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WD 2004/ 008043 PCT/ US2003/ 022224 -1 HEATI NG ELEMENT
CONDI TION MONI TOR FI ELD OF THE | NVENTI ON The present

WO pwebsoa rel ates to a nethod and appar at us fBET/US2003/022224

nonitoring 5 characteristics of a material to
determne if that material has undergone a sufficient
change in the nonitored characteristics to indicate
that a failure has occurred, or that an inpending
failure is about to occur. Mire particularly, the
present invention relates to d-nmethod and apparat us
for nonitoring the physical and el ectri cal
characteristics of materials used as heating el ements
to indicate that there has been a 10 failure or a
partial failure of the heating elenents, and/or to
provi de anHRATINGORLEMENTeQONDH KM MONITOR
condition and risk of pending failure. BACKGROUND OF
THE | NVENTI ON Many i ndustrial applications and

busi ness entergrlses use heating el enments and
adJERR OF SHEJNN ¥F¥¥™ng heating el ements (e.g., furnaces
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changes in tenperature fromcold to hot and hot to

cold, heating el enents WO 2004/ 008043
PEHAEGRIIAOD PHE INVENTION

Many industrial applications and business enterprises use heating elements and
assemblies containing heating elements (e.g., furnaces and ovens) in various
manufacturing processes. For example, the semiconductor industry uses these heating
elements and assemblies to heat silicon wafers and other substrate materials that are
used in the integrated circuit fabrication process. Wafers are thin slices of material
(generally a semi-conductor) used to manufacture microelectronic devices (e.g.,
integrated circuits). The heating elements are used to generate the required
temperatures in the heating cycles used in the associated manufacturing processes.
For example, it is common to utilize temperatures in the range of 300-1400°C in
common industrial applications.

Because of the thermal siresses caused by temperature cycling degradation

attributed to changes in temperature from cold to hot and hot to cold, heating elements



generally degrade with use and can eventually fail. If
the failure occurs unpredictably and at an
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exanple, the failure of a heating elenment can occur
whi | e devices such as a batch of sem conductors, are
bei ng heated in a furnace. Consequences of the failure
of a heating elenent used in 5 such a process can
include the Ioss of an entire batch of sem conductor
product that is in the oven atpthe time of the
heating elenment failure. A failure can result in | ost
revenue delayed shi pnents to custoners, and a genera
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Accordingly, in view of the foregoing, it would be useful to provide a system
and method that predicts or anticipates the potential failure of materials, such as
heating elements, due to thermal cycling degradation, so that appropriate corrective
action can be pursued prior to the failure of such devices. The present invention
achieves the foregoing objectives and solves additional problems, by way of
monitoring the condition of heating elements and other devices that can contain

materials that experience degradation due to thermal cycling, and providing an
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-3 indication of a possible pending failure. The
present invention is advantageous in that it is

weamilogsosnst al | ed, and can be readily retrofitP€US®03/022224

exi sting equi pnent. Furthernore, the present invention
is mnimally invasive, such that it does not

adversely conprom se the reliability of existing

equi pnent. 5 SUMVARY OF THE | NVENTI ON The present

i nvention, therefore, achieves the above objectives by
way of a system and nmethod for3nonitoring materials
exposed to repeated thermal cycles. According to an
exenpl ary nethod of the present invention, the
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26%%?65@%&‘3 Oﬁ&gé}n&gé]@ﬁ)@?q;g@ se line of the characteristic, and changes in

the selected characteristic are monitored. Once the changes in the selected
characteristic exceed a predetermined threshold level, a signal is sent to a decision
making authority, and serves as a notification that the change in the selected
characteristic has surpassed a predetermined threshold level. In accordance with an
embodiment of the present invention, at least one of the characteristics monitored is
the electrical resistance or impedance of the material. However, those skilled in the
art will recognize that other characteristics can also be monitored including, for
example, a voltage value, an instantaneous voltage value, a current value, a

temperature value, or a combination of these.



-4 Another method for nonitoring the condition of an
el ectrical current-carrying heating elenent involves
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a reference baseline at an initial time Ti. The
initial time T; can, for exanple, correspond to a
time shortly after the installation of a heating

el enent and prior to its 5 use in any thermal cycling
processes. Data regardi ng the subsequent conposition
CS of the heating el ement at agsubsequent time T5 is
coll ected. Variations between the initial conposition
C, data and the subsequent conposition CS data are

noni t or . an det er.mi natign i.s .made .
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th i | & : Lpitdal ] : .
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meeedlinak bédn Rasiedsequent tinme TS. A nmeans for

conpari ng changes between the subsequent conposition
CS of tlmecpendendeavitaam emhedimeit ofahe poaspmsinvéntion Gy system is

el B i g o s v
SRS, 0o R LU RSP, POES i o

prieasng elemerndtianrinitiabtihe AP hslh Refeie@cebasei@gaddcyeristic. The initial
embodi nent of the present invention, the method and
apoRIPLsEN & cimheorpesparchtior pxasle.dn thaheating sleneeat's composition at a

heghd Elg)rﬁil QiENthe '?i?s‘{jﬁla[if)ﬁ Ot the heating element. The apparatus comprises a

means for collecting data reflecting the subsequent composition C; of the heating

element material at a subsequent time T,. A means for comparing changes between
the subsequent composition C, of the material and the initial composition C; of the
material is provided. A means for signaling a decision making authority when the
changes reach or exceed a threshold value indicating a possible failure condition is
also provided by the system of the present invention.

According to an exemplary embodiment of the present invention, the method

and apparatus of the present invention can make use of a heating element made from
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WO 2004/ 008043 PCT/ US2003/ 022224 -5 an alloy having a
conposition by weight of approximately 72.2 %iron

W@ E@y/ 0080230 % chromum (Cr), and 5.8 % al um ne@T/{$2003/022224

Exenpl ary enbodi nents are directed to a nethod for
nmonitoring the condition of a material, including
determning a reference baseline for at |east one
characteristic 5 of a material; nonitoring the at

| east one characteristic of the material across tine
and/or tenperature; conparing tfie nonitored
characteristic against the reference baseline; and
initiating a signal when the di fference between the
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a si gnaln Hdﬂlmrméembommeﬁakldwcﬁdt@ermdtIYOd/\fd)@ fnddi®ring the condition
di fference reaches or exceeds the threshold level. A
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nergitiall cha@e @sr @e fcﬁitﬁét@ﬂ@tﬁ: baﬂ&luh @at@treﬁébdng'thé Béndition of the
time; means for collecting data reflecting a

s whaiagigunic efdhp beatingalemdnt ninterish el ai lnaifrt/zﬂ[ C(anvertmg the collected
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monitoring a change in the conposition o
afanésenditgea sighdrte aldehiamnpasideg authovdty veisensthé diffsemdirBghes or

a signal, t i sjon maki ng authority 25 when the
ﬁﬁ?ﬁ‘%ﬁ?@&tﬁ@ﬁg@ reached or exceeded the threshold

level . A further embodiment is directed to an apparatus for monitoring the condition
of the material, including means for determining an initial composition of a material
as a reference baseline at an initial time; means for collecting data reflecting a
subsequent composition of the material after a specified time interval; means for
setting a threshold level of change in the subsequent composition from the initial
composition; means for monitoring a change in the composition of the material after
the interval has passed; and means for sending a signal to a decision making authority

when the monitored change has reached or exceeded the threshold level.
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WO 2004/ 008043 PCT/ US2003/ 022224 -6 As will be
descri bed bel ow, a signal can be generated when the

w@bdoagposoiiz3 t he heating el enent approaches or rPEDOER03022224

failure zone, which in accordance with an enbodi nment
of the present invention has been determ ned to occur
when the percentage content of alum num has been
depl eted to approximtely 2.5 % of the total 5
conposition of the all oy. Thlségercentage val ue can be
determ ned froma change in I stance
characteristics of the alloy. For exanple, a change in
the resistance ratio XR of the resistance of the
al | oy a&s Wik bet éaspléb@kbﬁl@\s, Rbiguarcan de tgheerated iviteanhe alddy of the
the .alloy at cold tenper tur R, can provide a

et whé
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Equation (1) below R a Rh (1) C where Rhis th

r &9mpoHheObiheaHey aﬂlhtﬁypeé@enéagn oelucean de deigrminer, frors a change in

RSB e e A B, L SRS tace ro

05 TR ERBtandé of ﬂh@ a!l@?ﬁ?ﬁ&tté’rhﬁerﬁﬂ@ésflj{ Cye28ls tﬁf1 resistance of the
reS| stance for the alloy. Alternately, In

eﬁlé%p Riggojd temipsaitaien Rs camproyidesd isefd indisatet mganhmg whlaxe the
can ed to determne the condition of th

nalsPYmGR e ArteY g 65 i AreBiin Bireintia pssanagked gelow o
tﬁﬁﬂfﬁﬁfé%ldﬁ\’cﬁﬁ“ ]
e oRERPE R AP EG, SR TArR,  PHORER o & described
i bprEquﬁZtﬂnD%)B@loshr omi um and 5.8 % al um num by wei ght,
the resistance ratio XR of the alloy at 1,400 degrees
Celsius is approxinmately 1.044, neaning that the
resi stance at hot tenperatures of the alloy is

approximately 4.4 %greater than the resistance of the
WD 2004/ 008043 PCT/ USZOOS/,QR22224 (1)
R

4

where R, is the resistance of the alloy at a hot temperature, R, is the resistance of the
alloy at a cold temperature, and Xy, is the temperature-based ratio of the two
resistances, or the temperature coefficient of resistance for the alloy. Alternately, in
other exemplary embodiments, a normalized resistance of the alloy can be used to
determine the condition of the heating element.

In accordance with an embodiment of the present invention wherein the heating
element is made from an alloy containing approximately 72.2% iron, 22.0%
chromium, and 5.8% aluminum by weight, the resistance ratio Xy of the alloy at
1,400 degrees Celsius is approximately 1.044, meaning that the resistance at hot

temperatures of the alloy is approximately 4.4% greater than the resistance of the
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depleted fromthe alloy during heating and cooling

W@ y@lmes043 he resistance within the alloy at coPdI/Uus2003/022224

tenperatures decreases notably. For exanple, when the
per cent age content of alum num contained wthin the
all oy that nmakes up the heating el enent has been

depl eted to approximately 5 2.5 % of the total all oy,
the normalized resistance of the heating el enent
decreases from 1.0 to approximately 0.822. Simlarly,
as the resistance at cold tenperature is reduced from
the depl etion of the aluninun] the resistance ratio XR
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basel | ne va readily set, a si
befrgmanle® at epprmknﬁmealﬁf) 82@at81mﬁiaﬂ§,lml ttie rcssmtzeme laecbldnerperature is
exceeded. Thus of a notification signal
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invention are explained in greater detail hereinafter

wi alloyr ef erence to an exenpl ary enbodi nent of the

inventigon illustrat cco

a et nolh® {eiistBee 2i°Bs Bsidnat R SRR BN asospraineg by wa of
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Figure 1 is a diagramof an exenplary wire alloy used
t othreskeld wpluetfer & oraxinimaccdpeabid deyiaioarfeorn a bagline value can be
Zorcc)eg'c/h y038694é3nd%CsT1ér% chr? (/3 ggrﬁa%aztgd w_hgnever that threshold is reached or
exceeded. Thus, by way of a notification signal generated in such an instance, a
heating element can be replaced before failure due to damage to the element's alloy
that occurs as a result of thermal cycling degradation.
These and other features of the invention are explained in greater detail
hereinafter with reference to an exemplary embodiment of the invention illustrated in
the accompanying drawings, wherein like elements are designated by like reference

numerals.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a diagram of an exemplary wire alloy used to make up the core of a

heating element.
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Figure 2 is a diagramof a wire alloy of the type
shown in Figure 1, show ng thermal cycling

walegamokass on. Figure 2A is a graph of the per crOI/agmo3/022224

change of various resistance characteristics of a
heating el enent over tine. 5 Figure 2B is a graph of

t he percentage change of the resistance ratio XR for
heati ng el enents of different dianeters. Figure 3Ais
a flowchart illustrating an exenplary nethod
associated with an enbodi nent -f the present
invention. Figure 3Bis flowchart illustrating an
exenpl ary nethod associated with an 10 enbodi nent of

t he preg ' 0

resi gt angglterza{gyagdﬁgl I@glt Oﬂ\jda?#gﬁgéfgﬁglgr u?lg)tsav & |lnﬁlg& re 1, showing
cdh@mmﬁ@wéughbg&MBbgnls cool ed quickly. Figure 3Dis a
gr aph ratio XR at various

resi st , .
t enper lélr‘rééA 15t &rap aﬂgg thefeggeatage &hanigedf vegoppEIssince
S'c%‘ﬁ&a\éterﬂécs':dtgluﬁe%tlﬁgele etk (We? gomparing the

per cent age change o € resistance ratio XR of

al | oys Higmier2B iiaf drepleof thalperdentpe ¢ ?@ o ﬂWe@@ﬁh&QFa%o X, for
mﬂfn cool ed quickly versus when cooled slowWy. Figure

cgting @P@@W&ﬁ’f gitfezent dliamgterial dat abase used for

tr acki rsi\ahl.e I accor danc . i
enbodi %‘(ﬁ%’l@ of Eh eﬂ%v?gg%rifﬂqsﬁeér}% Poffe rP—‘iIﬁ‘?}P%‘{] gsspglatgd with an
bleatbodih@@ baMeqireit invBsHNCe nonitor in accordance

with an_ enbodi nent of the present invention. Figure 6

i s a sdhgaBBs diosigehant idfisteating mp edemplaryc aletodatsaucidtdd with an
enbodi ment of the present

?;e\?/ﬂgbr g%geﬁl? ﬁh&lprrgse‘?t ¢eYI00: herat i ¢ di agr am of digital

sanpl e Fade RO d aGrhgbbt th¥ ridktare rﬂfd:gv%?g%g i}}ﬁ"d%\ggi gures, in a

enbodi nent of the present 1nvention
PCIyeUgR00 Bic0d R A4 coeled quickly.

Figure 3D is a graph of the resistance ratio X at various temperatures, in a

case where the alloy is cooled slowly.

Figure 3E is a graph comparing the percentage change of the resistance ratio
X} of alloys having different aluminum content percentages when cooled quickly
versus when cooled slowly.

Figure 4 is a diagram of a relational database used for tracking variable values
in accordance with an embodiment of the present invention.

Figure 5 is a block diagram of an impedance monitor in accordance with an

embodiment of the present invention.

Figure 6 is a schematic diagram of an impedance calculator in accordance with
an embodiment of the present invention.
Figure 7 is a schematic diagram of digital sample and hold circuitry in

accordance with an embodiment of the present invention.
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Figure 8A is a schematic diagramof a portion of
decision making circuitry in accordance with an

weriadismehnt of the present invention. Figure 8SBCT/FSH03/022224

schemati c diagram of a portion of decision naking

circuitry in accordance with an enbodi nent of the

present invention. 5 Figure 8C is a schematic diagram

of a portion of decision making circuitry in

accordance wi th an enbodi nent of the present

invention. Figure 9 is a diagragm of a tenperature

resi stance curve at various tenperatures, for an

el enent conprised of approximtely 5.8 % al um num

nor mal i giggre §A isla SiRMmaad dia%aniL Ok ggﬂfo‘ﬁ atQebRiod Ha% Auitry in
of tenperature resistance curves at various

t eavperdancer wgh afi embadinene ofiht presoqrinsadionf

approxigmtely 2.5 % al ym num respectively normalized

to 1.0 urfoéig 8 Gfrhematio diggunpet a pertion of degigign anaking ejrcuitry in
a g ' - I.sfance curves across

2 SpBIaRE Sl h DL EIRAL B M BrGERULANGR ceaof

di ff er éfiguial 3O % £posiid diapsnAsta Ed‘)rti_oi]i%f detibidh 8Mking circuitry in
l engths. Figure 12 is a di agram showi ng tenperature

r SFedanceevitly py eglbadimessofithe peaspetriavantionr ange, f or

o T ST G- R SR

C aBPEiatur€y) fésh kMBI RRIsAS 6f ARGMIRely 5.8% alumi i
di sp?oporti onately. 20 lk:riﬂ)gure 137 s a i}égra?)mas &wrﬁgnormahzed

t éfdel at U°eCr esi st ance curves across a tenperature
range, lg.or gll errerb(tlﬁs cor&ri sed of different alloy
conposiftP s VR Gaerag;iof {eRRAR Uy cahsgis HECHFT Ve rarions
efifa6d C OHRRSdIL ' ar d
ditsp?org%:r?si’ gnat e‘flglfll&ﬁicgg?)éﬂﬁ |gig&grlna[geryam?gﬁgl\r}\}i §"Fhe
detspettectly painstiaat @ Changes (indaodetdestedt002s el ement

as the elenment is heated across a tenperature range.
VWO 20047?@9'8 6435 p@']‘éygggg @ng Jemperatuggresistance curves across a

temperature range, for elements comprised of different alloy compositions and of

different lengths.

