of the conditions
descri bedwbepeiaiogshat are useful for |ocalized indirect PChdiseatitomoszat i ng
for warmformng netallic articles equally apply to non-limting

10enbodi ments of |ocalized indirect induction heating for warm bendi ng
netallic plates. In addition, netallic plates may include any of the
metallic rraterr al s specifi cal | y .di scl osed herein in various non-limting

enbodi MERILC Rigde d2Hesfing, 2 Hteial sepcied orng Nirtaparit agsel@l BYoy AR avar i ous
non- i g rdugoa@g‘tma@@m@ uchifER!Heatfgich r.ﬁgér guﬁe%gtrbgraph&% e dygeyssed

herein. 15[ 00 a non-limtrng e odr men ate
t hi cknalkyy mrfa;:te 44 mscorfiadBith adlme(aBreI_;‘r’cﬁw #éof thenrrmn@ltrdnerata@tﬁ tbrem ting

enbodi pent.. the taIIr Iat ckne of. at ast, 0.1875 inches
(4 TeanpteriSed T Souiul Al et Prontiir HER et tp thrdoat Seiauds & e

di sect gidtd 92 &0 dﬁbé!n@ﬂwd @mpét@tdr@%trhrﬁ)‘éadénmﬁb tenibsrat a8 raﬁgé | 4K Qénahblsfc' es
corrprrsrngfarretalrc materi al selected 20froma metal and a netal oy.

Ref er rihglaiev*2 & thedines! regiom4Bon-1i mi ti ng embodi ment, a device 60
conpri ses a support 62 including a ferrous all oy surface 64, and at | east
one i nducti [&Wﬁgaﬁﬂgﬂm@w Qe embOﬁh‘eelatOﬂfeaemgon‘ecaomdingtyr, drwiteat i ng device

t d I I 67
(ound iyt RATHer 80 of PER Rl s oab R Ryt P de RN 6 Rraf 2 Gept ot s
one i nduigéttandierin ngatiieifoe & a6H fBﬁﬂIﬂd meeflid artibrRtequdllp elyZRSreGin@md7 of
the ferrous, all oy surface 64, it be understood that nore than one

i nQuct§BRoABANtH§T incariged B’Ei'V@GUIF‘G'UB@@JPPN'%@W@W&%Q@“@”Q%@Bi'@dﬂa@égrlﬁn 67
of thec‘:ufdffﬁr 6r?‘r'ﬁel%llfc3§1at%‘érr¥13 ‘ﬁwc@uﬁj éerBf thggr‘nle'?allﬁ Ratehi aqg%g# ﬁcemydcﬁg fﬁgecﬁ or

i nduct heatind a localize aving a gene nea

conf i charain |orvar|OUSwan-I|rbmngmmetn@drm®m\t$ hiad otﬁmwmeopaddhetpﬁutSS dl(rj@,clb@sur e a: SO
i t nb S es, , 30and/ or osrtrons of induction coils
o 1 ndier SR DRLE VAR 1o lTHEG GHRORAATIG ob ez diptiect Induction

2012/ qwaéaﬁgédégggwr%g%z geonetric shapes and/or orientations and which
nay be use for various types of formng operations. In a non- Irmtrng

ngodi nent , [ag quﬂcrlrdn }frn{c}l Veﬁgdrh%ﬂ?lthéerge{aﬁ% Zxﬂ%t 4{2 BQS a tﬁfcgﬂrggs at hey

surface i's to con I'oCa
least 0.125 mch (3.175 mm). In another non-limiting embodrment the metallic plate has

a thickness of at least 0.1875 inches (4.763 mm).

[0079] One non-limiting aspect of this disclosure is directed to a device for

indirect localized induction heating of articles comprising a metallic material selected

20 from a metal and a metal alloy. Referring now to FIG. 5, in a non-limiting embodiment,
a device 60 comprises a support 62 including a ferrous alloy surface 64, and at least
one induction heating device 66. The at least one induction heating device 66 is
positioned and adapted to inductively heat a localized region 67 (bounded by lines 67a)
of the ferrous alloy surface. While FIG. 5 depicts one induction heating device 66

25  utilized to heat a localized region 67 of the ferrous alloy surface 64, it will be understood
that more than one induction heating device 66 could be utilized to heat a localized
region 67 of the ferrous alloy surface 64. Also, while FIG. 5 depicts a device for
inductively heating a localized region 67 having a generally lineal configuration, it will be
understood that the scope of this disclosure also includes varying the number, shapes,

30 and/or positions of induction coils to inductively heat localized regions having other
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nmetallic article including a material selected froma netal and a netal
alloy that is 5positioned on the ferrous alloy surface to a predeterm ned
t enrper at IW®©.2012/039882 [ 0080] In a form ng operation, suchPa3/uspolbes@sng a
nmetallic plate or other netallic article, for exanple, the at |east one

i nduction heating device 66 is energized to inductively heat the |ocalized
region 67 of the ferrous alloy surface 64 to a predeterm ned tenperature.

In a non-limting enbodi nent, the predeterm ned 10tenperature is a bendi ng
t enper AERNETIF shanastand/er ofigntations 136"}"\61'%{1 mayroeousritl for virapes tes ofs to be

bent . fB?ﬁan%B?éra@iBngeqrﬁ"‘E k- lﬂ%ltlﬂgtéfrﬁﬂ)@dlg%nPQhP éti@/gg ﬁé};\q%)oéaﬁlzgﬁaCEd in
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or et edgicn bbweﬁbapemaﬂio;zeutface israddptet o icoddudtived) hedtemtoedlitad edgicedf a

e R B o PR EL LSl TRl Kot BT, < e
t erpper gésitiénad oWﬂh@fbrf&lﬁé élﬁiyaéuercerthaaﬂ)re@bié}Mwiﬁé@E&nbéraﬁ@rebe when it is
bent . [0081] In a non-limting enbodi nent, ferrous alloy surface

64 and the pogD rtln@fo@rﬂﬂ%b&@raﬁbﬁ &ﬁ;’ﬁe?é il n@'alr@éétallicgs Q%g&h&her

non-limting enbodi ment e ferrous alloy sur support 62
are on®ealicartickndon ewannpler th@satdeasiyormjnnﬁacmmﬁéatlmgsdawsa Bbeis enefgizdae to

suppor; tin th ort conpri ses at
encr aeyennBarin e Ay o 0Red P 8B o han alley SEREG pidea T n certai n
non- |pr@détm@|mmm@’@h&e thh“é ricﬁf-rmumgaé:h@wduwﬁtam@ p?@ﬂ’@fe'rﬁﬁ%cﬂ nateri al
sel ected from car bon steel, a steel alloy, and a stainless steel. In other

ndf- | i IRMASBiUERIAIPRBAING, temperalare 6hia raqatrabgr gtal ey lateorotisen drticle that t he
suppor,g t@%e . e sl ?Fﬁne@a‘ﬁ eﬁl%? aﬂ'@@% ﬁb}% B6t5%H hQNq@% ?) %Id |ﬁtco§\f%it

one of a | ow carbon stee ferr €ss

al | oy.with the fe[rmz]lloyrsuafanerﬁm |Mdiaamge@m@g)dn e e metalratimgtal allbyhplaps gsent
di scl osure ctioon heatl ngt devi ces 66 conprises one

or mrféﬂf%@d&fﬁe lequ:téve%f He%tﬁ’gt L"Zﬁgrfeg'ioﬂl &1 AbtherfsoabaaAPY Plate iDne or
nor e 'd&ﬁw%tl@él}/ heatd '@ tﬂ@‘ﬁré&éte%lr@oetegﬁi t\f?hlﬁ‘hf ifneélHSHV@ﬂrﬁ‘g?‘t coupl es

wth the specitfic material of the ferr surface
2052/ O%BBwFFIEm,USZKDG_erQQMe at which the metal or metal alloy plate is to be when it

is bent.

[0081] In a non-limiting embodiment, the ferrous alloy surface 64 and the
support 62 comprise the same ferrous alloy. In another non-limiting embodiment, the
ferrous alloy surface 64 and the support 62 are one-piece, and the ferrous alloy surface

20 62is a surface of the support 62. In one non-limiting embodiment, the support 62
comprises at least one of a ferrous alloy sheet and a ferrous alloy plate. In certain non-
limiting embodiments, the ferrous alloy surface comprises a material selected from
carbon steel, a steel alloy, and a stainless steel. In other non-limiting embodiments, the

ferrous alloy surface 64 is a surface of the support 62, and the surface 64 and support

3]
o

62 are composed of at least one of a low carbon steel, a steel alloy, and a ferritic

stainless steel alloy.