Figure 12 is a diagram showing temperature resistance curves across a
temperature range, for elements comprised of different alloy compositions and of
different lengths and where the effect of composition and elongation are measured
disproportionately.

Figure 13 is a diagram showing temperature resistance curves across a
temperature range, for elements comprised of different alloy compositions and of
different lengths and where the effect of composition and elongation are measured
disproportionately.

Figure 14 is a diagram showing the detailed resistance changes of a degraded

element as the element is heated across a temperature range.
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DETAI LED DESCRI PTI ON Many different materials and
al l oy conpositions exist that can be used to

w@oemngoswes heating el enents. The choice of thePCYpeN08622224

materials and alloy conpositions used can depend upon
the particular application with which the heating 5

el enment is to be used, design requirenents, economnc
consi derations and other considerations. However, as
wi Il be appreciated by those skilled in the art,
simlar techniques to those déscribed herein could be
used with other alloys to achieve simlar results.
One type of wire alloy used to make up a heating
eheRED DERRIFIORY consisting 10 essentially of iron
(Fe), chromum (Cr), and alum num (Al), which is
conmonMany déffaeniadatetala sndall Gedopnporitions gt thathcanHee used to

BB B s YRS Bl ot on
LSS ORI BRSSP v

helamemgs t@be gl desigo seguivkinkhtededonomivecomsidenatibhs and other
recogni ze that other al]oys and caonpositions can

usEidgratioat Heasaer, iap i |b6 APRI§Elated by; thosgrrilicd Jp éheoffrt Smilar
: {%gmggfe%ﬁmﬁ lﬁlixdsg e bgﬁ] helieﬁfj@utld ?ﬁ ﬁééd 1ﬂ]i Bffl%? aﬁé‘;’s tb ?191115% similar

recognize vt Han US|
alds@lys. heating el emsnt vari ous other types of heat| ng
el enents can be used W|th the present invention. For
exanpl @ne &ypeedtwirgalkdyersed to make b adeniéng elemenf is g afowconsisting

R R P e S T REC UL By ooy

V@fé@&ﬁtoad%q{ane/ CEManss. U[ﬁﬂl@?ﬁﬁ&ﬁﬁg'd%&lﬂtﬁﬁ Rﬁ‘ttﬁ@ﬁﬂﬁose of
Such design variations can be enconpassed withint

s plustraticarmhdsoo ienia@fion, be press@nnveaniive mill da desuntbed e corotection
i nt ended to, be excl.uded fromth e invention b
WG R HBDHBCERD TSR, B! Wb ey G an L9 Femisd heating

neSTEny TISRRIRCY yRaN Flrodly eeﬁ"ﬁ?fr@b%ur g G @sicons can

26e wiet evigtiduodeeatd fromethe st and sovpdof U meseaninvention.
Fe/Cr/Al_alloy core 102, and has a %@Ot ective oxide

| Agditiongly, tﬂw@ skilled dhg<art Wil mcogyzedapratipy than using a wire alloy
%%‘?B%E%?Pb;uf%?ﬁy BffieP prPoFr?e%%Q QRO%Rts can be used with the present

invention. For example, a heating element can be constructed using a patterned heat

source, such as a semiconducting alloy on an insulating substrate that integrates
current voltage and/or temperature sensors into the pattern. Such design variations
can be encompassed within the spirit and scope of the present invention, and are not
intended to be excluded from the present invention by way of the description of the
wire alloy heating element exemplary embodiment.

An exemplary wire alloy heating element 101 is illustrated in Figure 1. This
wire alloy heating element is made up of an Fe/Cr/Al alloy core 102, and has a

protective oxide layer 104 that surrounds the alloy core 102. Generally, this type of
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-11 wre heating element has a useful operating

tenperature range of up to about 1400 0 C, thereby
woradoioggors wel | suited for a broad range of i netiBEUR2088/022224

applications. The ability of the wire alloy heating

el ement 101 shown in Figure 1 to operate at such high

tenperatures is aided by the protective al um num oxi de

| ayer 104 that forns on the 5 surface of the alloy

core 102. This layer 104 fornms when the alloy is

heated to tenperatures above dhout 1000 C in the

presence of oxygen (e.g., in anbient air). The

al um num oxi de | ayer 104 has a nechani cal

chairagefiesdiémehaPh QY rdi °

much hi ghégr streng?%ggiﬂlh?%ﬁﬁﬁgﬁp&gﬁgﬂaﬁggdgﬁozTra? t?ﬁ‘éo‘ﬁ 1400° C,

" Hberely meakgnghit welltshied fom afed & raapt of indystrinbgplications. The ability

Addi t i aonal | h i de | 104 al id 10
RS B ol B3 ot o i
Lo A0 ALURE ORI 09 ppon e

al suofpcthetithie nfoe cereril. IMhis laget S@Oforfs avhéatheiloyok heated to
industrial _applications, wherein nultiple heating and

c OBMPHGMEGHEE aporsHO0N e Biegeronof oBggende ., in ambien i)
i T8 Sy B Fou RS iglely AR RARREE ST provaine on outer

wre a ene

prshelli¢ia} haed ntveh hodee strdngtPathif felﬂﬁféﬁat\'ﬁ‘:éﬂi‘?éj. By 'th_?_ﬁstrength")
I'S

heating el ement within a controlled atnosphere.
wihaa gt BefGatallen by biself f dddiionatty,ehe onide dyeed04 also provides a

D PGSR G Bl 0dh i e B2 Bhont e eheng girect of he
charfeendifg ahblAp&thospde 68 ﬁ&e%?r@by the tenperature
aau

of the work product, is then g ally increased to a

t ar get Typigaly aa wire,alloy hesinpesiaheiitd 02Gs ndde a vatieWhd fGhdustrial

a _specific reaction.occurs to achjeve a desired
o dPRLiHONST Tl N TIME fgatine A0Heop iR airedescab thobeating element 101

Card Fegllred far eﬁn@aﬁé,itlﬂ%exggl ib ib@%réc%fssseﬁsotyﬁtég Wﬁlge:ﬂﬂ)?ﬁ{egt?gg element

reaction, and a esire ect

adhi éveda veorpipoddet)icde batcade® s @ fufnacé BEHET Bl tRNatifeelement
ten‘@g{ature Is reduced to a range that wll no | onger
s

¢ comolledeimesnbiate. Chie worke prasivpieceather éorteaamipiee nontained in
SRS e RO 22 £ e
e e K0, PRSI, R A M o
the work product, is then gradually increased to a target temperature, or temperature
range, at which a specific reaction occurs to achieve a desired outcome. The
atmosphere of the furnace can be controlled for a period of time to sustain the desired
reaction, and after the desired effect has been achieved, a protective atmosphere is
restored and the temperature is reduced to a range that will no longer support the
reaction. Once the temperature has been reduced to a temperature that will not

support any further reaction, the work product can be removed from the furnace.

This process can be repeated many times for different batches of work product. The
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WO 2004/ 008043 PCT/ US2003/ 022224 -12 constant heating
and cooling of the heating el ement 101 subjects the

wheationsy4xl ement  itself to significant stressPCDUSI003022224

the portion of the thermal cycle at which tenperatures
are high, the thermal expansion characteristics of
the al um num oxi de layer 104 and the core 5 materials
102 of the alloy are different, subjecting the heating
elenent to significant stress. For exanple, typica
val ues of the coefficient of thermal expansion for the
core materials 102 in the range of 20-1000'C (i.e.,

wi thin standard operating tenperatures) would be
abeyktadbheatih® afd BEIlind @B REndath 'e}éﬁ}enm#&bi%?s the heating element
coefficient of thermal expanston tor the um num
oxitsgl th significhOstiessil d be about 8 x 10-6 per 10 degree

' for th ture range. Because of the
T e Rt S e
- : . I 1 repeat eal.l n
and-cub BRI o bLPxUERERE Ty dighie

hemiterigls @02 we tite alloy ard Bitferdn Wibfectng el HéalinAbIBMeROTRIgnificant
of the consequences of these stresses associated wth

t FEFeth ek oragxapiplq, dxpiea] valves pbtieicogifisicohehthemnalexpaisionlfor the

. K i ating el ement, wire,
LSRRG B Rl S et
5 : . . . ; _
CoahauhAe)PCRLERE 18 5 B 0 LYYl s o

criberr] eumngied fohide falugsione BB lnpwtidd vooudd ak labout 8 x 10 per

i | ire 101, of
D Slob ¥ ST, G et Sy Elupp s EahEes ieRansa o Hheod ffegig fhermal

_ ir EUB s e |
o e 4k P 0, A B A6 B Bemgpg heaing

t laad coelirigscy2B carutstahyghybicalsutress @0 Gedrating skt wite 101. Figure 2
undesi rabl e iron and chrom um conpounds (e.g., oxides,
e

1S Sowe O they Goapequersiss Giriicst slressesaypsasinipbwishtte thermal
' ' t : ] ntent, and change the both
bR b 0

the neta ‘ectrical properties of the

heat i ng\sedaarbentenin Rigurbis ske hetidg slehait §i¢OMAY B8 biting various
| ead_to _an i nhonobgeneous resistance, sub-standard 25

p&FaCky Fetnard a Aswnre 2eSrin the protagtiverabumispmcoxide Al bry] 04a@ommonly

t ?@feﬂg& ?cl LSUJ gé.afe%.l \ﬁﬁﬁreolg)osdl ttlileograazs 206 and the fissure 208 reduce overall
performance of the heating element wire 101, of particular concern are fissures, such
as the fissure 208, where the entire aluminum oxide layer 104 has been broken
through. The exposure to atmosphere via the cracks 206 and the fissure 208 can
result in undesirable iron and chromium compounds (e.g., oxides, nitrides, etc.) that
consume the alloy components, including the aluminum content, and change the both
the metallurgical and the electrical properties of the heating element wire. These
undesirable compounds lead to an inhomogeneous resiétance, sub-standard
performance, and premature failure. Specifically, as the metallurgical composition of

the alloy core 102 changes, the core's conductivity can be greatly reduced, and both
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the alloy core 102 changes, the core's conductivity
can be greatly reduced, and both WO 2004/ 008043

WOEDABDED3/ 022224 -13 the current flow ng throUykonire22224

core 102 and the correspondi ng heati ng power of the
heati ng el enent 101 can be greatly reduced. In
particular, the formation of cracks 206 and fissures
208 in the protective alum num oxide |ayer 104 of the
heating el ement wire 101 degrades the wire 101 both 5
nmetal lurgically and physical |l y-13From a netal | urgi ca
per spective, exposure of the alloy core 102 of the
wire 101 to the atnosphere through the cracks 206 and
f e vi@ént RAENE alte @ hBRofelvd Aifdi (RY O %Eﬁdiﬂ%ﬂ@:ﬁ@% power of the
sections of the al um num oxi de |ayer 18 , there

r dicating elgmient t(Hecaddel grédtlynredticed! umi num from t he core

102. alum num.from the core 102 is depleted to )
r ebui ﬁngagté%‘r Iothedprmafion gt sracks 20@ aad fipsuresri($xndie protective

| i’cbmﬁﬁinaﬁl Q4. 1a§@1feld4e§fi hé ﬁ@ﬁﬁrgfe?éﬂl&t ReeLiot &%{Jgdg?ttﬁe”x%ire 101 both

element wwre | ound to I ncfease, because

r esétallergicellphnd pleysiating Edomdld @ytall®didas pelesdcaas eskpdbure of the
cghd t enperatures. Because of this direct
r S119Y ieBvrs Hi2p0f thewireal91de e amesphere thieughethe erackyy80@and fissures

al ' . e, _alloy has c ed f.rom a.

p rzlé)g] rCg as %@@%ﬁ% P fe{r%llc% & aﬁ@ﬁ%% 1% ﬁgrhs( ‘g}g@g ﬁ@‘gg{}‘fffl Pgideriaver 104,

r ekdrebyareseltiaf il bR @Eleﬂwn 5P Budifluk HFRRHeNDrd 162, As aluminum from
resi stance and/or the resistance ratio to 15 a

bakerarad 07 ésdenleipt i rehilda sttion off dregerotentiveslustiame exide layer
oo E S A2 I080 Karbr i bl e elsfefls i Rt do e, because
t iieoregRtahbeoi®e cRingdl NG ¢@ is &egfg%gé’dgcﬁgf)gls{egl?)b&'ilﬁgg ©®Because of

curves as shown in Figures 9 an scussed
mbtie dire¢iaelatigiship, wak cmn dBeireihk yf, thEpgteestae shawmituhe content of

o BT 000 e S i e
Zg%s?%%cﬁg)? gfe;;ﬁjfg 10%%{1((1) c?%ﬁnﬁéﬂ%er{a:ﬁ%tﬁﬂ% a%@iﬁﬁ]ﬁeggesistance ratio to

c hdatedine resistincevame, where the al um num content of the
el ement _al ]l oy i s approxi mat elg 5.8 % by weight. The
graph [Thf&haieg ip spsisiansp ingluced byrebangesin the siesalhimgiealafontent of the

BepRae B R N L Rl o2 2 %

temperature resistance curves as shown in Figures 9 and 10 and as discussed more

thoroughly below. Briefly, Figure 9 shows the graphical representation 900 of a
temperature resistance curve of the heating element 101 measured across the "cold" to
"hot" temperature range of approximately 20° C to 1400° C within a heating chamber
or furnace, where the aluminum content of the element alloy is approximately 5.8%
by weight. The graph line 900 represents the measured resistance of the heating
element 101 as normalized to 1.0 at 20° C, with the relative resistance of the element
rising to approximately 4.4% to 1.044 as the temperature environment for the element

101 rises to 1400° C. While 20° C represents the approximate temperature at "room



25 rising to approximately 4.4 %to 1.044 as the
tenperature environnment for the elenent 101 rises to

wQ2@9/008843 Whi l e 20 C represents the approxi maPE&I/US2003/022224
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tenperature at "room WO 2004/ 008043 PCT/ US2003/ 022224

-14 tenperature,” enbodi nents can also utilize other
tenperature scales, including those beginning with O

C. The graphical representation 900 shown in Figure 9

can be viewed as a reference baseline for the

t enper at ur e- based resi stance ofj4t he heating el enent

101 when the alum num content of the alloy 102 is
approximately 5.8 % 5 A physical consequence of the

d i of ] - 0. -

- BuPple P UL 10 e iRifintd Sng ncluding those
| ayeinnlfAwith 0arC.emaegadphival fprésbiratifieadO sipwal @IEipire 9 can be
wire 101. The openings in the al um num oxi de [ ayer 104
caviswed pya refprenes basrkneoios tieigmpepesue dgsedggsiptangehpisthe heating

PN AT e e i
al um numkiea c@ﬁgeiqﬁcféhcte he ﬁlgeodégfe@ﬁ)hw aff8Rum!héin fRR41d)%ore 102

element wife 101 is | engthened. This elongation causés
t hie relelibcporiiond ofchaprmotisum skideprotectivvedaydrr ®4tio au lebmgation of the

because any el ectric current, passjn t hrough th

i ReRUiRg gleptkar yirg 1Dk dne Gpeniaac il e i RSB Ipehg gaused by
o152 AR SRAERNstE FERRTORENHR v e e Uiy s v
W 1. 184 these chiaclec2(6yandr figooret 208 abaltwitlt dlemliremgbkidefduting the
wire and therefore increases as, 15 the wire 101

el AEag 85P. e heaiing Aereiyiss Ll isdenatracd o Thireelpagatipp gauses the
el e%rc‘%{i%al \Mlﬁr%cég#té ' M Wite t(gj a!ngg 'bg&ugg %rﬁJeéiQatﬁgzﬂl cﬁﬁr%m passing

the alToy core s’ the reductron o

Crassirgheld wvdeal0l 1k amedatdr cﬁﬁaﬁda&m\cmgls whith @pabdleuett hoVetween
is consuned to fill cracks 206 and fissures 208 in

t hae wppesingoands D ¢herkedting elemenhwiradOtr de parsisular otha resistance of the

erxgﬁghpf \r;ae 126:%?1@5%?&3'@}%{%@%1 ioeﬁmlgigt}t aggléc 5t Or\x%ge érpcﬁglgl% (t)fenl creases as
c o yator010dlopAtdsor m  material conposition, such as
the heating elenent wire 101, the el ectrical

r esi st avieteanother physicaboithngt oo theshehtivgeelsmeyt wireo (0t tioomtie
to.the crggis-s,ecti onal_  area of t&e conduct or. _ Thus,

S SPICtioR o8 alagaY JHm the alley gored VinisHhR ToRFEPTH @athe Crpve dectionsl

Yt NARmBrel BF B8 wifd B§Sas the alloy is consumed to fill cracks 206 and fissures 208

in the wire 101. The reduction in the cross sectional area increases the unit resistance
of the heating element wire 101. This is because, for a given conductor of uniform
material composition, such as the heating element wire 101, the electrical resistance of
the conductor is inversely proportional to the cross-sectional area of the conductor.
Thus, a small cross sectional area of wire has more resistance than a larger cross
sectional area of wire that is made up of the same material. Therefore, as the
depletion of aluminum from the alloy causes the cross-sectional area of the wire to

decrease, the unit resistance of the heating element wire 101 increases.
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sectional area of wire that is made up of the same
material. Therefore, as the 25 depletion of al um num

wo caniovdee3 al | oy causes the cross-sectional areBCDUS1008022224

wire to decrease, the unit resistance of the heating

el ement wire 101 increases. WO 2004/008043

PCT/ US2003/ 022224 -15 Al though the resistance of the

all oy core 102 is reduced as the alum num content of

the core 102 is depleted, sinply neasuring the

resi stance of the alloy 102 at-15col d tenperatures over

time woul d not provide an accurate indicator as to the

remai ni ng content of alum numw thin the core 102 and

the corAmsngndhaiesEOnG b 88 foP Lokl fifRle 10t allthiium

i s because, during the alum num depl etion process

r eepntenhatdeicare HE isidepleted ] sinply mes@singuke tediskatd of be alloy 102 at
of the wire 101 and the reduction in the

C rcggggtgt)g?qugﬁ%pvegrtgge youldmot \prevade; g acCurass EXéRa¢or astie the
n%mﬁfn“lr?g‘:&on@én&% unﬁfﬂﬁﬂ thlrprhreec%)%eS i@‘i‘oxﬁl t%% Sﬁﬁ’ﬁ%ndmg condition

t enper atures e to e depletion

carftteme¢lemeont t0He Tids és lildaﬂuﬁnduﬂh?)ethb RAEAEA dePletion process
resi.stance at any tenperature due to the elongation 10
arf@yigrnserB theswire tlpéﬁn%ﬁa%@uq:ﬁod@éh declongaton af the anre 101 and the

t REaYibE i Bt c\é&?éél LR %afjblfeg 16?1 E(:H] }_Bﬁgg;gcgrfe efhﬁ net effect of the

al um num depl

a&h@m@anqamstmdefat eeﬂlﬁﬁﬁhﬁérﬁtu@ém HuERH s dd p'i@loﬁf(ff%‘l‘ﬁxﬁmﬁﬁl content

al umi num depl eti on in decreasing the resistance

t 196 theogase 1@5 apd th@dn@emnp eesastance it Ry tempetmum&ms uo etk elongation
i.ndependent on ion with changes

e M EABONE s oL b O Pk St a0 e

C QliEahé Bfed o@ﬁﬁﬁﬁlhﬁ‘ﬁ (feﬁl%'tﬁﬁ %@ﬁ té?(rgn Lt S ARG & el 3! a%ct?cpiance

at sone initial tine sequent neasurenen

ofwithhexempdary temboélmﬁntsr ehaa csffe&tsalf aﬂt&hﬂnﬁm)ﬂ%pﬁiﬂoﬁ@ﬂﬁecreasmg the

C heTeE meﬁ%g”?&ﬂiagiﬁé oIR8 B 8 bE e AFB [hlpndependent
Cof R [\ ﬁmﬁan K glgﬁefs kA %Eﬁ?&&%@dﬁg t %}ﬁ%%a?h %fﬁff%trs])eb

percent age’ o he co resi s

2 0omparingod basehncst@ismcﬂbrarééistm rhf@X%% b&h@ﬁﬁﬁalrtﬁﬁé ? and a
XR 214. The nmeasurenents of each hese values is

t é@ﬁq%meﬁuﬁ@ﬁ@@ @f ge fepigianeg ordﬁeseirameeranoﬁq at some subsequent

i i d
R Safer TP e s i EBmeedipa subseaquen
I bethp@itiddC, having less aluminum.

Figure 2A is a graph of the percentage of change of the cold resistance R, 210,
the hot resistance R, 212 and the resistance ratio X, 214. The measurements of each
of these values is taken over a period of time at discrete time intervals. From Figure
2A, it is evident that the resistance ratio X provides a good measure for indicating
characteristics of a heating element over a period of time. Contrary to prior attempts,
embodiments of the present invention monitor resistance values at frequent intervals.

Such frequent monitoring ensures consistent values, and prevents statistical anomalies

from clouding accurate measurements.
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frequent intervals. 25 Such frequent nonitoring
ensures consi stent val ues, and prevents statistical
anomalies from cloudi ng accurate neasurenents. WO
2004/ 008043 PCT/ US2003/ 022224 -16 The heating el enent
used in the tests shown in Figure 2A is nmade up of the
af orenmentioned preferred all oy-ijgonposi ti on havi ng
approximately 72.2 %iron (Fe) 22.0% chromum (Cr),
and 5.8% al um num (Al'). The dianeter of the heating

el ement | eB‘feﬁ

t enper a?ﬁergfg&g!tﬂ E\%}“ o ?F@qﬁﬁeegﬁgélzq\{é anc% @A@ﬁm&%p of the
meafstenestivsedappieprednmilos lcymbOaHoChaving h}g)rﬁﬁﬁfa EUB IM% iron (Fe)
shown in Figure 2A. It should be noted that

r e%?i QtarfEamitar (GDxmE ATy abmbnen (Ap eThedaamﬁter of the heating

P GETEL0b 00 Il 20 PSR IR Lt o
t hﬁéSlsfaﬁ@edN 3% raddsoed if @I?prﬁﬂlfa@d?@ h a0 “eninohe ddtasurbMSts tsBown in

for predlctlng ul ti e failure of a heating el ement
prFigaret 2A + hieshaulduzd ndted that dieoesistimee rotie Kgrebanges over a period of

ety it oot Bomel R 38 GpR fanrlg T SR shaastdpproximates
Wi 4 Hn@a@%es@%n@ RAA Eﬂu‘é e IVA AL %ldé)é?lra % bRkA ‘fesgﬂg for

conparingthe realngtoare erence |ne rea
c apre&etmgmhﬂmaﬁafaelu&sommamdg ektent pabr tloh,he acmali ﬂallmie dffthe

the mater ing.the wire 101. Because of the
fr et W?Vﬁf @#%ﬁﬁ%seér@orﬁéla@owﬁy bgloma gagrely measuring

eVGE Yeststdhee l'{i_’t 410 ?(R?] of thel e ?5?5@34 @ﬁ@ﬁ%mfn@ ahl Y rteﬁn ature and

t he essentl a ear chan e stance r

XR:om[ﬁhng Ithi@re@dnlﬂg he ausfettnce bas%hhél rdadm@%aﬁ%l@Qin@élﬁiblefhs an indicator
predlctl the overall lifetinme of a heating el enent.

Thefsthe gongstegn,of thaanmriaé cOmpH#ing §iwesire Wl ch  neasur ed

singl e ¢ esi st val ues anpd/ or neas lyes le

fr equen%cf?u%e Ogﬁﬁ gﬁ%%e&cwﬁ@lgnwuﬁeﬁgngraégg@ lﬂ?ﬂ/ %Yﬁr'fl%ﬁ% every 150
WorHugls R 186l eeAnpIB sBbwR R Flgﬁ?@@)\t ﬁleteE'@huélB“hﬁ’ea? @hardd iR%he

used for predicting ultimate failure of heati ng

el igpistance i eover distei aantbeniged rediablylto pntrqﬁolathen pradécting the

grl?fg gaiwngﬁ%lq }}egt?ngr glgﬁgltltanfﬁs {sal}slei%l xaRs) pdr?c}ratecﬁmllqnuteg which
measured single resistance values and/or measured values less frequently than
embodiments of the present invention, would produce unreliable results that could not
be used for predicting ultimate failure of a heating element. However, estimating the
slope of the line approximated by the resistance ratio Xy data points, one can readily
determine when the heating element has been used for approximately half of its useful
life. Likewise, a prediction as to when the heating element has surpassed 90 %of its
useful life can be made, and thus new heating elements can be substituted prior to

failure to maximize up time.
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determ ne when the heating el enent has been used for
approximately half of its useful |I|ife. Likew se, a

w@e@dioetokdn as to when the heating el ement hasPCT/US2003/022224

surpassed 90 %of its wuseful life can be made, and
thus new heating el enents can be substituted prior to
25 failure to maxim ze up tine. WO 2004/008043

PCT/ US2003/ 022224 -17 The process described in
connection with Figure 2 of depletion of alum num
fromthe core 102 to repair crdfks 206 and fissures
208 in the alum num oxi de | ayer 104 conti nues
repeatedly during each tenperature cycle for the

usef ul Digepratéss@ascribefi én ceinetis \bﬁﬁ‘ﬁfﬁﬁe el &%Pfetio% B Sluminum

depl etjon continues until the alum num | evel
aI %1}1 the qqrp iO% t@ié@a@tc@@id@&oéwn@ fissuresPQA ih the wkiminfmtdx&le layer
intain the

pr ot ecg} xPe& a gg‘?r%gqnhﬁgppefﬂr%?yﬁ%@r iesausehy operational life
el cﬁ"@@hea*ﬂﬂn? @lehiht. Tﬁ?s'”d%ﬁ&'ubﬂ coﬁtﬁiu%ﬁggﬁl' {u?rﬁggxge?a}l the alloy

| evel of alum numw th the core
of10glis depletad dbelowen threshotdhleve @f &é@ﬂllmaﬁﬂﬁhd)tﬁﬂ o®hluminum that can
surglassnrﬁg the m ni m threshold | evel of al um num

ntai g protactyyeL GPFHENE e H4 off the heatggredgmengrwire 101.
C A Rrall) ﬂﬁi hﬁlﬁﬁmﬁé‘tﬂr%&dﬁ&%‘i Dt F\?ﬁml?fﬁ%&/%{l H}ﬁt cPﬂethll 02 about

in the af oy 102 havin I NSu crent

0. 3% dfaijwmnillﬂﬂcotnaamt ORthéch)f:B 22, aREﬁcﬂlhgr(ﬁrtsﬁq?d@ﬁngﬁ%tlhﬁﬂmum
the g}oﬁ Anot her . failure node can occur at

IpvekolHwminuge (ije: ofie got % iabmmintun ¢eateal bﬁ;he]db?e) can cause

SI of fis

o Vgﬂ]b%su%]ﬁ{é%( fxg@(ﬁlﬁqaslséd;r e%glilpl%s e T QLN %aﬁcpy i&fl@l%gn insufficient
s labwminiig o%h@lﬂﬁ@erzlmleﬁnm&i‘ﬁﬁ:f zﬁra%l%ﬁ Pagd F@Hes‘ﬁfo the wire, Another
failure nodes di scussed above e relative gond t1

offailipie meds cpm geair @ﬁbrghelduqmpngimreswh&eﬂml irdd pertionnf Eh% alloy 102

n,terns of the actual renaining alum num
o SR B> B hEAT Gt B Eohe ohiGmun onsi s i0gduch as the
elﬂggm@tzogvsm@m {]fplil ufesy di scussed above, a typical
al um num cont ent WI thin the core 102 prior to any

degr addhemsforasisdighabé thewhihire tuelesaiscagsed bheyewend 1@1289e condition

approxi mately 5.8 % alum num 20 After a perlod of
Bﬁ@ 31 3%%%1&5‘% C%WHQgétSrL@%@éBfeocfanrh@l exppsisecdt indeme of the actual

ggeg{lagﬁl%@ %}éﬁ?lgﬁlﬁgbgnﬁzﬂgg% 2 041 &llilgﬁtcp{e (?ﬂetﬁghggmg element wire
101. As discussed above, a typical aluminum content within the core 102 prior to any
degradation associated with thermal cycling would be approximately 5.8% aluminum.
After a period of time elapses and the stresses of multiple thermal cycles have been
endured, the remaining aluminum content continues to be reduced until it reaches
approximately 2.5%, which as discussed above indicates that the approximate failure
point of the alloy core 102 has been reached. Those skilled in the art will appreciate
that the actual percentages of alloy components monitored by the present invention

can be varied according to specific desired outcomes and as product and/or safety

specifications dictate.
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approximately 2.5 % which as discussed above
i ndi cates that the approximate failure point of the

w@bdoapossas e 102 has been reached. Those skil | eRCT/NS1008022224

art will appreciate that the actual percentages of

al | oy conponents nonitored by the present invention 25
can be varied according to specific desired outcones
and as product and/or safety specifications dictate.
WD 2004/ 008043 PCT/ US2003/ 022224 -18 I n accordance

wi th an enbodi nent of the presggt invention, the

content percentage of renmaining alum num present in
the alloy core 102 of the wire 101 can be determ ned
by moni {0fckAahley iR R 9B odiithefit 81‘3%;5 'rp?@slent inyention, the content
characteristics that the wre undergoes as e

al parcenmpeadrt@ainingsalaapiuet gdsent hatheiasloy icbe: 102Vl thefvire 101 can
alumnumb5 remaining in the alloy can be expressed as

a Pty Meaitpralg hieghangep #IbﬁléetfiicélsChéfaI:tqfiﬁ@CSaﬂhavihac wire
. Fhes RAAS
! ettop s SEBE A RGMA S Ry DRAR LB S Y RGF o Ay

asrefriaéning 1he Ullog 0 BOExREREDLSa figidties 6F fRtiBsistance properties of
agtgr oxi mation of the renai ning al um num can be
d

e el edhugrassesdijbed abgyss bx inreasurdng a ehange én Hierrasistance ratio X,
of | ose.the heat] enent wire 101.is to
© o B ey VR ) TR immlth Pwro g dsogm acspmte
10peximRGoBO@e rAddintizOfahindm QGhNR' det&hBdd | B3 thi
c(l’)é)})actleri st csegan begrmni tnolrned, sor?e 0 whilil’ﬁS V\}hﬁ
beapgieximstey abddt@minatinud dowendss thé hedniag piensantvire 101 is to failure
' neasure_relatively small changes in the

ti . h
¢ 41D LIS dpEniiin e dUPL £9rep PSR D8 Imadsp hilfignally, other
f ahid i @3 MArh O AstRs ik B@ﬁﬁ)ﬁl}ﬂ%ﬁ? %)errrlﬁ‘ éﬁv@%hhﬁﬂtﬂe scussed below.

el ement s experienci ng a ererore,

becaus &Embodiments 1 tteypreseny idventitet @atmeRarg@Rtively small changes in
resi stance characteristics of the heating el ement, '
pFPEFRSISEANC SHIOM: fOsiedi datenhy ispending &iliresawithia a furnace making

ant.i. ci n reacted to., Eor ex le, Jn

0L B bR AR RS S5 R ko B e, s of e

ZOob8Ry & @etd@Hangtk a6l kdsisehoé tharad@er§itidg bﬁﬂfemﬁﬁféﬂéfrﬁm, potential

detection device, such as a thernocouple, mght be

udwa-ungfopatheating $imasorsrcanlbetagtipipatad natherothar azbtedaat iFog example,
el enent zones can

LSRR RS TR et OB el S b AR FAETRRL <2003

CiTraditibRally, a single temperature detection device, such as a thermocouple, might be
used to detect the overall temperature of each heating element zone. Each of the
heating element zones can be made up of multiple segments or circuits. These circuits
can be connected in a parallel configuration. Therefore, if only a single circuit of a
multi-circuit heating element zone becomes damaged and does not properly heat, the
overall temperature of the heating element zone may not be lowered to an extent that
could be detected by the single thermocouple. However, because of a single circuit of

the heating element zone becoming inactive, the heat distribution of the heating

element zone (and thus of the furnace) would be non-uniform, which could result in
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can be connected in a parallel configuration.
Therefore, if only a single circuit of a

wordonioesous cuit heating el enent zone becones dapemes2o0aseR2224

does not properly heat, the overall tenperature of

t he heating el enent zone may not be |owered to an
extent that could be detected by the single

t her nocoupl e. However, because of a single circuit of
25 the heating el enent zone becom ng inactive, the
heat distribution of the heating. elenent zone (and

t hus of the furnace) would be non-uniform which could
result in WO 2004/008043 PCT/ US2003/ 022224 -19

pot ential processi robl ens. t ot her .hand, b .
iR REE o PR L R Due By by T e et thvenion,
ZoReR oPiheaRGlipReANENSF QLR ABRIngPethéht RBulaMRI héfiRFed A changing
changi ng resistance characteristics that m ght

i netsistatee dhardctaristioy thaomighh irfdiva fadute orgnom-urhfommt egting within the
zone. ;ihus, enbodi rrts*ntfh of the. er esent invention .
e85 & 95 ofRPAYIBENtS O e AT esea iy PRII0R WEASHIe I PPFLhover the entire
. o o : foi Lo - . .