[0082] In a non-limiting embodiment according to the present disclosure, one
or more of the induction heating devices 66 comprises one or more induction coils. In
another non-limiting embodiment, the one or more induction heating devices 66 are

30  tuned to a frequency that couples with the specific material of the ferrous alloy surface.
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For exanple, the ferrous alloy surface 64 may be conposed of a steel alloy
and the frequency of the alternating nagnetic field of the induction coi

i s adj ustwo 2or/epesemal |y heat the steel alloy. The tuni RGTAS20IM¥WEE oN
coils to heat specific materials is known to a person skilled in the art
and need not be el aborated upon further here. In another non- 5limting
enbodi nent, the at | east one induction heating device is positioned
opposite the ferrous alloy surface 64 and is adapted to inductively heat a
| i neal FPegxampEs thenterraus ey salriasg Gumpyde eamposed of a s 3]loy anddhe ai n

non- I it i oL i N . r f. an.induyction
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10i ncl e thastéeltdllon. Gel tonimigessndwaionf daitd heat spadifia athtée el akBdwh o a

better contai within the localized region 69 and to insulate the

t he heat
vt er RYSPRFHIREE S AN Regsbnot be ofa orA§gAPanferthshberien Inianpthemeen of
t hiss diBEi i i rggt i f j nd b e a
| ocal | o IS e ot el R Eioq P AR oMeE B 0
to FI der@usiailoy sheface 64 anchig astapdeldl teimductively hicata Tibeaoegidrsefstha feuppsrt 71
15i ncléd%' A upport surface 72, and at |east one induction heating device
73. The é/rl}g"porct UE% and support surface 72 are constructed fromone or nore

neati ng deviobB3F in dareld Sl i emBaFer TS A ca S0 dray S Rselom Ty
be consi ndeicBen heaih§iblecomMprRinik8s 68| Snidffitif, @plakalf) 8td Hllagié‘g In¥ay

conductive and, therefore, cannot” bé heated using induction. :
20Ron-inelkdeiingaliribaP i areas away frepothe Ipcalined relgorstip tobettencdrigie the

. ' : . : el
ot or 1 37 WL IR BNPElor o AR B3R URE e lratg  EnRh chwhacsaﬁlg; cal

i 10w d_hj gh t ,
xanpl e ¢ JOORIL, RGP TR P Boed sy TS pedlaf S iR aral s ¢ ha
may beditepethductibalbiagag iona 166&izednBgich ot MethFUPRAS br ST df&taifie Ztidiac! ude,

but are not limted to, alum numoxide, silicon oxide, alumnosilicates,
nmagne SRR @ 1Gi6, ddainan-briting, erabodiment ox deice 5101 saroprisssr disdpport i7i e

U, A SRR 9208 BRI B HeOMBo Beee T LT 22,

72 corguppse hend aopportsugator dratcensalicteamen ehe drimdve algiaih it seod
and support surface 72 30may conprise different

: 2? ﬁ aglogﬂffﬁjﬁgigé'fyi hZﬁlaé?d 8 e REleastippamdician digading dewge 73. For example, the
2012/ Q39B8AFATAMPEAAF6P48RAG 72 may be constructed from one or more materials that
are not electrically conductive and, therefore, cannot be heated using induction. In a
20 non-limiting embodiment, the support 71 and the support surface 72 comprise a
refractory material. As used herein, the term "refractory material" refers to non-metallic
materials having chemical and physical properties that allow them to withstand high
temperature such as, for example, temperatures greater than 1,000°F (538°C).
Refractory materials that may be used in fabricating the support 71 and support surface
25  72include, but are not limited to, aluminum oxide, silicon oxide, aluminosilicates,
magnesium oxide, zirconium oxide, calcium oxide, silicon carbide, fire clay, fire brick,
magnesite ore, dolomite ore, chrome ore, and mixtures thereof. In a non-limiting
embodiment, the support 71 and support surface 72 comprise the same refractory
material. However, it will be understood that the support 71 and support surface 72

30 may comprise different refractory materials, or other suitable materials
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[ 0085] The at | east one induction heating device 73 is positioned and
adapted to inductively heat a |l ocalized region 74 (bounded by |ines 74a) of
a netal | iwoant2/shss275 that is positioned on the support PsufSaeia/0F0snf t he
support 71. It is understood that the netallic article 75 is not an el enent
of the device 70, and is included in FIG 6 to better 5illustrate the
function of the device 70. Wile FIG 6 depicts one induction heating
device 73 to heat a localized region 74 of a netallic article 75 di sposed

on the supp®085¢urfhecat lzast one iRdurctioe haating devied 7Bhatposiiionedand adapted

of ot SO e SRl R R Tod A BRI Es 287] ofa S AERRIART o, ™
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i nductive heating of a |ocalized region 74 having a generally Ti neal

conf i gifvagq 64 to healw locabized neigios t7doef a metaltihertistepé difpaskidordinecsupporte al so

inclu varyd S nd/ or posit.ions of induction coils
o' i raniatE 7 et MRS ooa b R B Ghe REROR Rgabbn sViseHEoutd
shapesbentilized tortieantabtaliredaadion 4 bf mayalleaties #h poBitibAbH PsSthb offf
formn perations, n a formng operation, such as bending a

0086] |
met al 1§UETaSPaA%e Bradsitin, \Wétegthpir@]nahimitiegeqmwm%@w%- & Hepists pBast one
ot S A DR EERed Ander A8 uihofly 13 BREL AR Mt biibediment 5t 20
pr edetleasti oredindeoixaT edilioeothien iralustion Iheating tigviestkalimagiie embeddad imthe

netallic artigle 75, i tallic plate and the form ng operation is a
bendi myPEREr a‘ﬁﬁ%’n","h'ﬁél(ﬁrgﬁ@?'@ﬁrﬁ H@M'C?é%‘g'lr%cftd'ﬁ‘é“qté’ed‘el?é‘ﬁ&i(ﬁg’i loepkzahat ur e
of th 7 b i LEMpeS r rtain
o 1 B A P b LR AL e A0 b 6P
or norikisvis@eswedlselinohdlest vasyingdhe sumbes, sleapese and/arpesiimnisroftimdudtionm of

[ ion. heati t abl i Si | 76. | ddi ti on, ti Ily, th
adi eSS PrerhioRebi e RN ERR Lo tiag ol st sREPRR AUAr i -
the | epehtaRmsr@ @Richmapdetdef sl atisud 1R v esmbAgdpratHact i on coils
73. [0088] Wth regard to various non-limting enbodi nents of

o oot 00861 2 20000 EERASUEh SRR AR Ry B g
article, for example, the at least one induction heating device 73 of device 70 is
energized to directly inductively heat the localized region 74 of the metallic article 75 to
20  apredetermined temperature. In a non-limiting embodiment wherein the metallic article
75 is a metallic plate and the forming operation is a bending operation, the
predetermined temperature is a bending temperature of the metal plate 75 within a

bending temperature range.

[0087] In certain non-limiting embodiments wherein the induction heating
25  device 73 is one or more water-cooled induction coils, the device 70 may be in the form
of an induction heating table comprising legs 76. In addition, optionally, the device may
include thermal insulation 77 to better contain the heat within the localized region 74

and to insulate the water cooled induction coils 73.

[0088] With regard to various non-limiting embodiments of direct and indirect

30 localized induction heating according to the present disclosure, it will be appreciated
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that the positioning of induction coils with respect to the |ocalized
region to be heated affects the tenperature distribution in the localized
regi on bewogoteamspssd. FI GS. 7a and 7b are schemati c repr @eMSa11OH®SDf
non-limting enbodi ments of a support 62,71 for direct induction heating
device 70 and an indirect induction heating device 60 for 5heating a

| ocalized region of a netallic article. The support 62,71 includes a
surface 64,72 and an opposing surface 80. In non-limting enbodi mrents of a
devi cethgdthropositioniag$f inshictiongds ivath respectde, g lora)ized re@entte dedteaief acent
to the i i =1L ' f : b
depi ot “oane oncerapEiafie, aigiBRa i 8 bR eYBRahg HeplQd CFIGE U End
coi | 6By @8 acteeroaticesfredetitatibhe obhectinttiragestbopvnents i ppduppotObRwevier , t he
depiction, of FILGS. 7a and 7b n also he interpreted to represent a non-

i ¢S RAHRNE e TRE HRriRy” G RRdiaRDEF s SN dition heatingsdeslias BY dtred

adjsacefdatirg 4 2NRO@FE AN BH afrﬁét%n%%&l@s TheSSipsIH é@,eﬁhaege% gfggﬁfee@%r ein

;
only the_outernost sections of the coil 66,73 are connecte
el ect rehégred Poappoug suyfacaBe. demensiniting esnladdimeatsel pdavicad 0, TRt i on

7o ar CCRBLOLH I BRLEE TR pBb e Sosifincu AiBhad) 8 AE B ResMortitarer g, ™

di st aneen-binitiigeerabobigsit PFRRGENGHCINOTL Bepict B6ridAs fof @ ihBactesises, s, f ace
is represented by arrow A, In a non-limting enbodinent, the distance Ais
about ‘WNEeimEifeaNqs 0beagihyoil 6 3dire canpacisetindas elastropmanst GEwes SUPBY. of

t at i &S e i
nog- L Teng Sheapaal oLal FRane7 PRI Phd REBLIONT, Rorbleda non he
t hi ckrssisingfenzbaxlippot incBRIiNG ohs imdymtiesawilddatiy pasitiowed.adjacemt tothd i m ting
enbodi nent. the distance Cis about 1 inch (2.54 cm. 0090] In a
mon- | 1 TGS SIS Hn(a5F SPTRE0I S BIPST AN HRSEILAUUES OMRIMATAEPRANS he
el ect reinAgREN 6BOMEAISEEHHALIE B Bl Astrsmbgn&f f&pd/ éif‘dr%y.h‘?ﬁé b&ehg JeRfighd zed
25region 67 of the ferrous alloy surface 54 in the indirect induction

heat i i taevemendioe induation ¢ailedninesting 8y partivas of théeoikpibat Aire shewalin i ¢

i cl i i i nduct i ting device 70. | Slimiti
o SR 782 B Ak 15} O T e TR evt ce For heati ng of 11 tani um and
tit i | t | b ted at. 150 KW
b1 ki AP, T ERRES 7 GERTES S B36Bhe st Subat BaeBBicton ol aegt1)

Ref er rfigg tﬁ@%b@siﬁb@uﬁﬁce@é‘?&(ﬁ?ﬁéaﬁ@ﬁ‘dyia{ﬁd\&'Ag mSaOﬁéﬁ-liﬁi;i‘tiﬁn@Eitegmlb;é:cjgﬁéHﬁH{ee i's

directed to a systemfor ben or otherw se formng _ pl ate or
ot her digaare Ads@boiut Pé inabesidl Rg canlathe tistarwel katwednithesois neseadticmef a

met al Oy, A4mting enbodinent, the system conprises a heating
et el b 5PYget BB BBl e PRSI ol Y L bR R,
empodigmeid simeer,ahs digafcd Bie RBon o3 FRMFALER 89) 0he thickness of a support

62,71 is represented by arrow C. In a non-limiting embodiment, the distance C is about

1 inch (2.54 cm).

[0090] In a non-limiting embodiment of a device 60,70, the frequency and
power of the electromagnet power supply are selected to effectively heat the localized
25 region 67 of the ferrous alloy surface 64 in the indirect induction heating device 60, or
the localized region 74 of the specific metallic article 75 in the direct induction heating
device 70. In a non-limiting embodiment of a direct induction heating device for heating
of titanium and titanium alloys, an electromagnet power supply may be operated at
150 KW and 1 KHz at about 6 KA.
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ot her form ng apparatus positioned proximate or adjacent to the heating
devi ce and adapted to bend or otherwise formthe netallic article al ong
(i.e., innyoaoizasessk or other |ocalized region before a PeRpse@EiLOs®sDf t he

| ineal or other l|ocalized region cools below a desired tenperature range.
In non-limting enbodi nents, the heating device 60,70 10heats a |ineal or

| ocalized region to a bending tenperature or other formng tenperature in a
bendi ng terTquéga‘]bur r other formng tenperature range. In a non-limting
embodi nent en P?ﬁgr"&@ npyriRi - S8ppaetien sondinytisg espaeidfghiexdissosunedst he
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of 20 i r alne.non-limting, enbodi nent s
accor 3?(2 e gttg[) rt])i@édglﬁéﬂélﬁ%ﬁﬁéé?ortﬁh@@é@?%lhsct:iﬂyc%r%r:)g rgllel'at )8 'nﬁéléoéohﬁrckness
"t" ofloatlizezhstyidh hébré adbepetauis’ bf 1a)lineal oAbtHee &salifed Bd&oh RBRSHAIAW? 63
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hi gh- sdevesegaid kebRld ©YbSHES! othbiRkiAd for 1 ARfalfd §Rlcle ﬁ!&ﬁ the., |irpk§ii)nee{cln
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i j i ' - 012/ 039882PCT/ US2011/ 049052
[gggg]r(:d%?ﬁ@w @gzoeecrﬁ}gq 8%%‘?‘?&”&%%@#865 V& 'PE6Fed to an article of
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the prab®enbt, Hssddmsstdyfahd w6, In non-limiting embodiments according to this
disclosure, the ballistic armor plate 90 has a thickness "t" of at least 0.125 inches
(3.175 mm), or at least 0.1875 inches (4.763 mm). While FIG. 9 depicts a formed
ballistic armor plate 90 having two bend regions 94 with a bend radius 96 of about 2t,
other non-limiting embodiments of a formed ballistic armor plate 90 according to this

25 disclosure have at least one bend region 94 with a bend radius 96 of at least 1t, at least

2t, at least 4t, or at least 6t. In another embodiment, the formed ballistic armor plate
comprises one of a titanium alloy, a nickel-base alloy, and a specialty steel (e.g., a
stainless steel, a high-strength low-alloy steel (HSLA), an armor steel, and the like). In
another non-limiting embodiment according to this disclosure, the bend region 94 of a

30 ballistic armor plate 90 is free of surface defects, linear indications, and cracks.
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EXAMPLE 1 10[0095] An induction heating device was constructed in the form
of an induction heating table. A photograph of the heating table is

provi ded WO 2p12039880. A steel alloy plate having a thi ckiR€3a/Sei1104®H52 nch
(1.27 cnm) was used as the support and the ferrous alloy surface. Legs were
wel ded to the steel plate to support the plate. A copper induction coil was
positioned on the underside of the steel alloy plate and adapted to 15heat
a lineal region of the steel alloy plate and thereby heat the ferrous all oy
surface of 34t cAOtheT agPent &f #his Thacloswia i disecteditd aneattielnenf ghareufaciuré an

RF po r I f rr

1 1 by 2! ERARTISE, AR crth bt oF SU ERDEGANE il a0 SHuR sisfiobits
heat i nfccladingetonseytaie nusdithiting emhhduhl engl Wéﬁeﬁlblddombpu%dturegjdm@%t@bf or
netal lic pl.ates . and r.articles. i ard-to-form netal

90mat e‘??rHBE S&hd f?ﬁ"l'ﬁee(? E’?f@?‘%ﬁ RIEOTRALS g@l‘%t eﬁ%’émcfgrﬂﬂ'\?c‘?lalmoﬁﬂoﬂ@éﬁ Bel.foVns may
t hen [ h tion
D O ERibie o AT o1 BBl AT Al S B

ti t ani eMplesive geyiTesyandarsenalosme-for szpmteotyqn UNS 95R54250) havi ng a
thickness of 1 inch (2.54 cm) was obtained fromATI Wah Chang, Al bany OR,
an Al | eghenip094¢ hrizdvegalesxanmues jusattdg certpanyon-Timéirg ahbowarserrs'é roll ed
via co ces was received in mll-anneal e

condi t%]ccrg)r "Fﬂgoﬁh%{)&eﬁé‘é%?%&r?ﬁﬂ@“ﬂ inch by 30 inch sanples. The

i nduction heating table described in Exanple 1 was configured so that a
| ocalized lineal region of the ferEmAMPL\@ 2012/ 039882PCT/ US2011/ 049052
all oy surface was inductively heated to a tenperature of 800F (428C). The

tifpani um al joegsp! atrﬁlnaamreﬁewgedéﬁe@@\mé @ddsvruaf&i i tAB§EmeBf BRGn ARt | ON
table so that an intended bend |1 ne of each sanple was positioned over the

heat echaajigitrbed A ehpingraph ohine heating t@hlehléaltrowgedamFéG H0nd Assteelcalayz ed
regl Orlelfe r‘?ﬁﬁﬁg aemiBl(ﬁeé’@Sf 6.@%5&?¥1 .27 cm) was used as the support and the ferrous

alloy surface. Legs were welded to the steel plate to support the plate. A copper
induction coil was positioned on the underside of the steel alloy plate and adapted to

15 heat a lineal region of the steel alloy plate and thereby heat the ferrous alloy surface of
the steel alloy plate. The induction coil was energized with an RF power transformer
using a frequency suitable for heating of ferrous alloys such as the steel alloy of the
steel alloy plate. The induction heating device may be used to conductively heat
localized regions of metallic plates and other articles including hard-to-form metallic

20 materials and other metallic materials. The conductively heated forms may then be
bent or otherwise formed, for example, as discussed in connection with various

embodiments herein.