F P2 SN R0 o 008 el R and 1o
Si preednt Giich wdrd-tiforeeledatiag sieratiandwithinscavh éien(ahé ehus within the
furnace), thereby preventing losses in material, .

noEIACe)a HRETePEPIEY STHEIELIPSSES Inj THAtETigly MONgR, andreperating time.

per cent esi : | ' -

e e SRt bk LA e S AR, i s

t hovek figRss twé differentane: thiokikssddie0 graphargindiih.i The gfhph shown in
Figure 2B illustrates that both w res, although having

di FigeresdR iltusiraten dws beth wirse plgftough diaviag dafferagicifickpesses, undergo

P L SRR, s i Rt ] e ressance
| Srabih B Br bB8 BRKARE0 Jraneeis winfh eleo?®25 %hiafige. " TNEBIRE, this
change in XR coul d be assuned to be a safe operating

r aragge 6Hchaabé inKy esuld hawssumetite e aciafnegteeating range for all wires

di aneters between these diapeters., It _|is advant.ageous
t PAVHEIHEE THRECT Péglaawt%g‘?}.vvﬁ@n inese MARSEES, it g&@&tageous to

1Bt Ha Wﬁ%ﬁ 9 %alg?’rg thﬁk}lésggst&lﬂa@rgo%ﬁ%t &hang&i &s}%r gqggime, as both

si

thin"wres have erent advantages. For &xanp

| athiph antdrikin wilnéd leve défrenti adgaraagdeowdior epanple] adarge wire, while
vol tage, requires a higher current to produce the sane

P ORRAWITING % 0w ppﬁrb@laovﬁag@,er@qw%aa pigheffayrepf Feprgdigegthg same

" ARGE R ARl o B B S bl A
current. Thus, in conditions where only lower current amounts are available, one
might be motivated to use a thinner wire at a higher voltage. Additionally, because of
the lower physical mass and current requirements associated with lighter gauge wire,
for economical reasons it may be desirable to use the thinnest wire possible that will
yield acceptable results. Figure 2B illustrates that the model used by the present
invention to indicate the amount of aluminum depletion from the wire core is valid for

such thin wires as well as for thick wires.
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20 m ght be notivated to use a thinner wire at a
hi gher voltage. Additionally, because of the |ower

w@bgogioesahts nass and current requirements associ BCEUSW03/022224

lighter gauge wire, for econom cal reasons it may be

desirable to use the thinnest wire possible that w |

yield acceptable results. Figure 2B illustrates that

the nodel used by the present invention to indicate

t he anmount of al umi num depletion fromthe wire core is

valid for 25 such thin wres ag0well as for thick

wi res. WO 2004/ 008043 PCT/ US2003/ 022224 -20 A net hod

by which the characteristics associated with al um num

cont ent Aahethb®by alhlicythé ehfadi®dsted ﬁs%&aﬁé@t\@iﬁ{‘blﬂﬁﬁindrﬁ content of the

shovvnlnflowdla ramformin Figure 3A. In

3melloytcore 4 cambe determintdeisishown 110ﬂoWhhagmmdorral1n chuh)e 3A. In
ome characteristics of

C P 28, dnle A M iaisHo T (e atiorifidp danomigFed 1 determined
ex30IP! Some® cRYGéiSRcs 8t fh@'ﬂpﬁ&g‘%ﬁ‘g@?g@@ n%HFe'&tlﬁclude for example,

el ectrical neasurenents che

c qﬁ{yeigalt dtgitsitasfand Inhaayuremﬂmenﬁattﬁcaléﬁealsﬁ%ﬁients r@d behaviors, and
ch racteristic Ofth?lnltla| nPosHlonC of the
mical compesitang of allgy C%ltﬁpq)rmn{s, o\t lepsy@ng chargcteristic of the initial

ohfﬁ'a .o Etﬁilﬁﬂ?ﬁal 1? %ﬁé ch? at3 Sinitinl Gt :lp’gﬁ% aset?thhsh a reference

char cterl Stl C en non

sttapel BB 03t O'l“ldaerh@rsmeﬂEt:hamtteEll@t&?(f(g)eéic IhitéﬂlaIQ§ﬂleh§ﬂ&11tored in step 305
occurred, over tinme. Any such changes are 10 then

c ImSsieERing Ry ehangen dhat earehavscascraed biamdine Angpudodhanges are

TR\, et B BRI L0
e&ﬁﬁ%de?axﬁn@\@hﬂ%r%mﬂh%ge LR SheHi@r & c&?@@%{lﬁ% fast f3&ched or

t hreshol d has not been reéached or excee
C Wé?@éﬂ@ﬂl%@ detsrmined threshotdoofhahangmi ahethréshokt lep @0 been reached
t hreshol d oﬂ%ghan ge has been reached

o1 SRUTHE e shalfigfeliics sl o b Mg iaredan ey Pontt. however,
mﬂfé fdesAHId G dnby genl% (S)fe%ﬂ %ﬁﬁé@l éxggedegvzf L g:gl 1% Q&R %g? (50 a

has reached or excee etermn resh

| eieelsion Adlengatthority ewtifydigriat SleQévell bechangeshdsaBached or exceeded
pr ow de for a rtgfer ence baseline that is established
deterayined thresholddevehd/ or tenperature. The

et 5 S R A A B
is established across a range of time and/or temperature. The temperature resistance
curve 900 of Figure 9 can be viewed as a reference baseline measured across the
temperature range of 20° C to 1400° C for a heating element wire 101 having an
aluminum content of approximately 5.8%. Alternately, the x axis of Figure 9 can
also be expressed as a function of time as the temperature of the element increases
from a relatively cold starting point. As has been mentioned above and will be
discussed in more detail below, such a reference baseline measured across time and/or
temperature can be more reliable, as a basis for comparison against changes in the

composition and/or characteristics of the wire material that can be indicative of a
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20 tenperature range of 20 Cto 1400 C for a heating
el ement wire 101 having an al um num content of

wapmprossonntely 5.8 % Alternately, the x axis PET/BSmOB/e22224

9 can also be expressed as a function of tinme as the
tenperature of the elenent increases froma _
relatively cold starting point. As has been nenti oned
above and will be discussed in nore detail bel ow,
such a reference baseline neasured across tinme and/ or
25 tenperature can be nore rel2able, as a basis for
conpari son agai nst changes in the conposition and/or
characteristics of the wire material that can be

l lwnﬁﬁh"glf‘dﬁl@fof MG RANA1RA804 §m§§ %éﬁ&%@%ﬁ%ﬁ at pa12tilcular time
pending failure of the materi al an are sin
neddempereires nade at particular time or terrperature.

hod i at ed
PRRbPY i Nal lamelgﬁf@qws B0 & & Rethadiassocie it ghespresert
f QhveriBn i Hém fﬁEﬂovJ H ﬁg &fé%}ﬁ“ Tﬁe ?lﬁlégdigl%ﬁfashown in

3B nonitors apartlcu racte 'St ¢

neftiguiesiB mbaitors 8 pamtm ahadcwmﬂit bihie GIGIRS itidt Was8dciated with
the materi al Fir a heatlnﬂ1 el ement is installed at .
a BhGAPRosition %IB% F’@F?UZQSFIT%@ caling elempntgy éstalicd at o @hyswal

| t th nit
R 28 SR8 ol SR e e 00
eltlﬁmﬁﬁlﬁal (cem@ositioCUST Hel Matdrfal GRkET @ h'eﬁhr%r\édement (e.g.,
suitable fashion at an initial tine Ti. At l'east one

1@lEpaREY ﬂ%@qt@mlﬁeda@smusmtaide {dshiontahen imfialitahe T,. At least one

COTBBEART Sy RS S R Be0R R 7,
Mk @hidrdored (BN, S tHelldckidal YRIstfcE OF gfehﬁateﬁ{l?.r ‘ﬁﬂﬁselﬁgﬁz i{f;ghﬁe for the

is nmeasured to establish an 1 niti ase .ne condl
r eharattagsticois heasured npesatiisb an afitisHesefteaonaitioheélagng to the
noni t or.ed, %FI nst Whl ch subsequent measurenents can

b 80%%3?%8 MRl bemgamonered sgaingonrich sehsequent measurements
PEAFEOLaRPaR 2t U ApEy ibekitafind ey it conen

wiof theadloy R at &, 1stabptoxdhitél@r5$8% CORRE $kille@M$ the art will appreciate
con‘ponfnts and Eercent ages can be used w t hout

d &4 AR enticoBIROsiHRnss CompORMLS, iad perssriages caudetuset without
d 304 at alater tinme T.
CREPASHA A B8, sy G0ttt

Composition data is collected 304 at a later time T,. The information collected
at T, reflects the subsequent composition C; of the heating element 101 after a selected
time period has elapsed since the initial time (i.e., after a period equal to T,-T)). The
composition data reflecting the subsequent composition C; of the heating element wire
at a subsequent time T, is compared to a predetermined threshold value (e.g., which
can have been determined by way of calculation or experimentation, etc.) A
determination 308 is made as to whether the threshold value has been met or exceeded
(e.g., whether the aluminum content of the alloy has been depleted to a level of 2.5%

of the alloy). If the determination 308 is negative, the composition data continues to
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at TS reflects the subsequent conposition CS of the
heating el enment 101 after a selected 20 tine period

whaw4pbsapsed since the initial tine (i.e., aftRCT/ES2003/022224

period equal to TS-T;). The conposition data
reflecting the subsequent conposition CS of the
heating element wire at a subsequent tine TS is
conpared to a predeterm ned threshold value (e.qg.,

whi ch can have been determ ned by way of cal cul ation
or experinentation, etc.) A d@permnation 308 is nmade
as to whether the threshold val ue has been net or

- exceeded 25 (e.g., whether the alum num content of the

aI ll)eodblié@t%d *3@@ nwﬂ@r@'a@@lﬁ@nﬁl%@asﬁl%ﬁl%hts%fre frage Y0r IQ{eﬁ Lhes of T..

loy). If the determnation 308 Is negative,

coprqurl driheld¢terntoattdnri08sis posiie, 20E4 @1@3&143 prov1ded 310 (e.g., an
/ US2003/ 224 -22 be coll ected 304,
FIEF GriQgROR SR i s Ser S ieopol gbvs] Netebisascashed (o

T Hopgyer, if the determination 308 is positive,
tﬁgﬁ a s*gnal is provided 310 (e.g., an alarmis
sounded dl®ermdvé Embodigetser sdnlﬂ enviehfi®@s e ehdn@¥ebt
has been reached (or exceede 5 1n alternative

e rASBHOTEIAR SVidkn theealloy d9& sen pedetermisad by W@Y&f@n‘@é@t}obf techniques.

n 102 can be determ ne
e tarelb ey b0t BptE oL IR e Tl b gnique of
e aﬁéasﬁfmg eleabbfiged A cHRPOSHANFRNIEAS HEATBHENEH: 8116Y°202. Thus,
techni que of neasuring the changes of conposition

wi therPhangh of Raedistange shbweag. athe mgmsmm ratthR) oveneime can be
- ARt bR TpRrERES i S piegicla peRneRbe. Specificaly
| NS QFafet AR CAMMD %uﬁﬁﬁﬂla 5o 1&9(! % Qﬁﬁ% gp fidk !ré’sﬁs‘?ance ratio

Specifically, as st m Aum
def] ecedsdsrsomadil f:roai zhn)yutiaﬂ) Zfalub e ab@a i1s042ngeil ﬁtaﬁela@hes XR
i ncreases ste froman initial value of about

1.0BPXRTEY §- ?99 AR EEPIESPIE @R sfaje, 0r Asttate jihbich failure can

I GRIHESE a failure state, or a state in which
g)lgllur eﬂ%gn be imm nent. 15 Figures 3C and 3D show a

heat | nFighresre@tandddestiony ®heAing@ldaiénfimaak Pt aMECHIAD alloy
the percentage of chromium (Cr) is approximately 21 %

arfhereia tlgfe]pq-g@@ﬁt@@ég chgmigm (g u;mp(pm)glmaﬁqb/ 2Y%naiid-ghe percentages
a8 AN Mih&d- (AB® r1%n {F%? g}et vsar1fe8.r e'vgrfa resﬁll L RE t?er}gnggfesrcentages
of aluminum content of the alloy are shown in the graph, beginning with the lowest
percentage (0.87%) of aluminum content and ending with the highest percentage
(7.23 %) of aluminum content. The percentage content of iron (Fe) is varied to make
up the remaining portion of the alloy composition of the heating element. These
Figures show the expected resistance ratio values X; for various percentages of
aluminum content. In Figure 3C the temperature of the heating element is cooled
quickly between measurements of hot resistance R, and cold resistance R,, while in

Figure 3D the temperature is cooled more slowly at a controlled pace between these

measurements.
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of alum num content of the alloy are shown in the
graph, beginning with the |owest percentage (0.87 %

w@tocaloosshum cont ent and ending with the hi gheBCT/US2003/022224

percentage 20 (7.23 % of alum num content. The
percentage content of iron (Fe) is varied to make up
the remaining portion of the alloy conposition of the
heati ng el enent. These Figures show the expected
resi stance ratio values XR for various percentages of
al um num content. In Figure 3C2X3he tenperature of the
heating el enment is cooled quickly between
nmeasurenents of hot resistance Rh and col d resistance

RC, whi §i@hleRndR ift ingééﬁl?reﬁ Pestcljsl?ﬁlcﬁz HRES @eﬁ%ﬁeois%r‘féﬁqeﬁgeen processes

nore slowy at a contro ace etvveen t
methstuallbwethe $lenwbt ﬁﬂwé@ﬂﬂﬂeﬂtﬁclﬂs&ﬂddﬁ&@%l:w 2¢€, an®processes that
b‘gm shifts in measured resistance val ues can be

g elroasht énbg pepledkmere slowin sugh avintiguts| 3ve Floveger, in both
be cfﬂH%iiﬁl th résﬁ’s‘fe{h ?%at%&XF'f@ﬂJﬂlg aﬁl%lnﬁﬂdcgwei}g reailgg ﬁssomated

hat a emen e " Bool ed nore sl

aSWIth] afriegibb@iniX of-iegyeent intedidhli.e ¢ FaBSmakiffint BANAEnimum
in the resistance ratio XR for the al um num cont ent

r aifgeeTiAgsef pminung copten odd. %%w@di%%t f@PeQﬁY@l}’b dreslmt 20-25%.