EXAMPLE 2

[0096] A plate of ATI 425 titanium alloy (Ti-4Al-2.5V-1.5Fe-0.250, alloy, UNS
25 R54250) having a thickness of 1 inch (2.54 cm) was obtained from ATI Wah Chang,
Albany OR, an Allegheny Technologies Incorporated company. The plate was hot
rolled via conventional mill practices and was received in mill-annealed condition. The
plate was sawed into 12 inch by 30 inch samples. The induction heating table

described in Example 1 was configured so that a localized lineal region of the ferrous
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5conductively heated. Mdre specifically, a lineal region of each sanple,

i ncluding an intended bend Iine and an i nmedi ately adj acent region, was
conduct i WweDyoteaspssd t o 800F (428C) in about 12 m nutes POTASQII1O¢EACt W t h
the ferrous alloy surface. Before any significant cooling could occur, the
sanpl es were bent along the heated bend Iine on a brake press | ocated near
the i nduction heating table. The sanples were 10bent to increasing radii of

it through 6t. The bent sanple are shown in the phot ogg&ph of FIG 11.
[ 0097] alipYessUstase wamisdestivily deaiethiona teriperadieesef G098F ¢AA% Q)i orheofitapiven bend

regio . r : i ry .ndi i cracks
nor e U SEE SRR et eREhRER) SEEGIR Lo WIS MauREh e 8D Snafln T 35K
ti ][ iani iumrmileldd;er‘pd !Tgteeofn@an'mmraptghjvadx pesisiouloéd 32>vémtiae Neb'étéé I@U?Iifzedj nedibe cﬁaLre
m || -anneal ed. condi.ti on as used in. Exanple S obt ai ne rom ATl WA
Chang e dibhating apls AROR RBImR LI ep e agos s HERuESs IUaDY) by 6o

i nghe I Lt i | OF J tabl e
i s L A s S R R S e

i nt endetersleddandimeannd an imdjediatety adigeent regionc vrgusnduetivelhbentat! too 800F

4260) 4 A §~ 20 m . The pl ransferred to br ake press
E)eforéBQ@ga(gggt%)églq%ﬁg‘gﬁE?@'&ug%s t@{&ﬁﬁggﬁgétew@ %{eéWéJ@oa@Mf a&ﬁ!rofi cant
cool i rigeforndny BRyniflcaihe codihdedid oecar, tieslsamphfs Werabemlbhg theRdatedne. The
pl ate was positioned back on the induction heating table and arranged so

that PSBHITS e aftrake perss lpegiesimaaidnadidustian derdingitahlendée wenalesiwrrewas
d | ; : ACTER :
QRAUGdF8h %JF@Q%EQ{&% gﬁgﬁpﬁoﬁ &CThe antpoja%&e‘(’jﬁé shgﬁﬂjbrt@égﬁhﬁd'g?g@ﬁ 0 a

c
brake press and end l'ine to a radius ore~an
si gni fafdd@t 1éool i ng of the lineal region occurred. This process was
repeated until the plate was bent to a 2f radius at six different

| ocati ons. [BO93}r Theoattisanimedwets agiinirgdier £55288 e edndifioh log tisd ehend
regi ons. . 2012/ 039882PCT/ US2011/ 049052 EXAMPLE 4 [0099] A plate is
f or med®HONHRY §3¢8 SaoRies Newdacs fgfegiss ipedandicatienarmyl @agks wersebsri¥edne or

nmore hemels ped, %@gﬁ%e may be conprised of, for exanple,
Ti -4AlI - 2. 5V1. 5Fe=0. 2502 al |l oy, another titaniumalloy, or an arnor alloy

such as, for exanple, a 5500 BHN steel arnor alloy, a 600 BHN steel arnor
allPoy, a 700 BHN steel arnor all oEXAMRLESstrength low alloy steel, an RHA
alloy, an HHA alloy, or a UHH alloy. The fornmed plate is welded to the
chassi s of [@098F mAneAT o425t fitaniuvehlloy platd havihgraniitkpless ©f Jenstes2.54 cm),

in the same mill-annealed condition as used in Example 2, was obtained from ATI Wah
Chang. The length and width of the plate were 100 inches (2.54 m) by 80 inches (2.032
m). The plate was positioned on the induction heating table described in Example 1,

20 and a lineal region of the plate including an intended bend line and an adjacent region
was conductively heated to 800°F (426°C) in about 20 minutes. The plate was
transferred to a brake press before the heated lineal region of the plate experienced any
significant cooling, and the plate was bent to a radius of 2t along the bend line. The
plate was positioned back on the induction heating table and arranged so that a

25  different lineal region including another intended bend line was conductively heated to
850°F (454.4°C). The plate was then transferred to a brake press and bent along the
bend line to a radius of 2t before any significant cooling of the lineal region occurred.
This process was repeated until the plate was bent to a 2t radius at six different

locations. No surface defects or cracking were observed in the six bend regions.
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as a ballistic arnor plate underbelly for the vehicle. The shape,
orientation, and/or conposition of the forned plate is adapted to dissipate
bl ast enewgyopasessat ed by 10expl osive devi ces det onat ed Pomdiseotioeooszhi cl e.
EXAMPLE 5 [0100] A localized region of an 85-inch(215.9 cm |ong,
1-inch (2.54 cm) thick ATI 425(r) titaniumalloy plate was directly

i nductively heated using a non-limting enbodi nent of a direct |ocalized

i nduct i heati ng device as disclo in and as 15depicted in FIG 6.
%Eeu?nhagtign hegting devi ce inclugﬁgﬂQELgﬁbentinﬁ sh?gegzlng;ctlontc0|g
havi i ace | ane about 3 inches C apart an
posi toned I 0RSRAdR G sindige presmseitencenlbade sy pesp farmplas o
dept ct giblide fhEor ford Menidd] iagamthal o LFHOACLPEY 15UBRRNNICIREAAPOBY L

inch (2.54 c% The i nduction c0| energ
for 900-F&c8rS8: atiey. @@Q\I@ertl@nnumallnylu@rtamarmdﬂalw$ucwaas tfbeexahpte af f, and

d b f
the bt P8 IR sfdl 3P tel o oG8 R BB  pEbh i 28 BH el sRmhEAlbNg and
af t er B@hssimnfgtls loo abdy st@@olamgHaSalw dAGIHANIRY, she L};“lﬁtaﬁsfe'rhé%}rﬁ@&

center ne of the heated zone. FIG 12 contains a plot he neasured
t enper BI@U:T" @SW%IF'eBH@ the ghasts Bban grmered Reotblesvehisla. eThé éemathplatelsafveer

and, bottom f t he
Bl at e O e Rt B0 P Cotter e e PRl e Bo0r
(648. wmp@smmm‘tmwm@daﬂm)e nafanaptm dgissipatésbiabt émstagigepardieatdyng, and
th% he &%q%ﬁ% e exte g tagout 1E’T?a CPWQS (27.94 cm on each side of the
cent erTh ]de%nﬁgs&{' natpd WNgRT ieareRigle to be bent. After cooling in
anbient air for about 60 seconds, the tenperature in the center region of

t he heated zone was in a range of EXVE]I2E039882PCT/ US2011/ 049052 about
900F (482C) to about 1000F (537.8C), which is in the tenperature range at

whi ch the poabe] culodaleePrMiorPbf 84 @@rlﬂbﬁ@w% 1or[q0 éle:héé SW'%m @1? ck he

understood that the present description illustra spect's

i nventA bird2%] éaaiwm a Baplalt@waSLmlda@tlgurmwmglydfegt@@ usrm‘gﬁmlhlbnmmlﬁjﬁgtal [1 |
5 rent to,.those of ordinary ski in e art an
Chat ec% Bé@ﬁf%”e ?ﬁo%'%&t e %IWO\[ tip NaatiRg Cgvice sciselaned Rgreim aﬁﬁieas

i ngentdepictbavie Fl‘@t6b¢ﬁ@ iRd @SRt IRShting RIS lnt:Rlo%'d::%Eérfdénmg sﬂ?ﬁ?ﬁ
descrlretlon Al t hough only a limted nunber of enbodinents o e present
i nventNwet @t”é%e‘&é@%ﬁ%%ﬁcﬂ@@% spaery inea plane avmutd inohes (A6 cakiddart and he