PHFSABR e R A L B
| Smaiaih AEn@8n /@ontenTBb&e ééée(l eS tﬁ’é’élt%gﬂﬁijval?ﬂes Qf 6.09% and

observi ng the graphed val ues cl osest the maxi num
anti38 %, mSmmﬁValyDImAdalm(lmHy,elmtbopiecasemlmgsesm(lﬁgmres 3Chand 3D, the
gra hed va 9 % and 2. ﬁntores pectively

RPEREmRIES en gt RRaot B g o mr@wﬂ%glaz@l@%dﬁccuracy in
3%64591%1[?6% ”ﬁ?ﬁfg _ and41s, fh@lh%gtu‘%[ elé&&ﬂl‘fﬁ'&)fn tfhgr?owetst

intervals to pr maxi mum accur

| reoRipgsities oBﬁluannhrﬁlL‘O 87 b9 Hae dtei laggest x@llmttf th@lktsi@n‘cb eatio Xj.
| owest conp05|t| on of _alum num (0.87 % has the
| ar gest Theagraph BrFighee R 55psessAis @ cogiprESKRbetwaen thealatn shown in

Fi en_the .dat a.

CSE R APAE AR R 3P0 B giRl e

Thu6stratdaeh@p@1a&nt§gwcyﬂthhﬂgeccbfqué estrancd Patid XY %Ilﬂl%gp%ci Reihe

per cent age of change of the resistance ratio XR Wt h
@élg@@tlmt RETEERE CRULERT Of ke %ibir}’cf@hboﬁlm@q%mdﬁd aridesla tcoyled

'ienl?e%g? ‘J}‘Hé grapﬁ oﬁ)ov(;n maﬁlgure %\’ilfus&ates that whether an alloy is cooled
quickly or cooled slowly, the results are similar. Specifically, in Figure 3E it is
shown that both the quickly cooled alloy and the slowly cooled alloy experience a
change in the resistance ratio X; of about 20-25%, which falls within the expectations
of the model for aluminum depletion in accordance with embodiments of the present
invention.
According to an embodiment of the present invention, information collected by

way of the present invention can be represented in a relational data table, such as the

relational data table shown in Figure 4, for example. Specifically, information

collected and stored in the relational data table of Figure 4 can be sampled at multiple,
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Figure 3E it is shown that both the quickly cool ed
all oy and the slowy cool ed alloy experience a 20
change in the resistance ratio XR of about 20-25 %
which falls within the expectations of the nodel for
al um num depl etion in accordance with enbodi nents of
the present invention. Accordipag to an enbodi nent of
the present invention, information collected by way
of the present invention can be represented in a

r e% rb@Nihesd %?C'J_Jt ahlye sgﬁzﬁ?%(ri %gg((}g@ﬁfg é@ﬁ grr @Tﬁﬂg@?%l )t/i?rfét ifAterval.

shown’ i n gure
i nTkDelr sprtifortimesl dt @ﬂhdﬂm&ﬁ]ﬁirﬁﬁ@l‘tﬁﬁeltﬁkmhﬁ T @lratshm@ﬁn column 400 of
data table of Figure 4 can be sanpled at rrultl WO

2002 reladenes dpetabls, Gonrespording hat pesisignse vatugs Rmn&s and cold
\Nhfegﬂtaﬁ?en\rr s%ip-%g‘wﬁéén%fg&m{rﬂ@ sﬁon inl Vé?%rﬁﬁhﬁé M 0w in

tinme n Specl I mes

eSS h BRI Snded (. t"ﬂK@ébrféspa_ndmg’vlf&lsﬁdﬂl@&\&hﬁoﬂva‘h@slKED ¥ 0Qre stored in
of the relational data table. Correspondi ng hot

r egilema 0@ of fleudata Rhle. Rhdditiemadlyc diedelatierdl slatarteble vah gertain

ST os SRR <75tk ol oo At i cin be stored

regl a-°nt AR RGN UES RIS Bf ﬁe%lﬁﬁ@ﬂiﬂ ldBta G0k ‘éﬂ&m in
406 of the data table. Additionally, the relational

daFiguteab| #hisamanantai e calaflaedvedsiindicatedyabbalienyy apee-determined
ampunt . of . t he renmini IIo AR1- ARn, whi ch can be

ot FBHIa YSipehv Y etsusﬁ 2t @oqe isAnGE FaHo yalug shovn ineglugn 406.

t hﬁd&lﬁbﬁzﬁl oRai t%pat e 81‘896 Elﬁllff‘d: iélgtﬂé %rt"thatmﬁlﬁple variables

anpunt ca e Ca I'ndrc

pr @thelethen thenaeiaBles fleswiimahe 3xmplarthablleaiflP6gL&s quaﬁﬂaetd%@d in

resi stance ratio value shown in colum 406.

AdRIETIERAS (e pareenjage) of sHon spmpeneat eamaiying hddwsrefRie, thegrelational
in It|p| var i,abl es .ot her than t

o pBetohih b MR AR ruRec Bpra B il gired 0 e
bembgi@sted that 8Q11€ bEuBEE def@mPahE G AFSP bf Qﬂlé}pé’oncljponent remaining
conmponent remai ning. Therefore, the rel ational

t alsl g, ¥oltnga or GUFERfuneasyurepnisd nisesueermense thade by an active, embedded

|ncordporate any val ues desired to be
sensdr

The resistance characteristic values being measured in columns 402, 404, and
406 of the relational data table shown in Figure 4 can change in a variety of manners.
For instance, the resistance values can change gradually, indicating a natural aging
process of the heating element. The resistance values can experience a rapid change,
which can indicate a localized failure point, such as a contaminated area. Therefore,
the changes in values being measured within the relational data table can indicate
more than one failure mode of the heating element being monitored.

The exemplary alloy described above for use as a heating element (i.e., an

alloy containing 72.2% iron, 22.0% chromium, and 5.8 % aluminum) has a positive



15 nonitored that could be used in determ ning the
anount of alloy conponent renmaining (e.g., voltage or

W@ oo eogo43reasur enent s, measurenents made by anP@UB2003/022224
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enbedded sensor, etc.). The resistance characteristic
val ues being nmeasured in colums 402, 404, and 406 of
the relational data table shown in Figure 4 can change

in a variety of manners. 20 For instance, the

resi stance val ues can change gradually, indicating a

nat ural aging process of the hegagting el enent. The

resi stance val ues can experience a rapid change,
mhich can indicate a localized failure point, such as

3 0

Dol A b B re RS, OT o ikt e RRSRR o e

| noeasateel inrthe elldyhimoreases af alid wmperande of thet diwyliaakhdeg. Thus, if the
el enent belng moni tored. 25 The exenpl ary_ all oy

de@élls‘iaﬁ‘éf‘do fothSAPRPLE 6F Wiiseallay InmpRsse Gdnaf aBPeiAh C, @T agbieng gonditions,

o LR 08 ST e, e

PG00 r&2RARE witl 2R dren@el M Kigha Péﬁhﬁ_@l OYe example occurs
resi stance. This neans that the val ue of resistance

rre‘éibm & ERMpIe Oh aviggl i é%yatﬁch Goaazheyt 33° ¢ eahaapad&tGr bn is instance,
al | i.ncr gase r.esi st ance
s runBE ViFs B A et st b Sare BB 5R A or Applt 4.2% at the
anﬂﬁgﬁ’é}tte P&ﬂhﬁé 6{7‘& the ?é%i’stén@@ Bretsgi’ﬁ o BRd aiﬁlﬁ@ﬁecelﬁf)eﬂaﬁﬁe ThlS can
sane sanple is nmeasured at a higher tenperature,
valbaj@(pofssema I mlssanam caiovk |, | as blefigedeiat Bquatdon ﬂhwhiuhghgthls case

PRGN Fod A B e e Foaunalh Rt st o
| NILAHIE Ehe edd 1&%{},”9%11? 14 {e?‘%ahéx@%{%&gd 12 ea?]drﬁlﬂﬁ 0 (Oent

increase I n resistance o bou
t erepRirdtig)l ehedviereadehia regshiveaneethprsese tingtis thmdaoiveabbut 25%,
tenperature. This_can_ be expressed as a resistance

r a7 tBe JRistase geiq Keds 3PUEHEIAYi on 1, which in this case

10 WOU'HS ;ﬁ%lﬂecilalg)o% k{%naﬂiré‘glfcﬁzx:]é aﬁ% 1%%6512% %%égs@tatnrég

al | oy, "an evmrea Fea e en

usgattcidrisfis 4r€ sch thagdhe ﬁ@mﬁiﬁﬁ@tat theThoVahpETh IR CRIMAY relatively
remai ning), the increase in resistance over the' sane

r sdogstants “fhdartble resispece biowpld ERIpPFatuigs Ry, decreasss 8 thecduminum

' agon%n%%s c{eple?edo f“rlom]the al?oy Those skilled in the art will appreciate that the

change in the composition of the alloy is generally small and happens gradually over
long periods of time. Thus, the resistance ratio X; must be accurately monitored over
long periods of time. For example, useful lifetimes of 2-8 years are not uncommon in
such wire alloy heating elements. Those skilled in the art will appreciate that in
addition to accurately monitoring resistance characteristics of the alloy (e.g., the
resistance ratio Xy) data regarding the characteristics of the alloy can be extrapolated
to predict future conditions of the alloy. For example, integration techniques can be

used to predict the remaining useful life of such a heating element.



As expl ai ned above, the nature of the change in the
alloy's resistance 15 characteristics are such that
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relatively constant, while the resistance at cold
tenperatures R, decreases as the alum num content is
depleted fromthe alloy. Those skilled in the art wll
appreciate that the change in the conposition of the
alloy is generally small and happens gradual |y over

| ong periods of tine. Thus, thegresistance ratio XR
must be accurately nonitored over 20 | ong peri ods of
time. For exanple, useful lifetines of 2-8 years are

Toose SRFRhy Ty Rt o, 11, iobe HEAORS: £3HE Bl Rmperature

addiikhaie dudveacot hedtl eldiiimk hidtdrAt hesfddatesss an exemplary
characteristics of the alloy (e.g., the resistance

r deinperRye dates, C@g,ami’i tad 40he Ce WAicedn en¢ of Inose pitysidaband/or

aI | oy, can ext rapol at ed redict .futu .
RS Ral Brte R Sy enese o gl Bled Hollifap pen an element i
e@?ﬁ}a@ﬂﬁ? fhidlte DerneFedififitelcArRE %Qﬂl 6t tg%ali)ﬁedl &Rl fisRfhnce
sefu I fe of such a heating el enen WO 2004/ 008043
P@ﬁéaym&atmzmdnngs @BerRehide passiggranweleceridal gumrazt tBrough the
there are shown a serjes of t enﬁer at ur,

r é‘é‘?@@ﬁﬂ@é dn eerBp AT cTRRAMMAYS ofhe 1B 1t g b diegted through one or
I
SO A5t SRR REFIR L Y AR IS AR o s

Metealihg! Eigindtsdr o haugase.l I Aich el reaeiRt, mameh&nn;mv t@meed to be taken

to anticipate when an elenment_is 5 approachi ng
f 20Ut 9F eeTVIPGeneledqes thhanaca ngedstochertaken JH ) waaraflp%m shut down;

ocdetr HERER arRRH R b Plsch SRS R RRER oll Syt heating

10dperdtfone XNt alersig et Bﬁélteétrlcilh@s@tuﬁdee\nﬂl eadishised below in
directed through one or nore elenments w thout

r exomjtinatjon hethedxemplary efmbodimehisj pthenhsforemensioned ehpsictersstics such

o1 O TG ORI, B OB "t B st without

ggdet eﬁﬁg 5B hETORGEs HP?)@lﬁtp‘?ar?%n‘fb%HﬁﬁblﬁsUt of operation

down; and, fhreasurenents can be taken
whi | e tIF'hgum % phervissa bzrsehmemealsnamad cdmat?@@;glormphmﬂt at ons beginning to

Whi | e measurenents of el ectrical e ?
di 5EuBSANIEERTRSS ieIPEHUIR RIS e @% aém §Or an element or
erBOAHIBNE an QhGhuA  BHETES dpBREEmGRRS #8YEL) Heldt®. THERurve 900

constitutes a first graphical representation of the resistance of the material. This

particular alloy is utilized as an example and not a limitation because it is
representative of the composition of heating element wires used in furnaces to heat
microchip components. Embodiments are by no means limited to this particular alloy
composition, and any number of alternate alloys can be used with exemplary
embodiments to monitor the condition of a conductive material. The normalized

resistance of the alloy shown in Figure 9 rises to approximately 1.044 at 1400° C,



as current, voltage, or tenperature could be neasured
as a reference baseline wthout 15 detracting fromthe

wo e@u008883 of exenpl ary enbodi ments. Figure 9 sShOWESH03/022224
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basel i ne resi stance curve 900, normalized at its

beginning to 1.0, nmeasured across a tenperature range

of 20 Cto 1400 C for an elenent or material wth

an al um num content of approximtely 5.8 % by wei ght.

The curve 900 constitutes a first graphica

representation of the resistangg-of the material. This

20 particular alloy is utilized as an exanpl e and not
alimtation because it is representative of the

C J .

F o R e e R I b B e N Rl R HER 8 across the
meexespldryitéapertiord tangeparti cul ar all oy conpositi on

and any_nunber of alternate alloys can be used wt

exenpl aR§feriggniodiigniet 1), thereraie sheWntelaPawas F9siskanes CIarves 1000

CORIR S afIRUGE RS mel U GhRLLAE S 8L AHATE0 & shown in
1. Pitre®, A @Paphd aﬁ?@ ﬁ@@%ﬁﬁ&ﬁ%n@@ éfuﬁg QY H@@&%ﬁ depleted

-27 representing an increase in resistance in the
eI témslgh métalpgicakdepmadation 40 dpproximasdy 215 . &oegpingarison purposes,
erature r ang

S P D00gE i 0 1 péariti B e foBd Gprph o Figure 0 ar

gr@%ﬁﬂrﬁﬁfec@sl@be(ﬁ%ré ﬁ@ﬁ@lﬁfﬁ@fe@wt’aﬁé@% a%ﬁfoxtnﬂ%ely 1.044. The
all oy 102 as shown in 5 Figure 9, but gra

t heesiataned owrvec H00emtd 16002 chmstialte sgcohdgrztpdamal thppéseniations of the

2. ool CHEGHRUEIIS O iRt AS b S Sroah B IEes Gethe
101%913&584: 0?Lﬂﬁﬁemt%&llﬁ%?ca?g%ég%?é{%géﬁ@dl\?\ﬁg&gexgﬁ%gm f%ﬁxperature,

r ezip@trdnmlaﬁﬁg Daris ehd eappirpinbBdigleyt dedbtra®iey resistance curve
resi stance curves 1000 and 1002 constitute second

gr HI9Q: dalpartiglars &Wteé‘tth% resistange is1lowiee 8§ Woghggperature for the
Ei gé?’g}ilﬁé‘mﬂrﬁ §118¥ dia 12%% §r$ 6ra11%r{'§i?1uﬁ1aarh be T nb{/ %rpera%urmg and

neélﬁblhlﬁg @h&@bisb&n@@@ff tﬁél afloe h@l'@dibss@ﬁérﬂp‘érdhﬁ‘éﬁﬁn%%f ofi®ksh compare
n‘g@hature approximating 0.822 in the exenplary
¢rethe ablenipwe tconteadofiihe akbey basaahorgeaduiram a mriggeference baseline
partl cular, the electrical resistance is |ower at room
t PP for the

Curve 1002 shows the graphical representation of the temperature-based
resistance for the depleted aluminum alloy as normalized at 20° C to 1.0. The
relative resistance at 1400° C for resistance curve 1002 is approximately 1.27,
showing a change in the resistance characteristic of the element of an increase of
approximately 27 % from cold to hot temperature, which is significantly higher than
the alloy comprised of 5.8% aluminum. The normalized resistance curve 1000 also
shows an approximate 27 % increase in resistance over the 20° C to 1400° C range.
In contrast, as shown in Figure 9, the resistance of the non-depleted element increases

only approximately 4.4% from a cold to a hot temperature.
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2.5 %alumnumalloy than for the 5.8 % al um num
alloy. Thus, by neasuring and 15 graphing the

wo eausosante of the all oy 102 across a tenperat BCBUS2003/022224

range, one can conpare whether the al um num content

of the alloy has changed froma prior reference
basel i ne neasurenent. Curve 1002 shows the graphica
representation of the tenperature-based resistance
for the depleted alum numalloy as nornalized at 20 C
to 1.0. The 20 relative resispgnce at 1400 C for

resi stance curve 1002 is approximately 1.27, show ng a
change in the resistance characteristic of the el ement

o A L RYEEARG I omARKLAABLENK ALl LEAR il ik HIRfa selectea

t enper at I'sS signiticant

al degiytai@r € 6£FRrd1 Bedd cwtétfﬂliw{ﬁhetﬁbﬁthe @eombiricatifferences exceed
resi stance curve 1000 al so shows an approxi mate 27 %

| ricprsdeterthined dueshokh decreerigrdliag 2oe d@eltl@ramqmnd/qr pending failure

nt h

" 286 sienl; TRE S RBhee BRe Sritt Bickh PP Robse kB Gonpapine
apﬂé&@ﬁéh&@&ﬁ*bé’s 4 .e4%utve83M080 aRd 9002 Werb@dkeh QfBLS BigHIfRant number of
WO 2004/ 008043 PCT/ US2003/ 022224~ -28 A geonetric

c drqaang amh chdingegnles had tia@ﬂm the expeatsd f@lﬂurao@ threecl@mennicl as mltlally
et e AR b Beitet i cp s
HEEAhRed tﬁr@%@ﬁf‘ﬁbg 0 Jﬂﬁfe%}' Bﬁ‘ﬂe#rﬂ:gcﬁﬁgfeflce between the

pre
deterioration an pen i ng fa| ure

Theasela®l Giren 2@ aebdhe resigenics chinke ﬂlO(D@Jopl@ﬁmee atd?.ed element that is
non- basel i ne 5 resi stance curves curves
arRPPIgRhing failwre o hanexeeedad it @P@lﬂa iOf r@!@hke I bt cqslaparmg the

he ! %1@&q§ege%%e 'b@tgveg%f ?ﬂeeéfe?&%ecol ﬁe B84 tﬂﬂbliegféﬁﬁ:c;é @ﬂve of an

ure o el emen n|t|a est

eGSR tRIFRIMmét ] @Het@ﬂﬁﬁn@tﬁdﬂan BesBadef whéiﬁér&hﬂﬂﬁﬁiﬂérﬁﬁ%ﬁb&ds the
can establish E redeterm ned threshold | evel or

vaprgéetcr@mmcctmalge by §idifiating therpdemeydtisvaleoiit ¢h&il or has reached the

0P SBtEvena R, T Rish SRORGERER 5 HlafF s 2Rl R pe inidated
Ortohfﬂ’e%t feGREeM e rdpiRe URSditthe ! TiR! JeBRlcRid écfn?par@b!n can be a graphical

conparing the geonetric difference between the
r ecfommmsm s goritbmancbnifacisoesi mbhthnmeticlaudyo$, @rany combination

gl%tp% ntg? gwggigye@@a%ﬁétﬁﬁr@rﬂrﬂntd on can be made whet her
Referring now to Figures 11 - 13, there are shown temperature resistance
graphs for heating elements that have undergone various degrees of change
attributable to metallurgical degradation and/or elongation during the heating and
cooling cycles sustained in a heating chamber or furnace. Curve 900 and curve 1000
in each of these Figures represents the same baseline curve shown in Figure 9 and the
depleted aluminum curve shown in Figure 10, respectively. Referring first to Figure
11, curve 1100 shows the resistance curve measured across the temperature range of
20° Cto 1400° C for an element that has expanded linearly, or elongated, because of

the stresses and cracks imposed on the element during the heating and cooling cycles
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predet erm ned val ue, thereby indicating the elenent is
about to fail or has reached the end of its expected

was@iabsoks fe. | f such an indication is nmade, arPGI/gRzEN3/022224

can be initiated 15 to alert the need to replace the

el ement. The geonetric conparison can be a graphi cal
conparison, an algorithm c conparison, a mathenati cal

anal ysis, or any conbination thereof; the enbodi nents
are not so limted. Referring nowto Figures 11 - 13,
there are shown tenperature resgigstance graphs for
heating el ements that have undergone vari ous degrees

of change 20 attributable to netallurgical degradation
anéy AScuSanaid Ofndiih Qloﬁlll%rxlfbeﬁfdor}gis 3ach &%’ihz@@ to a relative
cycles sustained in a ea in ber ofF furna

CuregBtag&Hofh@7 aut 4G9° ]ﬂ)@@prdwdeeaacﬂmp}fnsbﬂn esth the g&sﬁﬁa&me curve 1002
re resent s the sanme baseline curve shown in
an I @R &leneap Fdogsmsialivigitahrenienidiag ﬁ@%ﬁdqdn As g@n be mn from Figure

getﬁt%] E)Ye%ll;%%rg%%rgaﬁ{)ﬂ] fhg s'tarn% c{lere 1@(‘)’ ac l %})?%z\{ﬁgte 26%

ance curve rreasur e

t eiﬂiﬁtéﬁ@dd%ﬁstﬁﬁd@qﬁ}omfthe?ﬁasgﬂn&e%i@taﬁé@ﬁlo@nf B cidRe 6b6) n@ﬂﬁ a similar
that has expanded |inearly, or el ongated, because of

t hletesalrresistarcednereased kaploxpoyel 65h fonea ebldrterathad gonditjon.

E’?E’?’/ Bgzéb@%dgggﬁc %)se ggaa lle%{?\é\ggégtg%&gé\gerﬁé an element that has

el Qeadd @B combiRd LB BPﬁle%ﬁfglmrd AiFRF $fA1@ninum to
relative resistance of 1.27 Cto provide a

c aappaeiisrelyg i aibof deigatianc €urve VE216 21sof teen anormalized to 1.27
eIe e metallurgical conte s degraded. As

<41 19805 ﬁgwdfrﬁmwm panditian whefs %‘E?ﬂtsa? tmeiallpkgigal dperadation
r n i
f N e

s haaditioys ediexeethd Gﬁfermttstraﬁxs,sddfgril@tlond alechhngdee %0 BicasMaents have
i ncrease of approximately 6% froma cold to a hot
c Jrfibeebappliegiy (he matorialria geed dEOROTHORSO n@umtlﬂea of Figure 12

0 n suffered the
e BB TR e 3 TSP
aI A babld © mapmirgich@pgeidatidn Mappskifhted) ﬂﬂ@@tﬂe%ange attributable
Curve 1102 has al so been normalized to I.27
14tgc;he doagationeyftiessepmenta A@Wd]e@ﬁednthmmammurﬁf m& more closely
netal | ur and el o

0 mPE ettt e Btk e iR e e P RL §8r fopeot Figure 13

PriepRents the resistance curve of an element where the resistance change of the
element from of elongation is approximately twice the metallurgical degradation of the
element.

Referring back to Figure 12, there can be seen an intersection of the reference
baseline curve 900 with the combination resistance curve 1200 at approximately 275°
C. This example demonstrates that merely taking a resistance measurement of a used
element at 275° C could produce a resistance reading closely matching the baseline
value for that temperature, falsely indicating an element in good condition.

Embodiments of the present invention can accommodate for such differences by
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conditions where the different strains, degradations,
and changes to the el enents have not been applied to

wo b@4megoes i al in equal proportions. Curve 1200rP@f/US2003/022224

Figure 12 represents the resistance curve of an

el ement wherein the resistance change 15 attri butable
to netal lurgical degradation is approximtely tw ce
the change attributable to the elongation of the

el ement. As expected, the resultant curve 1200 nore
closely approximtes the puregy netallurgical change
curve 1000. Curve 1300 of Figure 13 represents the
resi stance curve of an el enment where the resistance

h .of th | t ' ' .
PSR fete G P Aass AR fir SRREM ik s, angor
t ri@mgé’rgtu?é SReglomened 8l rcio_ﬁﬁ)aﬁﬁ%? ket Bedsi@uicatsladaidshe f&ference

can be seen an intersection of the reference baseline .
C Uayedin® 00 devetrhint wéretheniieneoniisionrof sheselement 16 riy epprpaching a point
at _approximately 275 C...Thi.s exanpl e denonstrates .

¢ oA P olFy SSHRIHIS? pREHEY 4 EeOHIEE o eXgrp An Supediments
el c?iH‘?cf%{ £t atng %émb%aﬁi%' b nﬁfaﬂqui@al delbfsahidh ?ﬁi@cﬂbtﬁs@@cﬂgnal changes

closely matchi ng e baseline 25 value for tha

t diadieating deméml saily thenelementi ragans ieh dmaace, ifor goestiold conditions
condition. Enbodinments_of the pr i?qta I nvention can
adediptgaf @endipg §ikme ang/ %?%%fééseﬁﬁ 2004/ 008043

PCT/ USZIQe%%I[r?l%éégvgtfo Iiiglgreglﬁgz%ﬁ% ﬁ%&?&/‘ﬁ ao&etﬂ}%ﬁferesistancg / cggve 1400

characteri’s across tine an

t eiReleaionseatéd chodRe PRy itd dhenonepasiooptddneith the degradation
nmeasurenents against a reference baseline to

demndfarifaiduraiod heasingtehrmensh 9 inghfugnace h d'he| resigiance1efthe gxemplary

oS Lo RigB e Bt in bR dnbie, S har& iRk ipassty 2,000
CaRatifStodIR c§BKs,CR AR NAichPBrBire TAFHbXMEGtIR b normalized value of

el ongation, "and cross-sectional changes in a heating
el @Mt Duving Itiee fitse22) eGerdtwarewni e resistance of taecelempar 101 spikes to

threshol d copdjtjons _indicative of pendi ai l.ure

A RPETSBAEof 146 BEigre I SR rU g ou oRE §- 4 ghbis Syden change

t NEM B det ailef | BRI HNE oL thiRtng heatin

dg&r:irélng??lé ggg\ggsﬁgl%cher eép"ﬁysP%gﬁlg%eng%non assocl at ed s s

Wi dthhé hatelrgirdatiaoks iOthaeibrent, faall lin ten ekpireling thg gaps in the

el emrents 101 in a _furnace. The resistance of the

e)@gﬁtpxi@irtymporarily. For example, cracks in the material are opening and/or former
welded cracks are breaking. Once the element 101 heats sufficiently (in this case the
wire temperature reaches about 400° C), it expands and pushes the material back
together; and the resistance readings 1400 return to normal. These measurements
indicate that the furnace does not need to operate at its full range of power or duration
of time to effect the impact of the cracking and expanding of the element 101, which
is shown in the exemplary graph of Figure 14 to have occurred in the first 400° C of
operation. The x axis of the graph represents the temperature of the heating chamber,

and the right side axis represents the temperature of the wire itself as it heats up. The
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el ement 101, which is known in this exanple to have
under gone approxi mately 2,000 heating/cooling cycles,

w@rooa/0eokdl t enperature i s approxi nately a nor nBCT/E82003/022224

value of 0.905. During the first 270 C of warnmup, the
resi stance of the elenent 101 spikes to approximtely
1.121 before falling and | eveling out around 0.90.
Thi s sudden change 15 in nornmalized resistance is
caused by the initial application of power, causing
heating of the material at thgjcracks in the el enent,
and in turn expanding the gaps in the materi al
tenporarily. For exanple, cracks in the material are

openi hg and{ or .fq [ . ar akisng.

TR s it e 5 Bty A8 ARRRELR, 7 0RO L9 30 4g show the
t Belativé feipeRiiRe oA Rirk @8 eltempbatire ¢0MIEhe chadmigx rdtekses.

and pushes the material back 20 together; and the

resi st Brecause gaeiyrnfshel TSitanes mepsuraMeTsy Jigld refaiively low values,

TN AT e
iR i%t‘érlﬁffitfcﬁﬁtF(Slf\%(ahﬂ[@%tqlg%altrgﬁstglﬁ@%ﬁd&of%‘ﬁvm temperature zone

expandi ng of the el enent [ is shown in the
exfonpl @ryhariag blenfeni afarlégh enperidtanecfuomee iy edthierprdéreof 0.250 to

first 400 C of operation. T [ f. th h
F ah0salims TR i i B oA prete e b fhegiof the

STl 9P RSO SRR SRR ol i

PG 452040 3402 22 DL 50-chin heaneaswring defict meusnacaaratsly detect a 20%

provi ded bil the formula y = 0.8396x + 313.36 to0 Sh?W
t rdangeaingold/esisappeogtabed GPS pha. vikghieving thege levels of measurement

tenperature . c (A e

SR o) Bt 50 e BoBRAL STy SR e pover
| Rl UBE, podkes Y6@te i Easuhidigl [MRGhaR thargherbsitheb@ower supply nor
enpl oyed to properly neasure and nonitor 5 this

i rdngrafelid cmpdents éxfhrepbetheaceypeycaf the eeddingsn ddoweleseother
f ' t tur, found j heat | :
o1 RRoRiEes LR DEReRCERR b OF gpsbiDgRraB rep Nigngs vadyes with

of 2 RBBoy JhY 8f FRARS ahd'dbltagen ts, and d
a cog\?egg%é%eeﬁdf E&%Qgrgferyr egy enbodi rrgnt ofagteheeasgrreggﬁt e o

i mogdeparnfromnthe spleit of thedeesent ingentiomranent failure in a
heat i ng_el enent_ havi ng aq or i %i nal V?| ue of O

. 250 .
ohm  t HEZHEA S urd(nshase T ey APDARRS 2AE ERepny £t %51“5@%}16

,1Ac a?fé@? %rgd % 8@@' fﬁlé(g/te%é ?%I?Iﬂﬁleiéogg{rgeﬁg gft)‘ﬁdigo@éf OBRerial and initiating
an alarm signal should exemplary embodiments determine that a change in the
condition of the material reach or exceed a predetermined threshold value. Referring
to Figure 5, there is shown an impedance monitor 500, which can be used for
monitoring changes in impedance or resistance, at the levels of accuracy necessary for
detecting changes in alloy composition, is shown in block diagram form. The
impedance monitor 500 is made up of three main components: an impedance
calculator 502, sample and hold circuitry 504, and decision making circuitry 506.

Additionally, a display panel 508 and a quality module 510 can also be optionally
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accurately normally requires the heating elenent to be
di sconnected fromthe power source. The power source

w0 goodiosspahnect ed to ensure that the neither pomMeETr/US2003/022224

supply nor any of the conponents influence the
accuracy of the readi ngs. However, other enbodi nents
of the present invention can be used to neasure

resi stance values with 15 power connected, for exanple
by way of current and voltage nmeasurenents, and do

not depart fromthe spirit of ghe present invention
Figures 5 - 8C show exenpl ary apparatus and neans for
perform ng the various and specific functions for

nmoni tori.na_th it f [ ANty ati .
o B IR nbRG g A B0 Tte FRDES rhel 308 it Rigd &F WBlaying
t RafusdihdtantemaRon. NThe R-Qed dhddulns 1 pitdvelessioanls abgarding the
reach or exceed a predeterm ned threshold val ue

Refislityiofghe Rpaik Bumeamremensy. e The sighdniroanthekysiahmedule 510

.t 500, which b d f [ tor, .
A5 1 a0 BF Bt RS R DR S B PRRGR v
F‘%ﬁ&%ﬁ%ﬁbén{sp rIf w‘ﬂEB@ ?éciogﬂiz&f‘@}n 8RS8 bianad {ote GAYROS hith@izh the term

is shown in block diagramform The inpedance nonitor
5Q@6sistsncedrie beyn wded tthmoeghomithis epplisenemti;pedance nphidh tiakes into

25 cal cul ator 502, sanple and hold circuitr 4 nd . .
d SEFAH FEARRYS ﬁ@m@pt,s EaR @]ﬁ} be gpeasurgd fan; ag;r?at?el 1#61%2 in dgtermmlng the

di ARG hint ulgyel 80 mRitor 500
oSS eP 3P B0 BB R A B3 B35y FADs e mighicr
byis halddripadaie & witnidspect e fdre gharid ympampedasd8 i s

used for displaying status other information. T

h
R Qual Erseplasy 5alenpatiey fQfecacl phibgImaip sgapanstys efise Tmpedance
|, he Rh and R The s .
oSt Pt oA P 6 R BTt SRS pr e

at “measur enent's
off fdfesaMBwin ex@RPIRG eAMOBINRG: oPetpie¥ntinkéntnaHatases pure
valld 5 neasurenents. It will be recognized by those

s kiesibtente measheenzents, (i-ehavithout AgurgactteeimpseancecoFIpangie however,

W -
b& ABRRHS %gulficrg%lli%: on&’lﬁH& &f ke iifto dedcRnMRhf@erh&ifs of reactive

percentage o conmponent within an all oy.