TomoaiAeisrRaERE S ieh Y, 122 <5 R PR rEREFEH Hpist itogred.n A. uch
var i atlihenthickndss of the refractory support was about 1 inch (2.54 cm). The induction coil
was energized at 150 KW, 1 KHz, and 1A for 900 seconds. The power to the induction
20 coil was then shut off, and the plate was allowed to air cool. The temperature of the top
and bottom of the plate was measured after 900 seconds of localized induction heating

and after 60 seconds of air cooling as a function of the distance from the center line of

the heated zone. FIG. 12 contains a plot of the measured temperatures of the top and
bottom of the plate after heating and after cooling for 60 seconds. The temperature of
the top and bottom of the plate in the center region of the heated zone ranged from
about 1200°F (648.9°C) to about 900°F (482°C) after 900 seconds of induction heating,
and the heated zone extended about 11 inches (27.94 cm) on each side of the center

[N
i

line of the plate region that was to be bent. After cooling in ambient air for about 60

seconds, the temperature in the center region of the heated zone was in a range of
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nodi fications of the invention are intended to be covered by the foregoing
description and the following clains. W) 2012/ 039882PCT/ US2011/ 049052
CLAI M5 Wawol2ai2m39882A nmet hod of formng a netallic arti clPeT/ush@1ogtolind
conpri si ng: i nductively heating a localized region of a netallic
article to a formng tenperature, wherein the formng tenperature is in a
form ng terrperature range of 0.20 to 0.50 of a nelting tenperature of the
mat eri al ; and nmetallic article in the |ocalized region. The

met hod@Rputq0g° ﬁn 182?/9%@@'%% dPAPTIG (338t whidhdisdn theleapreppiegasgast | east
one of ,RRAdHE Iat@rc%\et'l e HRHP bfh%mﬁs%af gg, and roll formng. The method

of claim1l, V\,%ereln e metaﬁrlc artlc e conprises a material selected from

i ghe atr 2ﬂ‘gﬁ?'ﬂﬁiwgwﬂu%‘ﬁba%%?oeoao’#&'azﬁheaﬁ Rt Pesi iRl Bietiakon o

cl ai m dspesteotine inhentist aliévant a6 bi déar wrajeesetbadtr@obffth@m\mubﬁg@ert@n billet,

a bloom ar nd b? pi,'Pguare bar, an extrusion, F 8 a slab, a
sheet , 23RRFIS At yquld PRanpareddo drogs af erdinanyskilldn ﬁhq ﬁé amtaﬁ it er@f@nem eis

a pl at\ﬁ@ulﬁ%t'f&&ﬁﬂa'tezﬁ%eﬁﬁgbﬁﬂefé@éﬂﬁlhﬁ%ﬁ@e /BN hERE 4Bt bAGK pf Dt e

metallic article conprises ng the netallic article Int
r egi onRrdehio simplibthef prelsentddscrighion eiAlthohgh rmetyad llimdtedrmunober cfonpri ses a

titani l o Th net hod, of cl.aim 1, where nthe tallic arti.cl

orror 1 kBt B Thd Bletaft Bveflidh Mo nedrShah irtroBiE o sl il &rdiney s
6,12, <Kl in2Be aHwilR3p oB‘bonBﬁienBQ,th§?0re§5mg3diascﬁPﬂor$8rebb@ﬁEé‘#ﬁ‘ét%bﬁy WO
2012/ 039882PCT/ US2011/ 049052 8. ~The method of claim 1 , Wherein the netallic

arl¥i clreodibpptioreand vapaliong @fythgtné@ntlog may Serarnplodedf Adlsaichvariatipes endl t he
et al lr’gﬁﬁﬁﬁ%ﬁ&rﬁ§o%@%véﬂ@>&8ar%ﬁ&ﬁs 0% eelta Ble e(,fotv%geé bYWt ?89oiRENeL Ao MO

a 600 eel  arnor arnor,
and the following claims.
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5high strength low all oy steel, an RHA alloy, an HHA alloy, and a UHH
alloy. 10. The nethod of claim1l, wherein the netallic article conprises a
ni ckel ba’eo 281203988211. The net hod of claim 1, wherei n meCalUS@1a49052| e has
a thickness of at |east 0.125 10inches (3.175 nm. 12. The nethod of claim
1, wherein the netallic article has a thickness of at |east 0.1875 inches
(4.763 nmm. 1513. The nethod of claim1l, wherein the netallic article
conprises Ti-4Al-2.5V-1.5Fe- 0.2502 titaniumalloy (UNS 54250) and the
form ng tenperature range is 728F to 874F (387C to 468C). 14. The nethod of
claim1l1, wherein the netallic article conprises a titaniumalloy and 70t he
formng tenperature range i s 700F t@'—@d@gj 15. The nmethod of claiml,
Mereiweicjé]gi%ti vely heating the | ocalized region conprises heating the

| ocalized region with at |east one induction heater to a tenperature in the
form ng tenperature range. 25 16. The nmethod of claim 1, wherein formng

t he net.al | i & naethbdlog farmitge metadiia adidle; dg methadpompdsinigendi ng the netal lic

ticle in the localized region to.a radius of at |east 2t. .
2092/ 039882pCT/ UBIGTIFDABOST'S IHRLSRRERU T oF Sch I alecodt ITURe ng t he

netal |'i ¢ artehfdeRatufe tWeleRt e RAHIHEBHIE&RMPId FES fRBTIY RmpERtIRE @hgkC
article in the |localized region to a radius of at |east 1t. 518. The met hod
of cl ai m 1,0hdP & R-5X ofez nTadiing tegparature of the maderialghoth of the metallic

forming the metallic article in the localized region.

10 2. The method of claim 1, wherein forming the metallic article comprises at least

one of bending, drawing, punching, stamping, and roll forming.

3. The method of claim 1, wherein the metallic article comprises a material selected
from a titanium alloy, a nickel-base alloy, a stainless steel alloy, a high-strength

15 low-alloy steel, and an armor steel alloy.

4. The method of claim 1, wherein the metallic article is selected from an ingot, a
billet, a bloom, a round bar, a square bar, an extrusion, a tube, a pipe, a slab, a
sheet, and a plate.

20

5. The method of claim 1, wherein the metallic article is a plate, the localized region

comprises a lineal region, and forming the metallic article comprises bending the

metallic article in the lineal region.
25 6. The method of claim 1, wherein the metallic article comprises a titanium alloy.

7. The method of claim 1, wherein the metallic article comprises a material selected
from the group consisting of ASTM Grades 5, 6,12, 19, 20, 21, 23, 24, 25, 29, 32,
35, 36, and 38 titanium alloys.
30
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article is free of linear indications and cracks. 19. A nethod of bending a
netallic plate, the nmethod conprising: inductively heating a |lineal region
of a net awbi2e12pi3g8se t o a bendi ng 10t enper at ure, wher ei nPCRAISRENHI9952
tenperature is in a bending tenperature range of 0.2 to 0.5 of a nelting
tenperature of the netallic plate; and bending the netallic plate in the
lineal region. The nethod of claim 19, wherein the netallic plate
conpriges a-mterjal, selected fromag titaniumalloy, a nickel-base alloy, a
st ai nl §5s sirggl’%éﬁhﬁgyoﬁ CUA} HrvRerElh enmﬁg%rlﬁ%?ﬁ“a %‘%/@@T"?esaﬁépﬁﬁ'agyﬁéﬁ‘dsteel
alloy. The nmethod of claim 19, wherein the netallic plate conprises a
titani ym al Lrﬁé The method of claim 19, wherein the netallic plate

conpri Ses alnEMBFNEA S Sladey bavhersin theemgiadimartislestanprigeot NSTNaGaleesds,

method of ol T 280 SR ae e S PP BN el AR bb PV a el

Thed et hod bighcitesingt Sw ahiey sieel téreRket alldy, anpidAealiopand a8SHA dTRYer i al
sel ected froma 400 BHN steel arnor, a 500 BHN steel arnor, a 600 BHN st eel
arnor, a 700 BHN steel arnor, a high strength low alloy steel, an RHA

al | oy, 1@n Hike ahdtB¥d oRBMHIRA HW&H%&mWH%%é@W%% %ﬁ%%%%é‘ezgﬁ The

nmet hod of claim 19, wherein the netallic plate has at ness o east

0.125 inches (3.175 mm). The method of claim 19, wherein the netallic plate

h i ck ty O, inch 4. 763 .. Th t hod of ¢l ai
1o wnbrer ninoeinedf AR, Akt BN e e T Boknake gt 156, um
alllOoy (UNS ih4R&9)3.a7M8 e bendi ng tenperature range is 728F to 874F (387C

to 468C). The method of claim 19, wherein the netallic plate conprises a
titaniumall oy and the bending tenperature range is 700F to 900F.

12. The method of claim 1, wherein the metallic article has a thickness of at least
0.1875 inches (4.763 mm).

I513. The method of claim 1, wherein the metallic article comprises Ti-4Al-2.5V-1.5Fe-
0.250; titanium alloy (UNS 54250) and the forming temperature range is 728°F
to 874°F (387°C to 468°C).

14. The method of claim 1, wherein the metallic article comprises a titanium alloy and
20 the forming temperature range is 700°F to 900°F.

15. The method of claim 1, wherein inductively heating the localized region
comprises heating the localized region with at least one induction heater to a
temperature in the forming temperature range.

25
16.  The method of claim 1, wherein forming the metallic article in the localized region

comprises bending the metallic article in the localized region to a radius of at
least 2t.
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The met hod of claim 19, wherein inductively heating the lineal region
conprises heating the lineal region with at | east one induction heater to a
t enper at We 201e/a3p882bendi ng t enper at ure range. The net ho@#Cofused1aiona0is,
wherein bending the nmetallic plate in the lineal region conprises bending
the metallic plate in the lineal region to a radius of at |east 2t. The

nmet hod of claim 19, wherein bending the netallic plate in the lineal region
conpri ses bendi ng{ the netallic plate in the lineal region to a radius of at

| east 1f. Thiee mathed obelaima. wheseindrepiiothampetallicarticlrdn thetogabzed regien

region of thenpRi&d béﬁdiﬁ{;ttth&h?ethmcfar eﬂ‘LtHe‘ leeﬁfz(?d\%:gpﬁ!oPé‘?acﬂGé’oFéﬁCks-.A
met hod of formng a netaflic material, the nmethod coffpri sing: pl aci ng
a netallic leasith e conprising a material selected froma netal and a netal
alloy on a ferrous alloy surface; i nductively heating a | ocalized
region of the ferrous alloy surface in contact with a |localized region of

the metal | i Themidtbbe of Blaamprr Qﬂﬁr@ih@ff&@doﬁn@iﬁ??ﬂ@ﬂ@é@liz@@l@egm of the metallic
2012/ 039882PCT/ US2011/ 049052 t hereby conductively heating the |ocalized

regi on of t#écledsdras @ limear ddicationg aneh¢firpkst enperature within a form ng
tenperature range; and formng the netallic article in the |localized region
of the netallic article. 534. The nethod of claim 33, wherein the netallic
arti cl 8.conpmetesd @f vehdingad netdléc pde fthemeathbdtcomprisiad:l oy, a ni ckel - base

Il oy, tainl ess steel alloy, a high-st th | |l teel, and
rmor steel “al | dyuEEEDTHER hdBest Baich o ISP © BOAGI ng
t qgper at ur eeh@Rg8turs, WR&EIPi2 béhdQ témpPhraturdal i a%eﬁw%wfeﬂwrs}&é rhRe

metallic material. 36. The nethod of claim33, wherein the netallic article
conpri ses &ftQ.24a0dnoba nitin@emmeraturetdi dlde ofetalliaipata3anaher ei n t he

metallic articl ecfgd?@éi(hseﬁé‘e?aj@é%%ié ?rlbt\;,\leslgm?aﬁ:etg?gn.f romthe group consisting

of ASTM G ades

20. The method of claim 19, wherein the metallic plate comprises a material selected
15 from a titanium alloy, a nickel-base alloy, a stainless steel alloy, a high-strength

low-alloy steel, and an armor steel alloy.
21.  The method of claim 19, wherein the metallic plate comprises a titanium alloy.
20 22. The method of claim 19, wherein the metallic plate comprises a material selected
from the group consisting of ASTM Grades 5, 6,12, 19, 20, 21, 23, 24, 25, 29, 32,

35, 36, and 38 titanium alloys.

23.  The method of claim 19, wherein the metallic plate comprises a specialty steel.

25
24.  The method of claim 19, wherein the metallic plate comprises a material selected
from a 400 BHN steel armor, a 500 BHN steel armor, a 600 BHN steel armor, a
700 BHN steel armor, a high strength low alloy steel, an RHA alloy, an HHA
alloy, and a UHH alloy.
30
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25, 29, 32, 35, 36, and 38 titaniumalloys. 38. The nethod of claim 33,
wherein the netallic article conprises a nickel base alloy. 70 39. The

met hod ofwol2ai203%382 wherein the nmetallic article conpri $EF/US261POEI04EL t Y
steel. 40. The nethod of claim 33, wherein the netallic article conprises a
material selected froma 400 BHN steel arnor, a 500 BHN steel arnor, a 600
BHN steel 25arnor, a 700 BHN steel arnor, a high strength |ow all oy steel,

R [ U Th t hod of aim 33,
an Rl | Ot HHE AL b 5 V&eéeﬁﬁsﬁénekaﬁ@ NS R RSO T ses
i neal regi gngsan@hég)(rgnmn{rh)e metallic article in the |ocalized 30region

conpri ses bending the plate in the lineal region. WO .
2012/ 039882PCT/ US2011/ 049052 42. The nethod of claim 33, wherein the

| 7
Tl 126, 3 106 bt gt oHnCHISTR B ik heEl AR ARIERAS IR 1,
IeaSst 50. 1873 8i/bomesey @.78B8mm). . 44. The nmethod of claim 33, wherein the
nmetallic article conprises Ti-4Al-2.5V- 1.5Fe-0.2502 titaniumalloy (UNS

54250) and the formng tenperature range is 728F to 874F (387C to 468C). 10
45. The7 met sl rrﬂithé?di %f HPa?rﬁ 19“We‘?élﬂ th@‘?néfﬁﬁlﬁ‘glét‘é &frﬁ;%ﬁe‘é ﬁg%%éoégﬁ 8Fe-

titaniumall oy and form ng tenperature range 1s
0.250, tltamum alloy (UNS 54250) and the bending temperature range is 728°F
to 874°F (387°C to 468°C).
10
28.  The method of claim 19, wherein the metallic plate comprises a titanium alloy

and the bending temperature range is 700°F to 900°F.

29.  The method of claim 19, wherein inductively heating the lineal region comprises
15 heating the lineal region with at least one induction heater to a temperature in the

bending temperature range.

30.  The method of claim 19, wherein bending the metallic plate in the lineal region

comprises bending the metallic plate in the lineal region to a radius of at least 2t.

31, The method of claim 19, wherein bending the metallic plate in the lineal region

comprises bending the metallic plate in the lineal region to a radius of at least 1t.

32.  The method of claim 19, wherein after forming, the localized region of the

25 metallic article is free of linear indications and cracks.

33. A method of forming a metallic material, the method comprising:
placing a metallic article comprising a material selected from a metal and
a metal alloy on a ferrous alloy surface;
30 inductively heating a localized region of the ferrous alloy surface in contact

with a localized region of the metallic article to a predetermined temperature and
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46. The nethod of claim 33, wherein inductively heating the |ocalized
region of the 15ferrous alloy surface conprises heating the |ocalized
regi on ofwohe1fwessous al |l oy surface with at | east one i RATAIS2@N/OMWAL er .
47. The nethod of claim 33, wherein formng the netallic article in the
| ocal i zed region conprises bending the netallic article in the |ocalized
region to a radius of 20at |east 2t. 48. The nethod of claim 33, wherein

formng the metallic article in the localized r;gi on conprises bending the
netal | i c arthesely sondupdiveydiagtinadhe depalizet segiop Adithe msttallie articdleto pt . 25 49.

The net hod of ¢l ai f ! ocal, zed region is free
of |inear |%&W@ﬂé@réégh%e??@é@g%&g{ngf%yﬂﬁg%%%péo%}de(il%g‘fjm 33, wherein the
metal | ic arti cl efarmirsethectethllic anickninithgddcaliaed0bgibhetf themytakionariclé.ound

bar, a square bar, an extrusion, a tube, a pipe, a slab, a sheet, and a
plate. WD 2012/ 039882PCT/ US2011/ 049052 51. A nethod of bending a netallic

pl at e,34.he TRE RAANEQBPEIFh B, wherein tRE #6&ta0ic 3 HiBE 2kl fridekal fa rising a
material selected froma nmetal and a netal alloy on a ferrous alloy

surface; 5isrleetedVeEany andaniunyabioy, iaw@iakelrt@ga‘eloadlom altsl’a@nf%sm@ ailgyo@r higl-f gce
in contact W [ ! i t ic plate to a predeterm ne
t enper at ure%%rg;tﬁ#&%@é{'géeﬁeg’u%ﬁ %'Iél Raﬁégﬁeﬁéhéﬁe | ineal region of the

netallic plate to a bending tenperature within a bending tenperature range;
and . . . :
35.  The method of claim 33, wherein the forming temperature range is from 0.2 to

10 0.5 of a melting temperature of the metallic material.
36.  The method of claim 33, wherein the metallic article comprises a titanium alloy.