Thittpeddnee compentan: eWithini ¢ach of @ese scheematic Wiagdamsy valugsage shown
5 with respect to the nore generic term.i

anc
for voltage, current, resistance, capacitance, and so forth.nR(calgltlonaelly, where

b—t

possible, standard part numbers are indicated, such that one of ordinary skill would be
able to readily obtain the parts to make and use the invention. However, those skilled
in the art will recognize that values and parts shown in the figures can be changed
somewhat without departing from the spirit of the present invention. Additionally, it
will be understood by those skilled in the art that some additional power circuitry can
be required to provide power to the impedance monitor 500 and the various circuits
shown in the schematic diagrams of Figures 6, 7, 8A, 8B, and 8C.

In Figure 6, the impedance calculator 502 of the impedance monitor 500 is

shown in the form of a schematic diagram. The impedance calculator 502 uses
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10 Exenpl ary schematics for each of the main
conponents of the inpedance nonitor 500 are shown in

wo-2@une4®, 7, 8A, 8B, and 8C. The schenmmtics PET/URBO®022224

figures show an exenpl ary enbodi nent of the present

i nvention that uses pure resistance neasurenents

(i.e., wthout any reactive inpedance conponents);

however, as nentioned above, those skilled in the art

will recognize that each of the exenplary 15

schematics could readily be nogified to take into

account neasurenents of reactive inpedance

corponents thhin each of t hese schenmati c di agranmns,

va sho ar. val. LS :

cgafé Gop el Aanad KO AT efblE rpeliR? sBeifally, e
dQﬁc% c ?&u gra 5(h ﬁ@ishré@ Qﬁ@%l g@raﬁd ltHBihﬁﬁatne by WaiE bf induction,

one 0 i nary ski l le to readily
obf fhic hehtives ¢lemest desucchtodamlyus@ andds able émtiptermine the heating

Ho th killed 2
+ Rlmetd T e OB e R TR ey B8R THFESXEMR
0 Eﬁ@%\ﬁ) ?’“Fr\é@ﬁ 4 {ﬂa%'i ﬁ’l@éﬁﬂ erflélﬁ@yﬁt&ﬁ t8 %b mhdas@kd by the

e presen i on. Iti ona
ungpddah@ochidfatbhsd® Thé bllll‘eﬂlt lpmduhesd by Maymﬁtthestnmformer coupled
addi ti onal power C|rCU|%H%ﬂcan required.to

péwibe hea,tmg@emﬁwéa%@ere rwas0p s et aborlise (SR, and
¢ Itﬂe?alﬂpggg v ge s 'aepé%lgﬁuzﬁé %F mtgtgercgfr%% ﬁqﬁea%ﬁreﬁgg“\%% of the

C@igﬁéﬂ' c%h@ftmﬁ&z gl ohﬁ!ﬁt hiTREEEAN) Ghilenhé bﬂpuﬁﬁﬂtags is sipplied as an
inthe formof a schematic di agram The i npedance

cabiput att NodesURandsibs dinblerquadmese sEnE@IODIONaE 62 tipagsistance of

dzlgeelge%?lhgte eﬁ%ggf;)ﬁg,ewﬁgg ésc?q(llqc!f\@%{:ﬁ? %}%H‘{ ﬁx%'v%ﬂﬁ%e zgm current measured.

Ca[‘h?sulln%r atlélg % {BRSHpEELY Gfﬁy vPlieagsdeameh the %ampreraﬁaﬂthold circuitry
by way o nduction, = of the heating el ement desired

t G0 shawna by Fizdre anehich intinsetted thethe mapedanc ealpidator hy way of
el enent's resistance fromthese neasurements.
Speer?. alspispown fip thet fiBBexFVR 5 SECONDARY" r epr esent s

the extgrnaly,le %ﬁ({i ﬂgl]d%{u%ﬂﬁg'to o%'iﬁh%‘ ih Fiflfe Pf'%@ﬁ‘éﬁﬁﬁﬁl E’anle and

the i npedance ca e current produced
Va1 PEirduite whichneon@en®an sy signal tectived e stay rog l\éjder?ém digital

load is rectified by way a silicagon_control

( S@Rpls fanstoring by Ayl fea asaéllogé@;éhgl@ P%‘Hweéf%#{lgé &"h?/di%med

Tlﬂ{/?ilu%g Efcgretﬂe heatc‘tmg S Qeﬁéfan‘@@ya@fstérgc‘i and analog versions of the
resistances are output by way of the digital-to-analog converters (DACs) to the
decision making circuitry 506 via Nodes 3 and 4, which are also shown in Figures
8A, 8B, and 8C. Instantaneous values are stored when the "SCR on" signal is active
and the appropriate R-Qual signal is input (unless, of course, the R-Qual module is
optionally not used).

Figures 8A, 8B, and 8C show schematic diagrams of portions of the decision

making circuitry 506a, 506b, and 506c, respectively. For example, the portion of the

decision making circuitry 506a shown in Figure 8A receives hot resistance R,
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signal conditioner, and output at Node I, while the
output voltage is supplied as an 10 output at Node V,

wa@r@4008843li vi der produces a signhal proporti onaP€r/us2008re22224

resi stance of the heating elenent [ oad, which is

cal cul ated fromthe voltage and current neasured.
This information is then output by way of the Node 2
to the sanple and hold circuitry 504 shown in Figure
7, which is connected to the inpedance cal cul ator by
way of Node 2, also shown indgat figure. 15 The
sanple and hold circuitry 504 shown in Figure 7 is a
digital sanple and hold circuit, which converts an

apatandie et SE ki BBl ol By e svovn i
g?g\frlgén yery G indd0oftpatdra@dseddlcifipaleqiuridnevilget oy, to a

t resistances are stored, and anal og versi ons of
t bee-detasiiatdalans daeshobdstandta thgchamiyma$ pravéded whereby an alarm can

digital -to-anal gg converter DA he 20 .deci si .
et a6 et P! R By by et
S Lr t: .
A e B B sebngllrk, RheterGADUANIERLS cHfiRBiture
apRydepst ether froBleals Bi@add with iefthert thé nminéssng ofrcwitiyy eethe
the R-Qual nodule is gfgti onally not used). Figures
tsﬁ;atgg,glqmt@@@mwg@ mati c di agrans of portions of

e deg|. si.0 5 King .ci | . g
e TR ARPIIF L R e RS 00p e m i

depi BEQRes T RGispints Wi {ifyrnRka vshdote i rdrh Figure 8A This
recei ves hot resistance Rh WD 2004/ 008043

g@ifbtjﬁﬁﬂﬁsi/s me&Dby the-d3gl widowneomnsratos shonpda FigureR inrehematic
yal digjtal .sanple and hol.d.ci it 5 ' .
R T G L AR

c E)'iéd%ﬁbtr{ngfédutﬁgasﬂ(gld I_T)Blhﬁ'le cBld R5iSmAGL @il Rekhsaedh Bkceeded. If it is
tnAresno , and a nec

anismis provided whereby an
alderermord bybtae dedisivanedtingfcitchiryvzitheshoworin Rigure 8Btthat such an

critical level. For exanple, a pre-deteyrm ped al arm

S AT GBI RGENSY, 3Gt GOl 2R Eth e i B foRL S Rlee R,

i ndi ca itical fail . . r:obd: .
oosr e bE LSy SO BNATE o il
t hedivideatd fMgel LNRMis theihbgresiBrintoRedia Node 3 from Figure 7 and the

cold resistance R, via Node 4 from Figure 7, and calculates the resistance ratio Xg.

As previously discussed, a threshold of an acceptable limit for the resistance ratio Xg
can be predetermined, and the circuitry provided in Figure 8C provides the ability to
activate an alarm once this predetermined threshold has been exceeded. According to
an embodiment of the present invention, the circuitry shown in the schematic diagram
of Figure 8C determines that an alarm condition has been reached for the resistance
ratio X, if a high limit value for that variable has been exceeded. However, those
skilled in the art will recognize that, as with the resistance values discussed in
connection with Figures 8A and 8B, a dual window comparator could also be used for

determining an alarm condition for the resistance ratio Xg, if desired.
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Simlarly, the portion of the decision making
circuitry 506b shown in Figure 8B receives cold

wo eausosante RC i nformation via Node 4 from Fi geCBUS2003/022224

This 10 information is used by the dual w ndow
conmparator shown in Figure 8B in schematic form to
determne if a predeterm ned al arm condition has been
reached, or if a predetermned threshold for the cold
resi stance val ue Rc has been exceeded. If it is

determ ned by the decision makgg circuitry 506b shown
in Figure 8B that such an alarmcondition exists, an
al arm can be activated regarding the cold resistance

R, 15 iy«
506¢ Sﬁg\%f%%:lﬁt ‘%‘:I(F)Ig alltgggog Slfl J el(s?lrhg&% y@a&l B lgsghtt(g }ﬂlsBIay any of
ashd ARHh SohdlBoMOdssdc@atdvan e RRistange WA o the essiskinge fr&tio values

7 and the cold resistance Rc via Node 4 from Figure
7 disgnsed a conreriésn whk Figses8AndB, ant§© XRis stags dlsplay panel could

et A o ST K55GS e S Sy BRSPS, o
PISE! ! "L EDYYFRn S ispl
S SBL REE gR SRch e { CROKGIRE b Eotr P ivtsin
prac@ed entyiwigch <td1uldamlke Inchnip dernime énchediog bulenht lisgitedrtdi bﬁg graphs, pie
to an enbodi nent of the present invention, the

cichaiis.trmesisal gty Aisplays, e8A &l di agr am of Fi gure 8C
det er M-ARSR 1Al ndBuRADThGRH fig%?ﬁ‘%ﬁ aft 8fflo: 4166 to the

for the resi ance rafio t va ue for

t Riped:ict afdneoh 880, esvive xerapetatire hkp\aeméclirmaltlbn,smd provides quality
skilled in the art will recognize that, as with the

' eafosman@eragardmthalme prsb eald TOMDEEa BT HeBlERemVaIash SUch that an

Saior Gl reaftih ab'GRRY ot AP AIH T 1Mtk ShiPwhether

-r e(ﬁés%%%ﬁl%@ cﬁ@’bé theXfired Andifsict @8 acolfhté Q@ﬁég)o@@ﬂéxample the R-Qual

PCT/ US2003/ 022224 -35 The status display panel 508
s hoodulé ﬁI(D:czgub@uﬁdctamdmatm‘éledﬂlcdle@tﬂrtgmlaryeléirﬁytemperatWé is stable, or

TR s SR 65 LIS e
COonNeetlon af@ﬁ fﬁefs'lugéﬂr e £Cordde widad ana_(lﬂhfen%@ﬁlé $resent

dlsplay panel” could be a variety of known

dl 1ﬁ{ﬂérﬁixbn1 shees-Qualisipnad saih bgptocessed Ex;taglaﬁy dngtesprpt@m) not shown.
nore conplicated displ ay %st ens, .such as a

ndfﬂrte@(am@}e ifcemperages stag;l%;sdiﬁp gs 2 sopditien gmgenggﬁpgg.' the signal,
b 4 I %—QB%;I o é‘ﬁgréoﬁ&) b8 endrAES B9 2o LiorPitnih 1B fffbefatire controller.

Those skilled in the art, however, will recognize that such processing could take place
in a number of suitable locations, and need not be limited to a single location, either
internal or external to the R-Qual module 510.

It will be understood by those skilled in the art that the circuitry shown and
described in connection with the impedance monitor 500 and its schematic diagrams
shown in Figure 6, 7, 8A, 8B, and 8C, is merely exemplary and various embodiments
of the present invention can depart significantly from the circuitry shown therein. For

example, the sample and hold circuitry 504 shown in Figure 7 uses simple converters
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charts, nunerical data displays, and the like. The
R-Qual rnodul e 510 shown in Figure 5 as an optional

w@daioosems t o t he i npedance nonitor 500, receiREFUS2003/022224

tenperature input information, and provides quality

10 information regarding the hot and cold tenperature
resi stance val ues, such that an evaluation can be nmade
regarding the quality of the values of Rh and R, and
whet her these val ues can be neasured and stored as
accurate val ues. For exanple, 4die R-Qual nodule 510
can be used to indicate that the heating elenent's
tenperature is stable, or simlarly that some other

ndi t h b t th e
R G B B e SRR, 65 ST s
%a%cml@ Mhyiah nided gréf&ehctidnaN§ah & ustdin a sample and

signal can be processed externally by a
pholcle&ﬁqunemtSOéhmmce ofor neadalmneto siriple @ﬁp@rm% rsech as the types

st abl I | 1y ’E(S 3%1 g}mg%go aﬁjlg,f ﬁg %1?%{/&2 entire

piﬁﬁ%ﬁg@é’ mWH%&] ot hq%ﬁé grc%uﬁ%ﬂtérﬁiall? e embe@&R! in a

e art, recogni ze that such
phileRssmhthglee0asl dh drﬂteﬂdcﬂ aGEn? thercnn aMoember, @fV agetly tod idacators
| ocati ons, and need not be limted.to,a sin

| Gech asdgght emithiag di9dgs rEias). slectaicalesignals, sgur ealligg @Eﬂrth can be
i Héedae psrfl)}%lgf: %’He Whaidon k?(?ald@agiroﬂtiﬁ%ﬁ%m’i(gﬁg ha Kl thteBRbll Mas been

C|rCU|try S cribed in

CRERAEd bPBxAMEAd, b Betbae by thendroisionr mafig andiofitys506, and the
schematic diagrans shown in Figure 6, 7, 8A, 8B, and

8®;atussil$péa§ep23nelslsenfp‘ﬁ]aqun€almové@fl woB nefifietioRent s 25 of

the prese I nvention, can.de

the ci Hﬁf? 1pqugsed W]e’ lhléraél lﬁlpglé—%&hﬁexa HCSH&]@L cfagg%qnéapart of
angl behdle Ghd ﬁ(’ylﬁtcbifh/p@%t S09 0 tHeNndpeddtice n?omt‘éﬁSO(Sl Sptlean addition
converters WD 2004/008043 PCT/ US2003/ 022224 -36 for

c avoudd be a@vmtagemsmlﬂm@nﬁmoaammller couém paba s aelcwlatys)and
vvever i s ant m CI‘O ontr

hﬁtrwlm of dait I,or ﬁrgp Oﬁ.}j{:El g ng%c%pnbrg E Oy c% he 3sed to predict
{‘e?na g% u@éﬁlfjlln%ﬁfﬁe ARG Hea W elbRe R AR &ﬁoanurfe'ﬁt measurements,

€ converters, such as the types

S Il(‘illtv!ﬁlaltlﬁndzl a@a reﬁtripomﬂﬁhl eﬂgdmhﬂnls y Addhmnﬁl]mcathcmaillqdqnons could be
much or all of the entire 5 i npedance itor, 50
CHakon i T an VBB AL § ENAPCH b eags prpbabilistc or

heuristic algorithms, and so forth.