37.  The method of claim 33, wherein the metallic article comprises a material
15 selected from the group consisting of ASTM Grades 5, 6,12, 19, 20, 21, 23, 24,
25, 29, 32, 35, 36, and 38 titanium alloys.

38.  The method of claim 33, wherein the metallic article comprises a nickel base

alloy.
39.  The method of claim 33, wherein the metallic article comprises a specialty steel.

40.  The method of claim 33, wherein the metallic article comprises a material
selected from a 400 BHN steel armor, a 500 BHN steel armor, a 600 BHN steel
25 armor, a 700 BHN steel armor, a high strength low alloy steel, an RHA alloy, an
HHA alloy, and a UHH alloy.

41.  The method of claim 33, wherein the metallic article is a plate, the localized

region comprises a lineal region, and forming the metallic article in the localized

30 region comprises bending the plate in the lineal region.
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bending the nmetallic plate in the lineal region of the netallic plate. 10
52. The nethod of claim51, wherein the bending tenperature range is 0.2 to
0.5 of a welwixgessenperature of the material. 53. The meChas2efi/o¢d0at m 51,
wherein the netallic plate conprises a material selected 15froma titanium
al oy, a nickel-base alloy, a stainless steel alloy, a high-strength

lowal |l oy steel, and an arnor steel alloy. 54. The method of claim 51,

wh i h tal|l t tit | I oy. 2055. The net hod of
o1t m 82, "vABE ahethor o eE £F oTharara heohpal Sea ble s sk aascdatdeaston t he

group consi gtigxginehe A MWEHAALs 5, 6,12, 19, 20, 21, 23, 24, 25, 29, 32,
35, 36, and 38 ti tan%A?m al | oy)sa 56. The rret hod of claim 51, V\/nerel n the
metal lic plate conprises a nickel base alloy. 25 57. The nethod of claim

|t h t hod
R A e N e e R A
a 500 BHN s0gd75dancss (4a78®mnBHN steel arnor, a 700 BHN arnor, a high

30strength |ow alloy steel, an RHA alloy, an HHA alloy, and a UHH all oy.
WD 2012/ 039882PCT/ US2011/ 049052 The nethod of claim51, wherein the

et al |18, P! 8he a0 of iaKRe S Rko Alinb SRS e BRIFR IR TRV The

met hod of claimb wherei n t he ckness | east
0. 1875 mché@FeAO 26®2thE)nlumm§I0|yt{UIht&I5025©)l andnhzlformirey einpdrarirevhade isc

pl ate conp 4A] - o= L. 2502 titanium all oy (UNS R54250) and the
bendi ng ten%%ﬁt 8674;\%45}%?.\@07%% Jo 874F (387C to 468C).
10
45.  The method of claim 33, wherein the metallic article comprises a titanium alloy

and the forming temperature range is 700°F to 900°F

46.  The method of claim 33, wherein inductively heating the localized region of the
15 ferrous alloy surface comprises heating the localized region of the ferrous alloy

surface with at least one induction heater.

47.  The method of claim 33, wherein forming the metallic article in the localized
region comprises bending the metallic article in the localized region to a radius of
20 at least 2t.

48.  The method of claim 33, wherein forming the metallic article in the localized

region comprises bending the metallic article in the localized region to a radius of

at least 1t.
25
49.  The method of claim 33, wherein after forming, the localized region is free of
linear indications and cracks.
50.  The method of claim 33, wherein the metallic article is selected from an ingot, a
30 billet, a bloom, a round bar, a square bar, an extrusion, a tube, a pipe, a slab, a

sheet, and a plate.
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The met hod of claim 51, wherein the netallic plate conprises a titanium
all oy and the bending tenperature range is 700F to 900F The net hod of claim
51, wher evo 20rdh3essevel y heating the |ineal region of theCTASc@u®4W5L oy
surface conprises heating the lineal region of the ferrous alloy surface
with at |east one induction heater. The nethod of claimb51, wherein bending
the netallic plate in the lineal region conprises bending the netallic
plate in the lineal region to a bend radius of at |least 2t. The nethod of
claim51, wherein bending the netallic plate along the lineal region
conprises b ! t ' ; Ln j ion to a bend radius
of at ?gastg?ﬁém%ﬁéhﬁgﬁﬁggi%rﬁgﬁg?%ﬁg%j”&ﬂgfgkﬁﬁ%¥?é@ghghding the |ineal
region is free oplacingeamaetaltic pitte cospaisthgca acksrialsalested érdhon metkinded
heating of a nmetallic article conprjsing a material selected froma netal
and a netalmﬁgﬁé@PyPﬁé’ Vﬂﬁ%mgﬂgﬁVk§an: a support including a ferrous

al lsoy surface; apductiVai?fealifga98eRCE G2 EHeGERBaS aftby S6ASEe fEoAtAEUCT I ON
heating device; =~ wherein the at |east one induction %eatlng device is
posi ti oned Wi adtigpt eadien of theumetalid platetn a predatatmined teegiesaiusd ante

of 1o t or e 85 et PRg (R EbThA DA RGN e R e Pl * "

t enper at ur eeangenatairé nétthinr @ gieoniref tenprhidiré irengd;tared € conprising a materi al
selected froma netal and a netal alloy that 1s positioned on the ferrous
al oy surface. 1REEAHEYBRIRIAC prte nihe geal wgier ohthenmetallipblate.conpri ses
atjol east one of a ferrous alloy sheet including the ferrous alloy surface,
and a ferrous alloy plate including the ferrous alloy surface. 69. The
devi cébdf clhe med7od ahelnin 51t Wbefain tiba beatlingytesypeiraices camger is<eR ta 053 ekh
al l oy 15surf The de{ ce of claim®67, wherein the ferrous all oy

e. 70,
surface cor%?ﬁ'ggge@ﬁ’gr%f"r% At W.II s selected fromcarbon steel, a steel

al l oy, and a stainless steel.

53.  The method of claim 51, wherein the metallic plate comprises a material selected
15 from a titanium alloy, a nickel-base alloy, a stainless steel alloy, a high-strength

low-alloy steel, and an armor steel alloy.
54.  The method of claim 51, wherein the metallic plate comprises a titanium alloy.
20 55.  The method of claim 51, wherein the metallic plate comprises a material selected
from the group consisting of ASTM Grades 5, 6,12, 19, 20, 21, 23, 24, 25, 29, 32,

35, 36, and 38 titanium alloys.

56.  The method of claim 51, wherein the metallic plate comprises a nickel base alloy.

25
57.  The method of claim 51, wherein the metallic plate comprises a specialty steel.
58.  The method of claim 51, wherein the metallic plate comprises a material selected
from a 500 BHN steel armor, a 600 BHN steel armor, a 700 BHN armor, a high
30 strength low alloy steel, an RHA alloy, an HHA alloy, and a UHH alloy.
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2071. The device of claim67, wherein the at | east one induction heating
device is tuned to inductively heat a predeterm ned | ocalized region of the
ferrous awvbayizisgsace. 72. The device of claim 67, wher@Ch/ush@1as905zast one
i nduction heating device is positioned opposite the ferrous alloy surface
and is adapted to inductively heat a 25predeterm ned |ineal region of the
ferrous alloy surface. 73. A device for localized heating of a netallic
article conprisi n% a material selected froma netal and a netal alloy, the
devi ced%o rrpn‘?hgin?@. od of GlsvHra ! iwharaidi thg raetallispdate hag 2 fveknegsofzvdeasteast

one inducti i { ce-y WO 2012/ 039882PCT/ US2011/ 049052 wher ein

t he at |east9'q§§§ﬁ%%@?§%ﬁﬁ%ti ng device is positioned and adapted to

i nductively heat a localized region of nmetallic article; and positioned on
t he support_surface t .predeternm ned tenperature wherein the s ort and
t he sug 'ortTéﬁmejﬁgd@gﬁ%"ﬁé’X’W?'Qgﬁﬁlm%tﬁnﬁ'ﬁtp??@ hesta ‘é‘f’@fsﬁﬁ ef‘h:‘ggs&t | east
ong i nduct i onghsahdHes dexaTmm)/4. The device of claim 73, wherein the
support and support surface conprise a refractory material. 10 75. The
device of claim 73, wherein the support and support surface conprises one
or nor gy of i i il j L.ym,nosi ) i cat ey i X1 de,
21 oy Lim o0 etEN BFCifin 1, ER A et M AR R RS VL PR
magnesi t e 00.250dditaniutnealtwrye(UNG (R5e2E0MeNA tiee bending temperature range is 728°F

to 874°F (387°C to 468°C).

10
62.  The method of claim 51, wherein the metallic plate comprises a titanium alloy
and the bending temperature range is 700°F to 900°F
63.  The method of claim 51, wherein inductively heating the lineal region of the
15 ferrous alloy surface comprises heating the lineal region of the ferrous alloy

surface with at least one induction heater.

64.  The method of claim 51, wherein bending the metallic plate in the lineal region
comprises bending the metallic plate in the lineal region to a bend radius of at
20 least 2t.

65. The method of claim 51, wherein bending the metallic plate along the lineal
region comprises bending the metallic plate in the lineal region to a bend radius

of at least 1t.

25
66. The method of claim 51, wherein after bending the lineal region is free of linear
indications and cracks.
67. A device for localized heating of a metallic article comprising a material selected
30 from a metal and a metal alloy, the device comprising:

a support including a ferrous alloy surface; and
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1576. The device of claim 73, wherein a frequency of the at |east one

induction coil is tuned to heat of the material conprising the metallic
article. Wd.2olysossevi ce of claim76, wherein the specifiPCTS2@EI0MBDY is a
titaniumalloy and the frequency of the induction coil is tuned to 1 KHz.

70 78. A systemfor bending a netallic article conprising a material
selected froma netal and a netal alloy, the systemconprising: a heating

device conprising a support including a ferrous alloy surface, and 25at
| east one i nductgb'ﬁaﬁb‘g'ﬂf? Rlugion beating deyjger ei n the at | east one induction

heating device is DOSquRé?ﬁ%?Bﬁﬁ%@@ﬁ@%&ﬁpﬁ%‘é%‘iihgﬁ&ic!é‘%éﬁggémoned and
predeterm ned lineal region of the terrous alloy surface; a
wher ei n t he i nduct iaggpjedainddclivahehbat 2 tpaatized redien foé theofesrdBadllogy surf ace
I s adapted to conductjvely heat a lineal region of a WO

2012/ 039882PCT/ US201A%9 metallic article positioned on the ferrous

al 1oy surface to a bewferdn tIRATPRILBLIWSIP heRtad IBRAR DI EF BeUbfoliangey and

a metallic material bendi ng apparatus’ positioned proximte the ferrous
surface is adapted to heat to a predetermined temperature a localized
region of a metallic article comprising a material selected from a metal

and a metal alloy that is positioned on the ferrous alloy surface.

10 68. The device of claim 67, wherein the support comprises at least one of a ferrous
alloy sheet including the ferrous alloy surface, and a ferrous alloy plate including

the ferrous alloy surface.

69.  The device of claim 67, wherein the ferrous alloy surface comprises a steel alloy

15 surface.

70.  The device of claim 67, wherein the ferrous alloy surface comprises one or more

materials selected from carbon steel, a steel alloy, and a stainless steel.

20 71.  The device of claim 67, wherein the at least one induction heating device is tuned

to inductively heat a predetermined localized region of the ferrous alloy surface.

72.  The device of claim 67, wherein the at least one induction heating device is
positioned opposite the ferrous alloy surface and is adapted to inductively heat a

25 predetermined lineal region of the ferrous alloy surface.

73. A device for localized heating of a metallic article comprising a material selected
from a metal and a metal alloy, the device comprising:
a support including a support surface; and

30 at least one induction heating device;
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all oy surface and adapted to bend the netallic article in the lineal region
before 5the lineal region cools below the bending tenperature range. 79. A
syst em f ovoRerdispeg2a netal lic article conprising a natepcalusseiioetsy from a
netal and a nmetal alloy, the systemconprising: a heating device conprising
10a support including a support surface, and at |east one induction heating
devi ce; wherein the at | east one induction heating device is positioned
and adapted to inducti gwelg/igheat a localized region of netallic article

posi tioned on the supPOPfeiBERE &t ©ashore trAtatiRg NEstiBmsiavineup ©asHioaeeand ng
tenperature range; ffbted to IMIBERIEly %@gt %Wgég?@@oﬁ g n?é%Bﬁ’uBratrtiaHgﬁ&e

conprise a material that Is not heate east oné 1 nduction
heati ng devi ce; andositioned on the supperasuriacentatepicaletdrerided terappaatateus

iti [ Oand t f and adapted t
bend the metal 11 C art PREEST TG RUPRORBE PE SPRRC BaHRE" FRBAERG S Tiion

codl s bel ow the bendatig riot pafe by the' aNBast G inBub®sATREaf? Hegikbc ar nor
pl ate conprising: at |least one of a titaniumalloy, a nicKel-base all oy,

and a specialty steel 25alloy, a stainless steel alloy, a high-strength

ragi on avi g SebERehoalfE AP B he S Blorey P an @ s e Bne B8 o mor

pl ate of clwfrac80y mdteriei.n the forned ballistic arnor

10 75.  The device of claim 73, wherein the support and support surface comprises one
or more of aluminum oxide, silicon oxide, aluminosilicate, magnesium oxide,
zirconium oxide, calcium oxide, silicon carbide, fire clay, fire brick, magnesite ore,

dolomite ore, and chrome ore.

I5 76.  The device of claim 73, wherein a frequency of the at least one induction coil is

tuned to heat of the material comprising the metallic article.

77.  The device of claim 76, wherein the specific metal alloy is a titanium alloy and the

frequency of the induction coil is tuned to 1 KHz.

78. A system for bending a metallic article comprising a material selected from a
metal and a metal alloy, the system comprising:
a heating device comprising
a support including a ferrous alloy surface, and
25 at least one induction heating device;

wherein the at least one induction heating device is

positioned and adapted to inductively heat a predetermined lineal

region of the ferrous alloy surface; and
wherein the inductively heated lineal region of the ferrous

30 alloy surface is adapted to conductively heat a lineal region of a

44



30pl ate has a thickness of at least 0.125 inches (3.175 mm. WO _
2012/ 039882PCT/ US2011/ 049052 82. The forned ballistic arnor plate of claim
80, wher evo20teen3pgsenmed bal listic arnor plate has a thi cleo@as2@f/0s405t east
0. 1875 inches (4.763 mm. 83. The fornmed ballistic arnor plate of claim 80,
wherein the fornmed ballistic arnor 5plate is one of a nonolithic hull, a
V-shaped hull, a blast protective vehicle underbelly, and an encl osure. 84.

An article of manufacture conprising a formed ballistic arnmor plate
according to any of claMesalBpattigleongsitigaed oo the ferrous alloy surface to a

bending temperature in a bending temperature range; and
a metallic material bending apparatus positioned proximate the ferrous
alloy surface and adapted to bend the metallic article in the lineal region before

S5 the lineal region cools below the bending temperature range.

79. A system for bending a metallic article comprising a material selected from a
metal and a metal alloy, the system comprising:
a heating device comprising
10 a support including a support surface, and
at least one induction heating device;
wherein the at least one induction heating device is
positioned and adapted to inductively heat a localized region of
metallic article positioned on the support surface to a bending
15 temperature in a bending temperature range; and
wherein the support and the support surface comprise a
material that is not heated by the at least one induction heating
device; and
a metallic material bending apparatus positioned proximate the support
20 and the support surface and adapted to bend the metallic article in the lineal

region before the lineal region cools below the bending temperature range.

80. A formed ballistic armor plate comprising:
at least one of a titanium alloy, a nickel-base alloy, and a specialty steel
25 alloy, a stainless steel alloy, a high-strength low-alloy steel (HSLA), and an armor
steel alloy; and

at least one bend region having a bend radius of at least 2t.

81.  The formed ballistic armor plate of claim 80, wherein the formed ballistic armor

30 plate has a thickness of at least 0.125 inches (3.175 mm).
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82.  The formed ballistic armor plate of claim 80, wherein the formed ballistic armor

plate has a thickness of at least 0.1875 inches (4.763 mm).

83.  The formed ballistic armor plate of claim 80, wherein the formed ballistic armor
S plate is one of a monolithic hull, a V-shaped hull, a blast protective vehicle

underbelly, and an enclosure.
84.  An article of manufacture comprising a formed ballistic armor plate according to

any of claims 80 through 83.
10
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