It will be understood by those skilled in the art that in practical situations,
cooling the heating element to a cold level, or level of ambient temperature, may not
be possible. Thus, it is anticipated that for the sake of efficiency and maximum
production or "uptime," a furnace, and thus a heating element, may only be cooled to
a temperature level that facilitates the required maintenance for the heating element
and/or furnace. Thus, in practice the measurement of the cold temperature resistance
R, may not be an exact measure, but can be taken from data previously determined,

according to the make up of the alloy of the heating element. Additionally, because of
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15

m crocontrol l er, as an enbedded system t herein.
Moreover, a variety of indicators such as |ight

weedososegs di odes (LEDs), electrical signals, sPCmus2003/022224

and so forth, can be wused to provide notification to
a deci sion nmeking authority that a threshold has been
reached or exceeded, as determ ned by the decision
maki ng aut hority 506, and the 10 status display pane
is merely one option for such notification. As

di scussed above, it is anticipgted that a

m crocontroller can forma part of the sanple and
hol d conponent 504 of the inpedance nonitor 500. Such

an adgdition ul d, be advant ageous t :
Db B e o B A PR Bt Bperae it any
el‘fe?@é?x@ afnk QBRI 1@fisEAlAR  JTAhe BHBAP leRmeBtiAy dequire extensive
m crocohtroller could be used to predict 15 the

r erdelgandusedsutentdnt ptipnte wk veithie dte sygienl. eMR¢oVBR e ®ill be
upon current measyrenpents, .~ cal.cul ations, and
eXOEPEPLDY Giosa gL ihe otk AR Bespraipts, such as

¢ ?An&%@rﬂh#eorﬂéasﬁ%e%sb@e. ,trﬁéﬁﬁﬁu{rpirﬁ REEAHR teRPEratifrkd, k& can be
by y of ‘a mcrocontroller, such as probabilistic or
hesud foF iitcrédst@rthé hemracgrid tisombdel tused by embbdintsats of the present

understood by those skilled in the art that in .
piysniiomto daiergune PHBIND deRlgliqm gk ek aHR:R (I RRIAERIS R femperatures

ld | l I y '
o0l Sy B T

sker AF 1@ brnsYheaatifly BRenLId updaedheinodel wed for characterization
"uptinme," a furnace, and thus a heating el enent, nay
o yhabeleowwot.ed to a tenperature |evel that ’

el enentheanenaly FReE TR BE AT A ab el 41 0B o be
Waﬁﬂ%ﬁ‘ﬂd Rt rbhacER! dThEpREmR inestihE&dnherdifBod&l MGther forms

may not be an exact neasure, but can be taken from
dabadipclesddoiestiy, whickrdoimedeparaironrttie spjrit of theescopscef thp appended
of the alloy of the heating.e|l.enment. Additiopnall.

biitSe TP D0 DU PRS0 16 Appoe g rgther than the
digf f e L drhiBROM b DheSh BRRNhe iRa@fiBiaBAkange of
tefﬂ%g(régltglﬁésedrwut%ﬁ’ %I%d;gl #1%2 él}gﬁcy, the col d resi g?ance s
ReqafvaleR® theas 41g itbeiwnt boeynbragditiezeiaxt ensi ve

m)gel ing and measurenent prior to use within the

system Mreover, it will be recognized by those

skilled in the art that additional neasurenents, such
as



5 tenperature neasurenents (i.e., maxi mum and m ni mum

tenperatures, etc.), can be used for increasing the
waec@unesoy3 i n t he nodel used by enbodi nents of PEEUS2003/022224

present invention to determ ne al um num depl eti on.

For exanpl e, instantaneous tenperatures and

correspondi ng i nstantaneous resistance val ues could be

periodically neasured over the lifetinme of any

heati ng el enent to update the nodel used for

characterization 10 of that eignment. The presently

di scl osed enbodi nents are considered in all respects

to be illustrative and not restrictive. The present

i nyentjon can be enbodied in other fornms not

di ¥Sed herein, which do not depart fromthe spirit

of the scope of the appended clains. The scope of the

invention is indicated by the appended cl ai ns rather

t Walmt ihelaibtedfior egoi ng descri ption, and all changes

that conme within the nmeaning and range of equivalents

thereof are intended to be enbraced therein. WO

2004/ 038043 P%@%%Qlﬂﬂ R%@r%gft e cORti6A- 6 MnaWiall, ddinprising:

cl ai ne 8 honi toring the condition

of a materi dkterminigy i sifagnce biselénenfon anigast omefcharapigrstic of a

baseline for at |east one characteristic of a 5

néRaeid] ; nonitoring the at |east one characteristic

of the mate Iﬁ(ﬁ'!ltOﬁﬁ% WS tl%;ﬁﬁon@&%ﬁ:’ier sﬁ%?ﬁﬁtlﬂét%nal across time

conparing the nonitore racteristic agal nst

r%ﬁg,roemﬁpebggﬂ ine; and 10 initiating a signal V\,hen
the difference between the nonitored characteristic

and the ref @o@ma@nmﬁ@@om@r@@wré%@é@é@téh@rqu%f&nce baseline;
val ye. 2. The nmethod according to claim1, wherein the
rial is formed into a heating elemsnt.

initiating a signal when the difference between the monitored

characteristic and the reference baseline exceeds a predetermined value.

2. The method according to claim 1, wherein the material is formed into a

heating element.

3. The method according to claim 1, wherein the reference baseline is a

geometric model of the condition of the material.

4. The method according to claim 1, wherein the at least one characteristic

is representative of the condition of the material.

5. The method according to claim 1, wherein the characteristic is the

electrical resistance of the material.



3. The nmethod according to claim1, wherein the
reference baseline is a 15 geonetric nodel of the
wa@eovdiobsoar of the material. 4. The net hod accopdi/ng2on022224
claim1l1l, wherein the at |east one characteristic 1is
representative of the condition of the material. 5.
The met hod according to claim1, wherein the
characteristic is the electrical resistance of the
material. WO 2004/008043 PCT/ US2003/ 022224 -39 6. The
met hod according to claim1, wherein the
characteristic is a voltage value. 7. The nethod
according to claim1, wherein the characteristic is a
current val 0 or i Y I
wher e| "t heulgﬁéﬁ%tg? e-?réllg 19 CHEé &sagﬂ?? &r{'gééljr%g} %1? & ﬁ%ﬁl:{é]g.gmg{s é
TReiaR! ek .according to cIa|n11, wherein nonitoring is
performed over a predeterm ned tenperature range. 10.
The nmet hod according to clain19 mherein nonitoring is

TR R AT L AL e e

ard i's perforrred V\/lthout shutting down the
chanﬁg aP%evvhl ch the material is |located. 12. The
met hod according to claim1, wherein nonitoring the

characteristic of the terl rforned, b o
measurifg t NECNEEPT AESRr P%éc? g@’é‘hi Q’E‘Frefrhggr?&f‘%’ﬂegist}c 15a
1 hod according to claim1, wherein the
qF%ﬁ?rgﬁlggv {;vveen the nonitored characteristic and
the reference baseline is caused by el ongation of the
material. WO 2004/008043 PCT/ US2003/ 022224 -40
0. The method according to claim 1, wherein monitoring is performed

over a predetermined temperature range.

10.  The method according to claim 9, wherein monitoring is performed

over a temperature range of 20° C to 1400° C.

11.  The method according to claim 1, wherein monitoring is performed

without shutting down the chamber in which the material is located.

12.  The method according to claim 1, wherein monitoring the characteristic

of the material is performed by measuring the electrical resistance of the material.

13.  The method according to claim 1, wherein the difference between the
monitored characteristic and the reference baseline is caused by elongation of the

material.



14. The method according to claim1, wherein the
di fference between the nonitored characteristic and

w0 b@41edoes ence baseline is caused by a netal | up@r/vst003/022224

10

15

20

change in the conposition of the material. 15. The

met hod according to claim1l, wherein the difference

between the 5 nonitored characteristic and the

reference baseline is caused by a reduction in the
cross-sectional area of the material. 16. The net hod
according to claim1, wherein 3p-Ileast two

characteristics are nonitored and wherein the

di fference between the nonitored two or nore

charactgri st ol

by one %r noi;lge og[ﬂ 811 %gcg)é lﬁé glgﬁl% ‘éfe&rpﬁnercﬁ%%%i{&egetween the
mahahitd#ed tiEhct&iaiagad ithe fdf@elmlmgahfel iobastd bie metallurgical change
material, and a reduction in the cross-sectional area
ofintthexcorapasitionl of the mawsial.met hod accor di ng to claim 16,
wherein the difference is caused by changes in the

two or nore characteristics and wherein the degree of
change {9 anyhe HBALAGERTEBE kS clafin 'lokvlléfklﬁﬂhetcﬁfféﬂéﬁce between the
degree of change in one or nore of the other 15

monotitwred claractemstierand the sferé¢@e biselineds hated by arrdilungionan the
claiml1, wherein the material is a wire heating

el GASHCCURbATea S iy maTiak | oy of approxi mately 72.2 %

iron, 22.0 % chromum and 5.8 % al um num 19. The

nmet hod according to claim 18, wherein the

pr edet er6n ne€theMethiofl faecrcedmg tor alaire 1 svhieredn etlieast éwofitharacteristics
nmet al | ur gi cal change in_the material, conprisin

r?etﬁ groniRradhanday erein ke dibisreke begreppdhe PARIPTSd ioppmore
|l e YRARR I BRARC B L AARIARRE g mgaion o

r eth@ MeRG e 24 thetAlIREyiewm @hir@;@:&ﬂ ﬂrdw@asﬁronsiﬂﬂ«fe Aberial, and a
converted to a graphical representation, and wher ei n

t heeduasiopaniteoerobescrtientl area afdhd matesil. characteristic
and the reference baseline is a geonetric conpari son.

17.  The method according to claim 16, wherein the difference is caused by
changes in the two or more characteristics and wherein the degree of change in any
characteristic is not equal to the degree of change in one or more of the other

monitored characteristics.

18.  The method according to claim 1, wherein the material is a wire
heating element comprised of an alloy of approximately 72.2% iron, 22.0%

chromium, and 5.8 % aluminum.

19. The method according to claim 18, wherein the predetermined
difference value is indicative of a metallurgical change in the material, comprising a

change in the aluminum content to less than 3.0% of the alloy.



5 21. The nethod according to claim1, wherein the
signal is initiated when the difference reaches a

w@e@deoseniri ned val ue. 22. The net hod accor di ngP€DUSI0a3/002224
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15

20

1, wherein the initiated signal is sent to a decision

maki ng aut hority. 23. The method according to claim1,

i ncl udi ng detecting degradation or 10 failure of the

mat eri al based on a sudden change in the nonitored
characteristic. 24. A nethod for nonitoring the

condi tion of a heating el ementygi. conprising :

determning a first graphical representation of a
characteristic of a heating elenent as a reference

basel i ne; 15.settin ] hal . f '

change g‘ﬁo r 31?8 r%%i&?(g Ct%g}rdlﬁg%eﬁ)cc;%lﬂlc %W@%ﬁe i?lntgg B %‘?g € Rference and
r ¢hd Sehitdted thaa6endtictdre Bodlerteli@o & Radphtdabrdpsésentatibn,tand wherein
heating el enent material after an interval; converting .

t e cohpazisve teithaen theonenitnsed plsaragterisiic eaf the reference baseline is a
representation;, conparing the difference between the

f iSPQCRYGd CQBRY LA gr aphi cal 20 representations agai nst

the threshold | evel of graphical change; and sending a
signal to a decision nmaking authority when the

di ff er @ice Theanthsd ascosdinge todainhé, whereihtbe dignelislinitigyed when
2004/ 008043 PCT/ US2003/ 022224 ~-42 25. The et hod
adbodidfergnce geaches HpdcteipBed Ve he heating el enent has

an initial alloy conposition of approximately 72.2 %

iron, 22.0 % chromum and 5.8 % alum num 26. The

met hod 2accorgiengeth6d edcatdin@h claine i ivherehetht limicisted Isignal is sent to
level is set 5 such that a signal is sent to the

decdesistm makinggudigtiteri ty when the all oy reaches a
conposition having approximtely 2.5 % of al um num

27. The nethod according to claim24, wherein the

col I ectygd dafi@ method according to claim 1, including detecting degradation or

failure of the material based on a sudden change in the monitored characteristic.

24. A method for monitoring the condition of a heating element,

comprising:

determining a first graphical representation of a characteristic of a
heating element as a reference baseline;

setting a threshold level of graphical change for the characteristic;

collecting data reflecting the condition of the characteristic of the
heating element material after an interval;

converting the collected data to a second graphical representation,;

comparing the difference between the first and second graphical
representations against the threshold level of graphical change; and

sending a signal to a decision making authority when the difference

reaches or exceeds the threshold level.



conprises the resistance neasurenents of the heating
el ement. 28. The nethod according to claim24, wherein

waeorspansonyy i s perforned as 10 a geonetric conpPer/USmN3/022224
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29. An apparatus for nonitoring the condition of the
material, conprising: neans for determ ning an

initial conposition of a material as a reference

baseline at an initial tinme; neans for collecting data
reflecting a subsequent conposition of the 15

material after a specified tinmgpinterval; neans for

setting a threshold | evel of change in the subsequent
conmposition fromthe initial conposition; neans for

noni t orjzng ' b '

TP res g MEIA0RR hoHIG SOTRATAY Ghth OSBRI Rk s
SR N8lF congiositioh@f aplﬁﬁﬁinidtay 7El% N@na 0L J0GF chipmit@nand 5.8%
the nonitored change has reached or exceeded the

t ileimoind | evel . WD 2004/ 008043 PCT/ US2003/ 022224 - 43

30. The apparatus according to claim?29, wherein the

nmeans for setting the initial conposition sets a

resi st apgce bagehéhsd h&ording®s Shindb4 CONBEInSHE threshold level is set
approximately 72.2 %iron, 22.0 % chromumand 5.8 %
alsuoh tharn sBhal iFlsentap par decissonamelking angority when the 280y reaches a
wherein the threshold | evel _ 5 c? rises a |l evel

c FOPPOFIHABNAYNE 8@@@”&%&%?&%%@ Uggmlc‘ﬁ'e mat eri al

containing approximtely 2.5 % of alum num 32. The
apparatus according to claim29, wherein the neans for

col | ectimg Tiatmethodrpedosdiag #o ofiaitn @4 pwhereln the cold&:tedTdnsa
apparatus according to claim?29, wher ei{] t he neans for

c FlomEEisehie resistance MeasHEsmen Of Aeheling §lemeghani sm f or
sensing conditions of a heating elenment. 34. The

apparatus according to claim 33, wherein the sensing
mechaniZ®n  The method according to claim 24, wherein comparing is performed as

a geometric comparison.

29.  An apparatus for monitoring the condition of the material, comprising:

means for determining an initial composition of a material as a
reference baseline at an initial time;

means for collecting data reflecting a subsequent composition of the
material after a specified time interval;

means for setting a threshold level of change in the subsequent
composition from the initial composition;

means for monitoring a change in the composition of the material after
the interval has passed; and

means for sending a signal to a decision making authority when the

monitored change has reached or exceeded the threshold level.



senses el ectrical characteristics of a heating
el ement. 35. The apparatus according to claim?29,

wob@noose4s he neans for setting sets a threshoPdr/uswes 022224

10

15

corresponding to a normalized resistance curve from
1.0 to 1.27 15 across a tenperature range of
approximately 20 C to 1400 C. 36. The apparatus
according to claim?29, wherein the nmeans for
nonitoring conprises a mcrocontroller. WO

2004/ 008043 PCT/ US2003/ 022224 4344 37. The appar at us
according to claim?29, further conprising a decision
maki ng aut hority for responding to the nmeans for

sendi ngz( on C“?hérﬁ@ahﬂﬁseﬂeehﬂnéaﬁ)vﬁélghﬁ Wﬁ@%ﬁal mﬂ%ﬁﬁsdfo‘? setting the

exceeded. 38 apparatus according to

whiitéil nombeswﬂ@c esd @ resistddica baselina fdriromateyialcanmppristigsapproximately

m crocontrol le
72.2% iron, 22. 0% chromium and 5.8% aluminum.

31.  The apparatus according to claim 29, wherein the threshold level
comprises a level corresponding to the composition of the material containing

approximately 2.5 % of aluminum.

32.  The apparatus according to claim 29, wherein the means for collecting

data comprises a microcontroller.

33.  The apparatus according to claim 29, wherein the means for collecting

data comprises a sensing mechanism for sensing conditions of a heating element.

34.  The apparatus according to claim 33, wherein the sensing mechanism

senses electrical characteristics of a heating element.

35.  The apparatus according to claim 29, wherein the means for setting sets
a threshold level corresponding to a normalized resistance curve from 1.0 to 1.27

across a temperature range of approximately 20° C to 1400° C.

36.  The apparatus according to claim 29, wherein the means for monitoring

comprises a microcontroller.
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37.  The apparatus according to claim 29, further comprising a decision
making authority for responding to the means for sending, once the threshold level has

been reached or exceeded.

38.  The apparatus according to claim 37, wherein the decision making

5 authority comprises a microcontroller.



